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Global warming will significantly change patterns of precipitation (P) and
evapotranspiration (E) and thus the surface water availability (P minus E, P-E).
Changes in P-E will challenge freshwater supply, food security, and sustainability of
the ecosystems. Therefore, understanding the spatiotemporal change in P-E and its
drivers is key for water resources management. Here, we quantified the changes in water
availability during the driest month of the year and identified its drivers in the Yellow River
Basin (YRB), China, during 1982-2016. Our results showed that 89.6% of the YRB
showed declining dry-season water availability in 2000-2016 compared with 1982-1999,
although the total dry-season water resources (defined as the proportion of the sum of
monthly P-E to the P) remained nearly unchanged due to the increased P. Changes in
seasonal P and E contributed to 87.0 and 99.0% declines in dry-season water availability,
respectively, demonstrating the key role of E in net seasonal water fluxes. Increased air
temperature (41.8%), vegetation greening (30.8%), and vapor pressure deficit (19.2%)
were the main factors driving changes in E in the YRB during the study period. Our study
highlighted a drier dry season in the YRB during 1982-2016 and illustrated that climate and
vegetation changes played important roles in driving changes in dry-season water
availability. Seasonal water fluxes must be considered in future water resources
management in the YRB, especially in the context of climate warming and revegetation
programs.
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INTRODUCTION

Global average temperatures have risen significantly over the past century in association with
anthropogenic greenhouse gas emissions (IPCC, 2014). As a consequence of global warming, the
earth’s water cycle is expected to be substantially modified, impacting the patterns of precipitation
(P) and evapotranspiration (E) over land areas (Arnold et al., 2000; Jung et al.,, 2010; Murray-
Tortarolo et al., 2016; Zhou et al., 2021a). The net water flux into the land surface—namely, P minus
E (P-E) over land—is a critical aspect of the water cycle (Byrne and O’Gorman, 2015), representing
the total water available for runoff, soil water storage change, and ground water recharge (Kumar
et al,, 2014). It is of great importance for many aspects of earth’s systems, and its change will pose
great challenges to freshwater supply and food security and the sustainability of the natural
ecosystems (Oki and Kanae, 2006; Dai et al., 2009; Rockstrom et al., 2009). Changes in P-E are
especially important in water-limited ecosystems in which vegetation growth largely depends on
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water availability (Zhao et al, 2019; Zhou et al, 2021b).
Therefore, understanding the changes in P-E and its drivers is
of vital importance for water resources management in the water-
limited regions.

In land, it is generally recognized that the E is limited by the
amount of water supplied through P, leading to a smaller E than
P. However, this may not be the case, especially at the seasonal
scale (Held and Soden, 2006; Greve and Seneviratne, 2015). On
seasonal time scales, E can exceed P, and the wet season becomes
wetter and the dry season becomes drier (Kumar et al., 2015). In
this context, there may be less reliable water availability for nature
and humans (Kumar et al., 2014). Moreover, there may be greater
dryness during dry season in the projected future climate
scenarios, which may exert more serious negative effects on
ecosystems (Kumar et al., 2014).

Compared with wet season, the dry-season water availability
seems more important because of its key influences on vegetation
status, ecosystem sustainability, and carbon cycles (Greve and
Seneviratne, 2015; Murray-Tortarolo et al., 2016). For example, at
the global scale, changes in dry-season water availability could
exert profound influences on ecosystem production (Murray-
Tortarolo et al., 2016) and impact food production (Kaewmai
et al, 2021). However, currently, there are limited studies
investigating changes in dry-season water availability changes
and its drivers at different spatial scales (Padron et al., 2020). This
might be hindered by the quality of observation records and
uncertainties of model simulations (Padron et al., 2020) because,
for example, there are large uncertainties in simulating E over
land areas (Zhang et al., 2010a; Jung et al., 2011). The process-
based models have been widely used to simulate E and proven as
reliable tools in eco-hydrological studies (Yang et al., 2019; Zhao
et al,, 2019). For example, Leuning et al. (2008) improved the
Penman-Monteith equation to estimate E by introducing a
biophysical model for surface conductance for the physical
features of canopy and soil water loss. The improved model is
convenient because it only uses meteorological observations and
remote sensing-based leaf area index as inputs, and has been
widely used to estimate E at both regional and global scales
(Zhang et al., 2010b; Bai et al., 2020; Zhange et al., 2020).

The Yellow River Basin (YRB), in the transitional zone of
monsoon and continental climates, is one of the most important
basins in China (Yin et al., 2021). The YRB directly supports more
than 100 million people and is recognized as the Cradle of
Chinese civilization (Jiang et al., 2020; Tian et al., 2021). With
the rapid intensification of climate change and human activities,
water shortage has become one of the most serious threats to
sustainable development in the YRB (McVicar et al., 2007; Feng
et al., 2016). Many studies have investigated the nature and
human-induced changes in P (Wang et al,, 2021; Zhang et al,
2021) and E in the region (Shao et al, 2019; Jiang et al., 2020;
Liang et al., 2020). However, few studies have investigated the
water availability over the dry season. To fill this knowledge gap,
this study investigates the changes in dry-season water availability
and its attributions in the YRB during 1982-2016. First, we
defined the dry-season as the warm months from May to
September of each year following (Padron et al, 2020), and
also aligned with the active vegetation growth season. We then

Dry-Season Water Availability

investigated the changes in dry-season water availability (defined
as the annual minimum monthly P-E) between past (1982-1999)
and recent (2000-2016) periods. Last, we conducted an
attribution analysis of changes in dry-season water availability.

MATERIALS AND METHODS
Study Area

The Yellow River is the second largest river in China with
5,464 km. It originates from the Qinghai-Tibetan plateau and
flows across nine provinces in northern China (Supplementary
Figure S1). It is also the most important water source in
northwestern and northern China. The YRB is characterized
by arid and semi-arid continental monsoon climate with a
mean annual precipitation of 495 mm (Yin et al, 2021) and a
general decreasing trend from the southeast to the northwest. The
mean annual air temperature ranges from approximately -4 to
14°C and varies with both latitude and elevation (~11 to 6,253 m).
Similar to the spatial patterns of precipitation, the E also decreases
from southeast to northwest (Jiang et al., 2020). Vegetation is rich
and diverse, including alpine meadows and grasslands in the
upper reaches, and the croplands and forests in the central and
lower reaches (Tian et al., 2021). The YRB has long been at the
center of political, economic, and social development concerns
(Omer et al., 2021). Because of the degraded eco-environment
and to control the soil and water erosion in the Loess Plateau (the
middle reaches of the YRB), the Chinese government has
implemented the ‘Grain-for-Green’ (GGP) program since the
1999 (Feng et al., 2016). The intense human activity and critical
climate changes have significantly impacted the water resources
and thus the social-economic development of the YRB (Feng
etal., 2016). During the recent decades, the contradiction between
water supply and demand has been increasingly prominent, and
the drought disasters frequent (Wang et al., 2018; Zhou et al,,
2021a). Therefore, the water resources and water availability have
been key issues in the YRB (Wang et al., 2018). Understanding the
spatiotemporal changes of water availability and its drivers will
help efficiently manage the water resources in the basin.

Data

We used the Penman-Monteith-Leuning (PML) model (Penman,
1948; Leuning et al., 2008) to estimate E in the YRB during
1982-2016. The construction of PML required meteorological
data, remote sensing data, land cover, and E validation data. The
spatial meteorological data with a 0.1° resolution, including 2-m
air temperature, surface pressure, specific humidity, wind speed,
downward shortwave radiation, downward longwave radiation,
and precipitation rate, were obtained from the China
Meteorological Forcing Dataset (CMFD) of the Institute of
Tibetan Plateau Research, Chinese Academy of Sciences
(http://www.itpcas.ac.cn/) (Yang et al, 2010). The remote
sensing leaf area index (LAI) data were collected from the
Global Inventory Modeling and Mapping Studies (GIMMS)
with a spatial resolution of 0.0833" and a 15-day temporal
resolution (Zhu et al., 2013). The Global Land Surface Satellite
(GLASS) albedo data were used to estimate the net radiation in
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this study. The land cover maps for 1980, 1995, 2000, 2005, and
2010, with a resolution of 1 km, were collected from the Institute
of Geographic Sciences and Natural Resources Research, Chinese
Academy of Sciences (Liu et al., 2005). To validate E, we first
collected flux tower-based observations from measurement sites
in and around the YRB (see Supplementary Figure S1). We then
used monthly E data from the Global Land Evaporation
Amsterdam Model (GLEAM) (Miralles et al., 2010) to validate
the E for both the main sub-watersheds (Supplementary Figure
S1; Supplementary Table S1) and the entire YRB.

Estimation of Evapotranspiration

Generally, E consists of three components: transpiration from
plant canopy (E.: mm/day), evaporation from soil (E;: mm/day),
and evaporation from canopy interception (E;: mm/day) (Eq. 1).
The PML model was used to estimate E. and E; across the YRB.

E=E. +E+E (1)
s P s
1000 [ yRne + 86400(TP>DHGR 1000 { f 2Rus
E.+E,= 1 . e + 3 i1
pw ;+ 1+ G_c Pw ;+
(2)

where \ is the latent heat of vaporization (MJ kg™'), p,, is the
water density (kg m™), y is the psychrometric constant (kPa’C™"),
s is the slope of saturated vapor pressure curve (kPa°C™), R, is
the net radiation absorbed by canopy (M] m2dh, p is the
density of air (kg m™), ¢, is the specific heat of air at constant
pressure (M] kg’l"C’l), D, is the vapor pressure deficit (VPD), G,
is the aerodynamic conductance (m s™'), G. is the canopy
conductance (m s™'), and f is the ratio of soil evaporation. G,
and G. can be calculated as follows:

Ku,,

= In[(zu-9/zom] ®)
In[(zm—d)/zov]

_ s Qn + Qs 1
GC - kQ " Qh exp (—kQLAI) + Q50] [1 + Da/DSO] (4)

Ga

where k is the von Kdrmdn constant; u,, (m s™') is the wind speed
at height z,;, (m); d is the zero plane displacement height (m); zop,
and z,, are the roughness for momentum and water vapor,
estimated by z,,, = 0.123h and z,, = 0.1 z,,, where h is the
canopy height; g, is the maximum stomatal conductance, which
is required for calibration; Qy, is the PAR at the top of canopy
height (M] m~>d™"); Qs is the absorbed PAR; and Ds, is the Da
at which stomatal conductance reaches g,/2.

We used the Priestley-Taylor Jet Propulsion Laboratory model
(Fisher et al., 2008) to estimate E;:

S
E; = fuad——R, 5
f t“s Ty (5)

where fy. is the relative surface wetness and « is the PT
coefficient (1.26).

We calibrated g, by comparing PML-E with flux tower-based
observations and GLEAM-E (see Supplementary Table S2).
Moreover, we also considered land use dynamics in the
estimation of E to improve accuracy in both estimation and
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attributions (Zhang et al., 2020). The model performance and
evaluation can be found in Supplementary Text S1 and
Supplementary Figures S2, S3.

Definition of Dry-Season Water Availability
Following previous studies (Ghiggi et al., 2019; Padrén et al,
2020), we defined the dry-season water availability as the annual
minimum monthly P-E. For each year, we identified the month
with the lowest P-E during the warm period from May to
September, leading to 1min (P—E) per year. Then, the
1982-2016 was clipped into a past period (1982-1999) and a
recent period (2000-2016). Because the YRB experienced an
intense human activity since the 1999 due to the
implementation of GGP, we clipped the time period into two
similar time series with a point of 2000 to roughly estimate the
revegetation effects on dry-season water availability. The use of
similar time series could also partly reduce the uncertainties in
analysis. We next computed at each grid cell the average min
(P—E) in these two periods:

. 1 1999 |

min (P - E),, = 18 21982 min(P - E), (6)
. 1 2016 .

i (P = B);eont = = D g Min (P~ E), (7)

where y represents the individual year during 1982-1999 and
2000-2016.

We then compared the difference between min (P — E),, and
min (P — E)ecene to identify the dry-season water availability
change:

Amin (P —E) = min(P - E), o — min(P - E) 0y (8)

recent

We used the ratio of the sum of P-E to the total P over the dry
season to reflect the proportions of total available water
resources. We used this index to analyze whether total dry-
season water resources have changed between past and recent
periods:

1 1999

(P~ B)/Ppos = I Y e, P—E)P, ©9)
1 2016

(P = E)Precen = 7= 00 (P~ EPy (10)

The difference of (P — E)/P between recent and past periods
was calculated as follows:

A(P_E)/P = (P_E)/Precent - (P_E)/Ppast (11)

Attribution Methods

We used the factorial experiment for attribution analysis. As seen
from Equations 8 and 11, the changes of min (P—E) and (P—E)/
P can be attributed to the changes in P and E between past and
recent periods. For example, an increase in P and a decrease in E
would favor an increase in dry-season water availability and water
resources. Therefore, we identified the major contributor to dry-
season water availability by fixing P or E at the conditions of past
or recent periods. We further attributed the E changes via
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FIGURE 1 | Change patterns in dry-season water availability. (A) Spatial pattern of changes in min (P-E) between past (1982-1999) and recent (2000-2016)
periods. (B) Spatial pattern of changes in (P-E)/P between past and recent periods. (C,D) Density of min (P-E) and (P-E)/P in both past and recent periods. (E)
Correlation (Pearson’s r) between Amin (P-E) and A(P-E)/P. P and E mean the precipitation and evapotranspiration, respectively.

factorial experiments (Cheng et al., 2017; Shao et al., 2019; Yang
et al,, 2019). Specifically, we designed six modeling experiments.
One with real E estimation with all varied climate variables and
dynamic LAI and five control modelling experiments, which fixed
only one contributing variable (i.e., Ta, LAI, VPD, Rn, and Wn)
as the mean values during the period of 1982-1985 in each
modelling experiment (Liang et al, 2020). This time series
represented the mean climate and vegetation conditions of the
1980s. We chose a relatively short period (4 years) as the control
period because we tried to keep original trends and variations of
both climate and vegetation. The differences between the real and
control experiments highlight the contributions of controlled
variables to the total E changes (Liang et al, 2020; Zhang
etal., 2020). For example, the main effects of Ta are calculated as:

ETTa = f(ETreal) - f(ETTa) (12)

RESULTS
Change in Dry-Season Water Availability

Spatial pattern of changes in dry-season water availability,
represented by min (P-E), from past (1982-1999) to recent
(2000-2016) periods, shows that positive changes in min
(P-E) were rare and only located in the upper and lower
reaches (Supplementary Figure S1). Negative changes in min
(P-E) were widespread especially in the middle basin regions (the
Loess Plateau region). The largest decline in min (P-E) was found
in the upper and middle regions with a maximum reduction of

23 mm month™". The min (P-E) density distribution shifted to
negative from past to recent periods, indicating that the min
(P-E) during recent period was lower than during the past period
(Figure 1C). In total, 89.6% of the YRB showed declines in min
(P-E). The spatial changes in total dry-season water resource
showed larger heterogeneity. Roughly equal areas showed
negative (54.7%) or positive (45.3%) changes in (P-E)/P,
leading to an overall neutral change (Figure 1B). However,
many areas showed a larger total E than total P over the dry
season, leading to a significant tail distribution during both past
and recent periods (Figure 1D). In addition, changes in min
(P-E) and (P-E)/P were positively correlated (r = 0.32 and p <
0.001).

Dry-Season Water Availability in Relation to
P and E

Positive contributions of P to min (P-E) were majorly located in
the upper reaches, whereas negative contributions were majorly
located in the middle portions (the Loess Plateau region;
Figure 2). The positive contribution ranged from 1 to
19mm month™!, while the negative contribution up to
~40 mm month™'. The AP contributed negatively to the min
(P-E) with a mean of —15 mm month™". The AE contributed
negatively to min (P-E) across almost the whole YRB with the
largest negative contributions in the middle portions. Only small
areas in the southern margin showed positive contributions of E
to min (P-E). Similar to AP, the AE contributed negatively to the
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FIGURE 2 | Contributions of P and E changes to Amin(P-E) (dry-season water availability). (A,B) Spatial pattern of AP contribution to Amin(P-E) and its
corresponding density distribution. (C,D) Spatial pattern of AE contribution to Amin(P-E) and its corresponding density.
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FIGURE 3 | Contributions of P and E changes to A(P-E)/P (total dry-season water resources). (A,B) Spatial pattern of AP contribution to A(P-E)/P and its
corresponding density distribution. (C,D) Spatial pattern of AE contribution to A(P-E)/P and its corresponding density distribution.
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FIGURE 4 | Climate and vegetation contributions to changes in dry-season E during the study period. (A) Net effects of climate and vegetation on dry-season E
changes during the study period of 1982-2016 (B) their corresponding relative contributions. Ta, LAI, VPD, Rn, and Wn are air temperature, leaf area index, vapor
pressure index, solar radiation, and wind speed, respectively. The dry-season E estimated with all varied variables showed a significant increase with a rate of 0.91
mm/yr.

change in min (P-E) with a mean of —17 mm month ™. The AP
favored a decline in min (P-E) across 87.0% area of the YRB,
whereas AE favored a decrease in min (P-E) across 99.0% area of
the YRB. We also attributed the changing trend of dry-season
water availability to changes in E and P during the study period
(Supplementary Figure S4) via factorial simulations. Results
showed that the dry-season water availability significantly
decreased during the period of 1982-2016 with a rate of
—-0.24 mm/year (p < 0.001) (Supplementary Figure S4A). The
attribution showed that changes in E contributed majorly to the
decline in dry-season water availability (contributed to
-0.22 mm/year), being much larger than that by P (-0.02 mm/
year).

The positive contributions of AP to A(P-E)/P were
majorly concentrated in the upper and middle regions of
the YRB with the magnitudes ranging from 0 to 0.57
(Figure 3). The negative contributions were majorly
distributed in the marginal regions of the upper and
middle reaches ranging from —-0.01 to —0.25. The average
contribution of AP to A(P-E)/P was positive and of 0.009
(Figure 3B). Negative contributions of AE to A(P-E)/P were
found across the whole YRB, reaching —0.13. The positive
contributions of AE to A(P-E)/P were majorly found in the
upper and middle portions of the YRB. The AE favored a
decrease in A(P-E)/P with a mean of —-0.007. In total, AP
favored roughly equal areas of decrease (50.2%) and increase
(49.8%) in A(P-E)/P. However, AE favored a decrease in
A(P-E)/P on 66.0% and an increase in A(P-E)/P on 34.0%
areas of the YRB.

Dry-Season E Changes in Relation to

Climate and Vegetation

AE in dry season were positive in most areas of the YRB
(Supplementary Figure S5), with only 9.6% of the YRB
showing decreases in E. Dry-season E changes were mainly
attributed to climate and vegetation (Figure 4, see also
Supplementary Figure S6). Increased air temperature (Ta)
played the major role in the positive dry-season E changes,

with a relative contribution of 46.2% (0.42 mm/year)
(Supplementary Figure S6), followed by LAI with a relative
contribution of 36.3% (0.33 mm/year) and VPD with to 19.8%
(0.18 mm/year). The Rn and Wn played minor positive and
negative roles in dry-season E variations, with contributions of
33%  (0.03mm/year) and —-4.4% (-0.04 mm/year),
respectively.

DISCUSSION

In this study, we used the annual monthly minimum P-E
representing the water availability during the driest month in
an individual year. Similar approaches have been in previous
reports (Kumar et al., 2014; Kumar et al., 2015; Padrén et al,
2020). Our study found that nearly 90% of the YRB showed a
decline in dry-season water availability, indicating a drier dry
season, though the total water resources remained nearly
unchanged due to increased P partly offsetting the increased E
during the study period (1982-2016). Although this study
focused on specific months, the decline in water resources
found was in line with others (Bai et al, 2016; Jiang et al,
2020; Li et al., 2020). For example, Jiang et al. (2020) reported
asignificant increasing trend in annual E during 1981-2010 in the
YRB, resulting in declined water resources. During recent decade,
the water storage over the YRB also showed a significant
decreasing trend (Jiang et al, 2019), which was majorly
induced by the vegetation greening (Li et al, 2020). In the
middle portion of the YRB, the E has significantly increased
during the past 15 years and resulted in declines in total water
resources (Shao et al, 2019; Shao et al., 2021). These findings
together with our results have implications for ecosystem
restoration and management in the YRB, because the
decreased dry-season water availability may exert negative
influences on vegetation growth and soil carbon sequestration.
For example, changes in water availability over the dry season
would affect the vegetation throughout the whole year and drive
NPP (Net Primary Production) variations (Murray-Tortarolo
et al,, 2016). Moreover, changes in dry-season water storage
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may trigger the carbon flux from soil to atmosphere due to the
drought stress (Humphrey et al, 2018). Therefore, when
implementing the revegetation programs, the dry-season water
availability must be taken into account, which has seldom been
the case. In addition, declined dry-season water availability may
further exacerbate the water stress in the YRB, which is originally
water-limited (Jiang et al., 2020; Yin et al.,, 2021).

In comparison with P, changes in E contributed more to the
decreased dry-season water availability, demonstrating the key
role of E in net seasonal water flux. This finding was also
consistent with previous reports by Padrén et al. (2020), who
found that the E increases dominated the decreases in water
availability in extratropical regions. The drier dry season was
primarily attributed to the increased E in the YRB during the
past 35years, adding to other studies that highlight the
importance of E for the onset and amplification of droughts
(Seneviratne et al., 2012; Teuling et al., 2013). Dry-season E
changes were attributed to increased air temperature (see
Supplementary Figure S7), followed by vegetation greening
(increased LAI) and increased VPD. The results were also in
line with the findings of Li et al. (2021) for the Loess Plateau
region (the middle portions of the YRB). On the one hand,
increased air temperature could enhance both soil and plant
evaporation, indirectly or directly increasing E. For example,
the increased air temperature can elevate VPD and thus
improve atmospheric water demand directly (Padron et al,
2020). The increased LAI, which was caused by the
revegetation program (Chen et al., 2015; Chen et al., 2019),
could increase E through promoting plant transpiration and
evaporation from intercepted precipitation (Donohue et al.,
2010). The Rn and Wn played only minor roles in E variation.
The YRB is a semi-arid region, where solar radiation is
sufficient for E (Yang et al., 2019); thus, E variation may be
little sensitive to changes in Rn. The positive effects of Wn on E
during recent years (after 2007) may be offset by the decreased
ones during the past period (1982-2006), leading to an overall
negative effect on E variation.

This study is limited by some shortcomings. For example, we
only considered five key factors in attributing E changes.
However, other factors, such as the precipitation, carbon
dioxide concentration, and water use efficiency, may also have
played an important role in driving E change during the study
period. As reported by Liang et al. (2020), the rapid urbanization
and agricultural intensification have significantly promoted the E
during the past several decades in the Loess Plateau region. Jiang
et al. (2020) also found that the precipitation and relative
humidity played an important role in E changes in the YRB
during the period of 1981-2010. Additionally, in attributing dry-
season E changes, we assumed that the influencing factors were
independent without considering the interactions among them.
Further study should consider more natural influencing factors to
comprehensively identify the drivers of E change. Furthermore, in
estimating E, the anthropogenic factors, such as the reservoir
construction, were not taken into account, which may lead to
uncertainties in E.

Our study have implications for water resources management
in the YRB. Because there is a relatively higher demand of water
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resources for humans and society during the summer season, the
decreased dry-season water availability could further exacerbate
the water stress during the same time period. Therefore, the
efficient water saving technology and water usage can be good
approaches to alleviate the water deficit during the dry season in
the YRB. For example, reducing E through appropriate measures,
such as conservation tillage and improvement in irrigation
system, reasonable planning of cultivating season, and
scientific regulation of forest planting density, could alleviate
the water stress in the context of increasing precipitation. In
addition, more cautions should be paid to the dry-season water
losses when implementing the revegetation programs considering
the significant role of LAI on E changes.

CONCLUSION

This study quantified the changes in dry-season water
availability and identified its drivers over the period of
1982-2016 in the YRB. The results show that the dry-
season water availability, represented by monthly min
(P-E), decreased over 89.6% area of the YRB during the
1982-1999 relative to the period of 2000-2016, but the total
dry-season water resources remained unchanged. The
increased dry-season E contributed majorly to the decreased
dry-season water availability. The increased E was primarily
driven by the increased air temperature (41.8%), LAI (30.8%),
and VPD (19.2%). These findings highlight that the seasonal
water fluxes must be paid more attention to make more
comprehensive and efficient water resources management
measures.
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