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Abstract: The Baiyangdian Catchment is facing a growing shortage of water resources. Identifying the sensitive drivers of evapotran-
spiration (ET) changes from land and crop management will be critical to understanding the reasons for mountainous runoff reduc-
tion and depletion of  groundwater  resources in  the plain.  It  will  also be important  for  making Xiong’an become a Future Example
City for green and sustainable development. In this study, remotely sensed ET data from PML V2 products with a spatial resolution of
500 m was used to analyze the trend of ET at the pixel level and to understand its influence on vegetation such as GPP (Gross Primary
Production) and NDVI (Normalized Difference Vegetation Index) under different land-use types for 2002‒2018. Results showed that
there was a significant increase in ET in mountain regions and a slight increase in plain regions of the catchment. The spatial pattern
of mean annual ET was very much relevant to the changing trend of GPP and NDVI. For the whole catchment, the average increases
of ET, GPP, and NDVI were respectively 2.4 mm∙a−1, 9.8 g∙cm−2∙a−1, and 0.0021 at an annual rate. In the mountainous region, changes
in annual precipitation and vegetation recovery together caused a total increase of ET by 56.5 mm over the period and negatively af-
fected the runoff. In the plain region, there were 3 factors influencing the change of ET. While intensification of urbanization and re-
duction in the cultivation of wheat, the water consumptive crop, had both resulted in the decrease of ET and water consumption, ET or
water  consumption  in  most  irrigated  fields  increased.  Since  the  beneficial  effects  from urbanization  and  crop  adjustment  were  not
enough to offset the increase of ET in irrigated fields, an overall  ET increase of 6.4 mm over the period was found. In conclusion,
both in the mountainous and plain regions, ET increased. And therefore, more efforts are needed to control the ET increase in natural
vegetation and cropland for a green and sustainable catchment.
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摘　要: 白洋淀流域位于雄安新区上游, 山区植被和下垫面变化、平原区农业灌溉加大了区域蒸散发, 造成山区产

流减少和平原区地下水超采。研究区域蒸散发 (ET) 时空格局的演变趋势、甄别植被、作物种植结构、城市化等

对蒸散发变化的影响, 对深入揭示白洋淀流域水资源枯竭的成因, 建设绿色雄安“未来之城”具有重要意义。本研究

基于 500 m 空间分辨率的 PML_V2 遥感蒸散产品, 从像元尺度分析了 2002—2018 年研究区 ET 的变化趋势和显著
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性, 揭示植被变化、冬小麦压采、城市化等对山区和平原区 ET 的影响。结果表明, 1) 研究时段内白洋淀流域 ET

和植被总初级生产力 (GPP) 及归一化植被指数 (NDVI) 均呈增加趋势, 平均增长量为 2.4 mm∙a−1
、9.8 g∙cm−2∙a−1

和

0.0021∙a−1
。2) 降雨和植被恢复带来的 GPP、NDVI 增长是山区 ET 增加的主要因素, ET 与 GPP 和 NDVI 的趋势变

化在空间分布上具有很好的相似性, 研究时段内山区 ET 增加 56.5 mm。3) 平原区 ET 受快速城市化、小麦种植面

积压减和农田 ET 增加 3 个因素影响, 虽然城市化和小麦压减都带来蒸散发减少, 但仍无法抵消农田 ET 增加的效

果, 平原区 ET 总体增长了 6.4 mm。就整个流域而言, 减少山区植被和灌溉农田带来的 ET 增加对维持区域水资源

可持续利用和绿色发展至关重要。

关键词: 蒸散发;  植被变化;  城市化;  冬小麦;  灌区;  白洋淀流域

  

Evapotranspiration  (ET)  is  the  main  element  of  the
hydrologic cycle responsible for distributing energy, wa-
ter, and carbon cycles in a terrestrial ecosystem (Jung et
al.,  2010; Wegehenkel  et  al.,  2005).  It  is  the  second-
largest part of the water cycle after precipitation (Rodell
et al., 2015; Trenberth et al., 2007). Globally, more than
two-thirds  of  global  terrestrial  precipitation  is  returned
into  the  atmosphere  via  ET  (Oki  and  Kanae,  2006).  In
water-limited basins where agriculture, environment, and
social economy compete for water, the ratio of water lost
through ET can be considerably high (Li et al., 2016). ET
varies with the properties of the land surface, vegetation,
and topography  (e.g.,  slope  and  aspect)  and  directly  af-
fects region and catchment water availability (Sun et al.,
2018; Zhou et al., 2015). Globally, the hydrological cycle
is  modified  by  changing  climate  and  human  activities
(Oki and Kanae, 2006; Sherwood and Fu, 2014). There-
fore,  there  is  an  urgent  need  to  determine  the  effects  of
land-use change and vegetation on ET.

Recent  developments  in  remote  sensing technology
make  it  possible  to  detect  where  and  when  ET  changes
across  the globe (Ai  et  al.,  2020; Anderson et  al.,  2012;
Pascolini-Campbell et al., 2021) and at the regional level
(Yang et al.,  2014).  For instance, it  is  noted that change
in vegetation is the main driver of ET change and hydro-
logy.  Zeng  et  al.  (2018)  analyzed  multiple  global  ET
products and noted that significant increase in ET. More
than  50%  of  the  increase  in  global  terrestrial  ET  was
driven  by  the  greening  of  the  earth.  Chen  et  al.  (2019)
observed that one-third of global greening was due to re-
forestation and agricultural activities in China and India.
In China, forest cover has increased from 12.0% in 1980
to 22.9% in 2018 (China Forest and Grassland Statistical
Year  Book,  2019).  Such  a  large  increase  could  have
heavily influenced the local  hydrological  cycle.  Li  et  al.
(2020) reported that due to vegetation recovery, total ET

in North China increased at 13 km3∙a−1. Jiang et al. (2020)
studied  the  driving  factors  of  ET  in  the  Yellow  River
Basin using the  improved Shuttle  Worth-Wallace model
and noted  that  NDVI  (Normalized  Difference  Vegeta-
tion Index) had the greatest impact on ET.

Globally, 80% of the world population is threatened
by severe water security (Vörösmarty et al., 2010). Yang
et  al.  (2021)  studied runoff  change in  11 067 rivers  and
5172  human-impacted  rivers  and  found  that  62% of  the
runoff in human-influenced catchments was non-station-
ary. Aside from climate change, which can be simulated
by hydrological models (Mueller et al., 2011; Sun et al.,
2013; Yang et  al.,  2013),  detecting the driving forces of
hydrological  changes  from human activity  has  remained
challenging  (Allen  et  al.,  2011; Anderson  et  al.,  2012).
Remote  sensing  is  becoming  increasingly  promising  in
detecting a human effect (especially as land-use changes)
on ET (Feng et  al.,  2016; Li  et  al.,  2017).  Thus,  remote
sensing  can  be  used  to  analyze  spatial  and  temporal
changes  in  ET  to  deepen  the  existing  understanding  of
human influences.

In  2017,  Xiong’an  was  selected  as  a  Model  Future
City  for  sustainable  and  green  development.  However,
there is a severe water shortage in the Baiyangdian Lake
and  its  upstream  Baiyangdian  Catchment.  In  the  1950s
and 1960s,  the  Baiyangdian  Lake  was  the  largest  fresh-
water  lake  in  the  Haihe  Catchment  and  always  had  the
problem of  floodwater  control.  Persistent  human  inter-
vention, especially in recent decades, has led to a drastic
shrink in runoff from the upstream mountain region and
groundwater  depletion  in  the  plains  (Hu  et  al.,  2012;
Moiwo et al., 2010). Since the 1990s, the lake has heav-
ily relied on over 2 km3 of  external  water  delivery from
the  Yellow  River  and  recently  from  the  South-to-North
Water Transfer  Project  from  the  Yangtze  River.  Cur-
rently, it is still unclear as to what extent of each human
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intervention has influenced the increase of ET and feed-
back  on  the  water  resources.  Thus,  the  objective  of  the
paper was to clarify the drivers of ET increase from agri-
cultural  irrigation,  vegetation  recovery,  and  other  land
use influence. 

1    Materials and Methods
 

1.1    Study area
The  Baiyangdian  Catchment  is  in  the  up-  and

middle-reaches of Daqing River Catchment in the Haihe
River Basin. It has a total drainage area of 3.12 × 104 km2

with a mainly mountainous region in the upstream or the
west part and a plain area in the east part for agricultural
production and dense residential cities (Fig. 1a).

Agriculture  is  the  major  user  of  water  resources  in
the  catchment.  In  the  plain  regions,  two  main  crops,
winter wheat and summer maize are planted in an annual
rotation, while winter wheat grows from October to May
and summer corn from June to September. In the moun-
tainous regions, grassland and artificial forest are distrib-
uted.  In  the  valley,  irrigation  land  is  developed  mainly
for  the  growth  of  maize  (see  land  use  distribution  in
Fig.  1b).  Influenced  by  the  East  Asia  monsoon  climate,
July and August have the highest precipitation and ET. 

1.2    Data sources
Even though  ET  data  are  increasingly  being  avail-

able,  Anderson  et  al.  (2012),  by  comparing  MODIS  ET
(1  km  resolution)  with  Landsat  ET  (100  m  resolution),
found that  high  spatial  resolution  products  were  prefer-
able  for  water  resources  assessment.  Recently,  several
studies  (Gan  et  al.,  2018; Zhang  et  al.,  2019) high-
lighted  the  advantages  of  PML  V2  ET  product  with
the spatial resolution of 500 m for accurate trend ana-
lysis.  Thus, the PMLV2 ET and GPP (Gross Primary
Production) data for 2002—2018 at 500 m spatial res-
olution at an eight-day interval from the Google Earth
Engine was used for this study (Zhang et al., 2019).

The primary goal of the PM-based framework is to
get  an  accurate  estimate  of  surface  conductance  (Gs),
which  defines  soil-canopy  water  flux.  The  biophysical
model for Gs was developed by Leuning et al. (2008) and
Zhang et  al.  (2010)  to  account  for  canopy physiological
processes  and  soil  evaporation  (PML  V1  or  version  1).
Then, Gan et  al.  (2018) coupled vegetation transpiration

with GPP using the biophysical canopy conductance (Gc)
model  called  PML-V2.  PML-V2  ET  is  estimated  as  the
sum  of  evaporation  from  soil  (Es),  transpiration  from
plant canopy (Et), and evaporation of intercepted precip-
itation  by  vegetation  (Ei). PML-V2  GPP  has  sub-
sequently become to be known as GPP. PML-V2 is well-
calibrated using  8-day  measurements  at  95  widely  dis-
tributed  flux  towers  for  10  plant  function  types  (Gan  et
al., 2018).

Remote sensing NDVI at annual and monthly scales
at a spatial resolution of 1.0 km derived from the Moder-
ate Resolution Imaging Spectroradiometer (MODIS) data
was  obtained  for  2002−2018  (https://www.resdc.cn/).
The NDVI  data  was  then  resampled  to  a  spatial  resolu-
tion of 500 m to match the resolution of ET data.

Land  use  data,  with  a  spatial  resolution  of  30  m  ×
30 m for  2020,  was obtained from the website  of http://
www.globallandcover.com.

Precipitation data (2002—2018) from 21 meteor-
ological  stations  of  the  Baiyangdian  Catchment  was
obtained from the China Meteorological Data Service
Center (http://data.cma.cn/). 

1.3    Data analysis
Considering  the  fact  that  the  land  use  types  are  so

different, the whole analysis for the study was separated
into the mountainous region (as Region Ⅰ) and plain re-
gion (as  Region  Ⅱ),  and  the  catchment  as  a  whole  (as
BYD).  The  test  for  trend  and  significance  of  trend  was
done at pixel level and at annual level for the Regions of
Ⅰ, Ⅱ, and BYD.

Linear  regression  was  used  to  detect  the  trend  of
ET, NDVI, and GPP at pixel level. It is determined from
the  slope  of  the  least-square  regression  line  (Ai  et  al.,
2020):

Slope =
n×
∑n

i=1
(i×Vi)−

∑n

i=1
i×
∑n

i=1
Vi

n×
∑n

i=1
i2−
∑n

i=1
i

(1)

where Vi is the value of the variable (ET, GPP, NDVI,) in
the ith year, and n is  the length of time series which is
2002—2018.

In  general,  a  slope  >  0  implies  an  increased  trend
and vice versa.

The Mann-Kendall (MK) statistical test was used to
test  the  significance  of  the  trend  at P≤0.05  (Kendall,
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1975; Mann, 1945). 

2    Results
 

2.1    General  distribution  of  ET,  GPP,  and  NDVI  in
the catchment
Fig.  2 shows the  spatial  distribution  of  average  an-

nual  ET,  GPP,  and  NDVI  for  2002−2018  for
RegionsⅠandⅡin the Baiyangdian Catchment. In gener-
al, ET is  high in  the  plains,  especially  in  irrigated  crop-

lands,  and  low  in  the  mountains.  The  mean  ET  values
were  516.9  mm,  575.8  mm,  and  541.2  mm respectively
for the mountains (RegionⅠ), plains (RegionⅡ), and the
whole catchment region (BYD). By contrast, the average
annual  precipitation  were  523.7  mm,  498.9  mm,  and
508.8  mm,  respectively,  for  RegionⅠ, Ⅱ,  and  BYD
(Fig. 3).

Spatially,  ET,  GPP,  and  NDVI  show  pretty  much
the same distribution. For instance, in the irrigated crop-
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Fig. 1    Location of the Baiyangdian Catchment [ a: map of elevation with meteorological stations; b: map of land use types in

2020; the map is separated into the mountain region (Region Ⅰ) and plain region (Region Ⅱ) by the elevation of
100 m asl]
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Fig. 2    Spatial distribution of annual average evapotranspiration (ET, a), gross primary production (GPP, b), and

normalized difference vegetation index (NDVI, c) for the period of 2002–2018 in the Baiyangdian Catchment
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land  (RegionⅡ),  ET,  GPP,  and  NDVI  all  have  the
highest value. On the other hand, in the mountainous re-
gion  and  urban,  the  low-value  zones  of  ET,  GPP,  and
NDVI are the same. Both in the mountainous region and
the plain, water bodies, rivers and wetlands are found to
have the highest ET value. 

2.2    Comparison  on  the  temporal  trend  of  ET  and
precipitation
Fig.  3 shows the  comparison  between  ET  and  pre-

cipitation  for  RegionⅠ,  RegionⅡ,  and  BYD  for
2002 –2018.  Precipitation  heavily  influenced  annual
variations  of  ET,  both  in  the  mountainous  (Ⅰ)  and
plain regions (Ⅱ). For example, in the wet years of 2008
and dry years like 2005 and 2006, ET followed the trend
of  annual  precipitation  change.  Driven  by  groundwater
irrigation,  aside  from  4  rich  precipitation  years  such  as
2008,  2012,  2013,  and  2016,  ET  in  the  plain  area  was
higher  than  precipitation.  In  contrast,  in  most  years,  ET
in  the  mountainous  or  headwater  region  was  lower  than
annual precipitation, suggesting the water recharging ser-
vice from the mountains.

MK test  and  correlations  also  suggest  the  signific-
ant influence of precipitation on ET in the mountains of
the  catchment  (P≤0.05). However,  there  was  no  signi-
ficant  correlation  between  ET  and  precipitation  for  the
plain and the whole catchment (BYD) (Fig. 3).

For the  17-years  period,  the  mean  annual  ET  in-
creased by 56.5 mm, 6.4 mm, and 38.1 mm respectively
for  the  mountain  region,  plain  region,  and  the  whole
catchment. This suggested an overall  increase in ET de-

mand. 

2.3    Temporal trend of GPP and NDVI
Fig.  4 shows  the  trend  and  significance  of  GPP

and  NDVI  for  2002 –2018.  Similar  to  ET,  both  GPP
and  NDVI  show  significant  increasing  trends  in
mountain  areas  (P<0.05), but not for the plain area and
the whole catchment. In the plain area, even a decreasing
trend of NDVI was found since 2008 possibly driven by
the  urbanization  (Fig.  4b).  In  the  whole  catchment,  the
annual NDVI increased marginally by 6.9%. 

2.4    Spatial  distribution and temporal  trends  of  ET,
GPP, and NDVI
Fig.  5 shows  the  distribution  of  trends  of  ET,

GPP, and NDVI for 2002–2018. Overall,  ET had no-
ticeable  increasing  trends,  which  were  significant
(3.53  mm∙a−1) for the mountain area (Ⅰ),  slight but not
significant (0.4 mm∙a−1) for the plain area (Ⅱ), and medi-
um increase (2.4 mm∙a−1) for the whole catchment. Such
increases  were  mainly  contributed  from ET increases  in
the mountain area (Fig. 5 and Fig. 3).

Spatially, the distribution of temporal trends in GPP
and NDVI were  very  similar  to  that  of  ET.  Most  of  the
decreasing  zones  in  ET,  GPP,  and  NDVI  took  place  in
urbanized areas.  In  the  valleys  of  the  mountainous  re-
gion, decreasing areas of ET, GPP, and NDVI were also
observable  possibly  caused  the  conversion  from  arable
land to forest or grassland. 

2.5    Temporal  trends  in  monthly  ET,  GPP,  and
NDVI
Fig.  6 shows  the  temporal  trends  of  monthly  ET,
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GPP, and NDVI and the comparisons among the moun-
tainous  region,  plain  region,  and  the  whole  catchment.
For  the  mountain  region  (Ⅰ), there  was  a  good  agree-
ment  between  ET,  GPP,  and  NDVI  for  nearly  all  the
growing  seasons.  The  only  exception  was  for  the  cold
season  (October  to  mid-March)  when  ET,  GPP,  and
NDVI were very low and natural vegetation withered. It
suggested that the recovery or greening of natural vegeta-
tion was responsible for the increase of ET in the moun-
tainous areas.

In  the  plain  area  (Ⅱ),  the  trends  in  ET,  GPP,  and
NDVI  were  a  little  complicated.  Aside  from  the  strong
urbanization effect (Fig. 5), there could be other influen-
cing factors. For instance, there was a general agreement
between  the  decrease  in  ET  and  NDVI;  especially  from

October  to  May  which  was  the  winter  wheat  growing
season.  In  the  summer  or  maize  growing  season  from
June to September, ET and GPP increase but not NDVI. 

2.6    ET response to vegetation and land-use
Our  results  showed  an  increase  in  ET  followed

by  a  stable  increase  in  NDVI,  both  at  the  catchment
level and for the mountain region during 2002–2018.
There  was  still  a  need  to  more  clearly  determine  the
main drivers of change in ET.

Analysis  of  precipitation  data  for  2002–2018
showed  that  on  average,  precipitation  for  the  early
5  years  (464.7  mm  in  2002–2006)  was  quite  similar  to
that for the late 5 years (472.2 mm in 2014–2018). This
provided  a  valuable  time  to  observe  the  influence  of
NDVI changes (NDVI2014–2018 minus NDVI2002–2006) on the
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change  of  ET  at  pixel-level  under  similar  precipitation
conditions. Fig.  7 shows  the  correspondence  of  NDVI
changes  to  the  changes  of  ET  for  the  mountains  area
(Fig.  7a)  and  for  the  urban  area  (Fig.  7b)  and  cropland
(Fig. 7c) in the plain region between the two periods.

For the  mountain  area,  both  ET  and  NDVI  in-
creased in most pixels in the late 5 years with average in-
crease  of  50.1  mm∙a−1 in  ET  and  0.04  in  NDVI.  This
could be explained by the lunch of afforestation program
in the Taihang Mountain since 1986 and returning of ag-
ricultural land to the forest at the end of the 1990s. This
policy  has  largely  increased  forest  cover  from 13.1% at
the  start  of  1980  to  the  current  value  of  26.8%  in  the
Taihang Mountain,  where our study area is  located.  The
vegetation recovery was at least one of the major drivers
of the increase in ET.

Given  the  large  difference  in  ET between  cropland

and  urban  area  in  the  plain  region,  the  urban  area  was
separated  from cropland for  further  analysis.  In Fig.  7b,
ET  in  more  urban  pixels  shifts  to  the  negative  value  in
correspondence  to  the  development  of  urbanization  and
decline  of  NDVI.  Although  there  were  seemingly  more
pixels with a positive trend of ET and NDVI in cropland,
there was still a large amount of pixels with declining ET
and  NDVI  as  in Fig.  5. In  some  cropland  areas,  espe-
cially on the north side of the plain near Beijing and cro-
pland near the mountains, ET and NDVI decreased. This
was likely driven by the government policy on reducing
the cultivation of high water-consuming crops like wheat. 

2.7    ET response  to  the  reduction  of  wheat  planta-
tion
In the plain area, two staple crops are heavily cultiv-

ated. While summer maize is planted in the rainy season
from June to September with less irrigation, winter wheat
is  grown  in  the  dry  season  from  October  to  early  June
and relies heavily on groundwater irrigation. Crop adjust-
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ment is  one  of  the  policies  the  governments  use  to  re-
duce the unsustainable use of groundwater since 2014.

As  shown in Fig.  8, ET  in  maize  and  wheat  sea-
son  in  the  plain  without  urban  pixels  performs  very
differently. While ET in maize growing season gener-
ally increased for most of the pixels, it was totally dif-
ferent  in  wheat  season.  The  area  with  increasing  ET
was mostly on the east side of the plain. On average,
ET for winter wheat decreased by ‒1.03 mm∙a−1, while
ET for summer maize increased by 2.5 mm∙a−1. On aver-
age, ET in the plains increased slowly driven by the de-
crease of ET during the wheat growing season.
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Fig. 8    Spatial distributions of evapotranspiration (ET

trend) changes for summer maize season from
June to September (a) and winter wheat grow-
ing season from October to May (b) in the plain

region for the period 2002–2018
  

3    Discussions
 

3.1    Drivers of ET change
Remote sensed ET is  increasingly  becoming a  use-

ful tool  to  detect  the  effect  of  natural  and  human  influ-
ence on the water cycle and water resources (Anderson et
al.,  2012). Our  study  confirmed  several  drivers  influen-
cing the changes of ET in the mountainous and plain re-
gions of the Baiyangdian Catchment.

One critical  driver  is  the  negative  effect  of  vegeta-
tion recovery in the mountains. There is a significant vis-
ible  increase  in  ET  at  an  annual  rate  of  3.54  mm∙a−1

(Fig.  3)  or  56.5  mm  from  2002−2018.  Such  trend  was
similar to recent studies on the effect of greening on ET
increase.  For  instance,  Feng  et  al.  (2016)  in  the  Loess
Plateau  found  that  new  planting  has  caused  both  net
primary productivity  (NPP)  and  ET to  increase  and  res-
ult  in  a  decrease  in  the  runoff.  Considering the  fact  that
the annual runoff in the Tanghe Catchment, one of major
rivers in the mountainous region, varies from 13.5−225.0

mm with an average of 63.1 mm from 1960−2002 (Hu et
al., 2009), 56.5 mm of change in ET for the study period
in  the  Baiyangdian  Catchment  was  huge.  Bai  (2017)
studied  runoff  change  in  three  sub-catchments,  Fuping,
Daomaguan, and Zijingguan, at the upstream of the Bai-
yangdian  Catchment  and  found  that  runoff  decreased
from  839  million  m3 in  the  1990s  to  425  million  m3 in
2000−2015, which is equivalent to 34.5 mm of runoff de-
crease. The runoff decrease of 34.5 mm in 2000−2015 is
already  very  close  to  56.5  mm of  ET increase.  Besides,
from Fig.  3,  variation  of  annual  precipitation  is  another
factor  significantly  influencing  the  annual  variation  of
ET,  although  it  is  still  not  enough  to  conclude  to  how
much  extent  the  ET  increase  is  driven  by  precipitation
and vegetation recovery separately.

In the  plain  region,  there  are  three  factors  influen-
cing the trend of ET. Firstly, urbanization is good for the
decrease  of  ET.  As  much  land  is  shifted  to  a  concreted
surface, it  is easy to understand that less available water
for  evaporation  causes  the  decrease  of  ET.  Secondly,
from Fig. 8, not like the maize growing season, ET in the
winter  wheat  growing  season  decreased  (Fig.  8). It  sug-
gested  that  the  government’s  effort  to  reduce  high
groundwater use in winter wheat since 2014 was making
effect. The  above  two  factors  are  beneficial  for  con-
trolling  groundwater  depletion  in  the  plain.  However,
even though the two factors were causing the decrease in
ET,  cropland  irrigation  still  caused  ET  increase  in  the
whole  plain.  In  other  words,  the  two  beneficial  factors
are not enough to offset the ET increase from irrigation.
A stabilization of ET in the plain is still not achieved. A
previous study by Gao et al. (2017) and Chi et al. (2022)
also showed that even after the implementation of ecolo-
gical water  recharge  from  South-to-North  Water  Trans-
fer projects, groundwater levels in the plain continuously
declined  caused  by  over-exploitation  of  groundwater.
This  is  another  example  of  the “irrigation  paradox”
(Grafton et al., 2018), which means that agricultural wa-
ter saving at the field level can hardly solve water short-
age in the basin or catchment level. The visible increase
in GPP in the plain area also suggests that an increase in
ET is  beneficial  for  the  increase  of  crop  yield.  For  in-
stance,  Ai  et  al.  (2020)  investigated  the  global  trend  of
ET, GPP, and water use efficiency (WUE) and found the
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increase of ET, GPP, and WUE in the North China Plain
or more water for a higher crop yield. 

3.2    ET as an indicator for catchment hydrology and
the reliability
While  our  results  suggested  that  different  drivers

were  responsible  for  the  hydrological  change  in  the
mountain and plain regions, ET insignificantly increased
at an annual rate of 2.4 mm∙a−1 or 38.4 mm, mainly con-
tributed  from  the  upstream  mountainous  region.  Even
though ET increase in the plain is limited, as there is less
and  less  runoff  available  for  the  plain  and  Baiyangdian
Lake, groundwater depletion is likely to accelerate (Moi-
wo et  al.  2010; Hu et  al.  2012).  For  instance,  even with
only  1  billion  m3 of  water  from  South-to-North  Water
Transfer  Projects  between  2014  and  2018  (Sohu  News,
2019),  Wang  (2020)  simulated  that  around  489  million
m3 of  groundwater  was  over-drafted  per  year  in
2015–2017. And during 2006–2011, over 0.51 billion
m3 of water was delivered from the Yellow River to the
Baiyangdian  Lake  (Wang  et  al.,  2018).  And  after  the
lunch  of  the  Xiong’an  New Area,  much  water  has  been
delivered to Xiong’an City and Baiyangdian Lake. Con-
sidering  the  catchment  area  is  around  31  200  km2,  34.5
mm of overuse of water equals around 1.07 km3 of water
shortages each  year  in  the  catchment.  It  cannot  be  con-
clusively  stated  that  the  1.07  km3 water  deficit  was  the
precise  value  of  water  shortage  in  the  catchment,  since
both  ET  value  from  PML-V2  (Fisher  et  al.,  2017;
Pascolini-Campbell  et  al.,  2021)  and  precipitation  from
limited stations especially in the mountains are not accur-
ate enough for a precise evaluation of water shortage.
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