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Abstract: To understand  the  influence  of  vegetation  restoration  on  the  water  cycle  in  semiarid  areas,  the
effects of vegetation restoration on evolution of the key elements of water cycle were clarified by analyzing
the evolutionary trend of atmospheric precipitation, ecological consumption water, and surface runoff on a
river basin scale on the basis of analytical results of the changes in vegetation coverage and the long-term
meteorological  and  hydrological  monitoring  data  of  Beichuan  River  Basin.  The  results  show  that  the
vegetation cover in the Beichuan River basin has rapidly increased in the hilly and mountainous areas since
the 1980s, especially from 2000 to 2019, with the maximum and average vegetation cover rates increased
by  14.98% and  52.2%,  respectively.  During  1956-2016,  the  annual  precipitation  in  the  basin  remained
relatively  stable;  the  annual  surface  runoff  slightly  declined,  with  an  average  attenuation  rate  of
20 million m3/10a. The main reason for the runoff decline is the increase in ecological water induced by the
vegetation restoration,  which has changed the spatial-temporal  distribution of  the water  from atmospheric
precipitation in the basin. Spatially, more precipitation was converted into ecological water. As a result, the
remnant  runoff  supplied  to  the  lower  reaches  reduced  accordingly.  Temporally,  more  precipitation
participated  in  the  soil  water  -  groundwater  cycle,  thus  prolonging  the  outward  drainage  period  of  the
precipitation. Moreover, the large-scale vegetation restoration induced a significant decrease in the surface
wind speed,  evaporation from water surface and drought index.  As a result,  a  virtuously mutual  feedback
relationship  was  formed  between  the  vegetation  and  meteorological  elements.  Therefore,  vegetation
restoration  is  of  great  significance  for  the  improvement  in  the  water  conservation  capacity  and  semiarid
climate conditions in the Beichuan River basin.
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Introduction

Significant progress has been achieved in greening
of the land surface in China since the 1970s, which
plays  an  important  role  in  soil  and  water
conservation,  windbreaks  and  sand  fixation  (Zhao
et  al.  2014; Chen  et  al.  2019; Hu  et  al.  2020).
However,  large-scale  vegetation  restoration  has

drastically  changed  the  pattern  of  the  underlying
surface  and  has  made  a  profound  impact  on  the
water  cycle  conditions  and hydrological  processes
in  river  basins.  Especially  in  the  areas  suffering
water shortage, the sustainable utilization of water
has  approached  its  limit  due  to  the  vegetation
restoration in local areas, leading to new contradic-
tions between ecology and water resources (Mark,
2019; Wu  et  al.  2020).  The  constraints  of  water
resources on vegetation restoration have become a
major  concern  in  the  process  of  vegetation
restoration in arid and semiarid areas. Atmospheric
precipitation serves as a primary water source of a
terrestrial  water  cycle.  According  to  material
conservation, vegetation restoration will inevitably
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affect  a  water  distribution  in  link  of  other  water
cycles  since  it  consumes  more  water  resources
(Huang et al. 2011; Mattos et al. 2019; Huang et al.
2020).  Owing  to  the  effects  of  the  large-scale
returning  farmland  to  forest  and  grassland  on  the
Loess  Plateau  in  recent  decades,  dry  soil  layers
have become more common and tend to be widely
distributed  to  the  deeper  portions  of  soil  layers
over the Loess Plateau (Liu et al. 2010; Wang et al.
2010; Yan  et  al.  2015; Zhao  et  al.  2019).  The
changes in soil moisture further affect the ground-
water  recharged  by  atmospheric  precipitation.  For
instance,  according  to  the  observation  and
simulation  study  on  an  experimental  scale,  the
annual  groundwater  recharge  has  reduced  from
100  mm  to  50-55  mm  in  the  Loess  Plateau  in
Guyuan  City,  Ningxia,  due  to  the  conversion  of
wasteland  into  farmland  (Huang  et  al.  2017).
Meanwhile,  in  the  Mu  Us  sandy  land,  the
groundwater  recharged  by  atmospheric  precipi-
tation  in  the  areas  covered  by  vegetation,  such  as
Salix  psammophila  and  Caragana  korshinskii,  is
only  10%-67% of  that  in  bare  land  (Mattos  et  al.
2019). On a river basin scale, the surface runoff in
the forested small river basins in southwestern part
of  Shanxi  Province  is  attenuated  by  about  80%
compared  with  the  forestless  small  river  basins  in
the  area  (Wang  et  al.  2014).  Meanwhile,  the
baseflow in the Abay River basin has decreased by
4.4% as  the  forest  area  increases  under  the  same
precipitation condition (Gashaw, 2016). Vegetation
restoration will change soil water, groundwater and
surface runoff, which will further change the water
cycle  conditions  in  river  basins  and  finally  affect
the  water  resource  situation  in  the  river  basins
(Gao et al. 2019; Tesfaldet et al. 2020). Therefore,
it  is  greatly  significant  for  the  scientific  under-
standing  of  coordinated  development  between
vegetation ecology and water resources in arid and
semiarid  areas  to  study  the  evolutionary  trend  of
the  water  cycle  under  the  influence  of  large-scale
vegetation  restoration.  Present  studies  on  the
effects of vegetation restoration of the water cycle
in  China  mainly  focus  on  observation  tests  and
simulation  studies  on  a  point  or  slope  scale  are
mostly  concentrated  on  the  Loess  Plateau.
However,  the  interactions  between  vegetation  and
the  water  cycle  in  Qinghai-Tibet  Plateau
considerably differ from those in the Loess Plateau
due to the difference of hydrothermal conditions.

The  Beichuan  River  basin  is  a  major  water
conservation  area  in  the  upper  reaches  of  the
Yellow  River  and  a  key  area  of  ecological
environment  construction  in  China.  Since  the
1980s, large-scale artificial afforestation has led to

a  rapid  increase  in  vegetation  cover.  As  a  result,
the ecological environment and water conservation
capacity  in  the  river  basin  have  been significantly
improved.  However,  it  has  also  caused  some
problems  such  as  the  reduction  of  runoff  coeffi-
cient  and  the  variations  in  the  water  cycle.  Based
on  long-series  meteorological  and  hydrological
data  and  remote  sensing  data,  the  effects  of
vegetation  restoration  on  the  evolution  of  key
water  cycle  elements  were  clarified  by  analyzing
the evolutionary trend of water cycle elements on a
river  basin  scale.  It  will  be  greatly  significant  for
the  scientific  understanding  of  coordinated
development  between  ecological  construction  and
water resources in the upper reaches of the Yellow
River. 

1  Study area

The Beichuan River basin is located in the eastern
part of Qinghai Province. The Beichuan River is a
primary  tributary  of  the  Huangshui  River  and  a
secondary  tributary  of  the  Yellow  River,  with  a
total length of 149 km and the river basin covering
a  total  area  of  3  371  km2 (2  774  km2 above
Qiaotou  hydrological  station).  The  river  basin,
extending  in  a  C-shape  from  northwest  to
southeast, lies in the border area of the Qinghai-
Tibet Plateau and the Loess Plateau and mainly
consists  of  mountains,  longitudinal  valleys  and
small basins. The area falls within a continental
semiarid  climate  with  typical  vertical  zones,
characterized  by  a  progressive  decrease  in
temperature and evaporation and an increase in
precipitation  from  the  bottom  to  the  top  of  the
valley.  Specifically,  the  average  annual
atmospheric  temperature  and  average  annual
evaporation  reduce  from  6.2°C  to  ‒6°C  and
from over  1  000 mm to  about  800 mm, respec-
tively;  the  average  annual  precipitation increases
from about 350 mm to over 600 mm as the eleva-
tion increases.

The  Quaternary  alluvial-diluvial  strata  in  most
tributary  valley  areas  of  the  Beichuan  River  are
thin  and  low  in  water  bearing  capacity.  However,
the  Quaternary  deposits  become  much  thicker  in
the valley of the main stream below the confluence
of the Heilin and Baoku Rivers. As a result, a large
amount  of  the  river  water  begins  to  recharge  the
groundwater  of  the  downstream  aquifers.  In
Qiaotou  area,  almost  all  the  phreatic  water  along
the  river  valley  discharges  back into  the  river  due
to a  notable uplift  of  the basement.  Therefore,  the
Beichuan  River  above  the  Qiaotou  area  can  be
considered as a closed river basin (Fig. 1). 
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Fig. 1 Geographical  location  and  elevation  of  the
study area
 

According  to  monthly  data  of  precipitation  and
runoff  over  the  years  in  the  river  basin,  the  most
precipitation  occurs  in  four  consecutive  months
from June  to  September,  accounting  for  70.8% of
the total annual precipitation. Meanwhile, the most
runoff occurs in four consecutive months from July
to  October,  accounting  for  71.4% of  the  total
annual  runoff  (a  month  lagging  behind  the
maximum  precipitation  in  the  four  consecutive
months). Therefore, the Beichuan River is a typical
river  recharged  by  precipitation  and  groundwater
(Fig. 2).
  

2.0

1.5

0

Ja
n
.

F
eb

.
M

ar
.

A
p
r.

M
ay

Ju
n
.

Ju
l.

A
u
g
.

S
ep

.

D
ec

.

O
ct

.
N

o
v.

Ja
n
.

50

100

150

200

1.0

0.5

0

R
u
n
o
ff/1

×
1
0

8 m
3P

re
ci

p
it

at
io

n
/m

m

Precipitation
Runoff

Base stream

 

Fig. 2 Average  monthly  precipitation  data  and  the
amount of runoff over the years
  

2  Data and methods
 

2.1 Data of vegetation cover

The  data  of  vegetation  cover  were  sourced  from
the imagery Landsat-5 TM, Landsat 8 OLI, and the
MODIS ET product MOD16A2. Among them, the
Landsat  data  were  obtained  from  the  official
website  of  the  US  Geological  Survey  (USGS),
with  a  spatial  resolution  of  30  m  and  a  revisit
period  of  16  days.  In  this  paper,  eight  images  of
vegetation  cover  from June  to  September  in  2000
and 2019 were selected. They were preprocessed to
obtain  the  Normalized  Difference  Vegetation
Index  (NDVI)  values  of  each  month.  Then  the
maximum  NDVI  value  of  each  month  was

synthesized using the Cell Statistics tool of ArcGIS
10.1.  Afterward,  the  monthly  NDVI  values  of  the
surface  were  integrated,  based  on  the  reflectance
data  of  the  red  visible  and  near-infrared  channels
of  Landsat  to  obtain  the  yearly  NDVI  values.
Finally, the fractional vegetation cover was further
calculated  by  using  the  pixel  dichotomy  model,
with the equation as follow:

fveg = (NDVI−NDVIsoil)/
(
NDVIveg−NDVIsoil

)
(1)

Where: fveg is  the  fractional  vegetation  cover,
NDVI is  the  vegetation  index  of  mixed  pixels,
NDVIveg is  the vegetation index of  pure vegetation
pixels, and NDVIsoil is the vegetation index of pure
soil  pixels.  The  NDVI  value  corresponding  to  the
frequency  of  0.5% on  the  cumulative  frequency
distribution  table  of  NDVI  was  taken  as NDVIsoil,
and  the  NDVI  value  corresponding  to  the
frequency of 99.5% was taken as NDVIveg. 

2.2 Meteorological  and  hydrological
data

The  precipitation  and  runoff  data  of  Qiaotou,
Heilin,  Yamenzhuang,  and  Niuchang  meteoro-
logical  stations  as  well  as  Qiaotou  hydrological
station  during  1956-2016  were  derived  from  the
 “  Dataset  of  the  Third  Assessment  of  Water  Re-
sources  in  Qinghai  Province” .  Among  them,  the
runoff  data  are  natural  runoff  restored  month  by
month  according  to  the  development  and
utilization  of  water  resources  in  the  basin.  The
wind  speed  data  during  1961-2016  were  sourced
from  China  Meteorological  Data  Service  Center
(http://data.cma.cn/).  The  data  on  the  annual
evaporation  from  water  surface  of  Qiaotou
Meteorological  Station  during  1970-2016  were
collected from the Datong Bureau of Meteorology,
Qinghai Province. They are the evaporation values
of  an  E601-type  evaporation  pan (diameter:  60  cm)
converted from the evaporation data monitored by
the  E20 pan  (diameter:  20  cm).  The  drought  index
was  calculated,  based  on  the  ratio  of  evaporation
from water surface to precipitation. It  was used to
reflect  the  drought  degree  in  the  river  basin.  The
higher the drought index, the drier the climate is. 

2.3 Research method

The  water  cycle  elements  of  a  closed  river  basin
generally  include  atmospheric  precipitation,
ecological  consumption  water  and  runoff.  Among
them,  the  runoff  is  composed  of  baseflow  and
surface runoff. Based on the water cycle model of
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a  river  basin,  this  paper  analyzes  the  relationship
among atmospheric precipitation, ecological water,
surface  runoff  and  baseflow  in  a  closed  basin,
which can be expressed as follows:

Q = R+S +Ug (2)

R = P+G (3)
Where: Q is  the  precipitation, R is  the  natural

runoff  restored; S is  the  ecological  consumption
water  which  mainly  includes  the  evapotran-
spiration and the water held by soil and vegetation
in the basin, Ug is the underflow with 0 in a closed
river  basin; P and G are  surface  runoff  and
underground  baseflow,  respectively,  of  which  the
G can be calculated by baseflow separation.

Among them, the changes in ratios of S to R and
P to G can  be  used  to  reflect  the  changes  in  the
temporal-spatial  distribution  of  water  resources  in
the river basin. Therefore, two indices were defined
as  follows,  namely  the  precipitation  distribution
coefficient  (KQ)  and runoff  distribution coefficient
(KR):

KQ = S/R (4)

KR =G/P (5)
Where: KQ denotes the relationship between the

volume of ecological water consumption within the
river  basin  and  the  runoff  discharged  outward  the
river  basin,  thus  reflecting  the  changes  in  the
spatial  distribution  of  water  resources  in  the  river
basin; KR represents  the  relationship  between  the
baseflow  and  surface  runoff,  which  reflects  the
changes  in  the  temporal  distribution  of  water
resources  in  the  river  basin  (i.e.  the  change  in  the
period  of  atmospheric  precipitation  discharging
outwards).

Given  that  the  thick  vadose  zones  distribute  in
most  areas  of  the  river  basin  and  that  the
groundwater  cannot  be  effectively  recharged  by
rainfall in most cases. The baseflow was separated
from  the  monthly  runoff  hydrograph  by  using
straight line method. According to the hydrograph,
the  stream  flows  in  the  period  from  February  to
December  were  taken  for  the  baseflow  separation
(Fig. 2), because in the months from December to
the next February the runoff greatly reduced in the
frozen  winter  time.  In  fact,  the  runoff  rapidly
decreased  in  October,  while  the  freezing  period
started  in  November  and  the  surface  was  almost
frozen  in  December,  resulting  in  no  additional
water  available  for  feeding  the  river  and
groundwater.  Only  from  March,  the  melt  of  ice,
snow and frozen soil  layers  could provide enough
sources  to  rechargethe  river  and  accordingly
increased its runoff. 

3  Results and discussion
 

3.1 Evolution  relationship  between  ve-
getation  coverage  and  water  cycle
elements

Large-scale vegetation restoration in the Beichuan
River basin commenced in the 1980s. Especially in
recent decades, the vegetation coverage in the river
basin  has  greatly  been  increased.  For  instance,  it
has  increased  from 7.2% to  over  75% in  the  hilly
and  mountainous  areas  on  both  sides  of  Datong
County, Xining City of Qinghai Province (Chen et
al.  2001).  However,  since  no  remote  sensing  data
is  available  for  establishing  the  vegetation  co-
verage  before  the  implementation  of  large-scale
vegetation  restoration,  its  vegetation  cover  cannot
directly be compared with recent ones. As such the
spatial  distribution  and  variation  of  the  vegetation
cover in the Beichuan River basin are analyzed on
the  basis  of  the  changes  in  the  vegetation  cover
data  derived  from  the  year  2000  and  2019.
Affected  by  the  intensive  returning  farmland  to
forest and grassland since the late 1980s, the river
basin has generally boasted good vegetation cover
conditions especially after the year of 2000, with a
rate of vegetation cover of over 80% in most areas
(Table  1).  The  areas  with  a  high  vegetation  cover
rate  are  mainly  located  in  the  middle-low  moun-
tainous areas with an elevation of 2 600-3 500 m,
which  are  nearly  undisturbed  by  human  activities
and  have  favorable  natural  conditions  for  vegeta-
tion growth. The areas with a vegetation cover rate
of  less  than  50% are  mainly  located  in  the  main
stream valley and the high mountain areas with an
elevation  of  greater  than 4 000 m.  In  the  valley
areas,  the  surface  cover  has  been  greatly  changed
by  urban  development  and  industrial  activities.  In
the high mountain areas, most bedrocks have been
heavily  weathered  and  subjected  to  the  freez-
thawing  erosion  during  the  long  snow  and  ice
cover  period,  forming  a  typical  alpine  stony
desertification landscape.

Most  areas  in  the  river  basin  have  experienced
an increase in vegetation coverage of the year 2000
and  2019.  Among  them,  the  areas  with  a
vegetation  cover  rate  of  over  80% are  the  most
prominent in terms of areal size change (Table 1).
The  software  ArcGIS  was  employed  to  calculate
the  difference  of  vegetation cover  rate  of  the  year
2019 and 2000, which resulted in the generation of
vegetation cover variation map (Fig. 3). The result
shows  that  the  areas  with  vegetation  restoration
(variation  >0)  and  degradation  (variation  <0)
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account  for  88% and  12% of  the  total  river  basin
area,  respectively.  The  vegetation  degradation
mainly  occurs  in  the  main  stream  valley  area  and
some  tributary  valley  areas  where  they  have  been
heavily  affected  by  the  development  activities  of
mankind.  Especially  after  the  year  of  2000,  the
valley areas have been intensively developed with
the  rapid  economic  development  of  Qinghai
Province.  As a  result,  the vegetation covers  in the
areas  have  demoted,  with  the  maximum  and
average vegetation cover rates decreased by 64.7%
and  11.56%,  respectively.  In  contrast,  the  vege-
tation  cover  in  the  vast  middle-high  moun-
tainous  and  hilly  areas  on  both  sides  of  the  river
valley has mainly shown an increasing trend, with
the  maximum  and  average  vegetation  cover  rates
increased by 52.2% and 14.98%, respectively. It is
noted  that  the  areas  with  the  highest  vegetation
restoration  intensity  are  mainly  distributed  in  the
low  mountainous  and  hilly  areas  on  both  sides  of
the  river  valley  to  the  south  of  Datong  County;
they fall in the study area of the “Greening Project
of  Southern  and  Northern  Mountains  in  Xining
City”  and  boast  the  most  notable  vegetation
restoration.
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Fig. 3 Variation  of  vegetation  cover  rate  between
2019 and 2000 in the Beichuan River basin
 

In  the  years  of  1956-2016,  the  average  annual
precipitation  over  the  years  above  Qiaotou

hydrological  station  in  the  Beichuan  River  basin
was  568.5  mm.  The  maximum  and  minimum
precipitations  in  this  period  were  769.9  mm  in
1961 and 413.1 mm in 1991, respectively, with the
extreme ratio of 1.86. Meanwhile, the precipitation
stably fluctuated in this period. The average annual
runoff  and  average  annual  runoff  coefficient  over
the  years  of  1956-2016  were  626  million  m3 and
0.39,  respectively.  The  maximum  and  minimum
runoffs in this period were 1.078 billion m3 in 1989
and 363 million m3 in 1991, respectively, with the
extreme  ratio  of  2.97.  Meanwhile,  the  annual
runoff  showed  a  general  descending  trend  during
1956-2016,  decreased  by  20  million  m3/10a  on
average  (Fig.  4).  According  to  the  cumulative  de-
parture curves of precipitation and runoff in 1956-
2016, the precipitation and runoff in the Beichuan
River  basin  fluctuated  in  a “ wet-dry-wet-dry-wet”
trend,  of  which  the  three  peaks  occurred  in  the
early 1960s, the late 1980s, and around 2015. The
two valleys occurred in the early 1980s and around
2000 (Fig. 5).
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Fig. 4 Variations  of  precipitation  and  runoff  in  the
Beichuan River basin during 1956-2016
 

According  to  the  baseflow separation  results  of
the  Beichuan  River  basin  during  1956-2016,  the
average baseflow and average baseflow coefficient
over  the  years  above  Qiaotou  hydrological  station
in  the  basin  were  215  million  m3 and  0.14,
respectively. As shown in Fig. 6, the baseflow has
a smaller fluctuation range than the surface runoff
and  their  variation  coefficients  are  0.20  and  0.33,
respectively. In such a long period from the year of
1956,  both  the  surface  runoff  and  the  baseflow

Table 1 Statistics of changes in the vegetation cover in the Beichuan River basin according to the data of 2000
and 2019

Range of vegetation coverage (%)
2000 2019

Area (km2) Percentage (%) Area (km2) Percentage (%)

<50 51.49 1.53 75.93 2.25
50-60 126.23 3.74 120.88 3.59
60-70 279.86 8.30 222.50 6.60
70-80 991.26 29.41 659.51 19.56
80-100 1 922.15 57.02 2 292.60 68.01

Average 75.32 80.33
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have  shown  a  descending  trend,  with  an  average
descending rate of 16 million m3/10a and 4 million
m3/10a, respectively.

As  regards  to  ecological  water  consumption  in
the  Beichuan  River  basin  during  1956-2016,  this
part  of  water  was  calculated  using  Equation  (2)
based on the water balance model of a closed river
basin. The calculation result (Fig. 7) shows that the
ecological  water  increases,  while  it  also fluctuates
on  a  yearly  basis,  with  an  average  increase  of  29
million  m3/10a.  The  average  annual  ecological
water  is  950  million  m3,  accounting  for  60.3% of
the  average  annual  precipitation  over  the  years.
The  maximum  and  minimum  ecological  water
consumptions during 1956-2016 were 1.378 billion
m3 in  2003  and  780  million  m3 in  1991,  respec-
tively. Overall, the ecological water was the largest
portion of water used across the river basin during
1956-2016. 

3.2 Influence  of  vegetation  restoration
on water cycle change

 

3.2.1    Influence of vegetation recovery on ecological

water and runoff
To  investigate  the  effect  of  vegetation  restora-
tion  on  the  changes  in  the  water  cycle  in  the
Beichuan  River  basin,  the  periods  of  1956-1970
and  2000-2016  before  and  after  the  vegetation
restoration  were  respectively  selected  to  conduct
a comparative analysis.

The trend curve of ecological water during 1956-
1970  below  that  of  2000-2016  on  the  scatter
diagram  (Fig.  8A)  indicates  that  the  average
ecological water consumed in 2000-2016 is higher
than  that  during  1956-1970  under  the  same
precipitation  condition.  In  other  words,  the
ecological  water  notably  increases  due  to  the
increase  of  the  vegetation  coverage  in  the  river
basin.  As  calculated  according  to  the  relation-
ship between the precipitation and ecological water
of  the  two  periods,  the  average  annual  ecological
water  in  the  river  basin  during  2000-2016  incr-
eased  by  111  million  m3 (39.93  mm),  comparing
with that during 1956-1970 under the condition of
average  annual  precipitation  over  the  years
(568.5 mm), with an increasing rate of 12.4%.

The trend curves of surface runoff (Fig. 8B) and
baseflow (Fig. 8C) during 1956-1970 are both above
those  of  2000-2016  on  the  scatter  diagrams  indi-
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Fig. 5 Cumulative  departure  curves  of  precipitation
and natural runoff in the Beichuan River basin during
1956-2016
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Fig. 6 Variations  of  baseflow  and  surface  runoff  in
the Beichuan River basin during 1956-2016
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Fig. 7 Variations of  ecological  water  consumption in
the Beichuan River basin
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restoration
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cate  that  the  surface  runoff  and  baseflow  notably
decrease along with the restoration of vegetation in
the  basin  under  the  same  precipitation  condition.
As calculated according to the functional relations
of  the  precipitation  with  the  surface  runoff  and
baseflow in the two periods, the surface runoff and
baseflow  during  2000-2016  decreased  by  82
million  m3 (29.50  mm)  and  29  million  m3

(10.43 mm), respectively, with a decreasing rate of
18.6% and  11.9%,  compared  with  those  in  the
years of 1956-1970. Table 2 shows the statistics of
the  changes  in  the  major  water  cycle  elements
before  and  after  vegetation  restoration  under  the
average  annual  precipitation  condition  over  the
years.

As  shown  by  the  relationships  of  the  precipi-
tation  versus  ecological  consumption  water  and
precipitation versus surface runoff for the years of
1956-1970 and 2000-2016,  the resulting curves of
the two periods tend to interact in the wet years but
increasingly depart in the dry years.  This suggests
that  the  effects  of  vegetation  restoration  on
ecological  water  consumption  and  surface  runoff
are  slightly  obvious  in  dry  years  but  remarkable
during  the  wet  years.  The  influence  of  vegetation
restoration on the water  cycle in the river  basin is
not  uniform  but  increased  with  an  increase  in
atmospheric precipitation. 

3.2.2    Influence  of  vegetation  restoration  on  evapo-

transpiration
Climate  change  is  an  important  driving  factor  in

the change of water cycle,  especially in the alpine
regions, where the temperature-induced cryosphere
melting  exerts  a  considerable  influence  on  the
water  cycle.  Relevant  data  show  that  the  mean
annual  temperature  has  increased  in  Beichuan
River  basin  since  the  1970s.  However,  the  Bei-
chuan River basin is located on the eastern margin
of  the  Qinghai-Tibet  Plateau,  where  there  is  no
modern  glacial  activity  and  only  a  small  area  of
seasonal  frozen  soils  distributed  in  the  high
mountains. Therefore, the influence of the tempera-
ture induced cryosphere melting on the water cycle
can be ignored in the basin.

As a key factor in the water cycle, evapotranspira-
tion is mainly composed of vegetation transpiration
and  soil  water  and  surface  water  evaporations.  It
changes  in  nearly  the  same  trend  as  the  atmo-
spheric  temperature  when  other  factors  are  not
considered.  However,  the  evapotranspiration
capacity  reflected  by  evaporation  from  water
surface  (E601 evaporation  pan)  decreased  with  an
increase  in  atmospheric  temperature  in  the
Beichuan River basin (Fig. 9A), indicating that the
atmospheric  temperature  is  not  the  decisive  factor
affecting  the  evapotranspiration  change  in  the
basin. In essence, the evapotranspiration change in
the basin is the comprehensive result of terrain and
meteorological factors such as the properties of the
underlying  surface,  elevation,  surface  albedo,  and
aerodynamic impedance.

As  an  important  part  of  evapotranspiration,  the
vegetation  transpiration  roughly  increases  by

Table 2 Statistics of changes in water cycle elements before and after vegetation restoration under the condition
of average annual precipitation over the years

Ecological consumption water
(100 million m3)

Surface runoff
(100 million m3)

Baseflow
(100 million m3)

1956-1970 8.92 4.40 2.43
2000-2016 10.03 3.58 2.14

Difference (100 million m3) 1.11 −0.82 −0.29
Change rate (%) 12.4 −18.6 −11.9
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Fig. 9 Variations of drought index (A) and surface wind speed (B) in the Beichuan River basin
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vegetation cover rate. However, large-scale vegeta-
tion  restoration  can  practically  increase  air  humi-
dity,  reduce  air  mobility,  change  a  local  microcli-
mate,  and  then  further  change  the  vegetation
transpiration intensity per unit area (Mcnaughton et
al. 1983). The drought index in the Beichuan River
basin  decreased  while  fluctuating  during  1970-
2016  (Fig.  9A),  especially  after  the  1980s.  It
reduced  by  22.5% over  the  past  ten  years  (1.48)
compared with that in the 1970s and 1980s (1.91),
and the climate gradually transformed from a semi-
arid and semi-humid climate to a humid and semi-
humid  climate  in  the  localized  climate  zone.
Although  this  climate  transformation  may  be  pri-
marily  controlled  by  the  climate  change  in  the
Qinghai-Tibet  Plateau  region,  the  influence  of
large-scale  vegetation  restoration  on  it  cannot  be
ignored.

Wind  speed  serves  as  an  important  factor
affecting  the  evaporation  on  water  surface.  Both
the  maximum and  average  wind  speeds  decreased
in  the  period  of  1961-2016  (Fig.  9B),  especially
before 2000.  Relevant  researches have shown that
surface  cover  can  significantly  weaken  the  near-
surface wind speed (Li et al. 2002; Xu et al. 2003).
Therefore, the decrease in near-surface wind speed
induced  by  vegetation  restoration  may  be  one  of
the  factors  that  reduce  the  potential  evapotran-
spiration  capacity  of  the  Beichuan  River  basin.
Meanwhile,  the  sunlight  shading  and  wind
blocking  caused  by  large-scale  vegetation  can
largely  reduce  the  evaporation  from  the  forest
soils. As indicated by the monitoring and research
results  of  the  upper  reaches  of  the  adjacent  Heihe
River  in  the  Qilian  Mountains,  the  soil  water
evaporation  in  a  Picea  crassifolia  forest  was  only
45.5% outside  the  forest  (Zhou  et  al.  2018).  In
addition  to  the  transpiration  changes  induced  by
vegetation growth, it  is necessary to fully take the
changes  in  soil  water  evaporation  caused  by
vegetation cover in the research into account of the
influence  of  vegetation  restoration  on  evapotran-
spiration.  The  vegetation  restoration  reduces  the
evaporation  of  surface  soil  water  in  the  Beichuan
River  basin  to  a  certain  extent,  which  may  be  an
important factor that causes the evapotranspiration
capacity of the river basin to decrease.

In the water cycle model expressed in Equation
(2),  the ecological consumption water S is  used in
two  forms.  One  is  the  land  evapotranspiration,  in
which water enters the atmosphere; the other is the
water retention by soil and vegetation, from which
water is stored in the basin. As analyzed above, the
ecological  water  has  increased  but  the
evapotranspiration  capacity  reflected  by  the
evaporation  from  water  surface  (E601 evaporation

pan)  decreased  in  the  Beichuan  River  basin  after
the  large-scale  vegetation  restoration.  This  means
that an increase in the water conservation capacity
in soil and vegetation has been working well in the
basin  (Eagleson,  1978; Chen  et  al.  2007).  The
ecological  water  in  the  Beichuan  River  basin  has
not  been  consumed  by  evapotranspiration,  but  a
considerable part of it has been stored in the basin
by soil  and vegetation water  retentions.  This  fully
reflects  the  water  conservation  value  of  the
vegetation  restoration  in  the  upper  reaches  of  the
Yellow River. 

3.2.3    Influence  of  vegetation  restoration  on  time

and space changes in water resources
In addition to the changes in each individual water
cycle  element,  the influence of  vegetation restora-
tion  on  the  water  cycle  is  also  reflected  by  the
temporal-spatial  changes  of  water  resources  and
climate changes in the river  basin.  The KQ and KR

of  the  river  basin  for  the  years  1956-2016  were
calculated  using  Equations  (4)  and  (5),  respec-
tively. The KQ results show that the average annual
KQ during 2000-2016 is 1.5 times than that during
1956-1970  under  the  same  precipitation  condi-
tion (Fig. 10A). This suggests that the runoff yield
condition has changed after the vegetation restora-
tion  in  the  way  that  more  precipitation  has  been
converted to ecological water while less converted
to the runoff flowing towards the lower reaches.

According  to  the  comparison  of KR between
1956-1970  and  2000-2016,  the KR decreases  with
the  increase  in  the  atmospheric  precipitation,
which is consistent with the runoff yield pattern of
most  river  basins.  However,  the KR during  2000-
2016  was  slightly  higher  than  that  during  1956-
1970  under  the  same  precipitation  condition  (Fig.
10B). This indicates that the ratios of baseflow and
surface  runoff  to  the  natural  runoff  increase  and
decrease,  respectively,  after  the  vegetation  res-
toration; this trend is increasingly notable with the
increase in atmospheric precipitation.  In short,  the
KR has  slightly  changed  after  the  vegetation
restoration.  Furthermore,  the  precipitation  is  a
much  more  sensitive  factor  that  controls  the
change of runoff in the basin, while the vegetation
restoration only exerts a weak effect on the change
in runoff distribution. 

4  Conclusions

The  Beichuan  River  basin  has  experienced  large-
scale  vegetation  restoration  since  the  1980s.
During  2000-2019,  the  average  vegetation  cover
rate increased by 5.01%; and the vegetation restora-
tion at the highest level during this period occurred
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in  the  vast  hilly  and  middle-high  mountainous
areas  on  both  sides  of  the  mainstream  valley,
where the maximum and average vegetation cover
rates increased by 52.2% and 14.98%, respectively.
As  the  large-scale  vegetation  restoration  has
changed the  properties  of  the  underlying surfaces,
it  also  changed  the  water  cycle  conditions  in  the
river basin.

(1)  According to  the  variations  of  precipitation,
runoff,  and  ecological  water  over  the  years,  the
water  cycle  conditions  in  the  river  basin  changed
due  to  the  effects  of  large-scale  vegetation
restoration under the relatively stable precipitation
condition.  This  is  reflected  by  the  increase  in
ecological  water  and  the  attenuation  of  surface
runoff.

(2)  Vegetation  restoration  has  affected  the
spatial-temporal  distribution  of  atmospheric  preci-
pitation  inside  and  outside  the  river  basin.
Spatially,  more  atmospheric  precipitation  was
converted  to  ecological  consumption  water  after
the  vegetation  restoration.  As  a  result,  the  water
supplied to the lower reaches as runoff reduced to
a certain extent.  Temporally, the ratio of baseflow
to  the  natural  runoff  increased,  which  prolonged
the  outward  discharge  period  of  the  atmospheric
precipitation.  In  other  words,  more  atmospheric
precipitation  in  the  river  basin  participated  in  the
cycle  of  atmospheric  precipitation-soil  water-
groundwater  in  the  long  period,  and  more  water
resources  migrated  from  linear  water  systems  to
planar terrestrial ones.

(3)  There  is  a  virtuously  mutual  feedback
between  the  vegetation  restoration  and  localized
climate  change  in  the  river  basin.  After  the  large-
scale  vegetation  restoration,  the  surface  wind
speed,  evaporation  from  water  surface,  drought
index and soil water evaporation have significantly

decreased, which eventually caused the decrease in
the evapotranspiration capacity and the increase in
the water retained by the soil. The changes of these
elements play a significant role in improving water
conservation  capacity  and  the  semiarid  climate
condition in the river basin. 
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