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Abstract: The  source  area  of  the  Yellow  River  (SAYR),  located  above  the  Huangheyan  hydrological
station, is important for ecological preservation and water source conservation in the Yellow River Basin. In
this  area,  the  impact  of  water  conservation  projects  on  the  hydrology  and  the  ecological  environment  is
pivotal in protecting water resources and alpine vegetation ecosystems. This study investigates the impact
of the Yellow River Source Hydropower Station on the runoff and ecological evolution of the SAYR, along
with the  underlying  mechanism,  using  extensive  datasets  encompassing  long-term meteorological,  hydro-
logical and remote sensing data from various time periods. Results show that, over the long term, precipita-
tion is the primary factor driving runoff variations in the SAYR. Nevertheless, from 1990 to 2020, there is a
notably  inconsistent  relationship  between  precipitation  and  runoff.  After  the  completion  of  the  Yellow
River Source Hydropower Station in 2001, the water level of Eling Lake experienced and elevation of 2–3
m, leading to a gradual recovery of runoff. In addition, the basin's water balance shifted from a negative to a
positive equilibrium, oscillating with changes in lake water levels. Consequently, the overflow zone of the
Tangchama  alluvial–proluvial  fan  in  the  upper  reaches  of  the  lakeshore  shifted  by  500  m,  and  marsh
wetlands expanded by 20.78 km2. The increased storage of lakes and groundwater in the SAYR is the key
controlling  factor  for  the  runoff  recovery,  changes  in  the  basin's  water  balance,  and  enhancements  in
lakeshore vegetation ecology.  Under the geological  background of the Qinghai–Tibet  Plateau's  upliftment
and intensified upstream river erosion, the basin experienced a substantial water imbalance due to declining
discharge base levels, which is the most critical factor behind runoff attenuation in the SAYR towards the
end  of  the  20th century.  The  construction  of  the  hydropower  station  objectively  raised  the  drainage  base
level of the basin, thereby positively contributing to the preservation of water balance, runoff stability, and
the enhancement of swamps and wetlands along the lakeshore.
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 Introduction

The  source  area  of  the  Yellow  River  (SAYR),

located  in  the  hinterland  of  the  Qinghai-Tibet
Plateau,  is  characterised  by  a  fragile  ecological
environment  extremely  sensitive  to  changes  in  its
hydrological  conditions.  Over  recent  decades,
SAYR  has  experienced  significant  changes  in  its
water  balance  and  ecological  hydrological  proc-
esses,  attributed  to  the  dual  forces  of  climate
change  and  human  activities  (Xu,  2015; Li  et  al.
2021; Zhu  et  al.  2022a).  Towards  the  end  of  the
20th century,  SAYR  faced  critical  environmental
and geological challenges, including runoff attenu-
ation,  interruption  in  river  flow,  and  wetland
degradation.  These  issues  commanded widespread
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attention  from  the  entire  society  (Zhang  et  al.
2003; Chen and Liu, 2009; Tian et al. 2015; Wang
et  al.  2020).  In  the  context  of  intensified  climate
change  and  the  national  strategic  emphasis  on
ecological preservation  and  high-quality  develop-
ment in the Yellow River Basin, the study of water
balance  evolution  and  its  resultant  hydrological
and  ecological  impacts  on  the  SAYR,  often
referred to as the "water tower", has become a hot
topic within the field of water resource research.

Within  the  hydrological  cycle  of  a  watershed,
critical  elements  such  as  precipitation,  runoff  and
evapotranspiration,  naturally  maintain  a  dynamic
equilibrium. Around 60% to 70% of the precipita-
tion  dissipated  in  the  form  of  evapotranspiration
(Yang  et  al.  2022).  Significant  changes  in  any  of
these  water  cycle  elements  trigger  a  transition  in
the  water  balance,  subsequently  impacting  the
ecological and hydrological processes of the water-
shed (Huang et al. 2020; Tesfaldet et al. 2020; Zhu
et  al.  2021; Liu  et  al.  2023).  In  the  natural,  one-
dimensional  and  static  water  cycle  mode,  the  dis-
charge  and  storage  conditions  of  water  resources
tend to remain stable. This stability arises from the
inherent  characteristics  of  the  surface  and  the
consistent  regional  hydrogeological  conditions
(Kustu  et  al.  2010; Wu  et  al.  2020; Zhu  et  al.
2022b).  However,  the  SAYR  is  located  on  the
northeastern  edge  of  the  permafrost  region  of  the
Qinghai–Tibet Plateau, which is highly sensitive to
climate  changes.  As  temperature  rises,  the  upper
permafrost  interface  recedes  at  an  average  rate  of
3–5  cm/year,  with  seasonal  permafrost  expanding
its  reach  (Jin  et  al.  2009; Cao  et  al.  2021).
Permafrost, acting as a stable impermeable layer in
the  region,  influences  hydrogeological  conditions.
It augments soil and groundwater storage capacity,
transforming solid water into liquid water and inte-
grating  it  into  hydrological  cycles  (Yang  et  al.
2019; Song  et  al.  2020; Cao  et  al.  2021).  Runoff
analysis  indicates  that  melted  water  from  frozen
soil  accounts  for  approximately  14.4% of  the
runoff in the SAYR, and this proportion continues
to rise with intensified frozen soil degradation (Ma
et  al.  2019).  Geological  processes  also  exert  a
significant impact on the hydrological processes in
the  SAYR.  Throughout  different  phases  of  the
Qinghai–Tibet  Plateau's  uplift,  the  hydrological
system  underwent  significant  alterations.  In  the
late  Pleistocene,  the  Yellow  River  redirected  its
course  by  crossing  the  Bayankala  Mountains  and
integrating  the  Yangtze  River  water  system.  Pre-
sently, the modern Qinghai–Tibet Plateau rises at a

rate  of  5.8  mm/a  (Cheng  et  al.  2007; Wu  et  al.
2019).  This  uplift  not  only  alters  the  terrain's
morphology but also enhances the erosion dynam-
ics  of  the  regional  hydrological  network,  with
more  intensified  erosion  closer  to  the  source  area
(Jia et al. 2017). Photoluminescence dating demon-
strates that the main stream of the Yellow River in
the  Tongde  Basin  experiences  an  average  river
cutting  rate  of  0.78  m/1000  a,  with  the  maximum
rate of 0.24 m/a observed in Ruoergai Wetland (Li
et al. 2014). In the SAYR, river erosion leads to a
decline in the discharge base level and exacerbates
groundwater  discharge,  which  has  become  a
prominent feature of hydrological system transfor-
mations  (Wan  et  al.  2019; Zhu  et  al.  2021).  On  a
slope  scale,  monitoring  and  simulation  studies
reveal  that  when  water  erosion  penetrates  the
surface peat layer, groundwater discharge capacity
can surge to 2.52 times the original capacity (Li et
al.  2018).  Additionally,  isotope  analysis  and basic
flow segmentation  results  indicate  that  groundwa-
ter,  encompassing  water  above  and  below  the
frozen layer and groundwater in the melting zone,
contributes  to  roughly  60% of  the  runoff  in  the
SAYR, making it the primary runoff source (Yi et
al.  2018; Zhu  et  al.  2022a).  Therefore,  the  impact
of  changes  in  groundwater  discharge  intensity  on
watershed  water  balance  and  ecological  hydrolo-
gical  processes  should  not  be  underestimated.
However,  current  research  primarily  focuses  on
factors  such  as  precipitation,  evapotranspiration
and permafrost degradation (Dai et al. 2018; Mo et
al. 2022; Cao et al. 2021; Li et al. 2021). The study
of hydrological and ecological consequences stem-
ming from shifts in groundwater discharge remains
unexplored, and differing interpretations of ground-
water across disciplines contribute to a bias regard-
ing the  importance  of  groundwater  in  the  evolu-
tion  of  hydrological  and  ecological  environments
in  river  basins.  For  instance,  Yang  (2019) classi-
fied  water  discharged  as  springs  following  infi-
ltration  during  the  rainy  season  as  precipitation
recharge,  leading  to  a  notable  reduction  in  the
proportion  of  groundwater  in  the  hydrological
environment.

The  present  study  combines  extensive,  long-
term datasets spanning from 1960 to 2020, encom-
passing  precipitation,  runoff,  and  remote  sensing
data.  A  comparehensive  analysis  is  undertaken  to
investigate  the  evolving  trend  of  water  balance  in
the  SAYR.  The  control  factors  are  revealed  by
examining how shifts in the groundwater discharge
baseline  influence  the  water  balance  of  the  river
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basin.  In  addition,  the  mechanisms  behind  the
impact  of  the  construction  and  operation  of  the
Yellow  River  Source  Hydropower  Station  on  the
basin's  water  balance,  the  evolution  of  runoff
pattern,  and  transformations  occurring  within  the
lakeside  swamp  wetlands  are  explored.  Based  on
these  insights,  recommendations  are  proposed  to
maintain  the  stability  of  the  discharge  baseline
after the demolition of the hydropower station. The
findings from  this  research  present  great  signifi-
cance  for  the  water  conservation  function  and
wetland ecosystem protection of the Yellow River
source area under climate change.

 1  Study area

Upstream of  Maduo,  the  Yellow River  is  referred
to as the source region, extending over a length of
285.5 km and encompassing a drainage basin area
of  20,930  km2.  Notably,  Zhaling  and  Eling  Lakes
function as reservoirs for the Yellow River, with a
combined storage capacity of approximately 153 ×
108 m3. This capacity is 22.5 times greater than the
average  annual  runoff  of  the  Yellow  River  mea-
sured  at  the  hydrological  station.  Key  tributaries,
including  Kariqu,  Duoqu,  Lenaqu  and  Requ,  are
predominantly  distributed along the south bank of
the  main  river  channel.  Under  the  interaction
between  river  water  and  groundwater,  the  low-
lying  swamps  in  the  front  edge  of  the  mountain
alluvial  fan  and  the  alluvial  lake  plain  constitute
the exceptionally diverse ecological landscape. The
average  elevation  in  the  SAYR  exceeds  4,200  m,

with  over  80% of  the  terrain  being  covered  by
permafrost.  This  region  falls  within  the  plateau
continental  semi-arid  and  high-cold  climate  zone,
characterised by an average annual precipitation of
326.4  mm  and  an  average  annual  evaporation  of
797.7  mm  (E601).  The  central  part  comprises  the
basins  of  Zhaling  and  Eling  Lakes,  as  well  as  the
Yellow  River's  expansive  alluvial  plain,  which
features  an  open  and  stretching  topography.  The
north  and  south  sides  of  the  region  are  bedrock
mountainous areas, while the intermountain basins
are developed with strong retrogressive erosion of
gullies  and  valleys.  In  the  mountainous  areas,
atmospheric precipitation serves as a pivotal source
of  groundwater.  This  groundwater  undergoes
multiple interactions with surface water during the
runoff process,  eventually  emerging  from  moun-
tain  passes  as  surface  runoff.  Subsequently,  this
outflow  re-infiltrates  and  replenishes  groundwater
in  the  alluvial  plain  in  front  of  the  mountain,
converging  with  Zhaling  and  Eling  Lakes  and  the
Yellow  River  Valley,  and  ultimately  concentrates
and discharges  through  surface  runoff  and  evapo-
ration (Fig. 1).

In the SAYR, the population is sparse, and water
resource development  and  utilisation  have  histori-
cally  been  minimal.  To  address  the  electricity
needs  of  Maduo  County,  the  government  initiated
the construction of the Yellow River Source Hyd-
ropower  Station  in  2001,  positioned  on  the  main
river  channel,  approximately  17  km  downstream
from the mouth of Eling Lake. However, as Qing-
hai  Province  progressively  integrated  its  power
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Fig. 1 Study area
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grid systems, the hydropower station's role in elec-
tricity  supply  diminished.  Consequently,  in  2017,
the  decision  was  made  to  dismantle  the  generator
unit,  retaining  only  the  spillway  as  a  means  to
discharge  the  reservoir  water.  By  2022,  Qinghai
Province  completely  demolished  the  dam  of  the
Yellow  River  Source  Hydropower  Station  and
restored the river connectivity and natural channel
morphology within the SAYR.

 2  Data and methods

 2.1 Data

This  study  analyses  a  dataset  comprising  average
annual  evaporation  and  monthly  precipitation
records from Maduo Meteorological  Station span-
ning  the  period  of  1960  to  2020.  Additionally,  it
includes  monthly  runoff  data  from  hydrological
stations  situated  along  the  Yellow  River,  water
level elevations recorded for Lake Eling from 1978
to  2020,  and  a  collection  of  multi-period  remote
sensing images.  The precipitation and evaporation
data  are  sourced  from  the  China  Meteorological
Data Network (http://data.cma.cn/). The runoff and
lake  water  levels  have  been  gathered  through
hydrological  stations  along  the  Yellow  River,  as
well  as  the  water  and  cultural  monitoring  stations
of Eling Lake. The remote sensing images utilized
in this  study are from Landsat  TM and OLI satel-
lites with a spatial resolution of 30 m.

 2.2 Water balance Equation

In  the  SAYR,  significant  permafrost  coverage  is
evident, yet no glaciers are observed in this region.
Notably, permafrost in this area exhibits a trend of
degradation,  primarily  influenced  by  ongoing  cli-
mate  change.  In  light  of  the  challenges  associated
with  accurately  quantifying  the  release  of  per-
mafrost accross the entire basin, it is no longer ca-
lculated  separately.  Instead,  it  is  now  included  in
the scope of water storage variables. Therefore, the
water  balance  equation  in  the  SAYR is  expressed
as:

∆W = P−E−R (1)

Where: P is  the  basin  precipitation  (mm); E is
the evapotranspiration of the watershed (mm); R is
the runoff rate (mm); ΔW is the water storage vari-
able  of  the  basin  (mm).  The evapotranspiration of
the watershed is based on the conversion results of
the evaporation dish monitoring data at the Maduo
Meteorological Station, with reference to previous

conversion  coefficients  of  0.22  in  the  1960s  and
1980s and 0.25 after the 1990s (Wan et al. 2003).

 3  Results and discussion

 3.1 Evolution trend of water balance

The  analysis  of  water  balance  evolution  in  the
SAYR is  based  on  the  long-term  datasets  encom-
passing precipitation,  runoff,  and  evapotranspira-
tion.  Employing  Equation  (1),  the  basin's  water
storage variables from 1960 to 2020 are calculated
using the  anomaly  method to  analyse  the  cumula-
tive  anomaly  trend  of ΔW changes  (Fig.  2).  The
results indicate that the evolution of water balance
can  be  divided  into  two  stages.  During  the  period
of  1960–2000,  a  cumulative  deficit  was  evident,
characterized  by  negative ΔW anomalies  and  a
fluctuating  decreasing  trend.  This  observation
implies  that,  for  the  majority  of  these  years,  the
water  balance  within  the  basin  was  in  a  stage  of
negative equilibrium,  with  water  resource concen-
trating,  especially after  the mid-1970s.  In the case
of long-term alternating surpluses and deficits, the
"water tower"  of  the  Yellow  River  source  consis-
tently experienced a loss of water, exacerbating the
severity  of  water  deficit  in  the  basin.  Conversely,
the period spanning 2000–2020 marked a phase of
gradual  recovery.  Most  years  exhibited  positive
ΔW anomalies,  with  a  fluctuating  upward  trend.
During  this  phase,  the  water  balance  within  the
basin reached a state of positive equilibrium, where
the input components of the watershed water cycle
exceeded  the  output.  Consequently,  the  water
deficit  in  the  "water  tower"  gradually  diminished
and  even  transitioned  into  a  surplus.  Thus,  the
trend of water balance evolution after 2000 closely
aligns  with  the  increase  in  land  water  storage
observed  in  the  SAYR  based  on  GRACR  data
(Meng et al. 2019).

 3.2 Analysis  of  the  causes  of  water
balance evolution

 3.2.1    Relationship between  precipitation,   evapo-

transpiration, and runoff changes and water balance

evolution
Precipitation  and  evapotranspiration  are  dynamic
variables  within  the  water  balance  equation,  pri-
marily governed by natural factors such as climate
and underlying surface conditions, often less influ-
enced  by  human  activities.  Over  the  period  from
1960  to  2020,  the  SAYR  experienced  an  average
annual precipitation  of  326.4  mm,  with  a  maxi-
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mum  of  485.6  mm  and  a  minimum  of  184  mm.
Remarkably, the average annual precipitation exhi-
bited a stable, upward trend over ten years, specifi-
cally  378.9  mm from 2010 to  2020,  1.3  times  the
value  recorded  between  1960  and  1970  (Fig.  3a).
Meanwhile,  the  average  annual  evapotranspiration
in  the  SAYR was  325.2  mm,  with  a  maximum of
407.2 mm and a minimum of 265.9 mm. The ten-
year average of evapotranspiration exhibited some
fluctuations,  with  an  overall  upward  trend.  How-
ever,  it's  noteworthy  that  the  amplitude  of  change
in evapotranspiration was considerably lower than
that  of  observed  in  precipitation  (Fig.  3b).  In  the
1980s, there  was  a  period  during  which  precipita-
tion exceeded  evapotranspiration,  and  their  rela-
tionship  did  not  align  with  the  periods  of  water
balance  change  in  the  SAYR.  Theoretically,  con-
tinuous  increases  in  precipitation  coupled  with
minimal changes in evapotranspiration should lead
to  a  stable  or  positive  balanced  water  condition.
However,  reality  presented  two  completely  cont-
rasting  trends  in  water  balance  before  and  after
2000.  Therefore,  changes  in  precipitation  and
evapotranspiration  may  have  a  certain  impact  on
water balance, these variables are not the determin-
ing  factors  that  cause  the  evolution  of  water
balance in the SAYR.

Notably,  the  evapotranspiration  used  in  this
study is  a  conversion value based on the monitor-
ing  results  of  a  single  meteorological  station's
evaporative dish. As such, there may exist a certain

margin  of  error  when  compared  to  the  actual
regional  evapotranspiration.  Therefore,  in  the  cal-
culation  of  watershed  water  balance,  instances
arise where evapotranspiration surpasses precipita-
tion,  which  clearly  contradicts  the  actual  water
cycle  variables.  However,  under  the  premise  that
the  evapotranspiration  of  the  watershed  cannot  be
accurately  estimated,  the  outcomes,  based  on  a
single  site,  still  provide  a  critical  foundation  for
reflecting the  evolving  trends  in  evapotranspira-
tion  within  the  watershed.  Moreover,  due  to  the
inherent heterogeneity of underlying surfaces, com-
plex  near-surface  meteorological  conditions,  and
dynamic variations in water and heat  transfer pro-
cesses,  accuracy challenges may occur  in  regional
evapotranspiration inversion results based on multi-
temporal  and  multi-resolution  satellite  remote
sensing  data  (Dejonge  et  al.  2015; Mina  et  al.
2016).  For  instance,  remote  sensing  inversion
results  for  the  average  evapotranspiration  from
2000  to  2014  in  the  SAYR  amounted  to  536.99
mm/a (Ye et al. 2018), a notably larger value than
the single-point conversion value employed in this
study.  Although  these  findings  may  exhibit  some
degree  of  distortion,  they  still  capture  the  relative
changes  in  annual  evapotranspiration,  thereby
reflecting  their  impact  on  the  watershed's  water
balance evolution.

Runoff,  as  a  dynamic  variable  in  the  water
balance  equation,  is  influenced  by  comprehensive
factors  such  as  precipitation,  evapotranspiration,
and  human  activities.  Along  the  Yellow  River  at
the hydrological station, the average annual runoff
depth  was  36.5  mm  from  1960  to  2020,  with  the
average  runoff  coefficient  being  notably  small  at
0.11,  which  is  considerably  lower  than  that
recorded downstream in the Jimai sub-basin (0.31).
Examining  the  relationship  between  runoff  and
precipitation  (Fig.  4),  it  is  evident  that  runoff
generally changes with precipitation, which serves
as a prominent influencing factor (Lu et al. 2020).
Nevertheless,  over  several  years,  this  relationship

 

1960C
u
m

u
la

ti
v
e 

an
o
m

al
y
/m

m

−800

−600

−400

−200

0

200
Anomaly Cumulative anomaly

A
n
o
m

al
y
/m

m

−200

−100

0

100

200

1970 1980 1990
Year

2000 2010 2020
 

Fig. 2 Water  storage  variable  anomaly  change  curve
in the SAYR

 

1960
100

200

300

400

500

284.4

378.9

313.3
340.2

1970 1980 1990
Year

P
re

ci
p
it

at
io

n
/m

m

2000 2010 2020 1960
200

300

400

1970 1980 1990

Average evaporation for 10 years

Annual evaporation

Average precipitation for 10 years

Annual precipitation

Year

E
v
ap

o
ra

ti
o
n
/m

m

2000 2010 2020

 

Fig. 3 Variation trend of precipitation and evapotranspiration from 1960 to 2020 in the SAYR

Journal of Groundwater Science and Engineering    11(2023) 333−346

http://gwse.iheg.org.cn 337



has  displayed  significant  inconsistencies.  For
instance, between 1981 and 1984,  despite  precipi-
tation  levels  (368.9  mm,  330.8  mm,  316.2  mm,
285.5  mm)  that  were  either  close  to  or  even  less
than  the  annual  average,  runoff  depth  (63.9  mm,
95.4  mm,  117.3  mm,  58.8  mm)  exceeded  the
annual  average  by  a  substantial  margin.  In  such
instances,  where  evaportranspiration  exhibited
marginal  changes,  the  increased  runoff  primarily
stemmed  from  the  consumption  of  water  storage
within the basin. Similar scenarios also occurred in
1965, 1976,  1989,  1990  and  1993.  When  evalu-
ated  based  on  the  average  runoff  coefficient,  the
total  amount  of  basin  water  storage  consumed  in
years with abnormally high runoff values was 77 ×
108 m3 (368  mm),  which  was  equivalent  to  10.1
times  the  average  annual  runoff  depth.  In  this
context of intensified water consumption, the water
deficit in the SAYR escalated, leading to a contin-
uous  decline  in  runoff  since  the  early  1990s.  By
2000,  the  runoff  depth  had  decreased  to  0.9  mm,
representing  a  mere  2.5% of  the  annual  average,
and marking the lowest value recorded since 1960.
Consequently, abnormal runoff, as a pivotal output
term in the water balance equation, not only signif-
icantly  impacts  shifts  in  the  basin's  water  balance
but also serves as a critical  indicator of its  overall
condition.
  

1960
0

200

P
re

ci
p
it

at
io

n
/m

m

400

600

150

100

R
u
n
o
ff

 d
ep

th
/m

m

50

0

1970 1980 1990

Year

2000 2010 2020

Precipitation Runoff depth
 

Fig. 4 Relationship  between  precipitation  and  runoff
from 1960 to 2020 in the SAYR
 

 3.2.2    Analysis of the causes of abnormal runoff
Within the geological context of plateau uplift, the
SAYR  experiences  widespread  river  erosion  and
undercutting.  Notably,  Eling  Lake,  functioning  as
an overflow lake of the Yellow River, has a central
water surface width of approximately 20 km and a
downstream river  channel  width  of  roughly 20 m.
The  lowest  elevation  at  the  lake's  outlet  pro-
foundly  influences  its  water  level  and  discharge
volume. As water flows from the lake centre to the
outlet, the narrowing of this section accentuates the
erosion  impact  of  lake  water  on  the  downstream
channel.  Consequently,  the  downstream  outlet  of
Eling  Lake  has  become  the  area  with  the  most
pronounced  erosion  in  the  SAYR.  This  effect
becomes particularly  noticeable  during  the  rain-

storm  season  when  the  quaternary  loose  sediment
in  the  riverbed  becomes  exceptionally  vulnerable
to flood erosion, resulting in a rapid decline in the
discharge base level.

During the construction of the Eling Lake Estu-
ary Hydrological Station in 1989, measurement of
the riverbed bottom displayed the consequences of
heavy  rainfall-induced  floods  in  July  and  August.
Over  the  period  from  June  25  to  October  19,  the
lowest  elevation  of  the  riverbed  dropped  from
4,265.34 m to 4,264.83 m, representing a decrease
of  0.51 m. In the meantime,  the lake's  water  level
elevation  rose  from  4,268.74  m  to  4,269.13  m,
marking an increase of 0.39 m. Downstream along
the  Yellow  River  at  the  hydrological  station,  the
total runoff between July and October amounted to
14.3 × 108 m3, which is 3.7 times the annual aver-
age  for  the  same  period.  Although  runoff  dec-
reased after October and reached its lowest point in
February  1990  (0.77  ×  108 m3),  this  value  still
surparssed  the  runoff  observed  in  February  1989
and February 1991, by a factor of 7.0 and 3.7, res-
pectively.  The  difference  between  the  lake  water
level in  June  1989  and  the  lowest  riverbed  eleva-
tion at Eling Lake outlet represents the initial water
flow  state.  According  to  the  measurement  results
on  October  19,  it  became  apparent  that  to  restore
the conditions to the June state, the lake water level
must  decrease  by  0.9  m,  representing  a  discharge
of which is 5.49 × 108 m3 of lake water. Based on
the  monthly  runoff  estimates,  heavy  precipitation
and the decreased elevation at  the lake mouth and
river bottom could be entirely discharged in Dece-
mber  of  the  same  year.  However,  the  runoff
between  January  and  April  in  1990  increased  by
3.95  ×  108 m3 compared  with  the  same  period  in
1989  (Fig.  5a), primarily  due  to  freezing  condi-
tions  preventing  precipitation  from  effectively
supplementing  runoff.  Consequently,  this  runoff
increase  is  inevitably  related  to  the  increased
groundwater  discharge,  which  is,  in  turn,  caused
by the diminished discharge base level.

In  addition  to  soil  media  and  precipitation,  the
runoff generation in  the SAYR is  primarily  domi-
nated  by  its  full  storage  (Zhu  et  al.  2022a).  The
substantial  groundwater  discharge  leads  to  a
decline  in  groundwater  levels,  increasing  water
transport  distances  and  storage  spaces  within  the
aeration zone. This, in turn, extends the duration of
soil  full  storage  and  runoff  production  while
increasing the proportion of atmospheric precipita-
tion  that  infiltrates  the  surface  (Li  et  al.  2016).
Ultimately,  these  factors  result  in  a  reduction  in
surface runoff production capacity.  These changes
in  the  runoff  process  led  toa  relatively  stable
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hydrograph  for  the  entire  year  of  1990,  with  no
significant  flooding  occurred  during  the  heavy
rainfall of 120.7 mm in August 1991 (Fig. 5a). Exa-
mining  long-term  trends  in  precipitation-runoff,
during  the  periods  of  1989–1990  and  1991–1992,
total  precipitation  was  779.1  mm  and  728.3  mm,
respectively. However, runoff decreased by a subs-
tantial 74.7% (from 32.4 × 108 m3 to 8.21 ×108 m3)
during the latter period, despite only a 6.5% decr-
ease in precipitation. This result indicates how the
rapid  decline  in  the  discharge  baseline  amplifies
the impact of groundwater discharge on the precip-
itation –groundwater surface conversion, a signifi-
cant and long-term process within the SAYR.

According  to  the  measured  data  in  1989,  the
process of "channel cut down–increase of ground-
water  excretion"  and  precipitation-runoff  patterns
over  preceding  years  were  obtained  (Fig.  5b).
Notably,  erosion  and  undercutting  likely  occurred
at the bottom of the Erling Lake estuary during sp-
ecific periods such as 1964–1967, 1976, and 1981–
1984.  These  periods  were  characterized  by  high-
intensity  monthly  rainfall  during the  rainy season,
resulting  in  elevated  peak  floods  and  increased
winter runoff. When examining long-term trend, it
is possible that a cyclical erosion and downcutting
process  occurs  at  the  bottom  of  the  Eling  Lake
estuary, driven  by  periodic  changes  in  precipita-
tion. The primary reason behind the abnormal rela-
tionship  between  precipitation  and  runoff  in
several  years  is  the  decline  in  the  discharge  base
level, which leads to the storage of lake water and
the substantial groundwater discharge.

 3.2.3    Analysis of  controlling  factors  on  the   evolu-

tion of water balance
Within  the  unique  climatic,  hydrological,  and
geological  setting  of  the  SAYR,  the  erosion  of  its
riverbed  and  the  Eling  Lake  outlet  has  led  to  a
reduction in the lake's water level. This decline has
contributed  to  a  diminished  regional  groundwater
discharge  baseline  and enhanced groundwater  and
lake  water  discharge  intensity.  These  effects  not
only  prevent  the  lake  from  expanding  its  water
storage during the high-water season but also result
in increased water releases. Consequently, a nega-
tive  equilibrium  state  of  water  balance  occurs
when  the  output  from  the  "water  tower"  at  the
source  of  the  Yellow  River  surpasses  the  input.
Over  an  extended  period  of  negative  equilibrium,
the water  deficit  becomes more severe,  prompting
additional  precipitation  to  compensate  for  this
deficit  in  the  basin.  This,  in  turn,  diminishes  the
basin's  runoff  production  capacity  and  leads  to
runoff attenuation. The water level change curve of
Eling  Lake  reveals  a  fluctuating  downward  trend
from 1978 to 1998. In 1998, the lake's lowest water
level  reached 4,268.11 m,  signifying  a  decline  of
0.79  m compared  with  1978's  level  of 4,268.9 m.
Field investigations,  measurements,  and  inter-
views  with  local  residents  confirmed  this  trend,
indicating  that  the  lake's  lowest  water  level  in  the
late  1990s  was  2–3  m lower  than  levels  observed
in  the  1950s  and  1960s.  After  2000,  owing  to  the
construction  and  operation  of  the  Yellow  River
Source  Hydropower  Station,  the  reservoir  area
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Fig. 5 Monthly precipitation–runoff process in Huangheyan hydrographic station
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connected  with  the  upstream  Eling  Lake,  causing
water  levels  to  fluctuate  but  maintain  relative
stability.  In  2012,  the  highest  water  level  reached
4,270.79 m,  representing  an  increase  of  2.68  m
compared  to  the  1998  level.  Additionally,  the
lake's  surface  area,  including  the  storage  area  of
the  Yellow  River  Source  Hydropower  Station,
expanded  by  59.1  km2 (Fig.  6),  and  its  storage
capacity  increased  by  approximately  25  ×  108 m3.
The  construction  of  the  Yellow  River  Source
Hydropower Station dam objectively prevented the
riverbed  incision  at  the  lake's  outlet,  elevated  the
basin's  drainage  base  level,  and  reduced  the
discharge intensity of groundwater and lake water.
Consequently,  the  initial  water  resource  gap  was
gradually  filled  and  converted  into  a  surplus.
Runoff  subsequently  began  to  recover,  with  base
flow  remaining  high  and  stable  during  the  dry
season,  especially  during  the  hydropower  station's
water storage period (Fig. 5b).

Comparing  the  water  level  change  curve  of
Eling  Lake  (Fig.  6)  with  the  cumulative  anomaly
change  curve  of  water  storage  variables  in  the
SAYR (Fig. 2) shows a high degree of consistency
in their  temporal  patterns.  This  alignment  is  espe-
cially  evident  during  the  mid  to  late  1990s  when
both the lake's water level reached its lowest point
since  the  1950s  and  1960s,  and  the  cumulative
anomaly  of  water  storage  variables  was  at  its
lowest point in the 1990s. After 2010, as the lake's
water  level  fluctuated,  the  cumulative  anomaly  of
water storage  variables  similarly  oscillated,  indi-
cating a close correlation between these two sets of
variables.  Through  a  comparative  analysis  of  the
SAYR's  water  balance  evolution  and  changes  in
precipitation,  evapotranspiration,  and  discharge
base  levels,  it  becomes  evident  that  the  latter,
controlled  by  the  lake's  water  level,  serves  as  the
primary  controlling  factor.  In  this  context,  the

Yellow River  Source  Hydropower  Station  plays  a
positive role in elevating the discharge base level,
maintaining the basin's water balance and ensuring
runoff stability.

 3.3 Hydrological  and ecological  effects
of water balance evolution

 3.3.1    Impact  on changes  in  runoff  production con-

ditions
The analysis of trend in precipitation-runoff varia-
tions  and  precipitation  guarantee  rates  in  1960–
2000  and  2001–2020  (Figs.  7, 8) reveals  signifi-
cant difference in the relationship between precipi-
tation and runoff  production between the  negative
and  positive  equilibrium  stages.  In  the  period  of
negative  equilibrium  (1960–2000),  it  is  observed
that  the  same  amount  of  precipitation  generates
more  runoff  during  both  normal  and  dry  years
compared to the positive equilibrium state. During
wet  years,  however,  this  relationship  is  reversed.
This  phenomenon  is  attributed  to  the  fact  that,  in
the negative equilibrium stage, the lowering of the
discharge  base  level  leads  to  an  increase  in  the
basin's  drainage  capacity,  leading  to  a  substantial
water  deficit  during  the  flat  and  dry  years.  Con-
versely,  during  wet  years,  precipitation  primarily
replenishes  the  water  deficit  caused  by  the  large
amount of runoff discharge during the flat and dry
years, leading  to  a  decrease  in  the  runoff  produc-
tion capacity. In contrast, during the positive equi-
librium  stage,  the  elevation  of  the  discharge  base
level  enhances  the  basin's  water  storage  capacity.
This  results  in  a  relatively  abundant  water  supply
during normal and dry years, leading to a stronger
runoff production capacity during wet years.

Examining the monthly runoff data from hydro-
logical stations along the Yellow River, seven flow
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Fig. 6 Changes of water level and lake area in the Eling Lake
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interruptions  occurred during the  dry season since
1960 (Table 1). With the exception of 2004, which
was  related  to  human  regulation  during  the  initial
impoundment  of  the  Yellow River  Source  Hydro-
power  Station,  all  interruptions  happened  under
natural  conditions.  Notably,  the  years  1961  and
1980  witnessed  significantly  lower  precipitation
compared  to  the  annual  average,  suggesting  that
insufficient precipitation played a key role in caus-
ing  these  river  flow  interruptions.  In  contrast,  a
four-year  consecutive interruption period occurred
from  1997  to  2000,  with  the  duration  gradually
increasing,  peaking  at  four  months.  During  this
period, precipitation was close to or even exceeded
the  annual  average,  while  evapotranspiration
showed  no  significant  increase.  Therefore,  simple
changes  in  precipitation  and  evapotranspiration
were  evidently  not  the  determining  factors  behind
these frequent interruptions along the Yellow River
section at  the end of the 20th century.  Considering
the  chronological  alignment  between  changes  in
water  balance,  runoff  attenuation,  and  frequent

flow  interruptions  in  the  SAYR,  it  becomes  clear
that these  interruptions  were  a  concentrated mani-
festation  of  the  basin's  long-term  imbalance  of
water at the end of the 20th century. The imbalance
resulted  from  the  declining  discharge  base  level,
subsequently leading  to  a  reduced  runoff  produc-
tion capacity.
 3.3.2    Impact on changes in lakeside wetlands
One of the critical ecological zones in the SAYR is
the  alpine  swamp  wetlands  on  the  shorelines  of
Zhaling and  Eling  Lakes.  These  wetlands  primar-
ily  host  shallow-rooted  herbaceous  plants  that
thrive  in  water-rich  environments  and  are  highly
responsive  to  fluctuations  in  groundwater  levels
(Jin  et  al.  2009).  The  analysis  of  the  evolving
trends and underlying causes of the SAYR's water
balance reveals that, during the period of accumu-
lated  water  deficit,  the  reduction  in  the  discharge
baseline exacerbates  groundwater  discharge,  lead-
ing to a decline in groundwater reserves and water
levels.  When  groundwater  levels  drop  below  the
root systems of these water-dependent plants, they
wither and die. Furthermore, the decrease in water
content in  the  surface  soil  layer  reduces  its  cohe-
sion,  exacerbating  the  degradation  of  swamps and
wetlands  and  promoting  soil  desertification.  In
contrast,  as  the  water  balance  gradually  returns  to
equilibrium, the  elevation  of  the  discharge  base-
line leads to a reduction in groundwater discharge
and an increase in groundwater reserves and water
levels, thereby  meets  the  water  needs  of  the  shal-
low-rooted  vegetation  on  the  surface.  Consequ-
ently,  the  swamp  wetlands  begin  to  recover,  as
shown in Fig. 9.

The  Tangchama  Wetland,  situated  along  the
southwest  lakeside  of  the  Eling  Lake  and  formed
by  groundwater  overflow  from  the  front  edge  of
the  Lena  River  alluvial  fan,  is  one  of  the  largest
alpine  swamp  wetlands  in  the  SAYR.  During  the
1990s,  it  experienced  a  notable  reduction  in  size
retreating  approximately  300  m  upstream  due  to
factors like decreased precipitation and permafrost
degradation.  However,  since  the  beginning  of  the
21st century,  the  wetland  ecosystem  in  the  SAYR
has exhibited an overall improvement. While many
have attributed to this positive shift to meteorologi-
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Fig. 7 Comparison of the relationship between preci-
pitation and runoff production
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Fig. 8 Precipitation  frequency  analysis  at  different
water equilibrium stages

Table 1 Statistics of interruptions in Huangheyan hydrographic station

Cut-off time Precipitation/mm Cut-off time Precipitation/mm

January—February 1961 247.8 December 1999—March 2000 347.6
January—February 1980 247.9 December 2000—March 2001 297.5
January—March 1997 311.9 January—February 2004 296
January—February 1998 317.3 / /
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cal factors, such as increased precipitation, a closer
examination  was  needed,  particularly  concerning
the Tangchama Wetland. To understand the precise
impact of precipitation and the evolution of water-
shed  water  balance,  1998  and  2015  were  selected
as  representative  years  for  a  comparative  analysis
of  the  changes  in  the  Tangchama  Wetland.  In
1998, the area received 343.4 mm of precipitation,
and Lake Eling's  water  level  stood at 4,268.11 m.
By  2015,  precipitation  has  slightly  decreased  to
298.6  mm,  and  the  lake's  water  level  had  risen  to
4,270.14 m.  Remote  sensing  data  revealed  that
from  1998  to  2015,  the  average  shoreline  on  the
west bank of Eling Lake had extended by roughly
2,600 m.  Additionally,  the  groundwater  overflow

area  had  moved  approximately  500  m  upstream.
The  Tangchama  Marsh  Wetland  had  expanded
from  90.87  km2 to  111.65  km2.  Notably,  along  its
periphery,  the  coverage  of  medium  and  high-
density  grasslands  had  significantly  increased,
while low-density grasslands had diminished (Fig.
10).

An analysis of the relationship between precipi-
tation,  lake  water  level  and  wetland  changes  in
these  two  years  indicated  that  despite  reduced
precipitation  in  2015,  the  rising  lake  water  levels
and discharge  baseline  during  the  gradual  restora-
tion  of  the  water  balance  were  able  to  maintain  a
high  groundwater  level  along  the  lakeside  area.
Consequently,  the  wetland  did  not  experience
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further  shrinkage.  In  summary,  while  ample  pre-
cipitation  certainly  benefits  the  restoration  of  the
wetland ecosystem in the SAYR, changes in marsh
wetlands  along  the  lakeshore  are  more  closely
related  to  shifts  in  the  discharge  baseline,  which
significantly impact the basin's water balance.

 4  Conclusion and suggestions

In the context of the Qinghai–Tibet Plateau's uplift
and  increased  river  erosion,  changes  in  the  disch-
arge  base  level  due  to  river  bed  elevation  emerge
as  the  primary  driving  factors  behind  the  water
balance evolution in the SAYR. The attenuation of
runoff and its  frequent interruption experienced in
the  late  20th century  were  not  directly  related  to
meteorological factors like precipitation and evap-
oration. Instead, they manifested a long-term water
imbalance issue in the basin caused by the declin-
ing  discharge  base  level.  The  construction  of  the
Yellow River Source Hydropower Station played a
vital role in halting further erosion of the riverbed
at  the  lake  outlet.  It  raised  the  discharge  baseline
within  its  controlled  basin,  increased  the  lake  and
groundwater  storage capacity,  and effectively cur-
bed  the  trend  of  runoff  attenuation  and  frequent
interruptions. The elevated discharge base level led
to  a  reduction  in  groundwater  discharge  intensity
and volume, significantly contributing to the enhan-
cement  of  the alpine wetland ecosystem along the
lakeside and water source conservation.

However,  after  the  demolition  of  the  Yellow
River  Source  Hydropower  Station  dam  in  2022,
the natural  runoff state downstream of Eling Lake
was  reinstated.  Under  the  influence  of  extreme
rainfall,  the  loose  quaternary  sediment  at  the  lake
mouth  faced  continued  erosion  and  cutting  by
floods.  Consequently,  the discharge baseline exhi-
bited  a  steady  decline  before  the  year  2000.  Pre-
dictably, this extensive discharge of lake water and
surrounding  groundwater  may  shift  the  water  ba-
lance  in  the  source  area  from positive  to  negative
equilibrium  in  the  future.  This  poses  a  significant
risk  of  runoff  attenuation  and  even  winter  flow
interruption in the source area. Additionally, also it
could negatively  impact  alpine  vegetation  ecosys-
tems, especially those reliant on groundwater in the
lakeshore  zone.  In  light  of  these  findings,  the
current  analysis  recommend  the  reinforcement  of
the  mouth  of  the  Eling  Lake  to  prevent  further
sediment erosion  in  the  riverbed.  This  will  effec-
tively impede a decrease in the drainage base level
and water  storage  capacity  in  the  basin,  maintain-
ing runoff stability in the SAYR and protecting the

wetland ecosystem along the lakeside.
The surrounding  area  of  Eling  Lake  is  desig-

nated as a national first-class ecological protection
zone, prohibiting hydrogeological survey activities.
Consequently, essential  hydrogeological  parame-
ters for  groundwater balance research are unavail-
able. Therefore, changes in groundwater discharge
and levels caused by the declining discharge base-
line  are  inferred  through  observations  of  winter
runoff  and  lakeside  wetlands.  This  gap  in  direct
observation data presents certain limitations in this
research.  After  the  demolition  of  the  hydropower
station, continuous monitoring and research efforts
are  imperative  to  monitor  the  runoff  and  wetland
changes  in  the  SAYR  accurately.  Therefore,  it
further  supports  the  validation  of  the  statement
proposed  in  this  article  that  changes  in  the  dis-
charge  baseline  control  the  water  balance  in  the
basin;  additionally,  it  provides  scientific  support
for  the  ecological  protection of  the  wetland in  the
lakeside zone.
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