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Background

Volga River Basin, Russia Amu Darya River Basin, Central Asia

O The impact of climate change and
human activities has caused rapid
:? ¥ 5 Kazakfetan changes in the natural water cycle.

O Endorheic river basins worldwide
are characterized by a pervasive
balance between ecology, environment
and economic development.

Alghanistan

O The Aral Sea was once the fourth
largest lake in the world, and recently

its volume has decreased by almost
85%.




Background (Heihe River Basin)

China's second largest endorheic river,
with a total area of about 130,000 km?;

The upper and middle reaches of the basin are
bounded by Yingluo Gorge, and the middle
and lower reaches are bounded by Zhengyi
Gorge;

Large-scale agricultural irrigation activities in
the midstream;

Conflict of ecological water demand in the
downstream;

Ecological Water Diversion Project (EWDP).
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Background (SDGs)

NO GOOD HEALTH QuALITY GENDER CLEAN WATER
POVERTY AND WELL-BEING EDUCATION EQUALITY AND SANITATION

| @

DEGENT WORK AND ; 1 0 REDUGED
ECONOMIC GROWTH INEQUALITIES

@

CLIMATE LIFE PEACE, JUSTICE PARTNERSHIPS
13 “cron 14 stiowware 16 Kosiow: 17 roxvicconis @)
INSTITUTIONS e

o SUSTAINABLE
! @ DEVELOPMENT
™ GLALS

o1 | River basin management & SDGs:
. SDG 6.5: Implement integrated water resources management at all lqvels
. SDG 6.6: Protect and restore water-related ecosystems; fi ;\1

,l, » : SDG 13.2: Integrate climate change measures into national pohcfe.s,
I \

| strategies and planning. N



Background (nexus)

Table 1| Nexus examples and direct relationships to SDGs

Nexus example SDGs

Foodl-eneray-water nexs= v | Systematic Nexus research

Water-food-energy-climate nexus'*® 1S ar.l l.Inp(.)l‘tant methOd fOI’

Food-energy nexus™ realizing integrated

Food-water nexus™° WaterShed management Susiatosoos

E t __ and is an important topic in Ty E 0220

nergy-water nexus"' A
the field of SDG research. Y, i

Energy-economic growth-CO, nexus™ instsonator Piierodiordal inecpngies

Water- energy-land nexus®’ 17 e "
@ Dz
CLEM MR
s AND SANTTAION

pangglfhm E Diwgzliz Lrg&ms a m-:.-i
3 o — biodiversity /\/
It refers tO the lnteraCtlonS m Elevalenlwood ‘ Enhamﬁ;a(er ‘.'

Energy-water-food-education nexus'**

Water-energy-people nexus'**

S
g

Reduce % & Create new

Vot ettt between multiple systems " 3 ¥ % e e
Energy-poverty-climate nexus'* and the relationships that & Enargy ™ 2
exist between them in terms o R

137
Food, energy, water, and health nexus green infrastructure

of Synergy or Tradeoff. i ) 1
i — ¢

Boost equal gender
access o resources

Food-biodiversity nexus®” Provide
educational

material

Mining-water nexus'“®
Lower consumption
and production cost

Nexus between financial autonomy, am

service provision, stakeholder - -

participation and the resultant Water Energy FOOd nexus’

allocation of water'*! . as a typical research Enance ot Liu et a/., Nature

Nexus of climate change, water and
food security, energy and social
justice'*?

paradigm, provides ideas Sustainability (2018)

for similar mutual-feedback
studies.

Nexus between water service provision
and property development'*

Renewable energy consumption-
economic growth'*

Urban-water-energy-climate nexus'*®

Each example has indirect linkages with many other SDGs as illustrated by food-energy-water
nexus’ linkages with all SDGs in Fig. 1. Credit (symbols): United Nations.




Background

Complexity of coupled human and natural systems *

Northern Highland Lake District m

(Wisconsin)
@ Centered on Vilas County, Wisconsin, USA ’ : =
Kristianstads Vattenrike (Vattenriket)

- ::rmnnnnl residents (2000) @ Scania county, south Sweden Human Natural

@ 7,600 Iakes and second-growth forest @ 1,100 kn?

@ Tourism and forest preducts @ 76,000 people (2005)

@ Wisconsin Department of Natural Resources, @ Semi-urban wetland and agricultural landscapes
% @ Agriculture and well-developed lourist

TEmy o S yten womn O Coupled Human-Water System (Liu et al., 2007;

= municipal and county governments,

A 7 Man-and-the-Biosphere framework
7 Konar et al, 2019);

/ \ Area near Altamira Py
(Altamira) ,," \\

Cantral Pugst Soure! lgion e %) O Hydrologic-Economic Models (Harou et al,

@ 22,000 people (2005)

Puget Sound| {
L Soaite. Wasm)ng!on. USA N Dptca i OWL st Wolong Nature Reserve (Wolong)
@ 16,291 km* / @ Agriculture b, @ Sichuan Province, southwestern China o
o £ b @ Federal government, y @ 2.000 km?
@ 3.46 million pecple (2005) NGOs Y X ’
@ Ovenwhelmingly forest y @ >4,500 people (2005)
@ Shifting from manufacturing base to // ° Bgrgggu "zf%' g'arl'tpa;dals‘ aymd
dominance by service and office industries / | >6,1 ather amimals and plant species ° .
@ Puget Sound Regional Gouncil, counties' 4 @ Mainly agricullure, some off-farm emplayment 0Cl10- y ro Ogy lvapa n et a .
governments, cities' governments @ Wolong Nature Reserve Administration, 'y 5]
provincial and nafional governments

Kenyan Highlands (Kenya) - o o o
ganges = O Nature-Society Dualistic Cycle, NSDC (Wang
@ 729 lav? in Embu, 588 k¥ in Vihiga

278,196 e Emb:
Qo oo e hao)
@ Highlands altitude >1500 mas|

Liu et al., Science 2007 & waily agicuiture, some oft-arm employment

@ Provincial and national governments

Social policy, resource

Water & Economic
management

development research

Coupling of Human . .
economic Systems Coupling of System Operational Socio- Historical
S . Input-Output Dynamic Hvdrol e hydrological il
optimization Modeling and . . ydrology €c1sion Al off geographica
. Models with Models with bined with Ki INOCENO @l d
Tenkls s Natural : : combined wit making biecti nowledge an
. Water Quality Nonlinear il o e subjective el
hydrological Systems ) : social sciences considering decision- statistica
. Models Differential Ry Ceiion T
models Modeling @ l B (Massuel et g making by
iy uan et al.,
(Ahrends et al., (Bijl et al., 2008) (Dadson et al,, 2018) (Mason et al., users (Kuil et (Wescoat et
2008) y 2018) ) 2018) ) al 2018) | al., 2018)
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Background

Quantitative research based on multi-system integrated simulation for

inland river basins is rare, and the following aspects are worth exploring in
depth:

(1) Integrated simulation of two-way mutual feedback coupling between
ecohydrological and socio-economic processes

Previous studies often focus on one-way influence or constraints between different

systems, and there is still a lack of studies on two-way coupling between natural and social
systems.

(2) Systematic evolution under the synergy of future climate change and
socio-economic development.

Although the changes in ecohydrological processes driven by climate change and socio-
economic development have been discussed, the feedback effect of ecohydrological

processes on socio-economics has rarely been quantitatively investigated and is even more
rare in inland river basins.

S —_—_
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Model Basics (HEIFLOW)

Hydrological-Ecological Integrated watershed-
scale FLOW model (HEIFLOW model)

BHASER  WEER
GEHM PEM

% M AR
PRMS

Yo *®

= =

“BEWMTF” 8 =

“BTIFmML” B .
ABMIE H

= L kR
7 MODFLOW

F 1
A KSR T
() TS
>
— KIED
- kI

Model Functions:

O Developed on the framework of
the coupled surface water-
groundwater model GSFLOW

O Simulation of water cycle
processes

O Modeling vegetation ecological
processes

O water resource allocation

O

Agricultural irrigation

O Integrated water resources-
agriculture-ecology model

/
GEHM Module ;

WRA Module;
Zheng et al., EMS(2020)

Reorganization of the soil
water Module;

Model
History:

PEM Module ;
Sun et al., WRR (2018);
\Li etal., EM (2017)

Hydrodynamic module;
Tian et al., EMS (2018)

AMB Module;
Du et al., JoH (2020)

Han et al., JoH (2021)

land-use dynamics
update;
Tian et al., EMS (2018)




Model Basics (HEIFLOW)

Modeling Scope Overview
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Modeling Overview

O
O

The modeling area is 90,589 km?;

The modeling area includes the middle
and some lower reaches of the Black
River Basin;

The surface fraction was generalized to
90,589 1 km X 1 km HRU grids;

The underground part is divided into:
one submersible aquifer, two confined
aquifers and two weakly permeable
aquifers;

The river network is divided into 116
channels and 3,119 reaches based on
confluence relationships and channel
characteristics;

The simulation period of the
HEIFLOW model is 2000-2015, with
2000 as the warm-up period, 2001-
2008 as the calibration period, and
2009-2015 as the validation period.
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Model Validation

Simulation results for mainstem river flow

B (mds)

ﬁr;m (m%s)

R (mifs)

B (mds)

NSE =0.916
RMSE = 6.614 m¥/s

NSE = 0.883
RMSE = 7.683 m%/s
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Model Validation

Spatial distribution of mean annual

Spatial distribution of mean LAI
ET (a) Remote sensing (b) HEIFLOW

(a) Remote sensing (b) HEIFLOW
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Overall, the HEIFLOW model basically reproduced the eco-hydrological processes under the
influence of anthropogenic activities in the historical period, and its performance in the validation
period demonstrated that the model can reliably predict the response of eco-hydrological
processes under different climatic conditions and anthropogenic activities driven in the future.
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Model Basics (WESIM)

Otk
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Water Economic Society Integrated Model (WESIM) Production structure of the WESIM model

O The WESIM model is based on the theory of optimal allocation of resources and empirical
economics, with survey data and multi-region input-output tables (MRIO) as the main data basis.

O The WESIM model describes the substitution relationship between different types of water
resources by fixing the production function of substitution (CES) and effectively predicts the changes
in water use after the implementation of water resources policies.

O The WESIM model uses multi-layer nested Leontief functions and CES functions to describe water
and land resources in the model.
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Integration Model (HEEIM)

Hydrological-Ecological Integrated watershed-

scale FLOW model (HEIFLOW)

/ Distributed eco-hydrological model that portrays surface
water - groundwater - ecological processes - water resource
utilization.

Hydrological-Ecological-

Economic Integrated
Model (HEEIM) —

Ability to represent differences in
spatial hydrogeology and resource
distribution and to track seasonal

dynamics of water resources in
time \

Water Economic Society Integrated
Model (WESIM)

Economic and social system model based on CGE model
embedded with water and soil resource elements.

O Ecohydrological process models provide information on water distribution and spatial and
temporal variability for socio-economic modeling studies

O Socio-economic system parameters also provide external drivers for ecohydrological evolution;

O Realizing the two-way coupling of natural and socio-economic systems




Bidirectional coupling process

Parameters
Dros Initialization

Prepare shock variables, coupling status,

|--pre_file )
year and other variables

|--| integrate_model.m Cycle in year R N Ru}mn]rjt; g:-;r
R judging the coupling state ( =]
. Recall and modify socioeconomic model
[--emf_modify.m i .
shock files Run ith year HEEIM model
[--WESIM. shock read shock variable L \
. - Initialize shock Muodify CMF
T - .0 o
[ 2=
.. =2
=i+ i .
[--runTERM.m Run the WESIM model pioit = 8 Fetch predict
mode results
| d harR R language program file to read the result
--read_har.
= of har.file Assign WESIM Read
3 q pass variables H.EIFL oW
| d SIAR Read WESIM model file and write out \ input file
-- rea 8
- data
= Enclose Modify
-
e ol e B s B
[-- Assign transfer variables and perform é = InpLGNTE
: : = = Run Fetch
allocate_ WESIM_output.m spatial scale conversion \ E = HEIFLOW HEIFLOW
Extract corresponding information of modd output file
[--readpars_wra.m L
irrigation area Calculate

Convert spatial
scale

Combine shock Update CMF
variahles parameter files
[--runTERM2.m Run the WESIM model again ‘ Prs—
Run WESIM :
del economic
fra variables

secondary
I-- . . . \ shock variables
. . Modify corresponding variables
modify_ HEIFLOW_input.m
[--writepars_wra.m Write to parameter file
[--HEIFLOW_startfile.m run the HEIFLOW model

--readanimation_out.m Read the output file animation.out.nhru

WESINM
module

|--end_file Integrated Model run ends

end loop

gy Sketch of the coupled model catalog _ Model Coupling Framework g
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Management policy scenario

O Scenarios for water price regulation

-

iR IK K
% 10% 12% 14% 16% 18% 20%

TR (%)

O Scenarios for managing groundwater
depth reduction constraints

B (7k) 0.1
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Groundwater Depth Constraint

(a) Surface water use (b) Groundwater use (c) Total water use
(d) Change in GDP response to water price policy

28 . : : : : sx10°
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320 ~3 001}
i P
= 3< e 9 ook Y =-0.0022"X +0.0032
= Y =-0.0178*X + 3.172 S s, Std=0.0142
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O The HEEIM coupled model is more robust to the simulation results of
economic variables.
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Groundwater Depth Constraint
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Response of hydrologic variables to a constrained scenario of
groundwater depth reduction

When the groundwater drop depth
constraint is less than 4 m, the
changes of each index are more
obvious, the surface water
consumption gradually decreases,
the groundwater consumption keeps
increasing, the outflow of Zhengyi
Gorge increases, and the
groundwater depth increases.

At groundwater drop depth
constraints of 4-10 m, all indicators
entered a stabilization period.

When the impacts of water
management policies on
hydrological processes in the basin
are in the nonlinear interval, there
is a need to scientifically assess the
impacts of the policies on
agricultural water use and
ecosystems in the basin.




Groundwater Depth Constraint

28 T T T T T T T T T T T T T T T 6 T T T T T T T T T ‘\I T T T T T 'A
(a) ——GTD=0.5m
285 ——GTD=1.0m
GTD=2.0m .
6.5F GTD=3.0m -
\ ———GTD=4.0m
29t 1
£ £
% "
% 2951 / = 7t ]
% A A o
- *AV4 -
= 301 =
o0 ——GTD=05m y "
——GTD=1.0m L 1
GTD=2.0m 73
305F |——GTD=3.0m
31 | 1 1 1 1 L l\ 1 1 1 1 1 1 1 L 8 1 1 1 1 1 1 1 1 1 L 1 | | 1 |
N DO > B © O O N 0D WX 0 0 NG O OP AP OO NI D0 L0
S HFLE&TLS PP IO A AP B A B2 N 1O J& L 4B 2 O
SEETEEE R DD S S S S E TS S F S S S S
4 CEBD)
(a) Response process of groundwater depth to water (b) Response process of groundwater depth to water
management policies in Luotuo City Irrigation District management policy in Yanuan Warm Irrigation District

O The response of groundwater levels to water management policies is characterized by
different characteristics.

O The impact of water management policies on groundwater levels will not be immediate
and there will be some policy response time.




System nexus

Covariation of water, ecological, and agricultural indices
under different management scenarios

4+ Ecological index
r===--=o
1 O I O  Water price scenario
: : @® Groundwater scenario
1 ]
 lo
1 ]
[ () : Size of the circle:
[ . .
| 1 Agricultural index
1 06 ]
1 1
1 1
1 1
1 q 1
1 o 1
1 G 1
1 1
1 ]
1 1
1 0.2 1
1 (o] 1
1 ]
[ o
| l l | | l | | >
-10 10 20 30 40 50 60 70
Groundwater index
0.2 25 E B Q O O . . W *SE B
Fe b 3EE A T T15 <10 05 05 10 15 R FEHCAIE

100. Y45 —var,

|VCZI’}9|

O var, is the value of the variable
in the scenario and var, is the
value of the variable in the
baseline scenario;

O Groundwater index using
midstream groundwater level
changes (AGWL,,,;) ;

O Ecological index using the
ecological downstream flow of
the Zhengyi Gorge (Flow,,) ;

O Agricultural index is calculated
using midstream farmland
vegetation evapotranspiration

(Tmid) o

O In the surface water price regulation scenario, there is a synergistic relationship between downstream ecological indices
and midstream groundwater, however, this synergistic relationship comes at the cost of reduced agricultural production

in the midstream.

O The groundwater level drop depth constraint scenario improves the midstream agricultural index and groundwater
index while promoting downstream ecological flows and contributing to the restoration of the downstream ecosystem.
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WES Nexus under changing environment

CMIP6 RCP-SSP Scenario

SSPs CMIP6 RCP-SSP
e y~ T T - === smmememmmmm s m === v ST 1
1 . . I
I Socio-enconmic model Ecohvydrology model I
| y

|

| rm-mmmm———~ N - _ai_r S, TTTTT= \ [

: [ Technology ) g T E [ pressure ;l\ ET ) :

S 1] e N

| e \ 1| - ’ - [

| ( Finance ! % Al |l humidity |(  TasMax | ||
7/ \ Z N\ 7/

' TLTTTTTIL < [Tl % """"""" :

| - . \ — s pmm—————— [
( ] | P - N

[ | SCommption 1B | | [t e ]

I (/ Investment % =N ~ Wind "\(’ " Radiation | |1

{ I 7| | (B

10 J \ J1




%M (mm)

BEM (mm)

[&®W (mm)

Pr_SSP119
250
4 A
200 N
y = 0.2368x - 394.81
150 - A
A A A . A
A A AAA A A
100 - A M Vs e *
ATAI[A (A M \/A A a4
X A
s0 4% by a4 44
0 —
m@"&“ @‘",\9"“.»&"f’@@.1;“".@'\Qm&'\"mg@mm‘bem@“w@"&“
Eh
Pr_SSP245
250
200 -
150
100
50
0 ——
"9\6 1‘@’% '\.@") '196"% 1936 Qbﬁ ’»Q;)% *1,%‘:6 '1,%6“ '1,%66 '1,%'\“ '1,6\6 '»Q%Q '»Q%‘: '@qﬁ '»Qg‘: '1;\““
4
250 Pr_SSP460
5
200
y =0.2839x - 479.3
150
100 \

m@sm@%m&em@m@e

3o & Hh
NS

g'} D v\‘: D &5 N P O
M OSSOSO U

E40

WES Nexus under changing environment

TasMax_SSP119

25

20

BE (°C)

y =0.0107x - 6.1097

10
90 9057 00 90 0 00 0 0 0 90 00

H#4

TasMax_SSP245

25

~ 20 -

O

N

i

g 15 y = 0.0399x - 65.344
v+
'»“\"m“”“m“”"m“"’%@’em“’sm““e196“'1966'\9@'»“@'»“'\Qm“'\"m@“m@em@%@ew\@

25

4
TasMax_SSP460

20

BE ()

15

10

] y = 0.0511x - 88.037

,\p\" .\g'\‘“ ,»61‘" @“’“ .@"’" .19“‘% .»mbf’ 1‘%5“ @"" .\9@ ,\y@’ ,@'\“ qp’\" '19%% '1»“%6 .»@“ ,@9" .&“

4

- Precipitation (Pr) _ Maximum temperature (TasMax) |




Coupled evolution of ecohydrological variables
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O For ET, E, and T, the values under Scenario 3 are all higher than the other two scenarios. This is due to the fact that

. the SSP460 radiative forcing scenario included in Scenario 3 has the highest warming of the three scenarios.



System nexus
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Conclusion

(D In the study of management policy-driven water-ecology-socioeconomic nexus, it was found
that the relevant hydrological variables showed a certain non-linear response to the management
policy of groundwater level-depth constraints, while the impacts of hydrological processes in the
watersheds showed different superposition effects as they accumulated over time. In the surface
water price regulation scenario, there is a synergistic relationship between the downstream
ecological index and midstream groundwater, however, this synergistic relationship comes at the
cost of reduced agricultural production in the midstream.

(2 With regard to the study of the water-ecology-socioeconomic nexus under changing
environments, results found that the ecological index and the water consumption index showed a
synergistic change effect, and the water use efficiency of the economic development was improved
under the industrial restructuring driven by technological progress, and the future economy showed
a trend of sustained growth, but this is at the cost of ecological development.
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(1) On the resilience analysis of the future water-ecological-socioeconomic system of the
Hehei River Basin.

From the perspective of coordinated development of coupled water-ecology-economy systems, the
study of the resilience of complex systems is explored to assess the risk of breaking the security
boundary of the system in future scenarios.

(2) On the future development management of watersheds incorporating Al technologies.

® More accurate alternative models are built by training deep neural network models, LSTM
models to reduce the system error.

® Based on the fusion of data-driven models with physical process models.
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e HARER i T P, HEIX 4K T
1 JERITHEX K KR 24 PHEREX K KR
2 BRI EE X WK FEKIRHE 25 YR B EIX ESIVIN
3 i DB X K HEAKIRRE 26 HHEIX FZRTIPIN
4 FIRTEX WK KR 27 LT HEIX 27K
5 SISHEX WK KR 28 YOI HEIX KL KR
6 BRI K HAKIRRE 29 BHREIX K KR
7 BN ERINREIX K IR IR 30 =X K KR
8 P ITHE X K IR IR 31 RIBRHEIX K KR
9 FRIRGEX K HK IR 32 # T HIEX K KR
10 FNULEEX K HK IR 33 % R X K KR E
11 X K IR IR 34 WX K SRR
12 HHFHE X K IR IR 35 A THEX K KR E
I SRR T WK ek
14 KIHHEX K HKIRRE 37 ZEHEX K KR
15 FFHEX WKL HKIRE 38 TR X IRV
16 =X aliji] 7K 39 KR AT REX K KR
17 HiRHEX K JK IR 40 N IRRHE DX K KR
18 PFHEX K HK IR E 41 KGR HEX K KR
19 TRFEREX K IR IR 42 ZRHHEX ERTIPIN
20 ANHEX Ak 43 Bkith X TV
21 THITHEX K KR E 44 TEITHEX ZRTIPIN
22 TR % V2 X K SRAKIRHE 45 HATEHE X 43K
23 SRBEX WK SRKIRE 46 RRFEX WK FHKIRE




