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Abstract. Modeling the coupled human—natural systems
(CHANY) is vital for understanding human—natural interac-
tions and achieving regional sustainability, offering a pow-
erful tool to alleviate human—water conflicts, ensuring food
security, thereby supporting the region’s pathway toward
sustainable development. However, the scarcity of regional-
scale CHANS models constrains progress in practical appli-
cations for regional sustainability. The Yellow River basin
(YRB) is an ideal region for modeling regional CHANS due
to its closely coupled human and natural systems, which
are stressed by water and ecosystem fragility. Here, we de-
veloped the CHANS-SD-YRB model using the System Dy-
namics approach, integrating 10 sectors essential for model-
ing human-water interactions of the basin, including five hu-
man sectors (Population, Economy, Energy, Food, and Wa-
ter Demand) and five natural sectors (Water Supply, Sed-
iment, Land, Carbon, and Climate). The model can simu-
late evolution and feedbacks of the YRB CHANS annually
at provincial and sub-basin scales, while conserving hydro-
logical connectivity between sub-basins. The model can ac-
curately reproduce historical CHANS dynamics, achieving
strong quantitative agreement with historical data (R > 0.95
for human sectors and R > 0.7 for natural sectors), which
supports its applicability for scenario analyses and future
projections. We applied the model to explore human—natural

system dynamics under a future baseline scenario, assuming
the continuation of existing policies and climate projection
under middle of the road scenario (SSP-RCP 2-4.5). The
future projections (2021-2100) indicate that achieving sus-
tainable development in the YRB will remain challenging,
though economic growth and food security are expected to
improve. Emerging issues, such as ecological-human water
trade-offs, labor shortages, reduced sediment loads, and lim-
ited carbon absorption capacity, may hinder regional long-
term sustainability, underscoring the need for integrated poli-
cies to address these challenges.

1 Introduction

Coupled human and natural systems (CHANS) emphasize
the reciprocal feedback and co-evolution between human
and natural systems, offering an integrated framework for
diagnosing complex problems and guiding sustainable de-
velopment (Fu and Li, 2016). By capturing dynamic in-
teractions of interconnected components, CHANS theories
and models enable more effective policies and interventions
that align ecological integrity with socioeconomic progress
(Motesharrei et al., 2016; Verburg et al., 2016). Numerous in-
tegrated modelling approaches have been developed to sim-
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ulate human—natural interactions at the global scale. These
include system dynamics-based integrated assessment mod-
els (IAMs), such as ANEMI (Breach and Simonovic, 2021),
FeliX (Rydzak et al., 2013; Ye et al., 2024), and FRIDA
(Rajah et al., 2025), process-based and optimization-based
IAMs (Vaidyanathan, 2021), and Earth system models with
synchronously coupled human components, such as E3SM-
GCAM (Di Vittorio et al., 2025) and integrated Earth sys-
tem models iIESMs) (Jain et al., 2022). These models effec-
tively characterize human—natural interactions at the global
scale, and have been applied to assess the impacts of cli-
mate change on human society (e.g., agriculture productivity
(Monier et al., 2018), economic damage (Wang et al., 2020b),
fatalities and welfare loss (Dottori et al., 2018)), and human’s
feedback on the Earth system, such as those from climate
mitigation on water and food security (Cheng et al., 2022;
Fujimori et al., 2022).

Currently, most CHANS models are at the global scale
(Calvin and Bond-Lamberty, 2018) with much fewer re-
gional models. While global modeling research has deep-
ened our knowledge of dynamic feedbacks among Earth’s
spheres and system evolution under climate change, sustain-
ability challenges often manifest at regional scales, where so-
cial and ecological dynamics are more intricately intertwined
(Liu et al., 2007). Compared to global CHANS, regional
CHANS are open systems that continuously exchange en-
ergy and materials with other regions and the global system,
e.g., water resource and electricity transfers (Dobbs et al.,
2023; Zhang et al., 2022a) and trade (Ristaino et al., 2021),
resulting in pericoupling and telecoupling of different sys-
tems (Liu, 2017). Besides, regional CHANS are shaped by
more immediate and complex human influences and stres-
sors, such as urban expansion (van Vliet, 2019), ecological
protection (Xu et al., 2017; Yang et al., 2022), and water re-
source regulation policies (diversion and allocation) (Song
et al., 2024), which alter regional CHANS dynamics. Due
to their diverse ecological and socioeconomic resilience, re-
gional CHANS exhibit heterogeneous responses to external
weather events and climate change, as evidenced by differ-
ing responses in crop yield (Hasegawa et al., 2021) and eco-
nomic production to extreme heat and warming (Waidelich
et al., 2024a). Furthermore, the coarse spatiotemporal resolu-
tion of global models limits their capacity to support effective
decision-making for regional development (Li et al., 2018).
As such, advancing regional CHANS modeling is essential
for informing adaptive strategies in the face of growing re-
gional environmental and societal pressures.

To address this limitation, many regional CHANS models
have been developed at various regional scales (e.g., national,
basin, and urban) using System Dynamics (SD) and agent-
based modeling (ABMs) techniques. Notable examples in-
clude the ANIME-Yangtze model (Jiang et al., 2022), the
T21-China (Qu et al., 2020), and the iISDG-Australia model
(Allen et al., 2019), all based on SD, the Jordan Water Model
(Yoon et al., 2021) with its core on ABM, as well as in-
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tegrated models in the San Juan River Basin (Hyun et al.,
2019) and the Heihe River Basin (Li et al., 2021). These
models are designed to capture finer-scale dynamics and
region-specific human—natural interactions, since they em-
bed localized characteristics (e.g., fishing ban, reservoir oper-
ation strategies, demographic policies, transboundary flows)
and account for heterogeneity overlooked by global models.
As a result, regional CHANS models offer stronger policy
relevance, providing actionable insights for national, basin,
and urban decision-making, and advancing CHANS research
across multiple scales.

The Yellow River Basin (YRB) in China is one of the re-
gions where conflicts between human and natural systems
are most acute and complex, particularly in terms of human—
water relations, due to the severe imbalance between socioe-
conomic development and natural hydrological, ecosystem
processes. The YRB faces severe water stress, with the wa-
ter resource utilization rate exceeding 80 % (Feng and Zhu,
2022; Zhang et al., 2022b). Intensive water extraction has
triggered a series of ecological and environmental issues,
including flow interruptions, water pollution, and declining
groundwater levels, all of which in turn constrain socioeco-
nomic development. The Yellow River traverses the Loess
Plateau (Zhu et al., 2019), where severe soil erosion makes
the Yellow River one of the most sediment-laden rivers glob-
ally (Fu et al., 2011; Yin et al., 2021). The pronounced spa-
tial and temporal variability in streamflow and sediment load
leads to significant riverbed aggradation, frequent flooding,
and disruption of agricultural production and other livelihood
activities (Miao et al., 2016). Due to internal hydrological
connectivity, sub-basins are highly interconnected and are
susceptible to upstream influences. Upstream water overuse
diminishes downstream availability (Wei et al., 2023), a fac-
tor that played a major role in flow interruptions during the
1990s (Changming and Shifeng, 2002; Wang et al., 2019).
Ecological challenges differ across the subbasin, with the up-
stream facing ecosystem degradation and limited water re-
tention (Ning et al., 2022), the midstream characterized by
soil erosion and large-scale ecological restoration (Fu et al.,
2011), and the downstream focusing on wetland conserva-
tion (Fu et al., 2023). Policy measures aimed at ecological
restoration, such as afforestation and cropland conversion,
have increased vegetation cover, reduced sediment loads but
also decreased runoff, exacerbating water scarcity (Feng et
al., 2016; Wang et al., 2016). These interlinked dynamics
underscore the YRB as a complex coupled human—natural
system, where addressing environmental challenges requires
an integrated, systems-oriented approach.

The existing models for the YRB are typically designed
for specific problems with a narrow application focus and
only represent a limited set of human and natural components
within the CHANS. These include limited nature-to-human
impact pathways, e.g., low flows threatening farmers’ liveli-
hoods (Liu et al., 2008), the damage of floods and droughts
on agriculture (Zhang et al., 2015), as well as human-to-
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nature impact pathways, e.g., effects of ecological restoration
policy on hydropower and water—sediment—carbon dynamics
(Wu et al., 2025; Yan et al., 2024), and the impacts of irriga-
tion water-saving and salinity-control practices on crop yield
and water productivity (Wu et al., 2023). These models focus
on isolated components of CHANS, which limit their capac-
ity to represent full human—natural interactions and support
regional decision-making.

To address the modeling gap for the YRB, follow-
ing our previously proposed CHANS modeling framework
(Sang et al., 2025b), we implemented it and developed the
coupled human and natural systems model for the YRB
(CHANS-SD-YRB V1.0) using the System Dynamics ap-
proach. Through dynamic interaction with policies, climate
change, human activities, and environmental feedbacks, the
CHANS-SD-YRB model provides a platform for predict-
ing system dynamics, conducting scenario analyses, evalu-
ating policies, and optimizing water-food-carbon synergies.
This study presents a detailed description and methodologi-
cal documentation of the model, offering both theoretical and
practical insights to advance regional CHANS modeling and
promote sustainable development in the YRB.

2 Description of the CHANS-SD-YRB

We developed the CHANS-SD-YRB model based on sys-
tem dynamics, a method well-suited for capturing complex
system behaviors characterized by nonlinearity, multi-level
structures, and feedback loops (Forrester, 1968; Richard-
son, 2011). The model was constructed and implemented
using the VENSIM DSS (Ventana Systems, 2023) soft-
ware platform, operating on an annual time step. The
CHANS-SD-YRB simulates both human and natural pro-
cesses for historical simulations (1981-2020) and future pro-
jections (2021-2100). Human processes are simulated at
the provincial scale, covering the nine provinces along the
Yellow River (Qinghai, Sichuan, Gansu, Ningxia, Neimeng,
Shaanxi, Shanxi, Henan, and Shandong), while natural pro-
cesses are simulated at the sub-basin scale (up-, mid-, and
downstream) (Fig. 1). The model is designed to capture the
various interactions within and between different compo-
nents of human system and natural system across adminis-
trative and hydrological units. The spatial scale conversion
between provincial and sub-basin levels relies on weights
(e.g., the proportion of sub-basin-level values to provincial
total values) derived from historical high-resolution gridded
datasets of human-related variables. These weights enable
disaggregation of provincial outputs to the sub-basin level
(see Sect. S4 in the Supplement for details). Given the avail-
ability of gridded data for human processes and the strong
correlations among relevant variables, gridded population
and GDP data were used as proxies to disaggregate demo-
graphic variables and economic and human carbon emis-
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Figure 1. Geolocation of the Yellow River Basin and boundary of
the natural and human processes in the CHANS-SD-YRB model.
Natural processes are simulated at the sub-basin scale (base map:
elevation), and human processes at the provincial scale across nine
provinces (base map: population density in 2020).

sions, respectively, from provincial-level to the sub-basin
scale (Table S3 in the Supplement).

2.1 Model structure

Drawing on the modeling framework of CHANS in the YRB
(Sang et al., 2025b), we designed the CHANS-SD-YRB
structure (Fig. 2), including five sectors related to human so-
ciety (Population, Economy, Energy, Food, and Water De-
mand), and five sectors related to natural ecosystem (Water
Supply, Sediment, Land, Carbon, and Climate).

These sectors are interconnected to represent various
human-natural interactions. Key interactions among human
system sectors are summarized below. The Population sector
affects food demand (Food), residential water use (Water De-
mand), household electricity and gas consumption (Energy),
and settlement land area (Land). The sector also interacts dy-
namically with the Economy sector, where economic output
influences deaths and migrants, while the labor force, in turn,
drives economic production. The Economy sector drives en-
ergy uses (electricity, coal, oil, and gas use) from Energy, as
well as industrial and service water withdrawal from Water
Demand. The gross agricultural production in the Economy
is made up of crop and livestock production (Food). The En-
ergy sector produces fossil fuel emissions in the Carbon sec-
tor. The Food sector is affected by the Land and Climate sec-
tor, and it also determines irrigation water withdrawal (Wa-
ter Demand) and livestock-related emissions (Carbon). Addi-

Geosci. Model Dev., 19, 2039-2058, 2026



2042

Human system

S. Sang et al.

: CHANS-SD-YRB V1.0

External ¥ 1 Impacts
drivers Population Water Demand Economy
births deaths  migrants irrigation agrlcultl.Jre Industlfy Pe.r
—T . <—  production production h@ Capita
Fertility Elbey life expectancy livestock servicg GDP
Policy force production
9 Food Lol Energy
crop yield food S electricity  hydropower Per Capita
Energy | demand Y u ph
Policy solar wind nuclear coal Production
crop food self- service
production sufficiency thermal oil gas
power
| |
Land b
Policy Natural system
Land Water Supply Sediment Water
i Stress
cropland  grassland evaporation _,  cediment psrzjllrj’r::figtn
Water
X forest wetland settlement load coefficient
Policy | runoff '
» Carbon i
¢ streamflow et 0 Carbon
Global fossil fuel eco:;tem temperature precipitation Intensity
climate L, carbon emission f available <« T
change ) peosieian water CO, concentration
livestock carbon
carbon emission balance RESOUIESS potential evapotranspiration
4 I

Figure 2. Structure of the CHANS-SD-YRB, which shows sectors of human and natural systems, their key processes and interactions.

tionally, the Food sector interacts closely with the Land sec-
tor, where crop production depends on cropland area, which,
in turn, is influenced by food self-sufficiency. The Water De-
mand sector affects streamflow in the Water Supply sector
through consumptive water use.

The key interactions among natural system sectors are
listed below. The Land sector influences evapotranspiration
in the Water Supply sector through vegetation coverage, and
it influences carbon absorption in Carbon sector through land
use area. The carbon absorption is also affected by climatic
variables including temperature, precipitation, and CO, con-
centration. Similarly, runoff in the Water Supply sector is af-
fected by precipitation, precipitation intensity (mmh~!, the
rate of rainfall within one hour calculated from daily data),
and potential evapotranspiration. Streamflow influences sed-
iment dynamics in the Sediment sector together with the Cli-
mate sector.

In addition, the CHANS dynamics in the YRB are mod-
ulated by external drivers, including policies and global cli-
mate change that affect various modeled processes (e.g., fer-
tility, energy, land use, and water). With comprehensive rep-
resentation of CHANS processes and their interactions, the
CHANS-SD-YRB model is capable of generating integrated
indicators to assess the state of the coupled system, such as
per capita GDP, per capita food production, water stress, and
carbon intensity. These indicators not only serve as evalua-
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tion metrics but also feed back to influence the internal dy-
namics of the human—natural system in the YRB.

2.2 Sector description

The CHANS-SD-YRB model focuses on the essential
human—natural processes in the YRB, with a particular em-
phasis on human—water interactions. To this end, it has a
comprehensive representation of natural and human pro-
cesses that influence water use and supply. Formulation of
each sector aims to explicitly account for cross-sectoral in-
teractions as fully as possible while remaining sufficiently
simple to be implemented within the SD software. Consider-
ing data availability and the spatial scales of process, human
sectors (Population, Economy, Energy, Food and Water De-
mand) are simulated at the provincial level, while natural sec-
tors (Water Supply, Sediment, Land, Carbon, and Climate)
are simulated at the sub-basin level within the YRB. Next,
we describe each sector and its key formulation and provide
full details in Sect. S2.

2.2.1 Population
Population dynamics are driven by births, deaths, and mi-
gration (Fig. 3). Births are calculated based on exogenous

total fertility rates derived from historical data (Eq. S2 in
the Supplement) to reflect the strong influence of China’s
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Figure 3. Structure of the Population sector. Blue lines indicate con-
nections inside the sector, red dotted lines indicate connections with
other sectors.
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Family Planning Policy. Deaths are determined by the life
expectancy, which is modeled as a function of human well-
being (Egs. S3—-S6). Migration is calculated based on histor-
ical statistical data and per capita GDP differences between
YRB and the national average (Eqs. S7-S8). The total pop-
ulation is characterized by age and gender with exogenous
urbanization ratios. The output of Population sector drives
Economy, Energy, Food, and Water Demand sectors through
labor force, urban and rural populations.

The key variable, total population, is modeled using the
age-structured mathematical method (Kemei et al., 2024),
which categorizes individuals by one-year age group and
gender (Eq. 1),

Pop, , = IniPop, ,+

f(Bg,a +NMg,a - Dg,a) dt, a=0
J (Popy 4 +NMg o — Dyo)di, 1 <a <99, W
a = 100 and over

where Pop is population, subscript g and a are gender (g =
M for male, g = F for female) and age (¢ =0-100 and
over); IniPop, , is the population in the initial year, B, 4 is
the births, Dy , is the deaths, and NM, , is the net migrants
(i.e., immigrants — emigrations).

2.2.2 Economy

The Economy sector simulates production activities in agri-
culture, industry, and services, which in turn drive changes in
the Population, Energy, and Water Demand sectors (Fig. 4).
The gross product of industry and services is calculated us-
ing the Cobb-Douglas production function (Cobb and Dou-
glas, 1928) to account for multiple factors in the economy
(Eq. 2). Exogenous variables (infrastructure, education, and
elasticity), and endogenous variables (health and labor force)
from the Population sector (Eqs. S10-S21) all affect the
gross domestic product in industry and service (GDP;),
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Figure 4. Structure of the Economy sector. Blue lines indicate con-
nections inside the sector, red dotted lines indicate connections with
other sectors.
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where subscript s represents industry and service, IniGDPg
is the initial GDP; TFP; is the total factor productivity cal-
culated from exogenous (infrastructure, education, and elas-
ticity) and endogenous variables (health and labor force)
(Egs. S10-S13); L, represents the labor force and IniL; is its
initial value (from Population sector); oy and 1 — o are cap-
ital and labor elasticities from T21-China (Qu et al., 2020)
and calibrated using historical data; K and IniK; refer to the
capital stock and its initial level (Eqs. S14-S21).

Gross agricultural production includes crop and livestock
production from Food sector, calculated by their respective
prices (Egs. S22-S23).

2.2.3 Energy

The Energy sector simulates production, consumption, and
the structure of the energy system, encompassing fossil fuels
(coal, oil, and gas) and electricity (Fig. 5). Energy production
and consumption are always balanced in this sector. Electric-
ity generation is divided into residential and production uses,
the former is estimated from the linear fit of historical per
capita GDP and residential demand, and the latter is calcu-
lated using GDP and electricity intensity data from the China
Energy Statistical Yearbook (NBSC, 2020a) (Egs. S24-S25).
Cross-provincial electricity transmission is also incorporated
according to the same yearbook. The shares of electric-
ity generated from thermal, hydro, wind, solar, and nuclear
sources are determined by exogenously specified ratios, as
reported in the China Energy Statistical Yearbook (NBSC,
2020a). The fossil fuel consumption by economic produc-
tion of industry and service sectors is modeled as a linear

Geosci. Model Dev., 19, 2039-2058, 2026
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function of sectoral GDP based on historical data (Eqs. S26—
S28). It combines with fossil fuel consumption for electricity
generation and residential gas consumption to drive carbon
emissions in the Carbon sector.

2.2.4 Food

The Food sector simulates the production of livestock and
crops, and food demand, and these productions directly affect
gross agricultural production in the Economy sector (Fig. 6).
Livestock production (Livestockpyo) is calculated by an em-
pirical function, driven by economic development and popu-
lation growth (Egs. 3, S29),

Livestockpro = Pop x (ParagLi + (ParagL2 — Paragr1)

o PCqpp
PCgpp + ConstgL

3

where Paragp), Paragr, and Constgp are parameters ob-
tained by fitting the historical per capita meat production and
per capita GDP (PCgpp) data.

Crop production (Croppro) is determined by the yield
(Yield.) and harvest area (PA;) of seven major crop types
(subscript ¢): rice, wheat, corn, soybeans, cotton, potatoes,
and oil crops (Eq. 4). The harvest area is influenced by crop-
land area from the Land sector, exogenous cropping intensity
and crop harvest ratio. Crop yields are positively affected by
agricultural investment from the Economy sector, along with
effects of precipitation, temperature, and CO, concentration
from the Climate sector (Eqs. S30-S36).

Croppro = Y _, Yielde x PA. 4)

Food demand encompasses both staple and feed grain de-
mand, which are determined by population size from Popu-
lation sector and dietary patterns (Eqs. S37-S41).
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2.2.5 Water Demand

The Water Demand sector simulates water withdrawal (WW)
and consumption (WC) across multiple uses — irrigation,
livestock, industry, services, and residential — in the nine
provinces of the YRB (Fig. 7). Water consumption is de-
rived as the product of water withdrawal and water use ef-
ficiency reported in the Water Resources Bulletin (YRCC,
MWR, 2020) (Eqgs. S42-S43), which affects the Water Sup-
ply sector.

Irrigation water withdrawal (WWj,;) is estimated through a
physically-based function of exogenous irrigation water use
intensity (WWI;;), cropland irrigation ratios (IR) from the
China Agricultural Yearbook (MARA, 2020), and cropland
area (Areacropland) provided by the Land sector (Eq. 5).

https://doi.org/10.5194/gmd-19-2039-2026
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WWi, = WWI; X Areacyopland X IR 5)

The water withdrawal for livestock, industry, and services
is also driven by exogenous sectoral water use intensities
collected from the China Statistical Yearbook and National
Long-term Water Use Dataset of China (Zhou et al., 2020), in
combination with livestock production from the Food sector,
economic output from the Economy sector (Eqgs. S44—S48).

Residential water withdrawal (WW,e) is derived from a
non-linear empirical function of economic development and
population growth with an upper limit of per capita domes-
tic water use (Florke et al., 2013) because water demand per
person cannot increase indefinitely (Eqgs. 6, S49),

WW,es = Pop x (Paragp; + (Paragp, — Paragpi)

o PCgpp
PCgpp + Constgp

(6)

where Paragp;, Paragpp, and Constgp are parameters ob-
tained by fitting the historical per capita domestic water use
with per capita GDP (PCgpp).

2.2.6 Water Supply

The Water Supply sector simulates runoff, discharge, and
their changes in each sub-basin (Fig. 8). Runoff (R) is
determined by precipitation (Pre) and evapotranspiration
(ET) based on the water balance principle derived from the
Budyko equation, which is suitable for non-humid regions of
China (Yang et al., 2009) (Egs. 7, S50),

R =Pre —ET 7

where ET is calculated by various exogenous climate vari-
ables from the Climate sector, and vegetation coverage from
the Land sector (Eqs. 8-9, S51-S53),

PET x Pre
EFT=———— (8)

(Pre" + EP")n

Parag;
n = Parag| x <ﬁ) w FVCParaes o  Paragstanf 9)

where PET is potential evapotranspiration at sub-basin, from
the Climate sector; n is a parameter reflecting the basin land-
scape characteristics, related to saturated hydraulic conduc-
tivity (Ks), precipitation intensity (PI), average slope (8),
and fraction of vegetation coverage (FVC); Parag;, Parag,,
Parags, and Parag, are parameters fitted from historical data.

Runoff and the loss coefficient (defined by the ratio of nat-
ural streamflow to runoff) determine the natural streamflow
due to the water loss during the confluence process (Eq. S54).
Natural streamflow and ecological flow constraints define
the upper limit of available water resources. By integrating
human water consumption from the Water Demand sector
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Figure 8. Structure of the Water Supply sector. Blue lines indicate
connections inside the sector, red dotted lines indicate connections
with other sectors.

across sub-basins, the model calculates the actual stream-
flow (Egs. S55-S57). Actual streamflow is transferred fol-
lowing hydrological connectivity from upstream, midstream,
and downstream, ultimately reaching the sea, which governs
sediment transport processes within the Sediment sector.

2.2.7 Sediment

The Sediment sector estimates sediment load (Sed) for each
sub-basin using an empirical model in the literature (Yin et
al., 2023b), which links actual streamflow from the Water
Supply sector to sediment transport (Eqs. 10, S58-S59),

Sed = Parags x AS + Constgg (10)

where Paragg and Constgg are derived from linear fitting of
historical hydrological station data on actual streamflow and
sediment load.

2.2.8 Land

The Land sector simulates the area changes of six land use
types (cropland, forest, grassland, wetland, settlement, and
others) based on the land transfer matrix obtained from his-
torical remote sensing data (Xu et al., 2018). The land trans-
fer matrix calculates the inflow and outflow of each land cat-
egory and can be configured to represent the influence of fu-
ture land use drivers (Fig. 9). This sector outputs vegetation
area (including forest, grassland, and cropland), which influ-
ences the Water Supply sector. Cropland area changes impact
the Food sector, while land use conversion also plays a role
in the Carbon sector.

Based on the initial land use area (IniArea; ), the transfer
matrix determines the area (Area;) allocated to each land use
type (Egs. 11, S60-S66),

Area; = IniArea;
6 6
+/ (>0 FT™, ;=30 FTM; ;) dr (11)
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where FTM; ; is the finial land use transfer matrix, indicat-
ing the area of land use i transferred to land use j (i and j
represent six land use type).

2.2.9 Carbon

The Carbon sector simulates the basin’s carbon processes
and their balance, including carbon emissions and absorp-
tion, adapted from the carbon cycle of ANEMI (Davies and
Simonovic, 2011). Carbon emissions (CE) encompass fossil
fuel emissions, and livestock emission, and ecosystem res-
piration, which are influenced by outputs from the Energy,
Food, and Land sectors (Fig. 10).

Geosci. Model Dev., 19, 2039-2058, 2026
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Fossil fuel and livestock emissions are calculated based on
fossil fuel consumption, livestock production, and their re-
spective emission coefficients. Ecosystem emissions include
carbon released from burning as well as from the decomposi-
tion of biomass, litter, humus, and charcoal, which are deter-
mined by carbon pools’ lifespans, decomposition factor, and
respiration coefficients (Eqs. S69-S93).

Carbon absorption (CA) is determined by net primary pro-
ductivity (NPP) and land use area. NPP is influenced by cli-
mate factors, including CO; concentration, temperature, and
precipitation (Egs. 12, S67-S68),

6
CA = Z;:  NPP; x Area; (12)

where i represent land use type and land use area (Area;) is
from the Land sector.

2.2.10 Climate

The Climate sector supplies both historical and projected fu-
ture climate data essential for the Water Supply, Food, and
Carbon sectors. The key climate variables comprise tempera-
ture and precipitation (at the sub-basin and provincial levels),
as well as potential evapotranspiration, precipitation inten-
sity, and CO, concentration (at the sub-basin level). These
variables are treated as exogenous inputs, without account-
ing for potential feedbacks from human activities or natural
system responses on regional climate patterns.

2.3 Data sources

In the model, there are more than 100 exogenous variables,
some of which are initial variables that drive the simulation.
These exogenous variables are derived either from historical
statistical data or from fitted results based on historical data
(Table S2). All data sources required for the model simula-
tion are listed in Table 1.

3 Model validation and application
3.1 Historical model validation

We compared model simulations during the historical period
(1981-2020) against historical data. These data are sourced
from multiple sources, including statistical yearbooks, hy-
drological stations, remote sensing observations, and outputs
from other models (Table S3).

For human sectors, the simulation accuracy of selected key
variables from each sector is consistently high (R > 0.95), in-
cluding total population, gross domestic product (GDP), wa-
ter withdrawal, electricity generation, coal consumption, and
crop production across the nine provinces (Fig. 11). How-
ever, the accuracy varies among provinces, particularly for
GDP, electricity generation, coal consumption, and crop pro-
duction. Some provinces, like Neimeng, exhibit lower sim-
ulation accuracy for certain indicators than others, probably
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Table 1. Summary of data sources for the YRB model. Updated from Sang et al. (2025b).
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Sector Variables* Data sources Spatial and Time range

temporal scale

Population age-specific population, — China Statistical Yearbook — provincial, —1981-2023
births, deaths, migrants (NBSC, 2020c), annual

— China Population Census
Yearbook (NBSC, 2020b)

Economy GDP, investment, — China Agricultural Yearbook — provincial, —1981-2023

employment (MARA, 2020), annual
— China Statistical Yearbook
(NBSC, 2020c)

Energy electricity, coal, oil, gas — China Energy Statistical — provincial, —1981-2023
consumption Yearbook (NBSC, 2020a) annual

Food crop production, fertilizer, — China Agricultural Yearbook — provincial, —1981-2023
irrigated area (MARA, 2020) annual

Water demand  Industrial, domestic, — National Long-term Water Use — prefectural, annual —1965-2013
irrigation water withdrawal ~ Dataset of China (NLWUD) (Zhou —1981-2023

et al., 2020)
— China Statistical Yearbook
(NBSC, 2020c)
Water supply runoff, streamflow, water — China Natural Runoff Dataset —0.25° grid, -1961-2018
stress (CNRD) (Gou et al., 2021), monthly —1961-2018
— Gauge-based Natural Streamflow ~ —0.25° grid, —1998-2022
Dataset (Miao et al., 2022) annual
— Yellow River Water Resources — provincial,
Bulletin (YRCC, MWR, 2020) annual
Sediment sediment load — Yellow River Water Resources — provincial, —1998-2022
Bulletin (YRCC, MWR, 2020) annual

Land cropland, forest, grassland, = — China land use remote sensing —1km grid, - 1980, 1990,

wetland, settlement monitoring dataset (CNLUCC) (Xu  annual 1995, 2000,
etal., 2018) —0.5° grid, 2005, 2010,
— Long-term global land surface 8d 2015, 2020
satellite fractional vegetation cover —1981-2020
product (Jia et al., 2015, 2019)

Carbon fossil fuel carbon — Carbon Emission Accounts and — provincial, —1997-2021
emissions, net primary Datasets (Shan et al., 2018), annual - 1981-2018
productivity — Global Vegetation Productivity —5km grid,

Products (GVPP) (Cui et al., 2016;  8d
Wang et al., 2020a; Yu et al., 2018)

Climate temperature, precipitation, — Gridded daily observation dataset — — 0.25° grid, -1961-2020
CO; concentration, over China region (Wu and Gao, annual —1800-2020
potential 2013), — global, - 1956-2018
evapotranspiration and — European Environment Agency annual
precipitation intensity (EEA, 2019), — meteorological

— China Meteorological Data stations,
Service Center monthly

(https://data.cma.cn/,
last access: 8 March 2026)

* Listed are some typical variables of each sector
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Figure 11. Validation of human system processes during historical period of 1981-2020. (a) total population in Population sector; (b) GDP
in Economy sector; (c¢) water withdrawal in Water Demand sector; (d) electricity generation and (e) coal consumption in Energy sector;
(f) crop production in Food sector. Pink triangles in the upper left sub-image represents the average of historical and simulation value in

1981-2020 of each province in the YRB.

due to the simplification of relevant modelled processes, im-
perfect parameterizations, and external policy interventions.
Among all sectors, the greatest uncertainty arises from coal
consumption, because the lack of a clear historical trend
leads to poor model fit. Nevertheless, the model performs
reasonably well in simulating the human sectors, effectively
capturing the historical dynamics of human systems in the
YRB.

For natural sectors, the accuracy for runoff, sediment load,
forest area, and NPP simulations in the YRB is relatively
high (R >0.7) (Fig. 12). At the sub-basin level, the over-
all performance is satisfactory; however, the model shows
lower accuracy in simulating sediment transport in the mid-
and downstream. Compared to the human sectors, the natu-
ral sectors generally exhibit lower correlations with historical
data, largely due to the simplifications required when model-
ing physically complex natural processes. Nevertheless, the
model is still capable of capturing the historical dynamics of
natural processes in the YRB.

Model sensitivity analyses with randomly generated pa-
rameter values reveal growing uncertainty in the long-
term trajectories of socio-economic and natural variables;
the model maintains behavioral robustness across all runs
without catastrophic collapse or unrealistic oscillations (see
Sect. S3 for details).

Geosci. Model Dev., 19, 2039-2058, 2026

3.2 Model application for future projection
3.2.1 Future baseline scenario

The future baseline scenario represents a trajectory in which
existing plans and policies continue to operate without sub-
stantial changes in external environments. The development
of the baseline scenario primarily relies on variables from the
Population, Economy, Water Demand, and Land sector based
on available government planning documents, historical
trends, and other projections (Table 2). For future projec-
tions, variables or parameters not specified in the Table 2 are
held constant at historical levels from their most recent year.
Future climate data (2015-2100) are from the ensemble
mean of 11 CMIP6 models (ACCESS-CM2, CESM2,
CMCC-ESM2, GFDL-ESM4, INM-CM4-8, INM-CM5-0,
IPSL-CM6A-LR, MIROC6, MRI-ESM2-0, UKESM 1-0-LL,
and HadGEM-GC31-LL) (available at https://cds.climate.
copernicus.eu/datasets/projections-cmip6 ?tab=download,

last access: 8 March 2026) for the SSP 2-4.5 because this
scenario aligns more closely with the climate trends in the
YRB. To ensure temporal consistency, CMIP6 historical
climate data (1981-2014) were used instead of observed
historical records. To reduce systemic biases in the raw
CMIP6 data, we applied bias correction using CNO5 and

https://doi.org/10.5194/gmd-19-2039-2026
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Figure 12. Validation of the natural system processes during historical period of 1981-2020. (a) runoff in Water Supply sector; (b) sediment
load in Sediment sector; (c) forest area in Land sector, and the historical dataset is discontinuous; (d) net primary productivity in Carbon
sector. Pink triangles in the upper left sub-image represents the average of historical and simulation value in 1981-2020 of each sub-basin in

the YRB.

ground weather stations observations from 1981 to 2014. By
statistically aligning the mean of the CMIP6 data with ob-
servation records, systemic bias is removed while retaining
the temporal consistency required for long-term simulation.

We run the model under the future baseline scenario and
analyze the projected evolution of CHANS in the basin
from 2021 to 2100 (see Sect. S6 for details of the future sce-
nario design and supplementary spreadsheet for the setting
of exogenous variables).

3.2.2 Projection of CHANS dynamics in future baseline
scenario

The model simulates human and natural system dynam-
ics under the future baseline scenario and produces outputs
for nine provinces and their corresponding areas within the
YRB. The simulation results are reported either at the provin-
cial level (nine provinces) for human system sectors or at the
basin level (basin boundary) for natural system sectors. The
total population in the nine provinces and the YRB is pro-
jected to peak in 2023 and 2024, at 429 and 131 million,
respectively, driven by declining fertility rates (Fig. 13a).
The labor force peaks earlier, reaching 261 million in the
nine provinces in 2012 and 79 million in the YRB in 2011
(Fig. 13b). After 2025, the labor force is projected to in-
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crease again due to the delayed retirement policy. GDP in the
nine provinces is expected to increase until a peak in 2063,
at 91 trillion CNY (three times the 2020 level in constant
prices), under the influence of a labor force decline, with the
YRB reaching its peak four years later (Fig. 13c). In contrast
to total GDP, per capita GDP in all regions is projected to
continue rising throughout the future period (Fig. 13d). Al-
though all provinces demonstrate improvements in economic
status and living standards, considerable regional disparities
persist. Among the nine provinces, Shaanxi demonstrates the
largest growth in average per capita GDP from 2021 to 2100
relative to the historical period (1981-2020), with a more
than seventeenfold increase, while the YRB as a whole shows
an over thirteenfold increase.

Under the future baseline scenario, land use patterns re-
main relatively stable along historical trajectories (Fig. 14a),
as no new land use policies are introduced and cropland area
in each province has to stay above a mandatory minimum
threshold for food security (China’s Cropland Red Line pol-
icy). The forest area is projected to increase gradually, reach-
ing 62 % above the 2021 level by 2100, while the cropland
area is expected continue declining, falling 12 % below the
2021 level. Total crop production in nine provinces and YRB
is projected to peak in 2079 and 2062 (Fig. 14b), respectively,
driven by the combined effects of declining cropland area

Geosci. Model Dev., 19, 2039-2058, 2026
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Table 2. Settings of key variables in the future baseline scenario.
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Sector Variables Future baseline
Population Total fertility 2024 United Nations Population Projections
Gender ratio 2024 United Nations Population Projections
Average years of schooling The national maximum in 2023 (Germany) as the upper limit
Urban and rural population ratio Analysis and Forecast of Urbanization Trends in China’s Mod-
ernization by 2020
Labor force Delay retirement age

Energy Electricity generation sources ratio Projected provincial-level energy structure meeting China’s car-

bon peaking and carbon neutrality goals (Li et al., 2024)
Irrigation intensity Irrigation water use intensity declines linearly (1 % yrfl) to its
minimum value.

Water Demand  Industry, service, livestock water use in-  Industry, service and livestock water use intensity declines lin-

tensity early (1 % yr_l) to its minimum value.

Land Land use area Cropland, forest, and grassland are allowed to be converted into
each other, but not to unused land; unused land can be converted
to the rest land; wetlands are fixed.

Minimum cropland area above the red line for cropland protec-
tion.

Climate Temperature SSP 2-4.5-CMIP 6

Precipitation

Potential evapotranspiration
Precipitation intensity
CO; concentration,

and increasing crop yields. Food demand in both the nine
provinces and the YRB as a whole peaked in 2013 (193 and
57 million t, respectively) (Fig. 14c), largely driven by popu-
lation dynamics. In the future, per capita food production in
the YRB is projected to consistently exceed the international
food security threshold of 0.4 t per person (Fig. 14d). How-
ever, in certain years, provinces such as Qinghai and Shaanxi
could fall below this standard.

Total water withdrawal in the nine provinces and the YRB
is projected to peak in 2056 and 2058, reaching 162 and
64 km?, respectively (Fig. 15a). Irrigation water withdrawal
is expected to decline, driven by reductions in cropland area
and irrigation intensity, the latter resulting from improve-
ments in irrigation efficiency assumed in the scenario. Peaks
in residential, industrial, service, and livestock water with-
drawals are primarily associated with projected peaks in
population and GDP. Natural streamflow is projected to ex-
hibit a fluctuating upward trend of 0.073km?> yr~! basin-
wide (Fig. 15b), with the most significant growth in the up-
stream region (0.068 km? yr—!). Considering the ecological
flow requirement of 18.7 km?3 (YRCC, MWR, 2015), water
stress (calculated as water consumption divided by (natural
discharge — ecological flow)) is expected to decline in the
latter half of the century, largely due to the peak and subse-

Geosci. Model Dev., 19, 2039-2058, 2026

quent reduction in water withdrawal. However, overall water
stress is projected to exceed historical levels in 2041 and will
stay above 1 in 62 % of the years (Fig. 15c), reflecting per-
sistent human—water tensions and future trade-offs between
ecological and human water use. As a result of reduced actual
streamflow, sediment transport in the Yellow River is pro-
jected to decline sharply (Fig. 15d), with a 71 % decrease in
sediment load relative to the historical period.

Since the energy system is transitioning to carbon neutral-
ity goals under the future baseline scenario, thermal power
generation is projected to decline sharply, while clean energy
(hydropower, wind, solar, and nuclear) will become the dom-
inant source for electricity generation (Fig. 16a). The large-
scale adoption of clean energy will lead to a peak in carbon
emissions from electricity generation in 2024 (Fig. 16b). In
contrast, emissions from productive and livelihood activities
are projected to rise substantially over time, with total human
emissions in the YRB reaching a peak in 2044. NPP is antici-
pated to increase markedly in response to CO; concentration
increase (Fig. 16¢). Although the carbon balance of the YRB
has remained positive (net carbon source), it is expected to
gradually decline after 2068 (Fig. 16d), indicating that the
basin’s ecosystems alone cannot fully offset human-induced
carbon emissions.
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Figure 15. Changes in key outputs of the Water demand and supply sector in the future baseline scenario. (a) water withdrawal across five
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The above projections of future baseline scenarios high-
light persistent challenges to achieving sustainable develop-
ment in the YRB, underscoring the need for integrated pol-
icy responses to address these challenges. Priority should
be given to enhancing water-use efficiency and establish-
ing adaptive water resource allocation mechanisms that bal-
ance ecological and human water needs. Sediment manage-
ment strategies, which combine ecological restoration with
hydraulic regulation, are necessary to maintain river stability
and delta health. To counter the decline in labor force, poli-
cies should promote industrial upgrading and technological
innovation. Strengthening the basin’s carbon mitigation ca-
pacity requires accelerating the clean energy transition and
expanding ecological restoration to enhance carbon seques-
tration. Finally, a multi-sectoral, CHANS-based governance
framework should be established to coordinate water, land,
energy, and carbon management, enabling evidence-based
scenario analysis and adaptive policy design for long-term
sustainability.

4 Discussion and conclusions

The development of the CHANS-SD-YRB model involves
a series of key considerations to translate the conceptual
framework into a functioning model. The framework focuses
on human-water interactions in the YRB, integrating bidi-
rectional feedback between human and natural processes.
SD was chosen to implement the framework, as it effec-
tively captures feedback, non-linear relationships, and cross-
sectoral linkages within complex human-natural systems,
while remaining practical and straightforward to use. For
quantitative representation of human—natural processes, we
prefer theoretical methods that incorporate key interactions
within the system and are suitable for implementation in
SD. For example, the Budyko framework used in Water Sup-
ply connects the Land, Climate, and Water Demand sectors.
Relative to distributed hydrological models, it offers lower
computational complexity and reduced data requirements.
The Cobb-Douglas production function links the Population
and Economy sectors. Compared with Computable General
Equilibrium models (Fujimori et al., 2014), the production
function is simpler to construct and requires fewer param-
eters and data inputs. When no suitable theoretical frame-
work/method is available to describe a process, we rely on
empirical relationships derived from historical data. For ex-
ample, crop yields are estimated using fitted relationships
between climate variables, fertilizer application, and histori-
cal yields. For processes that cannot be represented through
empirical functions, we apply literature-based estimates to
obtain approximate quantitative relationships, such as fossil
fuel emission factors. For processes influenced by external
drivers that cannot be endogenously expressed within the
model, we quantify them using exogenous parameters de-
rived from historical statistics, such as water use intensity.
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Given the heterogeneous human—natural interactions in the
YRB, we represent all processes at the provincial and sub-
basin scales using scale-specific parameters, except where
parameters or data at these levels are unavailable.

The CHANS-SD-YRB model explicitly couples multiple
human and natural sectors, enabling a more integrated rep-
resentation of feedbacks across population, economy, en-
ergy, food, water, sediment, land, carbon, and climate. Un-
like models that focus on specific sectors or isolated subsys-
tems — such as eco-hydrological models and sediment trans-
port models, which may well capture individual processes
but cannot represent the complex human—natural interactions
that drive system dynamics. Our model’s integration of hu-
man and natural sectors provides a robust framework for
addressing regional CHANS challenges and offers practi-
cal guidance for sustainable development. The CHANS-SD-
YRB model serves as a comprehensive platform for con-
ducting system dynamics prediction, scenario analysis, pol-
icy evaluation, and optimization, to alleviate human—water
conflicts, ensure food security, and achieve long-term sus-
tainability. For example, analysis of the impacts of the 1987
Yellow River water allocation policy (Song et al., 2024) offer
valuable insights for adjusting interprovincial water distribu-
tion to promote sustainable water governance; assessment of
ecological restoration policies (Li et al., 2015) can guide fu-
ture ecological engineering; spatiotemporal dynamics of fu-
ture water gaps can serve as a valuable reference for plan-
ning inter-basin water transfers. The model’s flexibility also
allows for incorporating additional feedback. Examples in-
clude the effects of global warming on human health (Yin et
al., 2023a) and economic activities (Nordhaus, 2017), water
constraints on economic and agricultural production, dietary
shifts influencing carbon emissions and land use (Ren et al.,
2023), and the trade-offs between carbon mitigation and food
security (Xu et al., 2022).

Nevertheless, the model remains subject to further re-
finement. The current simplifications of natural processes
could be replaced with more sophisticated models to en-
hance simulation accuracy. For instance, the YRB hydrolog-
ical processes involve highly complex human interventions,
including reservoir, conservation, and revegetation projects
(Wang et al., 2025). The refined runoff simulations by dis-
tributed hydrological models improve water supply assess-
ments through their better characterization of spatial het-
erogeneity in soil, precipitation, and snowmelt (Cong et al.,
2009). For human processes, the Energy and Economy sec-
tors could be refined to model more detailed industry subsec-
tors and emerging trends in energy demand driven by elec-
trification. Given the uncertainty in future climate change,
the sensitivity of the system’s future projections to alterna-
tive climate change scenarios (SSP1-2.6, SSP3-7.0, or SSP5-
8.5) warrants exploration. Moreover, there are still important
feedbacks absent from the current coupling framework. No-
table examples include the effects of land use change on cli-
mate, the effects of climate change on economic growth, and
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the effects of pricing on energy use and carbon emissions.
These missing feedbacks could be incorporated based on re-
cent studies, including the land use feedback on precipitation
through moisture recycling (Sang et al., 2025a), socioeco-
nomic losses from impacts of climate change and extremes
(Waidelich et al., 2024b), and integration with Computable
General Equilibrium (CGE) models (Fujimori et al., 2014).
In particular, recent modeling work by Wells et al. (2026)
demonstrated that a more comprehensive representation of
climate-to-society feedbacks is possible within the system
dynamics framework. Additionally, the model’s spatial and
temporal resolutions are relatively coarse due to the inherent
mismatch in spatiotemporal scales between human and natu-
ral processes. The scale at which we develop the model repre-
sents a practical compromise, constrained by data availabil-
ity and its alignment with the study’s objectives. Simulations
at finer scales (e.g., monthly, daily, or gridded) would en-
hance the representation of natural processes (e.g., hydrolog-
ical processes, land use changes, and food production) and
the associated spatiotemporal heterogeneity (e.g., daily sim-
ulations can assess the impacts of extreme weather). How-
ever, it may also exacerbate the scale mismatch with socioe-
conomic processes, making it challenging to analyze cross-
sectoral dynamics. Technically, the inherent limitations of
the SD software restrict the model’s ability to represent tem-
poral fluctuations and finer spatial variations. To overcome
this, transitioning from the VENSIM platform to a code-
based implementation will be necessary, which would also
facilitate coupling with other models. Future research should
prioritize these improvements to strengthen both the perfor-
mance and applicability of the model.

Drawing on the conceptual framework of Sang et
al. (2025b), this study implements the framework into a fully
functional, validated System Dynamics model tool, CHANS-
SD-YRB V1.0. The model fills the gap in CHANS modeling
for the YRB. It integrates the dynamics of ten interconnected
sectors: Population, Economy, Energy, Food, Water Demand,
Water Supply, Sand, Land, Carbon, and Climate, achiev-
ing reciprocal feedback between human and natural systems.
This model can serve as a robust tool to inform policy deci-
sions that influence the evolution of coupled human—natural
systems and to explore pathways for optimizing these sys-
tems toward sustainability. Furthermore, the modeling pro-
cess provides valuable experience for regional CHANS mod-
eling and contributes to advancing the broader development
of CHANS models at the regional scale.

Code and data availability. The CHANS-SD-YRB V1.0 model
(VENSIM DSS format), along with the input data and sim-
ulation outputs used in this study, are openly accessible at
https://doi.org/10.5281/zenodo.17568962  (Sang, 2025), and
https://github.com/sangshan-ss/CHANS_SD_YRB (last access:
8 March 2026).
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