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ABSTRACT

A mechanistic understanding and modeling of the coupled human and natural systems (CHANS) are frontier of
geographical sciences and essential for promoting regional sustainability. Modeling regional CHANS in the Yellow
River Basin (YRB) featuring high water stress, intense human interference, and a fragile ecosystem has always
been a complex challenge. Here, we propose a conceptual modeling framework to capture key human-natural
components and their interactions, focusing on human-water dynamics. The modeling framework encompasses
five human (Population, Economy, Energy, Food, and Water Demand) and five natural sectors (Water Supply,
Sediment, Land, Carbon, and Climate) that can be either fully interactive or standalone. The modeling framework,
implemented using the system dynamics (SD) approach, can well reproduce the basin’s historical evolution in
human-natural processes and predict future dynamics under various scenarios. The flexibility, adaptability, and
potential for integration with diverse methods position the framework as an instructive tool for guiding regional
CHANS modeling. Our insights highlight pathways to advance regional CHANS modeling and its application to
address regional sustainability challenges.
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1. Introduction

Modeling the coupled human and natural systems (CHANS) is the
frontier area of geographical science (Fu, 2020) and is essential to pre-
dict the dynamics of the coupled systems and inform decision-making
(Li et al., 2023). At present, various modeling efforts that focus on
the dynamics of global scale CHANS have been made, such as the
system dynamics models (e.g., ANEMI (Breach and Simonovic, 2021)
and FeliX (Rydzak et al.,, 2013)), the integrated assessment models
(IAMs) (Vaidyanathan, 2021), integrated Earth system model (iESM)
(Jain et al., 2022). These models have been used to assess the impacts
of climate change on natural and human components such as ocean and
agriculture (Monier et al., 2018), land use (Alexander et al., 2018), wa-
ter resources (Klassert et al., 2023), and investigate feedbacks on climate
mitigation, food, and water security (Cheng et al., 2022; Fujimori et al.,
2022; Luderer et al., 2018). However, these developed CHANS models at
the global scale cannot fully address regional sustainable development
challenges because of insufficient characterization of regional CHANS
and a lack of representation of heterogeneous regional processes. There
have been attempts to downscale and adapt global models to improve
regional applicability, for example, the regional versions of the Global
Change Analysis Model (GCAM) including the GCAM-USA model with
subnational characterization of the United States (Binsted et al., 2022)
and the GCAM-China model at provincial levels of China (Yu et al.,
2019). Although these downscaled models can generate regional-scale
outputs, they are unable to capture regional processes that differ from
global dynamics and usually have low accuracy (Li et al., 2023). In
comparison, regional CHANS models are better suited to capture the
regional-level human-natural interactions and dynamics and provide
more targeted guidance for regional development.

Modeling regional CHANS faces substantial theoretical and techni-
cal challenges. First, the regional CHANS is an open system with energy
(e.g., winds, electricity transmission) and material (e.g., water transfer,
food export) exchanging internally within the systems and externally
with other regional and global systems, blurring the system boundary
that is a prerequisite for modeling (Verburg et al., 2016). Second, the
quantification of regional human and natural processes is tied to region-
specific mechanisms and interactions that global models cannot resolve.
Third, human and natural processes operating at different spatial scales
and the scale-dependent data availability complicate regional CHANS
modeling (Li et al., 2023). The apparent scale mismatch between hu-
man activities (at provincial, prefectural, and county scales) and natu-
ral processes (at sub-basin, grid, and point scales) requires scale transfer.
Fourth, the lack of bidirectional feedback between human and natural
processes in CHANS models may lead to misleading predictions of the
evolution of coupled systems (Motesharrei et al., 2016). For example,
the predicted future warming would be much smaller if the economic
carbon cycle feedback from human responses to warming was consid-
ered (Woodard et al., 2019). Therefore, it is necessary to develop CHANS
models with bidirectional feedback between the human-natural systems
to simulate regional CHANS dynamics.

The Yellow River, China’s second-longest river at 5,464 km,
flows through nine provinces, covering a basin area of 795,000 km?
(Jiang et al., 2021). As the historical center of Chinese politics, econ-
omy, and culture for over 2,000 years, the Yellow River Basin (YRB)
is a typical CHANS system under significant human control. Currently,
80 % of its water resources are utilized, far exceeding the 40 % ecologi-
cal warning line (Feng and Zhu, 2022), making it one of the world’s most
water-stressed basins (Zhang et al., 2022). The high sediment load from
the Loess Plateau (Yin et al., 2021) has caused river channel siltation
and flooding, disrupting agricultural production and livelihood activi-
ties (Miao et al., 2016). Ecological issues vary across the basin, including
degraded ecosystem and water retention in the upstream (Ning et al.,
2022), soil erosion and ecological restoration in the midstream (Fu et al.,
2011), and wetland conservation in the downstream (Fu et al., 2023).
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Addressing these challenges requires system thinking that considers
YRB as a complex CHANS in which human activities and natural pro-
cesses in various sub-basins are connected by water flow and impact
each other. On the one hand, insufficient water supply cannot meet the
water demand of socio-economic development and restricts regional de-
velopment (Bao and Fang, 2007; Cosgrove and Loucks, 2015). On the
other hand, population and economic growth drive an increase in wa-
ter withdrawal, which depletes water resources and leads to various
resource and eco-environmental issues (Boretti and Rosa, 2019). The
excessive consumption of upstream water sources undermines the capa-
bility of water provision for downstream areas (Wei et al., 2023). More-
over, the YRB region has been under strong policy interventions. For ex-
ample, ecological restoration projects (e.g., afforestation, the Grain-to-
Green project) increase vegetation cover and reduce sediments, but they
also decrease streamflow and exacerbate water stress under the influ-
ence of external climate forcing (e.g., increasing drought) (X. Feng et al.,
2016; Wang et al., 2016). The complex feedback between human and
natural processes in the YRB emphasizes the importance of understand-
ing human and natural dynamics from a coupled systems perspective.

Various CHANS models at regional scales have been developed, such
as the system dynamics models in China (Qu et al., 2020) and in the
Yangtze River Basin (Jiang et al., 2022), integrated models in Jordan
(Yoon et al., 2021) and Heihe River Basin (Li et al., 2021). However,
regional CHANS modeling tools are scarce compared to global models
(Calvin and Bond-Lamberty, 2018), specifically for the YRB. Building
on existing regional modeling efforts and our knowledge of YRB, we
propose a modeling framework for the CHANS in the YRB with an em-
phasis on human-water interactions. The framework is flexible and prac-
tical enough to allow the adaptation of model structure, configuration
of interactions, and integration of various modeling methods to develop
regional CHANS models for YRB. Our framework modeling practices
enrich the development of regional CHANS models and promote their
application to support regional sustainable development.

2. Description of the modeling framework

Based on our understanding of CHANS and knowledge of the YRB,
we conceptualize a coupled system model framework to represent the
most critical human and natural components in the YRB, emphasizing
human-water interactions (Fig. 1). The framework consists of 10 sec-
tors for human and natural processes with feedback with each other.
Specifically, human sectors include Population, Economy, Energy, Food,
and Water Demand, and natural sectors include Water Supply, Sediment,
Land, Carbon, and Climate. In addition to interactions within the YRB,
the system is also affected by external systems through policies and cli-
mate change.

1) Population

Population growth is a key driver of CHANS dynamics in the YRB
as humans demand water, energy, and food resources for liv-
ing. The Population sector simulates demographic dynamics in the
YRB, including births, deaths, and migration, etc. Births are pri-
marily influenced by the total fertility rate, shaped by both eco-
nomic status and demographic policies (Peng, 2011). Deaths are
determined by life expectancy, which is prolonged by an increase
in per capita gross domestic production (GDP), higher education
and healthcare (Qu et al., 2020). Migrants are driven by economic
disparities within and outside the basin. This sector exports pop-
ulation of each one-year age group, with a distinction between
urban and rural populations. The Population sector plays a cru-
cial role in economic production through labor supply, which in
turn affects mortality and migration rates. The total population
drives food demand (Food sector), residential water withdrawal
(Water demand sector) and electricity consumption (Energy sec-
tor), and it also influences settlement areas in the Land sector.
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Fig. 1. Overview of the coupled human-natural system model framework in the Yellow River Basin (YRB). Orange boxes and lines represent human sectors and
interactions between them, green boxes and lines represent natural sectors and interactions between them. Red lines represent interactions between human and
natural sectors. Red rhombus shows the core of the framework. Red box represents the YRB system boundary. Blue boxes and lines represent external factors
influencing the YRB system. The blue dotted box represents the external factors.

2) Economy self-sufficiency ratio, which influences the cropland area (Land

Economic activities are the primary drivers of water withdrawal
in the YRB. The Economy sector simulates the production, distri-
bution, and consumption of goods and services in different eco-
nomic sectors (agriculture, industry, and services). Agricultural

capita GDP and total population, affecting livestock’s feed need
for crops. Crop demand encompasses both human and livestock
dietary needs. The sector also exports metrics such as the food

sector). A low self-sufficiency ratio would lead to expanding crop-
land to increase production. Additionally, the Food sector impacts
agricultural production in the Economy sector through total crop
production.

production consists of both crop and livestock production. Indus- 5) Water Demand
try and services production is determined by an economic pro- Human socio-economic activities consume an immense amount
duction function of total factor productivity, capital stock, and of water resources, which are responsible for the high water stress
employment. The economic production in the Economy sector de- in the YRB (Wang et al., 2022; Zhang et al., 2024). The Water
termines water withdrawal from the Water Demand sector and Demand sector simulates water withdrawal and consumption for
electricity, coal, oil and gas consumption from the Energy sector. various sectors, including domestic, agricultural, and industry.
Economic production also affects life expectancy and migration Domestic water withdrawal is related to per capita GDP and to-
rates, which is mutually affected by population dynamics. Be- tal population, while industrial and service sector water with-
sides, livestock production in this sector contributes to carbon drawal is driven by sector water-use intensities and gross eco-
emissions. nomic production. Agricultural water withdrawal is determined
3) Energy by irrigation areas and irrigation intensity. The total water con-
The YRB is rich in energy resources (i.e., coal, oil, gas, wind, and sumption (Water Demand sector), combined with the available
solar) (Wang et al., 2024) and serves as an important electricity water resources (Water Supply sector), determines basin’s water
supply region. The Energy sector simulates the energy production, stress, which influences the economic production and water-use
consumption processes, and energy structure. Energy production intensity across sectors.
includes power generation from various sources (thermal, hydro, 6) Water Supply
wind, solar, and nuclear power), with each source determined by The Yellow River accounts for only 2 % of the national stream-
its share in the energy structure. Energy consumption accounts flow (Hu et al., 2023), yet it sustains a densely populated re-
for electricity use in households and industries, and coal, oil, and gion with substantial water demand. The Water Supply sector
natural gas consumed by economic production. This sector is the simulates runoff and streamflow and their changes in each sub-
primary contributor to carbon emissions (Carbon sector) through basin. Runoff is determined by precipitation and evapotranspira-
the use of fossil fuels. tion (ET) based on the water balance principle derived from the
4) Food Budyko equation (Yang et al., 2009). Given the water losses dur-
The YRB is a crucial food base that supplies food to various ing the confluence process, natural streamflow is determined by
parts of China (Sun et al., 2023). The Food sector simulates crop the loss coefficient (defined by the ratio of natural streamflow to
and livestock production and food demand. The seven included runoff) and runoff. Water withdrawal in upstream areas impacts
crop types (rice, wheat, corn, soybeans, cotton, potatoes, and oil the streamflow for downstream areas due to hydrological con-
crops) collectively account for over 80 % of the total cropland nectivity. By integrating changes in reservoir storage and human
area. Crop production is determined by the crop planting area water consumption in sub-basins, the actual streamflow can be
and yield, with the latter being influenced by climatic factors determined, which drives sediment transport (Sediment sector) in
(i.e., temperature, precipitation, and CO, concentration), invest- the river.
ment, and irrigation. Livestock production is influenced by per 7) Sediment

The Yellow River is one of rivers with the highest sediment load
due to severe soil erosion in its midstream. The Sediment sector
simulates sediment load at sub-basin levels based on the empiri-
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cal relationship between actual streamflow (Water Supply sector)
and sediment load from the literature (Yin et al., 2023).

8) Land
Land use types vary widely in sub-basins of the YRB, with diverse
ecosystem composition and varying degrees of human influence.
The Land sector simulates the changes in the area of six land use
types (cropland, forest, grassland, wetland, settlement, and oth-
ers) driven by socio-economic activities. Land use relevant poli-
cies may alter the conversion rate of specific types, such as the
Grain to Green program increasing forest area in midstream of the
YRB (Li et al., 2020). Population growth leads to an increase in
settlement (Deng et al., 2008). The historical land areas and their
changes are determined by demographic dynamics from the Pop-
ulation sector and land policies (e.g., afforestation, reforestation).
This sector influences runoff from the Water Supply sector because
higher vegetation coverage reduces runoff. Land use conversion
changes the carbon balance, impacting the region’s carbon stock
and emissions from the Carbon sector. Additionally, the cropland
area directly impacts crop production in the Food sector.

9) Carbon
The Carbon sector simulates the basin’s carbon balance processes,
including carbon absorption and emission, which drive ecosys-
tem processes and influence climate and socio-economic activi-
ties. Carbon absorption is primarily driven by ecosystem photo-
synthesis, with respiration subtracted as net primary productivity
(NPP). The NPP is influenced by temperature, precipitation, CO,
concentration, and vegetation coverage area. NPP, after deduct-
ing soil respiration from the decay of carbon stocks (biomass,
litter, humus, and charcoal), gives NEP. Carbon emissions stem
from various sources, including fossil fuel consumption, livestock
excretion, and land use conversion, which can be derived using
their respective emission coefficients. This sector can diagnose
the overall carbon neutrality for the basin.

10) Climate

Climate is a fundamental driver of the CHANS, shaping ecosys-
tem functions, resource availability, and human livelihoods. The
Climate sector provides historical and future climate informa-
tion required by other sectors: Water Supply, Food, and Carbon.
Climate variables include temperature, precipitation, potential
evapotranspiration, and CO, concentration. These climatic vari-
ables are exogenous and do not consider the feedback of human
and natural processes on regional climate (Jiang et al., 2022).

3. Implementation of modeling framework with system dynamics
approach

Inspired by existing human-natural systems models (Jiang et al.,
2022; Motesharrei et al., 2014; Qu et al., 2020), we implement the pro-
posed modeling framework in the YRB based on system dynamics (SD)
approaches. SD is a flexible and effective modeling approach that can
capture the nonlinear behaviors and feedback in complex systems and
their long-term evolution (M. Feng et al., 2016).

The implemented SD model of CHANS in the YRB consists of 10 sec-
tors with more than 600 variables, including endogenous (i.e., calcu-
lated by the model) and exogenous (prescribed) ones. By collecting data
in 1981 as initial condition (population, fertility rate, industrial capital,
etc.), the model can simulate both historical (1981-2020) and future
periods (2021-2100) on an annual scale. The historical data are used to
calibrate various parameter values and verify the model performance.
Future simulation predicts the evolution of CHANS in the YRB under
different scenarios.

3.1. Spatial scale conversion between human and natural sectors

The YRB model faces the challenge of mismatched spatiotemporal
scales between human and natural processes. Human processes are sim-
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ulated at the provincial scale due to the intrinsic scale of human pro-
cesses and their data availability, while natural processes are at the sub-
basin scale (up-, mid-, and down-stream) to account for their hydrologi-
cal connectivity (Fig. 2). To reconcile the scale mismatch, we use various
gridded data as a proxy to convert variables between human and natu-
ral processes through upscaling or downscaling, e.g., the use of gridded
GDP data (Xu, 2017a) to convert carbon emission from the provincial
to sub-basin levels, and gridded population density data (Xu, 2017b) to
calculate the population in the basin.

3.2. Data sources for modeling

The YRB model relies on data from various sources, including statisti-
cal bulletins/yearbooks, in-situ measurements, remote sensing products,
and land surface model simulations (listed in Table S1 in the Supplemen-
tary materials). Data for human sectors are mainly from statistical data
at the provincial level, including the China Statistical Yearbook and the
Yellow River Water Resources Bulletin. Data for natural sectors are col-
lected from remote sensing data and model simulations at the grid level.
When multiple data sources are available, datasets designed explicitly
for the YRB or China are preferred than global datasets.

Since most data sources do not provide full time series for the histori-
cal period (1981-2020), various data-filling techniques are employed to
make complete records, including linear forward, backward, and near-
est interpolations/extrapolation, substitution with literature values or
national-level data.

3.3. Historical and future simulations

The YRB model built upon SD can simulate the CHANS dynamics
in YRB. We visualized the key outputs of a historical simulation from
1981 to 2020 to demonstrate the model’s capability (Fig. 3). Overall, the
model can accurately capture historical changes in both socio-economic
and natural processes in the YRB.

During the historical period (1981 to 2020), the five key variables
of human sectors (total population, total GDP, coal consumption, food
production, and total water withdrawal) show upward trends with fluc-
tuations and well reproduce the historical changes in the YRB (r > 0.85).
As for natural sectors, forest area (Land sector) and NPP (Carbon sector)
increased slightly, sediment load (Sediment sector) dropped significantly
around 2000, and runoff (Water Supply sector) fluctuated and rose af-
ter 2000. The natural sectors generally have a lower correlation with
historical data (r < 0.75 for forest area of the Land sector) than human
sectors because of the simplifications made in the modeling of physically
complex natural processes within the SD.

The future trajectory of CHANS from 2021 to 2100 is simulated
by climate change of the Shared Socioeconomic Pathways (SSP) 245
scenario (Alfred Wegener Institute Climate Model simulation results
from https://aims2.1Inl.gov/search/cmip6/) and other variables (e.g.,
total fertility rates, employment rates) kept constant at the 2020 values
(Fig. 3). The designed future simulation is not to give credible inferences
about the system states in the future but to showcase the model’s capa-
bility for scenario analysis. The population is expected to peak at 423
million in 2021, while GDP and water withdrawal are projected to peak
in the mid-21st century. With a stable cropland area, food production
is anticipated to experience slight upward fluctuations, driven by rising
CO, concentrations and the impacts of climate change. Climate change
also leads to fluctuant increases in runoff and NPP.

4. Practical suggestions for implementing modeling framework

4.1. Adapt the framework to best represent the conceptualized modeled
system

The proposed modeling framework effectively captures the key hu-
man and natural components in the YRB and their critical interactions,
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with the CNRD dataset (Gou et al., 2021).



S. Sang, Y. Li, S. Zong et al.

providing insights into the human-natural coupling mechanisms of the
basin. The framework is designed with a focus on the human-water
nexus, but it is flexible to be modified to help conceptualize the modelled
system of their own interest and to satisfy their specific research needs.
The framework’s flexibility manifests in the adaptation of system struc-
ture, interaction configurations, and integrations with modeling tech-
niques. First, sectors in the framework can be added or modified to ac-
commodate specific model system design, and they can be configured to
be fully interactive, prescribed, or as a standalone model. For example,
the Population and Economy sectors can be used as standalone models
to investigate the influence of family planning policies on economic ac-
tivities. Second, feedback between sectors can be enabled, disabled, or
modified to study the impact of specific processes. For instance, path-
ways by which Climate affects the Economy sector can be incorporated
to analyze economic damages caused by future climate change.

4.2. Choose suitable modeling approaches to quantify regional CHANS
processes

Implementing the framework using the SD approach demonstrates
a feasible and practical way of modeling CHANS in the YRB and of-
fers a valuable modeling practice to advance regional CHANS models.
However, the regional human and natural system processes are diverse,
heterogeneous, and complex, showing unique and intricate features that
are challenging and even infeasible to quantify (Jia et al., 2021). Also,
the representation of geospatial processes is limited in the implemented
SD. In practice, the sectors can be implemented with various modeling
approaches and their combinations with different complexities, rang-
ing from physical mechanisms (e.g., water balance (McDonnell, 2017)),
simplified representations (e.g., precipitation partitioning into ET and
runoff (Yang et al., 2009)), theories (e.g., economic production func-
tion (Akhtar et al., 2013)) to empirical relationships (e.g., water with-
drawal and GDP (Florke et al., 2013)) or approximation from data (e.g.,
irrigation water intensity). Depending on the goal, more detailed and
advanced modeling methodologies can be applied to improve simula-
tion accuracy for specific sectors or processes. It is also important to
balance model complexity, effectiveness, and accuracy in the model im-
plementation.

4.3. Design proper temporal and spatial scale for modeled processes

Modeling regional CHANS needs proper ways to define the system
boundary and scales (Blair and Buytaert, 2016). For natural processes in
our implemented SD model, sub-basins are selected to characterize the
regional differences and interconnections among up-, mid-, and down-
stream and ensure hydrological closure (Oki and Kanae, 2006). In con-
trast, human processes are represented at the provincial scale due to
socio-economic data availability. The spatial mismatch between human
and natural processes is handled by conversion (upscaling and down-
scaling) using high-resolution gridded data (Chou et al., 2018). The
conversion parameters derived from historical data may change and in-
troduce biases for future extrapolations. While the implemented spa-
tial characterization is suitable for a coupled model operating at the
basin on an annual scale, it could not represent heterogeneity within
province/sub-basin and seasonal variations. If finer spatial and temporal
variations are key for the modeled processes, sub-province (prefectural
or county-level for human processes) and sub-annual (monthly or sea-
sonal scales) scales can be configured. However, this comes at the cost
of higher data needs and complex scale conversion parameters. The fea-
sible scale design should consider the requirement of key CHANS pro-
cesses and data constraints.

5. Conclusions

In summary, we provide a modeling framework of CHANS incorpo-
rating key human and natural processes and interactions in the YRB,
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allowing for investigating human-natural dynamics in the YRB that are
not possible with sector models. The framework implemented using
the SD approach can represent feedback between systems and predict
CHANS dynamics, and we offer practical suggestions for implementing
the framework. The implemented regional CHANS model is a powerful
tool to support the decision-making of policies through scenario analyses
and seek ways to optimize the systems toward sustainability, with po-
tential applications including climate change impact, carbon neutrality,
water and food security, water resources management, socio-economic
development, ecological restoration, and land use change in the Yellow
River Basin.
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