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Abstract On catchment scales, sediment discharge depends on both sediment transport capacity and
sediment availability. The quantification of sediment discharge at the regional scales is important but is rarely
adequately represented in regional hydrological models. Here, we introduce a regional water erosion and
sediment transport model, Atmospheric and Hydrological‐Sediment Modeling System (AHMS‐SED). This
model integrates the Atmospheric and Hydrological Modeling System (AHMS) with the improved CASCade 2‐
Dimensional SEDiment (CASC2D‐SED) model and incorporates gully erosion as a significant factor affecting
sediment supply. A gully area index is introduced to quantify the fraction of the gully area and the enhancement
of water erosion induced by concentrated flow in gullies. We use the AHMS‐SED to simulate the sediment
processes in the Yellow River Basin from 1979 to 1987 at a 20 km resolution. We find quantitative agreement
between the observations and model predictions for monthly sediment fluxes at five major hydrological stations
along the Yellow River, with excellent performance metrics (modified Kling‐Gupta efficiency = 0.90, Nash–
Sutcliffe model efficiency coefficient = 0.81) at the basin outlet. The results demonstrate the strong
performance of the AHMS‐SED and the robustness of the sediment supply estimates. We also use AHMS‐SED
to investigate how changes in climate and human activities affect sediment discharge in the Yellow River. The
model shows that halving precipitation intensity substantially reduces sediment discharge, halving precipitation
amount reduces it by 60%, and doubling irrigation reduces it by 10%.

Plain Language Summary To know how sediment moves through river systems in large catchments
is vital for addressing challenges in agriculture, hydrology, ecology, and geomorphology. However, existing
regional hydrological models often do not represent processes like gully erosion well, which is essential to
sediment discharge. We present here a new computer model, the Atmospheric and Hydrological‐Sediment
Modeling System (AHMS‐SED), that combines the Atmospheric and Hydrological Modeling System with the
modified CASCade 2‐Dimensional SEDiment (CASC2D‐SED) model, accounting for gully erosion.We use the
AHMS‐SED to simulate water erosion and sediment processes in the Yellow River Basin from 1979 to 1987 at a
20 km resolution. The model shows good agreement with observed data, with excellent performance metrics
(modified Kling‐Gupta efficiency = 0.90, Nash–Sutcliffe model efficiency coefficient = 0.81) at the basin
outlet. Our findings show that sediment yields in the Yellow River Basin are more sensitive to precipitation rates
than precipitation amounts. Halving rainfall intensity significantly reduces sediment discharge to the river,
while halving rainfall amount reduces it by 60%. Doubling agricultural water use can reduce sediment discharge
by 10%.

1. Introduction
Understanding the dynamics of water erosion and sediment transport is crucial across multiple disciplines,
including agriculture (Montgomery, 2007; Syvitski et al., 2005), hydraulic and sedimentation engineering
(Rijn, 1986; Vanoni, 2006), hydrology (Fagundes et al., 2021; Gao et al., 2013), ecology (Newbold et al., 2015;
Oost et al., 2007), and geomorphology (Dietrich et al., 2003; Tucker & Hancock, 2010). On a global scale, these
processes play a fundamental role in transferring carbon and nutrients from terrestrial pools to rivers and oceans,
influencing biogeochemical cycles and ecosystem functioning (Lal, 2003; Ludwig & Probst, 1996; Tan
et al., 2017). In fluvial systems, sediment load depends not only on the river's sediment transport capacity but also
on sediment supply from the upstream sources (Einstein, 1964; Julien, 2010). The supply is influenced by climate,
soil erodibility, topography, vegetation, and human influences (e.g., tillage and conservation practices) in the
upper catchment (Lal, 2017), while transport capacity largely depends on flow characteristics, as well as channel
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geometry and roughness (Julien, 2010). Anthropogenic activities, including water diversion and dam construc-
tion, further alter sediment fluxes (Wang et al., 2016).

Numerous models—empirical, conceptual, and process‐based—have been developed to simulate water erosion
and sediment transport, differing in complexity, data demand, and applicability (de Vente et al., 2013; de Vente &
Poesen, 2005; Hajigholizadeh et al., 2018; Harmon et al., 2001; Merritt et al., 2003). Empirical models, such as
the Universal Soil Loss Equation (USLE) and its revised version (RUSLE), rely on statistical relationships and
rainfall‐runoff factors (e.g., EI30) to estimate sheet and rill erosion, but they do not explicitly address sediment
transport and deposition (Renard et al., 2017; Wischmeier & Smith, 1978). Conceptual models, including the Soil
and Water Assessment Tool model, integrate empirical formulas within a broader hydrological framework,
aiming to balance simplicity with process details (Arnold & Fohrer, 2005; Neitsch et al., 2011). Meanwhile,
process‐based models (e.g., European Soil Erosion Model, Limburg Soil Erosion Model, Système Hydrologique
Européen—Soil Erosion and Deposition, Water Erosion Prediction Project, Rangeland Hydrology and Erosion
Model) explicitly represent sediment detachment, transport, and deposition but often require high‐resolution data
and significant computational resources, posing challenges for large‐basin applications (Lukey et al., 1995;
Morgan et al., 1998). A brief review of these models is presented in Text S1 in Supporting Information S1.

Despite significant advances in erosion modeling, large‐scale predictions remain highly uncertain due to the
complexity and interdependence of erosion and sediment dynamics, spatiotemporal variability in runoff and
sediment transport, and limited observational data (Mao et al., 2010; Pelletier, 2012; Stewart et al., 2017; Tan
et al., 2017; Van Rompaey et al., 2001; Vigiak et al., 2017). Accurately estimating sediment balance in large
catchments is further complicated by the heterogeneity of model input data and parameters, which makes it
difficult to scale models effectively across diverse spatial and temporal scales (de Vente & Poesen, 2005; Jakeman
et al., 1999; Merritt et al., 2003; Morgan &Nearing, 2011). A key question is whether land surface and large‐scale
hydrological models, operating at resolutions of 1–30 km, can reliably capture sediment discharge in large
watersheds (de Vente & Poesen, 2005; Morgan & Nearing, 2011).

Specifically, a major limitation of large‐scale erosion models is the uncertainty in estimating the sediment
transport capacity of overland flow, which varies with flow depth, slope, and roughness (Ali et al., 2013; Hessel &
Jetten, 2007). On steep landscapes such as the Chinese Loess Plateau, transport equations with lower slope de-
pendency (e.g., Govers, 1990) outperform other models, yet they often overestimate transport on steep slopes and
underestimate it on gentle slopes (Hessel & Jetten, 2007). Rainfall‐runoff erosivity, particularly the EI30 index, is
a robust predictor of soil loss (Kinnell & Risse, 1998; Panagos et al., 2015; Yue et al., 2022), yet process‐based
models frequently neglect raindrop impact as a critical driver of sheet and rill erosion (Kinnell, 2005). Moreover,
the inability to accurately simulate surface runoff spatially on the basin scale remains a major limitation of
sediment yield models (Lane et al., 1997; Nearing, 2000). Studies suggest that runoff‐driven models such as the
Morgan model (Morgan et al., 1984) outperform rainfall‐driven models (e.g., Pelletier and RUSLE models)
(Pelletier, 2012; Renard et al., 2017) in capturing sediment dynamics (Tan et al., 2018).

Scaling issues, such as precipitation intensity decay and terrain coarsening, complicate regional erosion modeling
(Mao et al., 2010; Yu et al., 1999). The lack of heterogeneity in land surface parameters and precipitation at large
scales leads to underestimated runoff and inaccurate hydrological responses (Yu et al., 1999). Addressing these
challenges requires incorporating subgrid‐scale variability. Mao et al. (2010) improved soil erosion modeling by
coupling Variable Infiltration Capacity model with Water Erosion Prediction Project–Hillslope Erosion model
and using monofractal rescaling (Bowling et al., 2004) to restore fine‐resolution slope details. Large‐scale models
must account for these scale effects to enhance accuracy.

Furthermore, gully erosion can dominate sediment supplies in large basins, but it is often underrepresented in
models (de Vente & Poesen, 2005; Poesen et al., 2003). On the Chinese Loess Plateau, permanent gullies
dominate the sediment supply, making accurate representation of gully erosion essential for realistic regional‐
scale simulations (Li et al., 2003; Wu & Cheng, 2005). However, modeling gully erosion remains challenging
due to the limited representation of concentrated flow‐driven and stochastic gravity erosion (Xu, 1999) and scarce
data on gully morphology (De Geeter et al., 2023). While some insights could be gained from logistic probability
models and 3D scanning (De Geeter et al., 2023; Li et al., 2017), a new approach to integrate gully erosion into
regional‐scale hydrological modeling is required.
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This study aims to develop an integrated soil erosion and sediment transport model—the Atmospheric and
Hydrological‐Sediment Modeling System (AHMS‐SED)—designed for regional‐scale applications. AHMS‐SED
incorporates gully erosion processes into the land surface and hydrological models, addressing a critical gap in
large‐scale sediment modeling. To overcome the limitations of previous models, AHMS‐SED employs a
detachment‐transport coupling approach, integrating both rainfall‐runoff erosivity (e.g., EI30) and runoff‐based
erosivity equations as multi‐parameterization options. Importantly, AHMS‐SED represents a fully coupled
hydro‐meteorological system, simulating the complete hydrological cycle from groundwater flow to atmospheric
boundary layer interactions. It captures key processes such as runoff and sediment generation, flow and sediment
routing, deposition, gully erosion, and river irrigation, ensuring a more comprehensive understanding of sediment
dynamics across diverse landscapes and hydrological conditions.

This study addresses the following key scientific questions:

1. How can sediment detachment and transport capacity be effectively parameterized within a large‐scale hy-
drological framework? Moreover, which erosivity predictors—rainfall, runoff, or overland flow—yield the
most reliable results?

2. What scale effects, such as precipitation intensity decay and terrain coarsening, must be considered in large‐
scale erosion and sediment transport models?

3. How can gully erosion be effectively integrated into large‐scale hydrological models to capture its role in
regional sediment budgets?

2. Atmospheric and Hydrological‐Sediment Modeling System (AHMS‐SED)
2.1. Introduction to AHMS‐SED

The AHMS‐SED was developed by revising the water erosion and sediment transport model, CASC2D‐SED
(Rojas et al., 2003), and integrating it with the AHMS‐IRRIG (Jiang et al., 2022). A schematic diagram of the

Figure 1. A simplified flowchart of the Atmospheric and Hydrological‐Sediment Modeling System (AHMS‐SED),
integrating the Atmospheric and Hydrological Modeling Systemwith a modified water erosion and sediment transport model
(CASC2D‐SED).
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AHMS‐SED is shown in Figure 1. Atmospheric and Hydrological Modeling System (AHMS) combines the
regional atmosphere model Weather Research and Forecasting (WRF) model with the Hydrological Modeling
System (HMS) (Xia, 2019; Yu et al., 2006) through the land surface model Noah‐MP (Niu et al., 2011). AHMS
can operate both online and offline. Online AHMS is coupled with WRF, while offline AHMS is driven by
external near‐surface meteorological data. The Noah land surface model with Multiple‐Parameterizations (Noah‐
MP, version 1.6), as described by Niu et al. (2011), simulates the exchanges of heat, water, and momentum fluxes
between the terrestrial land surface and the atmosphere.

The HMS was developed by Yu et al. (2006) for mesoscale hydrological simulation. It consists of a two‐
dimensional channel routing model (RT2D), a two‐dimensional groundwater model (GW2D), and a ground-
water channel interaction model. Surface runoff is simulated by considering the infiltration‐excess runoff and the
infiltration capacity equation (Jiang et al., 2022). The models use prognostic equations: the diffusive wave
equation predicts overland and river water levels, the Boussinesq equation forecasts groundwater levels and
Darcy's law estimates the interaction fluxes between rivers and groundwater. An irrigation module, referred to as
AHMS‐IRRIG (Jiang et al., 2022), has been integrated into AHMS to account for river and groundwater irrigation
in arid and semi‐arid river basins. Offline AHMS‐IRRIG has been applied to the Yellow River Basin and shown to
accurately simulate a broad range of hydrological processes—including runoff, streamflow, evapotranspiration,
irrigation, and terrestrial water storage changes in the Yellow River Basin (Jiang et al., 2022). The timestep for the
offline AHMS‐SED is sub‐daily or sub‐hourly for the hydrological, sediment, and land surface components.

The objective of the newwater‐erosion and sedimentmodule is to quantify the sediment discharge in thewatershed,
integrated into the AHMS framework. The surface runoff generation and sub‐grid channel routing models are
described in Section 2.2. The original CASCade 2‐Dimensional SEDiment (CASC2D‐SED) model is described in
Section 2.3. Revisions to CASC2D‐SED and the coupling with AHMS‐SED are described in Section 2.4.

2.2. Surface Runoff and Sub‐Grid Channel Routing Model

The rainfall‐runoff model in AHMS employs infiltration capacity (Imax) (Largeron et al., 2018) to determine the
proration between infiltration and surface runoff:

Imax = βKsat (1)

Rins = max(0,Qwat − Imax) (2)

Isfc = Qwat − Rins (3)

where β is an empirical parameter, calibrated based on the annual average runoff observed in the sub‐basins, Ksat
is the saturated hydraulic conductivity of surface soil, Rins denotes the infiltration‐excess runoff, Qwat is the
precipitation rate, and Isfc is the infiltration rate.

The AHMS calculates overland and channel flow across large‐scale domains using a subgrid channel routing
model. The continuity equation is formulated by integrating mass continuity within individual cells and applying
the Manning equation alongside the diffusive wave approximation to represent momentum transport between
grids.

A
∂hr
∂t
=

∂
∂x
(Ac

1
n
R2/3
h

∂hr
∂x

⃒
⃒
⃒
⃒
∂hr
∂x

⃒
⃒
⃒
⃒

− 1
2

) +
∂
∂y
(Ac

1
n
R2/3
h

∂hr
∂y

⃒
⃒
⃒
⃒
∂hr
∂y

⃒
⃒
⃒
⃒

− 1
2

)

+Rsf − qgw − qirr sf

(4)

where A represents the riverbed area of water in the river or lake (m2), hr is the elevation of the water surface in the
river or lake (m), Ac denotes the cross‐sectional area of water in the river or lake at cell boundaries (m

2), n stands
for Manning's roughness coefficient (s m− 1/3), and Rh is the hydraulic radius (m), Rsf is the surface runoff
(m3 s− 1), which comprises the infiltration‐excess runoff (Rins) and the saturation‐excess runoff (Rsat), qgw is the
water flux interactions between groundwater and channel (m3 s− 1), qirr sf refers to the river irrigation (m3 s− 1).
Furthermore, for every grid cell in the square lattice constituting the simulation domain, Equation 4 is solved by
considering both nearest neighboring cells in x and y directions, as well as in the diagonals (omitted from
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Equation 4 for clarity). Additionally, the term ∂hr
∂x

⃒
⃒∂hr
∂x

⃒
⃒−

1
2 in Equation 4 is a modification of (∂hr∂x)

1
2
, designed to

handle situations where ∂hr
∂x is negative.

The Manning equation is used to estimate the average velocity V (m s− 1) of the river flow cross‐section,

V = n− 1R2/3
h S1/2f (5)

where Sf is the friction slope (− ), representing the energy loss due to friction. In this study, we apply the diffusive
wave approximation by neglecting the local and convective acceleration terms, assuming the flow is dominated
by pressure, gravitational and frictional forces. Thus, Sf is approximated as the slope of the elevation of the water
surface, as shown below.

Sf = Sw =
∂hr
∂x

= S0 −
∂h
∂x

(6)

where S0 is the bed slope (− ), Sw is the water surface slope (− ), and h is the depth of water (m).

The hydraulic geometric shape of the channel is modeled using power‐law functions based on the bank full
discharge (QBF), as per Leopold and Maddock (1953).

⎧⎨

⎩

w = aQb
BF

d = cQf
BF

(7)

The coefficients a and c, along with exponents b and f, are determined from observations. Common values are
b = 0.5 and f = 0.3, with assumed values of a = 5.0 and c = 0.6 based on river width measurements and shallow
cross‐sections in the Yellow River Basin. The minimum values for channel width and depth are set at 10 and 2 m,
respectively, to meet the model requirements. Thus, the river width and depth are defined as follows

⎧⎨

⎩

w = max(5.0 · Q0.5
BF,10)

d = max(0.6 · Q0.3
BF,2)

(8)

2.3. Original CASCade 2‐Dimensional SEDiment (CASC2D‐SED) Model

The original iteration of the CASCade 2‐Dimensional SEDiment (CASC2D‐SED) model was founded upon a
two‐dimensional overland flow routing algorithm developed by Julien et al. (1995) at Colorado State University.
Johnson (1997) incorporated the upland erosion and channel sediment transport module to CASC2D, called
CASC2D‐SED, and built upon earlier work of Kilinc (1972) and Kilinc and Richardson (1973). Rojas (2002)
further enhanced the sediment transport algorithms in CASC2D‐SED by improving the simulation of transition
between supply‐limited and capacity‐limited transport, allowing for the advection of suspended material even
with negligible transport capacity and enhancing sedimentation simulation in backwater areas. For a description
of the original CASC2D‐SED, refer to Rojas (2002).

The model has the following characteristics:

1. The transport capacity of overland flow (caused by the sheet and rill erosion) is estimated by the modified
Kilinc‐Richardson equation which combines the Kilinc‐Richardson equation and soil erodibility (K factor),
vegetation (C factor) and land use practice (P factor) from USLE.

2. The transport capacity of channel flow is estimated using the Engelund and Hansen equation (1967) based on
hydraulic parameters (hydraulic radius, flow velocity, and friction slope) and particle characteristics (specific
gravity and particle diameter).

3. Once suspended, the sediment is transported through advection even under transport capacity‐limited
conditions.
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4. The particle sizes are divided into three size classes: sand, slit and clay (see Table S5 in Supporting Infor-
mation S1). The median of the corresponding particle size distribution (d50) is used for each class to char-
acterize the particle sizes associated with the sand, silt and clay classes. The settling time of particles is then
calculated according to the settling velocity (refer to Text S5 in Supporting Information S1) and water depth.

2.3.1. Sediment Transport Approximation

Once eroded from the soil, a soil particle is entrained into the water flow and transported downstream in the
watershed. At any downstream cross‐section, sediment flux is mainly controlled by sediment availability and
stream transport capacity. The water flow easily carries the finer material (clay), so its transport is limited mainly
by the sediment supply in the watershed. By contrast, the coarse material (sand) is associated with higher
resistance to flow. Transport of this coarse material is, therefore, limited mainly by the transport capacity of the
flow. Furthermore, fine material is transported primarily in suspension as wash load, while the transport of the
coarse material occurs mainly as (near‐surface) bed load. Therefore, the total sediment load consists of the wash
load of fine particles and the bed load of coarse grains. The processes of upland soil erosion and upland and
channel sediment transport can be summarized through steps 1–4 (see also Figure S2 in Supporting
Information S1).

Step 1: The transport capacity of the water flow is calculated using the modified Kilinc and Richardson's equation
(1973) for overland flow and Engelund and Hansen's equation (1967) for channel flow.
Step 2: The transport capacity of the water flow is used to estimate the transport rate of the suspended sediment for
the various particle size fractions considered.
Step 3: Deposited sediment is entrained into suspension transport based on the excess transport capacity, that is,
the total transport capacity minus the amount of suspended sediment.
Step 4: If the total sediment transport capacity exceeds the amount of suspended and deposited sediment, then bed
soil erosion in the upland occurs. The percentage of soil eroded is proportional to the percentage of the corre-
sponding size fraction of the parent material. However, channel erosion is not considered.

2.3.2. Upland Erosion and Sediment Transport

Kilinc (1972) and Kilinc and Richardson (1973) studied sheet and rill erosion using flume experiments and
derived an equation Kilinc and Richardson's equation (KR) for predicting sediment discharge in uniform flow
over the bare sandy soil. They found that unit sediment discharge, denoted as qs (tons m

− 1 s− 1), increases with the
square of water discharge and with the 5/3 power of the slope. Furthermore, Julien (2010) modified the KR
equation to account for non‐uniform flows by considering soil erodibility index, vegetation cover or cropping
management factor and conservation practice factors, which are parameters encoded in USLE. The equation for
qs, the unit sediment discharge (ton m− 1 s− 1), reads

qs = 23210 · S05/3 · q2 · K · C · P (9)

where S0 is the slope gradient in per cent, q is the unit water discharge, K is the soil erodibility index in the USLE
equation, C is the vegetation cover or called crop factor in USLE equation (− ), and P is the practice factor in
USLE equation (− ).

2.3.3. Sediment Transport Capacity of River

The stream transport capacity is calculated using the Engelund and Hansen equation. The equation of Engelund
and Hansen (1967) employs Bagnold's stream power model and the similarity principle to estimate the sediment
concentration by weight, which is called transport capacity in the river. The equation reads,

Cw, i = 0.05 · (
Gs

Gs − 1
)

V · S f
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Gs − 1) · g · ds ,i

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Rh · S f

(Gs − 1) · ds,i

√

(10)

where Cw,i is the sediment concentration of flow by weight for the size fraction i (− ), Gs is the sediment specific
gravity (− ), V is the averaged velocity of the channel (m s− 1), Rh is the hydraulic radius, as used in Equation 4, Sf is
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the friction slope of the channel (− ), g is the gravitational acceleration (m s− 2), ds,i is the size diameter (m) of
fraction i.

2.4. Modifications to CASC2D‐SED and Coupling With AHMS

The CASC2D‐SED module was revised to align with the large‐scale sub‐grid flow routing model in AHMS.
Modifications include implementing multiple sediment transport equations for overland flow, addressing scaling
issues in soil erosion prediction, and incorporating gully erosion representation. Figure 2 illustrates the integration
of large‐scale hydrological processes with water erosion and sediment transport within the AHMS‐IRRIG
framework.

Originally developed for small‐scale hydrological models, CASC2D‐SED differentiates between overland and
channel grids, applying upland erosion only to overland grids. For larger‐scale applications in AHMS‐SED, the
upland erosion component has been adapted to operate for each grid. Based on the observed river network,
streamflow transport capacity is only calculated for the main river, where the bank height exceeds a threshold
of 2 m.

Using hydrological variables from AHMS, three distinct methods for calculating upland transport capacity have
been developed:

1. Rainfall intensity combined with the USLE.
2. Surface runoff rate applied to the Kilinc and Richardson Equation.
3. Surface runoff rate integrated with both the Manning Equation and the Kilinc and Richardson equations.

Additionally, the upland sediment transport capacity model has been revised to incorporate the USLE and Kilinc
and Richardson equations, with enhancements to account for gully erosion through the integration of a gully
factor.

2.4.1. Development of a Unified Upland Sediment Transport Capacity Equation

In this study, we aim to develop a unified large‐scale (coarse resolution, in kilometers) water erosion and sediment
transport module by incorporating only basic independent variables, which are available in a mesoscale land
surface and hydrological model within the framework of AHMS‐SED. However, the derivation of a general
relationship between large‐scale, overland water flow‐induced soil erosion and the relevant environmental factors

Figure 2. A simplified flowchart illustrating the processes integrated into the model, combining the hydrological processes within AHMS‐IRRIG with water erosion and
sediment transport processes in CASC2D‐SED.
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poses a challenging task due to the complex and interdependent nature of erosion and sediment dynamics. The
process is governed by the intricate interplay of climate (rainfall and runoff), soil properties (erodibility),
topography (slope), ground cover (vegetation and rock), and human activities (tillage and conservation practices),
yet their interactions are not well understood. By following the dimensional analysis approach of Julien & Si-
mons (1985), the upland sediment discharge caused by sheet erosion in overland flow can be modeled as a
function of basic independent variables using the following scaling relation:

qs
ρν
= e1S0e2 (

q
ν
)
e3
(
riXr

ν
)

e4
(1 −

τcr
τ0
)

e5
(11)

where qs is the rate of mass transport per unit width, S0 is the bed surface slope, q is the unit discharge, ri is the
rainfall intensity, Xr is the length of runoff, ρ is the mass density of the fluid, υ is the kinematic viscosity of the
fluid, τcr and τ0 are critical and bed surface shear stresses, respectively. The coefficients e1, e2, e3, e4, and e5 can be
determined through laboratory or field investigations. Various sediment transport capacity equations for overland
flow can be unified within this general relationship using laboratory data, with the exponents provided in Table S1
in Supporting Information S1.

However, overland flow includes not only the diffuse sheet flow (laminar or mixed laminar flow) but also
concentrated flow (turbulent flow) in rill or gullies (Ward & Robinson, 1975). Specifically, gully erosion rep-
resents a more advanced and severe form of erosion than sheet and rill erosion, which USLE/RUSLE typically
predicts. These models do not account for concentrated flow processes that lead to gully formation nor predict
gully erosion rates or specific locations where gullies might form. Introducing a gully erosion factor could address
this gap by representing these concentrated flow processes and helping to pinpoint potential gully formation sites.
Thus, the above dimensional analysis is further extended, along with physical model assessments, by considering
the confinement of flow geometry in the gully, as detailed in Text S2 in Supporting Information S1.

Dimensional analysis requires:

qs
ρν
= e1S0e2 (

q
ν
)
e3
(
riXr

ν
)

e4
(1 −

τcr
τ0
)

e5
Gaf

e6 (12)

where Gaf represents the gully area fraction, which is the gully area divided by the grid cell area (see Eq. S2). We
assume that the gully area factor (Gf), which represents the enhancement of erosion rate caused by concentrated
flow in the gully, is given by Gf = Gaf

e6 .

Following Julien & Simons (1985), this equation can be further simplified under two assumptions: (a) When τcr
remains small compared with τ0, the last term can be neglected. (b) For one‐dimensional overland flow, on the
impervious surface, the unit flow discharge is equal to the rainfall rate multiplied by the runoff length, that is,
q = riXr. Thus, the second and third terms are alternative and dependent.

We note that this model can be separated into the contributions from the rainfall and runoff variables (Table S4 in
Supporting Information S1), which are associated with the typical USLE and KR equations, respectively:

Rainfall type:
qs
ρν
= e1S0e2 (

riXr

ν
)

e4
Gaf

e6 (13)

Runoff type:
qs
ρν
= e1S0e2 (

q
ν
)
e3
Gaf

e6 (14)

Therefore, although the USLE and the KR equation were originally developed for estimating sheet and rill
erosion, the rainfall‐runoff erosivity from the USLE and the runoff erosivity from the KR equation can also be
combined with a gully factor to predict upland erosion, including in areas affected by gullies.

2.4.2. Rainfall‐Runoff Erosivity (EI30) Based Upland Sediment Transport Capacity

The USLE, as mentioned earlier, has been developed to predict long‐term soil erosion based on different envi-
ronmental factors. To calculate the sediment discharge in the upland areas of the Yellow River Basin, we extend
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the USLE to incorporate additional parameters associated with the sediment supply from gully erosion. Spe-
cifically, the equation for qs, the unit sediment discharge (ton m− 1 s− 1), reads

qs = e1 · E · I30 S · K · C · P · Gf (15)

where qs is the sediment discharge based on the USLE with the modification introduced in the present study
(ton ha− 1 yr− 1), and e1 is a dimensionless free parameter, which needs to be calibrated with the help of sediment
discharge data, K is the soil erodibility index (ton ha h ha− 1 MJ− 1 mm− 1), S is the slope steepness factor (− ), C is
the vegetation cover or called crop factor (− ), and P is the practice factor (− ), Gf is the gully area factor (− ), E is
the rainfall kinetic energy for the time interval ∆t (MJ ha− 1) (see Text S4 in Supporting Information S1), and I30 is
the maximum 30 min rainfall intensity (mm h− 1) during a storm. In the USLE, EI30 values are calculated using
breakpoint rainfall intensity data derived from continuous recordings on rain gauge charts. However, in the land
surface model, only fixed‐interval (such as hourly) rainfall data is available. Thus, in this study, the 30‐min
rainfall erosivity index (EI30) was derived from sub‐daily rainfall data (e.g., 3‐hourly CMFD; see Sec-
tion 3.2.1) by multiplying a fixed conversion ratio, following Yin et al. (2007) and a regression fit (Figure S3 in
Supporting Information S1) for estimating rainfall erosivity from fixed‐interval data in China.

2.4.3. Runoff‐Based Upland Sediment Transport Capacity

Similarly, the KR equation, the modification of Julien (2010), is further improved to incorporate concentrated
flow in the gullies. As discussed in the previous section, this extension is essential for the accurate modeling of
sediment transport capacity at the regional scale. Specifically, the sediment discharge qs is assumed to be pro-
portional to the gully factor Gf by taking into account concentrated flow and additional parameters related to
sediment supply due to gully erosion. The equation for qs, the unit sediment discharge (ton m− 1 s− 1), reads

qs = e1 · S05/3 · q2 · K · C · P · Gf (16)

where e1 is a dimensionless free parameter, which needs to be calibrated with the help of sediment discharge data;
S0 is the soil slope (m m− 1), Gf is the gully area factor (− ), and q is the unit flow discharge (m2 s− 1).

In land surface and flow routing models, “surface runoff rate” refers to the vertical accumulation of water on land,
while “flow velocity” describes its horizontal movement across the surface or through rivers. These distinctions
are essential for understanding runoff generation and water movement dynamics. Additionally, according to the
principle of mass conservation, for one‐dimensional overland flow, the unit flow discharge is equal to the runoff
rate multiplied by the runoff length on the slope. In this study, the overland flow is incorporated here by
computing the unit discharge q of overland flow both from the surface runoff rate (Rs) and using Manning's
equation. In the Manning equation, the slope of the energy line is equal to the slope of the soil surface (kinematic
wave approximation). It is given by

q =
⎧⎨

⎩

Rsf · dx
1
n
· R

5
3 · S0

1
2

(17)

where Rsf is the surface runoff rate (m s− 1), dx is the width of grid cells applied in the simulations (m), n is the
Manning roughness coefficient, which is selected according to the type of ground cover, and R is the hydraulic
depth (m).

2.4.4. Incorporation of Erosion Factors: K, S, C, P and Gf

In the original USLE, the soil erodibility factor (K) encodes information about the inherent resistance of sediment
on the soil to water erosion, which is related to soil texture, organic matter and permeability. Many studies have
found that soil erodibility is mainly associated with clay content (CL). Zhang et al. (2004) developed and vali-
dated, thus, the following soil erodibility equation related to CL using experimental field data from the Chinese
Loess Plateau.
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K = 0.031 − 0.0013 ·CL (18)

where CL is the clay content in percentage (%).

The length and slope factors (L and S, respectively) represent the geomorphological controls in the original USLE.
Since it is difficult to represent the slope length factor L in a catchment‐scale domain, Pelletier (2012) suggests
using S as the only geomorphological control parameter and employing a model that is not based on L. We follow
Pelletier (2012) and use the following equation for S.

S = 20 · S05/4 (19)

The crop factor is calculated based on the vegetation greenness and cropland fraction Fveg and Fcrop, respectively,
and it also accounts for the tillage method factor. To represent and quantify soil conservation practices on a large
scale, we assume a practice factor P value of 1.0. Summarizing,

Fveg = 1 − e− 0.52 · LAI (20)

C = fno− till · (1 − Fveg) + ftill · Fveg · Fcrop (21)

where Fcrop is the cropland fraction obtained from 500 m MODIS‐based irrigation fraction (Ozdogan & Gut-
man, 2008). In the Yellow River basin, we have noted that irrigated cropland is more affected by tillage erosion,
while rainfed areas are less impacted. Moreover, leaf area index (LAI) is the obtained from lookup tables on land
use types and the calendar month. The adoption of table‐based LAI, which is the standardized default option in the
Dynamic Vegetation parameterization of Noah MP‐LSM as outlined by He et al. (2023), has been validated and
proven effective in a range of studies (Chen et al., 2016; Cuntz et al., 2016). ftill is the tillage method factor, which
accounts for agricultural soil erosion due to plowing and tillage. For the cropland, we assumed to ftill = 1.0.
Furthermore, fno‐till represents the no‐tillage method factor for nature land, which is typically less than 1.0.
Wilkinson and McElroy (2007) suggested that soil erosion on cultivated land is four times greater than on natural
land at a catchment‐scale. In contrast, Maetens et al. (2012) reported that cropland experiences up to 10 times
more erosion than natural land, based on a comprehensive analysis of measured plot studies in Europe. Therefore,
we initially set the default value of fno‐till to 0.25. This parameter is also set to 0.1 in our sensitivity analysis to
evaluate its influence on sediment discharge predictions.

In Section 2.4.1, we introduce and integrate a “gully factor” into the calculations for upland sediment discharge to
account for the enhanced erosion attributed to concentrated flow in gully areas. The gully erosion factor is
computed using the exponential equation here based on the gully area index. The gully area index is validated by
comparing it to a boundarymap of sediment‐rich areas in themiddle reaches of the YellowRiver Basin, as detailed
in Section 3.3.1. Additionally, the gully factor is further validated by comparing upland sediment transport capacity
and sediment discharge at the basin outlet with and without the gully factor, as discussed in Section 4.2.

Specifically, a novel gully area index (Ga) to predict the permanent gully area fraction (gully areas/grid cell areas)
on regional scales is proposed. We assume that the permanent gully area fraction describing the ground frag-
mentation can be estimated from the rate with which the slope decreases as the resolution of Digital Elevation
Model (DEM) decreases. Here, the gully area index Ga is defined as the quotient ratio of S30 m and S20 km, that is,
the average slopes derived from the 30 m high‐resolution DEM and the average slopes derived from the 20 km
resolution DEM, respectively.

Ga =
S30 m

S20 km
(22)

Gf = exp(α · (Ga − 1)) (23)

where Ga ≥ 1.0 and α is an empirical dimensionless parameter tested through sensitivity analysis to calibrate and
evaluate its influence on sediment discharge predictions at the basin outlet. The definition of slope and the
interpolation method using raster data is detailed in Text S3 in Supporting Information S1.
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3. Application to the Yellow River Basin
3.1. Study Area: Yellow River Basin

Notably, the world's most severe soil erosion occurs on the arid and semi‐arid Chinese Loess Plateau. Figure 3
highlights the Loess Plateau, located in the middle reaches of the Yellow River, spanning 640,000 km2 in
northwest China. This region is characterized by an extensive loess cover and high erosion rates, averaging
approximately 1.6 Gt yr− 1 from 1950 to 1980 (Qian & Dai, 1980). Over 60% of the Loess Plateau experiences
severe soil erosion, with an average soil loss of 2,000–2,500 ton km− 2 yr− 1 and about 0.01–2 cm of topsoil eroded
annually (Shi & Shao, 2000). This world's highest soil erosion rate results from several factors, including high soil
erodibility, sparse vegetation, large permanent gullies, intense and concentrated rainfall, and extensive long‐term
human activity (Hessel et al., 2003; Zheng & Wang, 2014).

The Yellow River is the second‐longest river in China (5,464 km), and the Yellow River Basin (795,000 km2) is
the largest in northern China. The Yellow River flows across the Qinghai‐Tibet Plateau, Inner Mongolia Plateau,
Chinese Loess Plateau, and Huanghuaihai Plain. The annual mean air temperature in the Yellow River Basin
ranges from − 4° to 2°, and the annual mean precipitation is approximately 450 mm, which is unevenly distributed
(Yellow River Water Bulletin). Additionally, the basin is characterized by a plateau and temperate climate and is
strongly affected by the East Asian monsoon.

Figure 3. (a) Topography of the Yellow River Basin and the locations of the five main hydrological stations: Tangnaihai,
Lanzhou, Toudaoguai, Longmen (LM) and Huayuankou. The dotted area, separating the stations of LM at the south and
Toudaoguao at the north, corresponds to an area of permanent gully activity and very high‐intensity water erosion. The
sediment yield modulus within the time span from 1999 to 2019 exceeded 5,000 ton km− 2 yr− 1 in this area (http://www.ncdc.
ac.cn). The major reservoirs indicated in the figure, from upstream to downstream, are Longyangxia, Liujiaxia, and
Sanmenxia. (b) Regional location map; (c) A typical landscape of permanent gullies in the Loess Plateau.
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The mean annual runoff in Sub‐basin 3, illustrated in Figure S4 in Supporting Information S1, is negative,
attributed to irrigation water use in this region. Thus, irrigation water is a crucial component of the water balance,
especially in the semi‐arid areas of the Yellow River Basin. Additionally, the sediment discharge of the Yellow
River increases significantly through the Loess Plateau. Figure S4 in Supporting Information S1 also shows that
while 80% of the water yield comes from the upstream area of Toudaogai, this area supplies only 10% of the
sediment load to the Yellow River. In contrast, nearly 90% of the sediment load originates from the midstream
area (Toudaoguai (TDG)—Huayuankou (HYK)), characterized by the wind‐deposited Loess Plateau. It is well‐
known that water and sediment yields are distinctly separated in the Yellow River Basin (Hassan et al., 2008).
Furthermore, over the past 60 years, the sediment load of the Yellow River has decreased by approximately 90%
(Yu et al., 2013) due to the reductions in water discharge and sediment concentration. These changes can be
attributed to regional climatic variations and human interventions such as soil conservation on the Loess Plateau,
increased water consumption, and several dams along the Yellow River (Wang et al., 2016; Yu et al., 2013).

3.2. Data and Preprocessing

3.2.1. Near Surface Meteorological Data

The high spatial‐temporal resolution gridded China Meteorological Forcing Data set (CMFD) (Chen et al., 2015;
He et al., 2020; Yang et al., 2015) is adopted as the near‐surface meteorological input data set driving the land
surface model. The associated variables include precipitation, near‐surface air temperature, near‐surface specific
humidity, surface pressure, near‐surface wind, surface downwelling shortwave and longwave radiation.
Compared to various other gridded rain gauge‐corrected precipitation data sets, CMFD has been validated as the
most accurate precipitation product for the Yellow River Basin (Jiang et al., 2024).

3.2.2. Geo‐Static Data

The DEM, including the information about hydrological systems in the study area, is used as the input variable for
the flow and sediment routing model. Specifically, the high‐resolution geographic digital elevation data set Multi‐
Error‐Removed Improved‐Terrain DEM with a 3‐s resolution (Yamazaki et al., 2019a, 2019b) is used and
upscaled to the model resolution (see Figure 4a) by using an HMS preprocessing program (Yu et al., 2006). The
slope is calculated based on 30 m resolution DEM SRTM (Farr et al., 2007; JPL, 2013) and then aggregated to
20 km resolution (see Figure 4b) using the grid‐cell average interpolator from the WRF Preprocessing Sys-
tem (WPS).

The study utilizes the United States Department of Agriculture 16‐class soil classification system (Davis &
Bennett, 1927; Soil Survey Division Staff, 1993) for categorizing soils. The State Soil Geographic Database Food
and Agriculture Organization (STATSGO) and the Food and Agriculture Organization (FAO, 1991) soil data set
provides the soil type map. Furthermore, soil type map and United States Geological Survey 24‐category
vegetation (land use) data sets are aggregated from 5 arc min resolution to model grid in the Yellow River Basin
using the WPS, as shown in Figures 4c and 4d.

Additionally, the CL is obtained from a 30 arc‐seconds resolution soil particle‐size distribution data set, devel-
oped for regional land and climate modeling (Shangguan et al., 2012a, 2012b), and is used to calculate the soil
erodibility factor. Furthermore, a basic boundary map of rich sediment areas (see Figure 4f) in the middle reaches
of the Yellow River Basin (Yellow River Basin Monitoring Center, 2020)—defined as the area with a sediment
transport modulus greater than 5,000 t km− 2 a− 1 and a widespread presence of permanent gullies—is used to
validate the gully index.

3.2.3. Observed Hydrological and Sediment Data

To calibrate and validate the model predictions for the water and sediment discharge, we employ the daily
averaged measured water discharge (m3 s− 1) and suspended sediment concentration (kg m− 3) for the period
1979–1987 from the National Earth System Science Data Center, China, including the five major stations along
Yellow River, namely Tangnaihai (TNH) (a), Lanzhou (LZ) (b), TDG (c), Longmen (LM) (d) and HYK (e). The
method for measuring suspended sediment concentration at river locations involves collecting instantaneous
bucket samples to determine the river water volume‐averaged concentration.
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3.3. Model Configuration and Experimental Setup

3.3.1. Model Configuration

The spatial and temporal resolutions of the offline AHMS‐SED are 20 km and 60 min, respectively. Here, we
focus on streamflow simulations around the 1980s, that is, the early years preceding the construction of the dams,
since our model currently does not consider the role of dams and reservoirs in regulating river flow and suspended
sediment. Furthermore, a 20‐year climatological spin‐up, using constant geostatic data and cyclic forcing from
1979 to 1989, is performed to reach equilibrium conditions within the model, particularly for the groundwater
table, before conducting the experiments described in this paper. The geo‐static variables are re‐gridded into the
modeled domain in the Yellow River Basin. Figure 4a shows that the western part of the Yellow River Basin
(Qinghai‐Tibet Plateau) has high elevations, while the eastern regions are lower. Figure 4b illustrates that the

Figure 4. The input geo‐static data include elevation (a), slope (b), soil type (c), vegetation type (d), soil erodibility (e) and gully density (f) index for the Yellow River
Basin. In subplot (f), the red line represents sediment source hotspots in the middle reaches of the Yellow River, the Loess Plateau of China.
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southern and western slopes of the Yellow River Basin are steep, whereas the northern region is notably flat.
Figure 4c indicates that loam is the dominant soil type in the Yellow River Basin. Figures 4d and 4e show that
grassland and shrubland are prevalent vegetation types and soil erodibility is high in the flat northern areas of the
Loess Plateau. The distribution of the gully area index, as shown in Figure 4f, is closely related to the areas rich in
sediment and permanent gullies. The calibrated parameters are selected from the land surface model, the flow
routing model, the irrigation module, and the water erosion and sediment transport model, as detailed below.

3.3.1.1. Hydrological Model

The regional hydrological model of the Yellow River Basin, which forms the basis for the water erosion and
sediment transport model setup in this paper, was developed in a previous study by Jiang et al. (2022). This
previous study includes the sensitivity analysis of the model parameters referred to in the present manuscript,
specifically for the parameters include the soil saturated hydraulic conductivity, saturated hydraulic conductivity
of riverbed, riverbed fraction andManning's roughness coefficients, irrigation triggered soil water availability and
triggered leaf area (Jiang et al., 2022). Jiang et al. (2022) calibrated and validated the regional hydrological model
of the Yellow River Basin with consideration of irrigation by comparing observed and predicted water discharge,
evapotranspiration and terrestrial water storage change using in‐situ, satellite and assimilated data. A summary of
the physical and control parameterization schemes used in the land surface model (Noah‐MP) is listed in Table S2
in Supporting Information S1. For a comprehensive understanding of the hydrological parameterization used in
this model, please refer to Jiang et al. (2022).

3.3.1.2. Water Erosion and Sediment Transport Model

Three parameters within the erosion and sediment transport module of AHMS‐SED are selected for the parameter
sensitivity analysis. These three parameters are the empirical parameter in the gully factor equation (α), the
scaling parameter in the overland flow transport capacity equation (e1) and the no‐tillage parameter in the crop
factor equation ( fno‐till).

We calibrate the offline AHMS‐SED against the observed average sediment yields at the HYK station from 1
January 1979 to 31 December 1983. Therefore, the offline AHMS‐SED is validated by comparing the obser-
vations and predictions of monthly sediment fluxes at five hydrological stations from 1 January 1984 to 31
December 1987.

3.3.2. Experimental Design

We designed 21 numerical experiments to calibrate and validate the AHMS‐SED model. Each experiment in-
cludes a calibration period (1979–1983) and a validation period (1984–1987), which are crucial for ensuring the
robustness of the experimental results. As shown in Table 1, the experiments are organized into three distinct
groups: Ensembles I, II, and III. Each ensemble uses different sediment transport equations for upland areas based
on rainfall, runoff, and overland flow as erosivity predictors.

The calibration process for each experiment involves adjusting three main parameters: the free parameter (e1), the
empirical parameter in the gully factor equation (α), and the no‐tillage factor ( fno‐till). To simplify the calibration
process, we select fixed sets of the gully factor (0, 0.2, 0.3, 0.4) and the no‐tillage factor (0.1 and 0.25). These
fixed sets have been selected based on results from pre‐calibration tests, by comparing the observed sediment
discharge with model prediction results for different values of the gully factor, while the values chosen for the no‐
tillage factor fixed sets fall within the range reported in previous work (Maetens et al., 2012; Wilkinson &
McElroy, 2007). Using these fixed sets of the gully factor and the no‐tillage factor, the free parameter (e1) is then
calibrated for each experimental setup, whereupon a parameter sensitivity test is performed to elucidate the
significance of gully and crop factors on the model predictions. All experiments use the same relevant sediment
modules, including the sediment routing module and the equations for sediment transport capacity and deposition
velocity, to ensure consistency across the experiments.

While the model operates at an hourly time step and daily data are available, we chose to perform calibration and
validation on a monthly basis. This decision is driven by the complexities of the Yellow River basin, which spans
750,000 km2 and exhibits varied geographical and climatic conditions. The basin's vast scale introduces sig-
nificant variability in hydrological processes, and the model's 20 km resolution is not well‐suited to accurately
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capture fine‐scale daily variations. Monthly calibration effectively averages these variations, focusing on broader
spatial and temporal patterns, thus providing a more stable and effective basis for model evaluation. Additionally,
hydrological parameters such as riverbed profiles, width‐depth relationships, and Manning's coefficients pose
representation challenges across this extensive area. Human activities, particularly damming and reservoir op-
erations, significantly affect streamflow and sediment dynamics, with their impacts more appropriately accounted
for through monthly calibration. This calibration strategy enhances the reliability and depth of our model eval-
uations, ensuring that the outputs are both practical and meaningful for assessing the long‐term water and
sediment budget in the Yellow River basin.

3.4. Evaluation Metrics for Model Performance

The model performance is evaluated by using the following metrics: the Nash–Sutcliffe model efficiency co-
efficient (NSE) (Nash & Sutcliffe, 1970), Pearson correlation coefficient (Cor), sediment balance index and
modified Kling‐Gupta efficiency (mKGE). These performance metrics are defined as follows.

NSE = 1.0 −
∑

N
i=1 (P

i
s − Pi

o)
2

∑
N
i=1 (P

i
o − Po)

2 (24)

Cor =
∑

N
i=1(P

i
o − Po) (Pi

s − Ps)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑
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2
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2

√ (25)

SBI =
∑

N
i=1 P

i
s

∑
N
i=1 P

i
o

(26)

Table 1
Experimental Design to Evaluate the Different Sediment Transport Capacity Equations for Overland Flow

Ensemble Experiments

Upland sediment discharge

Description Rainfall or runoff factor Slope term Scaling e1 Gully factor α fno‐till K, and P

I EXP 1 USLE Rainfall EI30 20S0
1.25 38 0.3 0.25 Equation 18 and 1.0

EXP 2 129 0.2 0.1

EXP 3 65 0.3 0.1

EXP 4 27 0.4 0.1

EXP 5 230 0.0 0.25

EXP 6 81 0.2 0.25

EXP 7 15 0.4 0.25

II EXP 8 KR‐1 Runoff q2.0 S0
1.66 2.4e4 0.3 0.25

EXP 9 1.3e5 0.0 0.25

EXP 10 4.7e4 0.2 0.25

EXP 11 9.8e3 0.4 0.25

EXP 12 7.8e4 0.2 0.1

EXP 13 4.1e4 0.3 0.1

EXP 14 1.8e4 0.4 0.1

III EXP 15 KR‐2 Flow q2.0 7.2e6 0.3 0.25

EXP 16 3.1e7 0.0 0.25

EXP 17 1.3e7 0.2 0.25

EXP 18 3.6e6 0.4 0.25

EXP 19 1.9e7 0.2 0.1

EXP 20 1.1e7 0.3 0.1

EXP 21 5.8e6 0.4 0.1
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mKGE = 1 −
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Cor − 1)2 + (λ − 1)2 + (γ − 1)2
√

λ = bias ratio =
μS
μO

γ = variability ratio =
σS/μS
σO/μO

(27)

where Ps and Po are the simulated and observed values of the P variable, respectively, and Po is the mean value of
Po, μS and μO denote the mean of the predicted and observed values, respectively, while σS and σO denote the
corresponding standard deviations.

4. Results
We remark that our work primarily aims to develop a water erosion and sediment transport model for large‐scale
basins, which can be coupled with land surface and large hydrological models rather than evaluating existing
models. To this end, we have revised typical erosion schemes and integrated them into our large‐scale hydro-
logical model (AHMS), detailed in Section 2.4. This section presents a comprehensive evaluation of the overall
performance of the expanded model.

4.1. Calibration and Validation of the Model

Revised rainfall‐based USLE, runoff‐based KR and discharge‐based KR equations are employed to simulate
upland sediment discharge, and their corresponding performances are compared in Figure 5, Figures S5 and S6 in
Supporting Information S1. Figure 5 and Table 2 demonstrate that the observed and predicted sediment fluxes for
all stations during the calibration and validation periods are quantitatively consistent, including fluctuations and
averages, except for the underestimation of sediment fluxes at the TDG station. In particular, excellent agreement
between the predictions and observations (mKGE = 0.90, NSE = 0.81) is obtained at the outlet of the middle
reaches in the Yellow River Basin (HYK station). The highest accuracy was achieved at the LM and HYK
stations, highlighting the critical role of gully erosion on the Loess Plateau, which is discussed in the next section.
Consistent with the sediment yield observations in Figure S4 in Supporting Information S1, the simulated
sediment fluxes at TNH, LZ and TDG are relatively small compared with their counterparts at LM and HYK, with
a maximum peak of approximately 20 ton s− 1.

4.2. Impact of Permanent Gully Erosion on Sediment Dynamics

The TDG‐LM sub‐basin is characterized by significant permanent gully activity and severe concatenated erosion
processes, which contribute large amounts of sediment to the Yellow River (Figure 3). To validate the gully area
factor, it is necessary to consider the long‐term averaged sediment yield predicted by the model for the five sub‐
basins: HW‐TNH, TNH‐LZ, LZ‐TDG, TDG‐LM, and LM‐HYK (Sub‐basins 1–5).

Figure 6 shows that in the absence of the gully factor, the model underestimates the sediment yields in Sub‐basin 4
(TDG‐LM), which is characterized by significant permanent gully activity and a high gully density index, and
overestimates the sediment yields in permanent gully‐free Sub‐basins 1, 2 and 5. According to our model results,
Sub‐basin 3 is identified as an area of net deposition. Comparison with the observed sediment yield suggests that
the model underestimates erosion in this area. A more detailed discussion of this observation will be provided in
Section 5.3. Figure 7 demonstrates that incorporating the gully factor improves the model's predictions, as the
predicted sediment transport capacity of overland flow and net eroded and deposited soils (with positive values
indicating erosion) agree well with the observed large permanent gully area (see Figure 3). In contrast, without the
gully factor, the model tends to overestimate sediment yield in steep areas (see Figure 4b for slope and Figure 7d).

4.3. Predicting Upland Sediment Discharge Using Rainfall, Runoff and Overland Flow

Table 3 displays the ensemble modeling results for the suspended sediment discharge, considering the three
ensembles I, II and III defined in Section 3.3.2, along with corresponding observations at five hydrological
stations. The model performance evaluation indicators at the HYK station show the best agreement and stability
between simulated and corresponding observed data using USLE rainfall‐runoff erosivity (EI30). This best
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Figure 5. Comparison of observed and predicted monthly suspended sediment discharge at the five hydrological stations: Tangnaihai (a), Lanzhou (b), Toudaoguai (c),
Longmen (d) and Huayuankou (HYK) (e). HYK corresponds to the midstream outlet. Results of EXP 1 are shown here, and the upland erosion equation is based on the
Universal Soil Loss Equation rainfall erosivity (EI30). The left column presents the time series obtained in the simulations with corresponding observations for
comparison, with the dashed line delimiting the calibration (1979–1983) and validation (1984–1986) periods. The middle and right columns show scatter plots for each
period, with the 1:1 line in black. Model performance metrics, including modified Kling‐Gupta efficiency and correlation (Cor), are provided. Note that the range of the
y‐axis is not the same for the five subplots.

Table 2
Statistical Evaluation for the Suspended Sediment Discharge, Predicted by the Model, Based on Corresponding Observations at Five Hydrological Stations

Stations

Calibration period (1979–1983) Validation period (1984–1986)

Mean obs (Mt a− 1) Mean sim (Mt a− 1) SBI mKGE NSE Mean obs (Mt a− 1) Mean sim (Mt a− 1) SBI mKGE NSE

TNH 20.6 23.5 1.14 0.51 0.35 14.0 20.4 1.57 0.26 − 0.15

LZ 49.9 47.7 0.96 0.71 0.83 53.8 31.3 0.63 0.42 0.35

TDG 127.3 46.0 0.36 − 0.00 0.16 109.0 38.0 0.38 0.21 0.08

LM 514.1 517.8 1.01 0.60 0.17 368.1 477.5 1.27 0.61 0.08

HYK 868.5 865.7 1.00 0.59 0.11 666.0 681.7 1.04 0.90 0.81
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agreement can be understood by noting that rainfall‐runoff erosivity is still the most accurate variable inside large‐
scale watersheds, while runoff can be predicted more accurately than overland flow.

Specifically, Table 3 and Figure S5 in Supporting Information S1 show that the sediment yields predicted by the
KR‐runoff equation are overestimated in humid mountainous areas, such as at TNH and LZ, where subsurface
runoff significantly contributes to the total runoff. The KR equation performs better in arid and semi‐arid regions
of the basin. Indeed, in the land surface model (Noah‐MP), surface and subsurface runoff are not accurately
partitioned in mountainous areas. Figure S6 in Supporting Information S1 shows that the overland flow‐based KR
equation function performs poorly in the simulation, especially during extreme flood events. Therefore, the
inability to accurately simulate surface runoff at the basin scale is a significant limitation of sediment yield models

Figure 6. Simulation and corresponding observations of annual mean sediment yield averaged over 1979–1987 in the Yellow
River. The simulations with and without the gully factor are EXP 1 and EXP 5.

Figure 7. Spatial distribution of offline AHMS‐SED simulated annual mean sediment transport capacity of overland flow, net eroded and deposited soil in the Yellow
River over 1979–1987. Positive values indicate deposition, while negative values indicate erosion. Subfigures (a) and (b) with the gully factor (EXP 1), while subfigures
(c) and (d) without the gully factor (EXP 5).
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based on the KR equation. Overall, incorporating the gully factor and USLE rainfall‐runoff erosivity (EI30) over a
nearly decade‐long period yields stable and accurate sediment yields for the entire watershed (Table 3).

4.4. Sensitivity of Sediment Discharge to Climate and Environmental Changes

We conducted a sensitivity test using the AHMS‐SED model to assess how variations in climate parameters
influence sediment transport and yields in the Yellow River Basin. The historical meteorological data from the
1980s served as the baseline for the model, ensuring robust calibration and validation.

Figure 8 illustrates the insights gained from the sensitivity test, which are as follows:

1. Halving precipitation intensity reduces sediment discharge by 99%, primarily due to the high sensitivity of
infiltration‐excess runoff generation and upland sediment yield to the rainfall intensity.

2. A 2°C temperature increase slightly reduces sediment yields. While increased temperature affects evapo-
transpiration and soil moisture, it has minimal impact on sediment transport dynamics directly.

3. Halving precipitation amount decreases sediment discharge by 59%, though its effect is much less significant
compared to precipitation intensity.

4. Doubling irrigation reduces sediment discharge by 10%, likely due to reduced streamflow and increased river
sediment deposition.

5. Discussions
5.1. Comparison of Gully and Slope Factors

Gully erosion plays a significant role in sediment transport within hydrological basins, particularly in areas with
permanent gullies, and its impact increases with spatial scale. This underscores the importance of incorporating
gully‐related parameters into upland sediment flux models (de Vente & Poesen, 2005; Poesen et al., 1996, 2003).
While slope‐based models (e.g., Pelletier, 2012; Roering et al., 1999) use strongly nonlinear relationships to
capture landslide effects, they may inadequately represent gully erosion dynamics. To address this, we propose
the gully area index and gully factor as alternatives, based on dimensional analysis and derived physical equations
under idealized assumptions (see Section 2.4.1), offering a more comprehensive approach to erosion modeling.

Table 3
Statistical Evaluation of the Modeling Ensemble Average of Suspended Sediment Discharge Obtained With the Model, Along With Corresponding Observations at Four
Hydrological Stations

Stations Ensemble

Calibration period (1979–1983) Validation period (1984–1986)

Mean obs
(Mt a− 1)

Mean sim
(Mt a− 1)

Mean
SBI

Mean
mKGE

Mean
NSE

Mean obs
(Mt a− 1)

Mean sim
(Mt a− 1)

Mean
SBI

Mean
mKGE

Mean
NSE

TNH I 20.6 20.43 0.99 0.38 0.22 14.0 19.11 1.37 0.23 − 0.29

II 68.19 3.31 − 1.45 − 5.90 62.77 4.48 − 2.57 − 13.94

III 30.35 1.47 − 0.12 − 2.48 24.66 1.76 − 0.24 − 2.96

LZ I 49.9 45.91 0.92 0.63 0.78 53.8 32.37 0.60 0.37 0.30

II 119.18 2.39 − 0.47 − 0.24 96.21 1.79 − 0.10 3.26

III 201.01 4.03 − 2.19 − 50.39 47.43 0.88 0.20 0.02

TDG I 127.3 44.13 0.35 − 0.10 0.10 109.0 39.42 0.36 0.19 0.06

II 98.23 0.77 0.33 − 0.01 79.21 0.73 0.32 0.22

III 194.34 1.53 − 2.28 − 35.80 35.79 0.33 0.04 − 0.06

LM I 514.1 482.40 0.94 0.56 0.16 368.1 435.59 1.18 0.59 − 0.03

II 450.69 0.88 0.51 − 0.06 211.66 0.58 0.62 0.30

III 446.41 0.87 0.10 − 0.09 144.79 0.39 0.25 0.13

HYK I 868.5 868.50 1.00 0.59 0.12 666.0 684.87 1.03 0.85 0.74

II 861.26 0.99 0.54 − 0.02 578.31 0.87 0.68 0.54

III 869.95 1.00 0.50 − 0.01 511.71 0.77 − 0.05 − 14.10

Journal of Advances in Modeling Earth Systems 10.1029/2024MS004593

JIANG ET AL. 19 of 27

 19422466, 2025, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024M

S004593 by B
ibl. der U

niversitat zu K
oln, W

iley O
nline L

ibrary on [23/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



The Pearson correlation coefficient (Cor) in Figure S7 in Supporting Information S1 reveals a negative linear
relationship between the slope factor (S) and the gully area index (Ga) for slopes exceeding 15°. This indicates that
gully distribution depends not only on slope but also on factors such as climate, geology, and vegetation. For
example, steep mountainous areas such as the Qinghai‐Tibet Plateau are characterized by little sediment yields
compared to the Loess Plateau in the Yellow River Basin. The variable of the slope is, therefore, not a direct
indicator of the intensity of gully erosion. By contrast, the gully area index represents the surface fragmentation,
that is, gully area fraction or gully density, and is, thus, a better indicator of gully erosion intensity. Thus, our
study demonstrates that gully erosion cannot be adequately represented solely by the slope factor, underscoring
the need to incorporate the gully area index for a more comprehensive understanding of sediment transport
dynamics.

Figure 8. Comparison of (a) monthly and (b) averaged annual cycles of predicted (dashed lines), which is under (red) and not under (blue) specific climate change
scenarios (Scenario 1, 2, and 3) and observed (solid line) sediment flux at the outlet of middle reaches of Yellow River Basin (HYK station) for the period of 1979–1987.
Subfigure (1) Scenario 1: precipitation halves, which means the precipitation rate is uniformly halved during the study period. Subfigure (2) Scenario 2: temperature
rises by 2° evenly during the study period. Subfigure (3) Scenario 3: precipitation time (or amount) is halved, which means no rainfall on the even days (1979.01.02,
1979.01.04, 1979.01.06, …) during the study period. (4) Scenario 4: doubling the amount of river irrigation during the study period.
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Previous studies lack robust formulas and data sets on the fraction area of large‐scale gullies to effectively
characterize gully erosion. The gully area index introduced here provides a novel descriptor of gully erosion and
its contribution to sediment sources in catchment‐scale hydrological and sediment transport modeling. We
propose that the gully area index is an adequate parameter for regional hydrological and sediment transport
modeling, as the slope factor used in current models is deficient and suitable only for small‐scale systems. Future
application and evaluation of the gully area index across diverse watersheds, landforms, and climates will be
crucial for advancing regional water erosion and sediment modeling.

5.2. Scaling Challenges and Solutions

Scaling issues arise in any study attempting to model hydrological behavior and related water erosion and
sediment transport processes without resolving equations for every hillslope unit (Yu et al., 2006). This study
addresses two key scaling issues in large‐scale water erosion and sediment transport modeling: (a) downscaling
climate forcing timescales from daily or sub‐daily to hourly and short durations (b) resolving upland sediment
yield at scales with grid cell sizes from 1 km to tens of kilometers.

For the first scaling issue, the 30‐min rainfall‐runoff erosivity index (EI30) derived from coarse fixed‐interval
rainfall data is significantly lower than that estimated from breakpoint rainfall data (Panagos et al., 2015; Yin
et al., 2007). Following Yin et al. (2007), we calculate the EI30 for each hydrology grid cell by scaling the LSM
timestep‐averaged rainfall rate with a linear scaling parameter that increases with the LSM timestep. Since only
fixed‐interval rainfall data are available in the LSM, future work could explore incorporating a more advanced
probability distribution function to better capture rainfall intensity variability.

Regarding the second scaling issue, the 20 km grid cell size used in this study, while effectively simulating the
hydrological and sediment transport processes in the calibration and validation tests (see Section 4.1), is too
coarse to resolve individual gullies and hillslopes. The optimal grid scale for predicting water erosion and
sediment transport processes remains an open question (Pelletier, 2012;Wood et al., 1988). Parameters associated
with topographic variables, such as slope, usually decrease rapidly as grid resolution decreases. Furthermore, a
grid cell size of several kilometers may not capture most spatial heterogeneities in rainfall, runoff, and overland
flow. To address this, we introduced a linear scaling parameter to account for the decay of slope, rainfall, runoff,
or overland flow with decreasing grid resolution. Overall, the scaling parameter e1 encodes information about
rainfall or runoff and slope. However, this scaling‐dependent parameter increases as grid resolution decreases.
Future studies should explore advanced probability distribution functions to better account for the stochastic
properties of runoff, overland flow, or shear stress on the ground.

5.3. Cropland Erosion

According to both the irrigation fraction map (Ozdogan & Gutman, 2008) and the Global Map of Irrigation Areas
(Siebert et al., 2005), irrigation is most intensive in Sub‐basins 3 and 5. Figure S8 in Supporting Information S1
shows that EXP 3 indicates that a relatively higher amount of cropland erosion in Sub‐basin 5 will yield an
improved agreement between predicted and observed sediment yield, compared to EXP 1 (see Figure 6). As seen,
changing the no‐tillage factor causes no significant change in cropland erosion for Sub‐basin 3. This behavior is
attributed to the underestimation of sediment transport capacity and the flow velocity in the river in this area.
Future research should use additional streamflow observations to evaluate river flow velocity, depth, and cor-
responding sediment transport capacity.

5.4. Sedimentation in Reservoirs

Increasing anthropogenic activities in the Yellow River Basin, such as dams and reservoirs, usually significantly
impact the dynamics of suspended sediment load through sedimentation (Wang et al., 2016; Y. Yu et al., 2013).
Here, the potential sedimentation by the reservoir is examined by comparing the sediment fluxes at the reservoir's
upstream and downstream gauge stations. Figures S9a and S9c in Supporting Information S1 show that the
outflow sediment flux at the Longyangxia and Sanmenxia Reservoirs is larger than the inflow sediment flux at the
same reservoirs. Therefore, we conclude that sediment flux at these reservoirs did not change substantially from
1979 to 1987. However, as shown in Figure S9b in Supporting Information S1, the outflow sediment flux is
slightly lower than the inflow of Liujiaxia Reservoir. Therefore, we propose that sediment flux at the Liujiaxia
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Reservoir slightly changed over time due to sedimentation in the reservoir. It would be interesting to extend the
AHMS‐SED sediment transport model in future work to incorporate the effects of sedimentation in the reservoirs.

5.5. Impacts of Climate Variables on Sediment Discharge

The response of the water cycle and the transport of carbon, nutrients and sediments to climate change constitutes
a topic of great interest to the scientific community and has significant implications for society (Chahine, 1992;
Schlesinger & Bernhardt, 2020). A growing body of evidence (Allen & Ingram, 2002; Folland et al., 2002; Genfo
et al., 1991; Huntington, 2006; Li et al., 2021; Loaiciga et al., 1996; Trenberth, 1999) suggests that climate
warming will accelerate the water cycle, leading to changes in precipitation and runoff, and increase the frequency
and intensity of extreme hydrological events. These transformations in the water cycle and the concatenated
changes in hydrological processes could lead to substantial enhancement of erosion and sediment discharge at the
regional scale.

Representing and quantifying the water cycle and the transport of carbon, nutrients, and sediments at a large scale
is crucial, as it provides a comprehensive understanding of regional and global biogeochemical processes. This
large‐scale perspective highlights gaps in our understanding that are often encountered in small‐scale simulations.
Small‐scale studies, while detailed, may not capture the broader interactions and cumulative impacts of climate
change on hydrological and sediment transport processes. Thus, large‐scale studies are essential to bridge this gap
and provide a more holistic view of the changes occurring in these systems.

Predicting climate‐change‐driven decadal evolution of sediment transport rates at the regional scale is chal-
lenging, owing to the broad range of atmospheric, hydrological, anthropogenic and geomorphological variables
involved. Indeed, our coupled hydrological‐atmospheric simulations incorporate both the effect of irrigation on
hydrological processes (Jiang et al., 2022) and a comprehensive module for soil erosion processes at the
catchment‐scale. To address this complexity, we conducted a sensitivity test in Section 4.4 using the AHMS‐SED
model to understand how specific variables in climate change and anthropogenic scenarios influence the evo-
lution of sediment yields in the Yellow River Basin. We found that precipitation intensity significantly influences
sediment yields, while increased river irrigation reduces sediment transport. This approach helps in isolating the
impact of individual factors on sediment transport processes.

We are aware of the limitations of this part of our study, as we only altered one variable at a time rather than fully
integrating comprehensive climate and land use changes. Future research should incorporate the latest Intergov-
ernmental Panel onClimate Change scenarios, specifically the Representative Concentration Pathways and Shared
Socioeconomic Pathways provided by CMIP5 and CMIP6. The integration of these scenarios into our coupled
simulations of hydrological and sediment transport processes would constitute an excellent topic for continuation
of the present study in a future work, to elucidate concrete potential scenarios of climate‐change‐driven sediment
transport processes in the Yellow River Basin. Moreover, future studies should be dedicated to validating model
predictions with observed data from various regions to investigate the combined effects of multiple climate var-
iables on sediment yields. This would ensure consistency and comparability with other studies.

6. Conclusions and Outlook
Suspended sediment discharge is rarely represented in regional hydrological models. This study investigated
whether sediment discharge in large catchments can be reliably quantified using advanced land surface and large‐
scale hydrological models. To this end, we developed the AHMS‐SEDmodel by integrating the Atmospheric and
Hydrological‐Irrigation Modeling System with the revised CASC2D‐SED. This integration allows the model to
align with AHMS hydrological processes and incorporate three distinct upland sediment transport capacity
equations based on the rainfall, runoff and overland flow. A key achievement of this study is the introduction of
the gully area index to quantify erosion enhancement induced by concentrated flow in gullies at regional scales,
thus providing a measure of its potential impact on regional sediment supply. We addressed the often‐neglected
aspects of sediment dynamics which are vital for accurate large‐scale sediment modeling.

Specifically, the AHMS‐SED model was applied to the Yellow River Basin to simulate water erosion and
sediment processes from 1979 to 1987. We found that the AHMS‐SED model can accurately predict monthly
suspended sediment fluxes at five major hydrological stations in the Yellow River Basin, with strong agreement
with observations (mKGE = 0.90, NSE = 0.81 at the basin outlet). The gully area index and sediment transport

Journal of Advances in Modeling Earth Systems 10.1029/2024MS004593

JIANG ET AL. 22 of 27

 19422466, 2025, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024M

S004593 by B
ibl. der U

niversitat zu K
oln, W

iley O
nline L

ibrary on [23/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



capacity of overland flow spatially aligned with observed sediment source hotspots on the Loess Plateau, and
incorporating gully erosion significantly improved sediment budget accuracy. We further evaluated various
sediment transport equations, examining their effectiveness in capturing upland processes influenced by different
hydrological drivers. Among the tested sediment transport equations, the USLE‐EI30 proved to be the most
effective erosivity predictor for large‐scale water erosion, whereas models such as the KR equation, which rely
primarily on runoff and overland flow, exhibited limitations in accurately simulating surface runoff at the basin
scale. Moroever, a sensitivity analysis was conducted to evaluate how changes in precipitation patterns, tem-
perature, and irrigation practices might influence sediment transport and yields under various climate scenarios.
Our results highlight the extreme sensitivity of sediment yields in the Yellow River Basin to precipitation rates,
surpassing the influence of precipitation volume, temperature, and river irrigation.

Future research should improve the model by developing a scale‐adaptive parameterization for water erosion,
reducing dependence on scale‐specific parameters, and incorporating stochastic distributions to better capture the
heterogeneity of precipitation, runoff, and overland flow. Additionally, integrating a sedimentation model to
account for reservoir and dam influences will enhance the model's applicability to a broader range of hydrological
conditions. By expanding the calibration data set to include detailed flow velocity and depth measurements, along
with a multi‐stage calibration approach, further improvement will be achieved in the sediment transport and
deposition predictions, particularly in key sub‐basins like LZ‐TDG.

The AHMS‐SED modeling system, which integrates a regional land surface model with a large‐scale hydro-
logical model, offers significant potential for improving predictions of suspended sediment flux and sediment
yield in large watersheds. These processes are key to global biogeochemical cycles, transporting organic and
inorganic carbon, along with nutrients, from terrestrial environments to aquatic ecosystems. At the same time, this
research highlights the limitations of current large‐scale hydrological models in representing water erosion—
especially with respect to erosivity schemes, scaling, and gully erosion. By addressing these gaps, AHMS‐
SED advances sediment transport modeling and provides a valuable tool for researchers and policymakers.
Further refinement and application of AHMS‐SED across diverse geographical and climatic contexts will
enhance our understanding of large‐scale sediment discharge, its impacts on carbon and nutrient cycles, and
ultimately strengthen environmental planning and conservation strategies in the face of global climate change.
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