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A B S T R A C T

Humans are altering Earth’s surface at unprecedented scales due to rapid urban expansion. Here we investigate 
the long-term geomorphic consequences of large-scale anthropogenic landscape modification, focusing on a 
recent mountain excavation and city construction project in the Loess Plateau region of China. In this project, 
tens of square kilometers of urban region were newly constructed by mountain top removal and valley filling, 
significantly altering the region’s topography. We applied a Landscape evolution model (LEM) to simulate future 
natural landscape dynamics, including the erosional stability, soil thickness, and landslide potential over the next 
one hundred years following this landscape alteration. Moreover, we evaluate the short-term impacts on the 
stage water height and infiltration, which is related to potential flooding risk during heavy rainfall events. Our 
results reveal that the altered landscape exhibits significant susceptibility to soil erosion, redistribution of soil 
thickness, and increased landslide potential, particularly along the margins of the newly constructed zones and at 
the outlet of the Yanhe River tributary. Perturbations in infiltration rates and runoff behavior are also observed 
during the rainy season. This study underscores the scientific potential of LEMs as predictive tools for under
standing the long-term behavior of engineered loess terrains—environments that are highly sensitive to 
anthropogenic modification and hydrological variability. By capturing the coupled feedback between erosion, 
infiltration, and slope instability, the modeling framework offers a robust basis for forecasting geohazards in the 
context of rapid urban expansion. These findings not only support proactive hazard mitigation and infrastructure 
planning but also contribute to advancing theoretical frameworks in anthropogenic geomorphology. Continuous 
monitoring, integrated with model-driven land-use planning, will be essential for achieving resilient and sus
tainable development in highly engineered and geomorphically dynamic landscapes.

1. Introduction

Since the Mid/Late Holocene, land overexploitation has dia
chronously influenced topography in different parts of the world (e.g., 
Ellis et al., 2013). Population growth and urban expansion can further 
aggravate the tension between human and ecological environment, 
especially in naturally fragile environments (e.g., Ehrlich and Holdren, 
1971; Moore, 2016). The distribution of land cover is frequently modi
fied due to increasing and shifting demands for urban development and 
changing land-use policy (e.g., Allan et al., 2022; Lambin et al., 2003; Li 
et al., 2017). Response of hydrology, soil, and biota to these spatially 

complex and temporally dynamic landscapes depends not only on 
population growth, but more directly on human-induced terrain 
reshaping such as local slope change and anthropogenically produced 
land cover (Stephens et al., 2021). Large-scale terrain mod
ifications—including mountain excavation, valley filling, slope cutting, 
and vegetation removal—are key drivers of instability in urbanizing 
landscapes. An anthropogenically unstable landscape may result in the 
loss of landscape functionality and productivity (e.g., Maurer and Gerke, 
2016). Moreover, construction-driven drainage alteration and the for
mation of artificial gullies developed during urban expansion could 
cause deep incisions, rapid erosion, and further, water ingress into the 
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strata, which may be subject to the exposure and transport of contami
nated sediments/materials (Barnhart et al., 2020a). To alleviate the risks 
to local infrastructure and environment, an assessment of reformed 
landscape is required in terms of erosional instability and hydrology as 
an integral part of post-construction land-use plan.

While landscape evolution models (LEMs) are commonly used to 
study long-term interactions between tectonics, climate, and surface 
processes over thousands to millions of years, there is still no established 
framework for incorporating anthropogenic trans
formations—particularly large-scale urban expansion—into long-term 
landscape evolution predictions (e.g., Barnhart et al., 2020a). Current 
efforts have focused on forecasting landscape changes due to smaller- 
scale anthropogenic impacts, such as uranium mine tailings (Barnhart 
et al., 2020a; Hancock et al., 2015), tailing dams (Slingerland et al., 
2018), and waste landfills (Neuhold and Nachtnebel, 2011). Further
more, uncertainties in dynamic variables like material properties, pro
cess rates, climate change, vegetation cover, and land management 
strategies add complexity, making it difficult to predict long-term 
landscape changes accurately. Addressing these issues is essential for 
advancing our understanding of how large-scale human activities will 
reshape future landscapes.

Here, we focus on the Mountain Excavation and City Construction 
(MECC) project in China’s Loess Plateau, covering tens of square kilo
meters (Fig. 1). MECC project has provided a solution to address the 
growing challenge of increasing population and decreasing available 
land in the process of rapid urbanization (e.g., Wei et al., 2021). This 
mega-engineering project, initiated in 2012 to support urban expansion, 
aims to develop 78.5 km2 of new urban area across the region’s hilly 

terrain to accommodate a rapidly growing metropolitan population (e. 
g., Juang et al., 2019). We refer to the “new urban area” as the region 
outlined in Fig. 1d. A total of 33 hilltops has been cut, and numerous 
incised valleys—some referred to as gullies in local planning doc
uments—have been filled to create flat terrains, resulting in a change of 
local relief of 308 m and the construction area extended to 22.3 km2 by 
2015 (Hu et al., 2021). Such dramatic changes of the landscape would 
have an impact on local watercourses, vegetation, sediment flux, and 
channel and hillslope behaviors. Specifically, Loess materials are natu
rally subject to irregular wetting-induced compaction, which may lead 
to fractures in roads, infrastructures, pipelines, and possible catastrophic 
collapses (Li et al., 2018a, 2018b; Tabarsa et al., 2018; Wang et al., 
2019). Thus, concerns about geohazards and water-related hazards in 
the distant future —which depend not only on the erosion rates of loess 
materials but also on land cover changes—demand a long-term (100 yr) 
projection of erosional stability and short-term (monthly) estimation of 
perturbation to the stage water height and infiltration. These anthro
pogenic landforms are not merely static platforms—they evolve over 
time through mechanical deformation, slope failures, and feedback with 
hydrological processes. Yet, the scientific understanding of their mid- to 
long-term behavior under natural forcing remains limited, especially in 
collapsible, erosion-prone loess environments (Juang et al., 2019; Zhou 
et al., 2022).

In this study, we investigate the geomorphic and hydrological con
sequences of large-scale anthropogenic terrain reshaping through the 
MECC project, where mountaintop removal and valley filling have 
drastically modified the loess landscape. The resulting artificial plat
forms, composed primarily of compacted Malan and Lishi Loess, are 

Fig. 1. (a) Regional map showing the location of Loess Plateau and the red star showing Yan’an region. (b) Pre- and (c) post-city construction optical satellite image 
of Yan’an region (2009 vs 2015). (d) Post-construction satellite image with the white dotted line outlines the new urban region. The green and red shades depict the 
filling area and excavation area, respectively (modified from Wu et al., 2019). A1 and A150 indicate the starting and end point of the cross section. (e) Geological 
cross section along the line section line A1-A150 shown in panel (d) from Hu et al. (2021), showing the elevation and stratigraphy prior to MECC.

L. Xue et al.                                                                                                                                                                                                                                      Geomorphology 488 (2025) 109976 

2 



highly sensitive to infiltration, erosion, and structural deformation, 
posing new challenges for long-term landform stability. To address these 
challenges, we pose the following research questions: (1) How does 
natural topography evolve under rainfall-driven erosion over decadal to 
centennial timescales following large-scale anthropogenic trans
formation? This is addressed through long-term simulation using a 
Landscape Evolution Model (LEM), which incorporates anthropogenic 
transformations alongside natural processes to capture soil depth 
changes, slope retreat, and surface deformation. (2) Where are the zones 
most vulnerable to landsliding and erosion, and how do these risks shift 
over time? We extract slope failure likelihood and erosion thresholds 
from spatial outputs of the LEM under different rainfall and material 
scenarios. (3) How does terrain modification alter short-term hydro
logical responses, such as infiltration rates and peak stage water height 
during storms? These hydrological dynamics are simulated at fine 
temporal resolution using infiltration and runoff modules embedded 
within the LEM framework. To answer these questions, we combine 
high-resolution digital elevation models, observed surface deformation 
data, and process-based modeling to quantify geomorphic and hydro
logical responses to engineered landform change. In this study, our 
emphasis is on the consequences of anthropogenic transformations, 
focusing on how natural surface processes respond to landscapes that 
have already been transformed. We distinguish our approach from 
studies that model the immediate effects of ongoing human activities. 
While LEMs have traditionally focused on natural drivers such as tec
tonics and climate, their application to anthropogenic terrains remains 
limited (e.g., Barnhart et al., 2020b). Our work extends the LEM 
framework to human-modified landscapes, offering predictive insights 
into erosion processes, terrain stability, and hazard potential in one of 
the world’s most actively reshaped loess environments.

2. Geological background

2.1. Geology

Yan’an is situated in the southern part of the Loess Plateau, within 
the upper and middle reaches of the Yellow River in China (Fig. 1a). The 
area surrounding Yan’an has an average loess thickness of approxi
mately 80 m, as determined from the loess thickness stratification map 
(Fig. 1e; Zhu et al., 2018; Wang et al., 2010).

The Loess Plateau’s original landscape features interwoven hills and 
gullies, with a stratigraphic sequence composed of Late Pleistocene 
Malan Loess at the surface, underlain by Middle Pleistocene Lishi Loess, 
and Neogene Pliocene at the bottom (Fig. 1e; Liu et al., 1987). Across the 
Plateau, loess thickness generally ranges from 0 to 350 m, with an 
average of around 106 m (Zhu et al., 2018). The surface Malan Loess is 
defined by its large voids (>50 % porosity), substantial water-bearing 
capacity, and collapsibility under self-weight, making it highly sensi
tive to water infiltration (Yang et al., 2022). This infiltration process 
increases the bulk weight of Malan Loess, reducing shear strength and 
often leading to shallow landslides along the loess slopes (Wang et al., 
2015).

2.2. Climate and geohazards

The Loess Plateau of China has an arid to semi-arid climate with 
strong seasonality, where the winter is dry and windy, and summer is 
wet and hot, and spring and fall are short transition seasons (e.g., Chen 
et al., 2016). The elevation of Yan’an region ranges from 900 to 1300 m 
(Fig. 2a). The 24-hour average temperature ranges from − 5.5 ◦C in 
January to 23 ◦C in July (Xu et al., 2019). The annual precipitation total 
is about 450–650 mm with 70 % of the total annual precipitation 
received from June to September. The greatest rainfall intensity within a 
24-h period was 139.9mm in 1981, and the maximum rainfall was 
577mm in July 2013 (Xu et al., 2019). Given the relatively weak and 
steep loess slopes, seasonal rainfall may result in periodic landslides and 
even runout failures (Liu et al., 2020; Meng et al., 2021). About one- 
third of landslides in China occurred in the Loess Plateau (Juang 
et al., 2019), and Yan’an region has experienced several mass wasting 
disasters in the past. For example, the extreme rainfall in July 2013 
resulted in more than 8000 landslides with 45 casualties (Wang et al., 
2015). In the Yan’an region, most landslides are primarily shallow due 
to the limited infiltration depth, typically within a few meters’ depth 
(Wang et al., 2015; Zhuang et al., 2017). These landslides can also cause 
further cascading geohazards of collapses and landslides related to soil 
erosion and environmental deterioration (e.g., Kou et al., 2020; Huo 
et al., 2020).

Fig. 2. Remote sensed data used for the LEMs. (a) post- and (e) pre-city construction DEM data from TanDEM-X DEM in 2015 and Shuttle Radar Topography Mission 
in 2000, respectively. (b) post- and (f) pre-city construction NDVI data from NASA MODIS-MOD13Q1 in 2018 and 2011. (c) post- and (g) pre-city construction land 
use information in 2020 and 2010 from GlobeLand30. (d) post- and (h) pre-construction cover and management factor (C-factor, see text) calculated from NDVI and 
land use information, used in erodibility calculation in the LEM. The solid line outlines the land-creation area from Pu et al. (2023), which could be slightly different 
from the outline in Fig. 1 (modified from Wu et al., 2019).
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2.3. Geomorphological setting

Yan’an lies within the hilly and gully landscape of the central Loess 
Plateau, one of the world’s most extensive and deeply dissected loess- 
covered regions. The region is characterized by a dense network of 
gullies, loess tablelands, and steep valley walls, shaped by prolonged 
fluvial incision, surface runoff, and eolian deposition. These geomorphic 
features result from a combination of tectonic uplift, Quaternary cli
matic oscillations, and loess accumulation processes, which have 
created a highly erodible terrain prone to mass movement and sediment 
transport (Leng et al., 2023). The valley systems, shaped by hydrody
namic and climatic factors, strongly control geomorphic evolution and 
hazard occurrence, especially in areas like Zichang County within 
Yan’an, where geomorphological controls are closely linked to landslide 
distribution and erosion processes (Zeng and Huang, 2010). The region’s 
high ecological vulnerability, influenced by slope aspect, vegetation 
cover, and land use practices, also plays a pivotal role in driving soil loss 
and gully expansion (Hou et al., 2016).

2.4. Mountain Excavation and City Construction (MECC)

The MECC project in Yan’an exemplifies an unprecedented scale of 
anthropogenic landscape transformation in a loess-dominated terrain. 
This mega-engineering initiative, launched in 2012, aimed to reshape 
the naturally rugged hill-gully system of the central Loess Plateau into 
flat terraces suitable for urban development. This involved initially 
modifying the land surface to the west of the city, subsequently 
extending the alterations eastward (e.g., Hu et al., 2021). Approximately 
10.4 km2 of ridges were excavated and 12.3 km2 of adjacent valleys 
were filled, involving the movement of nearly 490 million m3 of earth 
(Wu et al., 2019). The geomorphic effect of this intervention is profound: 
natural drainage networks have been disrupted, local relief drastically 
reduced, and slope dynamics fundamentally altered.

The artificial platforms created during MECC rely heavily on com
pacted loess—primarily Malan and Lishi strata—as fill material. 
Although mechanically densified during construction, SEM analyses 
reveal that the reworked loess matrix exhibits diminished structural 
cohesion due to crushed particle interfaces and increased pore space (Ma 
et al., 2020). InSAR-based surface deformation monitoring from 2015 to 
2019 confirms that these filled zones are undergoing significant post- 
construction subsidence—up to 87 mm/year in some areas—while 
excavated zones often show rebound-related uplift, driven by stress 
redistribution and loess collapsibility (Zhou et al., 2022). These changes 
highlight the inherent instability of remolded loess and the geomorphic 
implications of large-scale terrain reshaping.

Hydrologically, MECC-induced topographic changes have altered 
surface runoff patterns, subsurface infiltration pathways, and slope 
saturation regimes. The reduction of natural slope gradients and burial 
of gullies has led to the formation of poorly drained zones, increasing the 
risk of waterlogging and delayed saturation of filled loess. Rainfall- 
induced pore pressure build-up in these materials—already prone to 
collapse upon wetting—can initiate shallow slope failures and ground 
settlement, especially during the monsoon months (Leng et al., 2023; 
Cao et al., 2024). Furthermore, MECC disrupts subsurface water redis
tribution, exacerbating hydrogeological imbalances and increasing 
vulnerability to localized piping and erosion—a well-known hazard in 
loess terrains (Juang et al., 2019).

In terms of broader geomorphological impacts, the engineered flat
tening of the hill-gully system eliminates critical microtopography 
responsible for moderating sediment transport, slope stability, and 
vegetation dynamics. Field studies indicate that up to 60 % of post- 
construction subsidence occurs within fill areas, while over 65 % of 
uplift is concentrated in cut zones, demonstrating a spatial asymmetry in 
landform response (Wu et al., 2019). These landforms also evolve 
through time due to seimi anthropogenic processes; fill zones may settle 
unevenly depending on compaction efficiency, material moisture 

content, and depth, leading to differential deformation and geotechnical 
instability of overlying infrastructure (Zhou et al., 2022).

Ultimately, the MECC project in Yan’an serves as a striking case 
study in anthropogenic geomorphogenesis, demonstrating how large- 
scale earth reshaping in fragile loess landscapes creates a new genera
tion of geomorphic systems with distinct hydrological behaviors, me
chanical instabilities, and evolving hazards (Juang et al., 2019; Cao 
et al., 2024). These engineered landforms require continuous moni
toring and adaptive management to mitigate future geohazards and 
maintain urban stability.

3. Methods

3.1. Landscape evolution model

To evaluate the impacts of anthropogenic transformation on land
scape evolution, we used the LEM Landlab, an open source, python- 
based landscape evolution library (Hobley et al., 2017; Barnhart et al., 
2020b; Hutton et al., 2020). Landlab is a toolkit designed for simulating 
Earth surface processes using a grid-based structure and finite-difference 
numerical methods (e.g., Hobley et al., 2017; Barnhart et al., 2020a). It 
operates on a raster or hexagonal grid where topographic elevation and 
other fields (e.g., soil depth, water discharge) evolve over time accord
ing to user-defined physical processes. Each process is implemented 
through independent components that can be flexibly combined to 
model complex interactions between hydrology, sediment transport, 
and tectonics (Shobe et al., 2017). In our study, we coupled key com
ponents including Space, Flow Accumulator, DetachmentLtdErosion, 
DepthDependentDiffuser, and InfiltrationGreenAmpt to simulate over
land flow routing, detachment-limited erosion, soil creep, and dynamic 
infiltration, respectively (Fig. 3). These components exchange field data 
at each timestep, allowing the model to simulate coupled feedback 
across geomorphic and hydrologic domains. By assembling this 
component suite, we are able to reproduce both short-term hydrological 
responses and long-term erosional behavior over engineered loess 
terrain, while retaining flexibility to modify input parameters and pro
cess combinations as needed.

The Landlab component SPACE (Shobe et al., 2017) was used for 
erosion and deposition analysis. In this model, the conservation of 
sediments follows the erosion/deposition approach of Davy and Lague 
(2009), and the spatial change in volumetric sediment discharge Qs per 
unit width (w) is given by: 

∂(Qs/w)
/

∂x = Es +
(
1 − Ff

)
Ef − Ds (1) 

where Es and Ds are the volumetric entrainment flux and deposition flux 
per unit bed area, respectively. The Ef is the volumetric erosion flux of 
bedrock per unit bed areas. Ff is a nondimensional fraction of fine fluvial 

Fig. 3. Workflow chart of the landscape evolution model and its components 
used in this study. The dashed box represents the processes involved in short- 
term modeling simulation.
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sediment, the factor 1-Ff represents a fraction of bedrock particles de
tached from the bed that are small enough to stay as permanent sus
pension and not be tracked as bed sediment. Note that all the parameter 
values are listed in Table S1 and workflow is shown in Fig. 3. The 
sediment entrainment and bedrock erosion are governed by the stream 
power law (e.g., Whipple and Tucker, 1999). Here Es and Ef are modified 
from the ratio of bed sediment thickness H to reach-scale bedrock 
roughness length scale H′, i.e., H/H′. Either a large bed sediment thick
ness or a low bedrock surface roughness would result in a small bedrock 
exposure to erosive flows. SPACE assumes an exponential increase in 
sediment entrainment rate with the increase of H/H′ and use the rate to 
distinguish cases with of sediment entrainment (Shobe et al., 2017), 
hence the rates of sediment entrainment and bedrock erosion can be 
written in the form of stream power law as: 

Es = (KsqSn − ωcs)
(
1 − e− H/H́ ) (2) 

Ef = (KrqSn − ωcs)
(
1 − e− H/H́ ) (3) 

where Ks and Kr are the erodability efficiency for sediment and rock, 
respectively, that include lithology erodibility. S and n are local slope 
and empirical exponent (generally n = 0.5). ωcs is a threshold of stream 
power needed for sediment entrainment. q is the water discharge per 
unit channel width and can be simplified as q = KqPAm, where A and m 
are drainage area and empirical exponent (generally m = 1), and Kq can 
be subsumed into Ks and Kr. P is the precipitation factor that scales 
precipitation based on climate scenarios. In addition to water erosion 
based on stream power, we added hillslope soil transport using a 
simplified linear diffusion model: 

∂elevation
/

∂t = d∇2elevation (4) 

where d is the diffusion coefficient (e.g., Shobe et al., 2017).
The DEMs pre- and post-construction are from TanDEM-X DEM in 

2015 and Shuttle Radar Topography Mission in 2000, respectively, and 
discretized with a horizontal cell spacing of ~90 m (3 arc sec) in both 
directions. We conduct simulations across two distinct time scales: The 
evaluation of erosion stability, sediment thickness, and landslide po
tential spans one hundred years. Meanwhile, the assessment of stage 
water height and infiltration occurs over a shorter time scale of three 
months. Subsequent sections and Table S1 will provide detailed insights 
into these two simulation approaches.

3.2. Long-term erosion and landscape evolution

Tectonic uplift and climate are the dominant external drivers for the 
long-term landscape evolution. Here we assume that there is no change 
in base level or tectonic uplift, nor fluctuations in water level of catch
ment outlet over a centennial timescale. Hence, the climate would be the 
predominant cause of erosion, sediment transportation, and deposition 
across the post-MECC landscape. For long-term climate (precipitation) 
change, we consider three scenarios with an increase of precipitation by 
0 %, 25 %, and 50 % to represent three climate stages. Here we consider 
an increase in precipitation is based on the Intergovernmental Panel on 
Climate Change (IPCC) report on the long-term climate change projec
tion (Collins et al., 2013). Multiple models suggested an increase of 
30–50 % of precipitation in the region of Loess Plateau in 2081–2100 
relative to 1986–2005 CMIPS models (Collins et al., 2013).

Changes in land usage induced by human activities can influence 
surface processes. In this study, we utilize land use data and the 
Normalized Difference Vegetation Index (NDVI) to derive the C-factor 
(cover management factor; e.g., Panagos et al., 2015; Alexandridis et al., 
2015). C-factor serves as a proxy for scaling surface erosion risks under 
the influence of vegetation coverage, which is given by: 

Ks = K*C 

C = exp
(
− a*NDVI
b − NDVI

)

(5) 

where a and b are constants that determine the shape of the NDVI-C 
curved, derived from a similar work in Loess Plateau (Chen et al., 
2021). This application quantifies various land use categories, for 
instance, a low C-factor aligns with forested regions, while a relatively 
higher C-factor is associated with vineyards (e.g., Panagos et al., 2015; 
Cossart et al., 2020). The estimated C-factor is used to modulate Ks and 
Kr in Eqs. (2) and (3) as a percentage following the method of Chen et al. 
(2021). Note that both of the sediment and bedrock effective erodibility 
coefficient (Ks and Kr) are modified by C-factor while the bedrock in the 
model has a lower base (Table S1). The NDVI data, featuring a spatial 
resolution of 250 m, was retrieved from NASA’s MODIS dataset for the 
years 2011 and 2018, representing the pre- and post-MECC periods, 
respectively (source: modis.gsfc.nasa.gov/data/dataprod/mod13.php). 
Concurrently, land use data for the years 2010 and 2020 was sourced 
from GlobeLand30 with a spatial resolution of 30 m (source: www. 
globallandcover.com).

Significant topographical changes, exemplified by events like MECC, 
have the dual impact of not just influencing local surface processes but 
also altering slope processes, thereby influencing the potential for 
landslides (e.g., Keles and Nefeslioglu, 2021; Strauch et al., 2018). Here, 
we adopt a Landlab component, LandslideProbability (Strauch et al., 
2018), to simulate slope failure where the factor of safety (FS) for an 
infinite slope stability and probability of failure is given by: 

FS =
(Cr + Cs)/hsρsg

sinθ
+

cosθtanϕ(1 − Rwρw/ρs)

sinθ 

P(F) = P(FS⩽1) = nP(FS⩽1)/N (6) 

where Cr and Cs are the root and soil cohesion, respectively, hs is the soil 
depth perpendicular to slope and Rw is the ratio of subsurface flow depth 
and the soil thickness is the ratio of subsurface flow depth to soil 
thickness, which depends on contributing area, local soil transmissivity, 
and recharge rate. ρs and ρw are the wet soil and water density, 
respectively, θ is the slope angle, g is standard gravity, and ϕ is the in
ternal friction angle of soil (e.g., Hammond, 1992). The initial soil 
thickness in the model is 2 m from Wang et al. (2010). The function n 
and bracket count the number of conditions satisfied within the 
brackets, and N represents the number of iterations. In this component, 
Eq. (6) is solved using a Monte Carlo method with 1000 iterations, 
where the probability of failure is computed for each grid cell under the 
condition FS ≤ 1. P(F) gives the relative likelihood of landslide initiation 
in each grid cell. Other parameters, such as slope, drainage area, and soil 
depth, are directly derived from LEM outputs. Other parameters (i.e., 
slope, drainage area, soil depth) are directly inferred from LEM results. 
We emphasize that this is not a dynamic landslide process model; it does 
not simulate mass movement or material transport during failure events. 
Instead, it employs a probabilistic slope stability model based on infinite 
slope theory, evaluating the factor of safety across grid cells to identify 
locations where shallow landslides are statistically likely to occur.

3.3. Short-term stage water height and infiltration

In addition to studying the long-term effects of land use changes over 
centuries as discussed above, it is equally important to understand the 
short-term impacts on processes like runoff and infiltration which is 
closely related to water-related hazards. Simulating these immediate 
effects provides some insights into how the landscape and hydrological 
systems respond to rainfall events after the MECC. Specifically, weather 
generators that can simulate gridded precipitation are often applied to 
study climate change impacts on hydrological responses (e.g., Peleg 
et al., 2017; Singer et al., 2018). We used the Landlab component Pre
cipitationDistribution to simulate one month of random uniform storms 
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across the study area. Based on daily rainfall data from 2013 in Yan’an 
(Table S2), January and July intensities were selected to represent dry 
and rainy months, respectively. The monthly rainfall amount is 2.1 mm 
in January and ~ 560 mm in July from observation at station Baoshan in 
Yan’an city. Landlab component PrecipitationDistribution generates a 
sequence of storms over the study area using stochastic methods (Singer 
et al., 2018). The two random generated storms scenarios with time- 
dependent (hourly) rainfall intensity were applied to the LEM to esti
mate stage water height and infiltration. These storm-generated water 
fluxes contribute to the stage water height, representing the water level 
above the ground surface at the model’s start for a given location. This 
stage water also infiltrates into the soil, estimated using the Landlab 
component, SoilInfiltrationGreenAmpt (Rengers et al., 2016; Campforts 

et al., 2021), which tracks the depth of infiltrated water over time using 
the Green-Ampt method: 

infiltrationrate = Ksh

(

1+
(h + Ψ)

(
ϕp − θi

)

F

)

(7) 

where Ksh is the saturated hydraulic conductivity, ϕp is the porosity, θi is 
the initial soil moisture content, F is the total infiltrated depth, and Ψ is 
the capillary pressure head at the wetting front (Green and Ampt, 1911). 
Here we determine Ψ = 0.04 and ϕp = 0.47 for the soil type silt (Rawls 
et al., 1992). The Ksh of loess is from 1.0 × 10− 9 to 2.0 × 10− 5 m/s based 
on study of Domenico and Schwartz (1997), and we opt to an average of 
1.0 × 107 m/s for Ksh in the model. The stage water head (h) is resolved 

Fig. 4. Differential topography between initial topography and LEM results by the end of 100 yr with an increase of precipitation of 0 % (a), 25 % (b), and 50 % (c), 
representing variation in climate. (d) Differential topography between initial topography and LEM results without construction. Elevation difference is between the 
modeled elevation 100 years after construction and the present-day elevation (post-MECC). The positive and negative values indicate deposition and erosion 
respectively. The inset histograms show the elevation difference after 100 yrs. in the new urban region with the mean value shown as the dashed line. The black 
region outlines the land-creation area from Pu et al. (2023).
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from LEM model and the output is the total infiltrated depth (F).

4. Results

4.1. Soil erosion

The LEM simulated soil erosion results are depicted as maps of dif
ferential topography between initial topography and the one after 100 
yr with different precipitation representing three climate scenarios 
(Fig. 4). We found most erosion is concentrated along the margins of the 
new urban region where steep slopes and local low-relief valleys are 
located. Maximum erosion (~1 m) occurs in the region that was the 
outlet of the Yanhe watershed before construction. Such high erosion is 
probably due to the imposed headward incision of Yanhe River. 
Compared to the scenario without construction (Fig. 4d), the incision 

along mainstream of Yanhe River to the south of the city is the same after 
the construction. Nevertheless, the northern and eastern drainage basin 
in the city new urban region experiences more erosion after construction 
(arrow in Fig. 4a). Particularly, for the channel of Yanhe River in the 
new urban region that has been totally filled, the new and smaller 
drainage would form in the margins of the new urban region and 
contribute to adjacent existing rivers and increase the erosion there.

We also observe certain influence of climate on post-construction 
erosion. Increasing precipitation yields more erosion in the new urban 
region. When the precipitation increase is 0 %, the mean erosion by the 
end of 100 yr is 0.27 m, while the precipitation increases to 50 % would 
result in a mean erosion of 0.35 m, suggesting an increase of 23 % 
(Fig. 4c). Within the new urban region, a wider area would be eroded 
>0.5 m with increase of precipitation rate (Fig. 4 inset histogram).

The LEM simulated soil depth distribution presents a similar pattern 

Fig. 5. Map of LEM simulated soil depth with an increase of precipitation of 0 % (a), 25 % (b), and 50 % (c), representing different levels of climate change. (d) LEM 
simulated soil depth without construction. The inset histogram shows the soil depth within the new urban area with the mean value shown as the dashed line. The red 
region outlines the land-creation area from Pu et al. (2023).
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to erosion (Fig. 5). The marginal new urban of bare land (Fig. 2c) will 
experience the most erosion with the least soil depth remained (<1.5 m) 
with city construction. On the other hand, the Yan’an new urban region 
would be less eroded (Fig. 4d) without construction, and thus a soil 
depth (~2 m) would be preserved at the city region (Fig. 5d). The most 
eroded region will be the tributary gullies of Yanhe River. Moreover, an 
increase of precipitation results in less soil staying in the new urban 
region according to the projection of soil depth distribution (Fig. 5).

4.2. Landslides

The modeled probability of the failure of shallow landslides is shown 
in Fig. 6. Post-construction landscape in the city’s new urban region 
exhibits more failure potentials (Fig. 6a) than that from the non- 
construction scenario (Fig. 6b). It should be emphasized that the Land
slideProbability component used in this analysis does not simulate 
landslide erosion processes or dynamics; rather, it is a statistical model 
that estimates susceptibility based on infinite slope stability theory. The 
modeled results suggest that steep surface that is devoid of vegetation or 
buildings (Fig. 2c) in the northeast and west of the new urban region is 
highly unstable. Such distribution of high failure probability corre
sponds to a low cohesion, here represented by the C-factor (Fig. 2d). 
These regions in the margin of the new urban have steep slopes and 
extended slope lengths than that of the undisturbed landscape. Notably, 
although the NDVI decreases over the bare earth within the new urban 
region, the slope steepness and length are reduced due to flattening, and 
thus the failure probability is relatively low in the center of the new 
urban region. In contrast, its margin presents a steep slope and low 
NDVI, therefore, presenting a higher failure probability.

4.3. Short-term stage water height and infiltration

We also apply LEM for a short time span to assess the impact of MECC 
on stage water height and infiltration (Fig. 7). The time series of rainfall 
intensity in rainy and dry months is shown in Fig. 8, generated based on 
in-situ observations (Table S2). The modeled maximum rainfall intensity 
in the rainy month is about three times that in the dry month (Fig. 8). 
The stage water height and infiltration maps show that the rainy month 
has much higher stage water height and infiltration depth than those in 
the dry month (Fig. 7). Compared to the initial stage, the water height 
and cumulative infiltration depth occurs in the rainy month and can 
reach 25 m and 2.5 m (Fig. 7a, b). Such high values occur only at the 

outlet of the new urban catchment, where the northern tributary of the 
Yanhe River was obstructed by massive loess infill during city con
struction (shown in Fig. 7a). This filling procedure creates a pit in stream 
profile along the channel and could be responsible for the anomaly in 
high stage water height in the rainy month. Within the new urban re
gion, the stage water height is rather low because there are few water 
drainage pathways in such infilled and flattened area based on the 
observation from digital elevation models. The hydrological conditions 
of the non-construction scenario are also calculated as a reference to 
post-construction scenario (Figs. 7e, f and 8e, f). In the non-construction 
scenario, there will be no perturbation of elevation gradients around the 
new urban, therefore, the stage water height and infiltration will not 
concentrate at the infilled river valley, rather, stage water height is 
distributed across the upstream non-constructed catchment.

At the southern edge of the new urban area (Fig. 7a), which used to 
be the outlet of the original drainage basin, the outflow hydrographs 
show that the peak flowing depth is 0.06 m in the dry month and 37 m in 
the rainy month (Fig. 8), corresponding to the lowest (2 mm/h) and 
highest rainfall intensity (8 mm/h) of the month. During the dry month, 
the water level drops to zero within a few days after the rain (Fig. 8a). In 
contrast, during the rainy month, the high-water stage persists until the 
end of the period due to the combination of intense rainfall and low soil 
infiltration capacity (Fig. 8b). The cumulative infiltration depth at the 
same outlet can increase by 0.05 m and 0.4 m for dry and rainy months, 
respectively (Fig. 8). In the non-construction scenario, the water stage 
also remains high after the rainfall intensity peak, but it drops faster 
than that of the post-construction scenario (Fig. 8d).

5. Discussion

5.1. Soil erosion

The erosion rate in the new urban region of this anthropogenically 
modified landscape has changed in the spatial distribution (Figs. 4 and 
5). The critical question here is how the predicted results in erosion and 
deposition compare to observations in the past. Therefore, we first 
validate the projected results with previous studies (e.g., Fu et al., 2011). 
Fu et al. (2011) suggested a soil erosion rate of 500–2500 t km− 2 yr− 1 in 
Yan’an region from 2000, and 2008. Meanwhile, Zhao et al. (2013) also 
estimated sediment yield from erosion in 1955–1969 and 2000–2009 
and reported that the soil sediment yield of ~5000–8000 t km− 2 and 
2500–5000 t km− 2, corresponding to an average of 464 and 417 t km− 2 

Fig. 6. Landslide probability of failure for the scenarios with no construction (a) and with post-construction (b). The background contour map is from topography 
with an interval of 50 m. The red region outlines the land-creation area from Pu et al. (2023). The contour map, derived from DEMs in Fig. 2, illustrates the 
slope gradient.
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yr− 1 respectively. Our modeling results estimate a mean erosion in the 
new urban area of 477 t yr− 1 without city construction over the next 100 
years (Fig. 4d) when assuming a loess density of 2650 kg/m3, which is 
comparable to these previous studies. This alignment between the 
modeled results and observations offers a degree of confidence in using 
LEMs as a tool to assess soil erosion and approximate the distribution of 
erosion following construction.

Considering models with forecasted increase in precipitation, we 
project extensive soil will be eroded from the flat surface of the new 
urban region into the canyon (Figs. 4, 5, and 9). An increase in precip
itation of 25 % and 50 % would result in a total erosion increase of 16 % 
and 23 %, respectively. To evaluate long-term effect of the city con
struction, beyond IPCC projections, we extend the model time to 1000 
years. Notably, the projected erosion varies with time, where the erosion 
rate without precipitation increase is ~0.03 × 106 m3/yr at the first 100 

years, then reduces to ~0.012 × 106 m3/yr then (Fig. 9). In the catch
ment of the city’s new urban region, total soil erosion in 1000 year is 
about 16 million m3, which is twice as that from the case with no city 
construction (Fig. 9). This excess sediment delivery and erosion will 
continue until the landscape erodes to a lower slope or with vegetation 
establishment, assuming no human intervention/mitigation in this 
region.

Soil erosion is a critical factor in determining the long-term stability 
of landscapes, particularly for ecological sustainability, as it reflects the 
continuity of geomorphological processes. In the Yanhe River basin, soil 
erosion plays a dominant role in reshaping the region’s topography and 
river systems within the Loess Plateau. For instance, the Dongzhiyuan 
highland, the largest in the Loess Plateau, contributes approximately 1.6 
billion tons of eroded soil and silt to the Yellow River annually (Li and 
Sheng, 2011). The Yanhe River, a key tributary of the Yellow River, faces 

Fig. 7. Map of the highest stage water height and cumulative infiltration in rainy month (a and b), dry month (c and d) after city construction, and in the scenario 
with no city construction in the rainy month (e and f). The background contour map is from topography with an interval of 50 m, derived from DEM in Fig. 2. The 
location of Yanhe River and its tributary is shown in (Fig. 1d). The red region outlines the land-creation area from Pu et al. (2023). The black region outlines the 
catchment of the tributary of Yanhe River.
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similar erosion pressures, with its discharge and sediment load highly 
influenced by regional soil erosion. Our model indicates that recent city 
construction has altered valley morphology and slope profiles, gener
ating new knickpoints—steep breaks in the river gradient—that are 
likely to migrate upstream (i.e., headward erosion) into the newly ur
banized areas over the next 100 to 1000 years (Fig. 10a). These evolving 
knickpoints signal enhanced erosion potential and highlight long-term 
implications for both landscape development and infrastructure resil
ience in urbanized loess terrains.

In addition to terrain changes, erosion is projected to increase in 
areas where significant differences in pre- and post-construction NDVI 
are observed (Fig. 2b & f). Vegetation’s role in mitigating erosion rates is 
well-established (e.g., Duzant et al., 2011), but in this context, vegeta
tion coverage serves as a secondary impact. While our models do not 
account for city infrastructure or vegetation restoration plans (see 

Section 5.5 for limitations), the introduction of vegetation buffering 
zones on the steepest slopes and newly filled valleys could help mitigate 
the projected increase in erosion (e.g., Hancock et al., 2017). Imple
menting these strategies could be critical for minimizing erosion while 
ensuring long-term landscape stability.

5.2. Landslide potential

The high sensitivity of loess to water makes the Loess Plateau espe
cially vulnerable to landsliding (e.g., Ma et al., 2020). Please note that 
our modeled results represent probabilistic assessments of shallow 
landslide susceptibility, not dynamic simulations of landslide move
ment. The results suggest the newly constructed urban area has intro
duced steepened slopes at its margins, which, combined with sparse 
vegetation and low soil cohesion, drive higher failure potential in these 

Fig. 8. Time series of cumulative infiltration and stage water height in the rainy month (a and b), dry month (c and d) after city construction, and in the scenario with 
no city construction in the rainy month (e and f). The blue and black curves represent stage height/infiltration and rainfall intensity respectively. All the data is 
collected at the location of the new urban catchment outlet (location shown in Fig. 7a). The right and left panel represents cumulative infiltration and stage water 
height respectively.
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zones (Fig. 6). For example, the slope gradient along the Yanhe River 
increased after the construction, contributing to instability at the urban 
edges. This pattern aligns with areas of low NDVI and high erosion risk, 
reinforcing the importance of terrain reshaping in influencing landslide 
susceptibility. These modeled high-risk zones correspond with InSAR- 
derived surface deformation observations (Pu et al., 2023), and field 
data show similar instabilities linked to rising groundwater levels 
(Juang et al., 2019). Hydrological processes such as precipitation and 
irrigation—though vital for vegetation restoration—can exacerbate 
slope failure in loess terrain, particularly when infiltration increases 
pore water pressure on artificial slopes (e.g., Derbyshire et al., 2000; Xu 
et al., 2012; Qi et al., 2018; Zhuang et al., 2017). This paradox illustrates 
how anthropogenic activities can both mitigate and trigger geomorphic 
hazards, underscoring the need for proactive management. Remote 
sensing and in-situ geodetic tools (e.g., He et al., 2020) should be 
deployed to monitor evolving instability, especially as warning systems 
remain limited in this rapidly urbanized region.

5.3. Short-term stage water height and infiltration

Comparison between pre- and post-construction topography derived 
stage water height and infiltration suggests that the city construction has 
modulated the landscape’s response to storms (Figs. 7 and 8). Simulated 
storm precipitations based on 2013 observations spanning the rainy 
season are higher than the infiltration capacity of the soil and resulted in 
rapid increase in stage water height and infiltration after the storms 
(Fig. 8). Previous hydrological models suggested that the water infil
tration in the loess slopes is less than 4 m (Wang et al., 2018; Zhuang 
et al., 2017). In contrast, our modeled results of an infiltration of 0.4 m 
at the outlet of the new urban region catchment are less than the pre
vious modeled results. Such discrepancy could be due to our uncali
brated model parameters. For example, the conductivity applied in the 
model is 10− 7, as the average from observed loess conductivity in a wide 
range from 10− 9 to 2 × 10− 5 m/s (Domenico and Schwartz, 1997). 
Furthermore, although consolidation of the filled loess may affect hy
drological properties over time, this effect is considered secondary 
within the scope of our modeling. Our primary objective is to assess 
natural geomorphic and hydrologic responses to post-construction 
topography, rather than simulate subsurface changes due to compac
tion. Additionally, because this anthropogenically altered landscape has 
no close analogs, modeling provides a valuable tool for exploring its 
large-scale environmental impacts.

Another factor controlling the modeled stage water height and 
infiltration is the prescribed local rainfall intensity. Currently, the 2013 
rainfall record in Yan’an is used to generate monthly storm sequences, 

representing short-term variability of rainfall events. Extremely long 
wet spells and rainfall intensification have been reported in Yan’an re
gion (Miao et al., 2020) and around the world (Blöschl et al., 2020). The 
ongoing and future climate change due to global warming may increase 
the intensity, frequency, and duration of extreme precipitation events 
(Fischer et al., 2013; Fischer and Knutti, 2015; Orlowsky and Senevir
atne, 2012), which could further modulate the post-MECC hydrological 
system of Yanhe River.

It is important to clarify that the modeling framework used in this 
study does not attempt to simulate future anthropogenic activities such 
as additional excavation, land use changes, or infrastructure expansion. 
Instead, our analysis focuses on projecting how natural surface pro
cesses, namely, overland flow, infiltration, erosion, and landsliding, 
respond to a landscape that has already been significantly altered by 
anthropogenic forces. The post-MECC topography, derived from high- 
resolution DEM data, embeds the direct effects of engineered terrain 
reshaping, including cut slopes, filled valleys, and regraded surfaces. 
These artificial landforms influence the hydrological pathways, slope 
geometry, and material properties in ways that diverge from natural 
loess hillslopes. Thus, while the model simulates natural processes, it 
does so over a terrain fundamentally restructured by human interven
tion. This approach allows us to assess the geomorphic and hydrological 
consequences of large-scale terrain modification, providing insight into 
the stability and resilience of anthropogenically constructed environ
ments under natural forcing.

5.4. Implications

5.4.1. Implications for land use management
The future vegetation condition and its effect on soil evolution will 

be influenced by various anthropogenic and environmental factors. 
Shifts in vegetation coverage and land use have a pronounced impact on 
soil erosion rates. The modeled results indicate that vegetation coverage 
could impact long-term soil erosion following the MECC project, 
particularly in areas with low NDVI values, which tend to experience 
greater erosion (Figs. 2b & 5a). This underscores the need for sustained 
vegetation coverage to reduce soil loss and maintain landscape stability, 
especially in areas vulnerable to construction-induced erosion. Vege
tating newly constructed areas is essential for land reclamation efforts. 
The Conversion of Cropland to Forest Program, widely implemented in 
northern China (including the Loess Plateau) from 1999 to 2008, 
demonstrated the effectiveness of such efforts. This initiative converted 
15 million hectares of farmland and 17 million hectares of barren 
mountainous land into vegetated areas (Hu et al., 2021). In Yan’an, this 
program resulted in a modest increase in NDVI by 0.023 (He et al., 
2020). Continued efforts to establish and maintain vegetation within the 
new urbanized regions of Yan’an are essential, particularly following the 
extensive land disturbance caused by mega-scale city construction 
projects.

Previous modeling efforts on post-mining landscapes suggest that 
erosion rates spike immediately following mining activities, then 
decrease rapidly over a few years, eventually approaching natural 
erosion rates on millennial timescales (e.g., Moliere et al., 2002; Han
cock et al., 2015; Coulthard et al., 2012). Similarly, our model projects a 
decline in erosion rates over the long term (Fig. 9). Given this, it is 
crucial to establish a robust monitoring network to track erosional 
instability during the most vulnerable period, which spans the first few 
years to several decades following city construction. This is especially 
important along the Yanhe River tributary, where knickpoint headward 
retreat could encroach upon the newly urbanized regions (Fig. 10).

Additionally, it is essential to assess the potential for loess landslides 
and implement early warning systems to ensure sustainable urban 
development in Yan’an new urban areas. Given the scale of the project 
and its location on the Loess Plateau, understanding the interactions 
between loess erosion and gully stabilization is vital. This should include 
investigations into stage water levels, infiltration processes, and 

Fig. 9. Whole basin total erosion from 0 to 1000 years, showing the scenarios 
with an increase of precipitation of 0 %, 25 %, and 50 %, and the one with city 
new urban construction. The basin covers all the new city district region.
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mechanisms of seepage erosion in loess terrain (Juang et al., 2019). 
These assessments will play a critical role in minimizing the long-term 
impacts of erosion and ensuring the stability of the landscape.

The modeled short-term impacts on runoff and infiltration are 
informative for effective land use planning, particularly in the context of 
extreme weather events. The simulations suggest a higher water stage 
water level at the outlet of the Yanhe River tributary, implying a po
tential risk of flooding during heavy rainfall. Additionally, time series 
tests indicate that it takes significantly longer for stage height and 
infiltration to recover to baseline after such events. These insights can be 
useful for developing land use strategies that mitigate the risks of 
extreme weather, ensuring that urban development and agriculture do 
not exacerbate these effects. By incorporating these short-term pre
dictions into planning, we can better adapt to the increasing frequency 
and intensity of extreme weather events.

5.4.2. Implications for the landscape modeling field
This study contributes to landscape modeling by demonstrating the 

integration of post-transformation topography into physically based 
models. By using post-construction DEMs as fixed terrain input, we 
simulate natural processes such as erosion, overland flow, and land
sliding on landscapes that have already been reshaped by anthropogenic 
transformations. This approach does not model the anthropogenic ac
tions themselves but instead examines how natural processes operate 
within the constraints of engineered landforms (Valters, 2016; Harmon 
et al., 2019). Recent advancements in LEMs, such as Landlab, have 
enabled more accurate representation of dynamic terrain evolution over 
short to long timescales (Harmon et al., 2019). Our approach reinforces 
the importance of accounting for anthropogenic geometry (e.g., cut-fill 
patterns, slope regrading) when projecting natural processes, an area 
where most traditional models fall short. The study demonstrates how 
combining high-resolution terrain data with physics-based process 
modeling can provide useful insights into landscape stability in 

Fig. 10. Longitudinal profiles of the Yanhe River from north of the city new urban region to the outlet of catchment. (a) and (b) show the scenarios with and without 
the city construction respectively. In the former case, the knickpoint is retreating headward through time, incising the new urban region. The shadow regions 
represent the locations of Yan’an new urban region and tributary of Yanhe River, respectively.
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urbanizing regions.

5.4.3. Implications for understanding anthropogenic transformation and 
natural process interactions

This study contributes to a growing body of research on how large- 
scale anthropogenic terrain reshaping fundamentally alters Earth sur
face dynamics and interacts with natural geomorphic and hydrologic 
processes. Our findings emphasize that engineered topographies—such 
as those created by the MECC project—modify slope geometry, drainage 
pathways, soil properties, and vegetation distribution in ways that 
induce persistent feedbacks between human actions and natural land
scape processes. This relation can amplify or dampen subsequent envi
ronmental responses, often with unintended consequences.

Such human–landscape feedbacks have been increasingly recognized 
in recent geomorphological literature as critical components of coupled 
socio-ecological systems (Chin et al., 2014). For instance, human de
cisions about land use and hazard mitigation can generate feedback 
loops that unintentionally increase landscape instability, as shown by 
post-fire sediment control strategies leading to accelerated channel 
incision (Chin et al., 2016). In our study, the anthropogenically altered 
terrain significantly increases landslide susceptibility at slope margins, 
underscoring how even stabilizing efforts (e.g., vegetation planting) 
must account for long-term feedbacks from slope hydrology and erosion 
processes.

Theoretical frameworks such as anthropogenic geomorphology 
emphasize the need to analyze both direct human actions and the 
cascading consequences of these activities across spatial scales and 
timeframes (Jefferson et al., 2013), along with legacy effects and cu
mulative alterations (Poeppl et al., 2017). These approaches align with 
our results, suggesting that future urbanization projects must account 
for the systemic and sometimes irreversible nature of terrain restruc
turing. The shift from viewing humans as external disturbance agents to 
embedded geomorphic actors capable of initiating feedback-rich, 
evolving landscapes is essential to advancing both theory and practice.

By applying numerical models over post-construction DEMs, this 
study highlights a practical method to explore the long-term effects of 
human-modified terrain on landscape evolution. This supports calls for 
integrated environmental modeling frameworks that bridge the gap 
between anthropogenic transformation and physical processes 
(Stephens et al., 2021). It also provides a valuable testbed for developing 
policies that promote sustainable urban expansion while anticipating 
emergent environmental risks.

5.5. Model uncertainties and limitations

The sources of uncertainty in this model encompass parameters 
describing material properties, various rates, the model structure 
derived from governing equations, and the initial conditions of the 
model (e.g., Barnhart et al., 2020a). Calibration of the fluvial and 
diffusive models, along with parameterization, often relies on field 
sediment transport data collected over multiple years. Unfortunately, 
direct measurements of long-term rainfall, runoff, and sediment yield 
are unavailable in this region. To address this, sensitivity analysis in the 
forward model is applied to enhance projection fidelity (Atchley et al., 
2019). For instance, our research considers a range of climate conditions 
and rainfall patterns (rainy and dry seasons). However, sensitivity 
analysis is not extended to some parameters that could influence the rate 
and pattern of post-MECC landscape evolution. Notably, sediment 
deposition is affected by slope and drainage area exponents (m and n in 
Eq. (2); Atchley et al., 2019), as advection-driven transport and slope 
sediment also modulate sediment deposition. Additionally, the diffusive 
property (d in Eq. (4)) impacts the amount of erosion and deposition. 
The variations in these parameters inevitably contribute to the increased 
uncertainty of the projected results.

Uncertainty arising from the model structure is not within the scope 
of this study. Barnhart et al. (2020a) proposed that models incorporating 

various governing equations, such as the application of fluvial erosion 
thresholds and linear or non-linear hillslope transport, exhibit limited 
differences in erosion projections. Apart from the uncertainty associated 
with the model structure, exploring initial conditions is a primary focus 
of this study, aligning with the goal of assessing the impact of con
struction on landscape erosion. The initial conditions, extracted from 
pre- and post-construction topography, NDVI, and land use coverage, 
are adequate for the comparative analysis. These efforts in predicting 
model outcomes over timescales extending beyond the human lifespan 
remain crucial for sustainable development and environmental 
protection.

We acknowledge that the model used in this study (Landlab) includes 
simplifications that limit its ability to fully represent the complexity of 
anthropogenic terrain, such as engineered drainage systems, surface 
sealing, and fill heterogeneity. Landlab and similar LEMs are primarily 
designed to simulate natural surface processes such as erosion and 
deposition on geologically controlled landscapes (Hobley et al., 2017; 
Barnhart et al., 2020a). However, rather than simulating future 
anthropogenic activities directly, our focus is on understanding how 
natural processes—such as erosion, infiltration, and slope fail
ure—respond to anthropogenic topographic changes already present in 
the post-MECC DEM. This approach follows prior applications of LEMs 
to post-mining landscapes, landfills, and tailing dams where artificial 
topography is used as the starting condition (Neuhold and Nachtnebel, 
2011; Hancock et al., 2015; Slingerland et al., 2018).

Thus, while the processes are natural, their triggers and spatial 
configurations are shaped by human-induced alterations. We argue that 
this distinction allows the model to remain scientifically valid for eval
uating post-construction geomorphic risks, even if it does not incorpo
rate all engineered controls. In this way, our study builds on efforts to 
extend LEM applications to semi-urban or regraded terrains (e.g., Reed 
and Kite, 2020). Future work could improve realism by incorporating 
anthropogenic surface properties, soil treatments, and hydrologic 
infrastructure—such as culverts or sealed drainage—supported by field 
surveys, high-resolution DEMs, or municipal planning data (e.g., Hogue 
et al., 2013; Li et al., 2023).

In the context of the long-term projection and simulation conducted 
herein, it is assumed that no artificial interventions, such as soil stabi
lization techniques, stormwater runoff sewers, or paved surfaces, will be 
constructed or implemented to alter the natural runoff patterns within 
the studied area over the next one hundred years. However, based on 
satellite imagery and InSAR data (e.g. Pu et al., 2023), discernible in
dications suggest the implementation of slope stabilization measures 
along the margins of the city. Furthermore, creep tests on soil samples 
suggested a progressively diminishing rate of deformation after MECC 
projects (Hou et al., 2023). These measures manifest in the form of 
constructed walls and strategic vegetation planting, ostensibly serving 
to mitigate potential soil erosion and slope instability within the land
scape under scrutiny. Meanwhile, vegetation restoration in Yan’an new 
urban area has been reported (e.g., Xu et al., 2019). Although these el
ements are not explicitly modeled in our current LEM framework, they 
represent real-world controls that could be incorporated in future 
coupled models integrating anthropogenic infrastructure. Such obser
vations underscore the nuanced interplay between natural topography 
and anthropogenic interventions, warranting further investigation into 
their efficacy and implications within the broader geoscientific 
discourse.

Meanwhile, several geological processes are simplified to enhance 
the model’s clarity and efficiency. Our approach does not account for 
soil profile characteristics, including eolian effects, chemical weathering 
of the soil, and the relationship between infiltration and landslides. 
Additionally, the 90 m DEM resolution is relatively coarse, potentially 
leading to the loss of fine-scale details in the landform. The chosen DEM 
represents a compromise balancing spatial extent, catchment resolution, 
model runtime, and product availability both pre- and post- 
construction. Consequently, beyond developing numerical methods, 
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obtaining a recent, high-resolution DEM becomes imperative to eluci
date morphological details post-city construction. We assume that sub
sidence resulting from soil consolidation has a limited impact on the 
DEM, a premise supported by studies in surface deformation analysis 
using Synthetic Aperture Radar imagery (e.g., Hu et al., 2021; Pu et al., 
2023; Zhou et al., 2022). These studies indicate decelerated subsidence 
rates, decreasing from 70 mm yr-1 during 2014–2020 to a near stabili
zation within about a decade.

6. Conclusions

Landscape evolution models provide a means to quantitatively 
simulate how natural processes evolve on landforms permanently 
reshaped by anthropogenic transformations. In this study, we integrate 
LEM Landlab and its components to assess erosion patterns, soil depth, 
and landslide failure probability following a 100-year simulation of a 
mega-scale anthropogenic topography on the Loess Plateau of China. A 
comparison between pre- and post-city construction modeled results 
reveals a significant increase in soil erosion and a substantial decrease in 
soil depth, exceeding the scenario without city construction by an order 
of magnitude, if no human intervention/mitigation. The most pro
nounced erosion and a heightened risk of slope failures occur at the 
margins of the new urban, characterized by steep slopes and gullies. 
Additionally, we investigate short-term impacts on the stage water 
height and infiltration. During rainy-season storms, stage water height 
and infiltration are influenced by the construction. The insights derived 
from these modeled results advance understanding how human activ
ities affect erosional stability and river evolution across various time
scales, aiding in the mitigation of geohazards in this fragile loess 
environment.
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