
1. Introduction
The population growth and urban expansion aggravate the tension between human and ecological envi-
ronment, especially for the naturally fragile environments. The Loess Plateau in the vast mid-north China, 
including Shaanxi, Gansu, and Sichuan Provinces, covers an area of 624,641 km2 (Wang, 2017). The loess is 
composed of million-year-old thick deposits of windblown dust and silt, which are subject to disaggregation 
under harsh climatic and soil conditions. The natural and anthropogenic deforestation has accelerated the 
erosion, leading to various geological hazards such as droughts and floods, monsoonal summertime land-
slides, and springtime sandstorms.

Although the early civilizations heavily relied on agriculture benefiting from fertile soils, the intensive soil 
erosion and channel incision have transformed 70% of the original flat plateau into the hilly gully landscape 
over thousands of years (Fu et al., 2017). Local farmers were in poverty as their efforts can hardly be paid 
off due to inappropriate soil conditions and multihazard scenarios. To mitigate soil erosion and desertifica-
tion, as well as to restore the forest landscape for a sustainable development in northern China, the govern-
ment dedicated to the Grain for Green Program (a.k.a., Conversion of Cropland to Forest Program) during 
1999–2008, along with several nationwide campaigns launched in late 1990s, such as the Natural Forest 
Protection Program and the Sloping Land Conversion Program (Feng et al., 2016; Fu et al., 2017). About 15 
million hectares of farmland and 17 million hectares of barren or degraded mountainous wasteland have 
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been reversed to natural vegetation. The Grain for Green project successfully increases the Normalized Dif-
ference Vegetation Index (NDVI) by 0.023 in Yan'an, the capital city of Shaanxi Province (He et al., 2020). 
Nonetheless, the nature-human tension was not evidently alleviated due to urban growth. In response 
to the Chinese Western Development Policy and the Belt and Road Policy, the government proposed the 
Mountain Excavation and City Construction (MECC) project (a.k.a., Gully Land Consolidation project) in 
December 2011 (e.g., Juang et al., 2019; Liu et al., 2017).

Artificial modification of the mountainous landscape is not new. Mountaintop removal was implemented 
in eastern United States in late 20th century for the low sulfur, high-grade coal mining (Burns, 2007; Crot-
ty, 2002). Here, Yan'an was chosen as a testbed and forerunner of MECC due to its comparatively gentle 
topographic gradients. The 36-km2 original urban area of Yan'an is the home to approximately 500k people. 
The population density (∼14,700 per km2) is comparable to the metropolis Beijing and Shanghai. Some 
parts of Yan'an are far below the national standard of the area per capita. The mega-engineering MECC 
project started in April 2012 (Figure S1). About 78.5-km2 new urban areas are expected by the end of this 
project (Li et al., 2014). This major surgery on the hilly topography started from 10.5-km2 landscape with 
excavations by 200 million m3 and fills by 163 million m3. A total of 33 hilltops have been cut and dozens 
of gullies have been filled to create the flat terrain. The topographic relief of the affected areas is as large as 
308 m. The dramatic changes of the landform and landscape perturb watercourses in recharge, discharge, 
groundwater preserved in vegetation, orographic precipitation, wind direction, sediment flux, and channel 
and hillslope behaviors on different spatiotemporal scales (Figure 1). Such anthropogenic mass redistribu-
tions inevitably break the subsurface stress equilibrium. Beyond that, loess materials are naturally subject 
to irregular wetting-induced compaction, which may lead to cracks on the roads, infrastructures, pipelines, 
and even catastrophic collapses.

SAR remote sensing has manifested its versatility in characterizing the ground deformation in various land-
scapes at different spatiotemporal scales such as on critical infrastructures, coastal and inland urban regions, 
archeological sites, landslides, permafrost, glaciers, earthquakes, and volcanoes (e.g., Biggs & Wright, 2020; 
Chen, Guo, et al., 2017; Chen, Wu, et al., 2017; Handwerger et al., 2019; Li, Li, et al., 2018; Lu & Dzuri-
sin, 2014; Schaefer et al., 2019; Shirzaei et al., 2020; Xu et al., 2020). InSAR studies over Yan'an is not new 
(e.g., Wu et al., 2019; Zhang, Zhu, et al., 2020; Xu et al., 2021); however, the attendant ground deformation 
and subsurface stress distribution have not been quantitatively investigated and verified.

Figure 1. Map of the new urban area in Yan'an, China. (a) Optical image obtained in 2020 by Sentinel-2 satellite (See Figure S1 for historic optical images). (b) 
Differential Normalized Difference Vegetation Index (NDVI) between March 27, 2021 and April 3, 2013 derived from Landsat-8 satellite. Positive values mean 
increasing vegetation index. (c) Elevation contours and watercourse. (d) Geological cross section along the black line in panel (c).
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Here, we first introduce the geological and hazardous environment of Yan'an in the Loess Plateau of China 
(Section 2). Then, we employ multisource remote sensing data, for example, Shuttle Radar Topography Mis-
sion (SRTM) Digital Elevation Model (DEM) obtained in 2000, TanDEM-X DEM obtained in 2015, optical 
Landsat and Copernicus Sentinel-2 images, and two overlapping ascending paths (P11 and P84) of Coper-
nicus Sentinel-1 Synthetic Aperture Radar (SAR) satellite images to monitor the mass transfer, landscape 
changes, and ground deformation during 2014–2020 (Figure S2). We infer an empirical model to describe 
the decaying consolidation progress for the regional time-series ground deformation obtained from Inter-
ferometric SAR (InSAR) method. Land subsidies while decelerates over the filling areas since the MECC 
project. The characteristic timescale for land stabilization is about one decade (Section 3). We also apply 
numerical models to estimate the elastic stress distribution at depth and the attendant three-dimensional 
(3D) surface elastic displacements and discuss the potential hazards (Section 4).

2. Geological and Geohazard Settings of Yan'an
Yan'an is located at a typical hilly gully region in the central south of the Loess Plateau of China. Loess 
represents the grayish yellow or brownish yellow and clastic sediments formed by the accumulation of 
windblown Quaternary aeolian silt. Loess is featured with macro-pores, subvertical joints, loose texture, 
and high sensitivity to the infiltrated water (Tan, 1964). The first distributary of Yellow River incises into 
the loess formation in Yan'an. The extensive loess deposits can persist for much of the past 2–3 million years 
(Pye, 1995) and have a remarkable thickness of hundreds of meters (Figure 1d) (e.g., Liu et al., 1987; Zhuang 
et al., 2017). The present-day loess structures are a consequence of the loessification processes above the 
gully bed (Smalley et al., 2006). The loess system is featured with complete stratigraphic sequences with 
the Late Pleistocene (∼128k–11k year B.P.) Malan Loess at the surface, the underlying Middle Pleistocene 
(∼730k–128k year B.P.) Lishi Loess, and the Early Pleistocene (∼2.47M–730k year B.P.) Wucheng Loess at 
the bottom on the paleolandforms (Liu, 1987). Malan Loess is featured with large voids and high structural 
strength under natural conditions, but it has strong collapsibility or self-weight collapsibility with water. Li-
shi Loess acts as a good foundation due to its thick calcareous nodules and high density, but it may collapse 
under high pressure. The new land was created after layered filling and compaction (Li, He, et al., 2018; 
Qiao et al., 2020). Here the manual filling materials are a mixture of Malan Loess and Lishi Loess. The 
physical and microstructural properties (e.g., density, porosity, cohesion, friction) of the backfilled loess 
have changed from the natural condition, resulting in a general weakness of loess skeleton (Ma et al., 2020).

Yan'an has an arid to semi-arid climate, characterized by distinct dry and windy spring, and wet and hot 
summer. The annual precipitation total is about 450–650 mm. The weak and steep loess slopes are prone 
to landsliding, which may slip along joints or bedrock. The thick loess may subside when getting wet and 
disaggregating instantaneously. Loess deformation during Asian monsoonal summer rains may lead to pe-
riodic landslide accelerations and sometimes may transition into 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), in 
which approximately 15k landslides were detected within the Shaanxi Province (Zhuang et al., 2017). The 
extreme rainfall in July 2013 triggered widespread lethal landslides in Yan'an that claimed 27 lives. The 
porous Malan loess contains perpendicular fissures and has high bearing capacity and collapsibility. These 
physical characteristics result in a high sensitivity to water infiltration. The infiltration depth is usually 
shallow at a few meters. Increased water content and bulk mass lead to a reduction of shear strength and 
likely slope failures. Consistently, landslides in Yan'an region are mostly shallow (Wang et al., 2015; Zhuang 
et al., 2017). The secondary hazards such as river and stream blockages may cause inundation, which may 
lead to subsequent dam-breaching and engulfing farmlands and villages.

The unprecedented MECC project was reported to start in April 2012 (Li et al., 2014), yet some operations 
may have initialized locally in the central north and central south of the new land before 2010 as revealed 
by Landsat-5 image (Figure S1). The MECC project was first performed to the east half of the new land in 
the first a couple of years. Landsat-7 images illustrate that the land surface was modified in 2012 and then 
was almost completely flattened over the course of about 1 year in 2013. Thereafter, the MECC project was 
implemented in the west half of the new land in 2014 when most of the new land had been amended. The 
landscape modifications were extended further east during 2015–2017. Landsat-7 image in 2017 reveals 
vegetated areas appeared in the flattened land. The differential NDVI map between 2013 and 2021 derived 
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from Landsat-8 images demonstrates that the NDVI increased and decreased by similar amount in area 
(Figures 1 and S3). By the time of the most recent optical image from Sentinel-2 collected in this study (Jan-
uary 3, 2021), the total area of new land amounts to ∼20 km2 (Figure S1).

3. Results
3.1. Topographic Changes

The surface elevation in the newly established urban district north of Yan'an ranges between ∼940 and 
∼1,280 m. The differential map between 2015 TanDEM-X DEM and 2000 SRTM DEM shows pronounced 
elevation changes by more than ±∼80-m difference (Figure S4), agreeing well with the maximum filling 
thickness (77.6  m) as estimated in the field survey. The surface mass was transported directly from the 
marginal hilltop areas into the central gullies, rendering a flattened region. The amount of decrease in vol-
ume (−1.28 × 108 m3) is comparable to that of increase (1.27 × 108 m3). The accuracy of DEM is essential 
for InSAR processing in areas with drastic landscape alternation and elevation changes like Yan'an. The 
topographic error of 80 m can yield spurious displacement of 19 mm when applying InSAR method on 
Sentinel-1 data (see Supplementary Information S1 for details). Therefore, we rely on the most updated free 
version of 90-m-posting TanDEM-X DEM collected in 2015 in our InSAR analysis.

3.2. Spatiotemporal Displacements

Interferograms represent the surface displacements during the repeat-pass acquisitions. Long-wavelength 
and the elevation-correlated artifacts have been removed from the unwrapped interferograms. Time-series 
InSAR analysis is in essence the least squares solution of multiple unwrapped interferograms (see Sup-
porting Information S1 for details; Hu et al., 2016). The overlapping Sentinel-1 satellite paths enable us 
to cross-validate our displacement measurements. Our area of interest is located at the near range and far 
range of these two paths, respectively, with different incident angles for the projection of displacements 
from the line-of-sight (LOS) of the SAR satellite to the vertical direction. InSAR results highlight a drastic 
subsiding area of up to ∼70 mm/year to the north of Yan'an downtown where the MECC mega-project has 
been implemented. The elongated, NW-trending subsiding belt is co-located with previous ditch cuts.

The wetting-induced compaction nature of loess makes the slope vulnerable to slide when saturated such 
as during the extreme rainfall events in July 2013. We identify six localized unstable slopes/lands where the 
LOS measurements from both tracks show appreciable subsidence at a rate larger than 40 mm/year (Fig-
ure 2). Except for the westernmost one, the other five sites are exposed to anthropogenic alternation and 
engineering projects and may also experience consolidation settlement.

The data sampling of Path 11 is insufficient before 2016 to resolve the time-series displacements (Figures 3 
and S2), so we focus on the recent 3.5 years from late 2016 to early 2020. Results from both paths of 11 and 
84 show continuous subsidence though with decreased coherence and signal-to-noise-ratio in the summer 
monsoon season (Figure 3). No evident seasonal displacement was detected. During the overlapping time 
frame of these two paths, the displacements measured by Path 11 are consistently slightly larger than those 
in Path 84, likely due to different imaging geometries and potential horizontal components.

Although the artificial dams prevent widespread silting, there is still considerable mass being trapped in 
the gullies. The thickest silting mass is 14 m with an average of 7–10 m, covering an area of 2.5 × 105 m2. 
These materials are loosely compacted and contain considerable water, which tend to subside upon loading 
and take long time for stabilization. This represents one of the biggest engineering challenges in the MECC 
project. The microstructure of loess-like soil governs its creeping behavior (Xie et al., 2018), and the reduced 
pore microstructure is usually more stable, which renders a practical engineering solution via dynamic 
compaction, a.k.a., heavy tamping (Zhang, Zhu, et al., 2020). The dynamic compaction is performed in a 
progressive way, including constructing 4.5-m-depth water drainage ditch. Larger dynamic stresses have 
been employed for thicker silting mass. For example, the dynamic stresses were set to be 2,000, 3,000, and 
6,000 kN⋅m for silting mass of <5, 5–7, and >7 m, respectively. Plain soils (0.5–1 m thick) and fractured 
rocks (0.8–1.2 m) are used as the upper and lower cushions, respectively, to support the platform and keep 
it suitably above the water table. The remolded specimens being compacted have less connected pores than 
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the intact specimens (Zhang, Zhu, et al., 2020), and their soil-water retention conditions are similar (Hou 
et al., 2020). For targets P1 and P2 in close distance at the center of the fastest subsiding area, their multian-
nual speed variations differ during 2016 and 2017 (Figure 3), likely due to different operations of dynamic 
compaction.

3.3. Characteristic Time Scales for Stabilization

To investigate the temporal behavior of the multi-annual deformation, we use an exponential model 

 · 1b tE a e  to describe its first-order approximation (Chaussard et  al.,  2014; Hu et  al.,  2018;  2020; Shi 
et al., 2021), where d(t) is the cumulative displacement in meters, t is the cumulative time in years, a char-
acterizes the magnitude of the displacements, and b emphasizes the high orders of derivative (see Supple-
ment Information). The deployment of this model reports a positive magnitude coefficient a and a negative 
exponent b, suggesting a decreasing time series with decaying rates. The consequent characteristic time 

scales for stabilization t v
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b
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2

/  , where γ is the assumed fraction of the present-day velocity E v  . 

Here the time required for the velocity to diminish to, say, 5% of the present-day rates (e.g., Shi et al., 2021) 
ranges between 3 and 8.5 years where the extensometers clustered crossing a local depression (Figure S5). 
The largest rates occur at the longitudinal middle of the gentle slope, agreeing with the behaviors of mass 
wasting such as landslides.

InSAR results reveal the ground displacements on a regional scale. We first extract targets with compara-
tively large vertical rates (e.g., <−10 mm/year in this study) and thus sufficiently high signal-to-noise-ratio. 
Then, we constrain the coefficients a and b using the time series displacements at each target during 2016–
2020 for Path 11 and during 2014–2020 for Path 84. We incorporate InSAR-constrained vertical rates E v  to 
estimate the time scales staE t  . Although these two paths have different trajectories and time-series spans, they 
produce the similar staE t  of a couple of decades over the principal filling areas. Therefore, we infer that the 

Figure 2. Vertical displacement velocity of Yan'an during 2014–2020. Results from (a) Path 11 and (b) Path 84. Negative values mean subsidence. Six squares 
represent consistent localized subsiding rates larger than 40 mm/year observed from both two tracks along with their appearance in Sentinel-2 satellite imagery 
collected on January 3, 2021.



Geophysical Research Letters

HU ET AL.

10.1029/2021GL095230

6 of 11

consolidation settlement will be no larger than approximately 3.5 mm/year and reach 5% of the present-day 
rates, a comparatively stable condition upon 2030 (Figure 3).

4. Discussion
4.1. Correlation Between Landfill and Subsidence

The land subsidence coincides with the surface elevation increase in geographic locations over the new 
urban area. Intriguingly, the amount of displacement velocity v in mm/year and the 2015–2000 elevation 
change Δele in meters have the first-order correlation. A linear regression reports that v = −0.56 × Δele − 1.23 
and v = −0.60 × Δele − 2.58 for the ascending and descending results, respectively (Figure 4). We note that 
the equations are used to construct the empirical equations relying on the statistics.

For another NW-trending subsiding belt to the east of the major ditch cuts, optical images suggest that this 
area was still experiencing landfill after the TanDEM-X DEM acquisition in 2015 (Figure S1 and Google 
Earth), and thus the differential surface elevation map (Figure 4) between 2000 SRTM DEM and 2015 Tan-
DEM-X DEM does not appear to have evident changes in this area. Continuous monitoring and updates on 
the topography are essential for long-term resilience.

Figure 3. Spatiotemporal vertical displacement of newly established urban area in northern Yan'an. (a) Velocity map and (b) the characteristic time scales 
for stabilization staE t  of targets with large subsidence <−10 mm/year (e.g., from Path 84). Contours in panel b show the differential elevations at 40-m intervals 
between 2000 SRTM DEM and 2015 Tandem-X DEM. (c) Histograms of staE t  from two Sentinel-1 paths. (d) Time-series displacements at three selected targets P1 
to P3 (locations shown in panel a). The error bars represent one standard deviation of cumulative displacements measured within 100 m from the target.
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4.2. Elastic Stress Changes

In addition to ground deformation, the mass transfer can also effectively perturb the shallow elastic stress 
fields. We consider the Earth structure in the model defined in the global Preliminary Reference Earth Mod-
el (PREM), (Dziewonski & Anderson, 1981). The finite element model implemented in PyLith (Aagaard 
et al., 2013) suggests that the spatial distribution of the principal stress field and the topographic changes 
are similar. At the ground surface, up to ∼600-kPa compressive stress (negative and blue in Figure 5) is 
concentrated over the elongated gully fills and ∼650-kPa tensile stress (positive and red in Figure 5) spreads 
over the hill cuts at sides. The mean stress (σ1 + σ3)/2 peaks at the heart of the individual mass loading and 
unloading lobes. The horizontal orientations of mean stress (black lines in Figure 5) are aligned with the 
NW-trending gully fill areas around the central axis and are normal to the stress contours at the marginal 
stress lobes. Diminishing stresses occur at the intersection between excavations and fills. The mean stress 
fields diffuse and decay fast with depth and become insignificant from 1-km depth below. For example, the 
maximum mean stresses reduce to ∼100 kPa at 0.5-km depth, ∼30 kPa at 1-km depth, ∼10 kPa at 2-km 
depth, and ∼5 kPa at 4-km depth.

The forward model helps construct the 3D displacements due to elastic loading/unloading, a different 
process to the consolidation settlement. The finite element model suggests a maximum of 15 mm elastic 
deformation due to the surface mass relocation. To be more specific, the filling and loading areas subside 
by 13 mm while the excavating and unloading areas uplift by 15 mm, and thus the net gradient in vertical 

Figure 4. Correlation between the vertical displacements rates v in mm/year and the elevation changes Δele. (a) Elevation changes during 2000–2015 from the 
differential DEM. (b and c) Vertical displacement rate from Path 11 and Path 84, respectively. (d) Linear regression between v and Δele, and the root mean square 
errors are 10.99 and 13.02 for Path 11 and Path 84, respectively.
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motions reach 28 mm (Figure S6). However, this modeled elastic deformation is instantaneous and insig-
nificant to the cumulative >200  mm surface subsidence as a combination of minor elastic loading and 
predominant consolidation settlement during 2015–2019. The finite element model of the elastic response 
of the Earth's crust also gives out a net horizontal shortening and lengthening at distributed locations by 
up to ∼0.6 mm.

Although the formation of the Loess Plateau of China attributes to the tectonic uplift of the Qinghai-Ti-
bet Plateau and the facilitating climatic monsoon, Yan'an is free of active faults and shallow seismogenic 
structures. However, the vast loess region is subject to appreciable seismic shaking during regional big 
earthquakes (Zhang & Wang, 2007). On the other hand, the elastic stress perturbations at the shallow crust 
in the model regime can reach tens to hundreds of kPa. The Mohr-Coulomb circle and the failure envelope 

Figure 5. The surface mean stress (σ1 + σ3)/2 due to the surface mass relocation in the UTM coordinate system (45 N). Positive in red means tension and 
negative in blue means compression. The black lines represent the projection of the mean stress on the horizontal panel. Lower left panel shows the stress 
distribution at the ground surface. Correspondingly, the cross sections along north of 4,064 km and east of 902 km at depth are shown in the upper panel and 
the lower right panel, respectively. The inset represents the Mohr circle where σ1 and σ3 denote the maximum and minimum principal stresses, and the center 
of the half circle (σ1 + σ3)/2 represents the mean stress.
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(Figure 5) may intersect and instigate failures when the rainfall-infiltrated pore fluid pressures act effec-
tively in a favorable geometry of the potential critical plane. Moreover, the loess structures make it easier to 
evolve into loess landslides and loess flow-slides with severe infiltration in Yan'an. For example, more than 
8k landslides occurred due to the extremely wet month in July 2013 (Wang et al., 2015), and the Yanlian 
landslide was triggered by the steam released from heating pipelines of an oil refinery on October 21, 2010 
(Hou et al., 2021). Additionally, MECC project includes intensive vegetation removal and reclamation. The 
differential NDVI map spanning 2013–2021 reveals distributed vegetation changes (NDVI ± 0.5) across 
the new urban area (Figure 1b). The northern and southern edges show concentrations in the vegetation 
increase. The linear trace along the roads to the southwest of the new urban area experienced a decrease in 
vegetation fraction. The damage to the vegetated root systems can reduce the strength of the mass matrix. 
Therefore, monitoring the slope stability is essential in this naturally landslide-prone region, especially 
surrounding the excavation sites.

5. Conclusions
Mountain excavation is generally performed for strip mining; however, such mega-scale anthropogenic al-
ternations on the natural environment have never been attempted by mankind for urban expansion. The 
MECC project in Yan'an is not only an engineering testbed but also a scientific laboratory to investigate if 
and how human beings would be successful in reshaping the landscape, reforming the Earth's surface pro-
cess, and reclaiming the heavily modified loess plateau. We synergize multisource satellite remote sensing 
observations and in-situ geodetic measurements to quantify the surface deformation and subsurface stress 
due to considerable mass transfer using statistical and finite element models. Differential DEM reveals ±80-
m elevation changes and 1.28 × 108-m3 mass transfer until 2015 when the excavation-filling process had 
not yet finished. We demonstrate a proportional relationship between the surface subsidence (<∼70 mm/
year) and landfill thickness (<∼80 m). We also estimate the characteristic timescale for land stabilization 
before 2030 using the constrained empirical exponential model. Numerical model of the local mass transfer 
in elastic half space gives out stress perturbation by hundreds of kilopascals in the shallow crust, which 
diminishes drastically with depth/distance from the surface loading and unloading source. Our study area 
is fortunate to be free from active seismogenic structures, yet ground shaking is still possible from big earth-
quakes around. Overall, our study demonstrates the competence and potentials of remote sensing observa-
tions in monitoring and interpreting the surface processes associated with anthropogenic modifications in 
harsh geological environment. Furthermore, we suggest enacting the reclamation and monitoring to avoid 
geological and ecological hazards, such as landslides, flood, and pollutions, in this naturally fragile loess 
environment.
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optical imagery (https://scihub.copernicus.eu/dhus/#/home), and NASA for collecting Landsat-5/-7 optical 
imagery (https://landsat.gsfc.nasa.gov/data) and SRTM DEM (https://www2.jpl.nasa.gov/srtm/).
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