
Water-temperature controlled
deformation patterns in
Heifangtai loess terraces
revealed by wavelet analysis of
InSAR time series and
hydrological parameters

Zhongcheng Cao and Teng Wang*

School of Earth and Space Sciences, Peking University, Beijing, China

Loess deposits are widely distributed in western and central China. Because

loess is wet-collapsible, loess mass is prone to failure after water infiltration.

Heifangtai, composed of two adjacent typical loess platforms located in the

Loess Plateau beside the Yellow River, has experienced hundreds of landslides

in the past few decades. Here, we derived surficial time-series deformation,

velocity, and amplitude of seasonality from the Sentinel-1 SAR images acquired

from October 2014 to March 2021 in the Heifangtai region and studied their

relationwith precipitation, temperature, and irrigation applyingwavelet analysis.

The decomposed velocities show that not only a large amount of along-slope

deformation occurred surrounding the terrace but also a significant subsidence

in the residential area in the middle of the platform was observed. The high-

seasonality areas are distributed along the Yellow River and on the terrace

consistent with other water sources, e.g., springs and irrigation, revealing a

promotion of a periodic water-involved process on deformation in loess.

Through the wavelet analysis, we found that the temperature is almost in

phase with the uplift velocity when the temperature is below the freezing

point. The precipitation precedes the surface displacement of ~1 to 2 months

for water penetration. The comparison between irrigation volumes and

averaged displacements suggests that irrigation also plays a role in

promoting subsidence from March to October but uplift in winter due to

frost heave. We highlight that the retrogressions of the terraces in this

region may be accelerated by both natural and anthropogenic factors.

Careful monitoring and water management are highly recommended for the

safety of local residences and infrastructures.
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Introduction

Loess soil is widely distributed in western and central China,

accounting for 6.44% of China’s land area, especially in the Loess

Plateau (Gao, 1996; Li et al., 2018b). Because of its collapsibility,

slopes formed by loess soil is prone to failure when water is

infiltrated in, causing tremendous landslide hazards (Wang et al.,

2013; Peng et al., 2015). Heifangtai, located 42 km west of

Lanzhou, the capital city of Gansu Province, is a highly

landslide-prone area with ~200 landslides distributed around

its edges, posing huge threats to lives and infrastructures in and

around the terraces (Liu et al., 2019).

The periodic recurrence of slope failure in Heifangtai is

characterized by generation of new landslides on the concave

topography of old ones, namely, retrogressive failure mode (Pan

et al., 2017). Considering the different locations of the failure in

slope, the landslides here can be divided into two categories,

i.e., loess landslides and loess-bedrock landslides. A large number

of springs from seepage on the slope toe indicate a complex

hydrology inside the platform. By accommodating numerous

undergoing landslides, Heifangtai became a natural laboratory

for studying the mechanism of loess failure. In particular, owing

to the large volume of water infiltration and subsequent change of

hydraulic equilibrium, numerical simulation, remote-sensing,

and on-site monitoring along with soil experiments have been

densely applied to monitor and investigate these loess landslides.

From a microscopic point of view, through the experiment on

loess samples from Heifangtai, Fan et al. (2017) found that

perennial water infiltration can facilitate loss of soil shear

strength by processes such as salt leaching and mineral

dissolution. Furthermore, the decreasing soil cohesion

combining with increasing moisture content directly leads to

instability on loess slope (Gu et al., 2019b). These experiments

partially explain the impact of frequent water infiltration on loess

mass. From the scale of individual loess landslides, hydraulic

equilibrium plays a predominant role (Pan et al., 2017; Cui et al.,

2018; Peng et al., 2019). According to the 2D slope simulation of

the intermittent water infiltration activities, Hou et al. (2018)

concluded that the most effective strategy for preventing

landslides in Heifangtai is to restrain the total influx from

human activities (e.g., irrigation). Since 2012, a real-time

monitoring and warning system has been launched for

landslides in Heifangtai (Xu et al., 2020), which can effectively

alert the residents and reduce the loss of people and property

before the occurrence of landslides.

Interferometric Synthetic Aperture Radar (InSAR)

technology has been widely used to measure small surface

deformation because of its high precision, resolution, and

broad coverage (Massonnet and Feigl, 1998; Chatterjee et al.,

2006; Perissin andWang, 2011; Peng et al., 2017; Shi et al., 2019b;

Shi et al., 2021). The sparse coverage of vegetation due to the arid

climates (Guo et al., 2015) and widely distributed surface

deformation make the Heifangtai region suitable for InSAR

technology. In particular, variant time-series InSAR methods

allow for measuring millimeter-level surface deformation along

the line-of-sight (LOS) direction with a high spatial coverage

when the impacts such as atmospheric effects and unwrapping

errors are minimized (Ferretti et al., 2001; Berardino et al., 2002;

Hooper et al., 2004; Ferretti et al., 2007; Ferretti et al., 2011).

Among these methods, the Small BAseline Subset (SBAS)

approach has been generally applied for extracting the

displaced series in the natural terrain with sufficiently

redundant interferometric pairs. Previous studies employing

the SBAS method in Heifangtai exhibit unique advantages of

InSAR observations and demonstrate its potential on the

monitoring of loess landslides (Liao et al., 2011; Herrera et al.,

2013; Tong and Schmidt, 2016). Especially, Shi et al. (2019a)

qualitatively studied the InSAR-derived time-series deformation

with the levels of groundwater and suggest that the rise of

groundwater level may seriously decrease the stability of loess

slopes. However, a convincing quantitative study of the coupling

relationship between surface displacement and hydrological

parameters, such as irrigation volume, rainfall, and

temperature, has not yet been presented to the best knowledge

of the authors. In general, most of the analysis between InSAR-

derived time series and hydrological parameters is qualitative,

hindering our understanding of the roles of water cycle in

determining the spatial–temporal pattern of surface

deformation on the loess terraces like Heifangtai.

Wavelet transform is a powerful tool that allows for

quantitative analysis of time-series data especially when

confronting the non-stationary signals in nature (Torrence

and Compo, 1998). For such a signal, the wavelet analysis is

preferred to conventional Fourier analysis because of its

capability of uncovering frequency features at different times

and frequencies (Grinsted et al., 2004). To study the temporal

behavior of landslides, Tomás et al. (2015) found that the

Huangtupo slope is affected by an annual displacement

periodicity controlled by rainfall and reservoir water level

through a wavelet tool. Liu et al. (2021) studied the influence

of rainfall on the deformation of a landslide using the wavelet

analysis and found a strong positive correlation between them

and a lag time of about 45 days. The powerful capability in

revealing the relation between deformation and its controlling

factors promote us to investigate the complex deformation

occurring in the Heifangtai region using wavelet tools.

Here, we first obtain the surficial displacements and velocities

estimated from the Sentinel-1 SAR dataset by the employment of

the LiCSBAS package (Morishita et al., 2020). Then, we combine

wavelet and time-series InSAR analysis methods to quantitatively

study the relations between time-series data, including

displacements and velocities, and potential factors facilitating

the surface movement—irrigation, air temperature, and

precipitation records. The fitting parameter of periodic term

from time-series data is interpreted and then used as a proxy of

intensities of hydrological activities.
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Study site and datasets

Study site

The Heifangtai region is in the immediate northern vicinity

of the Yellow River and comprises two loess platforms, Heitai and

Fangtai (Figure 1). The Heitai platform, with an area of ~12 km2,

is much larger than the Fangtai platform to its west with an area

of ~1.7 km2 (Meng et al., 2019). Heifangtai is formed by the long-

term erosion from undercutting of the river in the context of

strong uplift of the adjacent Tibetan Plateau (Liu et al., 2019). It

has a flat relief on the platform and steep slope of ~60 degrees at

the margins. From the bottom, the terrace can be divided into

four strata, i.e., mudstone (bedrock), alluvial deposit (mainly

pebbles), clay, and aeolian Malan loess (Xu et al., 2011), which

have different hydrological characteristics. In the hydrological

perspective, the terrace can also be reckoned as two main strata

approximately. The upper layer is mainly made up of Malan loess

symbolized by collapsibility with a thickness of ~30–50 m. The

lower layer is constituted by mudstone, clay, and pebbles and

thus can be reckoned integrally as an aquitard for the following

analysis (Gu et al., 2019a). The layer below is characterized by an

oblique relief with gradually decreasing elevations from west to

east, forming a gentle slope beneath the underground water table

(Peng et al., 2019).

Since 1968, residents began to migrate to Heifangtai due to

the construction of nearby hydroelectric stations, namely,

Liujiaxia, Yanguoxia, and Bapanxia dams on the Yellow River.

Since then, the groundwater level within the terrace has been

rising vigorously accompanying the growing water-intensive

agriculture due to pumping irrigation from the Yellow River.

Together with rainfall, the systematic settlement on the platforms

causes high landslide activities at its margins (Gu et al., 2019a).

We derive surface velocity maps for the Heifangtai region and

focus our time-series analysis on the Heitai platform, where more

residences are settled surround with numerous active landslides.

Datasets used in study

From the irrigation data from Xu et al.,(2013) (Figure 2), the

pumping irrigation is primarily carried out from March to May

and in November on the platform (Cui et al., 2018). This is

evidently due to the uneven distribution of precipitation that

about 300 mm annual rainfall sharply concentrated in the period

fromApril to October (Figure 3). Given the continental monsoon

climates in this region, the shallow soil is under frozen

temperature in November, and the thaw occurs in March in

the following year as shown by the daily minimum air

temperature in Figure 3. The precipitation and temperature

FIGURE 1
Landscape of Heifangtai and its location indicated as a red triangle in the inset.
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data are derived from the meteorological station numbered

52983 at an altitude of 1874 m, located at 35.87°N and 104.15°E.

We employ Sentinel-1 A/B C-band SAR images from the

European Space Agency (ESA) to precisely measure the time-

series displacements of Heifangtai. We collected 157 ascending

and 135 descending SAR images with a minimum revisit period

of 12 days, spanning from October 2014 to March 2021, to generate

interferograms (Figure 4). We adopt the ASTER digital elevation

model (DEM) with spatial resolution of 30 m × 30m for the

elimination of topographic phases in the interferograms.

Methods

The flow chart of generating and analyzing the time-series

deformation can be divided into two major parts: 1) InSAR

processing for extracting time-series surface deformation

(Figure 5 “part 1”) and 2) wavelet analysis between time-series

deformation and hydrological parameters (Figure 5 “part 2”).

Synthetic aperture radar interferometry
processing

We processed all the Sentinel-1 SAR images using the burst-

based Sentinel-1 processor (Jiang et al., 2017). The coregistration and

reference-phase removal were achieved using the ASTER 30m-

resolution DEM. Then, 651 interferograms for the ascending track

and 621 interferograms for the descending track were generated with

temporal baselines less or equal to 72 days. To balance the trade-off

between the signal-to-noise ratio and the resolution, we set themulti-

look factor as 2 × 8 pixels in azimuth and range, resulting in a spatial

spacing of ~40 m. The Goldstein filter was applied on each

interferogram for enhancing data reliability and accuracy

(Goldstein and Werner, 1998). All interferograms were

unwrapped using SNAPHU (statistical-cost, network-flow

algorithm for phase unwrapping) software (Chen and Zebker,

2000). The spatial filter to depress noise can degrade the spatial

resolution; thus, it is important to carefully determine the size of filter

windows when investigating small landslides. Nevertheless, we

FIGURE 2
Monthly irrigation volumes in Heifangtai, data are retrieved from Xu et al. (2013).

FIGURE 3
Precipitation in millimeter per 12 days (blue bars, left vertical axis) and minimum air temperature (colored line, right vertical axis) per day in
Celsius degrees.
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applied the spatial filtering for two reasons: 1) instead of individual

landslides, we focus on the correlation between surface deformation

and its triggering factors and 2) Heitai is a small loess terrace with an

area of ~12 km2, and therefore plenty of landslides whose surficial

characteristics are inherently undetectable by multi-looked

interferograms (40m spacing size in our study).

Time-series interferometric synthetic
aperture radar analysis

We used the open-source LiCSBAS package (Morishita et al.,

2020) to retrieve time-series deformation around the Heifangtai

region. We set the thresholds of the average temporal coherence

as 0.2, the RMS of loop closure as 1.8 (Biggs et al., 2007), the

standard deviation of velocities as 100 mm/yr, the spatiotemporal

consistency (STC) as 5 mm, and the RMS of residuals in the small

baseline (SB) inversion as 3.5 mm for masking low-quality pixels

and removing interferograms with large unwrapping errors.

After retrieving time-series deformation, we applied a parametric

fitting on the time-series signals for deriving the velocity and

identifying the areas with prominent oscillations (seasonal

fluctuations) (Cohen-Waeber et al., 2018). The temporal model of

displacement for each pixel is written as

def � c1 sin(ω0t + c2) + 1
2
c3t

2 + c4t + c5 , (1)

where c1, c2, c3, c4, and c5 are the coefficients for the function

and ω0 was set to 2π/365. The fitting is solved through the least

square inversion. Eq. 1 consists of a sinusoid (period component)

and a polynomial (trend component) that represent seasonal

fluctuation and long-term surface movement, respectively.

According to Zhang et al. (2020), the time-series deformations

of Heifangtai landslides can be approximately classified into three

categories, namely, decelerating, steady-rate, and accelerating

landslides. Hence, a quadratic component is introduced in Eq.

1 for better modeling the variant seasonal behaviors of landslides

in Heifangtai.

Wavelet analysis between deformation
and hydrological parameters

We employed a continuous wavelet transform (CWT) to

achieve a time–frequency-dependent representation on the time-

series signal for revealing the periodical phenomena occurring at

different time and frequency scales (Labat, 2010). Assuming that

we have a discrete sequence Xn(n), n = 0, . . ., and N-1 with fixed

sampling interval Δt, its CWT is defined as (Qiang et al., 2007)

FIGURE 4
Baseline network for Sentinel-1 SAR images, indicated as red dots, from (A) ascending track and (B) descending track. Blue lines represent all the
interferograms used in the time-series analysis after removing the ones with low coherence and/or unacceptable unwrapping errors. Bprep is a
perpendicular baseline and black thick line in (B) indicates a gap.
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FIGURE 5
Flow chart of data processing, including time-series InSAR andwavelet analysis. Two groups of data, time series of surface displacement derived
from the InSAR and hydrological dataset such as precipitation and temperature, are analyzed jointly. The block in gray is the processing implemented
by the open-source LiCSBAS (Morishita et al., 2020).
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Wn(s) � ∑N−1

i�0
xiψ

p[(i − n)Δt
s

] , (2)

where * indicates the complex conjugation and ψ is a designated

wavelet. The transformation is represented as the convolution

between the input sequence and a normalized wavelet that is

scaled by the coefficients. For revealing the feature of localized

periodicity, Morlet wavelet, a plane wave-modulated by a

Gaussian function, is introduced (Tomás et al., 2015). It is defined as

ψ0(η) � π−14eiω0ηe−
1
2η

2
, (3)

where ω0 is a dimensionless frequency and is commonly set to

6 for satisfying the admissibility condition (Farge, 1992).

Tomeasure, in the time–frequency domain, the magnitude of

covariance of the CWTs obtained from two different sequences,

the wavelet coherence (WTC) is applied. By analogy with the

Fourier-squared coherence, the wavelet coherence is estimated

through the cross-wavelet spectrum (analogous to Fourier cross-

spectrum) normalized by individual CWTs computed from the

time-series signals to be analyzed (Baddoo et al., 2015). The

definition is given by (Torrence and Webster, 1999)

R2
n(s) �

∣∣∣∣S[s−1WXY
n (s)]∣∣∣∣2

S[s−1∣∣∣∣WX
n (s)

∣∣∣∣2] · S[s−1∣∣∣∣WY
n (s)

∣∣∣∣2] , (4)

where Wn
XY is a cross-wavelet spectrum for two different time-

series signals X and Y and S[*] is a smoothing operator (Torrence

and Webster, 1998). The result of WTC is a two-dimensional

matrix (time–frequency domain), within which the values range

from 0 to 1 because of normalization. Also, the high values are

situated at areas where highly localized similarity between the

two CWTs exists. The detailed information about the wavelet

toolbox employed can be found in Grinsted et al. (2004).

The argument (phase) extracted from the cross-wavelet

spectrum is also a useful tool for measuring the phase shift

(i.e., time lag) between two time series at a specific time and

frequency, which can be obtained by

lag � arg · T
2π

, (5)

where T is the period and arg is the argument. Through them we

can seek out the time-period (or time–frequency)-dependent

regions where two time-series signals have higher local

correlation and time lag between them.

Results

Interferometric synthetic aperture radar-
derived velocitymap of theHeifangtai area

After fitting the deformation series derived from the

LiCSBAS software, we obtained the ascending and descending

LOS velocity maps of the Heifangtai area (Figure 6). Combined

with the ascending and descending geometries, the deformation

velocities along the east and vertical directions are also estimated

in the Heifangtai area (Figures 6C,D). As InSAR is insensitive to

the north–south deformation inherently, the contribution of the

deformation in the north–south direction can be neglected in

general (Samsonov et al., 2013). Although agricultural regions are

decorrelated at the center of the Heitai platform, some cottages

(W1, M1, and M3) and greenhouses (M2) exhibit relatively high

coherence, providing sufficient density of coherent targets

covering the part of the settlement area (Figure 6), where the

overall vertical velocities show long-term subsidence with

velocities of 6–22 mm/yr (Figure 6C), in agreement with the

previous field survey of more than 1.5 m subsidence on a water

tank (Zhang and Wang, 2018) and numerical simulation of

subsidence of ~1.00–1.99 m in 30 years (Hou et al., 2019).

Along the edges, subsidence ranging from 8–63 mm/yr

corresponds to locations where landslides occur frequently

(Figure 6C). It is to be noted that part of the southeastern

margin is missing because SAR cannot illuminate this area

along the descending geometry (Figure 6B), while ascending

data clearly show that this part also moves away from the

satellite along the radar’s LOS direction. This is a common

phenomenon that large deformation is mainly concentrated

along the edges of the loess platform, consistent with previous

studies (Peng et al., 2018; Zhou et al., 2020). On the edges of

terraces and on the east bank of the Yellow River, (Figure 6D),

east–west horizontal deformations are also apparent, with the

motion directions related to the slope geometries. For example,

on the east edge of the Heitai platform, horizontal deformations

are mainly toward the east, while on the west edge and some

isolated slopes on the north and south edges, the horizontal

displacements are mainly toward the west. The locations with

largest subsidence rates (~60 mm/yr) are at the north edge of the

terrace, indicating strong downward motion along the slop facing

to the north.

Spatial distribution of different temporal
behaviors

Because the ascending data have higher temporal sampling

rate and higher data quality than the descending data (Figure 4),

we applied the time-series analysis for the ascending data. We

employed the amplitudes of seasonal deformation, namely,

coefficient c1 in Eq. 1 to represent the level of seasonality in

this region (Figure 7) and the root-mean-square error (RMSE) of

model fitting (i.e., Eq. 1). It clearly shows that except for a small

area south of the Heitai terrace, most of the study region exhibits

low RMSE (e.g., less than 8 mm). Intuitively, a zone with high

seasonal amplitudes (bright areas with magnitudes larger than

3 mm) is notably distributed along the flat banks of the Yellow

River, yet accompanying with negligible LOS velocities (smaller
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than 3 mm/yr). This feature implies that the mechanism of

driving this deformation pattern is a seasonal factor, likely

related to the freeze–thaw cycles. In addition to those regions,

moderate seasonal amplitudes with magnitude of ~2 to 3 mm

appear on the platform, associated with large LOS velocities.

We marked nine typical areas, with prominent seasonal

amplitudes, around and inside the Heitai platform to further

investigate their temporal behaviors (Figure 7). Among them,

W1, M1, and M2 are villages, and M3 is a greenhouse located at

the center of the platform. These areas are adjacent to agricultural

fields; thus, their moderate seasonal displacements are likely

controlled by irrigation activities. The others (E1, S1, N1, N2,

and N3) correspond to active landslides at the margins and with

nearby springs exuded from groundwater. Their time-series

deformations (Figure 8) are clearly dominated by a quasi-

linear component reaching about −100 mm with only one

exception, N1 reaching −244 mm in approximately 6.5 years.

E1 shows the most pronounced signal for seasonal amplitude in

comparison with the others on slope.

Time–frequency features of the time-
series datasets

We conducted the CWT to the precipitation records, daily

minimum air temperatures, and detrended displacement of

E1 and S1 to show their time-frequency features before

studying their mechanisms. The CWT is expressed as a two-

dimensional graph, i.e., continuous wavelet power spectrums

with two axes as the proxies of time instant and period (or

frequency) of specific pattern (Figure 9). Therefore, the location

with a high value of modulus in the CWT generally indicates a

localized signal that significantly resembles the frequency-

specific wavelet.

FIGURE 6
Spatial pattern overlaying the optic image for the mean velocities in (A) ascending LOS direction, (B) descending LOS direction, (C) vertical
direction, and (D) east–west direction. In (A,B), red means moving away from the satellite and blue means moving toward the satellite along the
radar’s LOS direction as indicated at top left. In (C,D), red indicates the upwardmovement and eastward movement, respectively. The reference area
is selected to be far from the terraces and the Yellow River denoted as ‘Ref’. A1, A2, A3, and A4 in purple boxes are the four regions on the Heitai
platform with evident subsidence.
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A high common power can be observed at the period of

1 year (365 days), highlighted by the blue dotted line spanning

the whole phases for all the signals. The phenomenon means that

all the analyzed time-series signals have obvious cyclic

fluctuation. In addition, some areas with a period of

32–128 days have relatively high power during the mid-year

of 2017–2020 in the graph of detrended displacement of S1,

the cause of which needs further investigation.

For further understanding the underlying mechanism of

deformation, the time-series velocities along the LOS direction

are estimated from smoothed displacement sequences. The

velocity time series of W1, S1, M1, and M2 are illustrated in

Figure 10. Unlike the displacements exhibiting one strip of high

power around the period of 1 year, the CWTs of velocities for

those four regions have a prominent feature with double-strips

around the periods of 1 and a half year. It suggests that those

time-series velocities, being a sum of superposition of two major

periodic components, may have originated from different

hydromechanically processes.

Wavelet coherence revealed relation
between surface deformation and
hydrological parameters

The WTC between deformation (or velocity) and records of

precipitation and temperature allows for recognizing the roles of

these hydrological factors in controlling the deformation of loess

landslides and for quantitatively estimating the time lag for the

hydrological process to effect. Figures 11A–D show the WTCs

between precipitation and detrended deformation series of W1,

S1, M1, and M2. A significantly high common power can be

identified at the period around 1 year (blue dash lines), indicating

a significant correlation between the two time-series records at

the period of 1 year. According to Eq. 5, average time lags

between rainfall and detrended deformation at the period of

1 year are 52, 34.5, 48, and 35 days on W1, S1, M1, and M2,

respectively. It suggests that rainfall contributes to the motion of

landslides both on the platform (W1, M1, and M2) and at its

margins (S1), although irrigation dominates the long-term

deformation in the Heitai platform (Gu et al., 2019a; Zhuang

et al., 2020). Some other regions also show high correlation such

as the signals during the mid-year of 2019 around the period of

32–64 days and that during the whole year of 2018 around the

period of 128 days (Figure 11D). For a more systematic

measurement of the phase shift, temporal-dependent time lags

are extracted from all the WTCs between rainfall and

displacements at an approximate period of 1 year and then

plotted in Figure 11E. Most of these results reflect that the

response time of deformation to rainfall is slowly increasing

with time.

Because temperature determines the speeds of freeze and

thaw cycles in the winter–spring season, WTC analysis between

surficial velocities and minimum air temperature may better

expose their relations. Our results actually show very high WTC

values around the period of 1 year, implying a significant

correlation between the two time series. This highly correlated

pattern is clearly represented from the remarkable consistence

between the two time-series data (Figures 4A–D), particularly

when the temperature below the frozen point. Their average time

lags at the period of 1 year are much smaller than the values

derived from precipitation data with time-series displacements,

indicating a nearly in-phase relationship, i.e., no time lag for most

of the pairs in view of the 1-year cycle. Different from

precipitation, time lags between air temperature and velocities

are decreasing and approximating zero (Figure 12E).

FIGURE 7
Spatial pattern of the amplitudes of seasonality (A) derived
from time-series deformation from the ascending track, along
with the root-mean-square error (RMSE) of model fitting (B). Nine
areas on the platform with prominent values on amplitudes
are enclosed with cyan solid lines, namely, W1 (west), M1-3
(middle), E1 (east), N1-3 (north), and S1 (south) according to their
location in the terrace. The averaged time-series of pixels in those
regions are prepared for the wavelet analysis.
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Discussion

Spatial-distribution patterns of the
surficial deformation in the Heifangtai
region

Loess landslides and their kinetics mechanism in

Heifangtai terraces have been comprehensively investigated

through various measurements, experiments, and

simulations (Xu et al., 2013; Fan et al., 2017; Liu et al.,

2018; Qi et al., 2018; Zhang and Wang, 2018; Zhuang

et al., 2020). The spatial pattern of the velocity fields

derived here are in good agreement with those from

previous studies (Liu et al., 2018). However, these studies

focused on the deformation of landslides distributed along

the margin of the terrace, neglecting the subsidence in its

middle. Nevertheless, our results reveal a systematic

subsidence with velocities of ~10 to 20 mm/yr,

concentrated to the residential areas (Figure 6C), where

relatively high coherence exists. We infer that similar long-

term subsidence may be widely distributed on the platform,

as they share the same geological and hydrological settings

with these coherent targets. Consequently, continued

monitoring of the infrastructure and cottages on the

liquefied loess terrace is highly recommended. In addition,

rapid subsidence and divergent east–west displacements are

observed around the Heitai and Fangtai terraces, clearly

indicating the retrogression process of these loess terraces.

The fastest subsidence concentrates in the northern margins

with rates over 60 mm/yr for both terraces, suggesting a faster

retrogression to the north than the other margins in this

region (Figure 6C). The rapid along-slope deformation

occurring around the loess terraces not only pose a threat

to human life settled on them but also imply the shrinking of

terrace area in a long-term perspective.

Loess material is well-known for its high porosity of

accommodating water, and the variations of surficial

displacement are thus strongly coupled with water-

involved processes such as freeze–thaw cycle (Li et al.,

2018a) and periodic water infiltration. Therefore, the

spatial distribution of amplitudes of seasonal deformation

actually can be used to indicate the degree with which water is

involved (Neely et al., 2021) (Figure 7). From our result, it is

surprising to see that the belt across the Yellow River exhibits

the highest seasonality. Given its very small velocity and flat

terrain, we propose the freeze–thaw cycle to explain its

mechanism. The high amplitude of seasonal deformation is

probably attributed to the shallow water content in the

sediments forming banks of the Yellow River, indicating

that the distance to the water source may affect the level

of seasonal perturbation.

At the margins of Heitai, we find that the eastern margin

exhibits a much large seasonal amplitude than other margins.

Previous studies have shown that the stratum beneath the loess

mass tilted to the east, causing the ground water to gravitationally

seep from west to east. The resulted water concentration thus

explains the observed higher amplitudes of seasonal deformation

on the east margin.

FIGURE 8
Time-series deformation from October 2014 to March 2021 along the ascending LOS for the regions enclosed in Figure 7. A negative value
indicates moving away from the satellite. Time series from N1 is depicted as discrete points to reveal the acquisition dates of all the images.
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The roles of precipitation, temperature,
and irrigation in controlling the seasonal
deformation

The fluctuations of the precipitation can change the

hydrological equilibrium of loess terraces, introducing the

periodicity in the time-series displacements. Our CWT

analysis on all the selected areas shows evident seasonality at

the period of 1 year, and the time-series displacements are highly

correlated with the precipitation records, clearly revealing the

essential role of precipitation in triggering/accelerating the

motion of landslides. The 20 to 55 days of time lag between

time-series deformation and rainfall indicates the response time

for the infiltration process from the surface to the stratum.

Another interesting relationship is between deformation

velocities and the temperature. We find that low temperatures

are always accompanied by a high value of uplifting velocities in

winter. As the Heifangtai region is deep interior on the Loess

Plateau, seasonal frozen soil results in frost heave, causing ground

lifting that was captured by the InSAR data. Different from

FIGURE 9
Continuous wavelet power spectrums for different time-series data: (A) precipitation, (B) detrended displacement of E1, (C) air temperature,
and (D) detrended displacement of S1. The positive values in deformation time series mean approaching to the satellite. The thick black contours
indicate the 5% significant level against red noise. The areas with half-transparent masks designate the cone of influence (COI) where the results are
unreliable due to the nonnegligible edge effects. We use the same style for Figures 10–12.
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precipitation, the response time of velocity to temperature is

almost in-phase, particularly in winter, indicating that the

frost heave process occurs much faster than infiltration

(Figure 12). We also observe a gradual increasing time-lag

between displacements to rainfalls and a decreasing time-lag

between velocities to temperature (Figures 11E, 12E).

Whether they are due to the boundary effect of wavelet

analysis or a continual change of the hydrological property

is still unclear.

In addition to natural factors, irrigation on the Heitai

terraces also plays an important role in controlling the spatial

and temporal patterns of surficial deformation. However,

because only the annual allocation of irrigation volume is

available, we are not able to apply the wavelet analysis to

investigate the relation between displacements and irrigation.

Instead, we normalize the detrended and averaged annual

displacements from 2015 to 2020 and plot them with the

monthly irrigation volumes in Figure 13. The results reveal a

reasonable correlation between deformation and irrigation

volume, suggesting a direct and primary controlling role of

irrigation on surficial deformation. Interestingly,

deformation in winter has robustly lifted together with

FIGURE 10
Continuous wavelet power spectrums for the time-series velocities estimated from displacements: (A) W1, (B) S1, (C) M1, and (D) M2. Positive
values in velocity means approaching to the satellite.
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FIGURE 11
Wavelet coherence (A–D) and progression of time lag (E) on different pairs of time-series data. (A–D) show wavelet coherence between
precipitation (red lines) and the displacement (blue lines) of W1, S1, M1, and M2 and variations of the time lag between them, respectively. The time-
series displacements have been multiplied by −1 for better comparison, so the negative increment in displacements means approaching to the
satellite. It is to be noted that only the data outside the COI and in the black thick contours are reliable. The dotted line in blue corresponds to the
period of 1 year. Red curve in (A–D) corresponds to precipitation, and blue curve corresponds to displacement. The black thick contours indicate the

(Continued )
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FIGURE 11 (Continued)
5% significant level against red noise, in which the signals show high localized correlation. A relative phase shift is shown as a black arrowwith in-
phase pointing right and antiphase pointing left. The arrow pointing down indicates that the first time series leads to the second time series with
90 degrees (T/4), as shown at the upper left of (A).

FIGURE 12
Wavelet coherence on different pairs of time series: (A) temperature and the velocity of W1, (B) temperature and the velocity of S1, (C)
temperature and the velocity of M1, (D) temperature and the velocity of M2, and (E) variations of time lag: that at the period of 1 year between

(Continued )
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irrigation in November. We infer that irrigation in winter

may amplify the frost heave, enhancing the uplift we observed

in winter. Another interesting finding is the mismatch of the

onset between M2 and the other areas, which are highlighted

in Figure 12B. The initial movement in M2 is about 1 month

earlier than that of the selected areas, while immediately after

the large volume of irrigation in March. Because M2 is the

only location where irrigation is directly carried out, this

1 month early onset of accelerating displacement implies a

connected groundwater system where water seeps from the

areas directly irrigated to the residential areas nearby.

Moreover, as the chronic irrigation infiltrates a large

amount of water into the platform, it may intensify the

frost heave on the slopes at its margins, reducing their

stability and finally causing mudflows or landslides that

endanger the residents.

Environmental implications in the
Heifangtai region

For the explanation of characteristics of the time series we

observed, we propose that the displacements are mainly

attributed to two potential processes, one is the annual

freeze–thaw cycle of soil moisture (Henry, 2007; Li et al.,

2018a) because of prominent temperate continental climate

covering this region, and the other is collapse of loess due to

water seepage (Cui et al., 2018). Both of these have a significant

impact on the stability of loess mass. Specifically, chronic water

seepage causes long-term subsidence in time-series

displacements that has a cyclical rate approximately covarying

with the intensity of water volume. On the other hand, expansion

of frozen soils due to seasonal frost heave is a common condition

in cold regions (Miao et al., 2020). When the temperature drops

FIGURE 13
Annual allocation of crop irrigation (blue bars, left vertical axes) against detrended displacements (colored lines, right vertical axes). (A) Regions
at the edge and (B) regions upon the platform shown in Figure 7. Light blue bars correspond to months with greater volume of irrigation in marked
comparison with the others inmazarine. It is to be noted that no irrigation in January and December is carried out. Because displacements of N1, N2,
and N3 close to each other are highly correlated, a substitute of sum from them is done. Green arrows in (B) highlight the time mismatch of
onset between M2 and the others.

FIGURE 12 (Continued)
minimum air temperature and each velocity form the regions labeled in Figure 7. All sequences are extracted from the areas outside the COI and
in the black thick contours. The dotted line in blue corresponds to the period of 1 year. The time series of velocities (blue line) have been multiplied
by −1 for a better comparison. The negative value in velocity means approaching the satellite. Relative phase shift is shown as a black arrow with in-
phase pointing right and anti phase pointing left. The arrow pointing down indicates that the first time series leads the second time series with
90 degrees (T/4), see also the caption of Figure 11.
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below the frozen temperature, an upward component

immediately appears in time-series displacement that can be

verified from the wavelet analysis between temperature and

deformation velocity series. In brief, the combination of these

two processes introduces a continued subsidence and seasonal

variation in the surficial deformation. Considering that the

freeze–thaw cycle can widely change the geotechnical

properties (Peppin and Style, 2013; Yang et al., 2015; Zhou

et al., 2018), along with the heavy irrigation activity since

1970s, monitoring network construction and water

management is highly required for maintaining a sustainable

environment in the Heifangtai region.

Conclusion

In this work, we obtained the time-series displacements and

velocities of in the Heifangtai region fromOctober 2014 toMarch

2021 from Sentinel-1 SAR image response to temperature,

precipitation, and irrigation volume. Our results show

systematic subsidence on the terraces, which may pose

damage on residential infrastructures. The amplitudes of

seasonal deformation are used as a proxy of intensities of

hydrological activities. High amplitudes are found to be

adjacent to the Yellow River and be well-coincident to other

water sources, e.g., springs. From the CWT and WTC analyses,

we identify that precipitation precedes displacement by about

1–2 months, while the WTC between temperature and velocities

time series show a nearly in-phase relationship. The comparison

between monthly irrigation volumes and average annual time-

series displacements showed that the displacements were

proportional to irrigation (Figure 13) from March to October,

indicating the important role of irrigation on seasonal

deformation. Our study demonstrates the advantages of

wavelet tools in the analysis of a non-stationary process in

natural combined with time-series InSAR analysis. However,

we only carried out correlation analysis between surficial

deformation and some hydrological parameters. Further study

focusing on their controlling mechanism is critical for better

understanding loess collapse and guidance on forecasting

landslides. We highlight that the rapid retrogressions of the

terraces in this region may be accelerated by both the natural

and anthropogenic factors and need careful consideration for

local residences.
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