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The Gobi Desert in southern Mongolia has been identified as the strongest dust storm hot
spot threatening public health and socio-economic activities in East Asian countries.
Despite its significance, the complete mapping of the aeolian surface erosion in southern
Mongolia remains unresolved because of extensive region of interest cannot be interpreted
easily by conventional approaches. Therefore, in this study, we built a mapping scheme to
define on going aeolian erosion and applied it over the southern Gobi Desert. The remote
sensing approach applied here was based on an interferometric synthetic-aperture radar
(InSAR) time series technique. A number of Sentinel-1 InSAR pairs that generate phase
coherences for a certain period were synthesized via the means of principle component
analysis to extract the topographic persistence indicative of surface erosion rates.
Validation analyses performed through inter-comparisons of phase coherence signals
over landmark areas and residuals between global digital elevation models confirmed the
reliability of outputs. The results revealed geological lineaments in southern Mongolia
confining sandy deposits and the sediment transportation pathways. Apparently, such
bounded eolian deposits and transportationmechanismswithin geological structures have
significantly contributed to dust generation in the Gobi Desert over southern Mongolia. In
addition, this study demonstrated that the newly developed InSAR time series technique
has great potential for identifying intensified land erosion and dust sources.

Keywords: land degradation, aeolian erosion, interferometric synthetic-aperture radar, phase coherence, time
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INTRODUCTION

At present, eolian surface erosion and subsequent dust generation are emerging as serious
environmental threats to local communities and the socio-economical aspects of surrounding
regions. Therefore, comprehensive mapping of eolian surface erosion is a high priority task in
dealing with the threat of such global environmental changes effectively through the use of
appropriate countermeasures.
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In regard to all previous research aimed at defining eolian land
erosion, it is worth noting that a large number of approaches were
based on spatial analysis techniques involving constraints on
eolian erosion. For instance, interpretations of vegetation indices,
land cover data, and topographic data have often been employed
as tools to trace the susceptibility of land to eolian surface erosion
and consequent dust generation. However, there have been no
exemplary scientific contributions that directly measured the
surface erosion rate by means of remote sensing techniques
except for a very small number of special cases that were
carried out over a limited local scale. In terms of reliability
and applications, obviously there are huge differences between
approaches that directly measure surface erosion rates and
approaches that indirectly synthesize the involved constraints on
surface erosion to forecast the erosion rates.

Even though spatial interpretations on the involved
constraints have been regarded as an almost unique tool for
identifying potential land erosion over an extensive target area, it
is highly demanding to explore alternative ways for the direct and
quantitative investigation of eolian surface erosion. Thus, given
such a background, we developed a strategy to measure eolian
surface erosion directly over sufficiently extensive target areas by
means of an interferometric synthetic-aperture radar (InSAR)
phase coherence time series method with the integration of
complementary satellite remote sensing data.

Mongolia, which has undergone long-term desertification in
conjunction with eolian land degradation and dust generation, is
an ideal area for investigating the methods that can identify dust
sources and eolian surface erosion. Therefore, a large number of

scientific studies have been carried out in Mongolia, especially
within the designated Gobi Desert regions in southern Mongolia,
which are a major contributor to eolian erosion and dust
generation. However, no previous studies have directly
measured the eolian surface changes over the terrain of the
target area, probably because of its enormous spatial extent
and barren environments that may make it difficult to conduct
field work. In that context, the target area to be investigated by the
proposed scheme was established on the Gobi Desert in southern
Mongolia. Earlier research mainly based on erosol optical depth
(AOD) analyses with moderate resolution imaging
spectroradiometer (MODIS) data identified this area as an
intensified dust generation source (Ginoux et al., 2012; Zhang
et al., 2015), where apparent dust hot spots implying significant
eolian surface erosion are populated. Besides such research with
mid-resolution satellite images to trace the trails of sand dust, the
interpretations of the surface conditions regarding ecological/
vegetation factors and land cover changes have shown the target
area to be a prime contributor to dust storm generation in NE
Asia (Eckert et al., 2015; Wu et al., 2016), and therefore, have
subsequent surface erosion. The contexts of the target areas are
presented in Figure 1. The focus here was placed on
Bayankhongor (BA), Uvurkhangai (UV), Dundgovi (DU), and
Umnugovi (UM) in southeastern Mongolia; wide barren terrains,
sporadic sand dunes, grazing enclosures, and very rare villages are
distributed throughout this area and add important context to the
surface erosion process. Other notable attributes of the target area
are as follows: 1) the geomorphic context consists of elongated
fault zones and basins (Bayasgalan et al., 1999; Bayasgalan et al.,

FIGURE 1 | The context of the target area and the InSAR overages analyzed for the mapping of eolian surface erosion together with first PCA PC. Refer to
Supplementary Table S1 for the detailed information of each InSAR coverage.
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2020), which may play a role in dust sediment transportation; 2)
the potential fluvial networks either in the forms of seasonal
fluvial channels or paleo river beds (Owen et al., 1997). Other
interesting geographic features in the target area are the presence
of surface coal mines of considerable sizes and artificially planted
forests for the purpose of combating desertification. We propose
that the above cases have significant potential for the validation of
research outcomes.

METHODS

InSAR was devised for the measurement of topography and its
deformation (Gabriel et al., 1989). This technology exploits the
phase angle difference of electromagnetic waves and has been
actively used in various applications. However, InSAR results are
frequently marred by various error components including those
induced by atmospheric artifacts (Li et al., 2005), the errors of
base topography (Kim et al., 2018), and charged space particles
that result in delays in InSAR signals (Gomba et al., 2015). Thus,
the error of measured deformations needs to be compensated by a
time series analyses of InSAR phase angles as shown in Berardino
et al. (2002). As the task of splitting the genuine deformations and
error components is difficult even with recently improved InSAR
time series techniques, the mapping of surface deformations by
eolian erosion over extensive arid land has never been the topic of
InSAR phase angle analyses. Especially on a surface with
constantly and heavily ongoing eolian erosion such as sand
dune fields, there is no way to provide an “on-time” base
DEM that properly depicts concurrent terrain and reduces the
error of the InSAR phase angle approach. However, it is worth
noting that there is another approach toward measuring surface
erosion that uses another InSAR product, the so-called phase
coherence, rather than the phase angle as shown in Liu et al.
(2001). With the installment of contemporary InSAR assets such
as Terra SAR X, Advanced Land Observing Satellite (ALOS)
Phased Array type L-band Synthetic Aperture Radar (PALSAR)
1/2, and Sentinel-1, which have better resolution, revisiting times,
and resolving power on the baseline conditions, nowadays some
research has begun to establish methods of monitoring sand dune
dynamics and eolian migrations as shown in Gaber et al. (2018),
Gómez et al. (2018), and Havivi et al. (2018). A detailed study of
phase coherence behaviors in arid deserts which may involve
eolian erosions was reported by Ullmann et al. (2019) who
showed that surface characteristics such as slope and wetness
are not crucial for the loss of phase coherence, the so-called
decorrelation. Thus, the prime factor affecting decorrelation is the
change of topography induced by eolian migrations. This
somehow contradicts the early study by Lee and Liu (2001)
that stated the decorrelation dependency on the slope but the
slope effect must not be an issue in the case of small temporal/
spatial baseline observations such as the Sentinel-1 InSAR pair
employed in this study. These observations form the basis of the
approach of this study. It is also worth noting that such
decorrelation effects on the heavy erosion topography is a
major hindrance to the application of InSAR phase angle for
this study.

The major data set used to accomplish the mapping of eolian
erosion in this study was composed of European Space Agency
(ESA) Sentinel-1 SAR images. Sentinel-1, which currently
consists of two satellite constellations, enables a week of
revisiting time that provides excellent temporal and spatial
baseline conditions for interferometric analyses. Due to the
incomparable spatial observation capabilities organized by its
imaging mechanism (Yagüe-Martínez et al., 2016), Sentinel-1 has
the potential to become a prime tool for measuring eolian erosion.
We employed a total of eight InSAR coverages as presented in
Figure 1 in the target area. Each coverage consisted of 25–80
InSAR image pairs. Although the revisiting time of Sentinel-1
InSAR pairs was very short, empty temporal durations in
consecutive InSAR observations occurred frequently.
Therefore, we had to choose the time period that had the best
density of InSAR pairs. In this study, it was 2017.

The phase coherence of the interferometric SAR pairs
representing the major remote sensing information used in
this study was useful in the monitoring of the surface change
between successful images. The phase coherence of two
conjugated complex SAR pixels can be expressed as follows:

coh � ∑N
i�1 SMiS*Sie

j∅(i)��������∑N
i�1 |SMi|2

√ ��������∑N
i�1 |SSi|2

√ (1)

where SMi and S*Si are the complex conjugated signals of the
master and slave SAR images, N is the total number of signals
within the estimated window, and Ø(i) is the phase of the ith
signal within the moving window for phase coherence extraction
and Ø(i) is the phase of the ith pixel of the moving window.

Given that phase coherence largely depends on the geometric
variation in reflectors, the reflection of radar waves over robust
terrain such as barren bedrock, artificial structures, and solidified
geomorphic structures produces high phase coherence. However,
unstable time varying reflectors such as forestry coverage and
materials with changing moistures in consistently eroded surfaces
cause weak phase coherence values. Thus, the employment of
phase coherences as the signatures for tracing surface erosion
require the inspection of such incoherence components. The total
coherences can be decomposed as follows:

Coh � Cohthermal Cohspatial Cohtemporal (2)

Spatial coherence is dependent on the geometry of InSAR
observation, implying that the perpendicular baseline (Hoen
and Zebker, 2000) and its effect on total decorrelation are
usually negligible in the case of small temporal/spatial baseline
conditions of employed Sentinel-1 time series (Lee and Liu,
2001). Thermal coherence depends on radar thermal noise and
is not related to the observation target (Wang et al., 2009). The
parameters of Senitnel-1 InSAR time series observation,
including temporal and spatial baselines are stated in
Supplementary Table S1. Additionally, temporal coherence is
a significant parameter in the exploitation of surface migrations.
Lee et al. (2012) described the pattern of temporal coherence loss,
i.e., temporal decorrelation, as follows:

Decorrelationtemporal � exp(−CtΔT) (3)
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where Ct is the decay constant of temporal coherence that is
dependent on the physical and geometric characteristics of the
target surface, and ΔT is the time period of InSAR pair observations.
Therefore, construction of a phase coherence loss model to simulate
surface change is extremely difficult owing to the prerequisites of
determination of decay constants in accordance with the target
landcover types and imaging conditions. For instance, vegetation
usually causes random decreases in the phase coherence in the
presence of biomass and the interactions with wind and moisture
(Yun et al., 2019). Further, migration on base topography also
decreases the phase coherence, however the aforementioned
interactions with vegetation produces additional effects on the
measured coherence. Our target area in southern Mongolia is
characterized by extensive barren territory as well as sparse
vegetation and small water bodies. Although we can assume that
the major contributions to the decrease in phase coherence are
associated with eolian surface erosion, the effects of cover vegetation
or other factors such as, surface moisture are not negligible. The
mathematical modeling of phase coherence involved with surface
characteristics, particularly in vegetation, are described in Santoro
et al. (2007, 2010). However, their studies only show the difficulties
in vegetation effect modeling relative to temporal phase coherence,
particularly due to the necessary complex information on the
structures of vegetation canopy as well as the prevalent climatic
factors such as, wind and moisture. Wegmuller et al. (2000)
presented a phase coherence characteristic over arid topography
using simple models and demonstrated the phase coherence
associated with surface erosion, however the decomposition of
vegetation effects is not feasible. Recent studies of detailed phase
coherence modeling in Jiang et al. (2014), Jiang and Guarnieri
(2020), and Monti-Guarnieri et al. (2020) demonstrated the
mathematical modeling/simulation approaches of phase
coherences. However, the results of those studies are not directly
applicable to this study because of the modeling complexities of
such an extensive target area with a variety of surface conditions
exists.

A promising approach to address such problems involves the
employment of a time series analysis of phase coherences over a
certain time period rather than the mathematical modeling of all
coherence components. We addressed these issues using
following approach. First, the advantageous time series
analysis, specifically that with the principle component
analysis (PCA) of phase coherences, was exploited as the
outputs of PCA analyses were expected to remove temporal
outliers such as the responses of forest cover to the temporal
wind andmoisture variations and the remnants of thermal/spatial
coherence components. In Yun et al. (2019), PCA analysis was
successfully applied to suppress random and climatic factor-
induced fluctuations and maintain only contributions by the
topographic characteristics on phase coherence. Thus, a
similar approach to only preserve the surface change
component of phase coherence induced by the eolian erosion
was employed in this study. Hence, the demand for complicated
coherence modeling to decompose the surface change and other
contributions could be avoided. The first component of the PCA
analysis of phase coherence—called the first PCA hereafter—is
proposed to represent the transformed signatures corresponding

to eolian surface erosion because it is more consistent than the
other components canceled into high-order PCA components
(see Supplementary Table S1). The effects of such approaches
were assessed in Discussions. Furthermore, external information
was employed to rule out the low phase coherence area, which
was not clearly involved with eolian surface erosion, for instance,
the topographic slope for excluding high sloped surface creep, the
snow cover over high altitude terrain, and the enhanced
vegetation index (EVI) for screening out high vegetation areas
that clearly do not allow for eolian erosion but result in phase
decorrelations. The EVI data set was constructed from MODIS
annual mean observations. We used the ALOS Panchromatic
Remote-sensing Instrument for Stereo Mapping (PRISM) and
Shuttle Radar Topography Mission (SRTM) 30 m DEM. Since we
used two DEMs for validation purposes, their accuracies are of
prime concern. Among the many accuracy tests of those DEMs,
Santillan and Makinano-Santillan (2016) and Zhang et al.
(2019)’s works must be noted as they demonstrated the
vertical accuracies of two DEMs to be within the submeter
range on a flat surface and that other errors mainly originated
from the above-surface structures. Therefore, the application of
DEMs using the height residual in this study can be justified. The
detailed processing flow and the characteristics of the employed
data sets are presented in Supplementary Figure S1.

RESULTS

The first PCA map is presented in Figure 1, and the refined
version including only the eolian erosion component is presented
in Figure 2A. In fact, the processing load to create more than 300
full Sentinel-1 pairs was not tolerable. Thus, we used the
processed COMET LICS InSAR phase coherence products
(Wright et al., 2016) to compose the time series data. The first
PCA maps were mosaicked and controlled to remove the offsets
between coverages using the overlapped portions. Following the
construction of the first PCA maps over the entire target area,
normalization to the 0.0–1.0 range was performed. Thus, the
strong first PCA values were mapped to unchanged topography
such as robust bedrock or artificial structures. In contrast, the
surfaces where the scatterers were consistently changing such as
in the vicinity of water bodies and snow had the minimum first
PCA values. Meanwhile, the dense vegetation, surface creep in
high slope areas, and more importantly, heavy eolian surface
erosion in the dune field was close to the minimum value range
according to the strength of changes. From the established map,
the first things we observed were the thin sand dune elements
along with geological lineaments, the highly vegetated areas in
UM and UV, and some mountain flank regions where surface
creeps and snow covers are populated as shown in Figure 1. To
mask off the high vegetation canopy, surface creep in sloped
terrain and snow cover, the threshold values of EVI (0.1), and
slope masks (40°) were determined to decompose the
interrelationships between the phase coherence first PCA and
EVI/slope. The final products, which represent the eolian surface
erosion approximately with 100 m spatial resolution, are shown
in Figure 2A.
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Various data sources were employed to assess the accuracy and
reliability of the constructed eolian erosion map. First of all, the
height differences between two global DEMs, namely, the Shuttle
Radar Topography Mission (SRTM) DEM and ALOS PRISM
DEM, were employed. The height differences between the SRTM
DEM, which was constructed based on topography in the 2000s
via the C/X band InSAR mission, and the ALOS PRISM DEM,
which was extracted from stereo analyses on optical imaging
mission data during 2006–2011, naturally imply the surface
erosion rate in theory. However, the mismatch of base plane
control in the DEMs and the artifacts of data compilations do not
allow for the tracing of the entire surface change by means of
DEM residuals. Only partial terrain change was occasionally
observed, but the morphologies of the height residuals in
comparison to the first PCA gave the confidences on the
detected eolian erosion as shown in Figures 2D,E. Regarding
the relatively low correlation value between the first PCA
component and height residual (0.501 in area D and 0.404 in
area E), it should be noted that the DEM height residual
represents the overall topographic change in the period
between 1998 and 2006–2011 but the phase coherence only
measured the erosion rate during 2017. This implies that
erosion occurs consistently but periodical change owing to
climatic factors exist. On the other hand, the landmarks areas
where we knew clear topographic changes existed or preservation
areas were employed. The Tavan Tolgoi coal mine, which is the
world’s biggest surface coal mine, began to exhibit considerable

surface changes from coal production beginning in mid-2010,
and these areas were clearly distinguished in the first PCA as
shown in Figure 2C. The planted areas (44.23 N, 103.69 E)
intended as a countermeasure for the undergoing
desertification have been subjected to rigorous soil erosion
control measures by means of spring cooler irrigation and
manned maintenance. The first PCA components over these
planted areas were clearly distinguished as high values and
prove these features’ robustness against surface erosion as
demonstrated in Figure 2B. Thus, all validations over
landmarks demonstrated that the constructed first PCA map
had high reliability in terms of being representative of the surface
changes induced mainly by eolian erosion.

DISCUSSIONS

On the basis of the eolian erosion map constructed from the
InSAR phase coherence time series analysis, which demonstrated
unprecedented details, an important observation was that the
eolian surface erosion in southern Mongolia coincides with the
transportation trails of sedimentary materials through geological
structures running NW to SE. The southern Mongolian Gobi
consists of stone/pebble covered plains rather than sandy deserts,
which is not a conducive environment to intensive dust
generation and eolian erosion. The extent of the sand and
erodible topsoil areas are limited to only around the sand

FIGURE 2 | (A) The surface erosion map from the first PCA PC and further data interpretation. The landmark areas over planted area (B) and the Tavan Tolgoi coal
mine (C) proved the reliability of the constructed map. The validations using the DEM residuals are shown in (D,E). The correlation values of those cases are 0.501 and
0.404, respectively.
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dunes concentrated on geological lineaments, the floors of dried
seasonal fluvial channels, and the sedimentary deposits within
shallow basins and playa, which are connected to the erosion
lineaments. After overlying the extracted outlines of intensified
surface erosion on the involved contexts such as hill shaded
topography, tectonic faults, and European Center for Medium-
Range Weather Forecasts (ECMWF) wind direction/velocities as
shown in Figure 3, we clearly observed that the flows of eolian
sediment transportation from the sedimentary deposits run
through the corridors in geological structures and are
connected to northern Chinese deserts such as the Hobq and
Badain Jaran deserts. The presence of active dune fields in the
Hobq and Badain Jaran deserts as described inWang et al. (2009)
suggest the important roles of such eolian transportation routes.
Thus, we concluded that the coincided wind directions and
geological lineaments shown in Figures 3A,C are the
dominating control factors of the population of eolian surface
erosions compared with the effects by hydrological context or
vegetation (Figures 3B,D). The strengths of surface erosion in the
transportation corridors should be incomparable to the
background terrains where steep slopes and weakly vegetated
stone/pebble areas are present. Thus, the conventional

observations employing AOD, in which the majority of
southern Mongolia has been assigned as a mineral dust
source, need to be reconsidered. The unequally distributed
dust generation frequency, which is more obvious in parts of
UM and DU (Ginoux et al., 2012), supports our analyses. At the
moment, it is proposed that the biggest scientific achievement in
this study is the discovery of the potential coupling between the
southern Mongolian Gobi and northern Chinese sandy deserts
and the roles of geological structures in the transportation
mechanism of eolian sediments.

In addition to validation using landmark areas and the inter-
comparison with potential driving parameters, we introduced
further quantitative analyses as shown in Figure 4. First, 150
more major dune fields and dried channels together with playas
in southern Mongolia were manually digitized (refer to
Supplementary Figure S3). On the different landcover types
consisting of dune fields, dried channels, rocky surfaces which
have minor vegetation cover, water surfaces and vegetated areas
(EVI > 0.1) the phase coherences and their PCA components
acted as illustrated in Figure 4A. The strength of eolian surface
migrations can be assumed in the order of the dune, dried
channels, and rocky surfaces. The phase coherences in

FIGURE 3 | (A) The extent of heavy surface erosion (eolian erosion rate > 0.5) along with the yearly mean ECMWF wind information in 2017, also with (B) the
hydrological contexts, (C) the geological structures (Bayasgalan et al., 2020), and (E) the land degradation rate by the empirical analysis with vegetation indexes. The
details of comparison data sets were given in the Supplementary Material.
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Figure 4A decrease with the temporal base line represented by Eq.
3 depending on their landcover types. However, the discrimination
between landcover types by phase coherence is made difficult by
the mixed signals, as is the assignment of erosion strength.
Immediately after taking the first PCA component, the erosion
rate according to landcover type can be measured in a single liner
relationship. This proved that the feasibility of erosion rate
measurement employing the PCA of the phase coherence stack.
Second, the spatial correlations between fault structures, low first
PCA lineaments, and dune and dried channels have to be verified.
All fault lines, dune fields, and dried channels were transferred to
linear approximations along major axes. Their polar coordinate
representations from central points of every linear approximations
are shown in Figure 4B. These presentations clearly prove 1)
directional populations of low coherence lineaments along with
Gobi-Altai (NWW-SEE) and Tian-Shan (NEE-SWW) fault
structures which are two major fault directions of southern
Mongolia (Lamb et al., 1999); 2) the dune lines are distributed
along with the Gobi-Altai structure but the dried channels has
dependence on the Tian-Shan structure. However, some spatial
disparity between the dune lines and the Gobi-Altai faults were
observed because the dune field cannot be located on the fault line
but on the basins and graben between faults; 3) the polar
coordinate representations of low phase coherence lines are
approximated as combinations of dunes and dried channels. In
addition, the fact that themorphology of southernMongolian dune
fields which are identified in satellite images are usually oriented
along with the direction of Gobi Altai faults, supports our

orientation analyses. Therefore, the dependence of the
transportation corridor of eolian sediment along with geological
strictures has been proven along with the effectiveness of a phase
coherence PCA approach. Other validation checks are shown in
the Supplementary Material.

CONCLUSION

Together with the discovery of regional erosion patterns over
southern Mongolia, we have proven the reliability of InSAR
phase coherence approaches in the reconstruction of eolian
surface erosion. By combining the time series analyses and
interpretations with external auxiliary data sources, we
successfully defined eolian surface erosion at an unprecedented
resolution. As a major scientific outcome, the presence of
connecting corridors throughout geological structures as
transportation routes of eolian sedimentary materials was
identified between the Southern Mongolian basin and the
northern Chinese Hobq/Badain Jaran deserts. The overall
methodology in this study has the potential to be used as a
comprehensive scheme for extensive dust source mapping,
which has been an important goal for combating desertification
as well as scientific research over arid dry lands. It is still unclear
how the strength of the extracted eolian erosion data in this study
can be converted into quantized surface erosion metrics. Since the
potential applications of this approach are not limited to relatively
vegetation-free topography like southern Mongolia, the influence

FIGURE 4 | (A) The responses of phase coherences according to temporal baselines and the first PCA components on the different land cover types. Note, the
signals are well aligned in a single linear relation (dotted line) on the first PCA and their dispersions (error bars in (B)) of the first PCA are very small compared to the second
and third PCA components. See Supplementary Figure S2 to identify the populations employed in landcover parts. (B) Polar coordinate representations of low phase
coherences, faults, dune, and dried channels. The polar representation of low phase coherence lines was observed to correspond to the sum of dune and dried
channel directions.
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of vegetation canopy and the climate parameters such as soil
moisture and wind which interfere with the precise
measurement of eolian erosion must be addressed. We will
tackle these issues in future studies employing a combination of
InSAR phase angle analyses techniques and/or in-situ
measurements such as laser scanning or drone stereo imaging
perhaps together with prior suppression of vegetation effects using
phase coherence modeling.
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