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Abstract: This study investigates synthetic aperture radar (SAR) time series of the Sentinel-1 mission 
acquired over the Atacama Desert, Chile, between March 2015 and December 2018. The contribution 
analyzes temporal and spatial variations of Sentinel-1 interferometric SAR (InSAR) coherence and 
exemplarily illustrates factors that are responsible for observed signal differences. The analyses are 
based on long temporal baselines (365–1090 days) and temporally dense time series constructed 
with short temporal baselines (12–24 days). Results are compared to multispectral data of Sentinel-
2, morphometric features of the digital elevation model (DEM) TanDEM-X WorldDEM™, and to a 
detailed governmental geographic information system (GIS) dataset of the local hydrography. 
Sentinel-1 datasets are suited for generating extensive, nearly seamless InSAR coherence mosaics 
covering the entire Atacama Desert (>450 × 1100 km) at a spatial resolution of 20 × 20 meter per pixel. 
Temporal baselines over several years lead only to very minor decorrelation, indicating a very high 
signal stability of C-Band in this region, especially in the hyperarid uplands between the Coastal 
Cordillera and the Central Depression. Signal decorrelation was associated with certain types of 
surface cover (e.g., water or aeolian deposits) or with actual surface dynamics (e.g., anthropogenic 
disturbance (mining) or fluvial activity and overland flow). Strong rainfall events and fluvial 
activity in the periods 2015 to 2016 and 2017 to 2018 caused spatial patterns with significant signal 
decorrelation; observed linear coherence anomalies matched the reference channel network and 
indicated actual episodic and sporadic discharge events. In the period 2015–2016, area-wide loss of 
coherence appeared as strip-like patterns of more than 80 km length that matched the prevailing wind 
direction. These anomalies, and others observed in that period and in the period 2017–2018, were 
interpreted to be caused by overland flow of high magnitude, as their spatial location matched well 
with documented heavy rainfall events that showed cumulative precipitation amounts of more than 
20 mm.  
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1. Introduction 

The Sentinel-1 mission of the European Space Agency (ESA) delivers temporally dense, high-
resolution synthetic aperture radar (SAR) imagery of the Earth´s surface [1]. These C-Band datasets 
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are suited for the characterization of spatiotemporal dynamics (i.e., for the recognition and 
identification of land surface changes at a very high level of sensitivity, in a continuous manner, and 
for large study areas [2]). Sentinel-1 data allow for interferometric SAR (InSAR) applications, 
including the monitoring and quantification of land surface elevation changes in different 
environments [2,3]. Advantages of Sentinel-1 data in comparison to preceding civil SAR missions are 
the large swath width, maintaining phase coherence and a comparably high spatial resolution, and 
the short temporal revisit period of twelve or six days when Sentinel-1 A and Sentinel-1 B datasets 
can be combined.  

Such InSAR data offer the opportunity to utilize the phase information of two SAR acquisitions 
in the coherent change detection (CCD) [4–6]. CCD is known to be highly sensitive to changing 
surface conditions (i.e., dielectric properties and target geometry) and it can be used to identify 
alterations that are not recognizable in the SAR intensity or in the spectral signal of optical remote 
sensing imagery [7,8]. Further, CCD is sensitive to changes on the subpixel scale, since it utilizes 
phase and intensity information of the electromagnetic wave coherently [5,9]. However, the 
applicability of CCD is limited by the temporal delay between the acquisitions, where longer 
temporal baselines usually cause a loss of coherence. Further, CCD requires a suited acquisition 
geometry (i.e., usually repeated observations from a similar orbit position).  

The high potential of InSAR datasets in change detection has been demonstrated in previous 
studies, exemplarily on risk and damage assessment after natural or anthropogenic disasters [6,10–
12]. Further, previous studies also highlight the application of CCD in physiogeographical research, 
and particularly in geomorphological contexts. In this field of geoscience, CCD is especially 
promising for applications in arid and semiarid environments, as here the rather short stature of the 
vegetation and the usually low vegetation fraction coverage (if any) advance high InSAR coherence 
and allow for area-wide investigations. The applicability of CCD in the C-Band and for arid 
environments has been shown for European Remote Sensing (ERS) satellite datasets [13–16], as well 
as more recently for Sentinel-1 datasets [8,17–19]. In regard to these studies, it can be summarized 
that CCD is a highly sensitive method for characterizing different physical surface properties and 
identifying (changing) surface conditions. Exemplarily, increased soil moisture, sediment transport, 
and anthropogenic activity may be detected, as such events manifest by either a temporal or a 
permanent loss of InSAR coherence due to changes of the target’s dielectrical or geometrical 
properties. The application of InSAR coherence in change detection faces difficulties in rugged and 
mountainous terrain and over surfaces that generally appear as noncoherent in the imagery. Further, 
available temporal and spatial baselines, as wells as SAR systems’ capacities (coverage, geometrical 
resolution, and revisit time), can limit the applicability of CCD.  

Regarding the new capacities of the Sentinel-1 mission, we assess spatiotemporal variations of 
Sentinel-1 InSAR coherence on different time scales acquired over the Atacama Desert (Chile) 
between 2015 and 2018. Our investigations aim at (i) distinguishing different desert surface areas, 
which are associated with diverging morphodynamic characteristics; and (ii) determining factors that 
are responsible for these differences and for the observed spatial or temporal changes. Therefore, the 
Sentinel-1 time series features are compared to morphometric and hydrographic features deduced 
from TanDEM-X WorldDEM™, temporal-matching multispectral features of Sentinel-2, and a highly 
detailed governmental geographic information system (GIS) dataset on the local hydrography. 
Ultimately, our approach may contribute to the establishment of new techniques for arid landscape 
characterization, aiming at better understanding landscape dynamics and geomorphological 
processes in arid to hyperarid environments. 
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2. Materials and Methods  

2.1. Study Area 

The hyperarid core of the Atacama Desert stretches between 22°–25° S (Figure 1) and experiences 
<10 mm/year rainfall on average [20]. Hyperaridity is caused by a combination of subtropical 
subsidence [21], coastal upwelling of the Peru–Chile Current [22], and rain-shadow effects of the 
Andes [20], and is thought to have been established around the mid-Miocene or earlier [23,24]. 
Precipitation generally increases north-, east-, and southwards due to convective rainfall from 
tropical easterlies in the Andes and the increased influence of southern westerlies in austral winter 
[25]. Marine fog frequently occurs until ~1200 m above sea level [26,27] along the western slopes of 
the Coastal Cordillera but may extend farther inland depending on local topography [28]. This 
constellation results in the typical climatic and morphodynamic zonation of the Atacama (Figure 1d), 
with the driest parts of the Atacama being located between the coastal ranges and the pre-Andean 
cordilleras, including the Central Depression, which are framed by extensive and episodically active 
alluvial fan systems in the east and the fog-affected western slopes of the Coastal Cordillera in the 
west.  

 
Figure 1. Study area and data coverage: (a) regional overview; (b) topographic setting and major 
cities; (c) footprints of Sentinel-1 imagery (2015, 2016, 2017, and 2018) and location of region of interest 
(ROI); (d) morphodynamic zonation. The red rectangle in (a) shows the extent of panels (b–d). Note: 
ETOPO DEM = Earth Topography Digital Elevation Model (www.ngdc.noaa.gov/mgg/global/). 
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As generally proposed for hyperarid deserts, geomorphic processes in the Atacama are 
suggested to be of remarkable slowness, as evidenced by the age of surfaces and landforms [23,29,30]. 
Numerous landforms in the Atacama may thus represent fossil evidence of past geomorphic activity 
[31], especially in the central desert, which is typically disconnected from both fog-related 
atmospheric moisture and Andean discharge. However, severe precipitation events followed by 
overland flow or flash flood activity may even reach hyperarid parts of the Atacama, as documented 
by the March and August 2015 and June 2017 rainfall events [19,32,33]. The 2015 events are in relation 
to the El Niño–Southern Oscillation (ENSO) (Figure 2b).  

Smooth slope morphologies typically result from thick atmospherically derived salt and dust 
deposits masking hillslopes in the central desert, where soils contain large amounts of salts, such as 
nitrate, iodate, and the common sulphates gypsum and anhydrite [34–36]. This atmospheric 
deposition is thought to be supported by biological soil crusts [37] and may lead to salt-dominated 
soils and a remarkable volumetric expansion under long-term hyperaridity. Salt-driven shrink–swell, 
slumping, or solifluction-type processes are, thus, thought to be responsible for various landforms in 
the central desert [38]. Finally, seismicity-driven processes are actively shaping surfaces in the driest 
parts of the Atacama, as has been shown recently [30,39,40]. 

 
Figure 2. Overview of synthetic aperture radar (SAR) acquisition geometry and Multivariate El Niño–
Southern Oscillation (ENSO) Index values: (a) Sentinel-1 and Sentinel-2 acquisition dates, 
perpendicular baselines, and model coherences of all investigated Sentinel-1 image pairs recorded in 
interferometric SAR (InSAR) repeat-pass configuration using the same relative orbits; (b) Multivariate 
ENSO Index Version 2 (MEI.v2) (esrl.noaa.gov/psd/enso/mei). 

2.2. Sentinel-1 

Two sets of Sentinel-1 VV/VH-polarized interferometric wide-swath (IW) data were investigated 
for this study. The first set was compiled to cover the full area shown in Figure 1c (approximately 450 
× 1100 km), using twelve single scenes acquired in March of a certain year (2015–2018) (Figure 2a), 
and along one relative orbit running in the north–south direction. Long temporal baselines of 385 
days (2015–2016), 367 days (2016–2017), and 361 days (2017–2018) were derived. The longest 
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investigated temporal baseline was 1093 days for the image pair 2015–2018. The second set contained 
a stack of 52 images acquired with short temporal baselines of 12 or 24 days between December 2016 
and December 2018 over a specific region of interest (ROI, Figure 1 c; coverage of approximately 120 
× 180 km) in the center of the Atacama Desert, ranging from the coast to the Central Depression. 
Regular observations at 12 or 24 day intervals are available starting from December 2016. Figure 2a 
indicates the acquisition dates and the perpendicular baselines of all investigated Sentinel-1 image 
pairs. In addition, the model coherence is shown for the second set. Model coherence is an estimator 
for the expected decorrelation and its calculation is solely based on the perpendicular baseline, the 
temporal baseline, and the mean Doppler centroid frequency difference. The values of the model 
coherence were linearly scaled to a range from 0 to 100; higher values indicate a higher suitability for 
InSAR analysis.  

The data were downloaded as single-look complex (SLC) products from the Sentinel hub and 
underwent the processing illustrated in Figure 3. The processing was adapted from [8,18], but the 
derivation of polarimetric features was included. The following SAR features were processed in 
SNAP 6 (step.esa.int/main/toolboxes/snap/) and IDL/ENVI 5.3 (www.harrisgeospatial.com). First, the 
terrain-corrected gamma nought VV and VH intensities were processed (Figure 3a). The intensity 
information of the same relative orbits was compared and information was scaled to decibels. Second, 
polarimetric features of dual-polarization entropy/alpha decomposition [41,42] were processed using 
the covariance matrix (C2) and the VV/VH-polarized Kennaugh matrix [43] (Figure 3a). Third, 
interferometric (InSAR) coherences of the VV and VH channels were deduced after coregistration 
(Figure 3b), but analysis concentrated on the copolarized channel (VV). The time series was set up 
using sequential masters [44] and the master image was the one acquired first. The flat-earth phase 
and topographic phase were removed using TanDEM-X WorldDEM™ (see below). 

The InSAR coherence 𝛾 is a measure for the correlation of the complex signals of two SAR 
acquisitions. It utilizes the phase information of both signals, making the feature highly sensitive to 
changing target properties [9,13] (Equation (1)). 𝛾 = 𝐸 𝑠∗ ⋅ 𝑠𝐸 |𝑠 | ⋅ 𝐸 |𝑠 |  (1) 

 

 where 𝐸  is the expectation value, 𝑠  and 𝑠  are the backscattered signals, and 𝑠∗  describes the 
complex conjugate of 𝑠. The correlation coefficient 𝛾 can be estimated directly from the two datasets 
[9,18]. The coherence ranges from zero to one, where zero indicates total signal decorrelation and one 
indicates full signal correlation. InSAR coherence is affected by several types of decorrelation 
(Equation (2)) [9]: 𝛾 = 𝛾 ⋅ 𝛾 ⋅ 𝛾 ⋅ 𝛾  (2) 

  where 𝛾  denotes temporal correlation and addresses geometrical and dielectrical changes 
between the acquisitions; it is usually the dominant factor altering the coherence in repeat pass CCD. 
Here, 𝛾  accounts for thermal, instrument, and processor noise, while 𝛾  quantifies the 
influences caused by the acquisition geometry; 𝛾  accounts for the effect of volume or random 
scattering. The relevance of the listed factors on InSAR coherence is discussed in detail in [7,9,10,45].  

The analysis of the first set concentrated on the COH VV, while for the second set, four SAR 
features were considered: K0 (total intensity of VV and VH), entropy (degree of scattering 
randomness ranging from 0 (low) to 1 (high)), VV InSAR coherence (COH VV), and VH InSAR 
coherence (COH VH). All of the features were processed to a spatial resolution of 20 × 20 m per pixel 
(World Geodetic System (WGS) 1984/ Universal Transverse Mercator (UTM) Zone 19 South, 
European Petroleum Survey Group Geodesy (EPSG): 32719). Additionally, the temporal features 
minimum, maximum, mean, median, and standard deviation were calculated in the temporal 
dimension of the stack (Figure 3c) [8]. Hereafter, the mean images of a certain feature are denoted 
with “µ”; images of the standard deviation of a certain feature are denoted with “σ”. 
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Figure 3. Processing of Sentinel-1 data: (a) processing of polarimetric features using the covariance 
and the Kennaugh matrix; (b) processing of InSAR coherences; (c) processing of temporal statistics 
and time series features. Note: SSC = Single Look Slant Range Complex- ; IW = interferometric wide-
swath. 

2.3. Reference and Auxiliary Datasets  

Sentinel-1 features were compared to morphometric and hydrographic features deduced from 
the TanDEM-X WorldDEM™ and to (temporally matched) surface reflectance values and tasseled 
cap transformation (TC) features of Sentinel-2 [46,47]. Additionally, a freely available and highly 
detailed governmental GIS compilation of the hydrographic channel network of Chile was used as a 
reference (http://bcn.cl/siit/mapas_vectoriales). The results were further compared to documented 
rainfall events of high magnitude that also reached parts of the hyperarid core of the Atacama Desert. 
These events happed in the periods 2015–2016 (March and August 2015) and 2017–2018 (June 2017), 
and are described in detail by [19,33,48]. 

Six individual tiles of Sentinel-2 covered the study area (ROI) and all available scenes with cloud 
cover of less than 20% were considered for the analysis, so that the best possible temporal match with 
the Sentinel-1 acquisitions was reached (Figure 2). The level 1C datasets were geometrically corrected 
and the per-pixel radiometric measurements were given in top of atmosphere (TOA) reflectance [49]. 
The software “Sen2Cor” was used [50] to generate terrain and atmospherically corrected bottom of 
atmosphere (BOA) reflectance values. For all tiles, BOA reflectance was deduced and datasets were 
clipped, mosaicked, and gridded (WGS 1984/UTM Zone 19 South, EPSG: 32719). In addition, the 
features of the TC [46] were processed. TC generates the main transformations features “brightness”, 
“greenness”, and “wetness” [47]. As suggest by the index database (IDB, indexdatabase.de), TC was 
computed using the same coefficients as for Landsat 8, choosing the bands of matching wavelengths. 

A TanDEM-X WorldDEM™ dataset, in figures denoted as “TanDEM-X DEM”, was made 
available for this study by the German Aerospace Center (DLR) via a science grant (see 
Acknowledgments) [51]. This DEM was shown to be of high accuracy and quality in previous studies 
[52,53], and also in the context of geomorphological applications [54–56]. The DEM covered the ROI 
(Figure 1) and had a pixel spacing of 12 m (WGS 84/UTM Zone 19S, EPSG: 32719). The DEM 
underwent hydrographic modeling in SAGA GIS Version 5 (http://saga-gis.org), and the multiflow 
direction (MFD) flow accumulation was processed [57,58]. The elevation data and the MFD were 
further used to estimate the topographic wetness index (TWI) [57].  
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3. Results 

3.1. Sentinel-1—Long Temporal Baselines 

The VV coherence mosaics of the Atacama Desert for periods 2015–2016 (Figure 4a), 2016–2017 
(Figure 4b), 2017-2018 (Figure 4c), and 2015-2018 (Figure 4d) were constructed with temporal 
baselines of 385, 367, 361, and 1093 days, and corresponding perpendicular baselines of 18, 34, 27, 
and 38 m. The mosaics are nearly seamless and borders between neighboring scenes of different 
relative orbits are hardly visible. For all periods, characteristic domains appear in the imagery that 
could be linked with the morphometric zonation of the Atacama Desert (Figure 1d): the uplands of 
the Coastal Cordillera, the central desert, and the alluvial fans west of the Precordilleras show very 
high InSAR coherences in all periods, with values greater than 0.85 for most regions (>70 % of the 
area). Regions in the Andes and the Altiplano that are characterized by a mountainous setting are 
characterized by lower and more variable InSAR coherence values. Here, the influence of radar 
effects (i.e., shadowing, foreshortening, and layover) on the InSAR coherences is clearly visible and 
leads to spatial and temporal inconsistencies of the signal.  

The histograms of the coherence images for 2015–2016, 2015–2017, and 2015–2018 show a 
continuous decrease of coherence values with increasing temporal baseline (histograms in Figure 4), 
which is attributed to the temporal decorrelation, as perpendicular baselines of all image pairs are 
similar. Notably, 75% of all InSAR coherence values are above a value of 0.7 for the period 2015–2018, 
even though the temporal baseline is 1093 days. The median values are 0.85 (2015/2016), 0.83 (2015–
2017), and 0.81 (2015–2018), meaning all mosaics of all temporal baselines show median values above 
0.8 and lower quartile values above 0.55.  

Remarkable anomalies in the InSAR coherence mosaics (Figures 4 and 5) are found in relation 
to the drainage network for periods 2015–2016 (between Antofagasta, Tocopilla, and Calama) and 
2017–2018 (more locally in the east and southeast of Antofagasta). The InSAR coherence anomalies 
perfectly match the channel courses of the reference datasets (Figure 5) between Taltal and Arica for 
the period 2015–2016, meaning the differences of the coherence values over the reference drainage 
channels are in the order from −0.4 to −0.8 (displayed in profile AB at distance 4700 m in Figure 5k). 

Regions where such linear anomalies were found frequently also show patterns of area-wide 
loss of InSAR coherence. Such patterns appear as NW–SE-oriented stripes of lower coherence, with 
lengths of more than 80 km in the coherence image mosaic for 2015–2016. This area-wide and 
extensive loss of InSAR coherence is exemplarily displayed in the subsets of Figure 5i,j. The drop of 
coherence in profile EF between 6000 m and 8000 m (Figure 5m) is approximately −0.3.  

These observations also appear clearly in the difference images of the 2015–2016, 2016–2017, and 
2017–2018 coherences (Figure 6), and spatial anomalies with a coherence loss of <−0.3 appear as strip 
patterns over the Central Depression and the Precordillera (indicated with blue color in Figure 6a). 
The extensive and area-wide loss of coherence is further also coupled with the associated channel 
network of matching watersheds (see Figure 5 in addition). Similar, Figure 6b shows anomalies in 
the coherence mosaics 2016–2017 and 2017–2018 in the east and southeast of Antofagasta (indicated 
with yellow and red colors in Figure 6b). Finally, loss of coherence between 2015 and 2016 is also 
observed at the westward-facing slopes of the Coastal Cordillera north of Tocopilla and south of 
Antofagasta.  
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Figure 4. Overview of the processed Sentinel-1 InSAR VV coherence mosaics: (a) March 2015 and 
March 2016 (385 days); (b) March 2016 and March 2017 (367 days); (c) March 2017 and March 2018 
(361 days); (d) March 2015 and March 2018 (1093 days). 
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Figure 5. Example of detection of fluvial activity: (a) Sentinel-1 InSAR VV coherence mosaic of March 
2015 to March 2016 (385 days); (b,e,h) TanDEM-X WorldDEM™ hill shades and channel network; 
(c,f,i) InSAR VV coherences (2015–2016); (d,g,j) InSAR VV coherences (2016–2017); (k,l,m) profile 
plots of coherence (COH) for 2015–2016 (light green) and 2016–2017 (dark red). 
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Figure 6. InSAR coherence difference maps: (a) VV coherence difference for (2015/2016)–(2016/2017) 
and (b) (2016/2017)–(2017/2018). Coherences anomalies in the lower enlargement (a) are related to 
heavy precipitation events that happened in March and August 2015, while anomalies in enlargement 
(b) are related to rainfall events >20 mm that occurred June 6–7, 2017 [33]. 

3.2. Sentinel-1—Short Temporal Baselines 

3.2.1. Relation of SAR Time Series Features to Geomorphic Domains 

The time series features of COH VV and K0 for the second set (constructed with short temporal 
baselines of 12/24 days) are exemplarily shown in Figure 7 in comparison to a true color RGB of 
Sentinel-2 and the TanDEM-X WorldDEM™. The visual inspection allowed characterization of 
several domains by µ K0 intensity values—the steep slopes of the coastal area, the Salar Grande, the 
Salar de Bella Vista, the Salar de Llamara, as well as the bedrock outcrops of the Coastal Cordillera 
and the slopes of the Precordillera show high µ K0 values above –10 dB. In contrast, low µ K0 values 
(<−15 dB) are observed for the alluvial plains of the Central Depression (see Figure 7c and P3 in Figure 
7g). The lowest K0 values are found for locally active sand dune systems south of the Pica Sand Dunes 
(see below) at the transition between the Central Depression and the Precordillera. Here, µ K0 values 
were in the order of <−20 dB. The intensity is most variable over time for the salt lakes (σ K0 of 
approximately 2 dB; see P1 in Figure 7g) and the steep slopes of the Precordillera (σ K0 > 2 dB). 
However, for most parts of the ROI (>77.5 % of the area), the temporal signal variations of K0 are <1 
dB on average (e.g., see P4 in Figure 7g), indicating similar backscattering over time. The most 
significant changes (>3 dB) can be attributed to mining activity, best visible for the large mining area 
between the Salar Grande and the Salar de Bella Vista. The µ COH VV (Figure 7e,f) showed a clear 
division of the ROI into characteristic domains. The alluvial plains of the Central Depression are 
characterized by comparably low values of approximately 0.3 to 0.8 (see P3 in Figure 7h), whereas 
most other regions show very high values of above 0.8 (>69.2 % of the area) beside areas of active 
mining that are frequently indicated by lower values, and the mentioned dune systems that are 
characterized by µ COH VV of <0.2. Further, the mining areas show the highest σ COH VV values of 
>0.15 (Figure 7h).  
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Figure 7. Features utilizing the temporally dense stack of Sentinel-1 acquisitions: (a) RGB true color 
composite of a Sentinel-2 acquisitions; (b) TanDEM-X WorldDEM™; (c) µ of K0 intensity; (d) σ of K0 
intensity; (e) µ of VV coherence; (f) σ of VV coherence; temporal signatures of P1 to P4 of (g) K0 
intensity (dB); (h) VV coherence. Signatures show the average of a 9 × 9 pixel window centered on the 
point of interest. 
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Other regions that are indicated by comparably high temporal variations (σ COH VV in the 
order from 0.10 to 0.15) are found over the alluvial plains of the Central Depression (see P3 in Figure 
7g,h) and along the deeply incised valley of the Rio Loa. However, most locations inside the ROI 
display σ COH VV <0.1 and σ COH VH <0.05 (>80.5 % of the area), indicating very stable target 
properties when 12 or 24 day temporal baselines are investigated. 

In this context, Figure 8 presents an example of two sites inside the ROI with known aeolian 
sandy deposits that appear as noncoherent targets in the imagery [59]. They are situated on, or close 
to, local bedrock outcrops or alluvial fans at the transition between the Central Depression and the 
Precordilleras, approximately 40 km south of the Pica Sand Dunes. Their genesis is likely linked to 
the adjunct alluvial plain and local main wind directions from the west or southwest [59]. The dune 
belt stretches northeast–southwest and is visually recognizable in the optical imagery (Figure 8d,h). 
In the SAR features, the deposits are characterized by very low µ COH VV (<0.3) and by very high 
polarimetric µ entropy values close to 1.0. Notably, σ COH VV is high (>0.1) at the outer fringes of 
the single dunes (Figure 8b,f). Compared to other sites, the COH VV and entropy generate a distinct 
SAR signature, and these sandy aeolian sediments are clearly recognizable in the imagery. 

Similar to the results obtained from the long temporal baselines, linear anomalies in 
correspondence to the reference channel network were found in the InSAR coherence imagery 
processed at short temporal baselines. Location “B” in Figure 7a shows a region where such linear 
anomalies are detected between December 2016 and December 2018. The site is located inside the ROI 
at the transition from the Precordillera to the alluvial plain. Here, the local bedrock is cut by several 
incised parallel channels that merge at the foot of the slope into the alluvial plain.  

 
Figure 8. Example of aeolian sediment coverage (south of the Pica Sand Dunes) utilizing the 
temporally dense stack of Sentinel-1 acquisitions (location “A” in Figure 7a): (a,e) µ of VV coherence; 
(b,f) σ of VV coherence; (c,g) µ entropy; (d,h); RGB true color composites of selected Sentinel-2 
acquisitions; (i,j) profile plots of µ of VV coherence, µ entropy, and µ K0 intensity. 

The µ COH VV (Figure 7e) indicates that the mean VV coherence of this region is on average 
moderately high (about 0.6), and similarly standard deviation is moderately high (approximately 
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0.1). The analysis of COH VV imagery for December 2016 to March 2017 (Figure 9a–d) showed a 
distinct drop of VV coherence of approximately −0.5 (Figure 9i) between January 8, 2017, and January 
20, 2017, over some of the channels. The identified locations match the course of the reference 
channels of the drainage network (not shown). The drop is only observed in a single image pair and 
coherence values recover to the pre-event level for image pairs acquired after January 20, 2017. 

Notably, a smaller second anomaly is found between February 25, 2017, and March 9, 2017. The 
data indicate a second drop in the coherence (at distance 2.9 km) by −0.4 (Figure 9i) compared to the 
pre-event level. The main event (between January 8 and 20, 2017) is also displayed in the optical TC 
datasets of Sentinel-2. The RGB composites of the TC features brightness, greenness, and wetness are 
shown for the acquisition dates November 13, 2016, February 1, 2017, February 21, 2017, and March 
13, 2017 in Figure 9e–h (available cloud-free acquisitions). All features of the TC show a change in 
values after the main discharge event. The variation is clearest in the TC greenness and brightness 
and changes are about +0.5 (brightness) (Figure 9j) and +0.16 (greenness) (Figure 9k). In contrast to 
the COH VV, the values of the TC did not recover to the pre-event level, but stayed at the same level 
once the event happened. 

 

  



Remote Sens. 2019, 11, 2960 14 of 22 

 

 
Figure 9. Example of detection of fluvial activity utilizing the temporally dense stack of Sentinel-1 
acquisitions (location “B” in Figure 7 a): (a–d) selected VV coherences (12 day temporal baselines); (e–
h) RGB false color composites of temporally matching Sentinel-2 acquisitions using tasseled cap 
features for brightness (R), greenness (G), and wetness (B); (i–l) profile plots of the investigated 
features for dates before and after the fluvial event. 

3.2.2. Influence of the Acquisition Geometry 

Further analyses focused on the overall statistics of the second set of VV InSAR coherences. The 
image statistics of COH VV are compared to the corresponding perpendicular baselines and the 
model coherences in order to indicate the influence of the acquisition geometry on the actual 
coherence values. The median COH VV values of the ROI (excluding water surface) range between 
0.85 and 0.91 for all 51 scenes (2016–2018). The maximum values are close to 1.0, whereas the values 
of the lower quartile (LQ25%) range between 0.75 and 0.82. Similar, the model coherence varies 
between values of 87 and 99, while all perpendicular baselines range between 5 and 140 m. COH VV 
LQ25%, median, and values of the upper quartile (UQ75%) are highly correlated with squared 
Pearson’s correlation coefficients (R²) of 0.94 (median and LQ25%), 0.97 (median and UQ75%), and 
0.85 (LQ25% and UP75%). The R² value for the COH VV median and the perpendicular baseline is 
0.40 and for the COH VV median and the model coherence is 0.43. 
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3.2.3. Relation of InSAR Coherence to SAR/DEM Features 

The temporal means and the standard deviations of the Sentinel-1 features K0 (Figure 7c,d), 
entropy, COH VV (Figure 7e,f), and COH VH are analyzed in simple linear regression modeling 
(Table 1) in order to indicate dependencies of InSAR coherence to other SAR/DEM features. The 
analysis is carried out for the ROI (Figure 1c), excluding water. Parameters µ K0 and µ COH VV are 
positively correlated with a R value of +0.65. Similarly, while µ K0 and µ COH VH are positively 
correlated with a R value of +0.84. InSAR coherences of both channels (VV/VH) are positively 
correlated with a R value of +0.80. The standard deviations of VV and VH coherence (σ COH VV and 
σ COH VH) are not correlated with any other feature (|R|<0.5), but with themselves with a R value 
of +0.65. The correlation between SAR and DEM features is generally low and does not exceed |R| 
values of 0.49. Notably, the µ entropy is only weakly negatively correlated with the µ VV COH (R of 
−0.47), µ VH COH (R of −0.21), and µ K0 (R of −0.37).  

Table 1. Correlation matrix of investigated features shown as linear Pearson’s correlation coefficient 
(R). Statistics are drawn for the region of interest (ROI) and for land surface, excluding water. Note: 
TWI = topographic wetness index. 

  DEM Slope TWI µ K0 σ K0 µ Entropy σ Entropy µ COH VV σ COH VV µ COH VH σ COH VH 
DEM 1.00 0.53 −0.58 0.41 0.28 −0.19 0.08 0.14 0.22 0.23 0.25 
Slope 0.53 1.00 −0.69 0.49 0.42 −0.14 0.09 0.05 0.42 0.28 0.35 
TWI −0.58 −0.69 1.00 −0.36 −0.25 0.21 0.03 −0.22 −0.10 −0.33 −0.16 
µ K0 0.41 0.49 −0.36 1.00 0.47 −0.37 0.09 0.65 0.07 0.84 0.13 
σ K0 0.28 0.42 −0.25 0.47 1.00 −0.21 0.40 0.05 0.39 0.25 0.38 

µ Entropy −0.19 −0.14 0.21 −0.37 −0.21 1.00 −0.33 −0.47 0.08 −0.21 −0.33 
σ Entropy 0.08 0.09 0.03 0.09 0.40 −0.33 1.00 −0.01 0.25 −0.09 0.41 

µ COH VV 0.14 0.05 −0.22 0.65 0.05 −0.47 −0.01 1.00 −0.55 0.80 −0.17 
σ COH VV 0.22 0.42 −0.10 0.07 0.39 0.08 0.25 −0.55 1.00 −0.23 0.65 
µ COH VH 0.23 0.28 −0.33 0.84 0.25 −0.21 −0.09 0.80 −0.23 1.00 −0.18 
σ COH VH 0.25 0.35 −0.16 0.13 0.38 −0.33 0.41 −0.17 0.65 −0.18 1.00 

4. Discussion 

The Sentinel-1 orbital tube generated small and InSAR-suited baselines that were in the range of 
several meters up to 140 m for all investigated periods. Notably, perpendicular baselines for temporal 
baselines >300 days and >1000 days were in the order of 35 m, which underlines the very high 
precision of the system and the fulfillment of the mission requirements [2]. As expected, larger 
perpendicular baselines led to lower coherence values; vice versa, shorter perpendicular baselines 
led to higher coherence values, shifting the frequency distribution towards higher values. In this high 
coherence environment, the varying baselines had only a very small impact on the actual coherence 
values and did not restrict the image interpretation. Therefore, the Sentinel-1 acquisitions offered a 
very good and stable setting for CCD analyses.  

Given the maturity of the Atacama landscape and the remarkable slowness of processes of the 
Earth’s surface under the prevailing and long-term hyperaridity, numerous landforms can be 
regarded as fossil evidence of past geomorphic activity [23,29,31]. This results in high InSAR 
coherence in the C-Band for large parts of the Atacama; however, recent episodic or periodic 
geomorphic processes–such as overland flow or channel activity during rare but strong precipitation 
events probably related to ENSO, haloturbation, slumping, or seismic shaking—seem to actively 
contribute to the landscape characteristics, as shown by [30,32,38–40,60]. Therefore, the Sentinel-1 
mission is exceptional in offering Atacama-wide and continuous long-term observations, while 
gathering information that is highly sensitive to changing surface conditions. For the first time, this 
study presents a comprehensive analysis of CCD in the C-Band for the entire Atacama Desert at 
different time scales.  

4.1. Long Temporal Baseline Mosaics 
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The analyses carried out by investigating long temporal baselines (360 to 1090 days) revealed 
remarkable anomalies in the InSAR coherence mosaics (Figures 4 and 5) in relation to the drainage 
network for the periods 2015–2016 (between Antofagasta, Tocopilla, and Calama) and 2017–2018 
(more locally in the east and southeast of Antofagasta), and in relation to anthropogenic disturbance 
(especially mining).  

Even though no in situ reference for the activity of the channels existed, it is very likely that the 
observed linear coherence anomalies are linked to the discharge, as the shapes of the anomalies 
matched the reference drainage network and the hydrographic and topographic setting deduced 
from the DEM. The differences in coherence between an active channel and its immediate 
surroundings were distinct and ranged up to 0.6. However, the detection of such events essentially 
requires a high signal correlation over time (i.e., the regions must be indicated by a high coherence 
in order to enable a detection). This makes the technique exclusively suited for arid environments; 
considering the high sensitivity of C-Band SAR data to vegetation, the applicability of the approach 
will be smaller for regions with higher vegetation fraction coverage. 

The coherence mosaics were, therefore, used to trace and delineate area-wide channel activity, 
and it is possible to compare the spatiotemporal patterns of activity between different periods with 
high spatial details. For example, fluvial activity was observed between Antofagasta, Tocopilla, and 
Calama in the period March 2015 to March 2016. In the period March 2017 to March 2018, channel 
activity was observed more locally in the east and southeast of Antofagasta. In contrast, no events 
were detected in the period March 2016 to March 2017. This is in accordance with the reported rainfall 
and precipitation events [33,48] that reached the inner Atacama Desert (e.g., the region east and 
southeast of Antofagasta experienced a strong precipitation event on June 6–7, 2017 [33]. 

Interestingly, regions where discharge occurred frequently also show patterns of area-wide loss 
of coherence in the immediate surroundings and the matching watersheds. This area-wide loss of 
coherence (approximately −0.3 on average) appeared as northwest–southeast-oriented strips of low 
coherence in the period 2015–2016. The anomalies were interpreted to be related to strong 
precipitation events that caused overland flow and fluvial discharge, or that led to a significant 
increase of the soil moisture causing a meaningful change of dielectric properties. The orientation of 
these patterns matched the prevailing wind direction and they must be associated with strong rainfall 
and floods that are reported for March and August 2015 [19,32,48] and June 2017 [33] (i.e., the 
locations of significant loss of coherence matched with documented heavy precipitation events with 
cumulative amounts of >20 mm [33]). Further, a previous study [48] analyzed the climatic situation 
that caused the extensive precipitation in the Atacama in March 2015. At least to a certain extent, their 
modeled and observed results match the strip-like patterns of InSAR coherence anomalies found for 
areas between Antofagasta and Calama in the period 2015 to 2016. Finally, [19] reported strip-like 
northwest–southeast-oriented patterns of low InSAR coherence in the southern Atacama Desert 
(north of Taltal). The anomalies were shown to be dependent on the prevailing wind direction, local 
precipitation, and to increased soil moisture or actual sediment transport. However, it remains 
ultimately unclear why the loss of coherence appears as such narrow stripes. No detailed high 
resolution information on local extreme rainfall exists that would allow a direct comparison and 
validation. As pointed out by [19,33], strong rainfall events are characterized by a very high spatial 
variability, and CCD might simply capture this variability, at least to a certain extent. 

Despite these tracked changes, which were accurately revealed by CCD and related to 
precipitation events with high magnitude overland flow and fluvial discharge, most of the analyzed 
area shows very high InSAR coherence over the whole time period. Even for temporal baselines of 
more than three years, most regions of the Atacama Desert are characterized by coherences values 
>0.8. Thus, areas of morphodynamic stability since 2015 can be identified, and these areas mostly lie, 
as assumed, in the hyperarid core of the Atacama Desert, where geologic and geomorphologic studies 
reveal very small erosion rates and generally low or even stagnant morphodynamic activity [23,60].  

4.2. Short Temporal Baseline Time Series 
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The analysis of the temporally dense stack of Sentinel-1 acquisitions for the region of interest 
further revealed the high sensitivity of the InSAR coherence to the surface properties. The short 
temporal baselines led to very high InSAR coherences for most parts of the region, and generally very 
small signal variations were observed between 2016 and 2018, indicating stable and undisturbed 
surface properties, at least from a SAR perspective. However, differences between the geomorphic 
domains were observed, as these showed characteristic values of the mean coherence and intensity. 
These findings are summarized by the false color composite shown in Figure 10.  

 
Figure 10. False color composite according to [8] for the simplified interpretation of short temporal 
baseline time series features of Sentinel-1: standard deviation of the VV InSAR coherence (σ COH VV) 
(red channel), mean total intensity (µ K0) (green channel), and mean VV InSAR coherence (µ COH VV) 
(blue channel). The features are linearly scaled to values of 0 to 255 for the given lower (min.) and upper 
thresholds (max.). 

The composite was constructed according to [8] using σ COH VV (red), µ K0 (green), and µ COH 
VV (blue), but thresholds were modified to the characteristic values indicated above (Section 3.2.1). 
In the composite, yellowish colors indicate regions of high backscattering intensity but comparably 
low InSAR coherence and predominately designate regions affected by geometric distortions (i.e., 
layover and foreshortening). Bluish colors designate regions of very low temporal variability, but 
high to medium mean intensity and high mean InSAR coherence (e.g., paved or sealed surfaces, 
stable, consolidated, or nonvegetated surfaces). Dark reddish colors indicate surfaces that are 
characterized by high temporal variability and low to medium high mean intensity and low mean 
coherence. This signature is most frequently found over the alluvial plains of the Central Depression 
and over aeolian sandy deposits at the transition between the alluvial plains and the Precordillera. 
This observation is probably linked to the amount of fine-grained material; the associated higher 
potential soil-water content and smaller surface roughness [13] due to the slope position, as 
downslope locations are likely to have been more altered by recent morphodynamics [8]; and to the 
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low scattering intensity, causing a low signal-to-noise ratio. Generally, patterns of more frequent 
signal variations were found along the Coastal Cordillera, whereas the central desert was 
characterized by very high signal stability, and variations of intensity and coherence were of very 
small magnitude.  

Surface disturbances of high magnitude manifested in all of the investigated SAR features and 
were predominately caused by human activity. For example, regions containing mining activity were 
distinctly and clearly visible in the intensity and coherence imagery, due to exceptionally strong 
changes of the signal. Therefore, the SAR time series shows high potential for monitoring 
infrastructural development and (surficial) mining activity on a regular basis. Recently, human 
activity is causing the strongest and most extensive surface dynamics in the study area.  

Similar, characteristic SAR signatures were found for sandy deposits and dunes. These manifest 
with the lowest observed InSAR coherences, beside water surfaces. This observation confirms the 
outcomes of preceding studies [13–15,17]. The active dune systems showed very low InSAR 
coherence for all temporal baselines, but high polarimetric entropy and very low intensity. Signal loss 
and phase decorrelation was observed over such areas, along with a high degree of depolarization, 
generating an exclusive SAR signature. On the one hand, the delineation of sandy aeolian deposits 
seems, therefore, highly feasible for the entire region, especially when intensity and InSAR coherence 
information is combined with topographic and multispectral information. On the other hand, this 
observation underlines that CCD is susceptible to causing ambiguities and false detections due to its 
high sensitivity to surface properties and the coherent formation of the signal, involving phase and 
intensity information. As pointed out by earlier studies [13,14], different types of surface cover cause 
a decorrelation of the SAR signal, independent of the temporal decorrelation. Such coverage can, in 
turn, be confused with temporal change-related decorrelation. It is, therefore, beneficial to gather 
knowledge on the temporal signal development by investigating temporally dense stacks (i.e., as they 
are offered by the Sentinel-1 mission). Ideally, such analysis should incorporate the InSAR coherences 
of different temporal baselines and periods. For instance, [19] shows that systematic investigations of 
coherence imagery of several different time periods and temporal baselines enables the estimation of 
temporal decay rates along with the classic CCD; however, this approach causes a high 
computational load. 

The analyses further showed linear coherence anomalies at the transition from the Precordillera 
to the alluvial plain for the period December 2016 to March 2017. These anomalies again matched the 
reference channel network and are, therefore, interpreted to be caused by short-lasting fluvial 
activity. However, the event cloud may not be linked with documented large-scale precipitation 
events, and therefore it is assumed that the discharge was triggered by rainfall events further to the 
east in the Precordillera or by an increased ground water table in the Altiplano. The comparison to 
the optical datasets of Sentinel-2 showed that InSAR coherence is a well-suited feature to complement 
the detection of the on- and offset of discharge events (i.e., the variations of the coherence values were 
clear and distinct). As mentioned above, detection of such events via InSAR coherence requires a 
coherent “background”. 

The correlation assessment indicated that none of the SAR features were correlated with the 
morphometric features of the DEM to a high level of determination (R² <0.24). Thus, statistically the 
dependencies on the local topography are small. Nevertheless, it is observed that deeply incised 
gullies and steep slopes cause local inconsistencies and high variations of the InSAR coherence values 
over time that cannot be explained by natural phenomena. This limitation is related to the geometric 
distortions caused by the slant acquisition, which has already been pointed out by [14] (i.e., the 
application of CCD is more difficult, or even not possible, in mountainous and rugged terrain). 
Nevertheless, SAR features of intensity and coherence offer complementary data to the digital 
elevation model (and to multispectral data), and thus may be used as additional information to 
characterize and delineate landforms and zones that share similar surface characteristics or 
morphodynamic activity. 

5. Conclusions 
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The analysis of Sentinel-1 time series (2015 to 2018) was conducted using long (365–1090 days) 
and short temporal baselines (12–24 days) in order to assess spatiotemporal variations on different 
time scales of InSAR coherence over the Atacama Desert (Chile). The Sentinel-1 orbital tube generated 
small and InSAR-suited perpendicular baselines that were in the range of several meters up to 140 m 
for all investigated datasets. Notably, perpendicular baselines for temporal baselines >300 days and 
>1000 days were in the order of 35 m, and the datasets were highly suited to generating extensive 
InSAR coherence mosaics covering the entire study area (approximately 450 × 1100 km). The mosaics 
were nearly seamless and very high phase stability in the C-Band of Sentinel-1 was observed for most 
parts of the region, indicating very stable surface conditions over time, especially over the hyperarid 
core of the Atacama Desert, which is characterized by very small erosion rates and low or even stagnant 
morphodynamic activity. Temporal baselines of several years only led to a very small decorrelation 
of the SAR signal and regions characterized by local signal decorrelation could be associated with 
certain types of surface cover (e.g., water or aeolian deposits) or with actual surface dynamics (e.g., 
due to anthropogenic disturbance, fluvial activity, or precipitation).  

Strong precipitation events and fluvial activity in the periods 2015–2016 and 2017–2018 caused 
a significant signal decorrelation. In this context, the observed linear coherence anomalies perfectly 
match the reference channel network, and therefore indicated episodic or sporadic fluvial activity. In 
addition, an area-wide loss of InSAR coherence was observed along northwest–southeast-oriented 
strips. These anomalies were interpreted as the result of overland flow, or at least of a significant 
increase in soil moisture, due to the strong precipitation events in March and August of the 2015 El 
Niño phase and due to local events in the east and southeast of Antofagasta in June 2017. The spatial 
patterns of significant loss of coherence matched documented heavy precipitation events, with 
cumulative amounts of >20 mm. At the local level, short-term sporadic fluvial activity was observed 
in the coherence imagery in the period 2016–2018 using short temporal baselines (12 or 24 days). The 
differences in InSAR coherences before and after the discharge event were very distinct, and coherent 
change detection provides a promising method to capture fluvial events with high spatial and 
temporal detail. The investigations further confirmed the known signal decorrelation over aeolian 
deposits: sandy patches and dune systems showed very low InSAR coherences at all temporal 
baselines.  

Considering the above findings, the Sentinel-1 data display great potential to contribute to recent 
geomorphological research. The analysis of dense Sentinel-1 time series allows capture and 
quantification of short-term sporadic and episodic processes of high magnitude that induce 
morphodynamic activity, especially fluvial activity. Thus, these SAR data seem to be suited for 
unravelling or monitoring recent geomorphic changes at local, regional, and supraregional scales; for 
upscaling local point data; and for characterizing geomorphic and geomorphodynamic domains in the 
Atacama Desert and other arid environments in future investigations. 
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