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ARTICLE INFO ABSTRACT

Edited by Jing M. Chen Ground-based monitoring and remote sensing of extreme rain events in the hyperarid Atacama Desert, Chile,
reveal a complex relationship between precipitation, soil types and interferometric synthetic aperture radar
(InSAR) coherence. These integrated analyses allow examination of temporal and spatial variations of the soil
moisture response between locations dominated by sulfate soils and those with immature, silicate-mineral soils.
The radar dataset captures at least four separate rain events within the 2015-2017 timeframe, two of which were
Soils regionally devastating. The lack of vegetation in this region allows us to discriminate between contributions to
Active radar the InSAR coherence from permanent changes of the landscape (e.g., erosion or deposition) and transient
Interferometric coherence changes associated with soil moisture variability. The spatial distribution and character of the transient InSAR
response depends strongly on soil type, and is remarkably repeatable between rain events. The areas that ex-
perienced permanent changes included river channels, steep slopes, playas, and sites of anthropogenic activity,
such as roads, mines, or telescope construction. Ground-based observations of soil moisture after each event also
exhibit a strong dependence on soil type. The observations presented here demonstrate how InSAR data can
constrain variations in soil moisture with high spatial resolution over large regions, complementing the higher-
sensitivity but sparser field sites and enabling discrimination of inter-event variability and analysis of longer-
term changes in soil mineralogy in arid regions.
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properties over time following a precipitation event. Variations in soil
moisture impact both the amplitude and phase of radar imagery (e.g.,

1. Introduction

Constraints on soil moisture are valuable inputs for agricultural and
water resource management (e.g., Dobriyal et al., 2012), weather
forecasting, and climate dynamics research (e.g., Delworth and
Manaba, 1993; Jung et al., 2010; Stocker et al., 2013, 2019). Soil
moisture variability plays a role in the susceptibility of surfaces to
erosion, through controls on infiltration rates and on the formation of
salts and other minerals that increase the degree of induration of the
soils (e.g., Davis et al., 2010; Owen et al., 2011). Satellite-based syn-
thetic aperture radar (SAR) observations now provide near-global,
regular coverage even at night or in the presence of clouds, resulting in
proxies for soil moisture that can complement those from other sensors
and ground observations and that capture the evolution of surface
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Ulaby et al., 1979; Dobson and Ulaby, 1986; Nolan et al., 2003;
Zwieback et al., 2013, 2017), and can be observed with both active and
passive radar at a range of wavelengths (e.g., De Zan et al., 2014; Zribi
et al., 2014). Coherence between SAR acquisitions can be affected by
temporal changes in vegetation, sediment transport or other types of
surface change that impact the location, orientation or composition of
the individual scatterers within a given pixel (e.g., Zebker and
Villasenor, 1992), as well as by variations in soil moisture. In this paper,
we examine the temporal variations in coherence after rain events in a
region with a hyperarid climate, including an assessment of the impact
of soil type on the observed InSAR behavior across the study area and a
comparison with in situ observations of soil moisture.
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Fig. 1. Location and major features of landforms within study area: Slope of
land surface (color, SRTM DEM, Farr et al., 2007), 1000 m contours (thin black
lines, closed depressions indicated with tics), international boundaries (heavy
dashed lines), Central Depression (CD), Sierra de Varas (SV) and locations of the
coastal cities of Antofagasta and Taltal (black triangles). Study area location
within South America shown as red box in inset. (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the web version
of this article.)

We focus on the hyperarid Atacama Desert of Chile, 23°-26°S
Latitude (Fig. 1) for the following three reasons. First, the almost
complete lack of vegetation results in very high coherence between
most pairs of SAR images, even spanning intervals of multiple years.
This lack of vegetation allows us to separate out and better understand
the effect of soil moisture changes in a manner that would not be
possible in agricultural or heavily forested regions. Second, constraints
on soil moisture in semi-arid to arid regions are critical inputs to nu-
merical weather prediction and climate simulations (e.g., Mintz, 1982;
Garratt, 1994; Chen and Dudhia, 2001; Koster et al., 2004), as well as
for drought forecasting (e.g., Anderson et al., 2012; Hao et al., 2018)
and modeling of flood severity (e.g., Sharif et al., 2017). Third, on a
longer timescale, the understanding of how soils form and persist in
arid to hyperarid regions, sometimes for millions of years, requires that
we also understand the water budget and degree of erosion that occurs
during the rare but extreme precipitation events that impact the area
(e.g., Davis et al., 2010; Owen et al., 2011).

Over a three-year timespan, from 2015 to 2017, there were two
extremely uncommon, major precipitation events in this area, as well as
several smaller, more typical storms. Frequent (~12-day repeats) SAR
image acquisitions from ESA's Sentinel 1A/B satellites (Table S1) allow
characterization of surface change associated with erosion, deposition
and variations in the water content within the shallow soil. The oc-
currence of repeated, widespread precipitation events covering an area
of variable soil composition and almost no vegetation allows us to as-
sess how well we can separate the impacts of permanent (i.e., erosion,
deposition) and transient (i.e., soil moisture) contributions to the SAR
coherence time series. Furthermore, the existence of ground-based ob-
servations of soil moisture in several locations (Fig. 2) offers an unusual
opportunity to compare the in situ and remote sensing observations in a
sparsely populated, hyperarid region.

In Section 2, we present a summary of the variations of surface
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Fig. 2. SAR data coverage and field locations: InSAR background coherence
(brown shading, described in Section 3) for the three tracks examined here, T54
(red), T156 (blue) and T47 (green), overlain on shaded topographic relief (Farr
et al., 2007). Black outlined polygons numbered 1 to 4 indicate focus regions
shown in Figs. 12-13. Yellow symbols indicate in situ instruments and field
studies discussed in text, including the humidity sensor installation at Yungay
(star), and soil pit observations (circles, P1-9, squares, PW1-8). Turquoise
triangle indicates location of InSAR correlation timeseries shown in Figs. 5 and
6. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

properties within the region, including soil composition and vegetation.
Sections 3 and 4 include descriptions of the InSAR processing and field
observations of soil moisture and surface properties, respectively. In
Section 5, we provide an overview of how SAR coherence varies within
an approximately 63,000 km? study area in response to the precipita-
tion events, then describe in detail the features of four characteristic
sub-areas and their SAR responses. Section 6 includes discussion of the
dependence of soil moisture response on soil type, including the ob-
servations that changes in sulfate mineralogy within the soils occurred
without any permanent change in the SAR response at those locations.

2. Overview of the study area
2.1. Physiography

The study area includes major landform elements that extend from
broad, nearly flat valley bottoms with dry lake beds, to high mountain
peaks with little or no soil (Figs. 1, 3). The lower-relief portions of the
landscape are dominated by gently inclined soil-mantled surfaces, on
which soil compositions vary from mature soils whose dominant mi-
nerals are calcium sulfates to very immature silicate-mineral soils. From
a geological perspective, the landscape has evolved very slowly; the
geomorphological features which comprise gently inclined surfaces are
of multiple origins and a wide range of antiquity (Amundson et al.,
2012b).

The landscape in the study area rises from the Pacific Ocean on the
west to about 1500 m above sea level (masl) across a narrow zone of
steep terrain (Fig. 1, slope gradients > 30° west of Coastal Cordillera).
East of that escarpment, for approximately 120 km inland, valley bot-
toms of the Central Depression range between 1000 and 2000 masl,
summits of the Coastal Cordillera and the Domeyko Range are primarily
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Fig. 3. Optical satellite images (Landsat) of the region of study. The road
system (yellow lines), cities and regions shaded in turquoise have experienced
extensive human disturbance of the land surface (Section S1). The two dashed
black lines divide areas of calcium sulfate-dominated soils (between the two
lines) from regions of silicate-mineral soils (near Pacific coast and east of the
dashed line in center of image). Green and dark blue lines indicate the
Quebrada El Profeta and Rio Chaco drainage systems, respectively. Other
symbols are as in Fig. 2. Thin black line indicates region of InSAR coverage.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

below 3000 masl, and slopes are gentle (Fig. 1, gradients 0-7°). The
Sierra de Varas in the eastern Cordillera Domeyko (Fig. 1, SV) and the
Andes Mountains near the Chile-Argentina border rise above 4000 masl
and are characterized by steep slopes (Fig. 1, eastern sector with slope
gradients > 15°).

Constructional volcanic landforms within the study area are re-
stricted to the Andes Mountains. Elsewhere, erosional landforms dom-
inate, constructed on volcanic, plutonic, and Mesozoic-Cenozoic sedi-
mentary rocks. Sedimentary landforms are common in the low gradient
areas of the Central Depression and Domeyko Range, but these are al-
most entirely long-abandoned depositional landforms that were last
active approximately 2 Ma (Amundson et al., 2012b). The only large
areas of Quaternary deposition are closed drainage basins that form flat
areas between the Domeyko Range and the Andes in the eastern part of
the study area.

Although the drainage for most of the study area is endorheic, two
major drainage catchments extend from the high eastern mountains to
the Coastal Cordillera. The west-trending Chaco River (Fig. 3, blue),
drains the southern region, from Sierra de Varas and the Andean vol-
canic peaks to the Pacific. The Quebrada El Profeta (Fig. 3, green),
which drains much of the Sierra de Varas and northern Domeyko
Range, terminates at the surface in a closed basin within the northern
Central Depression, while its groundwater seeps through alluvium-
filled valleys to the Pacific at the coastal city of Antofagasta (Herrera
and Custodio, 2014).

2.2. Climate and vegetation
At low elevation (< 1000 m) near the coast, air masses from the

Pacific deliver a small amount of rain (e.g., 11 mm per year in Taltal
city) and fog-fed plants and sparse cacti occur. At intermediate
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elevations (~1000-3000 m; the Central Depression and all but the
highest peaks of the Domeyko Range) occurs the hyperarid or “abso-
lute” desert with < 5 mm/year of rain and almost no vascular plants
(Diaz and Wright, 1965). The high elevation mountains of the eastern
part of the study area receive > 20 mm/yr. of precipitation and support
vegetation that includes bunch grass, perennials, annuals, and woody
shrubs (Diaz and Wright, 1965).

Two significant, widespread precipitation events impacted the study
region in recent years. From 24 to 26 March 2015, a warm-season storm
brought rain and snow across the entire study area (Fig. 4a). The pre-
cipitation changed from rain to snow at about 3600 masl. Although an
unprecedented 80-90 mm of liquid precipitation fell at some locations
in both the mountains and the lowlands (Fig. 4a), within the very
sparsely populated study area there was little property damage. A
second significant precipitation event followed two years later, 6-7
June 2017, with widespread snowfall above 2700 masl and rain re-
ported at many lowland gauges (up to 40 mm, Fig. 4d). A major dif-
ference between those two major precipitation events was the role of
rain compared to snow: because runoff of surface water is delayed
where snow accumulates, streamflow in response to the June 2017
event was delayed and diminished. Two smaller events between those
dates were more typical of ordinary, albeit infrequent, Atacama Desert
precipitation events. On 8-11 August 2015, a strong winter-season
storm impacted the Pacific coastal region, dropping up to 30 mm of
precipitation that caused infrastructure damage and deaths in cities
built at the toe of the steep coastal mountain slope. Most interior sta-
tions received only trace amounts of rain (Fig. 4b). Another winter-
season event, 25-27 June 2016, brought up to 22 mm rain to coastal
communities and snow to the southeastern mountains. Only one in-
terior rain gauge reported a few millimeters of precipitation (Fig. 4c).

2.3. Soils

Two major categories of soil occur in the study area. In regions
where the climate is arid to only moderately hyperarid (western and
eastern sectors of the study area), soils are very poorly developed.
These immature soils are composed of little-weathered primary silicate
minerals, small amounts of calcium carbonate, some gypsum cement,
and less than a few percent clay (e.g., Diaz and Wright, 1965; Ewing
et al., 2006). Where the climate is hyperarid, the soils are salty and
sulfate-rich. Most of the salt is delivered by the atmosphere from a
range of primary sources (e.g., sea salts, volcanic gases, weathered
rocks), whose contributions vary across the study area (e.g., Ericksen,
1981; Rech et al., 2003; Michalski et al., 2004; Ewing et al., 2006;
Cosentino et al., 2015). In addition to calcium sulfate, salts include
relatively abundant sodium chloride and lesser amounts of highly so-
luble salts such as nitrates. Rain events infrequently wet the soil, dis-
solving some salts which then infiltrate downward. Later evaporation
leads to formation of new minerals that more tightly cement the deep
levels of the soil (Bao et al., 2004; Ericksen, 1981).

The dominant soil constituent, calcium sulfate, occurs as the mi-
nerals anhydrite (CaSO4) and gypsum (CaSO4-2H»0). Across most arid
regions on Earth, anhydrite rarely occurs under surface conditions as it
is thermodynamically less stable than gypsum (Hardie, 1967). How-
ever, anhydrite occurs widely in the Atacama Desert. Rech et al. (2003),
documented that “soil cements” at 20-30 cm depth were 0-40% an-
hydrite; Cosentino et al. (2015), determined that surface-collected
Holocene soil farther north in the hyperarid region contains 0-100%
anhydrite. Within the study area, Ewing et al. (2006), observed a ver-
tical trend in calcium sulfate components of soils: anhydrite occurs with
gypsum at the surface (0 to 3 cm), then only gypsum between depths of
3 and 40 cm, while mostly pure anhydrite occurs below 40 cm depth.
While the conversion of anhydrite into gypsum occurs relatively quickly
in the presence of water, the inverse process is not fully understood
(Klimchouk, 1996). It has been reported that surface anhydrite may
occur due to the dehydration of gypsum at temperatures above 42 °C
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Fig. 4. Spatial distribution of precipitation: a) 24—-27 March 2015. b) 8-11 August 2015. ¢) 25-27 June 2016. d) 6-7 June 2017. For each event, station data for liquid
precipitation shown in millimeters, contours of total liquid rain (blue lines, labels in millimeters), and regions of snow accumulation (pale blue) are shown. (a), (b)
and (d) are modified after Jordan et al. (2018); modifications and (c) are based on data from Direccién General de Aguas, Chile (Table S4). Other symbols as in Fig. 2.
Fig. S8 shows additional stations covering a larger area. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

(James, 1992); this mechanism might explain its presence in the Ata-
cama's shallowest soils. On the other hand, anhydrite can also directly
precipitate from a high ionic strength solution (Freyer and Voigt, 2003),
which might explain its presence at depths with high contents of halite
in the Atacama Desert.

2.4. Anthropogenic impacts to surface

There has been very little anthropogenic disturbance over ap-
proximately 97% of the study area (Fig. 3). Active mining operations,
inclusive of open pit and underground metals mining as well as surface
lithium brine extraction and processing, today employ several thousand
people within the study area. This is a region of extensive historical
mining of nitrates from the unusual soils, particularly from the 1880's to
1960's (Espinoza et al., 2011). It is estimated that many more people
were historically engaged in mining than today, and at various dates
approximately 10,000 people once lived in three mining districts in the
interior (Aguas Blancas, Taltal and Canton Central; Mercado, 2006;
Espinoza et al., 2011). That historical activity disturbed wide tracts of
land that have partially returned to a semi-natural condition. Categories

of disturbed surfaces include modern highways and gravel roads, pi-
peline and power line corridors, historical cart tracks and railways,
areas where mining has extracted or overturned the natural surface
materials, and new installations of wind farms, solar farms and tele-
scopes. Further details on our categorization of regions as anthro-
pogenically disturbed can be found in the Supplemental Material.

3. InSAR observations and soil moisture

We use data acquired by the European Space Agency's Sentinel-1A/
B satellites between October 2014 and February 2018, for three in-
dependent, overlapping tracks. We process the vertical-vertical (VV)
polarization component of all potential interferometric pairs with data
acquired between November 2014 and January 2018 using the InSAR
Scientific Computing Software (ISCE) package (Rosen et al., 2012;
Fattahi et al., 2017). We use between 29 and 65 dates for each of the
three tracks (Fig. 2, Table S1), resulting in > 2000 combinations of
dates for the tracks with the most data.
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3.1. InSAR coherence

Interferometric coherence magnitude is a measure of the similarity
in the reflective ground properties at the date of two SAR acquisitions.
The complex-valued interferometric coherence between two SAR
images is defined as (e.g., Born and Wolf, 1975; Zebker and Villasenor,
1992; Hanssen, 2001):

<Vvy>
J<vv > < mvy> (€8]

where ; contains the complex-valued observation for each SAR
image acquired at time i, v;* is its complex conjugate, and < - >
indicates the expected value. We estimate this expected value through a
spatial average over a box with dimensions of fifteen pixels in range and
four pixels in azimuth, corresponding to a ground dimension of ap-
proximately 88 m in range and 80 m in azimuth. The coherence mag-
nitude, |y| approaches one where the radar scatterers have experienced
little change in the position or characteristics and zero in regions where
significant ground disturbance or other changes in surface processes has
occurred between acquisitions (e.g., Zebker and Villasenor, 1992). In
the rest of this paper we will refer to coherence magnitude as co-
herence, and will use v instead of |y|.

3.2. Soil moisture and coherence

The impact of soil moisture on interferometric phase and coherence
(e.g., Ulaby et al., 1979; Nesti et al., 1995; Dobson and Ulaby, 1986;
Nolan et al., 2003) has received renewed interest in recent years (e.g.,
Rabus et al., 2010; Zwieback et al., 2013; De Zan et al., 2014; Zwieback
et al., 2014, 2015, 2017), in large part due to the increasing availability
of dense time series of SAR imagery in many areas around the globe
(e.g., European Space Agency, 2013). SAR in arid and hyperarid en-
vironments, in particular, has been explored as a means of deconvol-
ving the soil, disturbance and vegetation effects, both in studies fo-
cusing on backscatter (e.g., Moran et al., 2000; Thoma et al., 2006;
Mladenova et al., 2014; Hossain and Easson, 2016) and coherence at a
range of wavelengths, including X-band (Baade and Schmullius, 2010)
and C-band (e.g., Lee and Liu, 2001; Schepanski et al., 2012).

Variations in soil moisture change the strength of interaction be-
tween the radar signal and the scatterers distributed within the shallow
subsurface. For the data examined here, the impact of individual pre-
cipitation events, as well as other factors, can be seen in the coherence
timeseries at individual sites (Fig. 5) with characteristics that vary
dramatically across the study area. We illustrate the coherence between
all pairs of dates at a given point in space with an upper-triangular
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matrix where each row and column correspond to the dates of the
available SAR data (Fig. 5a). The top row corresponds to all possible
interferograms made with the first available date, and the diagonal
corresponds to the set of “sequential” pairs, i.e., the shortest-time-span
interferograms.

The observed coherence between any two dates at each location is
dominated by three components: a background coherence that is de-
termined by factors that include surface roughness and surface slope at
that location, a permanent coherence loss within a given time interval
(e.g., Zebker and Villasenor, 1992), and a transient term that likely
involves a dependence on soil moisture:
1=V @
where y° is the “background” coherence due to surface roughness,
slope, etc., y;# is the “permanent” coherence loss spanning the time
interval between dates i and j, and y;’ is the “transient” coherence loss
that results from the difference in soil moisture between two dates.
Transient coherence changes may also occur due to variations in ve-
getation, such as seasonal leaf-off/leaf-on fluctuations, but this is not a
significant factor in this study area due to the lack of vegetation.
“Permanent” coherence loss occurs within individual time intervals and
accumulates with time, such that y;” for any interferometric pair is the
product of the permanent coherence loss within all of the intervening
time intervals:

Jj-1

log(yf) = ) log(?,1)
g\ ; Sk k1 3)

We define s;, a “soil moisture index” for each date, i, where we make
the approximation that the transient term depends on the difference
between two dates as:

log(y) = —abs(log(s;) — log(5) @

Note the ambiguity in sign and overall shift for the full timeseries of
s;, in that we could arbitrarily shift the entire timeseries of s; by a
constant or multiply by —1 without changing the predicted impact on
coherence. We choose the convention that the dry values of s;, are near
unity, and that wet values are lower, approaching zero. Details on our
method for inverting for these components are in Supplemental Section
S2. Both a dry-dry pair and a wet-wet pair would be expected to have
higher coherence than a pair between dates with differing soil moisture
(e.g., De Zan et al., 2014). A key difference between the current work
and our previous study in this region (Scott et al., 2017) is that here we
allow permanent and transient changes to vary for each time interval,
instead of fixing them to only occur during individual, fixed, rain
events. This reduces the impact of signals from other time intervals
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Fig. 5. Coherence data and model at a point. a) Coherence magnitude (see color scale) between all possible pairs of SAR images from Track 54, at location impacted
by two storms (turquoise triangle, Fig. 2, latitude —24.502, longitude —69.830). b) Best fit to data in (a) using Eq. (2) with terms shown in (c). c¢) Surface roughness,
soil moisture index, and permanent coherence loss terms (Egs. (2)-(4)) inferred using the full set of coherence magnitude data (i.e., all pairs of SAR images) in (a).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(e.g., anthropogenic activity) on each event.

To better characterize each precipitation event, we solve for the
magnitude, Aj(x), and characteristic timescale, Tj(x), of the ex-
ponential decay that best fits the soil moisture index variations (s;)
following each of the j = 4 known rain events (Fig. 4) and at every
location, x:

n
500 = 3 AUV T OH (1 — 1)
= ®)

where t; and ¢ refer to the time of the SAR image and the rain event,
respectively, and H is the Heaviside function.

Permanent loss of coherence during a given time interval occurs
when there are permanent changes to the radar scatterers within a
pixel. This may be due to channelized flow of surface water that erodes
in some locations or delivers sediment in others. Mineral transforma-
tions brought about by a rain event, such as the conversation of an-
hydrite (CaSO4) to gypsum (CaSO42H,0), or destabilization of the
fragile, very porous structure of anhydrite-rich soil, hypothetically
might also be accompanied by a permanent loss of InSAR coherence.
We find that regions with anthropogenic disturbance, including mines
and roads, are particularly prone to permanent coherence loss during
rain events (e.g., regions indicated in turquoise in Fig. 3; Supplemental
material).

3.3. Coherence changes associated with precipitation events within the study
area

The major precipitation events of 2015-2017 were associated with
localized permanent (Fig. 7, Fig. S1), and widespread transient co-
herence loss (Fig. 8). Rivers, low-lying areas like playas and closed
basins, and areas with anthropogenic activity (see Supplemental ma-
terial) had particularly strong permanent coherence losses (Fig. 7)
when compared to surrounding areas. Where data from all three tracks
are present, we observe very strong similarity in the coherence behavior
(Fig. 6).

The largest events in March 2015 and June 2017 resulted in a
transient coherence change over most of the study region (Fig. 8a, d)
while the smaller events only impacted a portion of the region (Fig. 8b,
c). Surfaces that responded to one event have a similar magnitude of
response each time that it rains (Fig. 6), i.e., the sites that have more
developed soil profiles show a strong response while adjacent regions
with little to no soil often show no transient coherence change during
the events.

In regions where snow fell (hatched regions with pink outline in
Figs. 7 and 8), we avoid drawing any conclusions about the time series
during these events. However, note that there are many regions that did
experience snow that do not show permanent coherence loss (Fig. 7),

Soil moisture i
o
N
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indicating that the precipitation, melting and runoff did not impact the
scatterers within those regions to any great extent. Note that, for the
June 2016 event, the transient coherence change (Fig. 8c) is limited to a
relatively narrow swath, but that the small-spatial-scale pattern of re-
sponse in areas where it did rain is similar to what occurred during the
large events. In Section 5, we focus on these quantities within the in-
dividual mapped regions 1-4.

The characteristic timescale, T;°(x), from Eq. (5) also varies spatially
over the study area as well as between events (Fig. 9). In areas where
Aj(x), is small, Tj(x), is poorly constrained, so the best comparisons
between precipitation events (Fig. 9¢) are for the regions with sig-
nificant transient coherence response. These areas also tend to be the
lower-relief areas associated with alluvial fans and playas that are the
focus of this paper. The region with the largest, most spatially extensive
change in timescale (red, in Fig. 9c) is the inland area near 24° S lati-
tude, covering much of Map area 1 and the Yungay site (red, in Fig. 9c¢).
While the ground-based measurements of precipitation in that area are
sparse in 2015 (Fig. 4), the shorter timescales shown in Fig. 9a relative
to Fig. 9b in the northern portion of the Map area 1 is consistent with a
smaller amount of rainfall in this area in March 2015, than in June
2017. The pattern of variability within the sector of shorter timescale
(i.e., NNW-trending streaks) aligns with the prevailing winds during the
2015 event, which came from the NNW (Jordan et al., 2015, 2018).

4. Soil property materials and methods
4.1. Characterization of surface materials

Field observations of surface materials and landforms at specific
points were conducted both before the March 2015 precipitation event,
and in a series of field visits throughout the time span of the InSAR
coherence analysis (Table S6). On each occasion, we marked locations
of landforms with evidence of water-driven erosion or deposition in the
recent past, described and photographed the forms, and described the
properties and condition of surface materials. We also mapped the
surface materials using geomorphological and optical attributes visible
in satellite data available through Google Earth, in consultation with
published geological maps, soil maps, and reports (Diaz and Wright,
1965; SERNAGEOMIN, 2003; Ewing et al., 2006, 2008; Espinoza et al.,
2011; Ramos et al., 2015) as well as personal ground-based observa-
tions (Tables S7- S10).

The approximate east and west boundaries of the region of calcium
sulfate soil and the areas of human impact were mapped over the entire
63,000 km? region (Fig. 3). In optical imagery, surfaces with calcium
sulfate soils (Bao et al., 2004; Ewing et al., 2006; Rech et al., 2003;
Owen et al., 2013) are generally characterized by a light gray tone, with
patches of white (Fig. 3). We mapped the calcium sulfate soil bound-
aries, focusing on areas known from ground-based observation to be

15dJan 15Jul 16Jan

1
16Jul

17Jan 17Jul 18Jan

Fig. 6. Soil moisture index, s;, observed by all three tracks: Same location as in Fig. 5, with s; values (Eq. (4)) colored by T54 (red), T156 (blue) and T47 (green). Pink
dashed lines indicate timing of rain events in this study (see Fig. 4). Black curve is best-fit exponential decay beginning at the time of each rain event (Eq. (5), map
view of A; for the individual rain events shown in Fig. 8). Error bounds show the standard deviation of a 5 X 5 pixel region around the target pixel. Note that the
August 2015 event does not significantly impact the radar data at this location, although other regions of the study area are associated with significant coherence
changes (Fig. 8b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Permanent coherence loss: v, for the March 2015 (a) and June 2017 (b) events. Snow cover is shown by hatched region with pink outline. Other symbols as in
Fig. 2. Results for other two rain events, which had far less impact, are in Fig. S1. Differing spatial coverage over time in this and following figures is a result of
changes in the satellite data coverage over time. Blue circles indicate locations shown in Fig. 10 and Fig. 14. PB=Profeta Basin, CR = Chaco River. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

near a soil type transition. We estimate the local uncertainty on these
simplified mapped boundaries (Fig. 3) to be + 10 km.

Spatially comprehensive mapping of natural materials was con-
ducted in four sub-areas that range in size from approximately 100 km?
to 1200 km? (Fig. 2, Table S3). The areas were selected to focus on
surface materials of several major geomorphological and geological
categories, to examine regions with different InSAR coherence sig-
natures, and to take advantage of ground-based soil moisture ob-
servations.

4.2. Ground-based soil moisture observations

Two methods were used to assess in situ soil moisture from the
region. The first soil moisture dataset comes from physical samples
along depth profiles sampled on dates shortly after the March 2015 rain
event as well as up to two samples taken within the following year. The
second dataset, for one location dominated by calcium sulfate soil, is a
time series of the vertical profile of humidity in the soil pore spaces.
These data span 4 to 19 months after the March 2015 rain event, and
again from 0.5 to 4 months after the June 2017 precipitation event.

For the first dataset, soil moisture was obtained from physical
samples in depth profiles at 16 sites near the center of the study area
(Fig. 2: yellow squares and boxes). Most of these sites occur where
35-70 mm of rain fell 24-26 March 2015; that storm covered the
easternmost site (Fig. 2, P1) with snow. At nine locations in the eastern
area with silicate-mineral immature soils, pits 40-60 cm deep were dug
4-5 April 2015 (yellow circles, Fig. 2, within or near map area 4).
Samples of the bulk soil excluding large rock fragments were collected
at intervals of approximately 10 cm, stored in sealed plastic bags, and
refrigerated until later laboratory analysis. At all pits, the particle sizes
and compositions of soil materials, horizonation of the soils, and pre-
sence or absence of plant roots and debris were recorded. A second set
of pits was dug 3-5 June 2015 at distances of 1.5 m to 2.0 m from the
initial pits P4, P5, P7, to depths of 160-200 cm. Heavy snow fell be-
tween 25 and 27 May 2015 on higher elevation terrane only 20 km
from these soil pits (Table S4), suggesting that rain may have fallen on
the surface where profiles were sampled in early June. Over a year
later, 16-17 June 2016, another pit was dug and sampled to 100 cm
depth at location P4. Snow fell a few days earlier (11-14 June 2016) in
the mountains nearby (Table S4), suggesting that rain may have fallen

recently at P4. In the central sector of the study area, where calcium
sulfate soil dominates, soil moisture data were collected once during the
time period 20-23 July 2015, at eight soil pits (Fig. 2, yellow squares).
Soil pits were dug to depths of 85-105 cm and approximately 300 g of
soil was sampled at 15 cm depth intervals.

To determine the soil water content, approximately 100 g of soil
comprised by particles smaller than a #4 mesh were weighed, dried in
an oven maintained at 60 °C ( = 5 °C) for 24 h, and weighed again in a
laboratory, following a procedure specified by Chile's soil mechanics
norm (Reyes et al., 1979) to determine the soil water content. Un-
quantified errors in the reported soil moisture content likely accumu-
late through the steps of exclusion of large rock fragments, storage, and
handling during transfer into and out of the oven. In total, we estimate
the reported soil moisture content (Table S5) to have uncertainties of
about + 2%.

The second method of soil moisture assessment was conducted at a
location in the northwestern part of the SAR analysis region, Yungay
(Fig. 2; star), within detailed map area 1. The humidity in pore spaces
in a calcium sulfate soil was measured from August 2015 through Oc-
tober 2017, with a 6-month gap. Weather station data (Table S4) sug-
gest that this location received about 30 mm of rain 24-26 March 2015,
perhaps 5 mm of rain 8 August 2015, trace amounts 25 June and 8 July
2016, and 20-30 mm of rain 6 June 2017. Hoboware® soil humidity
and temperature sensors were installed between 1 cm and 80 cm
depths, most spaced at 10 cm intervals. The manufacturer reports that
measurement uncertainty varies with the magnitude of relative hu-
midity, such that for nearly all recorded dates the uncertainty in these
data should be = 2.5 to 3.5%. For the early weeks after the June 2017
rain event, the uncertainty was likely + 5%.

Data were logged between 22 August 2015 and 17 November 2016
as well as between 25 June and 15 October 2017, captured at 30-
minute intervals. For this paper, humidity values at depths of 10 cm,
30 cm, and 50 cm are examined, and simplified by using only humidity
values recorded at a local time near 14:00 h each day, early in the
afternoon. This eliminates diurnal variations which are a strong part of
the signal at the shallowest depth. Soil humidity can be related to soil
water potential by using the following thermodynamic expression for
equilibrium conditions between the liquid and vapor phases for water
in aqueous solutions (e.g., Van Genuchten, 1980):

$»=RT/V, In h )
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Fig. 8. Transient coherence loss: Magnitude of the best-fit exponential decay of s; (e.g., Fig. 6, Eq. (5)), A;j(x), following the March 2015 (a), August 2015 (b), June
2016 (c) and June 2017 (d) events (rain distribution shown in Fig. 4). Red circles indicate locations shown in Figs. 10 and 14, other symbols as in Fig. 7. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

where y is water potential (bars), T is temperature (K), V,, is partial
molal volume of water (1.8 x 10~° m3/mol at 4C), R corresponds to
the universal gas constant (8.31 X 10~ > m® bar mole ™! K1) and h is
the fraction equilibrium relative humidity. We related the soil relative
humidity to soil water content based on the best fit to a soil water
characteristic curve of Van Genuchten (1980) obtained from water re-
tention pairs from a soil core of 30 cm depth at Yungay.

5. Results

The predominance of CaSO4-rich soils, which seem to control the
magnitude and timescale of the transient InSAR coherence response,
varies greatly from west to east. In a band 10-30 km wide near the coast
(Fig. 3), the surficial layer is dominated by rock and by physically
disaggregated rock fragments; there appears to be little calcium sulfate-
rich soil. Principal rock compositions correspond to intermediate to
mafic igneous lithologies, metasedimentary rocks, and sandstones
(SERNAGEOMIN, 2003). Similarly, in the east, in the high-altitude
sectors of the Domeyko Range and Andes Mountains, the surface ma-
terials are rock, physically disaggregated rock, and sedimentary de-
posits of these materials in alluvial and colluvial accumulations. There

has been little chemical weathering of the silicate minerals, and, due to
a lack of vegetation, there is little calcium carbonate in the soil. CaSO4
is a minor component of the soil primarily where it is transported by the
wind from western sources, funneled through the major cross-cutting
valleys. Between those zones exists a 40-100 km wide region in which
CaSOy-rich soils cover much of the landscape (Fig. 3), over bedrock as
well as over unconsolidated alluvial and colluvial sediments.
Observations of small scale landforms made during visits to the field
after the precipitation events of March 2015 and June 2017 (Fig. 10)
revealed that permanent changes to InSAR coherence often occurred in
areas that experienced erosional loss (Fig. 10a, c) or depositional gain
of sediment. In contrast, for locations with a strong transient InSAR
coherence response in the months following these two events, the small
scale topography after a major precipitation event was quite smooth
and centimeter-scale vertical discontinuities were rounded, both of
which are forms that suggest that the positions of the surface con-
stituents had been stable for long periods of time (Fig. 10b, d).

5.1. Landforms associated with permanent InSAR coherence loss

Permanent coherence loss associated with the March 2015 extreme
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Fig. 9. Timescale variations: Characteristic timescale in days for the best-fit exponential decay of s; (e.g., Fig. 6, Eq. (5)), T,—“(x), following the March 2015 (a) and
June 2017 (b) events (rain distribution shown in Fig. 4). ¢) Difference in timescale, June 2017-March 2015. Red indicates longer timescale for the June 2017 event.
Snow cover shown in white; other symbols as in previous figures. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 10. Landforms that distinguish areas that suffered permanent InSAR coherence loss compared to transient InSAR coherence loss: a) In area of calcium-sulfate
dominated soil, a minor ephemeral stream channel was activated by surface flow during the June 2017 precipitation event. Orange notebook is 19 cm in length. b) In
area of calcium-sulfate dominated soil, a surface with no permanent InSAR change but a strong transient signal after both precipitation events. The irregular dark
lines mark soil polygons. ¢) In area of silicate mineral soil, a broad ephemeral stream channel activated by surface flow during the March 2015 precipitation event. d).
In area of silicate mineral soil, a relict alluvial surface with a weak transient InSAR signal following the March 2015 event. Photo locations shown in Fig. 7.
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Fig. 11. Permanent coherence loss within mapped sub-regions: y* for the March 2015 (a, c, €, g) and June 2017 (b, d, f, h) events, for mapping area 1 (a, b), 2 (c, d), 3
(e, f) and 4 (g, h). Polygons and soil moisture measurement locations as in Fig. 2. Blue arrows and annotations indicate examples of anthropogenically disturbed
zones. “Streak” in (a) is one of several bands of permanent coherence loss that align with prevailing wind directions (Fig. 7a). Distance scale in km. (For interpretation
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precipitation event was primarily focused on regions where the surface
materials were easiest to mobilize, including areas of human dis-
turbance and landforms where overland flow was focused during the
event, especially ephemeral channels (Figs. 7, 11; S1). Permanent co-
herence loss associated with this event also exhibited NW-SE-trending
streaks that cut across topography and across transitions in surface
materials, which align with prevailing winds during the storm, up to
100 km in length (Fig. 7a, Scott et al., 2017). Field observations confirm
that these streaks correspond to locations that experienced overland
flow of liquid water and associated erosion, supporting the interpreta-
tion that the streaks were associated with heavy concentrations of
rainfall (Figs. 7, 11a).

5.2. Transient InSAR responses to spatially variable landforms and surface
materials

The magnitude and timescale of the transient InSAR coherence re-
sponse associated with each event displays a complex spatial pattern
(Figs. 8, 9, 12, 13). Within the central zone of CaSO,-rich soil cover,
both major precipitation events (Fig. 8a, d) produced a strong transient
coherence response which lasted for > 6 months (Figs. 6, 12d), with a
strong repeatability from event to event that can be seen in Figs. 12 and
13. Regions dominated by silicate soils, including much of Map area 4,
had a much lower transient coherence response, although snow cover
over much of the area in June 2017 limits our ability to constrain the
evolution of coherence in that region. Sentinel data coverage improved
greatly over time (Table S1), so the later events are better-constrained
than the March 2015 event. The two weaker precipitation events are
associated with narrower zones of transient InSAR coherence response,
following the same dependence on surface soil type as the larger ones.
In general, values of s; in areas dominated by immature, silicate-mineral
soils recover to their pre-rain conditions within several weeks or less,
whereas areas with CaSOy-rich soil recover much more slowly, over
months or more (Figs. 6, 9).

The four mapped sub-regions, summarized in Table 1, encompass
areas where the soil parent material is dominated by alluvial surface
materials as well as areas dominated by exposed bedrock with thin soil
and colluvium. Alluvial surfaces are dominated by soils of calcium
sulfate composition in areas 1-3 (Fig. 14a, b) and by silicate mineral

soils in area 4 (Fig. 14c).

Map area 1 displays some of the largest, and longest-lived, transient
coherence responses observed in the study area (Fig. 12b, ¢, d), for both
of the two major precipitation events. The strength of the response
varies with the extent of coverage of thick CaSO, soil caps. The stron-
gest transient responses are observed in the areas with the most de-
veloped calcium sulfate soils. In the southern sector, areas with eolian
sand draped over the calcium sulfate soil also responded very strongly.

Map area 2 is dominated by a central region of Jurassic volcanic and
sedimentary units (J3i of SERNAGEOMIN, 2003) that stand 200-300 m
higher in elevation than surrounding areas, with slopes that exceed 10°
and with only thin soils. These high peaks exhibit the lowest transient
coherence loss in this region for each event (Fig. 13b, c). The sur-
rounding, lower relief alluvial fans behave in a similar fashion as those
in Map area 1.

In Map area 3, there is a clear distinction between the strong tran-
sient coherence change associated with calcium sulfate-soils and small
change where there are fluvial channel sediments associated with the
Chaco river (Fig. 13d, e). However, the large amount of permanent
coherence change at this site (Fig. 11e) makes it more challenging to
deconvolve the different factors contributing to coherence change (Eq.
(2)). In general, older alluvial surfaces correspond to a somewhat
stronger transient InSAR response than occurs where fluvial sediment is
young.

Map area 4, which contains five of the soil moisture pits, is domi-
nated by silicate-mineral soils. The area displayed little transient co-
herence response to the two major events (Fig. 13h, i). A strong co-
herence response occurred in only one small zone located within an
area of calcium sulfate soil in the extreme southwest of the area, beyond
the region of field mapping. Snowfall during the June 2017 event re-
sults in poor constraints on the coherence variations during that time
period relative to those in 2015. Fig. S6 shows full time series of co-
herence at each of the individual soil pit sites.

5.3. Soil characteristics and soil moisture variability

The Yungay soil humidity site (Fig. 3, yellow star) and soil pits PW1-
PW7 occur in the central zone of CaSO4-rich soil. Below a gravel layer
about 3 cm thick, the Yungay site and four pits (Table S5, PW1, PW2,
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Fig. 12. Map area 1 (central polygon): a) Geological and geomorphological map. b, c) Magnitude of the best-fit exponential decay of s;, A;(x), after March 2015 and
June 2017 precipitation events, respectively. d) Time series of values of transient soil moisture at single pixel (star in a-c), with relative humidity measurement at
10 cm depth (blue curve). Other symbols as in Fig. 6. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

PW3 and PW7) are dominated by CaSO, cements, whereas the other
western pits (PW4, PW5, PW6) are characterized by CaSO, horizons at
depths > 30 cm. The eastern set of soil moisture pits (Fig. 3, Pits PW8
and southeastward) sample soils composed largely of silicate minerals
with minor amounts of carbonate, clay, and gypsum, with the exception
that sites P4 and P5 have certain horizons with high CaSO, content
(Tapia, 2019).

For the nine soil pits with data from April 2015 (9-10 days after the
March 2015 storm, P1-P9), the water content of the shallowest sample
ranged from 1.5-7.8 wt% (Fig. 15, Table S5). P1 was sampled 9 days
after the March 2015 rain event at a site where ~70 mm of precipita-
tion fell, much of it as snow that may have melted from the sample site
only 3 or 4 days prior to sampling. The other locations (P2-P9) likely
received only liquid rain during March 2015. Depth profiles for the sites
of repeat sampling (Fig. 15) reveal that the shallowest 15 cm in June
2015 experienced both positive (P5, P7) and negative (P4) changes of
several weight % relative to two months earlier (Tapia, 2019).

There is a small InSAR coherence change associated with the March
2015 event at the P1-9 sites (Fig. S6), with a much larger signal seen on
the western side of the mountains where there were no pits (Fig. 13h, i).
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There is some indication of rain on 21-26 May that could be responsible
for the elevated moisture levels seen in pits from June 2015 (Fig. S6;
sites P1, P5); the potential that it rained is corroborated by snow cover
on the mountains located 20 km away (Table S4). InSAR coherence
changes in the May 20-June 13 time period do indicate a large loss of
coherence at high elevation to the east of these sites, presumably re-
lated to snowfall. Over the three year record at the P1-9 sites, the
InSAR coherence data either do not indicate large changes for the
known rain events, exhibit significant permanent coherence loss that
makes it difficult to observe the transient change, or are associated with
snowfall (Fig. S6).

In July 2015, for the 8 northwestern sites (PW1-8) the mean soil
moisture content of the upper 10 to 15 cm was 1.5%. At the one pit
(PW1) in a calcium sulfate soil with horizons and structure akin to the
mature calcium sulfate soil of Ewing et al. (2006), the 23 July 2015
water content was < 0.5 wt% at all depths shallower than 60 cm,
markedly drier than all other sites. There are large transient InSAR
coherence signals at each of these sites (Fig. S7), but without multiple
observation dates at these soil pits, we are unable to constrain the
changes in soil moisture over time.



T.E. Jordan, et al.

Remote Sensing of Environment 237 (2020) 111544

-25°24'

-25°15'

-69°30'

-69°30'

-69°30'

Fig. 13. Details for areas (black polygons) 2 (a—c), 3 (d-e) and 4 (f-g), and their surroundings: Left column) Geological and geomorphological mapping, legend as in
Fig. 12. (middle and right columns) Magnitude of the best-fit exponential decay of s; A;j(x), after March 2015 and June 2017 precipitation events, respectively.

The Yungay soil profile humidity data (Fig. 16) record more than a
full annual cycle of seasonal variation as well as the signal associated
with multiple rain events. The record began five months after the small,
7-11 August 2015 event. Rain station observations at a mine 60 km to
the southeast (8.1 mm) and an airport 80 km to the NW (11.4 mm)
suggest that a few millimeters of rain may have fallen at Yungay during
that August 2015 event. The InSAR-based soil metric suggests that the
effects of the March 2015 event may have still been lingering at the site,
and does not show a significant change at the time of the 7-11 August
2015 event (Fig. 12d). The humidity data at 10 cm depth displays large
variations that correlate with season (Fig. 16), with jumps at smaller
rain or fog events in June 2016. Humidity observations at greater
depths smoothly decrease with time since the March 2015 event, with a
small perturbation in June 2016 and small magnitude seasonality. All
data show a large jump after the June 2017 event, once the sensors
were restarted on 25 June 2017.

6. Discussion

Previous work on the March 2015 precipitation event in the
Atacama Desert (Scott et al., 2017) hypothesized that spatial variability
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in the time-dependent variations observed in InSAR coherence was soil
type-dependent, with strong variations between regions dominated by
CaSOy-rich soils and silicate-mineral soils. The longer time series ex-
amined here suggests that the CaSO4-rich soils and the silicate-mineral
soils differ strongly in characteristics of runoff, initial infiltration of
rainwater, evaporation from shallow depths, and interaction of the soil
water with the mineral solids, all of which result in very different InNSAR
coherence behavior in response to precipitation.

6.1. Correspondence of coherence findings to landforms and surface
materials

During the two rare, extreme rain events examined here, 30-90 mm
of rain fell over much of the study region. The coherence for the
shortest time-scale interferograms bracketing the events is very low, on
order of 0.25 for many areas, which is close to the level expected for
complete decorrelation. However, our use of the full set of possible
interferometric pairs allows us to show that this drop in coherence was
not due to permanent change of the landscape in most areas, but was
due to a temporary change in soil moisture. We find that, outside of four
categories of land surface (steep slopes, playas that experienced
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Table 1

Summary of InSAR response in four sub-areas. Geological parent materials from Marinovic et al., 1995, and SERNAGEOMIN, 2003.

Soil Transient response

Parent material

Landforms (dominant slopes)

Map area

General: very strong, long-lived response on soils.

Calcium sulfate

Mesozoic granodiorite, monzogranite and tonalite; Alluvium;

Colluvium

North: mountains (5- > 10°); South:
alluvial fans, pediments (< 4°)

1 (Fig. 12a—¢)

Stronger coherence loss on alluvial landforms than on mountain tops.

Timescale varies in north between 2015 and 2017 events, potentially

because of lower amounts of precipitation (pattern lines up with prevailing

wind directions).

Minimal response on high peak and surrounding colluvium; Strong response

in hilly lowlands with extensive soil cover.

Calcium sulfate

Mesozoic granodiorite and monzogranite; Mesozoic mafic to

felsic volcanic rock; Colluvium; Alluvium

Isolated mountains (> 4°) and rolling
lowlands (2-4°); Central: high peak

(> 109

2 (Fig. 13a-c)

Strong response outside river valley. Variable to indeterminate within valley

because of strong permanent coherence loss.

Mountains: Calcium sulfate; River

valley lacks soil

Northeast: Colluvium over Mesozoic diorite and monzodiorite,

Northeast: mountains (3-10°); South

and northwest: river valley

3 (Fig. 13d-e)

and bimodal volcanic rocks; Southern: deposits of streams and

paleo-wetlands

Very little response in nearly all of mapped region; Small western zone with

strong response corresponds to calcium sulfate soil.

Eocene granodiorite, tonalite, and diorite; Paleogene volcanic ~Immature silicate-mineral; minor
rock; Alluvial sediment

West: mountains (4— > 10°); Central

4 (Fig. 13g-i)

amounts of clay, carbonate, and

gypsum

and east: pediments and alluvial fans

(1-59

13
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flooding, anthropogenically disturbed sites, alluvial channels), most
soil-mantled low slope surfaces suffered very little permanent change,
irrespective of the soil composition.

As would have been anticipated by a geomorphologist, permanent
changes to the surface at the scales of the InSAR coherence observations
(~100 m pixels) are directly associated with landform position. On
steeply sloping hillslopes in both the easternmost Domeyko Range, with
silicate-mineral soils (March 2015), and locally in the Coastal Cordillera
where CaSOy-rich soils dominate (March 2015 and June 2017), gul-
lying and associated debris flows observed in the field (Fig. 10) are
associated with areas with permanent loss of SAR coherence (Fig. 7). In
response to the extreme March 2015 precipitation event, many of the
minor stream valleys that drain the eastern mountains display through-
going permanent loss of coherence of variable degrees. Along incised
channels within the Chaco River valley, the permanent coherence loss
(Fig. 11e) extends all the way to the Pacific shoreline, consistent with
the fact that surface flow was maintained all the way to the coastal city
of Taltal, which suffered severe damage from flooding during and after
the storm.

Soil type and the associated variations in water storage appear to be
the major control on the strength of the transient InSAR coherence
signal in the months following not only the major rain events but also
the minor ones. The CaSO,-rich soils are associated with large transient
responses that last for months, while soils dominated by silicate mi-
nerals have a much smaller and shorter timescale response (Figs. 8, 9).
The calcium sulfate soils were observed in the field to often have a
fluffy texture in the upper 0 to ~25 cm, with estimated porosities of
approximately 50 to 90% (Ewing et al., 2006; Owen et al., 2013). At a
calcium sulfate soil pit within the study area (PW1, Fig. 2), this high
porosity extends to 20 cm depth; the subjacent 40 cm is estimated to
have porosity of 20%. The silicate-mineral dominated soils are also
highly porous (e.g., 20-30% in the shallowest 10-20 cm), although
significantly less porous than the calcium sulfate soil. Surficial layers of
both soil types should permit a high degree of rain infiltration, so the
observed differences may be more closely linked to how efficiently
water is transported out of the system after a precipitation event.

6.2. Soil-water interactions at calcium sulfate soil sites

There are no in situ soil moisture observations in a region with
CaS0y,-rich soil immediately after the March 2015 precipitation event.
Nevertheless, soil humidity data for the Yungay site provide insight to
the soil moisture conditions after two minor precipitation events
(August 2015, June 2016) and after the major precipitation event of
June 2017, as well as an opportunity for comparisons with the temporal
history of InSAR transient coherence changes (Fig. 12).

The 10 cm depth range at the Yungay site corresponds to the lower
part of a highly porous and weakly consolidated CaSO4 horizon (Fig.
S4) (BYK2 horizon; (Ewing et al., 2006). The 30 cm depth corresponds
to a moderately well cemented gypsum horizon (By; Ewing et al.,
2006). The 50 cm depth humidity probe is located within an indurated
sulfate-rich interval which spans ~40 to 70 cm depth (Pfeiffer, 2018).
At 10 cm depth, observed humidity varies by 10-15% on a weekly
basis, and by 2-4% on a daily basis, and includes clear signals asso-
ciated with the June 2016 and June 2017 events. The lingering effects
of the earlier two events (which occurred before the beginning of the
timeseries) are unclear and potentially masked by seasonal signals. The
InSAR data, on the other hand, do not include a clear response to the
June 2016 event at this location. Relative humidity observations at
30 cm and 50 cm depth decreased throughout the initial 15 months
data period, and were much higher at the start of the second data
period, immediately after the June 2017 event. Comparison among the
trends at the three depths suggests that the March 2015 rain that ori-
ginally infiltrated to 10 cm depth within the soil no longer played a role
by the beginning of relative humidity observations in August 2015. In
contrast, the 30 cm and 50 cm depths continued to be influenced by the
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Fig. 14. Surface properties in June 2017: Photos of surface materials and landforms (detailed descriptions in Table S2) that experienced transient InSAR coherence
loss as a result of the major precipitation event of June 2017. These photos correspond to dates 9 to 18 days after the precipitation event. Locations shown in Fig. 7b.
Note that (a) and (b) are in regions of sulfate soils that are soft enough to leave distinct footprints (a). Location c is an alluvial surface of very immature silicate
mineral soil, although it occurs in a region where calcium-sulfate soils are widespread.
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Fig. 15. Profiles: Soil moisture vs. depth for pits P4 (blue), P5 (red) and P7
(black) from the eastern, silicate-mineral based soil region (Fig. 3), for April
2015 (solid lines, about 10 days after the March 2015 precipitation event), June
2015 (long-dashed lines, winter season conditions two months later) and July
2016 (short-dashed line, 14 months later). Depths reported are mid-points of
10-15 cm thick sample intervals. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

March 2015 event until the end of 2015. The 6 June 2017 rain pro-
duced thorough wetting of the 30 cm deep horizon, with total satura-
tion for a couple of weeks, suggesting that water pooled at the top of the
indurated zone (40 cm depth). After each major event, both the 30 and
50 ¢cm deep horizons could have continued to be sources of moisture to
the shallower parts of the soil profile throughout the following months.

C-band SAR data are most sensitive to the upper few cm (e.g., Ulaby,
1981; Dobson and Ulaby, 1986) and so the coherence observations are
not likely directly impacted by the soil moisture variations observed at
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the sensors at 30 and 50 cm depth. However, the deeper horizons may
act as a reservoir that feeds moisture to the shallow horizon through
evaporation, followed by condensation at shallow depths due to night-
time low temperatures. The first-order comparison between the 10 cm
depth soil moisture timeseries and the InSAR transient coherence
timeseries support Scott et al.'s (2017) inference that InSAR transient
coherence in this region serves as a reliable proxy for relative soil
moisture changes.

The mineralogy of the sulfate phase, where it has been determined,
is frequently gypsum and anhydrite for locations in the hyperarid core
of the Atacama Desert (Ericksen, 1981; Rech et al., 2003; Cosentino
et al., 2015). At Yungay, the top 10 cm of soil contains 0.4-40% weight
percent sulfate, accompanied by 0.01-0.03 wt% chloride (Amundson
et al., 2012a) (Fig. S4). Sprinkling experiments near the Yungay site by
Owen et al. (2013) demonstrated the high infiltration capacity of these
sulfate-rich soils, at rates of 42 to 426 mm/h, even when subjected to
precipitation rates much higher than likely occurred during March
2015. During those wetting experiments, the soil was uniformly wet to
a depth of 3-4 cm below the surface, and irregularly wet to greater
depths. Laboratory experiments have demonstrated that submersion of
crushed calcium sulfate-rich soil in deionized water at room tempera-
ture leads to partial dissolution, even for short times of exposure (Bao
et al., 2004). Other studies have shown that downward infiltration of
rainwater over long time spans resulted in large scale, downward
movement of both highly soluble NaCl and much less soluble calcium
sulfate (Ewing et al., 2008; Amundson et al., 2012a).

Based on this suite of experiments and analyses, it is likely that the
March 2015 rain was accompanied by some dissolution of material
within the soils, infiltration of ions from the near-surface to several
centimeters below the surface, and crystallization of new minerals over
months as water evaporated. Given the soil profiles documented at
these sites, the newly formed minerals are likely to be dominated by
calcium sulfate and sodium chloride and likely form soil horizons that
are slightly denser than the powdery surface material (Ewing et al.,
2006; Cosentino et al., 2015; Amundson et al., 2012a). The transfor-
mation of mineral dust and surficial salts to indurated soils requires tens
of thousands to millions of years (Ewing et al., 2006; Wang et al., 2015)
to produce soils like those at Yungay, which implies that mass transfer
in a single precipitation event by dissolution, downward transfer of
ions, and precipitation of new minerals must be a miniscule fraction of
the long-term total transfer of mass.

At the Yungay site, surfaces that had previously been observed in
the field to have a powdery texture in the near-surface materials, be-
came crunchy after the March 2015 rain (Pfeiffer et al., 2017). At one
location, a mineralogical study after the March 2015 rain showed that
the surficial layer that had previously contained anhydrite now con-
tained only gypsum (Pfeiffer et al., 2017). Over time, the water con-
tained in gypsum (CaSO42H,0) is driven off under surface conditions
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Fig. 16. Soil humidity data at Yungay: Time series of soil humidity logged at Yungay site (Fig. 2) at depths of 10 cm, 30 cm, and 50 cm, observations at 14:00 GMT
(10 cm observations also shown in Fig. 12). Data span 26 months (23 August 2015-15 October 2017), with a lengthy recording gap (18 November 2016-24 June
2017). The dates of rain indicated with magenta dashed lines are documented at a rain gauge 60 km to SE (station EP, Table S4). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

in some deserts, with the resulting anhydrite rehydrating when exposed
to high humidity air or other moisture sources (e.g., Herrero et al.,
2009; Herrero and Porta, 2000). The surface minerals at Yungay and
nearby areas had not transformed back to anhydrite before heavy rain
returned in June 2017 (Pfeiffer et al., 2017).

Most sites sampled in late July 2015 (PW1-7) are in locations where
calcium-sulfate soil developed on alluvial fans, and showed a strong
transient coherence response (Fig. S7). However, by the time of sam-
pling, the inferred transient coherence (heavy black lines in Fig. S7) had
returned to near-normal values > 0.9 at sites (PW1-7), which is con-
sistent with the low soil moisture values (ranging from 0.25-2.5 wt%,
Table S5) observed at those sites.

Based on these observations and soil properties, we suggest that
three categories of physical and mineralogical properties likely changed
throughout the area of calcium-sulfate dominated soil as a result of the
March 2015 rain: (i) sulfate mineral hydration state; (ii) the amount of
free water in pore spaces; (iii) the vertical distribution in the soil profile
of calcium sulfate, halite and more soluble salts. Given these changes, it
is perhaps surprising that there is so little permanent coherence loss
associated with this or later rain events across similar soils throughout
the study area (Fig. 7). The lack of permanent coherence change in the
InSAR observations suggests that the redistribution of solid mass per
rain event is of very small magnitude. The field evidence of a change in
sulfate mineral hydration state, strong transient coherence changes and
subsequent return to the pre-rain state indicate that the InSAR is in-
sensitive to the hydration state of calcium sulfate. The sulfate minerals
within the soil may provide a significant source of moisture that “wets”
the soil framework minerals during the months following the rain
event, resulting in a longer transient coherence signal than we observe
at sites where the soils do not have a significant sulfate component.

6.3. Soil-water interactions at silicate-mineral soil sites

Soil moisture measurements for nine soil pit sites within the eastern
area of silicate-mineral, immature soils developed on relict alluvial fans
(Table S5) provide our only in situ observation of soil moisture im-
mediately after the March 2015 rain event, within a region that re-
ceived approximately 30-50 mm of rain. InSAR coherence data are
much noisier at these sites, with little to no transient coherence loss
signal (Fig. S6, Fig. S7). During the April 2015 survey, two sites at high
elevations (> 3400 masl, P1-P2) had high water content (7.4-7.8%) in
the shallowest interval. Yet those sites have coherence timeseries (Fig.
S6) that differ markedly from one another, most likely because of snow
cover at P1 but not at P2. Meanwhile, the seven sites (P3-P9) in a
narrow elevation range (2777-2942 masl) had a much lower mean
water content (2.8% = 1.1%) in shallow soil layers by 10 days after
the event. For these, the InSAR timeseries are consistent with a slight
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soil moisture change on the first SAR image after the event, but no
resolvable impact on soil moisture after that point. The next dates with
in situ soil moisture samples for the original set of pits, in early June
2015, were two weeks after another probable rain event (Table S4),
making the increased soil moisture at two of the pit sites (P5, P7) dif-
ficult to relate to progressive changes after the March 2015 event.

Field observations adjacent to soil pits P1-P9 suggest that, during
the March 2015 event, infiltration dominated over runoff, such that
most of the rain was at least temporarily stored in the soil (Tapia et al.,
2015; Tapia, 2018). The depth profiles of soil moisture (Fig. 15) reveal
that infiltration had already transferred much of the precipitation to
15-25 cm depth within the first 10 days. For one of the April 2015 soil
moisture profiles (P4), paired depth profiles of pore water %0 and 2H
suggest that the water in the upper 20 cm was freshly infiltrated from
the March 24-26 rain, whereas at depths below 20 cm the April 2015
soil moisture was a mixture of pre-March 2015 remnant moisture and
newly fallen rainwater (L. V. Godfrey, unpublished data). Conse-
quently, like at Yungay, the deep soil horizons could have stored water
and supplied moisture to the shallow, InSAR-sensitive zone during
subsequent months. Nevertheless, the short duration of the return to
full coherence (1-2 months) implies that the evaporation-condensation
steps behaved differently than in the calcium-sulfate soils, or had less
impact on the SAR signal. That difference may be related to the dif-
ferences in porosity (typically 30% for the silicate mineral soils com-
pared to over 50% for the sulfate soils), or to differences between the
sizes of pores in the two soil classes, which were not characterized for
this study. Alternatively, the distinctive InSAR transient behaviors may
reflect other differences between the interactions of water with the
mineral surfaces of silicates compared to sulfate minerals.

Soil pit PW8 differs from the other silicate-mineral soil locations in
that it is associated with a lengthy transient InSAR response. Its soil
moisture data, for late July 2015, match a still-transitional InSAR s;
value (0.82, Fig. S7) with one of the highest soil moisture observations
for that date, 2.4 wt% (Table S5). Soil at PW8, located near the mapped
boundary between silicate mineral-dominated and calcium sulfate-
dominated soils, may represent a transitional class of materials whose
soil moisture behavior and InSAR response are mixed.

The tendency through the latter part of 2015 through 2017 for
precipitation to fall as snow in the region of soil pits P1-P9 (Fig. 8) may
have contributed to the noisier, less well-characterized InSAR co-
herence behavior at the silicate soil sites. Any analysis of the relations
between soil moisture changes and InSAR coherence in these relict al-
luvial surfaces is also made more difficult by the fact that we lack
documentation of annual cycles of soil moisture variations, as all of the
subsequent soil samples represent winter-season conditions (June 2015,
July 2016). However, coherence changes do correlate with the timing
of precipitation at these sites (Fig. S6) and there are stronger, more
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long-lived transient coherence changes on fans in the area that did not
happen to be sampled at the time (Fig. 13h, i).

7. Conclusions

In the past few years, a highly unusual pair of precipitation events
impacted northern Chile's Atacama Desert, a normally hyperarid region
with almost no vegetation. Those events, and the availability of both a
detailed set of SAR data and in situ soil moisture observations, have
resulted in a 3-year duration natural experiment advancing our un-
derstanding of the response of a wide range of soil types to precipitation
in hyperarid regions, as well as the potential of SAR to constrain such
behaviors. Here, the generally high InSAR coherence and dense time
series allows us to distinguish between areas where material was ac-
tually transported in or out of the system versus areas where coherence
changes were due to soil moisture variability. The spatial variations in
the magnitude of the transient coherence response (A;(x), Eq. (5)) are
very similar from event to event in areas where rain fell, indicating that
they are dominated by variations in soil type and water storage. The
characteristic timescale, Tj(x), in areas where there was a response
suggests that the water storage from these events can persist for months
and replenish soil moisture within the shallowest few centimeters (the
range of C-band sensitivity). Events that result in very little rain at a
particularly location result in a transient coherence response with si-
milar magnitude, A;j(x), as a larger rain event, but with a much shorter
timescale (Fig. 9).

The distribution of areas that had a large transient response corre-
lates highly with regions where ground-based observations document
the presence of calcium sulfate-rich soils. Silicate mineral-based soils
also appear to have temporarily stored significant rain water, based on
soil pit observations, but are associated with a smaller, and shorter
timescale transient InSAR coherence response. The greater strength and
longer timescale of the transient coherence loss in areas with calcium
sulfate-rich soils relative to areas with silicate-mineral based soils
suggest that the porosity or mineralogy of the calcium sulfate-rich soils
allows them to retain a higher fraction of the rain water, and to renew
the moisture content of their very shallowest horizons from deeper soil
layers. The lack of permanent coherence loss in the fans dominated by
calcium sulfate-rich soils suggests that there is little change during a
single event to the solids comprising these soils, despite the dissolution,
transport and recrystallization of sulfate minerals and salts that field
observations suggest occurred during the precipitation events.

Strong lateral variations in the transient coherence signal that per-
sist in character between rain events, particularly within the regions
with calcium sulfate-rich soils, suggest that InSAR coherence analysis
could potentially contain clues about other processes that impact soil
properties. This capability may be useful for a variety of purposes, in-
cluding determination of the relative ages of alluvial deposits (based on
the relative maturity of the calcium sulfate deposits) for the sake of
establishing histories of fault activity (e.g., Peltzer et al., 1989), or to
identify areas more likely to contain enrichments of certain valuable
evaporite minerals or environmental contaminants. For these purposes,
additional research is needed on the interaction of SAR with calcium
sulfate-dominated soils, and the effects of evaporite mineral composi-
tion and texture changes that progressively change as a result of wet-
ting, evaporation, dissolution, and recrystallization.

While the coherence analysis performed here is greatly facilitated
by the lack of vegetation and dense time series, similar soil moisture
effects are certainly present within InSAR time series covering less arid
regions as well. The use of coherence changes as a method for identi-
fying locations of disturbance from processes such as earthquake-in-
duced building collapse, landslides, or tornadoes (e.g., Schepanski
et al.,, 2012; Yun et al., 2015; Tong and Schmidt, 2016) is likely im-
pacted to some degree by soil moisture changes in cases where the
disturbance events are also associated with storms. The magnitude of
this effect can be assessed through the examination of all combinations
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of interferograms using the same approached shown here. Ongoing
improvement to the temporal sampling and availability of SAR datasets
(European Space Agency, 2013; Rosen et al., 2017) is likely to expand
the range of land cover categories where these types of analyses can be
performed, and allow for more quantitative analysis of the magnitude
of soil moisture changes in locations where more in situ data is avail-
able.
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