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Abstract

This research provides examples of the impacts of flash floods of March 2022 rainstorm event on the
Atacama Desert infrastructures investigated by means of INSAR coherence and in situ observations.
The erosional processes associated with flash floods and the downstream distance they can travel are
poorly known, preventing any mitigation strategy. Thus, a better understanding of sediment
mobilization during high-intensity rainstorm events in the Atacama Desert is therefore essential to
assess the impact of hydrogeomorphic hazards on critical infrastructures and ecosystems.

The main findings are (i) the devastating role of small-scale (<5km radius) rainfall cells and their large
impact on transport network infrastructures and, (ii) the impact on infrastructure depended mainly on
the transport capacity of the flows, which is in turn determined by the drained area upstream of the
considered channel, and the rainfall intensity on these upstream areas. For example, water flows with
high discharge could remove larger volumes of sediments, undermining and cutting roads. Such flows
were frequent at ~26°S, while at ~22°S they were limited to a few channels with large contributing
areas. This resulted in extensive damage and required considerable time and money to recondition
the road. In contrast, thinner mudflows with limited transport capacity tend to follow the roads and
leave a thin deposit of mud that can be cleaned in a few days. The fact that roads transported
mudflows over large distances and that mining infrastructure deflects natural drainages has been
observed as a potential hazard to downstream infrastructures or inhabited areas.

Keywords
Flash floods, Atacama Desert, rainfall, INSAR, coherence, transport networks

Acknowledgements

Funding for this research was provided by the Centre National d'Etudes Spatiales (CNES)
postdoctoral program to AC and KB, through the Programme National de Télédetection Spatiale
(PNTS) project SECURITY, IRD-LMI-COPEDIM and ANID FONDECYT Iniciacién Folio 11220285.
Javiera Chocobar is thanked for assistance with fieldwork during the day in the Sierra Gorda area.
Access to Agisoft Photoscan 1.2.4 licence is gratefully acknowledged to Stéphane Bonnet.


mailto:albert.cabre@get.omp.eu

38
39

40
41
42
43
44
45
46
47
48
49
50
51
52
53

54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72

73
74
75
76
77
78
79
80
81
82
83

84
85
86
87
88
89
90

Flash floods triggered by the 15-17"" March 2022 rainstorm event in the Atacama Desert
mapped from INSAR coherence time series

1. Introduction

In arid areas such as the Atacama Desert, infrequent, high-intensity rainstorm events have triggered
hydrogeomorphic hazards such as debris floods and debris flows with resulting damage to
infrastructure and loss of life. In this area, recent examples of destructive flash floods and/or debris
flows have been triggered by the rainstorm events of July 1991 (e.g., Vargas et al., 2000), February
2001 (Mather and Hartley, 2005; Houston, 2006) and March 2015 (e.g., Wilcox et al., 2016; Cabré et
al., 2020 a,b; Aguilar et al., 2020). These events resulted in high costs and economic losses due to
infrastructure damage (e.g., transport networks) and were able to remobilize sediments of abandoned
mine tailings with potential downstream pollution (e.g., Tapia et al., 2018; Aguilar et al., 2021). The
erosional processes associated with flash floods and debris flows, the conditions for their triggering
and the downstream distance they can travel are poorly known, preventing any mitigation strategy. A
better understanding of sediment mobilization during high-intensity rainstorm events in a place like the
Atacama Desert is therefore essential to assess the impact of hydrogeomorphic hazards on critical
infrastructures and ecosystems.

Progress in understanding the impact of heterogeneous rainfall in arid areas has been limited by the
absence of suitable high-resolution monitoring methodologies capable of tracking the sources of
sediment entrainment and the places where they accumulate. The Sentinel-1 constellation, by offering
an improvement in revisit time (6 days at best) over previous missions, has stimulated the
development through Interferometric Synthetic Aperture Radar (INSAR) of novel protocols of surface
change monitoring in the Atacama Desert. For example, a statistical analysis of long Sentinel-1
coherence time series combined with optical and field data has proved to be a valuable tool to map the
spatial and temporal surface change due to erosion and deposition in arid areas (Cabré et al., 2020a).
This analysis allowed a clear discrimination between areas affected by transient loss of coherence
caused by variations in soil moisture (Scott et al., 2017; Jordan et al., 2020) and those areas affected
by a permanent loss of coherence related to the modification of the soil texture by erosion and
sedimentation processes.

This study reports and maps ground surface modifications over the Atacama Desert triggered by the
storm event of 15-17 March 2022.The cause of this rainfall event is not studied here, but it may be
similar to other recent events in the same region. According to Béhm et al. (2021), the June 2017
rainfall event was caused by a moisture conveyor belt. More specifically, Bozkurt et al. (2016) explain
the March 2015 rainfall event by the onset of El Nifio 2015/16, which provided an anomalous source of
water vapour, coincident with an eastward moving cut-off low (cold front) which transported the
moisture to the Atacama Desert.

To study erosion associated with the March 2022 event, we use field data and Sentinel-1 radar data.
The short revisit time of Sentinel-1 (6 days when combining Ascending and Descending tracks)
allowed a rapid evaluation of the areas potentially affected from the coherence loss in images before
and after the event. Aiming at being able to link the loss of coherence with specific erosion or
depositional features, a field survey was performed one month after the rain event. Direct observations
were obtained using Uncrewed Airborne Vehicle (UAV) photogrammetric-derived products (Digital
Surface Map and orthoimage) at selected areas. These data can assist in a rapid assessment of the
damage caused to infrastructure (transport network and mine tailings) by such a rapid mobilisation of
sediments in the Atacama Desert, where more than 0.7 million people live, with implication for
mitigation actions. They may also contribute to augmenting the national landslide inventory
(https://portalgeominbeta.sernageomin.cl/).

2. 15-17"" March 2022 rainstorm

During March 15-17" 2022, the IMERG (V6) satellite-based rainfall product (Huffman et al., 2017)
shows two notable precipitation cells (Fig. 1b). The accumulated precipitation map in Figure 1b shows
up to 30 mm in 2.5 days for the two main precipitation cells. The rain event started in the northernmost
sector (~22°S), around Sierra Gorda and Calama during the afternoon on the 15" (local time) and
moved southwards reaching 26°S latitude near the town of Inca de Oro during the evening of the 16"
of March. In addition, reports of hail by the local population at Inca de Oro indicate a high-intensity
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event that the IMERG product failed to retrieve. Thus, despite its ability to provide a regional overview,
the IMERG product remains prone to underestimation and under detection, especially for short rainfall
events, given the irregular satellite overpass.

Rain gauges are scarce in the Atacama Desert and some of the datasets of Chilean public agencies
are only available several months after a rain event. However, the closest Chilean Meteorological
Agency (https://climatologia.meteochile.gob.cl) fifteen-minute rainfall intensity increment rain gauge is
situated at the Calama EI Loa Airport. This station indicates the onset of rainfall during the night of the
15" of March at 21:26:00h (Chilean local time) with final accumulation after 2.5 days of 4.8mm.

This storm event illustrates how difficult it is for satellite-based and/or rain gauge networks to retrieve
the location and magnitude of intense rainfall cells in the Atacama region.

3. Methods

SAR was downloaded in L1 Single Look Complex (SLC) format and processed on INSAR Scientific
Computing Environment (ISCE) (Rosen et al., 2012). The processing of the INSAR coherence time
series followed the methodology which has already been presented for a rainstorm event in the same
region in March 2015 by Cabré et al. (2020a). The involved steps consist of (i) masking areas with
permanent low coherence mainly related to anthropic activities, ponds, rivers and zones with strong
aeolian sediment transport, (ii) eliminating areas with transient coherence loss due to variation in soil
moisture, and, (iii) highlighting areas with permanent coherence loss due to erosion by producing a
map of coherence loss based on the difference of a co-event coherence map (pre-event reference
image of 2022/02/24 and the secondary image of 2022/05/31) from the mean coherence map before
the event. A table with scene dates is presented in the supplementary information (SI-1).

Fieldwork planning focussed on populated areas and tried to avoid areas where coherence loss was
likely to be due to transient soil moisture effects rather than erosion (e.g., coherence loss in flat areas).
Field observations and UAV surveys were carried out between the 19-25" of April at the selected
locations (Fig.1a, 2a-d). At each field station, evidence of erosion was photographed (Fig. 2e-k), and
flow-types were classified according to sediment concentration to indicate the dominant flow
conditions at each site following Pierson and Costa (1987) and Costa (1988). UAV surveys were
performed with a DJI Phantom 4 quadcopter without using Ground Control Points. Flights were
conducted between 100 and 150 m above the ground to achieve a good coverage and sufficient
resolution (<0.6m). Flight surveys covered areas <1 km? of permanent change (permanent coherence
loss).

4. Results: Zones of detected ground surface changes

A) Inca de Oro area: local sediment remobilisation in ephemeral streams of an alluvial plain

Inca de Oro is a small town situated at (-26.755, -69.904; 1595 m asl.) on a low-dipping alluvial plain
with a population of approximately 500 inhabitants whose principal economic activities are related to
the mining industry. This area is presented in this report because a rain cell identified in the coherence
map of figure 1d with radius <5km triggered flash floods that impacted Inca de Oro houses, solar
power plants and blocked the only roads that connect the town with the other cities (Fig. 2a-b, e). Hall
was reported during the 2022 March event by the inhabitants indicating a short duration and high
intensity storm (Actualidad Chile, 2022). Runoff generation took only a few minutes, and the flood
bores suddenly flowed through the streets of Inca de Oro (Fig. 2b). Flash floods were guided by the
road network and then into the ephemeral drainage network resulting in road blockages and damage
downstream (Fig. 2a), as well as damage to local houses and solar power plant stations.

Flash floods entrained sediments from the bed of the stream making the deposited grain-size highly
variable from fine sands to gravels. The stages of the flow can be reconstructed at some channels
based on field evidence: a first erosive streamflow was responsible for the incision through the alluvial
plain surface, including the road network (up to 1m). At some points (Fig. 2a) paved roads became the
main conduits for these flows. Later stages of the flood are represented by mudflow deposits of
typically less than 5 cm thick that benefited from previous depressions or pools within the channels.
The rapid deposition suggests an abrupt end to the rainfall combined with the lack of subsurface flow
in the area.
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B) Sierra Gorda area: rainfall-triggered debris floods at catchment headwards and downstream
transport and spreading

The town of Sierra Gorda (-22.892, -69.320; 1626 m asl.) is situated at the distal zone of some
coalescent alluvial fans which drain towards the south-west. This is a small town, but it serves as a
hub for many people working in nearby open pit mines and solar power plants. The route that
connects the coastal city of Antofagasta with Calama passes through the town and was subject to
several blockages due to mudflows during the storm event (Fig. 2j). This is a critical road vital to the
functioning of the mining industry (which accounts for 12.5% of the country’s GDP) and for the mobility
of people. This area hosts also several mine tailing deposits that are potential sources of run-off
pollution during rainfall events.

The coherence map of figure 1e shows the effects on the ground of a NW-SE band of rainfall cells and
the mobilisation of sediment in the ephemeral channels situated downstream (Fig. 2f,i). The
convergence of channels activated larger channels which can be individually identified on the map.
Where these flows were guided by the road network mudflows were able to travel distances of up to
40 km (Fig. 1e, 2j) down the main road to the south-west of the area. Other flows reached a clay-pan
which remained flooded a month later (Fig. 2k).

Mudflows were the main flow type identified in the channels for the Sierra Gorda alluvial fans whereas
in the main channels there are evidence of both mudflows and stream flows. Mudflow deposits are
present within the alluvial fan channels and in the form of crevasse-splay-like deposits. When
encountering an unpaved road, mudflows used it for drainage and present thin deposits of <5¢cm (Fig.
2h). Mudflows that reached the lower parts of the catchment and progressed throughout the main
route southwards deposited thicker accumulations along almost 15 km of the route (Fig. 2j) with
thicknesses up to 50 cm. These mud deposits were still wet after 1 month.

C) Other consequences of erosion processes during the 2022 March rainstorm event

On some hillslopes the rainfall was sufficient to cause rilling, usually clustered in a dense network.
Rills exhibit a steep sidewall, widths between 10-20 cm and depths up to 30 cm. The rilled hillslopes
present straight rills that extend the entire length of the hillslope from the divide to the foot-slopes (Fig.
2c). Rills wereobserved at the hillslopes of Quebrada Turquesa (~10 km from El Salvador town) (-
26.1843; -69.7058) and at Quebrada El Carrizo (-25.9; -69.73). Rills may also have formed in other
remote areas, not surveyed in the field.

Finally, another hazard was associated with the storm event: the development of an intense dust
storm (haboob) (Sutton, 1925) that impacted the town of Diego de Almagro on 16 March (Portavoz
Noticias Oficial, 2022). A haboob is a wall of dust that is pushed out along the surface from a
thunderstorm downdraft at high speeds. When the downburst of the March 2022 thunderstorm
reached the ground, loose fine sediments were blown in an area characterised by the absence of
vegetation and with a large volume of loose CaSO.-rich fine sediments available in the first
centimetres of soil (chusca or chuca is the local name) (Ericksen, 1983). These episodes of aeolian
sediment transport are very rare in Atacama.

5. Summary

This study highlights the devastating role of small-scale (<5km radius) rainfall cells in arid regions and
their large impact on transport network infrastructures. For such events, coherence decrease maps
help to characterise the location and impact of flash floods in ephemeral drainages that intersect
infrastructure (transport networks), to discriminate between ephemeral streams that have been
recently activated, i.e., during the March 2015 or May 2017 rainstorm events. Such understanding is
essential for local authorities in order to anticipate and mitigate the hydrogeomorphic hazards
associated with the projected increase in extreme weather events.

The erosion processes identified at all the studied zones impacted during the March 2022 event are
similar and can be classified into mudflows, debris floods and rilling. Field characterization of the
deposits led us to conclude that the impact on infrastructure depended mainly on the transport
capacity of the flows, which is in turn determined by the drained area upstream of the considered
channel, and the rainfall intensity on these upstream areas. For example, water flows with high
discharge could remove larger volumes of sediments, undermining and cutting roads. Such flows were
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frequent near Inca de Oro, while near Sierra Gorda they were limited to a few channels with large
contributing areas. This resulted in extensive damage and required considerable time and money to
recondition the road (several roads were still closed 1 month after the event). In contrast, thinner
mudflows with limited transport capacity tend to follow the roads and leave a thin deposit of mud that
can be cleaned in a few days. In addition, the fact that roads transported mudflows over large
distances and that mining infrastructure deflects natural drainages has been observed as a potential
hazard to downstream infrastructures or inhabited areas.

Finally, although this hydrogeomorphic disaster was less catastrophic than previous ones in this area
(e.g., in March 2015), likely caused by less extreme rainfall, events like the March 2022 are expected
to continue to pose a regular hazard in the area (e.g., Cabré et al., 2016; Bozkurt et al., 2018; IPCC,
2021). We encourage future work to consider INSAR coherence in designing mitigation strategies to
avoid the devastating consequences of rainfall events in the Atacama Desert.
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Fig. 1 a. Topographic map of northern Chile with transport network (white lines), main cities and towns
(white dots). The towns of Sierra Gorda and Inca de Oro presented in panels 1d-e are indicated. Blue
stars indicate UAV surveyed areas presented in Figure 2a-d. b. Rainfall accumulation between the 15-
18" March 2022 retrieved from IMERG (V6). c. Interferometric coherence decrease based on images
acquired on the descending track between 24™ February and 315 May. Blue colours indicate stable
surfaces (no difference from the mean pre-event coherence). Areas < -0.5 correspond to surfaces
strongly impacted by flash floods and erosion processes, mostly localized in the drainage network,
while areas between -0.5 and -0.2 may indicate strong transient coherence response due to moisture
similar to that observed by Jordan et al. (2020), reflecting the rain cell extent. The Salar de Atacama
salt flat was excluded from the field survey. d. Close up of Panel ¢ showing the Inca de Oro site. Areas
with a strong decrease in coherence and straight edges correspond to erosion and deposition within
solar power plants (SPPs) under construction. e. Close up of Panel ¢ showing the Sierra Gorda site.
Grey areas in Panels d-e indicate masked areas of permanent coherence loss (mine tailings, solar
power plants, towns, etc.). White arrows indicate flow direction
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Fig. 2 a-d. Aerial views of selected study areas. Black arrows indicate flow direction. a. Inca de Oro
main road and avulsions of flash floods towards the NW. b. Piles of industrial waste at Inca de Oro
and unpaved road cuts after the passage of flash floods. ¢. Rilled hillslopes near El Salvador town. d.
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Mudflow deposition within an alluvial fan. e. Ground evidence of unpaved road cuts in the Inca de Oro
area shown in figure 2b caused by stream and debris floods. f. Mudflows through an unpaved road
near Sierra Gorda. g. Downcutting of a stream flow channel that blocked an unpaved road. h.
Evidence of a mudflow using an unpaved road to flow. i. Example of mudflow deposition within an
ephemeral channel pool. j. Mudflow deposits near the main road that connects Sierra Gorda with
Antofagasta. k. Clay-pan area flooded one month after the rainfall event in the Sierra Gorda area

Supplementary information Captions

SI-1 Sentinel-1 SLC images used in this study (acquired within the date range 20211102-20220531)

Region Path/frame Orbit
Sierra Gorda 156/668 Descending
149/1103 Ascending
Taltal (central zone) 156/673 Descending

Inca de Oro 156/678 Descending
47/1093 Ascending

10
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