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Abstract

This article demonstrates how currently available digital elevation (NASA
SRTM; 30 m resolution) and hourly global precipitation data (rain, snow; 5
and 10 km resolution) can be used to hydrographically quantify the regional
watershed management context across northern Chile. This is done through
comprehensive derivations of flow direction, flow accumulation, flow chan-
nels, floodplain extent, depressions, and upslope watershed outlines. In turn,
these derivations allow for estimating potential precipitation accumulations
within any watershed, and turn these into subsequent storm-averaged dis-
charge estimates at, e.g., at any road—flow-channel crossing points. This ar-
ticle elaborates on this by modelling and mapping hydrological conditions
and subsequent storm damage at the regional scale and at select locations in
terms of recent flood events on March 2015, May 2017, and June 2017. It was
found that modelled flood extent and storm-estimated discharge volumes and
rates generally conform to reported values including storm-caused damages
within communities along the Huasco, Elqui, Limari, Copiapé and Salado
rivers. This included the storm response assessment of six water reservoirs as
these varied, as quantified, from normal (Puclaro, La Laguna, Cogoti), at ca-
pacity (La Paloma, Cogoli), and overflowing (Recoleta). The details of the lo-
cal to regional assessments are presented in the form hydrologically explicit
maps, figures and tables. Together, these attest to the general validity of the
framework as introduced. Hydrometrically based stream-discharge calibra-
tions would assist in further refining the approach, especially in terms of es-
timating local to regional run-off coefficients.
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1. Introduction

Arid conditions combined with occasional heavy rainfall events are leading to
catastrophic flashfloods, as have been reported for Northern Chile [1]. For
example, on March 25-27, 2015, a 3-day rainfall, amounting to 75 mm, dis-
placed about 30,000 people across the Antofagasta and Atacama regions
through mudflow and flooding [2] (Figure 1). This included a rising death
toll, more than 8,000 houses damaged or destroyed, extensive road blockages
leading to community isolation, compromised water supplies, and temporary
suspension of industrial activities. Similar rain events tend to be benign else-
where. The generally parched and barren soil and bedrock terrain, however, is
prone to transform otherwise ordinary rainfall events into valley-focused
landslides, flashfloods, and mudflows [3]. An in-depth geophysical analyses of
the March 25-27, 2015 flood event [4] [5] focussed on the Salado River wa-
tershed and related flash-induced mudflow impacts on the communities along
this river, notably Copiapd, Diego de Almagro and Chanaral. It was found that
the release of mud was mainly caused by floodplain re-channeling, coupled by
flow-retarding debris that accumulated within dry ravines and riverbeds prior
to the event [6]. Recent flood events across the Coquimbo province (May 12,
2017) and Antofagasta (June 8, 2017) were also damaging, but not to the same
extent.

In view of recurring storm events, Chilean government departments, com-
munities and industries have become increasingly mindful in reviewing com-
munity locations, transportation routes, landuse, industrial locations and activi-
ties, and placement of hydrological infrastructure [7] [8] [9]. Major industrial
activities refer to strip and underground mining, ore and cement processing, and
salt mining in water-accumulating depressions (salars [10]). Challenges refer to,
e.g. [11] [12] [13]:

1) ensuring socio-economic sustainability;

2) reducing negative impacts on human health;

3) stabilizing access routes (roads, railway tracks, powerlines, pipelines);

4) stabilizing mine tailings, including unconsolidated debris and dust piles;
5) protecting water supplies and communities;

6) reducing soil and sediment contamination;

7) conservingsalar ecologies.

In reference to flood-related damages including mobilizations of contami-
nants, [14] and [15] commented on benefits, challenges, legal requirements
and innovations regarding protecting waterways downslope from active and
inactive mines. Primary options deal with dam stabilization, stacking dewa-
tered mine tailings away from watercourses, and advancing towards contami-
nant-free metal extraction and refinement processes. Afforestation would also
play important in terms of soil stabilization and enhancing rural developments
[16].

This article focusses on quantifying the hydrographic flow channel, depres-
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sion and watershed context across northern Chile in a locally to regionally com-
prehensive manner. This was done by way of combining established digital ele-
vation modelling routines with NASA’s globally available precipitation distribu-
tion data in order to estimate amounts of water received and flowing across
storm-impacted watersheds. In reference to storm-impacted accounts and analys-
es, emphasis is on building a comprehensive overview on where and how much
water could potentially flow towards and through communities across northern
Chile for any particular precipitation event.
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Figure 1. Extent of flood-caused mud coverage centered on Copiapé (top) and Chafaral (bottom) following the March 2015
flashflood events within the Atacama province, of northern Chile. Background: Google Earth images, April 2015.

DOI: 10.4236/jgis.2018.105029 541 International Journal of Intelligence Science


https://doi.org/10.4236/jgis.2018.105029

G. Moran et al.

2. Methods

The Northern Chile precipitation events for March 25-27, 2015 and May 12,
2017 were captured for the Arica, Tarapaca, Antofagasta, Atacama and Co-
quimbo regions using NASA’s georeferenced NEX-GDD Precipitation [17] and
GPM [18] rain and snow data layers. These data were re-projected (utm 19s) and
re-interpolated to match NASA’s SRTM digital elevation coverage (30 m resolu-
tion) [19] across the regions. This data capture was extended beyond Chile’s
borders to ensure complete cross-border watershed coverages to assess the total
amounts of precipitation received per watershed and per duration of storm
event.

The re-projected digital elevation model (DEM) served to delineate local to
regional flow networks using the D8 algorithm to determine flow direction and
flow accumulation from the filled DEM [20]. Doing so established the flow di-
rection rasters and the resulting pixel-specific flow-accumulation pattern.

Depressions were located by subtracting the non-filled DEM from the filled
DEM. All depressions with significant water retention capacity up to their
pour points were mapped by extent, depth, volume, and upslope watershed
areas. The DEM-derived flow-channel networks were obtaining from the
flow-accumulation raster by setting upstream flow-accumulation thresholds at
40, 400, 4000 and 40,000 ha, followed by raster to polyline conversion. This was
done to emulate the extent to which the flow networks would advance towards
or retract from higher elevations towards depressions and the coast by season
and climate.

The extent of depression-terminated flow channels was emulated stepwise
using increasing water-retaining volume capacity thresholds from 0.1 ML to
10 GL (1 ML = 10’ m’ 1 GL = 10° m’) in order of magnitude steps. The ca-
pacity of the depressions to retain water was estimated by summing the 30 m
x 30 m pixel depths across each depression. Flow channels were set to termi-
nate at the lowest point in depression unless ready to overflow at the depres-
sion outlets.

The maximum amount of water potentially flowing along the DEM-derived
flow channels was estimated by assigning the raster-based NASA-precipitation
or rain amounts to each DEM raster cell, and summing these amounts along
each flow accumulation path towards each water-receiving depression including
the Pacific Ocean. The resulting sum was corrected by the amount of water re-
tained within each upslope depression. The sum of water so accumulating was
divided by storm duration to estimate the storm-average flow rates per event in
m’-sec”.

In principle, the numbers should serve as first-approximation location and
event-specific flow-severity metrics. Hydrometric adjustments would be needed
to account for, e.g., run-off diminishing evapotranspiration losses, snow subli-
mation, and soil and groundwater storage. Further adjustments may be required

to account for actual amounts of water retained by upstream water reservoirs
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prior to each storm event, because SRTM-captured reservoir elevations are spe-

cific to the year of SRTM-DEM data capture (=2000).

The extent of soil moisture regime and floodplain zonations next to the
DEM-derived flow channels was determined using the cartographic depth-to-water
(DTW) algorithm [21] [22] [23] (Figure 2). Floodplain extent was mapped by
requiring 400 ha of upslope flow accumulation for floodplain initiation. The
floodplains so mapped can be used to estimate:

1) Potential flood extents and related risks to settlements and infrastructure,
especially where DTW < 1 m;

2) Extent of arable land and related hydric to xeric soil moisture regimes, by
climate regime and elevation; in general, the hydric to xeric elevation de-
creases from the Coquimbo region northward, with increasing elevation, and
with decreasing flow accumulation. For example, the extent of arable land
along most flow channels at elevations <2000 m from Copiap6 southwards
extends up to about 40 m above the main floodplain channels. Further north,
flow channels and floodplains remain mostly arid unless subject to storm
events. During those events, flood heights were found to reach up to DTW =

8 m (see below).

Wet-Areas and Floodplain Mapping Concept

. Cartographic
Floodplain - depth-to-water
Fow | (DTW)  Floodplain

Channel

TTTTTTTTTTA

DEM surface DTW-inferred

water table surface

1. Prepare bare-ground DEM surface from satellite DEMs, using the fill, flow direction and flow
accumulation algorithms.

2. Predict locations of stream channels; decide on flow initiation areas for streams and floodplains
(e.g., 4 and 400 ha, respectively).

3. Use the wet-areas delineation algorithms to determine the cartographic depth-to-water index
(DTW) across the landscape, using all flow channels and bank-full shorelines for the DTW =
0 reference.

4. Formally, DTW = [Z:—Q a] X, where: dz/dx is the slope of the DTM cells along the path to the

object with the smallest height difference; "i" is a single cell; a = 1 and a = +/2 when the least
slope path runs along or diagonally across the grid cells, respectively; "x." is the cell size [m].

5. Subtract DTW from DEM to get the cartographically referenced water table elevation Also
determine land depressions, by subtracting unfilled DEM from filled DEM.

Figure 2. Wet-areas and floodplain mapping concept.
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Other datalayers (shapefiles) relevant for establishing hydrographic context
were obtained from the internet, ie, Open Street Map (OSM) for roads and
streams [24], Map Cruzing [25] for places and landuse, DIVA-GIS [26] for ad-
ministrative borders, roads, water and watercourse features, List of Saltpeter
Works in Tarapacd and Antofagasta [27], and Mine Search [28]. Mining loca-
tions were also located based on latest available Google Earth satellite imagery
(2014-2016) by placemarking each location while referring to open-pit and un-
derground mines, ore-processing, and tailing ponds.

The flowchart in Figure 3 presents the framework by which NASA-compiled
precipitation layers were combined with STRM-generated DEM layers to deter-
mine 1) how much water was received within each DEM pixel, and 2) the extent
to which these amounts accumulated along the DEM-determined depression
and flow accumulation patterns. The resulting depression-overflow pattern was
used to develop the regional to local flow networks. These varied by storm event
from terminating in non-overflowing depressions (hence endorheic) or reaching
the Pacific shore (hence exorheic). Open Street delineations were used to auto-
matically 1) locate all road-stream intersection points and their upstream
flow-retaining and -accumulating watershed areas, and 2) determine total storm
flow volumes and storm-averaged discharge rates. The slope and flow-channel
generated DTW derivations were used to delineate flood and soil moisture re-
gime extent zonations above water-containing flow channels and water bodies.
The entire framework was developed and coded for seamless ArcGIS processing,
with special attention given to terminating flow channels in non-overflowing
depressions. All input and output data layers were assembled in the form of an

ArcMap package, and were used to produce the maps shown below.

SRTM DEM, 30m ——— " piled DEM
Resolution L
| b
D8 Flow Directions ‘ Depressions
Precipitation Water-wiighted Flow Accumulation
(TRMM, GPM)
Determine flow-sequential Depression Order Update filled DEM with non-
together with Outflow Locations & Fill % overflowing Depressions
Update Water-weighted Flow Accumulation by v
subtracting Water retained in Upstream Slope ‘
Depressions
Delineate Water-transmitting
Flow-Chaanel Network
Road Network , Determine Flow Volumes and Rates at DTW & Floodplain
(Open Street) Road-Stream Crossings Zonation

Figure 3. Hydrographic framework for watershed management for storm-based water flow, retention, and flood extent estimation
using local to regional DEM-generated flow channel and depression delineations with emphasis on road-stream crossings.

DOI: 10.4236/jgis.2018.105029 544 Journal of Geographic Information System


https://doi.org/10.4236/jgis.2018.105029

G. Moran et al.

3. Results and Discussion

Table 1 lists major cities and towns where major flood damage may or may not
have occurred for the March 2015 and the May and June 2017 storm events. Al-
so specified are:
1) upslope basin areas (in km?);
2) percent of floodplain coverage within upslope basins;
3) amount of precipitation (snow, rain) received per upslope basin as derived
from NASA’s precipitation rasters;
4) corresponding estimate for average flow rates per storm duration by loca-
tions, assuming no water retention or loss per storm duration.
March 2015 Flood Event, Northern Chile
Presented in Figure 4 is an overview of the data layers used for establishing
the hydrographic flash-flood context for the four northern regions in Chile per-
taining to the 25-27 March 2015 precipitation (rain) event. Shown are: 1) the
NASA captured precipitation pattern; 2) the DEM-derived delineation of water-
sheds receiving significant amounts of precipitation; 3) the SRTM-captured var-

iation in elevation (hill-shaded) 4) the distribution of water-retaining
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Figure 4. Northern Chile (Arica, Tarapaca, Antofagasta, and Atacama regions). A: Cities and towns in relation to NASA projected
precipitation amount (March 25-27, 2015), also showing estimated volume of water received in GL and percent fill of
DEM-derived depressions. B: Watershed basins with received rainfall amounts (in GL). C: Estimated stream and river discharge
rates (in m*sec™’; water only, mud excluded) along roads assuming runoff with no evapotranspiration and upslope soil-water sto-
rage other than in depressions. D: DEM-derived floodplain extent, up to 40 m in elevation from floodplain flow channels. Also
shown in C and D: mining locations (white triangles). Back-ground: hill-shaded STRM DEM (30 m resolution).
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Figure 5. Close ups of Figure 4 A and C for the March 25-27, 2015 storm event, with focus on salar forming depressions by extent
and depth, and the SRTM-DEM derived maximum endorheic stream-flow pattern overlain on hill-shaded DEM. Top:
NASA-derived precipitation pattern, together with the percent extent to which the depressions would have filled. Bottom: poten-
tial maximum storm discharge flow rates (mud content excluded) in m*sec™ along roads, assuming runoff with no evapotranpira-
tion and upslope soil-water storage other than in the depressions.
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Figure 6. Close-ups of watershed (black outlines) and floodplain (brown; extent up to 40 m above flow plain flow channels) in
Figure 4 D depicting DEM and storm-estimated flow rates in m*sec™ (water only, mud excluded) along rivers and streams for the
March 25-27, 2015 flood event above Huasco, Villenar, Alto de Carmen (left) and Copiapé (right). These estimates assume no
flow rate reductions due to evapotranspiration and soil-water storage other than in depressions. Also shown: amount of rain re-
ceived per watershed, in GL (bold black numbers).

Figure 7. Close-ups of watershed (black outlines) and floodplain (brown; extent up to 40 m above flow plain flow channels) in
Figure 4 D depicting DEM and storm-estimated flow rates in m*sec™ (water only, mud excluded) along rivers and streams above
Chanaral, Diego el Almagro (left) and Antofagasta (right) for the March 25-27, 2015 flood event. These estimates assume no sig-
nificant flow rate reductions due to evapotranspiration and soil water storage other than in depressions. Also shown: amount of
rain received per watershed in GL (bold black numbers); two salars east of Antofagasta, with estimated % of potential storm-based
water fill assuming no evapotranspiration and soil infiltration.
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depressions; 5) the locations of cities, towns, and mining activities. Note that the
precipitation rates for this event were highest at elevations at >2000 m, while
coastal areas received no to little precipitation.

Some of the water-retaining depressions across Northern Chile are presented
in Figure 5 (top) for the March 2015 event. The volume capacities of the larger
depressions are displayed in GL, together with the percentage to which these de-
pressions would have been filled. Basins within areas that received <1 GL of pre-
cipitation are not presented. The DEM-derived floodplain pattern is displayed
on the far right, with the brown-shaded areas starting below at least 400 ha of
upslope flow accumulation area for floodplain initiation, and reaching 40 m up-
wards away from the floodplain-defining flow channels to include floodplain
terraces, and the extent of foot-slope seepage areas.

Due to prevailingly arid climate conditions, most of the flow channel net-
works across northern Chile are endorheic. Rio Loa, however, is exorheic due to

its deeply incised groundwater-receiving flow channel. Elsewhere, flow channels

Diego el Almagro

’ - 2 pailesy CRIELAmus DS USiBR, k'.'»@bﬁ,;‘\!}{,é“ ry
Aarearlsl 1ebl] 19 ° iz Sl s ALY 5 %

Figure 8. Comparing the observed March 2015 flood extent at Diego el Almagro (hatched area) [28] with the SRTM-DEM derived
floodplain map (brown), assuming that the upslope contributing area for floodplain initiation amounts to 400 ha, and that the
flood rose 4 m above the DEM-derived Rio Salado flow channel network (blue lines). Yellow lines: roads (Open Street). Back-
ground: Google Earth image.
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terminate in salars, among which the depression at San Pedro de Atacama is the
largest across the region, estimated to fill its 3255 GL capacity by only 0.16%
during the March 2015 event.

Figures 6-9 provide close-ups of the DEM-derived flow-channel and flood-
plain delineations for the areas around Alto de Carmen, Vallenar, Freirina, Co-
piapo, Diego el Almagro, Chanaral and Antofagasta, with average discharge es-
timates at select road-stream/river crossings. For Alto de Carmen, Vallenar and
Freirina along Rio Huasco, floodwaters would have risen quickly along the
low-lying portions of the floodplains owing to steep adjacent basin terrain
(Figure 6, left). Reported damages mainly referred to road washouts, landslides,
and temporary water contamination. The city of Huasco remained unscathed
due to its coastal location outside the Rio Huasco flood-plain.

At Copiapd, the devastating mud-carrying flashflood (Figure 1; Figure 6,
right) was likely triggered by debris-built-up mudflow along the dried-out Pai-
pote ravine [6]. This mudflow combined with Rio Copiapd run-off at the same
time. As a result, roads, houses, and infrastructure across and adjacent to the
main flow channels were torn apart and swept away. Deep mud deposits, up to 2
m and possibly containing mining-generated contaminants [29], were left along
the lower lying portions along the northern section of floodplain. The estimated
51-hr averaged water-only flow rates amounted to 219.1 and 570.8 m®sec”" for
the main Paipote and Copiapo flow channels, respectively (Table 1).

Further north at Chanaral, at the mouth of Rio Salado (Figure 7, left), a simi-
lar debris-constrained and mud-filled flashflood caused catastrophic damage.
According to [4], flow rates peaked at about 1450 m*-sec”™’, with 1150 m*-sec™ for

water only. Table 1 estimates for the average water-only flow rate during the 51

~ Watershed
Bordets

81.9%

1.5 m?:sec’!

-_\?%’ri-.’uﬁ.mullh DR USOAUSOSARK. Odtmapphs-

Figure 9. March 20-26, 2015 close-ups for Calama, with Google Earth imagery (left, current) and hill-shaded SRTM DEM (right,
year 2000) serving as background, featuring: 1) Open pit mines with pit depth (bold black numbers). 2) Watershed borders (black
lines) with amounts of rain received (in GL). 3) Streams (blue lines) and stream discharge rates in m>sec™ (water only, mud ex-
cluded) at select locations assuming no evapotranspiration and soil infiltration. 4) Extent of mine tailings retention dam (brown
line) below salt-covered pond. 5) The depression east of Calama that would have filled up to 87.9% if blocked. Yellow lines: roads
(Open Street).
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hour event duration is 159.9 m’.sec”’, ie. about one tenth of the peak flow rate
estimate in [4]. For Diego de Almagro (Figure 7, left), mud-produced damage
was also devastating, with an estimated peak flow rate at 310 m*sec™ [4], while
the storm-averaged water-only flow rate in Table 1 amounted to 75 m*sec™.
These large differences between peak and storm-averaged flow rates are un-
doubtedly due to flow-retarding debris at the head of the floods at these loca-

tions [6], and at Copiapd as well.

Discharge

m3-sec!

0 <250 {

0 250-600 A
600-1,500 é;_,;l,i(

1,500-2,000N

Elevation, m
0

6,200

Pichidangui

Pichidangui

Figure 10. Coquimbo region, May 12, 2017 storm event. Left: NASA-derived precipitation pattern (rain only), with estimated rain
amount per watershed (black outlines, in GL), also showing stream network carrying > 10 GL of the incoming rain overlaid on
road network (yellow lines). Right: DEM and rain-derived stream discharge rates (24-hour storm average assuming no evapo-
transpiration or soil based infiltration, in m*sec™ (water only, mud excluded) at select locations along flow channels, overlaid on
floodplain extent (colored brown, up to 40 m elevation away from floodplain channels) and hill-shaded SRTM DEM.
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Figure 11. SRTM-DEM estimated potential flood extent centered on Ovalle, up to 8 m (colored dark brown to beige) above
bankful floodplain flow channels, with estimated storm-specific river/stream discharge rates at select locations (24-hour average,
in m*sec™'; water only, mud excluded), assuming no evapotranspiration and soil-based infiltration. Overlain: Open Street roads

(lines). Actual flow rates may have been lower. Background: Google Earth image.

The observed flood extent at Diego de Almagro [30] is overlain on the SRTM-DEM
derived flood extent in Figure 8, showing general but not exact agreements. Using
a higher-resolution DEM such as bare-earth LIDAR DEMs at 1 m resolution in-
stead of the 30 m SRTM DEM would further improve these agreements.

The coastal area around the city of Antofagasta (Figure 7, right) was not af-
fected by the March 2015 rain event, in part due to lack of precipitation along
the coastal mountain ridge (Figure 4), and in part due to the water-retaining
depressions east and south of the coastal ridge (Figure 5). Similarly, the town of
Calama northeast of Antofagasta received little to no precipitation during the
March 2015 event (Figure 4 and Figure 5, Figure 9). However, the Rio Loa and
its Rio Salado basins received 85.4 GL of precipitation over the course of the
51-hour event (Table 1, Figure 5) due to precipitation interception along the

rising Andes mountain ranges east to northeast of Calama. This could have led
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to an average flashflood flow rate of 300.1 m®sec™ at Calama (Table 1). This,
however, did not happen as could be inferred from the February 2001 flood
analysis for Calama [31] [32] [33]. According to this analysis, much of the water

P8m’/s ]

Antogafa Slls ]

@ Salardel Carmen

@ Salardel Carmen

J

y 13.3GL

0.54GL | 6.3m3/s

Y
/8

Figure 12. DEM-delineated water-contributing watershed areas (hill-shaded) towards Antofagasta pertaining to the NASA cap-
tured June 8, 2017 storm event, assuming that only SRTM-DEM derived depressions > 0.1 ML retain water. Left: precipitation,
flow channels (white) and floodplains (brown; includes areas with DTW < 40 m above flow channels when bankful), with
storm-based flow amounts in GL at select locations. Right: elevation pattern with storm-specific flow rates in m*sec™ (water only,
mud excluded) averaged over the storm event. Due to persistently arid conditions, combined water retention and loss due to eva-
potranspiration and soil infiltration likely would have been at or near 100% along the south-to-north stretching watershed, but not
so along the northern part, where stormwater flows downward along steep flow channels into the coastal floodplain. Yellow lines:
Open Street roads.
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Antofagasta
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%fill

":T-‘ i3e

Figure 13. Antofagasta: quantifying the June 2017 flooding extent within the context of the SRTM-DEM derived depressions, with
depression volumes in ML and flow channels with their associated DTW < 1 m delineations. Yellow lines: roads (Open Street).
Background: Google earth image.
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Table 1. Hydrographical assessment of upslope basin areas, including floodplain extent, precipitation (rain + snow) received, and
storm-averaged flow rates (mud excluded) by location (cities/towns), assuming no water loss and retention during each storm
event except for snow accumulation in the Andes.

Upslope Floodplain

Upsl Upsl A fl
basin extent per pslope pslope Average flow

e . "
Event Region City/Town River/Stream area basin precipitation  rain rate
km? % 10° m® (GL) m? sec!
Calama Rio Lao 8602 5.50 85.4 300.1
Antofagasta
Taltal Quebrada del Taltal 5517 5.20 185.1 306.1
Chanaral Quebrada del Salado 8390 3.52 97.7 159.9
Diego de Almagro Quebrada del Salado 2393 2.86 45.4 75
24-26 March 2015:  Atacama . ,
3 major discharge Paipote Quebrada de Paipote 6660 1.86 132.5 219.1
peaks within 51 hrs Copiapo Rio Copiapo 17018 0.71 3452 570.8
across basin areas
Freirina Rio Huasco 9499 1.22 310.0 512.5
Vallenar Rio Huasco 9438 0.70 291.5 482
Coquimbo
Alto del Carmen Rio Del Carmen 3038 0.57 75.8 1254
Alto del Carmen Rio Huasco 4105 0.85 177.3 293.2
Pisco Elqui 21.7 0.50 2.4 0.6 7.0
Vicuna Rio Elqui 5946 0.88 442.6 61.4 710.3
12 May 2017:
1 ‘or disch La Serena Rio Elqui 9407 1.14 670.2 223.7 2589.0
major discharge .
ak within 24 h Coquimbo
pealcwithin =& frs Ovalle Rio Limari 9357 1.35 972.8 308.0 3565.3
across basin areas
Salamanca Rio Chopa 2234 1.14 249.8 27.3 315.6
Illapel Rio Illapel 1913 1.14 197.7 71.8 830.5
8 June 2017: Antofagasta Quebrada Caracoles 40.5 1.68 1.0 11.0
1 major disch
ma:;;]or 8¢ ilrge Antofagasta
peak over 24 hrs Antofagasta Quebrada La Negra 2106 3.26 52.7 585.0

across basin areas

**Average flow rate, assuming that upslope precipitation amount is discharged (no soil storage, no evapotranspiration) during the 51 or 24 yr event dura-
tions. Peak flow rates could be twice as high, approximately, as estimated fer Chanaral (Wilcox et al. 2016).

falling into the Rio Loa and Rio Salado basins above Calama would have entered
groundwater reservoirs, with groundwater levels at Calama gradually rising
about 2 to 3 months after the event [34]. Prorating the 2015 in terms of the 2001
flood event suggests that the 2015 groundwater level (GWL) at Calama could

have risen by 92 cm, as follows:

GWL,, (2015) = GWL,, (2001)xV,, (2015)/V,, (2001), (1)
where GWL,;, (2001) = 34 cm, V,, (2001) = 31.6 GL, and V,,, (2015) = 85.6 GL
(from Table 1). The reason that Calama did not flood in 2015 but did so in 2001

relates to the fact that the February 2001 storm event was centered on the Ata-
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cama desert, and this included Calama and the steep terrain north and northeast
of the Chuquicamata open pit mines [33].

Of special note is the SRTM-DEM mapped depression above the Rio Loa
gorge east of Calama (Figure 9). This DEM-generated depression is likely artifi-
cial due to geospatial 30 m grid-point interpolation across steep terrain and par-
ticularly so across the entrance point (pour point) of this gorge. Due to this arti-
fact, the depression could have filled up to 86% of its estimated water-holding
capacity. Inspecting the surface images provides evidence that water-filled and
salt-enriched depressions exist in this area as mapped in Figure 9.

May 2017 Flood Event: Coquimbo Region

The Atacama and Coquimbo regions were again affected by heavy rains on
May 12, 2017, causing loss of life, substantial damage to homes and roads, com-
munity isolation, and flood-compromised water supplies. The NASA-captured
GPM rain- and snow-precipitation pattern, depicted for rain mm in Figure 10
(left), enveloped the entire Coquimbo region for about 8 hours, with La Serena,
Vicuna, Ovalle, Illapel and Salamanca along Rio Elqui, Rio Limari and Rio
Choapa subject to fast rising floodwaters. Within the Atacama region to the
north, Freirina, Alto de Carmen, Villenar, Chafaral and Diego de Almagro also
received torrential flows, while the Huasco and Chaifiaral harbors were partially
to completely closed to ship traffic.

The estimated maximum average discharge rates set in Table 1 for rain-induced
storm discharge duration without upslope water retention amounted to 2589
and 3565 m’-sec”! at La Serena and Ovalle, respectively. Accounting for upslope
water retention dropped the flow rate estimates in Table 2 to 1752 and 2089
m’sec”!, respectively. At Ovalle, however, flooding damage was extensive by
reaching into residential areas as reported and mapped in Figure 11. In contrast,
the bridges across Rio Elqui at La Serena (May 19, 2017) had sufficient capacity
to accommodate the May 12, 2017 flood event: the post-flood image on Google
Earth (May 19, 2017; Figure 11) indicates no infrastructure or housing damages
at La Serena, while re-channelization occurred within the Rio Elqui floodplain
and along its banks. In detail, the spatially interpolated SRTM-DEM grid sug-
gests that the bridge spans of about 2.5 m across the =100 m wide flow channel
underneath could have accommodated peak flow rates up to about 1800
m’sec”’. This estimate is based on Manning’s open-channel flow calculator
(floodplain slope set at 1%; Manning’s roughness index set at 0.025).

Three of the water reservoirs within the Rio Limari, Rio Elqui and Rio Choapa
watersheds are estimated to have accommodated their upstream inflow on May
12, 2017, with the Laguna Reservoir basin receiving only snow, as detailed in
Table 2. Two of the reservoirs (La Paloma, Cogoti) were at capacity, and likely
overflowed through spillway discharge. The Recoleta reservoir, however, expe-
rienced heavy overflows, leading to a partial collapse of its upper wall section

(http://www.elmostrador.cl/noticias/multimedia/2017/05/12/video-el-colapso-del

-embalse-recoleta-en-ovalle-que-obliga-a-evacuar-zonas-aledanas-al-rio-limari/).

June 2017 Flood Event, Antofagasta Region
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Table 2. Capacity and estimated flow rates at the Coquimbo Region water reservoirs in response to the May 12, 2017 storm
event.

i i Max. . Inflow on
Reservoir Basin . . Water stored prior
Long. Lat.  Elev. . Rain inflow 5 top of Reservoir
Water Reservoirs capacity area to flood event
(24 hrs) water  functioning
Decimal degrees m GL km*> mm m*sec! GL GL Capacity % Capacity %
Puclaro  -70.861 -29.994 435 210 3091 37 1043 116 55.0 45.0 87.9 Normal
Rio Elqui
LaLaguna' -70.040 -30.206 3141 40.1 0 0 0 0.0 58.1 58.1 Normal
La Paloma -71.032 -30.704 383 750 4683 35 1897 164 21.9 89.1 111.0 At capacity
Rio Limari Recoleta®> -71.093 -30.496 448 100 1570 45 818 71 70.6 89.4 160.0 Overflow
Cogoti -71.091 -31.026 634 150 1601 45 834 72 48.0 59.0 107.0 At capacity
Rio Choapa Corrales -70.914 -31.911 692 50.6 270 18 57 49 9.7 60.8 70.5 Normal

'No discharge on account of snow only. *Overflowed May 12, 2017, with partial collapse of an upper section. >*Amount of water stored, based on filled versus
non-filled SRTM-DEM data collected in 2000.

Another severe rainfall occurred across the Antofagasta region on June 8,
2017. Details about the rainfall distribution of this event and the flow-channel
pattern across the hill-shaded watershed areas upslope from Antofagasta are
presented in Figure 12 (left). Also shown is an example of how average stream
discharge amounts and rates would have varied across the upslope watershed
areas assuming no water loss and retention other than what would fill all
SRTM-DEM derived = 0.1 ML depressions. No water would have reached the
coast if all DEM depressions with as little as 1 L are also be assumed to be water
retaining. In reality, most of the precipitation falling into the south-stretching
watershed would be absorbed by the arid floodplain soils, with some of that wa-
ter entering groundwater reservoirs, and some of that lost through evaporation
up to about 3 mm per day, unless covered by soil and salt crusts [35] [36]. How-
ever, seepage and run-off from adjacent upslope areas would easily fill wa-
ter-receiving depressions within floodplains, as appears to be the case for the
coastal floodplain of Antofagasta (Figure 13).

In quantitative terms, the DEM-derived estimates for the event-specific
stream discharge rates (y; in m*sec™') across the Antofagasta watershed areas

vary by minimum water-retaining depression volumes (x, in GL) as follows:
v =307.9+34.8log,, x; R*=0.979. (2)

For the northern portion, overall depression-based water retention would be

small, and would therefore do not depend in xin a major way, Le.:
y=8.25+0.02log,, x; R* =0.10 (3)

These equations were obtained through GIS and regression analysis based on
systematically determining y by decreasing the water-retention volume thre-
shold per depression (x) from 10 GL to 0.1 ML. The largest water retaining vo-
lume capacity amounted to 0.28 GL in the northern section at the watershed di-
vide leading eastward towards Salar del Carmen, and 4.22 GL in the southeas-

tern floodplain at the watershed divide along the Pan American Highway, with
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Oficina Rosario located due east.

Further Comments

The SRTM-DEM derived flow networks not only conform to varying de-
grees with already mapped river and stream delineations (GIS-DIVA), but also
extend these delineations with greater accuracy towards and upwards into the
many valleys of the Andean mountain range towards the east. Typically, the
channel-to-channel distance conformance between already mapped and the
SRTM-DEM derived flow channels is <100 m, 8 times out of 10 (details not
shown). There is also a close correspondence between image and DEM-derived
floodplain extent with the threshold for upslope floodplain flow-initiation area
set at 400 ha. Terrace heights above the flow-channels with the floodplains can
be varied, as these increase with increasing flow accumulation, up to about DTW
= 40 m. In addition, within the Coquimbo region, valley soils tend to support
vegetation growth up to about DTW = 40 m within the Coquimbo region.

Through the overlays and processing of precipitation patterns, watershed ba-
sins, floodplains, depressions flow channels, roads and railways, it is now possi-
ble to estimate:

1) maximum amounts of water transmitted for the upslope watershed areas at
any flow-channel point of interest;

2) storm-average maximum run-off rates at any flow-channel location per du-
ration of storm event;

3) approximate flood extent within the lower lying floodplain portions, done by
varying the DTW threshold away from the floodplain stream channels;

4) DEM-determined water retention capacities of, e.g., water reservoirs, open-pit
mines, quarries, and tailing ponds.

For the context of any particular rainfall event, the information so derived can
be used to gauge existing and required infrastructure requirements to withstand
actual and projected storm events. Of general importance in this regard is de-
termining the relationship between maximum average potential run-off rates per
storm event and the corresponding water retention threshold based on, e.g., de-
pressions and other water-retaining features within watersheds. For this pur-
pose, and to achieve greater accuracies, it is necessary to determine ba-
sin-specific relationships between peak and average flow rates per storm dura-
tion by way of hydrometric calibrations. Doing so will assist in determining
storm- and basin-specific run-off coefficients as they would change by storm
event and by antecedent soil, groundwater, and reservoir conditions. For exam-
ple, the June 2017 run-off coefficient pertaining to the Quebrada La Negra wa-
tershed south of Antofagasta was likely near zero, since the water would have
mostly been depression-retained through soil and groundwater retention across
the far-reaching upslope floodplain complex. Similarly, the March 2015 and May
2017 storm events may or may not have contributed water to Salar del Carmen
east of Antofagasta.

Much additional progress in terms of hydro-spatial analyses will likely accrue

through processing higher resolution DEMs, either obtained through fusing al-
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ready existing DEM layers (e.g. SRTM, ASTER, elevation contours), and/or us-
ing airborne or satellite LIDAR-based bare-earth DEMs [37]. This information
would not only enhance the accuracy of the above hydrographic delineations
and related flood-exposure assessments but would also assist in quantifying the
existing capacity of roads, railways, storm-water systems and other linear corri-
dor infrastructure to withstand major storms. In this regard, road and railway
delineations as available per, e.g., Open Street shapefiles generally coincide well
with globally available surface images. In contrast, open-source stream and
open-water delineations vary in detail and quality, and therefore may or may not

follow hydro-topographic expectations in comprehensive detail.

4. Concluding Remarks

It is suggested that the DEM-based framework for guiding incoming precipita-
tion through flow channels, floodplains, and depressions could find many prac-
tical as well as socio-economic applications to facilitate the planning and man-
agement of storm events and water supplies across northern Chile [38]-[43]. The
approach as described and illustrated provides a quantitatively informing means
to discuss, plan and evaluate hydrological interests and concerns at any location
as these change from watershed to watershed, by storm event, and by upslope
water-retaining capacities. To this effect, the framework generated results are
limited in accuracy by the 30 m resolution of the SRTM-DEM, which—by way
of grid-point interpolation—leads to inadvertent blocking of many flow chan-
nels, with the example of the Rio Loa gorge east of Calama in Figure 9 as an ex-
treme case. Hence, the framework can, by itself, only be used to approximate
how much storm water may flow and get trapped in real depressions. The
amount so trapped is more readily quantified in large and deep depressions than
in poorly defined depressions across flat to gently rolling terrain, as demon-
strated via Equations (1) and (2) and exemplified in Table 2. In part, some of
this difficulty can be addressed through manual if not automated breaching of
artificial depressions. For the most part, however, greater accuracy can be
achieved using DEMs with point resolution at 1 rather than 30 m. Doing so al-
lows for systematic depression-to-depression water retention evaluations which
could then be further evaluated by way of hydrometric and geophysical analyses,

calibrations and validations.
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