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ARTICLE INFO ABSTRACT

Editor: Dr. Jed O Kaplan The last hydrometeorological extreme event that caused large floods in the southern Atacama Desert in March

2015 raised concern about how little was known about the fluvial dynamic of these arid basins. Understanding

Keywords: the response of intermittent and ephemeral rivers in drylands to the present context of global change is critical to
Historical floods preserve the ecological and human systems they support, to sustainably manage their scarce water resources and
Palaeohydrology

to develop flood risk management plans. We have studied the instrumental and historical record and explored the
potential of the Copiapd River geological record in the comprehension of how extraordinary the 2015 flood was
and how its fluvial dynamic relates with global climate oscillations. We have identified 36 flood events that have
occurred in the last 400 years: 22 of them have been classified as ordinary rises of the river flow (discharges <30
m3/s), 11 as extraordinary floods in which the damage is confined to areas adjacent to the river (discharges
30-180 m>/s), and only 3 as catastrophic floods (discharges >180 m3/s), including the 2015 flood event. The
incorporation of the historical and palaeohydrological data into the flood frequency analysis results in an in-
crease of the magnitude of the flood quantiles in which large flood events occur with an average recurrence
interval of 120 years. Most of the flood events were caused by heavy rains that are largely linked to the Pacific
Decadal Oscillation and the Atlantic Multidecadal Oscillation with a superimposed effect of the ENSO. Discharges
>30 m’/s, ie., extraordinary and catastrophic floods, occur with positive phases of the PDO and the ENSO.
Further exploration of the fluvial geological record of the Copiap6 River will help lengthening to thousands of
years the flood record what will help improving communities’ resilience by anticipating flood hazards in the
current global change context, in which stronger rainfall events modulated by ENSO and ENSO-like conditions
are expected.

Flood frequency analysis
Copiap6 River
Atacama

1. Introduction to climate change is one of the major uncertainties of future climate

scenarios due to the complexities associated, particularly in arid regions

Intermittent and ephemeral rivers are formed in drylands, where
aridity and climate variability are the most important natural factors
defining the fluvial dynamic (Botes et al., 2003). In the present context
of global change (IPCC, 2023), understanding their response to global
warming is critical to preserve the ecological and human systems they
support (Botes et al., 2003), to sustainably manage their scarce water
resources (Morin et al., 2009) and to develop flood risk management
plans (Milly et al., 2002). Despite its importance, hydrological response

where the lack of monitoring station networks and thus, instrumental
records add uncertainty (Schick, 1988).

Fluvial systems in drylands are then sporadically activated after
intense storms, resulting in high-energy, short-term runoff that can
cause flooding (Grodek et al., 2013). Historical records of this process
are often used to supplement assessments of current and projected flood
hazard (Wilhelm et al., 2019). Unfortunately, their temporal range,
which is several millennia in some regions such as the Mediterranean, is
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Fig. 1. Right: Location of the study area within Chile and the Atacama Desert. Center: The Copiap6 River catchment showing the digital elevation model, subbasins
division (QP: Quebrada Paipote; JR: Jorquera River; PR: Pulido River; MR: Manflas River; MCR: Middle Copiapé River; LCR: Lower Copiapé River) rainfall isohyets
(DGA, 2010), location of the city of Copiap6 and the Angostura canyon. Left: Geomorphological sketch map of the Angostura canyon and location of the Angostura

stream gauging station and the stratigraphic profile containing flood deposits.

quite short in others such as South America (Wilhelm et al., 2019). On
the other hand, these high-energy events are recorded in the fluvial
sedimentary sequences and geoforms, so it is possible the use of
geomorphological and sedimentological techniques to determine when
and how these (paleo)floods occurred and to complement the historical
and instrumental record (Baker, 2000). Benito et al. (2020a) provided an
overview of the most common paleoflood depositional environments,
which include areas of channel widening, obstacle hydraulic shadows
where flow separation results in eddies, or back-flooded tributary
mouths and valleys, and emphasized the importance of the geomor-
phological assessment of the study sites. Both types of non-systematic
information complement the instrumental record with information on
the largest floods of the past hundreds to thousands of years and can be
used for both paleoclimatic interpretation and flood risk analysis (Benito
et al., 2004; Schulte et al., 2019; Baker et al., 2022).

Understanding the patterns of extreme events in the context of global
change is critical because of their social, political, and economic im-
pacts, especially for regions where extremes are a key feature of their
hydrologic system, such as (semi)arid regions (e.g., Benito et al., 2010;
Benito et al., 2020b; Macklin et al., 2010; Miller et al., 2019; Liu et al.,
2020; Cloete et al., 2018, 2022). This became evident after the last
extreme hydrometeorological event that caused large floods in the
southern Atacama Desert in March 2015 (Barrett et al., 2016; Bozkurt
etal., 2016; Valdés-Pineda et al., 2018), when the Copiapé River had an
exceptional peak discharge of 240 m>/s, while the measured mean
annual discharge is only 0.43 m>/s (Izquierdo et al., 2020, 2021). In fact,
during this event, the city of Copiap6 was catastrophically affected as a
muddy deposit buried >70% of the urban area and the economic activity
in the affected sector was paralyzed for almost a month, which caused an
estimated impact of >45 million USD (Observatorio Economico de
Chile, 2015).

To understand how extraordinary the 2015 event was for the
Copiap0 fluvial system, we have explored the historical and geological

archives to reconstruct the flood history of the last four centuries on this
arid basin and its relationship with global climate. These results will
help understanding the future behavior of these arid fluvial systems and
the main factors controlling the occurrence of the next catastrophic
flood.

2. Study area

The Copiapé River, flowing from east to west (Fig. 1), is considered
the southern limit of the Atacama Desert (Navarro et al., 2021), because
to the north rivers are ephemeral while to the south, they are perennial
under natural conditions. This hydrologic boundary results from the end
of the extreme arid conditions as a consequence of the current position
of the so-called “South American Arid Diagonal” (De Martonne, 1935;
Abraham et al., 2020), which crosses at the latitude of the Copiap6 River
(27°S). Here, the arid climate is controlled by the South Pacific High and
the Humboldt Current, which prevent precipitation from the Pacific
Ocean (Houston, 2006a). The low rainfall values vary latitudinally and
altitudinally (Valdés-Pineda et al., 2014; Fig. 1) with a mean annual
rainfall of 20.9 mm in the city of Copiapd. Traditionally, above-average
rainfall values have been linked to El Nino conditions (Vargas et al.,
2000; Vargas et al., 2006; Ortlieb and Vargas, 2015). However, Valdés-
Pineda et al. (2018) have recently identified a low-frequency variability
in precipitation that occurs at the latitude of Copiap6 with a cycle that
varies between 40 and 60 years and that is strongly influenced by the
Pacific Decadal Oscillation index (PDO) and the Atlantic Multi-decadal
Oscillation Index (AMO). In fact, according to these authors, the
March 2015 event coincided with a high phase of the AMO index,
implying a high amount of precipitable water at low latitudes, enhanced
by the high seawater temperatures generated by the 2015-2016 ENSO
phenomenon.

The city of Copiapé (~160,000 inhabitants) was established in 1744
although it was the first Chilean valley to be explored by Europeans in
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1536 as they traveled south from Peru (Sayago, 1874). It is located in the
alluvial plain of the Copiap6 River, downstream of the junction between
the Quebrada Paipote and the main valley (Fig. 1), i.e., exposed to pe-
riodic floods and mudflows throughout its history (e.g., Darwin, 1845;
Sayago, 1874; Mackenna, 1877; Bowman, 1925) and during the Late
Holocene (Izquierdo et al., 2017, 2019). The Copiapé watershed
(18,400 km?) can be divided into two major areas: (1) the Quebrada
Paipote subbasin (6689 km?) with an ephemeral behavior and (2) the
Copiap6 River valley (11,711 km?) with an intermittent behavior and a
mixed snowmelt and rain fed regime (Fig. 1). The river is currently
highly regulated by a dam (40 Hm®) in the upper catchment for agri-
cultural and mining purposes. Its mean discharge at the city during the
1974-2005 time series was 2.4 m>/s. Since 2005 the river has flowed dry
through the city of Copiapd due to its overexploitation except during
extraordinary events.

Near the river mouth and 50 km downstream the city, in the
Angostura sector (Fig. 1), groundwater springs and the river become
permanent again with an average discharge of 0.12 m3/s. This spring is
caused by the contact between the alluvial aquifer and the uplifted
metamorphic Paleozoic and igneous Jurassic substratum (Godoy et al.,
2003). The coastal uplift during the last 800 ky (Marquardt et al., 2004;
Quezada et al., 2007) has made the river to erode a canyon >80 m deep
in these geological materials (Fig. 1) that abruptly widens near the coast
when the valley reaches the Neogene substrate. Thus, this site gathers
two key features for a paleohydrologic study: (a) a bedrock-confined
channel and (b) an area of channel widening at the exit of the canyon
(Benito et al., 2003, 2020a).

3. Data sources and methods
3.1. Instrumental records

In order to accurately analyze the hydroclimatic variability in the
study area it is required to obtain the longest existing time series. The
Direccién General de Aguas (DGA; https://dga.mop.gob.cl) and the
Direcciéon Meteoroldgica Chile (DMC; https://climatologia.meteochile.
gob.cl) time series start in the late 1980s and were completed using
the meteorological information available at the Yearbooks of the
Meteorological Service of Chile (Department of Geophysics of the Uni-
versity of Chile; http://biblioteca.dgf.uchile.cl/anuarios/anuari
osmeteorologicoschilenos.html) that began in the 19th century. In
addition, these time series were completed with historical sources that
include meteorological information (Sayago, 1874; Mackenna, 1877;
Bowman, 1925; Almeyda, 1948). Although precipitation data exists
since 1795, the period 1795-1887 correspond to annual and not
monthly rainfall data and they cannot be used for calculating the cli-
matic indices. During the 132 years studied (1888-2020), the official
rain gauge had three different locations: Copiapé city (1888-1970);
Copiap6é Chamonate airport (1971-2005); and Atacama Desert airport
(2006-present). Although monthly temperature records are available
since 1856, the series was very incomplete and a shorter series of only
74 years (1946-2020) was used.

The series of average daily flows and maximum daily flows were
obtained from the Direccion General de Aguas (DGA; https://dga.mop.
gob.cl) for the City of Copiapé and Angostura gauges (1983-2020 and
1969-2020 respectively). A double mass analysis was used to complete
the poorest data series. In addition, on many occasions extreme flood
peak discharge data is estimated through indirect methods after the end
of the event, due to the failure or destruction of the measuring stations in
the process (Benito et al., 2004) as occurred in the study area during the
extreme hydrometeorological event of March 2015 (Izquierdo et al.,
2021). Thus, as no recorded peak discharge value exists for the 2015
flood, the discharge values modelled by the DOH (2016) were included
in the flood frequency analysis.
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3.2. Historical data sources

The historical period in Chile begins in 1536, when the first Span-
iards arrived at the valley of Copiap0, following the Inca trail from Peru
and crossing the Andes. Although it was the first Chilean valley explored
by Europeans and it had been inhabited for thousands of years (Nie-
meyer et al., 1997; Falabella et al., 2017), the city of Copiap6é was not
founded until 1744, when it was named San Francisco de la Selva de
Copiapd. Documentation for this first 200-year period is extremely
scarce, with only a few 18th and 19th century chronicles describing
years or periods of abundant rain and/or flooding (Philippi, 1860;
Sayago, 1874; Mackenna, 1877; Bowman, 1925; Barreiro, 1929). Offi-
cial archives have existed since the city’s founding, and thus it is possible
to access a broader range of records such as letters, financial and legal
documents, which include local and regional government records
located in the Copiapé Municipal Historical Archive and the Atacama
regional Museum Archive. In addition, magazines and newspapers
published periodically since the beginning of the 19th century were
reviewed at the Chilean National Library to obtain additional informa-
tion and detailed descriptions of the events that occurred more recently.
Finally, we included in the analysis the last two events from 2015 and
2017 (Izquierdo et al., 2021). We classified the Copiapé River flood
events in three categories by adjusting the methodology proposed by
Barriendos et al. (2003) and assigning discharge perception thresholds:
(1) Ordinary rise or small flood, meaning a small increase in flow is
perceived and minor damages in irrigation in infrastructures occur; in
the Copiap6 River this occurs after heavy rains or snowmelt episodes; (2)
Extraordinary flooding or intermediate flood, meaning the flooding is
confined to areas adjacent to the river where it causes damage to railway
or hydraulic installations and irrigation channels, in the Copiap6 River
this occurs when overflow of the channel occurs punctually along the
river due to heavy rains or snowmelt episodes or the activation of the
main tributary, Quebrada Paipote; a discharge perception threshold of
30 m3/s is established for this category based on the documentary re-
cord; and (3) Catastrophic flooding or large flood, meaning the flood is
generalized across the city causing severe damage or complete
destruction of infrastructures not only adjacent but also close to the river
including bridges, houses, railway tracks and roadways; in addition,
there are large morphological changes to the river. In the Copiap6 River
this category is associated with overflow of the channel occurs along
both the river and the main tributary, Quebrada Paipote. A discharge
perception threshold of 180 m/s is established for this category based
on the reconstructed discharges and the descriptions of the documentary
record.

3.3. Flood deposits identification and dating

To complement the instrumental and historical archives, paleohy-
drology using flood deposits as indicators of flood stage (e.g., Benito
et al., 2020a) was used. Stratigraphic and sedimentological analyses of
the deposits were conducted. In the field, individual flood units were
differentiated from other facies and identified using a variety of sedi-
mentological indicators that included erosion surfaces or changes in
sediment color, texture, and structures (Benito et al., 2003). Each flood
deposit was sampled and sieved in the lab with a 2-mm sieve. The
particle size distribution of the material passing the 2-mm sieve was
measured using a Malvern Mastersizer 2000 at the facilities of the
University of Huelva. The results were homogenized, expressed as a
percentage of the distribution, and analyzed using the R package G2Sd
(Fournier et al., 2014) which is an R (R Core Team, 2023) imple-
mentation of the GRADISTAT spreadsheet (Blott and Pye, 2001). Mean
and sorting parameters of grain size were calculated using the loga-
rithmic graphical method (Folk and Ward, 1957).

The sedimentary sequence chronology was determined using radio-
carbon dating of peat layers collected along the section. Pre-treatment of
the sample material for radiocarbon dating was carried out by Beta
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Table 1
Radiocarbon dating samples and results for the geological section downstream
Angostura canyon.

Sample Lab code Sample Age 14C (yr 20 calibrated age

D material BP) range

ANG-41 Beta - Organic 200 + 30 1718-1814 CE
503,282 sediment

ANG-35 Beta - Organic 2180 + 30 234-66 BCE
510,255 sediment

ANG-30 Beta - Organic 2400 + 30 541-370 BCE
503,281 sediment

Table 2
Optically stimulated luminiscence dating results from flood deposits identified
downstream Angostura canyon.

Sample Depth Num. of  Dose Equivalent OSL Calibrated

D (m) aliquots rate Dose2 + 20  age + year
(Gy/ (Gy) 26
ka) (ka)

ANG-48 0.3 2(10) 2.28 0.86 + 0.08 0.377 1602-1682
+ + CE
0.10 0.040

ANG-47 0.3 0(33) 2.48 0.35+0.03  0.141 1865-1891
+ + CE
0.12 0.013

ANG-46 0.7 2 (30) 2.47 0.39 £0.02  0.159 1847-1873
+ + CE
0.12 0.013

ANG-45 0.9 1(30) 2.39 0.36 +£0.02  0.152 1854-1880
+ + CE
0.11 0.013

ANG-44  1.15 0(9) 2.54 0.34 +£0.06  0.133 1861-1911
+ + CE
0.12 0.025

Analytic Inc. (Miami, USA) as was the dating by AMS (accelerator mass
spectrometry). Calibration of the radiocarbon dates was carried out
using the Calib 7.0.4 (Stuiver et al., 2013) using the calibration curves
SHCal13 for the Southern Hemisphere (Hogg et al., 2013). A summary of
the samples submitted for dating is presented in Table 1. All ages are
given in AD calendar years. Because of insufficient amounts of organic
content in the Atacama Desert the flood deposit chronology was estab-
lished employing OSL dating. Five OSL samples were collected by
hammering stainless-steel tubes into the exposures. In addition, the
surrounding sediment was collected for radionuclide analyses and un-
disturbed samples were taken to evaluate moisture content. The samples
were analyzed at The Nordic Laboratory for Luminescence Dating of the
Technical University of Denmark (Table 2).

3.4. Hydraulic modelling

Discharge estimates for the identified paleoevents were calculated by
hydraulic modelling of the Angostura canyon (2200 m in length) using
HEC-RAS (Hydrologic Engineering Center, 2010). This section of the
river presents a mean slope of 0.0038 m/m and sinuosity index of 1.55.
The HEC-RAS model was calibrated for the 2015 flood using discharge
data estimations from the Direccion de Obras Hidraulicas (DOH, 2016).
Cross sections were defined every 30 m and assigned Manning’s n values
of 0.07 and 0.035 for the valley floor and valley margins, were used
according to Chow (2004). Palaeoflood discharges were estimated using
the Standard Step Method (STM), the most commonly used method in
palaeoflood hydrology (Webb and Jarrett, 2002).

3.5. Flood frequency analysis

Flood frequency analysis (FFA) was carried out on the maximum
annual discharge series in Angostura for the period 1969-2020 and the
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Table 3

Flood historical record Copiapé River 1650-2020. *S: summer season (Dec —
May), W: winter season (Jun — Nov); 1: Minor flood; 2: Intermediate flood; 3:
Large flood; {R: rainfall, S: snowmelting.

Season Flood
* categoryf

Year Month Causef Documentary source

1655
1746 Dec S
1787

1796 Jun
1827  Jun

Sayago, 1874

Sayago, 1874

Barreiro, 1929
R Sayago, 1874
R Sayago, 1874; Urrutia and
Lanza, 1993
Darwin, 1845
Newspaper El Amigo del
Pais 14 and 18 Aug.1888
Meza et al., 1992
Urrutia and Lanza, 1993
Bowman, 1925
Newspaper El Atacameno
07.Jun.1927
Urrutia and Lanza, 1993
Mackenna, 1877
Urrutia and Lanza, 1993
Newspaper El Copiapino
02.Aug.1877
Bowman, 1925

N =N =W

==

1833  Aug w 1 R

1835 ?
1844  Jul w 1 R

~
—
=]

1848 May
1877  Jul w 1 R

w
—
-]

1888 Aug w 3 R
Urrutia and Lanza, 1993
Newspaper El Amigo del
Pais 15/16/17/18/20.
Aug.1888

Newspaper El Atacameno
15/16/17/18/20/21/23.
Aug.1888

Newspaper El Mercurio de
Valparaiso 18/20/22/25.
Aug.1888

Municipal Act 08.Aug.1888
Letter from a neighbor to
the Municipality Sep.1890
Newspaper El Atacameno
16/17.Jun.1890

Meza et al., 1992
Newspaper El Atacameno
22.Aug.1900

Municipal Act 28.Aug.1900
Letter form the Major to the
Home Office Minister 30.
Aug.1900

Urrutia and Lanza, 1993
Newspaper El Amigo del
Pais 12/14/16.Jul.1902;
Newspaper El
Constitucional 11/12/14/
15/16/17/18/20/23/25/
26.Jul.1902

Municipal Act 11/12.
Jul.1902

Letter form the Major to the
Governor 13.Jul.1902
Congress law 1538, 24.
Jul.1902

Bowman, 1925

R, S Bowman, 1925

S Urrutia and Lanza, 1993
Newspaper El Mercurio de
Valparaiso 10.Jan.1906
Newspaper El Amigo del
Pais 7/9/10/13.Feb.1906
Zig-Zag Magazine 28.
Jan.1906

Newspaper El Heraldo de
Madrid 2.Mar.1906
Congress law 1795, 22.
Jan.1906

Newspaper El Atacameno
01/02/15/16/17/19/20/
27.Feb.1926

1890 Jun w 1 R

1893  Feb
1900  Aug w 2 R

172
—_
-]

1902  Jul w 2 R

1905 May S
1905  Oct w
1906 Jan S

N o=

1926  Feb S 1 R

(continued on next page)
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Table 3 (continued)

Season Flood
* categoryi

1927  Jun w 2 R

Year Month Causet ~ Documentary source

Newspaper El Atacameno
04/05/09/10.Jun.1927
Newspaper El Amigo del
Pais 04/06/07.Jun.1927
Newspaper El Atacameno
21.Jun.1929

Newspaper El Amigo del
Pais 21/23/24.Jun.1929
Newspaper El Atacameno
22/23/24/25.May.1934
Newspaper Los Angeles
Times 22.May.1934
Newspaper New York Times
25.May.1934

Newspaper Chicago Daily
Tribune 07.Jun.1934
Urrutia and Lanza, 1993
Newspaper El Amigo del
Pais 02/03/04/05.
Mar.1938

Newspaper El Atacameno
02/03/04/05/07.Mar.1938
Newspaper The New York
Times 05.Mar.1938
Urrutia and Lanza, 1993
Newspaper El Amigo del
Pais 23/24.May.1938
Newspaper El Atacameno
21.May.1938

Newspaper El Amigo del
Pafs 13.Jun.1940
Newspaper El Atacameno
13.Jun.1940

El Atacameno 29/30.
Jun.1943

Meza et al., 1992
Newspaper El Dia 28/29.
Jul.1962

Newspaper Fort Lauderdale
News 28.Jul.1962
Newspaper Atacama 07/08.
Abr.1980

Meza et al., 1992
Newspaper Atacama 28.
Jul.1987

Newspaper Atacama 11.
Jan.1988

Newspaper El Mercurio 18.
Jun.1991

Newspaper Atacama 13/14.
Jun.1997

Newspaper El Mercurio 13/
14.Jun.1997

Newspaper Atacama 18/
19/20.Aug.1997

TVN news

Newspaper El Diario de
Atacama 26/27.Mar.2015
You Tube videos

Izquierdo et al., 2021
Newspaper El Diario de
Atacama 14/15.May.2017

1929  Jun w 1 R

1934  May S 2 R

1938 Mar w 2 R

1938  May S 1 R

1940 Jun

1943  Jun w 1 R

1962 Jul w 1 R

1980  Apr S 1 R

1987  Jul w 2 R
1988  Jan S 1 S
1991 Jun w 1 R

1997  Jun w 2 R

1997  Aug w 1 R

2011 Jul w 1 R
2015 Mar

172}
w
]

2017  May S 2 R

non-systematic record based on palaeoflood discharge estimates. The
frequency analysis was performed using the AFINS 2.0 software (Botero
and Francés, 2006). The most robust results in terms of adjustment to the
drawn plotting positions were obtained with a log Gumbel distribution
and a Two Component Extreme Value (TCEV) distribution. The pa-
rameters set for these statistical functions have been estimated by the
Maximum Likelihood Estimation (MLE) method (Stedinger and Cohn,
1986).
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3.6. Hydroclimatic variability and climatic oscillations

The Standardized Precipitation Index (SPI) (McKee et al., 1993)
quantifies the precipitation deficit for different time scales and repre-
sents the number of standard deviations of precipitation in each accu-
mulation period (12 months) with respect to the mean, after converting
the original distribution to a normal distribution. The analyzed periods
were classified as: Extremely Dry <2; Severely Dry —1.5 to —1.99; Dry
—1.49to —1; Normal —0.99 to 0.99; Wet 1 to 1. 49; very Wet 1.5 to 1.99;
and Extremely Wet >2. In addition, the periods were characterized
considering their duration (length of the period), intensity (maximum
value in a period) and magnitude (sum of the SPI values of a period). The
frequency of occurrence of wet and dry cycles was estimated for SPI-12
(Ayugi et al., 2020) dividing the times series in four periods: 1888-1900;
1901-1950; 1951-2000; 2001-2020.

To assess potential drivers of the hydroclimatic variability recorded
in the SPI, we analyzed its relationship with three sea surface temper-
ature indices obtained from the NOAA - Climate Prediction Center
(CPC): the Nino 3.4 index for the series 1854-2020, the Pacific Decadal
Oscillation (PDO) index for the series 1900-2020, and the Atlantic
Multidecadal Oscillation (AMO) index for the series 1850-2020. The
correlation was carried out by conducting a moving average of the
indices in accumulated periods of 1 to 20 years. Finally, gauge and
reconstructed records were compared with the indices most linked to the
rainfall variability to evaluate the role of these climatic indices in the
Copiap6 river floods.

4. Results
4.1. Historical flood events in the Copiap6 River

After an exhaustive review of original sources (newspapers, etc.) 36
flood events have been identified since 1650 (Table 3). This list includes
all events that have occurred in the middle and lower parts of the
Copiap6 river and does not consider the upper part of the basin, up-
stream of the Lautaro dam, where some extraordinary events have
occurred such as the recent 1985 glacial lake outburst flood (Iribarren
Anacona et al., 2018).

4.1.1. Documentary period (1650-1970)

The documentary period (1650-1970) encompasses twenty-seven
events from which only one occurs before the official establishment of
the city in 1744; the 1655 flood. The event is surprisingly well described
two hundred years after its occurrence by Sayago (1874) evidencing its
magnitude. At the time, Copiapé was a small village with scattered
houses although at least 4000 people were settled along the valley
(Orellana, 2005). The flow severely modified the valley and important
geomorphological changes are described including erosion of large
volumes of sediment in wetlands used for grazing, damage to crops and
the destruction of a church upstream from the present location of the
city.

Three events are mentioned during the 18th century, after the
founding of the city. Two of them only caused minor damage in irriga-
tion channels (1746 and 1796 floods; Sayago, 1874) while for the third
one (1787 flood) evacuation was needed as the flow reached the streets
and some houses were damaged (Barreiro, 1929). More prolific de-
scriptions exist for the 10 flood events that occurred during the 19th
century as journalism developed in this period and a rain gauge was
installed in 1863 in Copiapé making easier identifying large or heavy
rainfalls that may led to floods. The 1833, 1835, 1844, 1848, 1877, 1890
and 1893 events were minor floods in which the inhabitants describe the
rise of the flow in the river or its main tributary with joy when it happens
after a dry period, but generally with the fear of a potential flood
although in all the cases mostly irrigation ditches were damaged
(Sayago, 1874; Darwin, 1845; Meza et al., 1992; Bowman, 1925; Urrutia
and Lanza, 1993). During the winter months of 1827 and 1900
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Fig. 2. Stratigraphic section of Angostura site and its position in the valley cross-section. The location of the dated samples by radiocarbon and OSL is indicated as
well as the calculated discharge estimates associated with flood deposits and the 2015 event.

extraordinary floods occurred. These events caused an overflow of the
river or its tributary causing in both cases damage to farms and houses.
In particular, on August 22, 1900, the riverbanks were overflowed after
the July and August rains caused some neighbors to take refuge in the
San Francisco convent and days later the mayor sent a letter to the Home
Office Minister in Santiago asking for financial support for the victims
(City Archive).

The largest flood event of the 19th century took place on August 14,
1888. On August 13 and 14, the rain gauge of Copiap6 recorded a total of
36.8 mm (Bowman, 1925). As a result of these rains, probably greater in
the Andes, the flow of the Copiap6 River increased and overflowed the
middle valley upstream the city and Quebrada Paipote activated and
flooded the town of San Fernando (now part of the city of Copiapd)
located in the junction with the Copiap0 river causing several fatalities.
El Atacameno newspaper makes in its edition of August 18 a detailed
description of the damage that allows us to reconstruct the flood
extension in the city in approximately 2 km? and the flood depth at some
points including a reference of a 1.5 m water depth at the historic
building of the current campus of the University of Atacama. The
newspaper describes that the flood caused 11 deaths in Copiapé and
Tierra Amarilla (upstream the main city) and hundreds of houses
resulted with non-repairable or major damage. During the 20th century
documentary period, before a discharge gauge was in operation for the
river, 13 flooding events occurred. The May 1905, October 1905, 1926,
1929, May 1938, 1940, 1943 and 1962 were minor flood events in
which the flow damaged or destroyed bridges and the roads and rail-
roads adjacent to the channel. El Amigo del Pais newspaper stated in a
June 13, 1940 article that the water flow in the Paipote channel was 10

m wide and 0.7 m deep. These data results in a minimum discharge of
13.7 m>/s for this event calculated using a Manning n value of 0.017.
The Paipote channel construction started after the March 1938
extraordinary flooding event in which >40 cm of water flooded houses,
damaged the railroad station, and swept away hundreds of meters of
railroad tracks. The economic damage was estimated at 300,000 Chilean
pesos and the international impact was so important, due to the decrease
in the mineral exports, that even The New York Times newspaper pub-
lished a short telegram informing about the event entitled “Storms and
floods sweep North Chile”. Other intermediate events were those
occurring in 1902, 1906, 1927 and 1934. The January 1906 flood
occurred after the rains and snows of the 1905 winter, the snowmelt
caused a large increase in the flow that, according to the ZigZag
magazine, reached 4 m/s and eroded the valley floor leaving the check
gates of the irrigation ditches above the new riverbed.

4.1.2. Instrumental period (1970-2020)

The instrumental gauging data series in Copiapd begins in 1970 and
since then, nine flooding events have occurred. The 1980, 1988, 1991,
August 1997 and 2011 were small floods that did not exceed the 30 m3/s
threshold and only caused damage in or near the channel. By contrast,
the 1987, June 1997 and 2017 intermediate floods did exceed that
threshold and caused much more damage in the city. During the June
1997 event the highest rainfall intensity of the instrumental time series
was recorded (68.3 mm in 14 h) as the storm was centered above the city
instead of upstream. >20,000 people were affected and seven people
died. Finally, the March 2015 flood event catastrophically affected 72%
of the urban area of Copiapé when a mudflow buried the streets with a
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Fig. 3. Photographs of paleoflood deposits at the Angostura site. A) Amalgamated lenticular sets showing a distinctive wavy bedform geometry characterized by
stacked low-relief antiforms and trough crossbedding (humpback cross-lamination) in PFE-2 (scale bar 100 cm). B) In phase climbing ripples, laminae, and gently
undulated lamination at the top of PFE-2 with water escape structures (scale bar 15 cm). C) Clay layer with mud cracks intercalated between PFE-3 (below) and PFE-2
(above). D) Upstream-dipping trough backset filling troughs formed by cross-bedded sand and gravel deposits at the base of PFE-1. Knife (15 cm). Flow from left to

right in all the cases.

sandy mud deposit of >30 cm in thickness that caused major or non-
repairable damage to >1300 houses across the city (Izquierdo et al.,
2021). The flood was caused by a cutoff low with anomalous heights that
moved east and coincided with extraordinary high precipitable water
(Barrett et al., 2016; Bozkurt et al., 2016; Valdés-Pineda et al., 2018).
The associated rainfall varied between 10 mm from the coast and > 85
mm in the high mountainous area. Although none of the gauging sta-
tions recorded the peak discharge of the flood the DOH (2016) recon-
structed the maximum flow at the city and at Angostura of 220 m>/s and
242 m3/s, respectively.

4.2. Flood deposits and paleodischarge estimation

The section located in Angostura site consists of a flood bench 4.6 m
in thickness on the left margin of the Copiapé River, 150 m downstream
of the canyon exit (Figs. 1 and 2). The sedimentological analysis reflects
a complex stratigraphic architecture, with the overlapping of two
benches that is only observable in the upper part of the river margin and
that was clearly revealed by the OSL dating (Fig. 2). The section is
formed by silt, sand and peat deposits, with common formation of
paleosoils in its middle and lower part that date from 541 to 370 BCE to
234-66 BCE. These deposits indicate the formation of a fluvial wetland
and other fluvial channel deposits not analyzed in this work.

In the upper part of the section, very well sorted coarse silt and fine
sand beds of decimetric thickness occur with fine-grained deposits of
charcoal and silt interbedded. Here, three paleoflood deposits have been
identified with very similar sedimentologic characteristics (Paleoflood
Event, PFE-1 to 3 in Fig. 2). The highest flood deposit (PFE-1) is asso-
ciated with a minimum discharge estimate of 250 m®/s, while a mini-
mum discharge estimate of 201 m?/s is required for a flood event to
cover PEF-2 and 118 m®/s to cover the PFE-3 deposits. In addition, the
2015 flood (242 m3/s) covered the higher part of the outcrop with a thin
mud line and the accumulation of dead plants that stands as a stage
indicator of the water level of this last event. These marks were used by
DOH (2016) to reconstruct the peak flow near the stream gauging sta-
tion. The paleoflood deposits are separated by erosion surfaces and their
thickness range between 10 and 95 cm. All of them includes horizontal
and sigmoidal to low-angle lamination, sometimes with minor-concave
and convex-upward forms (humpback cross-lamination) (Fig. 3A), as
well as in phase climbing ripples laminae and gently undulated lami-
nation (Fig. 3B). Soft-sediment deformations, such as convolute lami-
nation are very common in the sandy sediments. Some plant debris and
rip-up clasts are incorporated in the lower part of the sedimentary
sequence, while silty clay and charcoal deposits with mud cracks and
gypsum nodules occasionally occur at the top of the flood beds (Fig. 3C).
These indicators of subaerial exposure were used to determine the end of
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the flood event and discriminate the three individual flood units. Quartz
OSL dating of these deposits has revealed a complex three-dimensional
architecture of two overlapping benches (Fig. 2). PFE-1 was dated to 377
+ 40 years while PFE-2 and PFE-3 resulted in an average date of 146 +
13 years.

The lower to middle part of PFE-1 and PFE-2 show a distinctive wavy
bedform geometry characterized by stacked low-relief antiform (convex
upward) and trough cross-bedding with sharp erosive base. The wave-
length of the bedforms is 90-135 cm, and their amplitude ranged 10-25
cm in PFE-2, where 3 amalgamated lenticular sets occur with a total
thickness of 95-135 cm. A well-defined upstream and downstream
lamination is the dominant internal structure within these deposits. The
laminae are concordant with the lower bounding surfaces in most of the
cases and may be locally separated by mud drapes or very thin charcoal
layers. The top of the antiforms is often truncated by minor erosion
surfaces, while some upstream-dipping backset is preserved filling the
troughs formed by cross bedded sands and gravels deposits (Fig. 3D).
These characteristic bedforms can be observed along >50 m at the top of
the bench in both river margins of the main fluvial channel (Fig. 2).

5. Discussion
5.1. The last 400 years flood events in the southern Atacama Desert

Twenty-two of the thirty-six flood events that have been identified
over the last 400 years have been classified as small floods or ordinary
rises in river flow. These occur in the Copiapd River after heavy rains or
snowmelt episodes, when a slight increase in flow happens and minor
damage to irrigation infrastructure may occur. Among these, two events
occurred in the 18th century, seven during the 19th century, twelve in
the 20th and 21st centuries (Table 3). As these events do not exceed a
perception threshold, they are not normally retained in the society
memory and thus, it is easier to identify those that are more modern.

The historical record includes eleven intermediate floods in which
the flooding was confined to areas adjacent to the river causing damages
in irrigation channels or infrastructures located near the channel such as
railway tracks, roads, or farms. Only three have occurred during the
instrumental period (1987, June 1997 and 2017 floods) although there
is only measured data for the 1987 event as the 1997 exceeded the
gauging station and in 2017 the station was still damaged by the 2015
flood event. The other eight extraordinary flooding events occurred in
the 18th century (one event), the 19th century (two events) and the
historical period of the 20th century (five events), all exceeding the
discharge perception threshold of 30 m®/s established for this category.
This is the case of the PFE-3 whose deposit was described in the
Angostura section with a minimum discharge value of 118 m3/s. This
discharge value together with the radiocarbon and OSL dating associates
this deposit with the 1827 flood.

Finally, a total of 3 catastrophic flooding events, with discharge
values >180 m>/s, have been identified in the last 400 years, 1655, 1888
and 2015 floods. The OSL ages obtained for the topmost flood deposits in
the Angostura section establish that PFE-2 occurred in the 19th century
while PFE-1 took place in the 17th century. The large magnitude of PFE-
1 and 2 with discharges >200 m®/s suggest that they likely correspond
to the largest historical floods i.e. 1655 and 1888 respectively. The
August 13 and 14, 1888 flood is the first in which an exhaustive in-
ventory of the damages is carried out and in the descriptions of the
newspapers they provide flood depth measures at some points in the
streets of the city of Copiapé that were similar or even higher to those of
2015. This flood event remains as the reference flood until the mid-20th
century as in every news of category 2 or 1 floods, or even only heavy
rainfalls, the 1888 flood is mentioned by the journalists. The 1655 flood
is only mentioned by Sayago (1874) but its deposit indicating a mini-
mum discharge value of 250 m?/s, slightly larger than the 2015 flood,
confirms the category of this flood. In fact, the descriptions of Sayago
(1874) were written 200 years after the event, but the flood appears
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mentioned up to 5 times and not only because it destroyed a church. The
author describes (p. 320-321) how the river increased its flow and
eroded the valley causing large gullies in the wetlands that remained
until the chronicle’s date. Similar extreme erosion occurred during 2015
at different points of the valley where the riverine wetlands were
completely washed away by the flow that caused strong lateral erosion
and entrenching of the river channel (up to 10 m deep) (Sparelli et al.,
2018). These major geomorphological changes had impacts in the 1655
valley economy as they caused legal conflicts for the lost lands and for
those that were positively affected by the flood (Sayago, 1874).

The similar impacts of the 1655 and 1888 destructive floods in the
Copiap6 Valley described in the historical chronicles with the dated
flood deposits of Angostura site is supported not only by the paleo-
discharge reconstruction, but also by the sedimentary features of the
high-energy facies. The paleoflood deposits of Angostura section present
clear similarities with the high-stage flood facies defined by Benito et al.
(2003) formed in a channel widening environment during the first stages
of the event when the flow extends into lateral marginal areas covering
the bench. The parallel horizontal lamination and ripple laminae
observed record the alternating flow conditions result in current ripple
migration to upper plane bed migration when velocities increase. The
conspicuous occurrence of climbing ripples and undulate parallel
lamination are interpreted as the vertical aggradation of sediments
produced by an increasing in the fallout from suspension combined with
the ripple migration when the water current decelerates during the
flooding (e.g., Ashley et al., 1982; Baas et al., 2021). Occasionally, the
rapid and intermittent decrease in the flow velocity generated mud
drapes and the settling of organic-rich very thin laminae into the high-
energy deposits. On the other hand, the horizontal/sigmoidal lamina-
tion to low angle cross-lamination very probably indicate the progres-
sive increasing flow power at transitional conditions from the dune
stability field into the upper plane bed field under massive rates of
sediment fallout (Chakraborty and Bose, 1992; Fielding, 2006). Finally,
the remarkable occurrence of fluid escape structures can be explained by
density inversion in sediment layers with grain sizes very susceptible for
the synsedimentary deformational structures formation as the convo-
luted bedding (Lowe, 1975; Benito et al., 2003).

The wavy beds of PFE-1 and PFE-2 are very similar to antidunes in
the sense of Araya and Masuda (2001) and Fielding (2006). The anti-
dunes record the formation of stationary (stable) waves and upstream
migrating bedforms (unstable) in the channel belt (Cartigny et al.,
2014). The formation of these structures occurs at higher flow velocities
than upper plane bed, when low relief bedforms formed at the transition
from subcritical flow to supercritical flow (waves in-phase with the
bedforms) or directly under supercritical flow (unstable conditions and
wave break upstream). Their formation is commonly associated with
shallow water and very fast sedimentary aggradation (Lang et al., 2020).

During the waning flood stage, the flow velocity is low and generate
the sedimentation of plant debris and fine-grained sediments, producing
low-energy flood deposits. Thus, the end phase of the event is charac-
terized by the formation of thin layers of fine-grained sediments and
charcoal on the top of the high-energy flood deposits. The subaerial
exposure conditions resulting in the formation of mud cracks and gyp-
sum nodules/crust on the top of the paleoflood deposits some weeks or
months after the event.

The spectrum of sedimentary structures recognized at the Angostura
site represent the successive floods of a zone located near the main
fluvial channel by moderate to very high-energy flows accompanied by
high suspended sediment concentration during the paroxysm of the
events. The intermittent transition conditions from lower to high flow
regimen and the subsequent waning phase of the flood event are
recorded in the sedimentary sequences. This facies resembles some
architectural elements of the “Laminated Sand Sheets” architectural
element of Miall (1985) and the most recent “Upper Flow Regime
Sheets, Lenses and Scour Fills” elements of Fielding (2006). Both are
associated to transitional to upper flow regime conditions with high rate
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Table 4
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Flood quantiles for different return periods in Angostura for a log Gumbel and a two-component extreme value (TCEV) distribution fitted to, firstly the annual
maximum systematic records only and secondly, to the combined systematic and non-systematic discharges.

Exceedence annual probability (%) Average recurrence interval (years)

Peak discharge (m®/s)

Log Gumbel

TECV

Systematic record

Sys + paleofloods Systematic record Sys -+ paleofloods

20 5 1.2
10 10 2.2
4 25 4.6
2 50 8.1
1 100 14
0.2 500 50.1
0.1 1000 86.6

3.8 0.7 39.4

9.9 23.3 72.1

32.7 55.5 113.3
79.4 79.4 144.0
191.5 103.0 174.1
1464 157.0 243.3
3510 179.7 271.7
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of sandy sediment accumulation under the influence of a strongly sea-
sonal peak in runoff during hydrological conditions characterized by
abrupt floods and drops in the flow stages.

5.2. Flood frequency analysis

The flood frequency distribution providing the best performance in
the combination of non-systematic (censured) and systematic data was
the log Gumbel distribution function. Discharge values associated with
different annual exceedance probabilities (recurrence intervals) are
shown in Table 4. The incorporation of the non-systematic data (his-
torical and paleohydrological) into the FFA results in an increase of the
magnitude of the flood quantiles when compared with the ones obtained
with the systematic record (Fig. 4). For instance, the catastrophic flood
perception threshold represents a 1.1% annual probability flood in the
combined systematic and non-systematic data (i.e., an average recur-
rence interval of 120 years) while it is a 0.04% in the systematic data
analysis.

5.3. Multi-decadal flood patterns and climate variability

As most of the flood events were caused by rain episodes (29 out of
36) we analyze the role of rainfall distribution in the temporal flood
pattern. The compiled time series includes annual precipitation in
Copiap6 from 1795 to the present (228 years) and it shows a mean
annual value of 22.5 mm with a maximum rainfall recorded of 149.7

mm in 1997 (Fig. 5). Years with no rain represent 18% of the series. In
addition, 34% of the series corresponds to years in which rainfall is <6
mm and 53% to years in which the precipitation is <20 mm. Rainfall
shows a decreasing trend. The longest period without precipitation
corresponds to the period 1993-96, four years in a row in which it did
not rain. In the time series there is a clear cyclicality that Valdés-Pineda
etal. (2018) attribute to the cyclicality of the PDO until the middle of the
20th century.

The Standardized Precipitation Index (SPI) of Copiap6 weather sta-
tion was obtained using the monthly precipitation series 1888-2020 for
a 12-month accumulation period (Fig. 5). Wet and dry years depend on
the value taken by the index: values greater than +1 are considered wet,
while values below than —1 are considered dry (McKee et al., 1993).
Consequently, wet periods are the sum of consecutive wet years, while
dry periods are the sum of consecutive dry years. In the time series, 20
wet periods and 26 dry periods can be identified (Fig. 4). The longest wet
period occurs from 1926 to 1931, with a magnitude of 93.71 and an
intensity of 2.07, whereas the longest dry period occurs from 1993 to
1997. From 1888 to 1953 wet cycles of greater magnitude and longer
duration are observed while at the middle of the last century a slight
trend towards shorter (lower magnitude) and less intense wet cycles
appears (Table 5).

Traditionally, extraordinary rains in the Atacama Desert have been
related with positives phases of the ENSO (e.g., Ortlieb, 1995). In fact,
according to Houston (2006b) during El Nino years, winter rainfall tends
to be higher than average, while higher rainfall in the summer months is
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related to La Nina phenomenon. However, Valdés-Pineda et al. (2018)
have recently explored patterns of precipitation fluctuating over a
period longer than 30 years in Chile. These authors found a significant
multi-decadal precipitation cycle between 40 and 60 years in its sub-
tropical and extratropical regions, i.e., at the study area latitude, that
seems to be largely linked to PDO and AMO modulation. At Copiapd, the
Nino 3.4 index (Fig. 6 left) shows positive correlations with SPI-12 in the
months of March, April, and May, being May the month with the most
positive correlation (40.5). The rest of the months show a positive
correlation at time scales from 1 to 10 years, while the winter and spring
months show a negative correlation with SPI-12 at time scales from 13 to
20 years. On the other hand, the PDO (Fig. 6 center) shows positive
correlations in all months and in all scales with the SPI-12 index,
especially in the months of July (+0.9) and December, at time scales
from 10 to 20 years. Finally, the AMO (Fig. 6 right) shows a positive
correlation with the reconstruction, especially from May to July, with
the highest correlation obtained in June (+0.36) when averaged over 19
years.

Rainfall at Copiapd is clearly largely modulated by the PDO and it is
then, natural to expect an impact of the PDO on flooding in the Copiapd
river. Fig. 7 shows the relationship between the monthly PDO index, and
the maximum discharges recorded during those months from the
Angostura gauging station and the reconstructed paleodischarges. The
majority of historical floods since 1900 have happened during the pos-
itive phase of the climatic index, with only two category one events
(1991 and 2011) occurring outside of this period, making the connection
between this index and floods in the Copiapd River clear. In fact, dis-
charges >30 m%/s, i.e., intermediate and large floods, occur with posi-
tive phases of the PDO.

Superimposed to the PDO, the ENSO phase has clearly an effect on
the floods as only the 2011 occurred with a negative anomaly of the sea
surface temperature (Fig. 7). Recently, Freund et al. (2019) suggest that
stronger rainfall events modulated by ENSO and ENSO-like conditions
will impact this arid to semiarid region in a future climate scenario,
similar to those developing in the Pacific during 2023 in which the total
number of associated floods may decrease while high-magnitude floods
may increase (Ortega et al., 2019) having a large impact on local com-
munities. As changes in flood frequency over multi-millennial and
multicentennial scales have been linked to climatic regimes and changes
in atmospheric circulation modes (Wilhelm et al., 2019), the identifi-
cation of such connections through future palehydrological studies of
the Copiap6 River dynamic during the last millenia will provide a basis
for potential improvements of hydrological projections in the context of
the ongoing climate change as flood magnitude and frequency are ex-
pected to change.

6. Conclusions
After the catastrophic March 2015 flood event a better understand-

ing of the Copiap6 River flood history was needed in order to accurately
assess how extraordinary that event was and how its fluvial dynamic

Wet and dry periods frequency for the SPI-12 index in Copiap6 and flood events in the Copiapd river. Extremely wet years show their SPI-12 index value in parenthesis.

*Extremely wet year with a flood event.

Number of wet months Number of dry months Extremely wet years Minor flood Intermediate flood Large flood
1888-1900 (156 months) 29 (18.6%) 9 (5.8%) 2 1 1
1901-1950 (600 months) 190 (31.7%) 14 (2.3%) 1927 (4+2.07)* 7 5 0
1928 (+2.05)
1929 (+2.40)*
1931 (+2.05)
1940 (+2.01)*
1951-2000 (600 months) 58 (9.7%) 24 (4.0%) 1992 (+2.06) 5 2 0
1997 (+2.84)*
1998 (+2.82)
2001-2020 (240 months) 20 (8.3%) 10 (4.2%) 1 1 1

10
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Fig. 7. Above: Relationship between monthly PDO index values and measured
and reconstructed discharge of historical floods in the Copiap6 River at
Angostura since 1900; Below: Relationship between monthly Nino 3.4 index
values and measured and reconstructed discharge of historical floods in the
Copiapd River at Angostura since 1888.

relates with global climate oscillations. They study of the instrumental
and documentary record of the floods occurred during the Chilean his-
torical period in this arid basin of the southern Atacama Desert has allow
identifying 36 events in the last 400 years that were categorized after
their historical descriptions. In addition, three flood deposits corre-
sponding to the historical period have complemented the historical in-
formation allowing their paleodischarge reconstruction. Twenty-two
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events were classified as ordinary rises of the river flow (discharges <30
m®/s), eleven as intermediate floods in which the damage is confined to
areas adjacent to the river (discharges 30-180 m3/s), and only three as
catastrophic floods (discharges >180 rn3/s) (1655, 1888 and 2015
floods). The incorporation of the historical and paleohydrological data
into the flood frequency analysis results in an increase of the magnitude
of the flood quantiles in which large flood events occur with an average
recurrence interval of 120 years. Most of the flood events were caused by
heavy rains that are largely linked to the PDO and the AMO with a
superimposed effect of the ENSO. In fact, discharges >30 m%/s, i.e.,
intermediate and large floods occur with positive phases of the PDO and
the ENSO. Further exploration of the fluvial geological record of the
Copiap6 River will help lengthening to thousands of years the flood
record and understanding its connection with the climate variability in
the past. This response can then be projected to the expected climate
scenario with stronger rainfall events modulated by ENSO and ENSO-
like conditions that may lead to a decrease in the total number of
associated floods but to an increase in the high-magnitude floods.
Anticipating these changes will help understanding disaster risk in this
arid region and improving communities’ resilience.
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