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Abstract: Global projections of climate change indicate negative impacts on hydrological systems,
with significant changes in precipitation and temperature in many parts of the world. As a result,
floods and droughts are expected. This article discusses the potential effects of climate change and
variability on the maximum precipitation, temperature, and hydrological regime in Devil’s Creek,
Tacna, Peru. The outputs of precipitation and daily temperature of fifteen regional climate models
were used for the RCP4.5 and RCP8.5 emission scenarios. The methodology used includes the
bias correction and downscaling of meteorological variables using the quintiles mapping technique,
hydrological modeling, the evaluation of two emission scenarios, and its effect on the maximum
flows of the stream. The results of the multi-model ensemble show that the maximum annual
precipitation will probably increase by more than 30% for the RCP4.5 and RCP8.5 scenarios for
the 2021-2050 period relative to the 1981-2005 period. Likewise, as expected, the maximum flows
could increase by 220% and 154% for the RCP4.5 scenarios for the 2021-2050 and 20512080 terms,
respectively, and 234% and 484% for the RCP8.5 scenarios and for the 2021-2050 and 20512080 terms,
respectively, concerning the recorded historical value, increasing the probability of flood events and
damage in populations located downstream.

Keywords: maximum precipitation; maximum flow; climate change; hydrological modeling

1. Introduction

Changes in temperature and precipitation patterns, due to the increase in greenhouse
gas concentrations, affect hydrological processes. Consequently, negative impacts are
expected on water resources for agriculture, urban uses, mining, industry, aquatic life
in rivers and lakes, and hydroelectric power production. Similarly, spatial changes in
the intensity and frequency of precipitation can affect the magnitude and frequency of
flows, increasing the intensity of floods and droughts, with important impacts on economic
activities at the local and regional levels [1,2].

On the other hand, on a global scale, studies show that the temperature increases by more
than 3.5 °C, under the RCP8.5 emission scenario. By the end of the 21st century, precipitation
is projected to reduce by more than 20% for medium and low latitudes [3]. Similarly, an
increase in evaporation and a decrease in soil moisture content and groundwater recharge
are expected. Consequently, drought conditions and increased evapotranspiration rates are
projected for summer in subtropical regions, as well as medium and low latitudes [3].

In Peru, a national evaluation of climate scenarios carried out by the Peruvian National
Meteorological and Hydrological Service (SENAMHI), estimated a progressive increase
in the maximum and minimum temperature, by 2.8 °C on average by the end of the
21st century. Similarly, a reduction in precipitation of 40% is projected for winter, and an
average increase of 20% during summer and spring [4].
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An increase in temperature with a decrease in precipitation will produce a drastic
decrease in water availability in rivers and other natural sources, as well as a substan-
tial increase in evapotranspiration rates, meaning greater water consumption, affecting
agricultural and municipal uses, and the production of electrical and industrial energy.
Additionally, a slow but sustained reduction in glaciers in Peru is expected, which plays
an important role in the supply of water to the water systems of communities in the
Andean regions.

On the other hand, many regions of the north, center, and south of Peru are frequently
seriously affected by floods and huaycos (debris flow and mudslides) as a result of high-
intensity precipitation which occurs in the basins, influenced by the El Nifio phenomenon. It
is estimated that 26 El Nifio events have occurred during the 20th century. The most severe
events occurred in 1924-1925, 1982-1983, 1997-1998 [5], and most recently in 2016-2017.
These events have generated great damages and economic losses in the social, productive,
and infrastructure sectors. The total sectoral damages caused by the El Nifio phenomena
1982-1983 and 1997-1998 were around USD 3200 million and USD 3500 million, respectively,
including direct and indirect damages [6]. In the latest 2016-2017 event, total damages
were estimated to be around USD 4 billion [7].

Similarly, at the JORGE BASADRE rain gauge, located in the city of Tacna, precipitation
of 5.1 mm was recorded in 24 h in 2017, constituting one of the highest values ever recorded
for November. The intensities were variable and covered a large part of the coastal zone of
the Tacna region [8].

On the other hand, extreme precipitation events are commonly represented using
IDF precipitation curves. Extreme weather events are becoming more severe and frequent,
which leads to uncertainties as to how prepared the infrastructure is to face these changes.
Infrastructure designs are based on the IDF precipitation curves with the assumption of
stationarity, which means that the statistical properties of future events will be similar to
those of the past [9,10]. However, climate change is expected to alter climate extremes,
a concept called non-stationarity [11].

The main objective of this research is to evaluate the potential impacts of climate
change and variability on precipitation and maximum flows in the Devil’s Creek, located in
the Tacna region, Peru. The Tacna region is located in the northern region of the Atacama
Desert. The Atacama Desert is one of the largest hyper-arid deserts in the world [12].

For this purpose, the outputs of the meteorological variables of fifteen regional climate
models of the Coupled Model Intercomparison Project Phase 5 [13] were used as inputs for
the hydrological model. A bias correction was applied for temperature and precipitation
using the quantile mapping method [14-17], which enables bias correction of the regional
climate model simulations in comparison with the data observed in rain gauges. The
changes in precipitation and maximum flow were evaluated for the period 2021-2050 and
the RCP4.5 (intermediate) and RCP8.5 (high) emission scenarios.

The results, in combination with the evaluation of the maximum precipitation and
temperature, the analysis of frequencies, and hydrological modeling, will help to answer the
research questions such as: What would be the changes of the maximum precipitation and
temperature in the sub-basin of the Devil’s Creek under historical conditions and climate
change scenarios? What changes would the frequency of maximum flows experience in
the study area under scenarios of variability and climate change? What are the differences
between historical conditions and climate change?

2. Materials and Methods
2.1. Precipitation Data and Historical Temperature

Historical data of daily precipitation and temperature of five (5) rain gauges near
the study basin (Figure 1) were collected and analyzed for the period 1966—2020. The
completion and extension of information were carried out with the Climatol software,
which uses an approach based on the method used by Paulhus and Kohler [16] to complete
the missing daily precipitation data. This consists of spatial interpolation of the normal
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precipitation rate of neighboring rain gauges. This proportion method is extended in the
Climatol package with options to use differences and full standardization to normalize the
data [18]. However, because the JORGE BASADRE rain gauge only had daily precipitation
data since 1993 (Table 1), and because a minimum period of 30 years is necessary, for
analysis of the frequency of maximum precipitation, it was considered appropriate to
evaluate information from the product named PISCO (Peruvian Interpolated data of the
SENAMHI Climatological and hydrological Observations. Precipitation v2.0) [19], available
from SENAMHI (National Service of Meteorology and Hydrology of Peru). To use these
data, they had to be corrected using the quantile mapping technique and validated for the
Devil’s Creek area using local rain gauges (JORGE BASADRE, Calana, Calientes, Sama
Grande, and Palca) as reference rainfall or observed values. These data have made it
possible to complete the daily precipitation dataset for the JORGE BASADRE rain gauge,
from 1981-1992.

17.67° S

17.83° S

18°

Low: 0

18.17° S

5 70.33° W 70.17° W 70° W

Figure 1. Location of the Devil’s Creek with the meteorological rain gauges selected for the down-
scaling and cells of the general circulation models (GCMs).

Table 1. Availability of precipitation data.

Rain Gauge No. Values Start Date Final Date % Gaps Duration (Years)
Calana 19,704 1 January 1966 31 December 2020 2 55
JORGE BASADRE 9952 1 January 1993 31 December 2020 3 28
Calientes 19,298 1 January 1966 31 December 2020 4 55
Sama Grande 19,789 1 January 1966 31December 2020 1 55
Palca 15,866 1 July 1966 31 December 2020 20 55

2.2. General Circulation Models and Scenarios

When considering climate change, one of the challenges water resource managers
often face is deciding which general circulation models (GCMs) should be used to assess the
impacts of climate change on water resource systems. This is a puzzling question because
all GCMs demonstrate uncertainty in the prediction of historical climate variables [20,21].
However, some criteria, such as spatial resolution, the degree of atmospheric-ocean cou-
pling, and the availability of multiple realizations, can be taken into account when selecting
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a set of GCMs to reduce uncertainties in the predictions of maximum precipitation and
floods based on any individual GCM [2,22,23]. Considering the high degree of uncer-
tainty that climate models present in the projection of precipitation, fifteen regional climate
models have been deemed convenient to be evaluated in this research.

Currently, there are regionally scaled models (25 km x 25 km) whose outputs still need
bias correction and spatial downscaling to improve their performance in a particular region.
This research uses 15 general circulation models of the CMIP5 project (the NASA NEX-
GDDP dataset—-Coupled Model Intercomparison Project Phase 5): ACCESS1-0, bec-csm1-
1, CanESM2, CCSM4, CESM1-BGC, CNRM-CM5, CSIRO-Mk3-6-0, GFDL -CM3, GFDL-
ESM2G, GFDL-ESM2M, IPSL-CM5A-LR, MIROC-ESM, MIROC-ESM-CHEM, MIROCS,
MPI-ESM-LR, MPI-ESM-MR [24].

On the other hand, climate data from the downscaled emission scenarios RCP4.5
(intermediate emission) and RCP8.5 (high emissions) are used. These scenarios have
been selected based on their emission trajectories; medium and high, respectively, for the
period 2021-2080.

2.3. Bias Correction and Downscaling

Downscaling can be defined as a technique that increases the resolution of GCMs to
obtain the climate at a local scale. There are two fundamental methods for downscaling
large-scale data from GCM results: statistical and dynamic downscaling. Their concepts
have been discussed in various articles [25-28]. This research uses a statistical downscaling
of the outputs of the previously described regional models. Quantile mapping is applied to
perform bias correction in regional climate model simulations compared to observed data.
This method is designed to fit the distribution of the modeled data, so that they match
observed climate data [29,30]; in this case, precipitation and temperature. The following
expression was applied and resolved in Rstudio to find the corrected future value:

yjc[orr,i = Fy_l (Fx (x{)) (1)

where y{ orr,i 18 the future value corrected at time 7, and Fy (x), Fy, (y) represent the empirical
cumulative distribution functions of the model (x) and observations (y). To perform bias
correction and the downscaling, this study uses a historical period and a base period
simulated by climate models, both from January 1981 to December 2005. With this, the
correction for the future period 2021-2080 is applied.

2.4. Climate Model Ensembles

The evaluation of the capacity of a climate model to simulate trends in extreme events
is complex due to internal climate variability, whose simulated phases are unique for the
realization of each model [31]. On the other hand, we know that, currently, the models have
improved a lot in projecting the future climate. However, a high degree of uncertainty still
persists, showing great variability between models in mainly projecting precipitation. In this
sense, the multi-model ensembles highlight the uncertainty in climate predictions that result
from structural differences in global climate models, as well as the uncertainty due to variations
in the initial conditions or parameterizations of the model [32]. Similarly, several investigations
have shown that a weighted ensemble method, based on the simulation performance of the
models, may have better projection abilities than the equal-weighted ensembles [33-36].

In this study, the ensemble of downscaled climate scenarios of the 14 global circulation
models (GCMs) applied to the Devil’s Creek is given by the weighted average whose
weights are determined according to the performance of each model concerning the histori-
cal period 1981-2005. The determination of the weights of each GCM is determined by the
genetic algorithm [37], whose objective function is to minimize:

2005 14 2
Fopj = min ) <Phist,j =) (w; = PGCM,j)) )

j=1981 i=1
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where Py;,; is the historical maximum annual precipitation for the Devil’s Creek, for the
year j, Pgcy is the maximum annual precipitation of the GCM of the Devil’s Creek, and w
is the weight of each GCM. The objective is to minimize the error between the observed
value and the simulated value, optimizing the weights that each model would have based
on its performance with the history.

The proposed objective function is interpreted as the ensemble of the 14 GCMs in the
Devil’s Creek for the period 1981-2005 to be identical to the maximum annual precipitation
generated in the creek.

The genetic algorithm begins with an initial population subjected to the selection process
of the objective function evaluation to later apply the genetic crossing and mutation operators.
These are responsible for diversifying the individuals of the initial population [37,38]. A
simple ensemble with equal weighting is used for the minimum and maximum temperatures.

2.5. Hydrological Modeling
2.5.1. Frequency Analysis of Total Daily Precipitation for the Northern Area of the City
of Tacna

In the Caplina river basin, there are five rain gauges: two main climate rain gauges
(La Yarada and Calana), two ordinary rain gauges (Calientes and Palca), and a main
agricultural climate rain gauge (JORGE BASADRE) [39]. Due to its proximity to the city
of Tacna, the total daily precipitation recorded at the JORGE BASADRE rain gauge was
considered representative of the northern area of the city of Tacna. This rain gauge has
a continuous record of 28 years (1993 to 2020) (Figure 2). The frequency analysis was
performed from the partial duration series, which was adjusted to the Gumbel distribution.

MWLLM .

all |L\LJMUJLLJ..LLN\.MJI.u\}J.uL I

Date

Figure 2. Total daily precipitation—JORGE BASADRE rain gauge.

Figure 3 shows that the precipitation event recorded on 21 February 2020 has a return
period of 255.8 years.



Hydrology 2022, 9, 10 6 of 36

18.0

16.8 mm/day (Feb/21/2020) Return period = 255.8 years [+]

16.0

= = -
© N »
o o o
o

%
(=]

6.0 o

-/

20

Daily rainfall (mm/day)

0.0
1 10 100 1000

Return period (years)

Figure 3. Frequency analysis of the partial series of total daily precipitation at JORGE BASADRE rain
gauge (from 1993 to 2020).

2.5.2. Estimated Precipitation Events for the Devil’s Creek
Figure 4 shows the comparison of the total daily rainfall discharged from the PISCO

product for the coordinates of the JORGE BASADRE rain gauge and the total daily rainfall
from the JORGE BASADRE rain gauge, during the period 1 January 1993 to 21 April 2014.
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Figure 4. Comparison double-mass between the precipitation data of the PISCO product in JORGE
BASADRE rain gauge and the rainfall of the JORGE BASADRE rain gauge, during 7780 days
(1 January 1993-21 April 2014).
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The efficiency criterion used to evaluate the similarity of the daily rainfall at the
JORGE BASADRE rain gauge and the PISCO daily precipitation was the Nash—Sutcliffe
model. The efficiency criterion of Nash and Sutcliffe efficiency (E) is defined by the
following equation [40].

N6 —R)

E—1 =)
Y1 (0 - 0)

®)

where O; is the daily rainfall recorded, P; is the PISCO daily precipitation, O is the
mean daily rainfall recorded, and N is the number of observations. The ranges of E
lay between 0.75 and 1.0 (Very good), 0.65 and 0.75 (Good), 0.5 and 0.65 (Satisfactory),
and <0.5 (Unsatisfactory).

The Nash-Sutcliffe efficiency index of the PISCO product was 0.83, which shows a
very good correspondence between the series indicated above [41]. Likewise, it was found
that the difference between the total daily precipitation depth discharged from the PISCO
product for the coordinates of the JORGE BASADRE rain gauge with respect to the total
daily rainfall (depth) from the JORGE BASADRE rain gauge was —31%. Similarly, it was
found that the difference between the total daily precipitation depth discharged from the
PISCO product for the coordinates of the middle and upper parts of the Devil’s Creek with
respect to the total daily precipitation depth discharged from the PISCO product for the
JORGE BASADRE rain gauge was —6%. Figure 5 shows a comparison of the total daily
rainfall discharged from the PISCO product for the coordinates of the middle and upper
parts of the Devil’s Creek and the total daily rainfall from the JORGE BASADRE rain gauge
discharged from the PISCO product, during the period 01 January 1993 to 21 April 2014.

y =0.9378x-2.81

R? :0,992‘2"’

50.0 100.0 150.0 200.0 250.0 300.0 350.0
Pisco Daily Precipitation UNJBG (mm)

Figure 5. Comparation double-mass between the precipitation data of the PISCO product in the
JORGE BASADRE rain gauge versus the precipitation data of the PISCO product in Devil’s Creek
over 7780 days (1 January 1993-21 April 2014).

On the other hand, the FIAG UN]JBG automatic rain gauge has continuously recorded
precipitation every 30 min from 7 December 2019 to the present (7 May 2021). Given that
the FIAG UN]JBG automatic rain gauge is located near the JORGE BASADRE rain gauge, it
was assumed that the precipitation which falls every 30 min in the middle and upper parts
of the Devil’s Creek differed by —38% with respect to FIAG UN]JBG automatic rain gauge.
The calculations are as follows:



8 of 36

Hydrology 2022, 9, 10
JORGE BASAGRE rain gauge = 1.31 x PISCO precipitation in JORGE BASADRE;
PISCO precipitation for the coordinates of the middle and upper parts of the Devil’s
Creek x 1.06 = PISCO precipitation in JORGE BASADRE;

e  The FIAG UNJBG automatic rain gauge is located near the JORGE BASADRE rain
gauge; therefore, we assumed that the rainfall data of the FIAG UNJBG automatic rain
gauge were the same that the rainfall data of the JORGE BASADRE rain gauge;

e  Then, PISCO precipitation for the coordinates of the middle and upper parts of the
Devil’s Creek x 1.38 = Rainfall data of the FIAG UNJBG automatic rain gauge. The
value 1.38 is a result of 1.31 x 1.06.

Considering this, the estimated precipitation for the middle and upper parts of the

Devil’s Creek for the period 7 December 2019 to 7 May 2021 is shown in Figure 6. In that

period, three main events have been identified.
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Figure 6. Estimated hourly rainfall for the Devil’s Creek. (a) Event on 23-24 January 2020; (b) event
on 21 February 2020; and (c) event on 27 December 2020.

In order to corroborate the lower amount of precipitation in the Devil’s Creek con-
cerning the FIAG UNJBG automatic rain gauge, a space—time analysis of the information
recorded at the JORGE BASADRE rain gauge was carried out with other daily satellite
products, such as IMERG and CHIRPS. To do this, two virtual rain gauges were defined to
be compared with the JORGE BASADRE rain gauge. Table 2 shows the location of each of
the aforementioned rain gauges.
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Table 2. Virtual rain gauges and JORGE BASADRE rain gauge.

No Rain Gauge Length Latitude  Elevation (masl) Source Record
o o 1993-2014,
1  Jorge Basadre G. —70.2515° —18.0268 552 UNJBG 2017-2021
2 EV01 —70.25° —17.95° 941 - -
5 EV02 —70.15° —17.85° 1560 - -

Additionally, Figure 7 shows the location of the aforementioned rain gauges. The two
virtual rain gauges are located in the lower and upper parts of the basin. It should be noted
that the quadrants correspond to the available satellite information.

70°20'W 70°15'W 70°10W

17°50'S
17°50°S

»
3
S

17°55'S

Legend

18°0'S
18°0'S

Virtual station

Climate station
Est. JBG Devil’s Ravine

Sub-basins

70°20'W 70°15'W 70°10W

Figure 7. Location of virtual rain gauges and the JORGE BASADRE rain gauge.

For the spatial analysis of precipitation, three satellite products were used, as shown
in Table 3. Similarly, for the IMERG product, the early and final versions were used. The
information for each product was the total daily precipitation.

In the case of the IMERG product, the information was available from 2000 to date,
and in the case of CHIRPS, the information was complete for the entire analysis period.

Figure 8 shows the series of total daily precipitation data from the JORGE BASADRE
rain gauge and the series of each satellite product downloaded for the same coordinate
from the JORGE BASADRE rain gauge. It can be seen that the data downloaded for the total
daily precipitation of the IMERG Early product slightly overestimated the precipitation,
and the IMERG Final product underestimated the precipitation information at the JORGE
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BASADRE rain gauge. In contrast, the data downloaded for the total daily precipitation
of the CHIRPS product were greater than the data for the total daily precipitation of the
JORGE BASADRE rain gauge.
Table 3. Satellite and data base products analyzed.
Product Version Abbreviation Source Resolution Frequency Term
Peruvian Interpolated data
of SENAMHL's V.21 PISCO SENAMHI  0.1° x 0.1° Daily 1981-2016
Climatological and
Hydrological Observations
Integrated Multi-satellite o o . .
Retrievals for GPM Early V06B IMERG-F NASA 0.1° x 0.1 Daily and 30 min 2000-2021
Integrated Multi-satellite . o o . .
Retrievals for GPM Final VO6B IMERG-E NASA 0.1° x 0.1 Daily and 30 min 2000-2021
Climate Hazards group
Infrared Precipitation with V.2.0 CHIRPS UCSB (¥) 0.05° x 0.05° Daily 1981-2021

Rain gauges

IMERG FINAL Daily Precipitation
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Figure 8. Comparation between (a) daily rainfall in JORGE BASADRE rain gauge and daily precipi-
tation from satellites products: (b) IMERG Early, (¢) IMERG Final, and (d) CHIRPS.

Although the information from the satellite products used does not have a good corre-
lation with the data observed from the JORGE BASADRE rain gauge, a spatial correlation
between them can be determined to establish indicators of spatial variation. The spatial
correlation was carried out between the three established rain gauges: JORGE BASADRE
rain gauge, Virtual Rain Gauge 01 (lower part of the Creek), and Virtual Rain Gauge 2
(upper part of the creek).

Figure 9 shows the results of the correlations made concerning the JORGE BASADRE
rain gauge and the virtual rain gauges EV01 and EV02. With the IMERG Early product,
the results obtained were that the precipitation in the EV01 area was 40% lower than the
precipitation in the JORGE BASADRE rain gauge, whereas the EV02 rain gauge area had
41% less precipitation than the JORGE BASADRE rain gauge area. Similarly, with the
IMERG Final product, the results obtained were that the precipitation in the EV01 area was
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33% lower than the precipitation in the JORGE BASADRE rain gauge, whereas the EV02
rain gauge area had 71% less precipitation than the zone of JORGE BASADRE rain gauge.

Concerning the CHIRPS product, the precipitation in the EV01 and EV02 zones was
lower by 27% and 45%, respectively, in comparison to the JORGE BASADRE rain gauge. In
summary, the previous results corroborate that the amount of precipitation in the Devil’s
Creek was less than the amount of precipitation in the city of Tacna, during the period of
common observation between them.

Table 4 shows a summary table of the linear regression coefficients obtained in the
comparison of the data series. It is observed that the area of the EV01 virtual rain gauge,
on average, would have 31% less precipitation than the JORGE BASADRE rain gauge,
whereas the area of the EV02 virtual rain gauge would have 51.7% less precipitation than
the JORGE BASADRE rain gauge.

Table 4. Summary of the regression coefficients and percentage between the JORGE BASADRE rain
gauge and the virtual rain gauge (EV01 and EV02).

EV01 and EV02 Have Less
Virtual PISCO JB IMERG Early IMERG Final CHIRPS ]JB Mean Precipitation than JORGE
Rain Gauge  Rain Gauge JB Rain Gauge JB Rain Gauge  Rain Gauge BASADRE Rain Gauge
(%)
EV01 0.76 0.60 0.67 0.73 0.69 100% — 69% = 31.0%
EV02 0.51 0.59 0.29 0.54 0.483 100% — 48.3% =51.7%
PISCO (JORGE BASADRE raingauge versus PISCO (JORGE BASADRE raingauge versus
s EVO01) . EVO02)
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Figure 9. Cont.
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Figure 9. Correlations were made between the total daily precipitation data between the JORGE
BASADRE rain gauge and the virtual rain gauges, (EV01 and EV02) using the products: (a,b) PISCO,
(c,d) IMERGE Early, (e,f) IMERGE Final, and (g,h) CHIRPS.

2.5.3. Types of Soils and Infiltration Capacity in the Devil’s Creek

Characterization of the soil type was carried out through field samplings conducted on
22 July 2020. Figure 10 shows the places where three soil samplings and the corresponding
infiltration tests were carried out. The information on the infiltration tests is presented
in Table 5.

Table 5. Location of sampling points, texture, infiltration equation, and hydraulic conductivity
at saturation (Ks).

. . Infiltration Equation Ks
Sampling UTM Coordinates Texture F (mm), t (min) (mm/min)
1 368477E, 8019016N Clayey silt F=4.01t"81 0.872
2 368477E, 8019035N  Sandy silt with gravel F =3.67 087 1311
and clay
3 368328E, 8018959N Sandy silt F=72172 0.749

with gravels
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Figure 10. Location of soil sampling points.

2.5.4. Hydrological Model of the Devil’s Creek

Hydrological modeling of the maximum flow produced in the Devil’s Creek was
carried out using the RS MINERVE program.

The RS MINERVE program is open access and widely used in Peru and national
institutions such as the National Water Authority (ANA, by its abbreviation in Spanish)
and the Potable Water and Sewerage Service of Lima (SENAMHI, by its abbreviation
in Spanish) [42].

The RS MINERVE program is a flow simulation program which allows the modeling
of complex hydraulic and hydrological networks following a semi-distributed approach.
The program is capable of representing not only the main hydrological processes such as
snow and glacier melting, surface and sub-surface runoff, but also regulatory infrastructure
such as retention dams, spillways, water intakes, turbines, and pumps, among others.

RS MINERVE integrates different hydrological precipitation-runoff models such as
GSM, SOCONT, SAC-SMA, GR4J, and HBV. Likewise, it allows the inclusion of hydraulic
structures through different models (reservoirs, turbines, spillways, etc.) [43].

The model used for the hydrological modeling of the Devil’s Creek was the SOCONT
(Soil CONTribution model). The SOCONT and GR4J] models are more sensitive in extreme
event modeling than the HBV and SAC models [44]. As shown in Figure 11, the SOCONT
model procedure consists of the Snow-SD model simulating the evolution of the glacial
layer (melting and accumulation) as a function of temperature (T) and precipitation (P),
and calculating the equivalent precipitation (Peq). In the case of Devil’s Creek, and because
it is not a glacial stream, the equivalent precipitation constituted the precipitation. This
equivalent precipitation was used as input to the GR3 model that takes into account
the potential evapotranspiration (ETP) and generates the net intensity of rainfall for the
SWMM model.
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Figure 11. Composition of the SOCONT model.

The flow components of the SOCONT model are explained below:

- P: precipitation (L/T);

- T: Temperature (°C);

- Py: Liquid precipitation (L/T);

- Pgsn: Solid precipitation (L/T);

- Peq: Equivalent precipitation (L/T) equal Py, (L/T), because there is no glacial area in
the basin;

- iy Infiltration intensity (L/T)
ilnf = Peq (1 — (Hgr3/Hgramax)?), If Hors < HGramax, where Hggs (L) is the actual
capacity of infiltration reservoir (L), and Hgr3py (L) is the maximum capacity of the
infiltration reservoir.
i = 0, if Hors > HGr3max;

- ETR: Real evapotranspiration (L/T)
ETR = ETP VHgr3s/HgRramax, If Hors < HGR3Mux
ETR = ETP, If Hgrs > HGrsmax;

- inet: Net intensity (L/T), iNet = Peq — imns

- Qgrs: Base discharge (1.3/T)
Qars = Kgra-Hgrs-A, If Hgrz < Hgramax, Where Kgrs is the release coefficient of the
infiltration reservoir (1/T) and A is the surface (L2).
Qcr3 = Kgrs-Heramax A, if Hors > HGr3Max;

- I Runoff intensity (L/T), I, = K, VJoH2/3.1/L, where K, is the Strickler coefficient
(LY3/T), Jo is the average slope of the plane, H, is the runoff water level downstream

of the surface (L), and L is the length of the plane (L);
- Q:: Surface runoff (L3/T), Q; = I,-A;

- Quot: Total runoff (L3/T), Qiot = Qgrs + Q.
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According to Table 6, the total number of parameters necessary for hydrological
modeling is 16, of which 7 parameters are typical of the SOCONT model and also take into
account 4 initial conditions.

Table 6. SOCONT model parameters and plugins [45].

Object Units Description Regular Range
A m? Surface >0
S mm/°C/d Reference degree-day snowmelt coefficient 0.5t020
SInt mm/°C/d Degree-day snowmelt coefficient Oto4
Smin mm/°C/d Minimal degree-day snowmelt coefficient >0
SPh d Phase shift of the sinusoidal function 1 to 365
ThetaCri - Critical relative water content of the snow pack 0.1
bp d/mm Melt coefficient due to liquid precipitation 0.0125
Tepl °C Minimum critical temperature for liquid precipitation 0
Tep2 °C Maximum critical temperature for solid precipitation 4
SOCONT Tef °C Critical snowmelt temperature 0
HGR3Max m Maximum height of infiltration reservoir Oto2
KGR3 1/s Release coefficient of infiltration reservoir 0.00025 to 0.1
L m Length of the plane >0
Jo - Runoff slope >0
Kr ml/3/s Strickler coefficient 0.1to 90
CFR - Refreezing coefficient Oto1l
SWEIni m Initial snow water equivalent height -
HGR3Ini m Initial level in infiltration reservoir -
Hrlni m Initial runoff water level downstream of the surface -
Thetalni - Initial relative water content in the snow pack -
3. Results

3.1. Projected Maximum Annual Precipitation
3.1.1. Period 2021-2050

e RCP4.5 scenario

The maximum annual precipitation projected for the period 2021-2050 under the
RCP4.5 emission scenario in the Devil’s Creek is presented in Figure 12. The results show
a variation range from 0.79 mm to 283 mm with an average of 5.64 mm and a standard
deviation of 12.65 mm. The maximum value was projected by the model MPI_ESM_LR
(the coupled Max Planck Institute Earth System Model). Likewise, the models bcc_csm1_1,
CanESM2, CCSM4, GFDL_ESM2G, GFDL_ESM2M, MPI_ESM_LR projected maximum
annual precipitation in a range of 27 mm to 283 mm. The bcc_csm1_1 and GFDL_ESM2M
models predicted around 46 mm by 2034.

On the other hand, given the uncertainty in the projections, an arithmetic average of
all models has been estimated, as well as an ensemble (dashed blue line) which has been
calculated, assigning a greater weight to the model that has better performance concerning
the maximum annual rainfall observed (see Equation (2)). The Access1-0 model was
discarded from the analysis of maximum annual precipitation because it projected high
values greater than 500 mm. The results of the assembly of the models indicate variation in
the annual maximum daily precipitation from 2.77 mm to 24.70 mm, with an average of
5.70 mm for the period 2021-2050. The range of uncertainty in the predictions is shown
in Figure 13, in which the linear extensions represent the highest and lowest values; the
upper, central, and lower limits of the box represent the percentiles of 75%, 50%, and 25%,
respectively; and the solid circles represent the outliers, which correspond to the maximum
values predicted by each model.
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Figure 12. Annual maximum daily precipitation projected by 14 climate models under the RCP4.5
scenario for the Devil’s Creek. The dashed blue line corresponds to the ensemble. Period: 2021-2050.
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Figure 13. Boxplot for future projections of the annual maximum daily precipitation of 14 GCMs
under the RCP4.5 scenario in the Devil’s Creek, period 2021-2050. The linear extensions represent the
highest and lowest values; the upper, middle and lower limits of the box represent the percentiles of
75%, 50%, and 25%, respectively; and the solid circles represent the outliers.

e RCP8.5 Scenario

The annual maximum daily precipitation projected for the 2021-2050 term under the
RCP8.5 emission scenario in the Devil’s Creek is shown in Figure 14. A varied range of
1.70 mm to 75.7 mm is evidenced with an average of 5.24 mm and a standard deviation of
3.29 mm for all models, indicating a low dispersion concerning the mean. The maximum
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value was projected by the GFDL_ESM2M (Fluid Dynamics Laboratory (GFDL) GFDL-
ESM2M model).
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Figure 14. Annual maximum daily precipitation projected by 14 climate models under the RCP8.5
scenario for the Devil’s Creek. The dashed blue line corresponds to the ensemble. Period: 2021-2050.

Likewise, the CanESM2, CNRM_CMS5, GFDL_ESM2M, MIROC_ESM_CHEM, MIROC5
models projected the highest annual maximum precipitation values in a range of 25.5 mm
to 75.7 mm, indicating that, in this period of analysis, heavy precipitation could occur in
the Devil’s Creek.

On the other hand, the results of the model ensemble indicate a variation in the
maximum annual precipitation from 3.14 mm to 25.96 mm, with an average of 5.80 mm for
the 2021-2050 term under the RCP8.5 scenario.

The range of uncertainty in the predictions is shown in Figure 15. Similarly, the linear
extensions represent the highest and lowest values; the upper, central, and lower limits of
the box represent the percentiles of 75%, 50%, and 25%, respectively; and the solid circles
represent the outliers, which correspond to the maximum values predicted by each model.

3.1.2. Period 2051-2080
e RCP4.5 Scenario

The maximum annual precipitation projected for the period 2051-2080 under the
RCP4.5 emission scenario in the Devil’s Creek is shown in Figure 16. The results indicate
a variation range from 0.86 mm to 95.46 mm with an average of 5.55 mm and a standard
deviation of 5.20 mm for all models, indicating a low dispersion concerning the mean. The
maximum value was projected by the CCSM4 model (The Community Climate System
Model Version 4). Likewise, of the 14 models evaluated, 7 of them CCSM4, CNRM_CMS5,
GFDL_ESM2M, IPSL_CM5A_LR, MIROC_ESM_CHEM, MIROC5, MPI_ESM_LR projected
the highest annual maximum precipitation values in a range of 21 mm to 96 mm, indicating
that heavy precipitation could occur in the Devil’s Creek during the analysis period under
this emission scenario.
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Figure 16. Annual maximum daily precipitation projected by 14 climate models under the RCP4.5
scenario for Devil’s Creek. The dashed blue line corresponds to the ensemble. Period: 2051-2080.

On the other hand, the results of the model ensemble indicate a variation in the
maximum annual precipitation from 2.77 mm to 17.86 mm, with an average of 5.60 mm for
the 2051-2080 term under the RCP4.5 scenario. The range of uncertainty in the predictions
is presented in Figure 17.
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Figure 17. Boxplot for future projections of the annual maximum daily precipitation of 14 GCMs
under the RCP4.5 scenario in the Devil’s Creek, period 2051-2080. The linear extensions represent the
highest and lowest values; the upper, middle and lower limits of the box represent the percentiles of
75%, 50%, and 25%, respectively; and the solid circles represent the outliers.

e RCP8.5 Scenario

The maximum annual precipitation projected for the period 2051-2080 under the
RCP8.5 emission scenario in the Devil’s Creek is shown in Figure 18. The results indicate
a variation range from 0.62 mm to 224.65 mm with an average of 6.0 mm and a standard
deviation of 10.50 mm for all models, indicating a high dispersion concerning the mean.
The maximum value is projected by the bcc_csm1_1 (the Beijing Climate Center Climate
System Model). Likewise, of the 14 models evaluated, 6 of them bec_csm1_1, CanESM2,
CNRM_CMS5, GFDL_ESM2G, IPSL_CM5A_LR, MIROCS5 projected the highest annual
maximum precipitation values in a range from 19.28 mm to 224.65 mm, indicating that
heavy rainfall could occur in the stream of the river. Diablo during the analysis period
under this broadcast scenario.

On the other hand, the results of the model ensemble indicate a variation in the
maximum annual precipitation from 2.92 mm to 49.74 mm, with an average of 7.21 mm for
the 2051-2080 term under the RCP8.5 scenario. The range of uncertainty in the predictions
is presented in Figure 19. Similarly, the linear extensions represent the highest and lowest
values; the upper, middle, and lower limits of the box represent the percentiles of 75%, 50%,
and 25%, respectively.

On the other hand, a relative change has been calculated in relation to the historical
average for the period 19812005, simulated by the corrected and scaled GCM for the
Devil’s Creek. Under the RCP4.5 scenario, the annual maximum daily precipitation could
increase by 32.44%, on average; with a range from —35.80% to +470.77%. Under the
RCP8.5 scenario, the maximum annual precipitation will probably increase by 34.64%, on
average, during the 2021-2050 term. Values range from —27.24% to 502.37%. Positive
and negative values indicate a probable increase and decrease in the annual maximum
daily precipitation, respectively. For the 2021-2050 period, under the RCP4.5 scenario, the
maximum annual precipitation could increase by 29.79%, on average; the range is from
—35.66% to +314.45%. On the other hand, under the RCP8.5 scenario, the maximum annual
precipitation could increase by 67.23%, on average. For this scenario, the values range from
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—32.24% to 1053.97%. The maximum percentage value corresponds to a positive anomaly
of 45.43 mm concerning the historical average simulated by the GCM.
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Figure 18. Annual maximum daily precipitation projected by 14 climate models under the RCP8.5

scenario for the Devil’s Creek. The dashed blue line corresponds to the ensemble. Period: 2051-2080.
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3.2. Projected Temperature
3.2.1. Annual Average Temperature

The temperature under climate change is another important variable that needs to be
evaluated and projected to determine the potential impact on the hydrological response of
the basin under study. Figures 20 and 21 present the minimum average annual temperature
simulated by regional climate models, after bias correction and scaling for the study area,
under RCP4.5 and RCP8.5 scenarios, for the 19812100 term. The black line corresponds
to the averaged time series of all models evaluated. Similarly, as evidenced by other
researchers, climate models agree in projecting a positive trend in temperature. However,
from 2050 onwards, greater variability and a decrease in the trend are observed under
the RCP4.5 scenario. On the other hand, as expected, the RCP8.5 high-emissions scenario
projected the highest values. In both scenarios, the MIRO-ESM-CHEM model projects
the highest minimum temperature values. Figures 22 and 23 show the average annual
maximum temperature projected by the regional climate models for the study area, under
the RCP4.5 and RCP8.5 scenarios, 1981-2100 term. Similarly, the black line corresponds
to the averaged time series of all the evaluated models and for both scenarios, the MIRO-
ESM-CHEM model projects the highest values of maximum temperature.
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Figure 20. Minimum annual average temperature simulated by climate models, corrected and scaled
for the Devil’s Creek, 19812100 term, RCP4.5 emission scenario. The black line represents the
averaged ensemble of 15 GCMs.
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Figure 21. Minimum annual average temperature simulated by climate models, corrected and scaled
for the Devil’s Creek, 1981-2100 term, RCP8.5 emission scenario. The black line represents the
averaged ensemble of the 15 GCMs.
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Figure 22. Maximum annual average temperature simulated by climate models, corrected and scaled
for the Devil’s Creek, 1981-2100 term, RCP4.5 emission scenario. The black line represents the
averaged ensemble of 15 GCMs.
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Figure 23. Maximum annual average temperature simulated by regional climate models, corrected
and scaled for the Devil’s Creek, 1981-2100 term, RCP8.5 emission scenario. The black line represents
the averaged ensemble of 15 GCMs.

3.2.2. Average Monthly Temperature

Figure 24 presents the minimum monthly average temperature under the RCP4.5 and
RCP8.5 scenarios for the Devil’s Creek, 2021-2050 and 20512080 periods for the average
multi-model ensemble of 15 regional climate models. Likewise, the historical period of
1981-2005 simulated by the GCM is observed. Monthly increases of 2.13 °C and 3.45 °C
on average are projected for the minimum temperature under the RCP4.5 scenario, and
of 2.62 °C and 4.90 °C under the RCP8.5 scenario, for the 2021-2050 and 2051-2080 terms,
respectively. All of them corresponded with the 1981-2005 term. Likewise, the months of
May, June, July, and August, as well as the period from January to March, project the largest
increases in the minimum temperature for both scenarios. Figure 25 presents the maximum
monthly average temperatures for the RCP4.5 and RCP8.5 scenarios. The results indicate
an increase in the monthly average maximum temperature of 1.79 and 2.85 °C under the
RCP4.5 scenario for the 2021-2050 and 2051-2080 terms, both relative to the 1985-2005 term.
On the other hand, under the RCP8.5 scenario, the average increase is 2.12 °C and 4.06 °C
for the periods previously described. For both scenarios, June, July, and August show the
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largest increases, meaning that there will probably be greater warming during winter in the
coming decades. Likewise, the minimum temperatures tend to increase slightly in relation
to the maximum temperatures.

tasmin rcp45 tasmin rcp85

p—— - —
— B

N / T Period
—
h 1981-2005

g 12 'Z'v' ) ° — 2021-2050
% % ) - 2051-2080
= =
‘ 'Momh ’ ‘ 'Month‘ " ‘
Figure 24. Average monthly temperature (minimum) under RCP4.5 and RCP8.5 scenarios for the Devil’s
Creek, 2021-2050 and 20512080 periods. The multi-model ensemble average of 15 GCMs.
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Figure 25. Average monthly temperature (maximum) under RCP4.5 and RCP8.5 scenarios for the Devil’s
Creek, 2021-2050 and 2051-2080 periods. The multi-model ensemble average of 15 GCMs.

3.2.3. Monthly Changes

In this study, we have provided average temperature changes for two periods: 2020-2050
and 2051-2080, relative to the period 1981-2005. Figure 26 shows the monthly average
temperature changes (minimum) under RCP4.5 and RCP8.5 scenarios for the Devil's Creek,
for the multi-model average ensemble of 15 GCMs corrected and downscaled. For both
scenarios and the two study periods, changes are positives; consequently, minimum tempera-
ture would increase in the next decades under climate change. Under the RCP4.5 scenario,
the largest positive changes are projected in July and August: 2.7 °C on average for the
period 2021-2050. Additionally, this is a change of 4.4 °C, on average, for winter (JJA) during
the period 2051-2080. The lowest minimum temperature changes are projected for spring
(SON) with 1.8 °C and 2.9 °C for both periods, respectively. On the other hand, under the
RCP8.5 scenario, the highest values of increase in the minimum temperature are projected for
winter (JJA), more than 3.2 °C and 6. 3 °C for both periods.

Figure 27 shows the monthly average temperature change (maximum) under the
RCP4.5 and RCP8.5 scenarios. Under the RCP4.5 scenario, it is evident that the greatest
positive change in the maximum temperature would occur in winter (JJA), more than 3.0 °C
and 4.9 °C for both periods. Similarly, for the RCP8.5 high-emissions scenario, in winter,
the highest increases are projected, ranging from 3.5 to 6.9 °C, on average, for the periods
2021-2050 and 2051-2080, respectively.
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Figure 26. Average monthly temperature change (minimum) under RCP4.5 and RCP8.5 scenarios for
the Devil’s Creek, 2021-2050 and 2051-2080 periods. The multi-model ensemble average of 15 GCMs.
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Figure 27. Average monthly temperature change (maximum) under RCP4.5 and RCP8.5 scenarios for
the Devil’s Creek, 2021-2050 and 2051-2080 periods. The multi-model ensemble average of 15 GCMs.

3.3. Calibration and Generation of Maximum Flows in the Devil’s Creek
3.3.1. Under Historical Conditions

As a precedent to the generation of the maximum flows produced in the Devil’s Creek,
it should be mentioned that the channel of this creek was interrupted by an informal
embankment used as a trail to access farms in the area of the Alto de la Alianza hill. The
collapse of this embankment, located 2.0 km from the town of La Florida (City of Tacna),
caused the debris flow on 21 February 2020. Figure 28 shows the site before and after the
collapse of the informal embankment called Paso Camiara.

The calibration of the hydrological model was carried out by modeling the maximum
flow produced in the Devil’s Creek, dated 21 February 2020, as a result of the event of
maximum rain and rupture of the Paso Camiara informal embankment. Figure 29 shows
the topology of the Devil’s Creek, generated in the RS Minerve model.

As seen in Figure 7, the Devil’s Creek was subdivided into five sub-basins: two in
the upper part (SC1 and SC2), two in the middle part (SC3 and SC4), and one in the lower
part (S5C5). Each of the sub-basins is linked to a virtual precipitation rain gauge. The
precipitation events for each sub-basin are shown in Table 7.

The rain event of 21 February 2020, attributable to the positive anomaly of the sea
surface temperature between +1 °C and +2 °C, produced off the coast of Tacna between
22 January 2020 and 22 February 2020 (Figure 30) [12].
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Riverbed of the Devil’s Creek obstructed by an informal em- The place of the informal embankment collapsed by the
bankment as an access trail to farms on the Alto de la Alianza flood of 22 February 2020 and that caused the flood to-
hill. Source INGEMMET (2016). wards the city of Tacna.

Figure 28. Before and after the Devil’s Creek channel was obstructed by an informal embankment as
an access trail to farms in the Alto de la Alianza hill.

o T )

/"

Figure 29. Structure of the RS Minerve Model for simulation of the 21 February 2020 event.
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Table 7. The intensity of precipitation over each sub-basin (mm/h).
Date Hour SC5 SC4 and SC3 SC2 and SC1
21 February 2020 15:00 0.00 0.00 0.00
21 February 2020 16:00 0.43 0.39 0.34
21 February 2020 17:00 2.03 1.83 1.62
21 February 2020 18:00 1.01 0.91 0.81
21 February 2020 19:00 5.36 4.82 429
21 February 2020 20:00 2.46 2.21 1.97
21 February 2020 21:00 0.86 0.77 0.69
21 February 2020 22:00 0.00 0.00 0.00
Average SST Anomalies Average SST Anomalies
1 DEC 2019 - 28 DEC 2019 29 DEC 2019 - 25 JAN 2020
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Figure 30. Sea surface temperature anomalies between 1 December 2019 and 28 March 2020.

Sub-basins 1 and 2 discharge their waters to River 1, and this flow joins the runoff
produced by Sub-basin 3. This discharge feeds River 2, which joins the production of
run-off from Sub-basin 4, before entering the informal Paso Camiara embankment. This
structure served to model the dam break effect. Finally, the abrupt discharge from the dam
break joins the runoff produced in Sub-basin 5. The parameters and initial conditions for
each of the sub-basins are shown in Table 8. Likewise, the parameters and initial conditions
for each river, are shown in Table 9.

In order to enter the RS Minerve, utilizing the bathymetry information of the Paso
Camiara informal embankment (height vs. volume), the calculations were made using
information from the topographic survey (Figure 31).

To simulate the dam break effect, it was assumed that this would occur when the
dam’s maximum height of 13.0 m was reached.

A necessary aspect to carry out the calculation of the dam break is the determination
of the width of the breach.
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To calculate the width of the rectangular breach (b), the formula proposed by Froehlich
(2008) can be used, obtained by processing 69 cases of dam failures [46]:

b =027 ko V2 H)0%

(4)

where b (m) is the width of the breach, kg (Adim) is 1.3 (Overflow failures) and 1.0 (For
other cases), V (m?) is the volume of water stored above the bottom of the breach, and Hj,
(m) is the height of the breach.

Table 8. SOCONT model parameters for each sub-basin.

Sub-Basins SC1 SC2 SC3 SC4 SC5
SOCONT Model Parameters
A m? 8,446,871 7,775,105 16,991,236 8,542,694 11,086,674
bp d/mm 0.0125 0.0125 0.0125 0.0125 0.0125
CFR - 1 1 1 1 1
HGR3Max m? 0.1 0.1 0.1 0.2 0.5
Jo - 0.102 0.060 0.028 0.036 0.047
KGR3 1/s 0.001 0.001 0.001 0.001 0.001
Kr m!/3/s 2 2 2 2 2
L m 1489.2 1301.7 1514.2 1008.1 1613.8
S mm/°C/d 5 5 5 5 5
Sint mm/°C/d 0 0 0 0 0
Smin mm/°C/d 0 0 0 0 0
SPh d 80 80 80 80 80
Tef °C 0 0 0 0 0
Tepl °C 0 0
Tep2 °C 4 4 4 4 4
ThetaCri - 0.1 0.1 0.1 0.1 0.1
Initial conditions
SWEIni m 0 0 0 0 0
Thetalni - 0 0 0 0 0
HGR3Ini m 0.1 0.1 0.1 0.1 0.1
Hrlni m 0 0 0 0 0
Table 9. Riverbed model parameters by cinematic approximation.
Riverbed River1 River 2
Parameters
L m 12,5414 8622.1
BO m 5 12
m - 1 1
Jo - 0.03 0.0335
K m!/3/s 30 30
N - 1 1
Initial conditions
Qini m?/s 0 0
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Figure 31. Bathymetry of the informal Paso Camiara embankment.

If we consider kj = 1.3, the volume of water stored before the dam break was 23,911.5 m3,
and if the total water height above the breach is 13.0 m, there will be a breach width of
9.8 m.

Likewise, if the breach is considered as a spillway, with a coefficient of 1.5, the dis-
charge flow at the instant of the total rupture of the dam would be 688.7 m3/s.

Q=15 xb x Hmax'® =1.5 x 9.8 x 13!° =688.7 m3/s
The results of these calculations are shown in Table 10.

Table 10. Instantaneous discharge flow due to breach of the Paso Camiara informal embankment.

Hc (m) V (Hm?) b (m) Qp (m3/s)
13 0.0239115 9.8 688.7

Paso Camiara Dam

The simulated hydrographs produced by each of the sub-basins are shown in Figure 32.

The entrance hydrograph to the Paso Camiara informal embankment is shown in
Figure 33. A maximum inflow flow of 10.72 m3/s produced at 22:00 h was calculated. It
should be mentioned that the Devil’s Creek does not have a gauging station. The maximum
flow of 10.72 m3 /s was contrasted with the water footprints left by the event in the riverbed
of the Devil’s Creek.

Figure 34 shows the height and flow hydrographs in the Paso Camiara dam. The
results of the simulation show that from 4:00 p.m. on 21 February 2020, the filling of the
Paso Camiara informal embankment began, breaking at a maximum water height of 15.7 m
and discharging a maximum flow of 2550.8 m®/s. Figure 35 shows the debris flow which
produced floods that caused the loss of three human lives as well as great economic losses
in Tacna city.
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Figure 32. Hydrographs generated by the sub-basins.
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Figure 33. Hydrograph of entry to the Paso Camiara informal embankment.

18.0 - 3000.0
16.0
2500.0
14.0
T
—. 12,0 2000.0 T
£ £
= 100 =
E 1500.0 &
™ 80 ©
£ 2
T 60 1000.0 3
T
40
500.0
2.0
00 b—u 0.0
2/21/20 12:00 2/21/20 19:12 2/22/20 2:24 2/22/209:36

Day, hour

—e— Height (m) —®— Flow rate (m3/s)

Figure 34. Hydrographs of water height in the dam and flow discharged due to the collapse of the
Paso Camiara dam.
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Figure 35. Gestion newspaper reports: debris flow in Tacna left three people dead, 22 February 2020.

3.3.2. Under Climate Change Conditions

To carry out the hydrological modeling of the maximum flow in the Devil’s Creek,
produced by maximum rainfall events generated by climate change models, a topology
was used without considering the Paso Camiara informal embankment. Therefore, Sub-
basins 1 and 2 discharge their waters to River 1, and this flow joins the runoff produced
by Sub-basin 3. This discharge feeds River 2, which joins the production of run-off from
Sub-basin 4, which joins the runoff produced in Sub-basin 5. Likewise, the parameters and
initial conditions for each of the sub-basins were maintained. Figure 36 shows the structure
of the RS Minerve model.

The modeling of the maximum flow product of precipitation intensities over each
sub-basin (mm/h) for the RCP4.5 and 8.5 scenarios, and for 2021-2050 and 2051-2080 terms
(Table 11), are shown in Table 12 and Figure 37, respectively.
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Figure 36. Structure of the RS Minerve Model for the simulations of events with different climate

Change scenarios.

Table 11. Precipitation intensity over each sub-basin (mm/h) for RCP4.5 and 8.5 scenarios, from 2021
to 2050 and from 2051 to 2080.

2021-2050 (RCP4.5)

2051-2080 (RCP4.5)

2021-2050 (RCP8.5)

2051-2080 (RCP8.5)

SC4 SC2 SC4 SC2 SC4 sC2 SC4 SC2

Hours SC5 and and SC5 and and SC5 and and SC5 and and
SC3 SC1 SC3 SC1 SC3 SC1 SC3 SC1

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

1 0.87 0.78 0.70 0.63 0.57 0.51 0.92 0.83 0.73 1.76 1.58 141

2 4.11 3.70 3.29 2.98 2.69 2.39 434 3.90 3.47 8.31 7.48 6.65

3 2.04 1.84 1.64 1.48 1.34 1.19 2.16 1.94 1.73 413 3.72 3.31

4 10.85 9.77 8.68 7.88 7.09 6.30 11.45 10.31 9.16 21.94 19.75 17.55

5 4.98 448 3.98 3.62 3.25 2.89 5.26 4.73 420 10.07 9.06 8.06

6 1.74 1.57 1.39 1.26 1.14 1.01 1.84 1.65 1.47 3.52 3.17 2.82

7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Totalin 6 h 24.60 22.14 19.68 17.86 16.07 14.29 25.96 23.36 20.77 49.74 4477 39.79
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Table 12. Flood hydrographs for RCP4.5 and RCP8.5 scenarios from 2021 to 2050 and from 2051

to 2080.

Time (Hour)

Years 2021-2050

Years 2021-2050

Years 2051-2080

Years 2051-2080

RCP4.5 RCP8.5 RCP4.5 RCP8.5

1.0 0.0 0.0 0.0 0.0

2.0 0.1 0.1 0.1 0.2

3.0 22 2.5 1.2 14.0

4.0 49 55 29 16.6

5.0 23.7 26.0 13.5 76.4

6.0 30.4 329 19.1 78.6

7.0 26.0 27.7 17.6 55.7

8.0 19.1 20.1 13.8 34.9

9.0 14.4 15.1 10.9 239

10.0 11.3 11.7 8.9 17.5

11.0 9.1 9.5 74 13.4

12.0 7.6 7.8 6.3 10.7

13.0 6.4 6.6 54 8.7

14.0 5.5 57 4.7 7.3

15.0 49 5.0 4.2 6.3
| —8—2021-2050years RCP 4.5
—8—2021-2050years RCP 8.5
| —0—2051- 2080 years RCP 4.5
E —8—2051- 2080 years RCP 8.5

00 10 20 30 40 50 60 70 80 90 100 11.0 120 13.0 140 15.0 16.0
Time (hours)

Figure 37. Flood hydrographs for RCP4.5 and RCP8.5 scenarios for 2021-2050 and 20512080 terms.

4. Discussion

This research addressed the impacts of natural variability and climate change on
the maximum precipitation and maximum flows in the Devil’s Creek, Tacna, Peru. For
the projection of the future maximum annual precipitation, maximum temperature, and
minimum temperature, the analysis is based on the daily output of 15 general circulation
models (GCMs) of the CMIP5 project (Coupled Model Intercomparison Project Phase 5) and
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considers two emission scenarios: RCP4.5 and RCP8.5. The Access1-0 model projection was
discarded due to a high overestimation of maximum precipitation. Furthermore, given the
uncertainty in the projections by the GCMs [31], an ensemble of 14 GCMs was assessed. In
general, although most models do not agree in projecting similar trends in precipitation as
evidenced in other investigations [21,45,46], the projections indicate that the future pattern
of maximum annual precipitation will experience significant changes, with increases for
the two periods evaluated and for both scenarios.

Compared with historical conditions, heavy precipitation events are intensified, espe-
cially for the high-emissions scenario, according to the multi-model ensemble of 14 GCMs.
Under the RCP4.5 scenario, the maximum annual precipitation could increase by more
than 32%, on average, whereas under the RCP8.5 scenario, it could increase by 35%, on
average, during the 2021-2050 period relative to the historical period of 1981-2005. On
the other hand, for the 2051-2080 period, the maximum annual precipitation projected
for the RCP4.5 scenario tends to decrease slightly. However, significant positive change is
projected under the RCP8.5 scenario relative to the 1981-2005 period.

Regarding future temperature changes, as evidenced in other investigations, the
GCMs agree in projecting a positive temperature trend [47,48]. However, as of 2050, greater
variability and a decrease in the low trend are observed under the RCP4.5 scenario for the
Devil’s Creek area. Additionally, as expected, the RCP8.5 scenario projected the highest
temperature values. For both scenarios, the values in June, July, and August denote a high
range of positive changes of the minimum temperature. The behavior is similar for the
monthly average maximum temperature during the 2021-2050 term for both scenarios.
In contrast, it occurs during the 2050-2080 term under the RCP8.5 scenario that indicates
significant warming during June, July, and August; similarly, it happens for January,
February, and March.

Regarding the historical rainfall event of 21 February 2020, in the Devil’s Creek, it can
be affirmed that this is attributable to the positive anomaly of the sea surface temperature
off the coast of Tacna during the days before that date.

Likewise, the lowest estimated rainfall sheet for the event of 21 February 2020, in the
Devil’s Creek, concerning the rainfall sheet recorded in the city of Tacna, is attributed to
the shorter distance from the city of Tacna to the coastal area. This was demonstrated, in
the absence of registered information on rainfall on the Devil’s Creek, through the spatio-
temporal analysis of the information registered in the city of Tacna (JORGE BASADRE rain
gauge) and satellite products such as IMERG and CHIRPS.

Regarding the debris flow produced as a result of the rainfall event of 21 February
2020, which caused a loss of human lives, this was the consequence of the collapse of an
informal embankment built as a trail, located 2.0 km upstream from the town center named
La Florida (City of Tacna).

Regarding the historical and future hydrological modeling, these were carried out
through the RS Minerve program. The historical hydrological modeling was calibrated by
estimating the footprints of maximum flows produced in the middle section of the Devil’s
Creek and the evidence and testimonies recorded in videos of the magnitude of the disaster
caused by the debris flow of 21 February 2020. The future hydrological modeling was
carried out for two time periods: 2021 to 2050 and 2051 to 2080, for RCP4.5 and RCP8.5
scenarios, respectively. The results will be used for the design of studies and alternatives
for the protection of the population in the area of influence of the Devil’s Creek.

5. Conclusions

Climate models agree in projecting a positive trend in surface temperature. However,
from 2050 onwards, greater variability and a decrease in the trend were observed under
the RCP4.5 scenario. On the other hand, as expected, the RCP8.5 high-emissions scenario
projected the highest values. For both scenarios and for both periods, minimum and
maximum temperature would increase under climate change. Higher positive monthly
changes are projected in June, July, and August, meaning that winters would be warmer.



Hydrology 2022, 9, 10

34 of 36

References

The result of the model ensemble, under the RCP4.5 scenario, indicated a variation in
the maximum annual precipitation from 2.77 mm to 24.70 mm, with an average of 5.70 mm
for the 2021-2050 term. Additionally, this was from 3.14 mm to 25.96 mm, with an average
of 5.80 mm under the RCP8.5 scenario. For the 2051-2080 term, the multi-model ensemble
of 14 GCMs indicated a variation in the maximum annual precipitation from 2.77 mm to
17.86 mm, with an average of 5.60 mm under the RCP4.5 scenario and from 2.92 mm to
49.74 mm, averaging 7.21 mm under the RCP8.5 scenario.

Regarding the relative change, under the RCP4.5 scenario, the maximum annual
precipitation could increase by 32%, on average. Under the RCP8.5 scenario, it would
probably increase by 35%, on average, during the 2021-2050 term. On the other hand, for
the 2050-2080 term, the maximum annual precipitation could increase by 30% under the
RCP4.5 scenario and 65% under the RCP8.5 scenario.

The rainfall event of 21 February 2020, in the Devil’s Creek, is attributable to the
positive anomaly of the sea surface temperature between +1 °C and +2 °C, produced off
the coast of Tacna between 22 January 2020, and 22 February 2020.

The debris flow produced as a result of the rainfall event of 21 February 2020 was the
consequence of the collapse of an informal embankment built as a trail, located 2.0 km
upstream from the town of La Florida (City of Tacna).

Historical hydrological modeling using the RS Minerve model was calibrated by
estimating the footprints of maximum flows produced in the middle section of the Devil’s
Creek and the evidence and testimonies recorded in videos of the magnitude of the disaster
caused by the debris flow of 21 February 2020.

The maximum flood volume in the Devil’s Creek could increase by 220% and 154%
for the RCP4.5 scenario, for the 2021-2050 and 20512080 terms, respectively.

The maximum flood volume in the Devil’s Creek could increase by 234% and 484%
for the RCP8.5 scenario for the 2021-2050 and 20512080 terms, respectively.
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