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Abstract: Seated at the foot of the Misti volcano in an area prone to intense seasonal rains and
earthquakes, the city of Arequipa is highly vulnerable to natural disasters. During the rainy season, intense
storms create large volumes of runoff that rush through the city’s ephemeral streams, known locally as
torrenteras. Episodic flows in these torrenteras have caused flooding, damage to bridges, homes, and other
infrastructure, and caused many deaths. In recent years, while unprecedented rain events have caused
extreme disasters, the city’s population has continued to expand into these channels by creating informal
or illegal settlements. Currently, detailed hazard maps of flood-prone areas surrounding the torrenteras are
not available to stakeholders in Arequipa. In this study, hydrologic and hydraulic models were combined to
assess flash flood hazards, including inundation, velocity hazards, and slope instability hazards. Hydrologic
models were created using satellite precipitation data and terrain-sensitive, gridded climate maps to
characterize flow within six torrenteras in Arequipa. These flows were used in conjunction with elevation
data and data collected in the field using an online mobile application system to develop a hydraulic model
of these flood events. Hydraulic model outputs were used to determine flood hazards related to inundation,
velocity affecting human stability, and slope instability in case study areas of the forrenteras. We then
discuss how this information can be used by disaster risk management groups, water authorities, planners
and municipalities, and community groups.

Keywords: forrenteras, hydrologic modeling, hydraulic modeling, flash floods, inundation, velocity, slope
instability, hazard maps

these channels after intense rainfall. Six major
torrenteras flow through the lower elevations of
the mountainside, where residential development
is increasing, and into the core of the city. Local
names of each torrentera will be used throughout
this paper (Figure 1), though common names may
change further downstream.

Flash floods in the torrenteras of Arequipa have
had devastating effects on the city’s population
throughout its history. Nine events that caused

requipa, the second largest city in Peru,
Ais located at the foot of El Misti volcano.

Rain that falls on the eastern side of the
mountain drains through the city in ephemeral
stream channels as destructive flash floods.
Although annual precipitation within the city
ranges from 100 - 150 mm on average, torrential
flows occur during the rainy season through the
channels that extend from their source on the
mountain where rainfall is higher (Figure 1).

These channels or ravines are known locally as
“torrenteras,” signifying not only their channel
shape but also the torrential flows that occur in
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severe damage occurring from 1961 to 2011 were
summarized by Martelli (2011) from government
and other records. An exceptional flood occurred
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on February 8, 2013 due to a rainfall of 123 mm
in three hours (Cacya et al. 2013), causing five
deaths and adversely affecting thousands more
people (SINPAD 2013). As the city has continued
to grow, some structures have been built close
to or even within the torrenteras, adding to the
devastation that floods can cause (Thouret et al.
2013).

In this paper, we define hazards as geophysical
features or processes that can cause drastic changes
to a landscape. Hazards become risks when they
affect people or infrastructure and are amplified
when those affected are more vulnerable either
due to socioeconomic, health, or simply proximity
to the hazard itself. Flash floods are among the
highest risk weather-related phenomena in cities
around the world, resulting in more than 15,600
fatalities in China from 2000 to 2015 (He et al.
2018), and 278 deaths in the United States during
an eight-year period ending in 2015 (Gourley et
al. 2017), for example. In addition to the potential
for inundation, floodwaters present other dangers,
including water velocity hazards that can endanger
humans (Jonkman and Penning-Rowsell 2008)
and vehicles (Martinez-Gomariz et al. 2016), and
slope instability hazards that threaten surrounding

Arequipa city

1

infrastructure due to bank failure (Magilligan et
al. 2015). Flood hazards are projected to increase
in the future in many regions from increasing
precipitation intensity and changes in land
cover affected by climate change and population
growth, potentially leading to heavy human and
economic losses in these communities (Muller
2007). It is generally not possible to eradicate
these precipitation-driven flood hazards; instead,
the risk management strategy usually focuses on
reducing vulnerability by informing the public and
enacting policies that discourage encroachment
into the channels where these hazards are likely
to occur. In Arequipa, current regulations limiting
construction are based solely on the distance from
the edge of the torrenteras, but do not account
for the varying characteristics of flows and flood
hazard (Republica de Peru 2016).

Although flood hazards from the torrenteras
have been studied in the past, these have been
based on topography and geomorphology of the
landscape because no discharge monitoring data
are available. Thouret et al. (2013) studied flash
floods and lahars (volcanic mudfiows) in the Rio
Chili, the main river that runs through the city of
Arequipa, and two of the torrenteras, which they
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Figure 1. Torrentera ﬂow paths from El Mlstl through the city of Arequipa and chmate stations used for ana1y51s

JOURNAL OF CONTEMPORARY WATER RESEARCH & EDUCATION

UCOWR



95 Mazer et al.

call quebradas (San Lazaro and Mariano Melgar
in this study, called Huarangal in their study) to
create hazard maps. However, the morphology-
based analysis from this study does not allow
for examining changes over time, which instead
requires hydrologic and hydraulic modeling based
on observed and projected changes in precipitation.

Developing flood hazard maps is generally
a two-step process, requiring first a hydrologic
analysis to determine the magnitude of low-
probability (i.e., 100-year) storm discharge, and
then using a hydraulic model to estimate flow
depth for the discharge of concern. In watersheds
such as the torrenteras for which no discharge
data exist, hydrologic models that compute
discharge on the basis of rainfall and watershed
characteristics such as land cover, soil, and slope,
are used to estimate flow. Hydraulic models can
use the modeled discharge together with high-
resolution channel elevation data to calculate flood
depth and predict hazards. However, data scarcity
often limits the application of these powerful tools.
For this project, high-resolution elevation data
captured by an unmanned aircraft system (drone)
were available for a section of the six torrenteras,
providing a unique opportunity for hydraulic
modeling.

Providing useful data to decision-makers is a
primary purpose of a modeling study such as this.
In Arequipa, four types of stakeholders would
benefit from this type of flood modeling. The types
of activities for which they are responsible are as
follows:

* Disaster risk management: Peru’s Law
No. 29664 created the National Disaster
Risk Management System (SINAGERD)
as well as two institutions related to risk
management: the National Center for
Estimation, Prevention and Reduction of
Disaster Risk (CENEPRED), responsible
for disaster prevention and post-disaster
reconstruction; and the National Civil
Defense Institute (INDECI), responsible for
emergency response activities.

e Water authority: Water courses are
regulated in Peru by the National Water
Authority (ANA), and its local branch
the Local Water Authority (ALA), which
is responsible for determining the flood
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boundaries and buffer zones for limited
development.

*  Municipalities and planners: The
Urban Development Department, Office
of Disaster Risk Management and Civil
Defense, and the Office of the Environment
prepare and respond to disaster events,
while the Inspections Office works to
limit new informal settlements in the area
of the torrenteras. In the event of a major
disaster, the municipality coordinates
with the National Government and the
Ministry of Housing and Construction on
reconstruction.

e Communities: People who Ilive in
the affected communities are grouped
into brigades and organized to prepare
for disasters through citizen security
committees. Zeballos-Velarde et al. (2019)
found that community groups identify areas
in Arequipa with critical environmental
problems, but their perception of the spatial
extents of flood impacts is often distorted.

These stakeholders are interested in acting
effectively to reduce risk, but do not have access
to information needed to make decisions. A
detailed study would aid development planning
by defining areas that are at risk and areas where
complementary activities could be carried out to
transform specific locations within the torrenteras
from marginal lands into recreational spaces.

The goal of this study is to provide information
on flood hazards in the six forrenteras of Arequipa
that is useful to these stakeholders. The objectives
of this study were to 1) analyze precipitation
patterns and flow magnitude and how they
have changed over time, 2) identify locations
and extent of flood-related hazards, including
inundation, velocity, and slope instability, and 3)
discuss relevance for multiple stakeholder groups.
Analysis of precipitation records and sub-daily
estimates from satellite data provided input for the
hydrologic model, resulting in long-term discharge
estimates for each forrentera. The discharge
estimates were used as inputs for hydraulic
models built for each forrentera to estimate flood
depths and velocities. Hazard classifications were
developed, and examples are shown to demonstrate
how stakeholders can use this information.
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Methods

Precipitation

Daily precipitation data for two nearby stations
were obtained from the National Meteorology
and Hydrology Service of Peru (SENAMHI
2019, see Figure 1). SENAMHI climate stations,
La Pampilla and Chiguata, were closest to the
torrenteras and ranged from 2 to 4 km away. A
third station, the Rodriguez Ballon airport in the
city of Arequipa, is not available in the SENAMHI
dataset, but is instead administered by the
Peruvian Corporation of Airports and Commercial
Aviation (CORPAC). A virtual weather station
(hereafter called AltoMisti) was added to provide
information of precipitation contributing to the
torrentera watersheds in the study area (Location:
-16.32° W, -71.42° S; Elevation: 4200 m), based on
gridded, terrain-corrected climate maps developed
from SENAMHI station data (Moraes et al. 2019).

This analysis required precipitation data at
a time scale of hourly or less, because the time
of concentration in the forrenteras is less than
one hour. In recent years, the daily network has
been supplemented with sub-daily automated
gauges, but most of these gauges currently have
a record length of less than five years. Therefore,
we disaggregated observed daily precipitation to
sub-daily in order to simulate flood response. The
GPM_3IMERGHH _v06 (hereafter referred to as
GPM) satellite precipitation product, available
globally at 30-minute temporal resolution and
0.1 degree spatial resolution, was downloaded for
grid cells corresponding to the three SENHAMI
precipitation gauges and one synthetic gauge,
and adjusted from Coordinated Universal Time
(UTC) to Peruvian Standard Time (UTC-5)
(Huffman et al. 2019). The data period of overlap
with the SENHAMI stations was 6/1/2000 -
12/31/2017. Quality control screening for the
GPM data included setting precipitation to zero
for all 30-minute intervals in the days for which
the corresponding station precipitation was zero.
Additionally, if the accumulated daily intensity in
the GPM data exceeded the maximum intensity
observed at the corresponding daily station for
the 17 years of overlap, all 30-minute values on
that date were rescaled. The quality controlled
GPM data were bias-corrected with respect to the
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station observations using linear scaling with the
ratio of accumulated station precipitation to GPM
precipitation (Teutschbein and Seibert 2012).

A 30-minute precipitation time series was
created for the period February 1965 - March
2020 by disaggregating the station observations
using a point, event-based, rectangular pulse
model (Rodriguez-Iturbe et al. 1987). However,
rather than simulating storm interarrivals as a
Poisson process, the observed daily sequence was
used, similar to Bowling et al. (2003). Each daily
occurrence is associated with rainfall events of
random duration and intensity. The bias-corrected
GPM estimations were used to identify the
empirical cumulative distribution functions (CDF)
ofthe number of events per day, the event start time,
and the event duration. Three different duration
CDFs were generated for event depths of <5 mm,
5-10 mm, and > 10 mm, since event durations
tend to be shorter for lower precipitation totals.
For each day with observed daily precipitation,
the event CDF was sampled randomly to generate
the number of events per day. The corresponding
start time and duration distributions were then
sampled to determine which hours of the day
should receive precipitation. Within the identified
hours, the observed daily precipitation depth was
distributed, using a gaussian window to create a
higher intensity peak in the center of the event.

Intensity-frequency diagrams were used to
evaluate if the disaggregated dataset preserved
characteristics important to flash flood prediction.
An Extreme Value type I (EV1) distribution was fit
to the maximum 30-minute intensity generated per
calendar year, using the method of moments for
the period 6/2000 - 12/2017. The ensemble mean
frequency curve (from 100 ensemble members)
was compared to the one generated from the filtered
satellite data. Following verification, the single
ensemble member which resulted in a 2000 - 2017
intensity-frequency curve closest to that from the
GPM data was selected for further analysis.

Hydrologic Modeling Using SWAT

The Soil and Water Assessment Tool (SWAT)
model (Arnold et al. 2013), used around the world
for predicting streamflow in ungauged watersheds,
was used to simulate flow in the torrenteras.
SWAT is a comprehensive watershed model that
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evaluates impacts of land use, land management,
and climate change on hydrology and water quality.
Its sub-daily simulation option, critical for small
watersheds like those of the torrenteras (Jeong et
al. 2010; Boithias et al. 2017), was employed for
this analysis. A radiometrically terrain corrected
(RTC) elevation map with a 12.5 m resolution
was obtained from the NASA Earth Data (NASA
Earth Data 2019). An elevation-based watershed
delineation process resulted in the creation of six
watersheds (with drainage areas ranging from 5
to 36 km?), and 79 sub-watersheds and streams
(Figure 1). Watershed elevation ranged from
2258 to 5862 m along the steep side-slopes of
Misti. Therefore, sub-watersheds were divided
by elevation bands to consider orographic effects.
Temperature data were taken from the SENAMHI
and CORPAC stations and from gridded climate
maps developed by Moraes et al. (2019) for the
AltoMisti station. Precipitation and temperature
of bands were adjusted based on the difference
in elevation compared to the nearest weather
station. Lapse rates (or change with altitude) of
temperature (-6.2 °C/km) and precipitation (220
mm/km) were obtained from gridded climate maps
developed by Moraes et al. (2019). Solar radiation,
wind speed, and relative humidity simulations
with 38 km resolution created by the National
Center for Environmental Prediction (NCEP)
Climate Forecast System Reanalysis (CFSR) were
downloaded from the Global Weather Data for
SWAT (NCEP CFSR 2019).

Soil and land cover properties were estimated
from regional maps and soil profiles provided
by the Peruvian Ministry of the Environment

(Gobierno Regional Arequipa 2016; MINAM
2017) following the methodology developed by
Daneshvar et al. (2020a; 2020b). Soil classes were
defined based on taxonomy and suitability maps
and soil properties were estimated for associated
soil profiles. Land cover properties were adapted
from similar land cover classes in the SWAT
database. Plant growth properties were adjusted
based on remotely sensed satellite Leaf Area Index
time series and annual temperature maps for the
region. Dominant land covers were grassland/shrub
(42%), followed by cactus (21%), and urban lands
(16%) (Table 1). Overlay of these layers resulted in
610 hydrologic response units (HRUs), which are
the smallest subdivision of the SWAT model based
on homogeneous combinations of land cover, soil,
and slope in each subbasin.

There was no streamflow monitoring station
within the watershed for model calibration and
validation. Therefore, the same parameters from
a neighboring watershed (Daneshvar et al. 2020c¢)
were used. Daneshvar et al. (2020c) also showed
that uncertainty of simulated streamflow based
on the uncertainty of developed soil and land
cover datasets (Daneshvar et al. 2020a; 2020b) is
constrained (-7% to 10%) and the SWAT model
provides reliable prediction of streamflow. SWAT
simulations were conducted from February 1965
to December 2019. The first year of simulation was
considered as model warm-up and was not included
in further analysis. Model predictions of the 100-
year flood for each torrentera were evaluated with
respect to a regional curve (Moraes et al. 2020).
The 54-year simulations (1966-2019) were used to
calculate annual water balance ratios and several

Table 1. Watershed characteristics for the six forrenteras modeled in this study.

Torrentera Watershed Average - Land cover (%) -------—-----
area (km*) slope (%) Grassland/shrub Cactus  Urban  Other*

Villa Ecologica 15.5 20.8 14 58 3 25
Polanco 15.2 24.4 72 15 7 6
Independencia 5.5 18.5 24 10 42 24
San Léazaro 18.5 40.2 46 15 11 28
Miraflores 14.9 18.8 18 21 42 19
Mariano Melgar 36.0 233 54 13 13 20

*Includes barren, herbaceous tundra, evergreen trees, and agricultural lands
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hydrologic metrics including the annual maxima
series, the number of peak flow events over a
threshold, time of rise during events, and number
of days with flow (above 0.1 m3/s). The SWAT-
simulated 100-year floods were estimated by fitting
an EV1 distribution to the annual maxima series of
the daily average simulated streamflow. The annual
maxima series was analyzed for monotonic trends
using the non-parametric Mann-Kendall test, with
significance level p = 0.05 (Helsel et al. 2020).

Local Data Collection

Undergraduate students at the Universidad
Nacional de San Agustin de Arequipa took photos
in all six torrenteras at the 26 bridge locations and
at 29 channel sections in areas with no bridges.
These photos were georeferenced, described,
stored, and shared using Epicollect5, the free
mobile data gathering platform. Channel locations
visited were selected based on sections that were
accessible and representative of that portion of
the channel. A Phantom 4 Pro drone collected
imagery of bridge locations that were difficult to
access. Photos of channel sections were used to
verify model inputs such as channel roughness,
general channel shapes and bed material, as well
as possible areas of concern for channel stability.
Bridge and culvert dimensions, culvert roughness,
and estimate contraction and expansion coefficients
(see Figure 7B) were extracted from bridge photos.
Bridge lengths were measured and used to scale
other dimensions in the photos.

HEC-RAS Modeling

The Hydrological Engineering Center - River
Analysis System (HEC-RAS) is used around
the world for flood depth and hazard prediction
(e.g., Stoleriu et al. 2019; Munir et al. 2020). A
digital elevation model (DEM) with a horizontal
resolution of 0.5 m and a vertical resolution of
1 m were imported as a terrain layer into RAS
Mapper, part of HEC-RAS 5.0.7. Torrenteras
are steep, straight channels dominated by one-
dimensional (1D) flow. HEC-RAS 1D, which
produced the best results for a flood study in a
similar landscape (Bricker et al. 2017), was used to
create hydraulic models for each to identify areas
of hazard potential by assessing 1D variations in
depth, velocity, and flood extent. Cross sections
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were placed at distances to account for changes
in channel shape, slope, and at bridges and
culverts. Bridge and culvert cross-sections were
placed per guidelines in the HEC-RAS Hydraulic
Reference Manual (USACE 2016). Expansion and
contraction coefficients, culvert entrance losses,
and ineffective flow areas were assigned according
to the HEC-RAS Hydraulic Reference Manual
(USACE 2016). Steady flow simulations of 100-
year peak flow events in each forrentera were
modeled using HEC-RAS 1D. Normal depth was
used for boundary conditions, and upstream and
downstream slopes were used as inputs.

Model parameters were adjusted so that
maximum velocities did not exceed those recorded
in similar channels (Magirl et al. 2009), because
there was no data available for flood extent or water
levels for calibration or validation at the time of
this study. Channel roughness, or Manning’s n, the
parameter in HEC-RAS most sensitive to changes,
was adjusted to meet this criterion (Ramesh et al.
2000; Parhi 2013). The same Manning’s n, 0.12,
was applied throughout all torrenteras because they
had similar bed roughness, underlying geology,
soil types, and sorting of heterogeneous sediments.
This value is within the range of n values found in
other steep sloped streams (Aguirre-Pe et al. 1990;
Reid and Hickin 2008; Zimmerman 2010). Slopes
in the modeled section of these forrenteras range
from 0.04 - 0.10.

Flood Hazard Analysis

Analysis of Inundation Hazard. Water surface
elevations modeled in HEC-RAS were imported
to ArcMap 10.6 using the HEC-GeoRAS 10.6.0.1
plug-in for analysis and visualization. This
mapping software was used to visualize inundation
boundaries and identify infrastructure within the
flood zone, like bridges, roads, and housing.

Analysis of Velocity Hazard. HEC-RAS model
outputs for water velocity and depth in the
torrenteras were used to characterize the potential
for people and objects to be swept away, defined
as the velocity hazard. In this paper, toppling
was considered as the mechanism for loss of
human stability, when the moment force caused
by the floodwaters exceeds the moment force of
the human body (Jonkman and Penning-Rowsell
2008). Literature thresholds are largely reported
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as empirical formulas determined from flume
experiments to determine the point of loss of
stability for humans (Jonkman and Penning-
Rowsell 2008; Pisaturo et al. 2019) and vehicles
(Martinez-Gomariz et al. 2016). For this paper, the
velocity hazard was calculated as the product of
water velocity and depth (Pisaturo et al. 2019), and
an empirical equation (Karvonen et al. 2000) was
used for the threshold of movement for a typical
adult and child:

hv_=0.004Lm + 0.2 (1)

where L is the height in meters, m is the mass in kg,
and hv_is the critical depth-velocity for instability.
Using this equation, the instability threshold from
toppling for a child 1.4 m tall and weighing 40 kg is
0.42 m*/s, and the threshold for an adult (assuming
the adult is 1.7 m tall and 70 kg) is 0.68 m?/s. When
the product of the model’s flood velocity and depth
is greater than this critical value, human stability is
lost. When mapping velocity hazards from model
results, thresholds were set as 0.4, 0.7, 2, and 8
m?%/s. These thresholds were set using Equation 1
for human stability and empirical literature values
(Jonkman and Penning-Roswell 2008; Martiniz-
Gomariz et al. 2016) and represent hazards capable
of destabilizing a child (0.4 m?/s), destabilizing
adults and vehicles (0.7 m%s), complete loss of
human stability (2 m?/s), and separation between
high and extremely high velocity hazards (8 m?/s).

Analysis of Slope Instability Hazard. Slope
failure occurs when the driving forces (conditional
factors such as water and slope angle) are larger
than resisting forces (intrinsic soil properties
such as friction angle). The infinite slope method
(Skempton and DeLory 1957) has been widely used
as an estimate for slope stability under conditions
with limited data. For this analysis, the soil was
assumed to be cohesionless and dry, simplifying
the factor of safety (FS) to Equation 2, where ¢ is
the characteristic soil friction for a given soil and f
is the angle of the slope.

)
FS= 2)

The soil was assumed to be silty sand (SM;
United Soil Classification System; ASTM D2487-
17el) based on classified soil data from nearby
areas (MINAM 2017), and a value of 32.5 was
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used for ¢ (Prellwitz et al. 1994). For £, the 1 m
DEM of the torrenteras was first smoothed using
two-cell focal statistics, after which the percent
slope was calculated. This allowed us to represent
the critical slopes more accurately, particularly in
areas with buildings. Factors of safety were then
classified into stability classifications after Pisaturo
et al. (2019). HEC-RAS outputs for stream power
were also considered when determining areas with
potential slope instability hazards. Stream power
is used to express the flow energy of floodwaters
and has been used to describe the potential for
catastrophic geomorphic change (Magilligan et al.
2015).

Results
Hydrologic Analysis

Evaluation of Predictions. Thouret et al. (2014)
provided a summary of 17 reported flood events
that have occurred around Arequipa since 1915,
with average precipitation intensities ranging
from 4.5 to 73.5 mm/hr. They identified seven
events with peak intensities greater than 30 mm/
hr, implying a return period of about 14 years. The
estimated intensity of 14-year return period events
based on the disaggregated precipitation varied
between 20 - 40 mm/hr. While it is not possible to
directly compare these estimates, it seems that the
generated frequencies are feasible based on limited
recorded information of these extreme events in
the area.

Figure 2 compares SWAT-predicted 100-
year floods for the forrenteras with the regional
regression developed from a Historic Reference
Hydrologic Network (HRHN) (also shown)
identified by Moraes et al. (2020). Estimated 100-
year daily peak flows range from 213 m’/s for
Mariano Melgar to 32 m’/s for Independencia.
Given the strong association between all of these
values, we conclude that the SWAT-simulated
flood peak values provide a reasonable estimation
of flood frequency for these ungauged basins.

Streamflow Characteristics. Analysis of 30-minute
streamflow simulation over 54 years (1966 - 2019)
showed that average annual flow ranged from 113
to 188 mm (37% to 46% of annual precipitation).
Overall, these ephemeral streams are dry for almost

JOURNAL OF CONTEMPORARY WATER RESEARCH & EDUCATION



Integrated Hydrologic and Hydraulic Analysis of Torrential Flood Hazard in Arequipa, Peru

10 months per year on average and only flow 13%
to 19% of the time.

As illustrated in Figure 3, streamflow events
occur very rapidly in these steep channels, where
peak flow is reached 30 - 60 minutes after the
start of the event and total event duration is
approximately 1 - 2 hours. In the 54-year SWAT
simulations, maximum peak flow among all
torrenteras occurred in Mariano Melgar, reaching
175 m3/s, while San Lazaro peak flow exceeded 52
m?/s. The flood of record varies among channels.
The largest simulated peak in Independencia, San
Lazaro, and Miraflores was in 2013, in response
to the extreme 123 mm storm recorded at the La
Pampilla station. This storm had very limited
spatial extent, since very little precipitation was
measured at the Rodriguez Ballon and Chiguata
stations and did not cause substantial flooding in
Villa Ecolégica or Mariano Melgar. The flood of
record for these two torrenteras occurred in 1976,
while the flood of record in Polanco occurred in
1989.

Change Over Time. The daily precipitation record
shows a statistically significant increase in the
annual precipitation and the average daily depth
of precipitation for the La Pampilla and Rodriguez
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Ballon stations. As a result, there has been an
increase in the number of extreme precipitation
events per year (Figure 4A).

This increase in extreme precipitation events
translates into increasing frequency of peak flows
(Figure 4B). All torrenteras exhibit an increasing
tendency in the annual maxima series, but there is
substantial spatial variability between locations.
Based on the non-parametric Mann-Kendall test (p
=0.05), there is a statistically significant increasing
trend in the simulated annual maxima series for
Independencia, San Lazaro, and Mariano Melgar.

Flood frequency analysis was also performed
for two time periods (1966 - 1990 and 1995 -
2020) to identify potential changes in the 100-year
flood magnitude. The estimated 100-year flood
magnitude has increased for the later period for
the three channels for which 2013 was the flood
of record, and it has decreased for the other three
channels. As a result, only the 100-year floods
estimated from the entire simulation period were
used in the flood hazard assessment.

Hazard Mapping

In this section, we describe flood-related hazards
associated with inundation, velocity, and slope

1000 10000 100000

Drainage Area (square km)

A Gauged Rivers

® SWAT Simulated

—Regional Regression

Figure 2. Log of the predicted 100-year discharge versus log drainage area for reference stream gauge locations in
Arequipa (blue), estimated based on a regional regression developed from these gauges and the SWAT-simulated

values for the forrenteras.
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instability and provide case studies of problem in all modeled torrenteras. In all torrenteras,
areas for each hazard type. like the section of San Lazaro shown in Figure
Inundation Hazard. Peak flows from 100- 5A, flooding was most likely in areas with large
year events showed that incidence and extent culvert constrictions. Overbank flow at non-bridge
of flooding varied widely, but flood extents locations was less frequent but was often simulated
surpassed channel banks in at least one location in more densely urban areas where torrenteras
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Figure 3. Simulated hydrographs for two flood events in six forrenteras and precipitation from the AltoMisti virtual
station that was used as the precipitation station for the majority (65%) of the subbasins.
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Figure 4. Hydrologic changes in Arequipa. A) Number of extreme precipitation events (> 30 mm/day) for the three
weather stations closest to the forrenteras. B) Number of peaks over a threshold (two-year return period) in each of
the six torrenteras.
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were highly channelized, i.e., constricted within
a constructed, concrete channel, like in Mariano
Melgar (Figure 5B). In channelized areas with
overbank flow, flooding was also simulated at
bridges, which were even more constricted than
the channels themselves. Flooding was of least
concern in upstream areas where development
did not encroach on the channel, the floodplain
was accessible to floodwater, and bridge locations
were wider and larger resulting in limited flow
constriction. A good example for this is in the
upstream area of San Lazaro (Figure 5C).

Velocity Hazard. Velocity hazard analysis for
HEC-RAS outputs from the 100-year flow event
are shown in Figure 6. Locations shown in Figure
6A, 6B, and 6C are the same as those shown in
Figure 5A, 5B, and 5C, respectively. Most of the

inundated area had high velocity hazard values
that would cause an adult to topple over in the
floodwater. Locations in Figure 6A and 6B are in the
downstream, urbanized portion of the torrenteras
and are heavily channelized with smaller flow
areas. This led to greater velocities, deeper water,
and therefore, increased velocity hazards compared
to the upper portions of the torrenteras (Figure
6C). Location A also shows inundation of a road
next to Mariano Melgar, where the velocity hazard
exceeded thresholds for destabilizing adults and
vehicles. Debris in floodwaters, like vehicles, also
increases the velocity hazard and the likelihood of
destabilizing other objects downstream (Jonkman
and Penning-Rowsell 2008).

Slope Instability Hazard. Unstable slopes that
could lead to failure occur when the slope FS is

| Inundation
P;;:I Bridge
- Road

Channel Limit

—= Flow Direction

Service Layer Credits: Word imagery; Source: Esd, Maxar, GeaEve. Earthstar Geographics, CNESAirbus DS, USDA, USGS, AeroGRID, 1GN, and the GIS User Cammunity

Figure 5. Flood inundation extents of 100-year peak flows in A) Bridge Cahuide in San Lazaro, B) Bridge 8 de octubre
and overland flow in Mariano Melgar, C) a less developed area upstream in San Lazaro with no overbank flow, and D)

a location map for all aforementioned hazard sites.
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less than 1.0. Figure 7 shows slope instability
(as defined by the FS) and stream power in the
upstream portion of San Lazaro (Figure 6C), as
well as drone imagery of the bridge in this section
of the torrentera. Since stream power indicates
the work a stream is capable of doing, such as
sediment transport, areas with high stream power
and high slope instability are areas with high slope
failure potential. In the middle portion of Figure
7A (location 1), slopes surrounding the channel
are unstable and the stream power is high. Areas
like this of high instability and high stream power
are most susceptible to slope failure. In the upper
portion (location 2) of Figure 7A, San Lazaro is
wider and the floodwater has more area in which
to disperse, lowering the stream power. This area
could have a lower slope instability hazard than
location 1 because, although the slopes are still
steep and unstable, the floodwater has less power

to destabilize the sediment. Immediately above the
bridge (location 3), the slope instability and stream
power are lower, meaning this area would have a
lower slope instability hazard.

Discussion

Applications of Flood Hazard Information

Though estimated 100-year peak flows have not
increased over the period of study in all forrenteras,
our analysis demonstrated that moderate flood
events are becoming more frequent. Hydrologic
analysis shows that stormflow is unpredictable,
flashy, and can be very isolated. These flows,
though infrequent, happen very quickly, reaching
peak flow in an hour or less. Arequipa is growing,
and wurban development near and into the
torrenteras is increasing (Figure 8 A). Hazard maps
show that many areas in and around the torrenteras

7 Bridges
+ Flow Direction
Velocity Hazard [médis]
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Figure 6. Velocity hazard maps for the case studies using HEC-RAS outputs from the 100-year peak flow for water
velocity and depth at A) Bridge Cahuide in San Lazaro, B) Bridge 8 de octubre and overland flow in Mariano Melgar,
C) a less developed area upstream in San Lazaro, and D) a location map for all aforementioned hazard sites.
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Figure 7. A) Slope instability and stream power of San Lazaro at three selected locations (1, 2, and 3). B) Drone
footage of the bridge over San Lazaro depicted in A (location 3) and how it was used to get bridge dimensions. Slope
instability is considered high when FS is less than 1, moderately high when FS is between 1 and 1.25, moderately low
when FS is between 1.25 and 1.5, and low when FS is greater than 1.5.

can be dangerous, but these issues are exacerbated
as development encroaches on the channels,
putting more people and property at risk from
flood hazards (Figure 8B). Hydraulic modeling
and analysis of inundation, velocity, and slope
instability give examples of hazards during the
most extreme events, which can provide guidance
for dealing with other, less severe floods. It is
becoming increasingly important that stakeholder
groups utilize hazard mapping information to make
decisions about disaster mitigation strategies and
future development. We provide considerations for
each stakeholder group based on hazard locations,
such as those shown in Figure 8B for a section of
Mariano Melgar.

Use by Stakeholders

Reliable hazard maps could enhance flash flood
mitigation strategies already in place in Arequipa.
Currently, a rudimentary early warning system
exists, relying on those living in upstream areas to
report landslides and floods (Andina 2013). There
are plans to add advanced weather prediction to the
warning system, making it more robustand allowing
for more time to evacuate (Del Mar 2019). Different
mitigation strategies have been used in flash flood-
prone areas to increase channel stability. Concrete
reinforcement has been used in torrenteras to
increase stability based on site observation.
Colombo et al. (2002) created an extensive list of
structures that have been effective in managing
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flash floods throughout Europe, including the use
of gabion walls and natural materials for bank
erosion protection. Land use control, like leaving
vulnerable floodplains undeveloped or converting
them into flood tolerable green spaces, has been
utilized to mitigate flood damage in arid regions
around the world (Abdrabo et al. 2020).

Information on flood boundaries where
streamflow leaves the channel can help disaster
risk managers and emergency responders make
decisions about which bridges to close first,
areas to prioritize for evacuation because of
higher hazard probabilities, and optimal routes
for evacuation. Velocity hazards can be used to
issue warnings of areas to avoid during storm
events because the storm duration and rapidly
rising waters characteristic of flash floods give
emergency responders little time to prepare and
respond to extreme events. Lastly, areas where
banks of the forrenteras have the highest slope
instability hazards can be monitored more closely
during storm events when soil saturation increases
the probability of failure.

Water authorities can use this information
about high hazard zones to establish limits for
flood boundaries and, therefore, development, in
currently less-developed, upstream areas. These
boundaries can be based on identified floodplains
and unstable slopes, minimizing hazards caused
by channelization and floodplain encroachment.
Although these regulations may be difficult
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to enforce as informal settlements encroach
on torrentera channels, this study, with both
hydrologic and hydraulic analysis of peak flows in
torrenteras, provides scientific guidance on where
and how to set development limits.

Though it is difficult to alter existing
infrastructure in developed areas without
large investment and displacement of people,
municipalities and planners can prioritize areas in
which to work with vulnerable people to utilize
measures at the home-scale to mitigate flood risk,
which can be much more cost-effective (Holub and
Fuchs 2008).

While hazard mapping provides planners
with limits for regulating development, for these

torrenteras, there is no guarantee that community
groups will not create “informal settlements” in
high hazard zones. To increase the likelihood of
community acceptance, community education
of these hazards and consequences of floodplain
encroachment is key (Zeballos-Velarde et al.
2017). In addition, upstream areas with more open
and available space could be used to mitigate
flooding effects farther downstream. Streamflow
can be slowed or diverted to reduce downstream
impact, through methods like creating check
dams and step pools (Norman et al. 2016), offline
detention (Ngo et al. 2016), and diverting water to
spreading grounds that allow for sedimentation and
infiltration (Wohlgemuth and Lilley 2018). Costs
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Figure 8. A) Development of Arequipa over time near the torrenteras indicates the importance of understanding flood
hazards. B) Identified hazards have been compiled in a section of Mariano Melgar, showing areas of highest concern.
These areas identify zones of flood hazard rather than exact flood extent.
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of maintenance, like removal of heavy sediment
loads, should be considered when implementing
any of these options (Aerts 2018). With decreased
velocity hazard and because they only convey water
two months per year, there may be opportunities
to use forrenteras for recreational infrastructure as
a community amenity (Remoén Royo 2018). The
torrenteras, like other ephemeral streams, may
also be enhanced to provide ecosystem services,
including cultural services for nearby communities
(Koundouri et al. 2017; Datry et al. 2018).

Conclusions

Intense  peak  flows, combined  with
channelization and development near or into the
torrenteras of Arequipa, cause hazards for both
human life and infrastructure. The city’s ability
to mitigate damage from these events has been
limited due to a lack of both meteorological and
topographical information. In this study, we had
access to high-resolution spatial data and were
able to synthesize sub-daily precipitation using a
combination of datasets, which allowed us to assess
hydrologic and hydraulic impacts from storm
events over the last 60 years in the forrenteras.
Storms are short and intense, resulting in high
peak flows and short time to peak. The intensity
of precipitation is increasing in some parts of the
city, and the frequency of moderate flood peaks is
increasing.

Hydraulic analysis revealed flood hazards
related to inundation, velocity, and slope instability.
Flooding was an issue in all modeled channels,
particularly at bridges and culverts in downstream,
channelized sections of the torrenteras. When
channelization was very extreme, like in areas
where development abutted concrete-reinforced
channels, there was even inundation on roads and
around houses. All forrenteras had large stretches
where the velocity hazards were large enough to
destabilize both humans and vehicles, and these
flows become more extreme in channelized sections
of the torrenteras. Development has also moved
into unstable channel sections, encroaching on the
channel floodplain, and putting these buildings in
danger of collapse.

This analysis of hazards can be used for
multiple stakeholder groups in Arequipa. This

JOURNAL OF CONTEMPORARY WATER RESEARCH & EDUCATION

method can be used to create extensive, detailed
maps for all forrenteras, thus providing these
groups with specific information on hazard areas.
Using this information, disaster risk managers can
create evacuation routes, prioritize road closures,
and create warnings of high hazard zones. Water
authorities, municipalities, and planners can work
together to create development boundaries based
on hazard maps. Planners can also engage with
community members to build understanding of
where hazards exist in the forrenteras and the
importance of respecting development boundaries.
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