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Abstract: The coastal city of Guasave, Sinaloa, located on the Mexican Pacific coast, is subject to
extreme precipitation events, which have caused flooding with damage to the city’s infrastructure.
The factors that influence flooding are vegetation, geology, degree of soil saturation, drainage
characteristics of the watershed, and the shape of the topographic relief. Of the above factors, the
topographic relief, which is the subject of the study, has been partially modified in some areas by
infrastructure works (from 20.2 m to 17.6 m), and the population of the urban area has grown by
51.8% in 17 years (2004–2021); therefore, the objective is to evaluate the potential flood risk due to
changes in this factor and the growth of the urban area. When using this method, the potential flood
risk was determined considering four extreme events, 1982, 1990, 1998, and 2019. It was found that
the potential risk increases for the whole city, being more intense in sector III, which, before the
modification of the topographic relief, was the area with the lowest risk of flooding. In an extreme
event such as Hurricane Paul in 1982, practically the entire city would be flooded.

Keywords: climate change; extraordinary floods; flood; high water; risk

1. Introduction

Urban population growth is a preponderant phenomenon for today’s governments
since it defines the direction of social policy in terms of safety and the provision of so-
cial welfare services. For a planned urban expansion, Getu and Bhat [1] consider those
safe and sustainable policies and strategies should be adopted to avoid urban growth in
hydrogeological risk areas.

Historically, the world’s population has lived in rural environments, but the lack of
economic opportunities in rural areas has led to accelerated migration and population
growth toward urban environments [2]. Latin American and Caribbean countries are prone
to hydro-meteorological natural disasters, which represent a threat to the population’s
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livelihoods and economic losses; in this context, the scientific analysis of the phenomenon
allows providing relevant information linked to future climate and flood scenarios to
anticipate potentially realistic preventive solutions [3]. Likewise, they require evaluations
of the frequency and distribution of events for decision-making regarding urban expansion
and the lack of efficient public policies [4]. Migration, population growth, and the lack of
urban planning have generated informal and unstructured human settlements, which, in
many cases, change land use with modifications to the topographic relief and environmental
impacts, leading to alterations in the thermal, hydrological, and physical properties of the
land surface [5–9]. These changes modify the flow path of surface runoff, increasing the risk
of flooding [10] in urban areas, intensified by climate change, causing enormous human
and infrastructure losses [11]. Lee et al. [12] propose a sustainable design strategy based on
the concepts of robustness, speed, redundancy, and ingenuity to improve flood resilience.

In recent years, the issue of floods has generated greater awareness among decision-
makers, especially due to extreme precipitation related to climate change, as they represent
significant hazards, especially in urban areas where the population is settled [13–15]. The
increase in these phenomena represents a serious threat to urban safety and sustainable
development [16]. Ishiwatari and Sasaki [17] consider that, since one of the objectives
of sustainable development is to invest in natural disaster risk reduction since natural
disasters affect the development of towns by causing human and economic losses, then
the limits of urban growth must be delineated. This has proven to be an effective route to
avoiding hazardous situations [18].

Huang et al. [19] point out that urban planning is an issue that has been incorporated
into the global sustainable development agenda. As an element of urban planning, urban
storm flooding has attracted global attention [20]. This has led to the use of scientific
models of urban expansion, such as the one mentioned in Al Rifat and Liu [21], with
the urban growth prediction system. Lei et al. [22] suggest identifying flood-prone sites
in urban environments, which, in the face of scarce hydraulic information, accurately
map geographic susceptibility, seeking meaningful information to support government
management decisions.

Data from geospatial information systems, maps, and remote sensing have become a
useful tool for identifying recent and future urban growth patterns and assessing potential
flood impacts, allowing authorities to plan and manage growth towards less risky areas
and take effective mitigation measures [23–25].

Shrestha et al. [26] emphasize that the accuracy of hydrologic and hydrodynamic mod-
els used to study urban hydrology and predict urban flooding depends on the availability
of data on installed infrastructure as well as the high resolution of topographic relief. This
information is often lacking, thus motivating government decision-makers to improve risk
management practices to substantially reduce the causes of flooding [27].

Urban flood risk mapping, future scenario planning for the directional management
of urban growth, and risk assessment are resources that play a decisive role in political
management and governance to face the challenges of climate change and flood risk [28–31].
Therefore, it is necessary to have instruments that authorities rely on to generate strategic
logistics to conserve, divert and use flood flows [32].

The city of Guasave has been exposed to hurricanes and floods since its founding, until
the most recent extreme event, Hurricane Isis, which flooded parts of the city of Guasave
in 1998, even though the river and streams are regulated by dams and reservoirs upstream.

Due to extreme events, the Sinaloa River and Ocoroni Creek have overflowed, flood-
ing the city of Guasave, Sinaloa in 1775, 1895, 1928, 1943, and 1958. In the 1943 and
1958 floods, the estimated discharge of the Sinaloa River was 3500 m3/s and 2500 m3/s,
respectively [33].

Palafox et al. [34] have determined in the study area a return period of 25 years for
intense floods, it has also indicated that the anthropogenic alterations in the topographic
relief, the extraction of stone materials from the Sinaloa River, as well as the siltation of the
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river channel, affect the intensity of the floods, without having determined the effect of the
change in the topographic relief in the floods considering the urban growth.

Martínez [35] indicates that among the factors that influence the flood are the vege-
tation, geology, degree of soil saturation, drainage characteristics of the basin, and topo-
graphic relief form. In the case being analyzed, the topographical relief has undergone a
quantifiable change, so when evaluating this change in the context of the growth of the
urban sprawl, the potential risk of flooding is obtained.

Even though floods have occurred, the city continues to grow. The growth leads to
modifications in the shape of the topographic relief and consequently of the direction of
surface flow [36], which causes flooding in the city.

Then, considering the records of the water level elevation scales measured at the
gauging station on the course of the Sinaloa River, the cost of the floods from 1976 to 2018,
the quantification of the growth of the urban area, and the shape of the current topographic
relief, so in this work, the objective is to determine the potential risk of a flood in the city
due to changes in the topographic relief of the city considering the growth and distribution
of the urban growth.

This study is fundamental for the development of public risk management and pre-
vention policies that make life sustainable in the city of Guasave, Sinaloa, and in others
where similar studies are carried out.

2. Materials and Methods
2.1. Description of the Study Area

The city of Guasave is located on a coastal plain of the Pacific Ocean, in the state of
Sinaloa, northwestern Mexico, between coordinates 25◦31′29.97′′ and 25◦35′52.48′′ north
latitude and 108◦26′33.7′′ to 108◦30′8.16′′ west longitude (see Figure 1). The city of Guasave
has soils of alluvial origin from the Cenozoic Era and the Holocene period [37]. Its climate
is dry, very warm, and hot, with summer rainfall and a mean annual temperature of 24.8 ◦C
for the 1986 to 2015 series. The average annual precipitation is 875.6 mm (1986 to 2016
series). Both data series correspond to the Jaina weather station, which is the closest to the
city of Guasave [38].
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2.2. Growth of the Urban Layout

In order to determine the growth of the city, it was divided into seven areas whose
perimeters are limited by the city contour, highways, canals, and main boulevards (Figure 2).
From the nominal lists of the National Electoral Institute for the years 2004, 2007, 2009,
2012, 2015, and 2021, the location and number of people over 18 years of age in the different
areas were obtained.
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Figure 2. Division of the city of Guasave into 7 areas to monitor the population and territorial growth.

In order to determine the spatio-temporal growth of the city of Guasave, the population
growth contour of the orthophoto of January 1994 G12D28E of INEGI [39] was digitized,
as well as the contours of the historical satellite images of Google Earth Engine (GEE) for
the years 2003, 2006, 2011, 2013 and 2020. Google Earth has applications in environmental
and urban studies [40] with potential uses in fields such as human geography, geoscience
education, and archaeology [41].

Google Earth images are basic for the determination of territorial growth, which
coincides with the opinion of Taiema and Ramadan [23], who points out that geospatial
and remote sensing information allows the identification of recent urban growth patterns.
Likewise, it is important to analyze city growth trends and to take care of croplands
as a source of food and income, as pointed out by Roy and Kasemi [5], who note that
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urbanization processes modify the environment and economic and social profile of peri-
urban areas. Likewise, Huang et al. [19] point out that it is necessary to make adjustments
in land use policies in the face of the potential impact of urbanization, which makes sense
since, in this study, agricultural areas are being affected.

2.3. Topographic Relief

The elevation of the terrain relief was obtained by precise GNSS positioning solution
using an array of two SimpleRTK2B boards and two low-cost Ardusimple multiband
antennas used in RTK (real-time kinematic) mode. The board contains the dual-frequency
Ublox ZEP-F9P chip integrated, and an antenna is connected to it, so two configurations are
made: board-antenna as transmitter and board-antenna as the receiver. The transmitting
antenna is placed at a known coordinate point of the International Reference Frame ITRF08.
The receiving antenna is placed on the roof of a car, and the data recorded by it are corrected
using the NTRIP client protocol (Emlid Caster) via cellular internet connection. At each
measurement point, the aim is to have the greatest satellite coverage and to have a FIX
adjustment mode. In wooded areas or buildings, the recording periods were longer than in
flat places, and, to achieve this adjustment, this RTK array was used because it is currently
one of the most accurate real-time kinematic positioning methods [42,43].

The measurements obtained with the aforementioned instrument were checked against
pre-existing geodetic measurements, as other authors have undertaken in geodetic applica-
tions [44–46], so this surveying equipment is centimeter-accurate, productive, and economical.

3. Results
3.1. Population Growth in the City of Guasave

Considering that the population census in Mexico is conducted every ten years and,
provided the population dynamics, it is necessary to have counted in shorter periods to see
how the population grows and is distributed in the territory. Regarding population growth,
the electoral rolls were considered since, at least every three years, there are elections in
the locality. The period from 2004 to 2021 was considered, that is, a period of 17 years.
In that period, the electoral roll increased by 32.83%. In the city, the increase was 51.82%,
congruent with Henríquez et al. [2]. The current demographic trend is to live in urban
environments. Considering the seven areas into which the city was divided, there are
differences among them, so that in zone III, the growth was 235.2%, followed by zone VI
with 80.69% (See Table 1).

Table 1. Population growth considering the nominal list of the National Electoral Institute (INE),
period 2004–2021.

Area 2004 2007 2009 2012 2015 2021

I
4972 5484 5849 6628 7184 8537

0 10.30% 17.64% 33.31% 44.49% 71.70%

II
3040 3156 3191 3931 3118 4602

0 3.82% 4.97% 29.31% 2.57% 51.38%

III
4767 6082 7120 9693 11,901 15,979

0 27.59% 49.36% 103.34% 149.65% 235.20%

IV
12,343 12,490 12,495 12,823 11,571 14,013

0 1.19% 1.23% 3.89% −6.25% 13.53%

V
9227 9129 9005 8492 7999 9259

0 −1.06% −2.41% −7.97% −13.31% 0.35%

VI
1186 1299 1395 1540 1510 2143

0 9.53% 17.62% 29.85% 27.32% 80.69%

VII
6546 6845 7050 7456 7944 9354

0 4.57% 7.70% 13.90% 21.36% 42.90%
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Table 1. Cont.

Area 2004 2007 2009 2012 2015 2021

City 42,081 44,485 46,105 50,563 51,227 63,887
0 5.71% 9.56% 20.16% 21.73% 51.82%

Municipality 176,426 183,478 190,048 199,663 199,650 234,350
0 4.00% 7.72% 13.17% 13.16% 32.83%

3.2. Territorial Growth of the City of Guasave

By superimposing the contours of the 1994 INEGI orthophoto with those of the
historical images of the Google Earth application, the spatial and temporal variation of
the growth of the city of Guasave was obtained (see Figure 3). Population growth extends
to the west and southwest of the city, which coincides with the increase in population
reflected in the nominal lists.
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The correlation coefficient between the variables time and urban land area is r = 0.985
(see Figure 4). The equation that justifies this coefficient is:

A = 241,453t − 46.96 × 107 (1)

where A is the area in m2 and t is the time in years.
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From the slope of this graph, the city grows at a rate of 25 hectares per year.
Figure 5 shows the territorial expansion over time, showing that the city is growing in

and towards agricultural land, which, if this growth trend continues, could jeopardize the
municipality’s food security.
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3.3. Topographic Relief

The topographic relief, which is the subject of the study, has been partially modified in
some areas by infrastructure works. In 2012 the work of piping the canal that divided areas
III and IV was completed, modifying the topographic relief so that the height of the terrain
changed at the boundary; before the piping, the height varied from 17.6 m to 20.2 m; with
the piping, the height ranges from 16.4 to 18.8 m, leaving sector III vulnerable to flooding.
The section of the topographic relief that was modified by this work is approximately
3 km long.

3.4. Flood Risks

The National Water Commission, through the North Pacific Regional Management
and Irrigation District 063, provided information on the maximum extraordinary floods of
the Sinaloa River, see Table 2. Columns two and three show the heights of the water level,
referred to as mean sea level (m.a.s.l.), the scales, as well as the Sinaloa River discharge.
These data correspond to the gauging station, Jaina, located at the toll bridge on the Mexico
15 international highway.

Table 2. Record of extraordinary floods on the Sinaloa River as it passes through the city of Guasave.

Date Scale
m.a.s.l.

Outflow
m3/s

Hydro Climatological
Phenomenon

2 October 1976 15.89 1520.00 Extraordinary Rainfall
3 September 1978 15.66 1259.00 Extraordinary Rainfall
4 September 1979 16.66 1825.00 Extraordinary rainfall

5 August 1980 15.25 1265.00 Extraordinary rainfall
10 October 1981 17.35 2228.30 Hurricane Norma
2 October 1982 18.05 2826.00 Hurricane Paul
9 August 1984 15.82 1367.20 Extraordinary Rainfall

10 August 1985 14.01 577.00 Extraordinary rainfall
3 October 1986 15.78 748.20 Hurricane Payne

12 July 1990 15.72 771.00 Extraordinary Rainfall
12 December 1990 15.60 723.00 Extraordinary Rainfall
26 September 1991 14.15 315.00 Extraordinary Rainfall
25 December 1991 14.36 350.00 Extraordinary Rainfall

27 January 1992 15.07 472.00 Extraordinary Rainfall
14 September 1993 14.90 444.00 Extraordinary Rainfall
14 November 1994 16.24 969.00 Extraordinary Rainfall
16 September 1995 15.24 510.00 Hurricane Ishmael
15 September 1996 15.51 599.20 Hurricane Fausto
4 September 1998 17.60 1798.00 Hurricane Isis

21 September 2015 14.94 426.000 Extraordinary Rainfall
22 September 2018 14.93 412.440 Extraordinary Rainfall

Figure 6 shows the relationship between the water level height of the Sinaloa River
versus discharge at the gauging station mentioned above. This was obtained with 617 ob-
servations for the period 2012–2020. The correlation coefficient for this series is r = 0.969,
and the relationship is:

Q = 0.264 × 10−6 h7.97619 − 5.55 (2)

where Q is the discharge in m3/s and h is the height in meters above mean sea level.
This equation indicates that an increase in his is associated with an increase in Q and vice

versa. The scale varies from 14.01 to 18.05 m over 42 years, with a mean value of 15.65 m.
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3.5. Possible Causes

Considering the current topographic relief configuration and the assumption that
extreme precipitation events are to be repeated, Figure 6 shows four possible scenarios of
potential flood risks for the city of Guasave and its immediate surroundings.

In 2018 the water level of the Sinaloa River reached 14.93 m high, with an outflow of
412.44 m3/s. With that height, it is observed in Figure 7A that the southwest of the city
would be affected. It is worth mentioning that when this event occurred, sector III was not
flooded due to the presence of the channel, which to date has been piped in a portion of
approximately 3 km.

On 12 July 1990, the water level of the Sinaloa River reached a height of 15.72 m with
a discharge of 777.1 m3/s. Figure 7B shows that with that elevation, the water level would
reach the urban area of the city.

On 4 September 1998, Hurricane Isis generated a water flow that reached a height of
17.6 m with a discharge of 1798 m3/s. This affected neighborhoods in the city. This affected
neighborhoods in the city of Guasave. It is important to note that area III was not affected
because the channel described above passed between areas III and IV. If this extreme event
were to occur again, so that the water reaches a height of 17.6 m, areas III, IV, VI, and VII
would be affected, i.e., area III would be included, see Figure 7C.

On 2 October 1982, Hurricane Paul generated a flow of water that reached a height of
18.05 m and a flow rate of 2826 m3/s. In the event of a repetition of this storm and reaching
the height of 18.05 m, with the current topographic relief, most of the city of Guasave would
be flooded, see Figure 7D.

With the information provided by the Guasave City Hall [33], it was possible to
identify the territorial extension flooded by Hurricane Isis in 1998. The affected areas were
digitized, see Figure 8A. Note that zone III was protected from flooding by the presence of
the canal. If a phenomenon similar to that of 1998 were to occur again, the potential risk
of flooding would increase, especially in the eastern and southeastern sectors, due to the
absence of the canal.

The probability of a recurrence of a phenomenon such as Hurricane Isis is high since in
the studies carried out by Palafox Avila [36], upon analyzing the maximum water discharge
over the Sinaloa River using the log-Pearson type III and Gumbel models, he concluded
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that the probability of a recurrence of a discharge such as that of 1998 for the next 25 years
is 96% and for the next 50 years it is 98%.
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Figure 8. Comparison between the impact in the event of a repetition of an extraordinary flood
such as the one in 1998 with hurricane Isis. (A) flooded area in the city of Guasave in 1998, (B) New
scenario considering current conditions.

In the images shown in Figure 9, two cross-sections of the river can be seen. Profile one
shows the behaviour of the slope of the terrain, which as it moves away from the right bank
of the Sinaloa River, its height decreases; likewise, it can be seen that with the piping of the
canal that passes through the city of Guasave, the height of the pipe practically coincides
with that of the terrain. On the other hand, profile two shows a low point in the central part,
where water from the Sinaloa River could enter the city in the event of an extraordinary
flood. The prolongation of the canal that can be seen constituted artificial protection to
sector III of the city.

The images shown in Figure 9 show profiles one and two transversal to the river, as
well as profile three parallel to the river. Profile one shows that as it moves away from the
right bank of the Sinaloa River, its height decreases; likewise, it can be seen that with the
canal piping that passes through the city of Guasave, the height of the terrain practically
maintains the same elevation. On the other hand, profile two shows a low point in the
central part, where water from the Sinaloa River could enter the city in an extraordinary
flood, depending on the amount of water passing through at that time. This profile also
shows a channel that acts as artificial protection to sector VI of the city.

Profile three of Figure 9 shows the current topographic relief of the city of Guasave
and, with dotted lines (inferred from some remnants), shows the level before the canal was
piped through the city. The current relief generates conditions of potential flood risk in
zones III and VI due to the decrease in the height of the topographic relief.
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4. Discussion

In addition to the natural causes of floods [47], there are anthropogenic causes such as
modifications to the topographic relief and the growth of urbanization of the land. These
two factors have been considered in this work as elements in the potential risk of flooding
caused by extreme events. Efforts are also being made in other latitudes to reduce the
effects of floods caused by floods.

Poku-Boansi et al. [13] state that recent years have been characterized by a greater
awareness of flood hazards and other natural disasters. Lei et al. [22] consider that it is
necessary to identify sites vulnerable to floods in urban environments to mitigate their
effects. Dumedah et al. [10] recommend that intervention efforts and the creation of
adequate spaces for water to flow during a flood should be promoted.

Kiss et al. [48], when studying floods in a confined floodplain river in Lower Tisza,
Hungary, found that to mitigate the effects of a flood, riverine vegetation should be properly
managed since it influences the speed and duration of flooding, and recommends placing
artificial works to increase the height at crucial points.

Osei et al. [49] studied return periods using Gumbel’s extreme value theory with data
from the Pra River in Ghana, West Africa, to evaluate future flood risks, recommending the
construction of hydraulic structures such as dams and reservoirs to adapt to flooding in the
basin. In this work, we used the calculations on return periods of Palafox Avila, [36], who
uses the Gumbel function and log-Pearson type III, finding that the extreme event of 1998
can occur every 25 years with a probability of 96%.

Bang and Burton [50] conducted a study on flooding problems by the River Steeping in
England to know the contemporary perception of flood risk, conducting surveys to the pop-
ulation which indicated that it is important to provide regular maintenance/reinforcement
of flood defenses, construction of more levees/terraces along the River Steeping, greater
awareness/knowledge of the community and responsibility among others.

Thapa et al. [51] assessed flood hazards from frequent flooding of the Khando River
basin in eastern Nepal using 47 years of rainfall data and estimated the water column
thickness of a flood for the basin. From return periods of 20, 50, 100, and 200 years
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they generated flood risk maps as well as floodwater column thickness, thus creating
vulnerability and fragility functions. In this work, flood thicknesses were also generated,
as well as flood surfaces framed by sectors, as well as the flood risks of the city in the face
of four potential events, that is, the efforts to identify flood risk or danger zones are efforts
that are made in different latitudes under the considerations of each place or region, in this
work the importance of the anthropogenic modification to the topographic relief and the
growth of urbanization zones for residential use has been emphasized.

5. Conclusions

The potential flood risk of the city of Guasave in the face of possible extreme events was
determined. The risks of the six sections into which the city was divided were determined
differentially. The anthropogenic variables causing the risk of flooding were considered
as modifications to the topographic relief, as well as the rate of urban growth of the city
without considering the shape of the topographic relief, that is, without having previously
identified the areas of greatest risk of flooding. The growth of urbanization was determined
for 17 years from historical images, finding that it grows at a rate of 25 hectares per year.
Growth is asymmetric and tends to occupy agricultural land on the right bank of the
Sinaloa River. The population in 17 years has grown by 30%. From the point of view
of the six sectors, population growth is heterogeneous, with some growing more than
twice as fast. The growth is towards the eastern and southwestern portions, and this is
corroborated with information from the INE (National Electoral Institute). On the other
hand, due to modifications to the topographic relief of sector III, it became vulnerable to
flooding; likewise, in general, the potential risk of flooding increased for the city due to the
additive effect of population growth and modifications to the topographic relief.
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