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Abstract. The Guadalajara Metropolitan Area (GMA), in
western Mexico, has experienced a rapid demographic and
urban growth in recent decades. As a result of land use
changes, an Urban Heat Island (UHI) has developed and
intensified, which reflects not only in air surface temperature
increases, but also in higher atmospheric moisture content
and more intense precipitation events. Storms have become
more frequent since the beginning of 1980s, which makes
them one of the major meteorological hazards for the city.
Such an increase in strong storms appears to be related
to the urbanization process which in turn, has increased
the vulnerability of the GMA to intense rains. The urban
expansion towards the higher parts of the region has led to
more water runoff and flash flood events in the low-level
parts of the metropolitan area. An analysis by means of
observed meteorological data and a rainfall — runoff model
shows that the combined effect of increased precipitation
and vulnerability results in a higher risk of urban flash
floods. The loss of natural vegetation, the main roads that
act as water channels that converge into the central part
of the city, an insufficient drainage system and the lack of
prevention actions have resulted in more frequent urban
flash floods. All these vulnerability factors are associated
with an inadequate urban expansion process. The model
of flood risk may be used to define adaptation measures to
face a changing climate.

Keywords: Urban flood risk, urban heat island, climate
change, storms, rainfall-runoff.

Resumen. La Zona Metropolitana de Guadalajara (ZMG),
en el occidente de México, ha experimentado un rdpido cre-
cimiento demogrifico y urbano durante las dltimas décadas.
Como resultado de los cambios en el uso del suelo, se ha
desarrollado e intensificado una isla de calor urbano (UHI),
que se refleja no solo en aumentos de la temperatura de la
superficie del aire, sino también en un mayor contenido
de humedad atmosférica y eventos de precipitacién mds
intensos. Las tormentas se han vuelto mds frecuentes desde
principios de la década de 1980, lo que las convierte en uno
de los principales peligros meteorolégicos para la ciudad.
Este aumento de tormentas fuertes parece estar relacionado
con el proceso de urbanizacién que, a su vez, ha aumentado
la vulnerabilidad de la ZMG a las lluvias intensas. Esta ex-
pansion hacia las partes mds altas de la regién ha provocado
mds escorrentias y eventos de inundaciones repentinas en las
partes bajas del drea metropolitana. Un andlisis por medio
de datos meteorolégicos observados y un modelo de llu-
via—escorrentia muestra que el efecto combinado de mayor
precipitacién y vulnerabilidad resulta en un mayor riesgo de
inundaciones urbanas repentinas. La pérdida de vegetacién
natural, las vias principales que actian como canales de agua,
que confluyen en la parte central de la ciudad, un sistema
de drenaje insuficiente y la falta de acciones de prevencién
han dado como resultado inundaciones urbanas sdbitas
mis frecuentes. Todos estos factores de vulnerabilidad estin
asociados a un inadecuado proceso de expansién urbana.
El modelo de riesgo de inundaciones puede utilizarse para
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definir medidas de adaptacion para hacer frente a un clima
cambiante.

Palabras clave: riesgo de inundacién urbana, isla de calor
urbana, cambio climdtico, tormentas, lluvia-escorrentia

INTRODUCTION

The number of hydro-meteorological disasters
associated with extreme precipitation is increasing
around the world in recent decades, particularly
since the 1980s (Hoeppe, 2016; Kashyap and
Mahanta, 2018, Zaniga et al, 2018). This trend
has been frequently associated with global climate
change (Hettiarachchi, ez 2/ 2018), but some un-
certainties on the main processes that contribute to
more floods remain (IPCC, 2021). More intense
rainfall events and floods in large metropolitan
areas are affecting millions of people every year,
and this will continue in the coming decades gi-
ven the tendency for more people to live in urban
environments (Kang ez a/, 2021). To examine the
increasing number of urban flash floods one should
consider not only climatic trends, but also land use
changes and other factors that have made these
regions more vulnerable to intense rains (Chang,
H. and Franczyk, J., 2008; Rahman, et. al. 2016).
The lack of urban development plans or new in-
vestments to improve hydraulic infrastructure are
among the factors that increase the risks of flash
floods (Park and Lee 2019). As the city grows, the
permeable soil is replaced by impermeable surfaces
such as roads, roofs, parking lots, and sidewalks that
store little water, reduce infiltration of runoffs, and
accelerate storm water flows to ditches and streams
(USGS, 2003). Therefore, the increased risk of
floods largely depends on the development process
of the cities themselves (Kundzewicz, ez 2/, 2014).

Most cities around the world have strong UHIs
and are experiencing more severe storms given that
urbanization modulates surface heat and moisture
transfer processes in the planetary boundary layer
(PBL) (Song er al, 2018). A strong UHI affects
surface temperature and moisture convergence over
the urban zone, reducing the atmospheric stability
and increasing the chances of storm formation

(Zhang et al, 2017). Land use/land cover (LULC)
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changes and urbanization affect regional weather
and climate (Pielke and Niyogi 2009), as well as
the thunderstorm activity because of land surface
heterogeneity (Liu and Niyogi 2019). In this way,
the UHI tends to augment the magnitude of the
meteorological hazards, such as intense storms,
a key component of the risk of floods in urban
environments.

A closer look at the rapid demographic and
urban growth shows that large cities not only ex-
pose more people to intense hydro meteorological
hazards but also, contribute to their vulnerability
(Niyogi et. al., 2011; Zaniga and Magana 2018).
In most metropolitan areas of Mexico, urban floods
are a recurrent problem during the rainy season.
The drainage infrastructure, mostly built in the
1950s — 1970s, is now insufficient to control storm
water runoffs. The various efforts of government
agencies to reduce such problem have mostly
focused on more hydraulic infrastructure where
floods occur but so far, this approach has not been
successful as the number of flood reports increa-
ses year after year (Eakin and Appendini 2008).
Almost 80% of Mexicans are expected to live in
urban settlements and large cities in the next two
decades. So, even when the metropolitan areas offer
better standards of living compared to most rural
areas, the increasing risk of hydro-meteorological
disasters will constitute a drawback, for those in
the periphery and even in the central, more con-
solidated parts of the city. Identifying the main
causes of a larger number of hydro-meteorological
disasters in Mexican cities requires characterizing
the factors that induce local climate changes and
the elements that are making them highly vulne-
rable to intense storms.

The GMA, in the state of Jalisco in western
Mexico, faces the challenge of providing urban
services to a rapidly growing population. Like most
large cities in Mexico, the GMA grew explosively
during the second half of the twentieth century
(Monkkonena ez al, 2017). The urban population
of the GMA increased from around 500,000 people
in the early 1950s to almost 5 million people in
2020, which makes it the third most populated
city in Mexico (INEGI, 2021). The largest rate of

demographic and urban growth took place mainly
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in the 1970s and 1980s. However, the limited
planning during this period resulted not only in an
UHI and the reduction of human thermal comfort,
but also in more vulnerability to intense rains and
urban flash floods (Felix, 2005).

Hernandez-Uribe et 4/ (2017) examined the
case of the Atemajac river, in the GMA, and de-
termined the most vulnerable regions to intense
rains, water overflow and floods were along the
riverbanks. However, in the GMA floods are not
confined to the Atemajac riverbanks but are scat-
tered over most of the low-level parts of the urban
zone. Even more, the Atemajac river nowadays is
hardly a natural flow of water since it has been
channeled or modified at various parts of its path.
As in most large cities in Mexico, rivers in the
GMA have been channeled or piped, and are no
longer draining in a natural way. At present, city
roads in the GMA frequently act as water channels
that connect adjacent hydrological basins, which
makes the storm runoff to converge into the central
low-level parts of the city, where most floods occur.
Therefore, in addition to the observed changes in
storm activity, a more comprehensive analysis of
urban floods in the GMA requires considering
the infrastructure elements that have changed the
natural hydrological flows.

This study presents a relatively straightforward
approach to show estimate the risk of floods, con-
sidering the role of urbanization that results in
an UHI that enhances the hydrological cycle and
increases vulnerability to intense rains. By means
of data and methodologies frequently available, it
is shown that hydrological basin degradation, larger
runoffs, reduced infiltration capacity in the urban
zone and urban expansion are dynamic factors that
contribute to higher risk and more urban floods
in recent years. Rainfall — runoff estimates serve
to determine the risk of flash floods by combining
hazard (storms of more than 20 mm/hr) and vul-
nerability factors, and to rank probabilities of a
negative impact, ie., risk of urban flash floods. The
proposed method may also serve to propose risk
management strategies and adaptation to climate
change actions for the near future.

The main objective of the present study is to
show how urban expansion in the GMA simulta-
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neously contributes to increasing meteorological
hazard (intense rains) and to augment vulnerabi-
lity. The paper is divided in the following manner.
Section 1 corresponds to the Introduction of the
problem. Section 2 describes data and methodolo-
gy. Results are shown in section 3, while summary
and conclusions are given in section 4.

DATA AND METHODOLOGY

Estimating meteorological risks requires a cha-
racterization of the natural hazard and vulnera-
bility factors. In this analysis, the natural hazard
corresponds to the probability of intense storms
of more than 20 mm/day. The domain of interest
corresponds to the GMA located in the state of
Jalisco, in western Mexico (Fig. 1). It is defined
as a group of municipalities, with an urban zone
located in its central part. By the end of the twen-
tieth century, the GMA total area was 3265.5 km?
and the urban zone had an area of around 1327.5
km?. Most of the hydrological sub-basins drain to
the Huentitan canyon, in the northern part of the
GMA. The urban zone is in the central part of
the GMA at the lowest elevation zone.

Intense precipitation activity over this region
may be characterized with reports of accumulated
daily precipitation, since this is almost equivalent
to using hourly reports given that most precipita-
tion events correspond to short period convective
storms that occur in less than one hour (Fig. 2).
Considering precipitation events of more than 20
mm/day and using the ten minutes precipitation
rates records at the Guadalajara Automatic Weather
Station (20.70638N, 103.39222W) for the 2000
- 2012 period (CONAGUA 2020), it is observed
that storms usually last less than one hour, i.e,
hazardous events of more than 20 mm/hour are
almost equivalent to reports of more than 20 mm/
day. Daily precipitation data for the 1960-2018
period serve to characterize intense precipitation
activity over the GMA.

Storms with 20 mm/day precipitation or more
(equivalent to 20 mm/hr or more) are considered
a threshold value that may result in urban floods.
Other statistics used to characterize the long-term
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Figure 1. The Guadalajara Me-
tropolitan Area (GMA) in the
western part of Mexico (black
thick contour), the urbanized
zone in its central part (light gray)
and the location of automatic
weather stations (red triangles)
and the meteorological
observatories (green squares and
circles). Yellow and pink circles
correspond to urban and non-
urban weather stations. Shades
of gray denote topography and
black and blue thin solid lines
denote sub-basins and streams,
respectively

103°W

evolution of extreme precipitation activity are the
90% and 95% percentiles of daily precipitation
along with the annual number of events of more
than 30 mm/day reported in observatories. This
information is used to examine the role of the UHI
as the most important form of climate change at
the local level.

Daily reports of precipitation and maximum
surface temperature for the GMA are used to do-
cument the process of climate change associated
with the formation of an UHI. These data were
obtained from around 40 surface weather stations

from the network of weather stations managed by
the Mexican Weather Service (CONAGUA, 2020)
over the domain of interest during the 1950-2020
period. There are at least 20 weather stations mea-
suring over the urban zone and periphery of the
GMA, including an automated weather station
since the year 2000.

The data from these weather stations were ob-
jectively analyzed and interpolated to obtain daily
grids of 4km X 4km spatial resolution, using a
successive correction scheme (Cressman, 1959).
Interpolated surface temperature data from in-
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Figure 2. Precipitation rates
(mm/10 minutes) for storms of
more than 20 mm/day in the
GMA between 2000 and 2012
at the Guadalajara automated
weather station.
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terpolated North American Regional Reanalysis
(NARR) data were used as preliminary (first guess)
fields. For precipitation, a zero-precipitation field
was used as initial guess. The daily objectively
analyzed gridded fields of maximum temperature
and precipitation span for the 1950-2018 period.
The quality of such fields was determined by com-
paring pixel values with data from nearby weather
stations (not shown). The correlation between these
time series was usually above 0.8 for most weather
stations. The METAR data from the Guadalajara
airport weather station was considered as an inde-
pendent reference data to obtain information on
specific humidity and temperature, and to validate
meteorological fields from reanalysis. The METAR
data were obtained from the ASOS/AWOS Global
METAR Archives of the Iowa State University
(2020) and complement upper-level meteorologi-
cal data from the Guadalajara airport radiosonde.
Precipitable water, Convective Available Potential
Energy (CAPE) and Convection Inhibition Index
(CIN) data for the 1990-2020 period are used to
document the effects of the UHI in changes in the
hazard. These data are available at the Integrated
Global Radiosonde Archive (IGRA) derived varia-
bles Version 2 (Durre et al, 2016).

Data from the NCEP/NCAR Reanalysis for the

1948-2020 period are also used to examine meteo-

rological trends of temperature and humidity in the
lower tropospheric levels (PBL) associated with the
UHLI. The reliability of such data is determined by
comparing them with the atmospheric soundings
at the Guadalajara airport.

The vulnerability to intense precipitation is
estimated by means of data (indicators) on the
physical (steady) and environmental (dynamic)
factors that affect runoff or infiltration. We ac-
knowledge that there is no universally accepted
methodology to represent vulnerability to extreme
meteorological events but, whatever the approach
is, the resulting estimate of risk should describe
part of the spatial and temporal characteristics of a
disaster (Zuniga and Magana 2018). Vulnerability
expressed in terms of exposure, susceptibility, and
adaptive capacity, or may be in terms of physical
environmental, social, and economic factors. There
are numerous reviews on what floods vulnerability
and vulnerability to intense rains means, but each
has some advantages and limitations (Birkmann
& Wisner, 2006; NEMO, 2018; Rehman et al.,
2019).

Vulnerability to intense rains is related to oro-
graphic factors that may be considered its steady
component. High spatial resolution data on the
topography over the domain of interest was obtai-

ned from the JAXA Digital Surface Model (DSM)
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with 30 m X 30 m horizontal spatial resolution
(Takaku ez al, 2020). The DSM is used to represent
vulnerability by means of the so-called topogra-
phic wetness index (TWI) (Neteler and Mitasova,
2008), which combines heights and slopes that
make a region prone to experience floods (Beven,
K.J. and Kirkby, M. J. 1979). In this study, the
TWI may be considered the steady part of the
vulnerability and is evaluated by means of the slope
and the upstream contributing area per unit width,
orthogonal to the flow direction using:

A
TWI = Intanﬁ' 1)

where, A = is the contribution area (m) (number
of pixels that drain to a single pixel per unit width),
and f3 is the angle of the slope (degrees). The effect
of roads, acting as water channels from the higher
elevation to lower elevation basins, was estimated
and added as part of the steady vulnerability factor
in the GMA.

The dynamical part of vulnerability refers to
the environmental factors that change on longer
time scales. The most important ones have to do
with land use changes and the capacity of the
hydraulic infrastructure. Data on land use of the
region are from the (Mexican) National Institute
of Geography and Statistics INEGI, 2017). These
data are derived from satellite images with high
spatial resolution (30 m x 30 m), that served to
characterize the urban expansion of the GMA
since the 1980s. Information on changes of the
vegetation corresponds to the MODIS-Enhanced
Vegetation Index (EVI) (Huete ez a/, 2002) for the
2000-2020 period. The EVI data have a spatial re-
solution of 250 m x 250 m and are obtained from
the International Research Institute for Climate
and Society (IRI) archives (IRI/LDEO Climate
Data Library, 2013).

The HEC — HMS routines (Feldman, 2000)
serve to simulate the hydrology of highly deve-
loped urban watersheds. It allows to quantify the
effects of land use changes that result in increased
water runoff, water accumulation and floods. The
rainfall-runoff routines to examine changes in the
infiltration (curve number) make use of land use

Risk of urban flash floods in the Guadalajara Metropolitan Area, Mexico

data from the INEGI (2017) archive for recent
decades. The infiltration coeflicients in the urban
zone vary from one region to another depending on
the characteristics of urbanization and the existing
hydraulic infrastructure. An estimate of capacity of
the drainage network system in the GMA (Sanchez,
2019) served to include the contribution of this
vulnerability factor to the total vulnerability of the
zone. The steady and dynamical vulnerability fac-
tors were normalized between 0 and 1 and averaged
to obtain a vulnerability index for every pixel in
the domain. The product of the probability of rains
above 20 mm/day (natural hazard) and the vulnera-
bility index result in risk of urban flood estimates.

In the present study, the activity of urban flash
floods in recent decades is associated with the
impacts. There is no attempt to deterministically
simulate the magnitude of the disasters in terms of
the depth of the urban floods, but only its activity
(number of reports of floods) and its changes in
recent decades. Various experiments were con-
ducted to examine how the urban expansion in
the GMA has increased vulnerability and the risk
of floods. The scheme was also used to estimate
the impact of some “climate change adaptation”
measures that may reduce vulnerability and chances
of flash floods.

The flood reports data base used to evaluate the
risk of flash floods, include the locus of the events
and an estimate of its magnitude, in terms of the
maximum depth of accumulated water. The quality
of the risk of flood model is determined by com-
paring the probabilities of risk with the number of
urban floods (activity) in the GMA. An empirical
scenario of urban development in the GMA served
to project how the risk of floods may change in
the coming years under urban expansion with and
without adaptation measures.

RESULTS

The Urban Heat Island (UHI) of the GMA

The explosive demographic growth in the GMA
led to a significant urban expansion and land use
changes that have altered the local climate and the
hydrological properties of the zone. Its largest rate
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of urbanization, in the central part of the GMA,
began in the 1980s and has continued since then.
The natural vegetation of the surrounding zone
has been transformed to agricultural fields, mainly
over the northeastern part of the GMA. The growth
of the urban zone augments the catchment area
with reduced infiltration capacity over the various
sub-basins. The main roads in the metropolitan
area converge to the central (lower) part of the
urbanization and frequently act as water channels
from the higher to lower elevations.

Risk of urban flash floods in the Guadalajara Metropolitan Area, Mexico

The urbanization and the expansion of the
agricultural frontier meant depletion of natural
vegetation and landscape transformations within
the city and the surroundings. For instance, bet-
ween the periods 2000-2004 and 2015-2019, the
GMA lost a large amount of vegetation due to
new human settlements over the periphery of the
urban zone (Fig. 4A). The Enhanced Vegetation
Index (EVI) indicates that the urban growth has
reduced “the green infrastructure” even within the
central parts of the city. The new settlements in the

103.5°W
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[ | water body

= Roads

Sources:
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Urban zone
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Red Nacional de Caminos (RNC), ESA Land Cover,

Figure 3. Main land uses and
roads (red lines) over the GMA.
The gray areas correspond to
the urban zone in 1985, 2002
and 2014. (Data source, INEGI
2017)
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Figure 4. Histograms for (A) daily maximum temperature
(°C) and (B) daily precipitation (mm/day), in the Central
Observatory of Guadalajara, Mexico, for three consecutive
periods: 1958-1982 (blue), 1983-1998 (orange) and 1999-
2020 (gray). )

periphery transformed more than 68% of the exis-
ting vegetation into concrete. In the La Primavera
Forest (103°35’- 103°28” W, 20037’- 20°45°N), a
natural protected area west of the GMA, the natural
vegetation has also diminished under the pressure
of nearby urban developments. The increase in
EVI, in the northwestern part of the GMA, corres-
ponds to agricultural fields that replaced natural
vegetation. Such changes in the landscape have
altered the thermal and hydrological properties of
the region, since the dominance of concrete and
other construction materials has resulted in larger
maximum land surface temperature compared over
the city, to the surroundings (Fig. 4B), that clearly
show the existence of an UHI.

Risk of urban flash floods in the Guadalajara Metropolitan Area, Mexico

The mean surface air maximum temperature
has increased in about 2°C in 50 years in relation
to the urban growth of the GMA. This may be ob-
served by means of a histogram of daily maximum
temperature from the Guadalajara Meteorological
Observatory (Fig. 5A), in the center of the city.
The very warm conditions (Tmax > 35°C) have
become more frequent in recent decades since the
probabilities for these events have changed, from
around 4% in the 1950s to almost 8% in recent
years. Extreme maximum temperatures are more
frequent between March and June, but they remain
relatively high (above 30°C) even during most of
the rainy season, between June and September.
Along with the increase in temperature, there is
a tendency for more intense precipitation events,
particularly those of more than 20 mm/day (Fig.
5B), that appear to be part of the UHI signals.

Changes in the hazard of intense

convective activity over the GMA

Several studies indicate that the existence of an
UHI affects the activity of storms in an urban
environment (Liu and Niyogi, 2019). In urban
zones, severe storms may become more frequent
due to a change in atmospheric stability (Zhang
et al 2017), an increase in tropospheric moisture
(Trenberth ez a/ 2003), or changes in the surface
roughness that affect heat and moisture fluxes near
the surface (Cao and Lin 2014). These factors have
changed in the GMA and appear to be resulting
in stronger convective activity since the 1980s.
For instance, events of precipitation of more than
30 mm/day recorded in urban weather stations
(vellow circles in Fig. 1) are now almost twice
as frequent than they used to be 40 or 50 years
ago (Fig. 6A), changing from around 6 (between
1960-1980) to around 12 (between 2000-2018).
However, in nonurban weather stations, over the
periphery of the city (denoted with pink circles in
Fig.1), the tendency to more intense precipitation
is weak, with around 5 events per year in the 1960s,
to around 7 events in recent years (Fig. 6B). The
altered surface conditions affect the precipitation
regime as the atmospheric stability and moisture
change, increasing the hazard of intense precipita-
tion at the local level.
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on September 06, 2016, over the GMA obtained from a Landsat image.
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Figure 5. (A) Difference in EVI between September 2015-2019 and September 2000-2004, and (B) land surface temperature
on September 06, 2016, over the GMA obtained from a Landsat image.

The observed change in the precipitation ex-
tremes activity may also be diagnosed by means
of the temporal evolution of the 90% and 95%
percentiles of daily precipitation. It is observed that
in almost all the sites of the GMA, the value of the
90% and 95% percentiles has increased (Table 1).
The 90% percentile in daily precipitation is nowa-
days more than 30 mm/days over most weather
stations of the urban zone.

Regional extreme weather activity may be
examined through the evolution of various at-
mospheric parameters that may be examined for
recent decades based on various data sources such
as: i) the NCEP/NCAR Reanalysis (Kalnay et al,
1996) which represent meteorological conditions
for a long period (1950-2020), ii) the surface
temperature and precipitation fields obtained from

the objective analysis of a high-density network
of weather stations in the GMA for the 1950-
2018 period, or iii) weather station records, such
as those from the atmospheric sounding and the
METAR data from the Guadalajara Airport. The
mean 850 hPa atmospheric level over the GMA
is at 1551 masl, close to the mean altitude of the
Guadalajara airport at 1529 masl. Meteorological
data at 850 hPa may be used as a reference to exa-
mine the atmospheric conditions near the surface,
in the PBL. The mean 850 hPa air temperature
(T 850 hPa) for the June — September period,
in a pixel over the GMA, shows a tendency to
increase in around 2°C in fifty years (Fig. 7A). Its
low frequency variations are coherent with those
observed in the objective analyses of surface tem-
perature averaged over the GMA. Both sources of
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temperature data show that the long-term warming
of the GMA began in the 1980s and continues
until now. This trend of temperature is also pre-
sent in the mean surface temperature data at the
Guadalajara airport (METAR) for the 2000-2020
period.

The mean specific humidity, at 850 hPa for
June — September over the GMA, also exhibits a
positive tendency after the early 1980s, which ap-
pears to stop after the 2010 (Fig. 7B). This signal

is also present in data of surface specific humidity

at the airport station for the 2000-2020 period. At
upper atmospheric levels over the GMA, moisture
is increasing. The reanalyzes of precipitable water
in the entire troposphere indicate a change from
around 42 mm in the 1950s to 45 mm in recent
years (Fig. 7C). An estimate of precipitable water
based on the Guadalajara airport sounding, from
surface to 500 hPa shows an increase close to 5> mm
for the 1990-2020 period. In summary, tempera-
ture and moisture over the GMA have increased
over the GMA PBL in recent decades, mainly
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Table 1. Precipitation (mm/days) percentiles (90% and 95%) in various stations in the GMA for the 1950-1972, 1973-
1995 and 1996-2018 periods. Values higher than 30 mm/day are indicated in bold font.

Weather Stations in the GMA

Precipitation percentiles 90% and 95% (mm/day)

1950 - 1972 1973 — 1995 1996 -2018
Name ID Longitude  Latitude ~ 90%  95%  90%  95%  90% 95%
Zapopan 14169 -103.392 20.720 259 37.5 28.5 40 33.2 425
8&‘3;‘333@ 14065 -103392 20706 22 321 294 379 306 403
Guadalajara DGE 14066 -103.346 20.676 25.5 39.2 27.5 35.8 31.5 40.3

La Experiencia 14329 -103.286 20.670 25.5 34.7 29.2 40
Tlaquepaque 14132 -103.311 20.638 24 32 28.2 38 30.5 40.5
Hajomulcode 14504 103447 20473 24 30 335 403

Ufiga

Ixtlahuacdn del Rio 14073 -103.250 20.889 24 33 26 35 27 35.5
Cuixtla 14038 -103.439 21.052 25 33.1 27 35 26.1 36.3
Zapotlanejo 14388 -103.068 20.622 26.8 34 259 33.6
Santa Rosa 14136 -103.726 20.906 30.4 345 27.8 37.2 27.9 37.8

1 Data Availability Statement

The datasets Analyzed for this study can be found in:

* The Mexican Weather Service (SMN): https://smn.conagua.gob.mx/es, accessed on 20 March 2020.
¢ Jalisco Ministry of Environment and Territory (SEMADET) http://siga.jalisco.gob.mx/aireysalud/descargas2020 ,

accessed on 20 March 2020

* IRI/LDEO Climate Data Library. http://iridl.ldeo.columbia.edu accessed on July 2, 2021.

* National Institute of Statistic and Geography (INEGI).(2017) https://www.inegi.org.mx/, accessed on 20 March 2020
* National Institute of Statistic and Geography (INEGI). (2021). Population and Housing Census. https://www.inegi.
org.mx/programas/ccpv/2020/default.html [Accessed July 15, 2021]

* Advanced Land Observing Satellite. https://www.corc.jaxa.jp/ALOS/a/en/index_e.htm, accessed on 20 March 2020

* The METAR data are from the ASOS/AWOS Global METAR Archives of the Iowa State University (2020). heeps://
mesonet.agron.iastate.edu/request/download.phtml, accessed on 20 March 2020

due to the effect of an UHI that is continuously
strengthening.

The rapid urban development of the GMA and
its UHI correspond to atmospheric conditions
(higher surface temperature and more surface
and upper-level humidity) that result in reduced
atmospheric stability. These changes in the PBL
increase the probabilities of strong storms and may
be expressed in terms of the Convective Available
Potential Energy (CAPE), which is directly related
to the maximum potential vertical speed within an
updraft. Higher values of CAPE (more than 2000

J/kg) indicate greater potential for severe weather

(Barry and Chorley, 1980). However, as with other
indices, there are no exact threshold values of CAPE
above which severe weather becomes imminent.
CAPE increases mainly because of more low-level
specific humidity and temperature, which lead
to more latent heating and buoyancy for a lifted
parcel above the level of free convection (Chen
et al 2020). On the other hand, the Convection
Inhibition Index (CIN), a measure of the amount
of energy that may prevent an air parcel from rising
from the surface to the level of free convection, is
decreasing. CIN may also be used as a parameter
to diagnose the chances of intense storms, as it
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Figure 7. Time series of mean summer (June — September) atmospheric conditions over the GMA. (A) temperature at
850 hPa (blue line), surface temperature spatially averaged over the GMA based on objectively analyzed data from surface
stations (red line) and surface temperature data at the Guadalajara airport (dotted blue line), (B) NCEP/NCAR specific
humidity, q, at 850hPa (blue line) and surface specific humidity at the Guadalajara airport (blue dotted line), (C) NCEP/
NCAR precipitable water (blue line) and precipitable water over the Guadalajara airport based on sounding data from
surface to 500 hPa (orange line), and (D) CAPE (blue line) and CIN (orange line) over the Guadalajara airport. The dotted

lines correspond to the average value of the variable.

is approximately the opposite of CAPE. Large
(low) negative values of CIN indicate unfavorable
(favorable) conditions for intense atmospheric
convection. In recent decades, at the Guadalajara
airport, the summer mean values of CAPE are on
the rise (Fig. 7D), approaching the threshold of
2000 J/kg, while the CIN values are decreasing.
This indicates more probabilities of intense storms
in recent decades during the summer months.
Precipitation activity (days with precipitation
above 20 mm/day) is adequately captured in the
objectively analyzed fields, which allows to esti-
mate the spatial precipitation pattern that results
in floods. Spatially, precipitation tends to be more

intense in the northwestern-central part of the
GMA. The composite pattern of daily precipitation
events of more than 20 mm/day is located over
the urban zone of the GMA (Fig. 8). By means
of an Empirical Orthogonal Function analysis for
summer daily precipitation, it was determined such
spatial pattern has a probability of around 6% to
occur during summer, which may be considered
the probability of the threshold value for the critical
hazard for the 2000-2018 period. If the estimate
of occurrence of such pattern is calculated for the
2000-2009 period only, the hazard is around 5%.
If such calculation is also performed for the 2010-
2018 period, the probability of intense storms with
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such pattern is 7%. In summary, the increase in
the hazard that results in a higher risk of floods
in the GMA is mainly related to the urbanization
process that enhances the UHI and the local hy-
drological cycle.

Flash floods and vulnerability

of the GMA to intense rains

The location of most of the urban floods occur in
relation to the topographic features of the zone.
In the decade 2009-2019, the number of floods
almost doubled with respect to the previous de-
cade 2000-2009. This is related to the increase in
the intense precipitation events, but also due to

higher vulnerability associated with urban expan-
sion. The reduction in the infiltration capacity of
a larger urban area, the limited drainage network
for more storm water and the effect of roads that
converge to the central low-level flat parts of the
urbanization have made the city more vulnerable
to intense rains. The runoff between the 1990s
(10 hm? for a 20 mm/hr event) and the 2010s
(21 hm3 for a 20 mm/hr event) almost doubled
because of the city growth.

Most of the floods occur in the flat and low-
elevation areas are in the central part of the GMA.
The dominant directions of the flow in the central
part of the domain are from south to north and
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from west to east, converging to the central part of
the GMA, where the urban zone is. In the central
western part of the city the dominant water runoff
converges into a relatively low-level flat terrain,
south of the Huentitan Canyon, where water flow
slows down and accumulates. Therefore, landforms
of the zone (slopes) constitute the main steady vul-
nerability factor that determined the risk of floods.

The Soil Conservation Service Curve Number
method (SCS-CN) is a simple and widely used
method to determine the amount of water runoff
from a precipitation event in each area (basin)
that contributes to the occurrence of floods. The
SCS-CN method is used in non-instrumented
watersheds, such as the GMA watersheds, for the
rapid evaluation of runoff and estimates of the
probability of disaster events due to heavy rains
(Hong and Adler, 2008). In addition to the rainfall
data, the SCS-CN uses the curve numbers (CN)

Risk of urban flash floods in the Guadalajara Metropolitan Area, Mexico

and the morphometric characteristics of the basin
(Vojtek and Vojtekovd, 2019). The CN is obtained
by combining the effect of a hydrological group
of soil types and the hydrological condition of the
vegetation and land uses. Morphometry for the
region is derived from topographic data.

The TWTI and the CN over the GMA allow to
estimate the evolution of the total vulnerability to
intense rains, considering the reduction of permea-
bility in the urban zone and in the periphery, as
in the eastern part of La Primavera Forest, where
the decrease of natural vegetation also results in
higher vulnerability for the urban zone. The total
vulnerability values were normalized and ranked
between 1 (very low) and 5 (very high). In this way,
the urban expansion between the 1990s and the
2010s resulted in a change in vulnerability, from
low-medium (2-3) to medium-high (3-4) in the
central part of the GMA (Fig. 9).

A) 1990s

21°N

20.5°N

103.5°W

103°W

(a)1990s and (b) 2010s.

Vulnerability Index

Il I
Very Low Medium High Very
low high
0 10 20
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20.5°N

The vulnerability index is associated with the sum of the steady factors (TWI) and the dynamic factors (CN) for the

B) 2010s

103.5°W 103°W
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[ J
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Figure 9. Total vulnerability associated with the sum of the steady factors (TWI) and the dynamic factors (CN) for the

(A)1990s and (B) 2010s (see text for details).
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In this way, the characterization of the total
vulnerability is multifactorial and dynamic, and
when combined with information on the natural
hazard (probability of intense rains) it provides
information on the risk of floods, whose changes
in time should explain the trends in the number
of such disaster over the GMA in recent decades.

The risk of flash floods in the GMA

The risk of urban flash floods is obtained by combi-
ning the probabilities of precipitation of more than
20 mm/day in the central part of the GMA with
the total vulnerability index (Fig. 9). The risk is
ranked between very low and very high. As a result
of the increases in vulnerability and in the hazard
of intense rains, the risk of loods in the urban zone
increased between the 1990s (Fig. 10A) and the
2010s (Fig. 10B). Using the product of hazard X
vulnerability, the risk of flash floods changes from

Risk of urban flash floods in the Guadalajara Metropolitan Area, Mexico

medium-high (5% X 3-4) ~ 15-20% to high-very
high (7% X 4-5) - 28-35%.

The number of urban flash floods over the
central part of the GMA has changed since the
1980s, but the more rapid increase in frequency
occurs after the year 2000 (Fig.11A). The number
of flood reports between 2000 and 2010 was ap-
proximately between 10 and 15 per year. Between
2010 and 2018, the number of flood reports was
approximately between 20 to 40. Given the num-
ber of rainy days during summer in the GMA has
remained between 80 to 100, the potential number
of floods estimated through the risk quantification
has changed from 12 - 20 to 22 — 35 events, which
is of the order of magnitude of the observed chan-
ges in the number of reports of flash floods in the
GMA in recent decades (Fig. 11B and 11C). Risk
values above the medium value may be considered
intolerable when the critical threshold of risk is
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21°N

20.5°N
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0 10 20
mM——Km

20.5°N

Risk of floods obtained from the combination of a composite pattern of precipitation of more than 20 mm/day and
the total vulnerability index for the (a) 1990s and (b) 2010s. The black dots correspond to the reports of floods.

B) 2010s
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Figura 10. Risk of floods obtained from the combination of a composite pattern of precipitation of more than 20 mm/
day in the central part of the GMA and the total vulnerability index for the (A) 1990s and (B) 2010s.
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Figure 11. (A) Time series of the annual number of reports of flash floods in the GMA between 2000-2019. (B) Spatial
distribution of floods (black dots) during the 2000-2009 and (C) the 2010-2019 periods.

above 20%. This is certainly an arbitrary value of
critical risk, since it would be more adequate to
have for instance, less than 5% probabilities of flash
flood events, i.e. low risk, but the costs of reaching

such level may be high.

Flash flood risk management
In order to remedy or at least, reduce the problem
of flash floods in the GMA, it is necessary to

consider a number of adaptation measures. The
recovery of the infiltration capacity of the GMA
is necessary to reduce the risk of urban floods and
consequently, the number of hydro-meteorological
disasters. For instance, climate risk scenarios based
on urban expansion projections for 2030 allow to
compare a “business as usual” city growth scenario
(Fig. 12A), with one in which urban planning and
mitigation works are implemented (Fig. 12B). In
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Figure 12. Flash flood risk scenarios for the 2030 in the GMA. (A) “business as usual” city growth scenario with no
adaptation actions, and (B) city expansion with 40 absorption wells and an increase of 10% in the drainage capacity.

the business-as-usual scenario, the urban expansion
continues and results in less infiltration capacity
increasing the urban catchment area under risk
of floods (high to very high risk of floods). When
urban planning and adaptation measures are con-
sidered to recover part of the infiltration capacity
of the zone, the risk of floods decreases to medium
levels. The proposed adaptation measures for this
purpose include around 40 absorption wells in
some parts of the urban zone, and an increase of
10% in the capacity of the drainage system, which
has not been significantly modified for about
50 years and is now insufficient to transport the
increased amount of the storm water runoff over
the central urban zone. So, even if the city growth
continues, the implementation of some adaptation
measures could lower the risk of floods to medium
(acceptable) levels (Fig. 12B). Even more, there are
strategies to reduce the intensity of the UHI and

possibly, the intensity or frequency of the intense
storms (Gunawardena et /., 2017). This factor
would contribute to reducing the hazard and also
the risk of flash floods. The recovery of the green
infrastructure through an urban reforestation
program could have co-benefits in term of human
comfort in the city, by reducing extreme maximum
temperatures and possibly, the chances of intense
storms over the urban zone.

SUMMARY AND CONCLUSIONS

The number of flash floods in the GMA has signi-
ficantly increased in recent decades. Urbanization
and the resulting UHTI have altered the local climate
(more hazards) and the climatic vulnerability of the
city. Storms (precipitation above 20 mm/day) are
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now more frequent than in the 1980s, making the
hazard larger than a few decades ago. On the other
hand, the vulnerability of the GMA to intense rains
has also increased given the land use changes, the
limited capacity of the drainage network system
and the water channel effect of roads. The very
high levels of risk of flash floods in recent years
make the GMA to expect more than 30 events of
flood of various magnitudes every rainy season.
The identification of the risk factors has served to
find the main causes for more floods during the
rainy season in the GMA and, opens the possibility
of defining actions as part of a risk management
plan. Most of the increase in the number of floods
is associated with the increase in vulnerability.

The municipal program for adaptation to clima-
te change should consider quantitative diagnoses
of risk under various scenarios, in order to have
estimates of the number of works that should be
implemented to reduce the flood activity to “ac-
ceptable” levels. Through a collaborative project
with the Metropolitan Institute for Planning of the
GMA (IMEPLAN), the present methodology to
define the risk of floods was discussed. A capacity
building program was implemented to assist the
IMEPLAN personnel to make use of the proposed
methodologies to define risk management strate-
gies in their planning work.

Up to know, most of the actions proposed to
reduce the risk of floods in Mexican cities have to
do with enlarging the capacity of the hydraulic in-
frastructure in places where severe floods frequently
occur. These solutions have been partially effective,
since they solve the problem for specific sites in the
city but not for the urban zone as a whole. In the
GMA, flash floods occur in several places and ap-
pear to spread out as the city grows. The modelling
capacity may serve to test the efficiency of various
approaches for the risk management problem. In
particular, it may be useful when considering the
role of green infrastructure, recovering ecosistemic
services to reduce the hazard and the vulnerability
simultaneously. There is no unique solution against
floods and various approaches are necessary, in a
comprehensive framework of risk management.
Structural prevention measures, with a balance
between natural and engineering approaches, will

Risk of urban flash floods in the Guadalajara Metropolitan Area, Mexico

be necessary for flood risk reduction. In addition,
the implementation of flood early warning systems
may be necessary in order to reduce the impact of
floods on the population.

So far, most attention has been given to the
challenge of adaptation to global warming. But
at the local level, it is necessary to attack the pro-
blem of the UHI and its effects in the hydrological
cycle. The adaptation actions to face a changing
climate may be evaluated using numerical models
to quantify critical levels of risk that demand
action. In any event, a relatively simple and clear
method to explain how risk and disaster increases
is necessary for a participatory approach to adapt
to climate change.

Conflict of Interest

The authors declare that the research was conduc-
ted in the absence of any commercial or financial
relationships that could be construed as a potential
conflict of interest.

Author Contributions

All authors have equally contributed to the develo-
pment of this article. The main contribution by the
authors is the presentation of a methodology that
quantifies risk factors (hazard and vulnerability)
in such a way that it explains the tendency for a
rapid increase in the number of urban flash floods
in recent years in a large city of Mexico. The re-
presentation of hazards, vulnerability and risk may
serve local authorities to design risk management
(adaptation to climate change) plans to face one
of the most serious challenges in the planning of
urban expansion.

FUNDING

Acknowledgments

We are thankful to Gustavo Vizquez, Jose Guadalu-
pe Jiménez and Emanuel Ziiga for their advice on
data management and the use of the HEC-HMS
model. This work is partially the result of a project
developed for IMEPLAN 2020-2021. The tech-
nical and financial support from the Instituto de
Geografia de la Universidad Nacional Auténoma
de México is greatly appreciated.

18 * Investigaciones Geogrdficas ® elSSN: 2448-7279 * DOI: 10.14350/rig. 60547 * ARTICLES ® Issue 108 * August ® 2022 ¢ e60547



M. Lépez, V. Magana and T. Perez

REFERENCES

Barry, R. G., Chorley, R. J. (2009). Asmosphere, weather
and climate (9th ed.). New York: Taylor & Francis
e-Library.

Beven, K. J. and Kirkby, M. J. (1979). A physically based,
variable contributing area model of basin hydrology.
Hydrological Science Bulletin, 24(1), 43-69. http://doi.
Org/lo.1080/0262666790949 1834

Birkmann, J. and Wisner, B. (2006). Measuring the Un-
Measurable: The Challenge of Vulnerability. Paffenholz,
Bornheim, Germany: UNU-EHS Press.

Cao M. and Lin, Z. (2014). Impact of Urban Surface
Roughness Length Parameterization Scheme on Ut-
ban Atmospheric Environment Simulation. Journal
of Applied Mathematics, 2014, 267683. http://doi.
org/10.1155/2014/267683

Chang, H. and Franczyk, J. (2008). Climate Change,
Land-Use Change, and Floods: Toward an Integrated
Assessment. Geography Compass, 2(5). htep://doi.org/
10.111 l/j.1749—8198.2008.00136.X

Chen, ]., Dai, A., Zhang, Y., and Rasmussen, K. (2020).
Changes in Convective Available Potential Energy
and Convective Inhibition Under Global Warming.
Journal of Climate. 33(6). http://doi.org/10.1175/
JCLI-D-19-0461.1

Cressman, G. P, (1959). An operational objective analy-
sis system. Montly Weather Review. 87(10). http://
doi.org/ 10.1175/1520-0493(1959)087<0367:A0
OAS>2.0.CO;2

Durre, I., Xungang, Y., Vose, R., Applequist, S., Arnfield,
J. (2016). Data from: Integrated Global Radioson-
de Archive IGRA) Version 2. NOAA National
Centers for Environmental Information. http://doi.
org/10.7289/V5X63K0Q

Eakin, H., and Appendini, K. (2008). Livelihood change,
farming, and managing flood risk in the Lerma Valley,
Mexico. Agriculture and Human Values, 25(4). heep://
doi.org/lO.1007/510460—008—9140—2

Feldman, A. D. (2000). Hydrologic Modeling System
HEC-HMS, Technical Reference Manual. Davis, CA,
USA: U.S. Army Corps of Engineers, Hydrologic
Engineering Center.

Felix, C. (2005). Riesgo causado por inundaciones pluviales
en la zona de Plaza del Sol. Tesis de maestria. Univer-
sidad de Guadalajara.

Gunawardena, K. R., Wells, and M. J., Kershaw, T.
(2017). Utilising green and bluespace to mitigate
urban heat island intensity. Science of The Total En-
vironment. 584-585(100). http://doi.org/10.1016/j.
scitotenv.2017.01.158

Herndndez-Uribe, R. E., Barrios-Pifia, H., Ramirez, A.
L. (2017). Andlisis de riesgo por inundacién: meto-

Risk of urban flash floods in the Guadalajara Metropolitan Area, Mexico

dologia y aplicacidn a la cuenca Atemajac. Tecnologia
y ciencias del agua. 8(3). http://doi.org/10.24850/j-
tyca-2017-03-01

Hettiarachchi S., C. Wasko., A. Sharma. (2018). Increase
in flood risk resulting from climate change in a deve-
loped urban watershed — the role of storm temporal
patterns. Hydrol. Earth Syst. Sci., 22(3). htep://doi.
org/10.5194/hess-22-2041-2018

Hoeppe, P. (2016). Trends in weather related disasters —
Consequences for insurers and society. Weather and
Climate Extremes, 11(7). http://doi.org/10.1016/j.
wace.2015.10.002

Hong, Y., and Adler, R. E. (2008). Estimation of global
SCS curve numbers usingsatellite remote sensing and
geospatial data. International Journal of Remote Sensing,
29(2). http://doi.org/10.1080/01431160701264292

Huete, A., Didan, K., Miura, T., Rodriguez, E. P, Gao,
X., and Ferreira, L. G. (2002). Overview of the
radiometric and biophysical performance of the
MODIS vegetation indices. Remote Sensing of En-
vironment, 83(1-2). http://doi.org/10.1016/50034-
4257(02)00096-2

IPCC. (2021). Summary for Policymakers. In V. Masson-
Delmotte, P. Zhai, A. Pirani, S. L. Connors, C. Péan,
S. Berger, N. Caud, Y. Chen, L. Goldfarb, M. 1.
Gomis, M. Huang, K. Leitzell, E. Lonnoy, J. B. R.
Matthews, T. K. Maycock, T. Waterfield, O. Yeleki,
R. Yuand B. Zhou (Eds.), Climate Change 2021: The
Physical Science Basis. Contribution of Working Group [
to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change. London, UK: Cambridge
University Press.

National Emergency Management Organization. (2018).
Hazard, vulnerability and risk study for intense ra-
infall and coastal flooding in dennery community.
https://www.undp.org/content/dam/rblac/docs/
Research%20and%20Publications/Crisis%20Pre-
vention%20and%20Recovery/ DIPECHO/UNDP-
RBLAC-DenneryHVRstudyNovember2018.pdf

Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W.,
Deaven, D., Gandin, L., Iredell, M., Saha, S.,
White, G., Woollen, J., Zhu, Y., Chelliah, M., Ebi-
suzaki, W., Higgins, W., Janowiak, J., Mo, K. C,,
Ropelewski, C., Wang, J., Leetmaa, A., Reynolds,
R., Jenne, R.,and Joseph, D. (1996). The NCEP/
NCAR 40-year reanalysis project. Bulletin American
of Meteorology, 77(3). http://doi.org/10.1175/1520-
0477(1996)077<0437:-TNYRP>2.0.CO;2

Kang, C., Zujiang, L., Wen, Z., and Jian, H. (2021).
Impacts of Urbanization on Variations of Extreme
Precipitation over the Yangtze River Delta. Water.
13(2). http://doi.org/10.3390/w13020150

Kashyap, S., and Mahanta, R. (2018) Vulnerability
aspects of urban flooding: A review. Indian Journal

19  Investigaciones Geogrdficas ® eIlSSN: 2448-7279 ¢ DOI: 10.14350/rig. 60547 ® ARTICLES *® Issue 108 * August ® 2022 * e60547


http://doi.org/10.1080/02626667909491834
http://doi.org/10.1080/02626667909491834
https://doi.org/10.1155/2014/267683
http://doi.org/ 10.1111/j.1749-8198.2008.00136.x
http://doi.org/ 10.1111/j.1749-8198.2008.00136.x
http://doi.org/10.1175/JCLI-D-19-0461.1
http://doi.org/10.1175/JCLI-D-19-0461.1
http://doi.org/110.1175/1520-0493(1959)087<0367:AOOAS>2.0.CO;2
http://doi.org/110.1175/1520-0493(1959)087<0367:AOOAS>2.0.CO;2
http://doi.org/110.1175/1520-0493(1959)087<0367:AOOAS>2.0.CO;2
http://doi.org/10.7289/V5X63K0Q
http://doi.org/10.7289/V5X63K0Q
http://doi.org/10.1007/s10460-008-9140-2
http://doi.org/10.1007/s10460-008-9140-2
http://doi.org/10.1016/j.scitotenv.2017.01.158
http://doi.org/10.1016/j.scitotenv.2017.01.158
http://doi.org/10.24850/j-tyca-2017-03-01
http://doi.org/10.24850/j-tyca-2017-03-01
http://doi.org/10.5194/hess-22-2041-2018
http://doi.org/10.5194/hess-22-2041-2018
http://doi.org/10.1016/j.wace.2015.10.002
http://doi.org/10.1016/j.wace.2015.10.002
http://doi.org/10.1080/01431160701264292
http://doi.org/10.1016/S0034-4257(02)00096-2
http://doi.org/10.1016/S0034-4257(02)00096-2
https://www.undp.org/content/dam/rblac/docs/Research%20and%20Publications/Crisis%20Prevention%20and%20Recovery/DIPECHO/UNDP-RBLAC-DenneryHVRstudyNovember2018.pdf  
https://www.undp.org/content/dam/rblac/docs/Research%20and%20Publications/Crisis%20Prevention%20and%20Recovery/DIPECHO/UNDP-RBLAC-DenneryHVRstudyNovember2018.pdf  
https://www.undp.org/content/dam/rblac/docs/Research%20and%20Publications/Crisis%20Prevention%20and%20Recovery/DIPECHO/UNDP-RBLAC-DenneryHVRstudyNovember2018.pdf  
https://www.undp.org/content/dam/rblac/docs/Research%20and%20Publications/Crisis%20Prevention%20and%20Recovery/DIPECHO/UNDP-RBLAC-DenneryHVRstudyNovember2018.pdf  
http://doi.org/10.1175/1520-0477(1996)077<0437:TNYRP>2.0.CO;2
http://doi.org/10.1175/1520-0477(1996)077<0437:TNYRP>2.0.CO;2
http://doi.org/10.3390/w13020150

M. Lépez, V. Magania and T. Perez

of Economics and Development. 14(578). http://doi.
org/10.5958/2322—0430.2018.00175.0

Kundzewicz, Z. W., Kanae, S., Seneviratne, S. 1.,
Handmer, J., Nicholls, N., Peduzzi, P, Mechler, R.,
Bouwer, R. M., Arnell, N., Mach, K., Muir-Wood,
R., Brakenridge, R., Kron, G., Benito, G., Honda, Y.,
Takahashi, K., and Sherstyukov, B. (2014). Flood risk
and climate change: global and regional perspectives.
Hydrological Sciences Journal, 59(1). https://doi.org/
10.1080/02626667.2013.857411

Liu, J., and Niyogi, D. (2019). Meta-analysis of ur-
banization impact on rainfall modification. Sci.
Rep. 9(7301). http://doi.org/10.1038/s41598-019-
42494-2

Monkkonena, P, Comandona, A., Montejano, J. A.,
Guerra, E. (2017). Urban sprawl and the growing
geographic scale of segregation in Mexico, 1990-
2010. Habitat International, 73(15). htep://doi.
org/10.1016/j.habitatint.2017.12.003

Neri, C., and Magana, V. (2016). Estimation of Vul-
nerability and Risk to Meteorological Drought in
Mexico. Weather, Climate, and Sociery, 8(2). http://
doi.org/10.1175/WCAS-D-15-0005.1

Neteler, M., and Mitasova, H. (2008). Open-
source GIS: a GRASS GIS approach. Boston,
MA: Springer.

Niyogi, D., Pyle, P, Lei, M., Pal Arya, S., Kishtawal,
Ch., Shepherd, M., Chen, E, and Wolfe, B. (2011).
Urban Modification of Thunderstorms: An Obser-
vational Storm Climatology and Model Case Study
for the Indianapolis Urban Region. Journal Applied
to Meteorology and Climatology, 50(5). http://doi.
org/10.1175/2010JAMC1836.1

Park, K., and Man-Hyung, L. (2019). The Development
and Application of the Urban Flood Risk Assessment
Model for Reflecting upon Urban Planning Elements.
Water, 11(5). htep://doi.org/10.3390/w11050920

Pielke, R. A., Niyogi, D. (2009). The role of landscape
processes within the climate system. In J. C. Otto
and R. Dikau (Eds.), Landform Structure, Evolution,
Process Control (pp. 67-85). Heidelberg: Springer.

Rahman, A., Parvin, G., Shaw R., and Surjan, A.(2016).
Cities, Vulnerability, and Climate Change. In R.
Shaw (Ed.), Urban Disasters and Resilience in Asia.
(pp. 35-47). Oxford, UK: Butterworth.

Rehman, S., Sahana, M., Hong, H., Sajjad, H., and Ah-
med, B. B. (2019). A systematic review on approaches
and methods used for flood vulnerability assessment:
Framework for future research. Natura/ Hazards.
96(2). http://doi.org/10.1007/s11069-018-03567-z

Sanchez, M. (2019). Sustainable management of rainfall
drainage in the Jardines del Bosque Fraction, located
in the Arroyo del Arenal basin, in Guadalajara Jalisco.
Master’s Thesis]. Guadalajara, Mexico: ITESO.

Risk of urban flash floods in the Guadalajara Metropolitan Area, Mexico

Song, J., Wang, Z. H., and Wang, C. (2018). The re-
gional impact of urban heat mitigation strategies on
planetary boundary layer dynamics over a semiarid
city. Journal of Geophysical Research in Atmosphere,
123(12). http://doi.org/l().1029/2018]D028302

Takaku, T., Tadono, T., Doutsu, M., Ohgushi, F, and
Kai, H. (2020). Updates of AW3D30" ALOS Glo-
bal Digital Surface Model with Other Open Access
Datasets. The International Archives of the Photo-
grammetry, Remote Sensing and Spatial Information
Sciences, ISPRS, 43(28). http://doi.org/10.5194/
isprs-archives-XLIII-B4-2020-183-2020

Trenberth, K. E., Dai, A., Rasmussen, R. M., and Par-
sons, D. B. (2003). The changing character of precipi-
tation. Bulletin of the American of Meteorology Society,
84(9). http://doi.org/10.1175/BAMS-84-9-1205

USGS. (2003). Effects of Urban Development on Floods.
https://pubs.usgs.gov/fs/fs07603/pdf/fs07603.pdf

Vojtek, M., and Vojtekovd, J. (2019). Flood Susceptibility
Mapping on a National Scale in Slovakia Using the
Analytical Hierarchy Process. Water, 11,364. hteps://
doi.org/10.3390/w11020364

Zhang Y., S. Miao, Y. Dai, and R. Bornstein. (2017).
Numerical simulation of urban land surface effects
on summer convective rainfall under different
UHI intensity in Beijing, Journal of Geophysi-
cal Research in Atmosphere, 122(15). htep://doi.
Org/10.1002/2017]D026614

Zaniga, E., and Magana, V. (2018). Vulnerability and
risk to intense rainfall in Mexico: The effect of land
use cover change. Investigaciones Geogrdficas, 95(2).
htep://doi.org/10.14350/rig.59465

Zaniga, A. R. A, and Gonzélez, V. A. M. (2018). Disas-
ters in Mexico, 1900-2016: Patterns of occurrence,
population affected, and economic damages. Ame-
rican journal of Public Health, 42(12). htep://doi.
org/10.26633/RPSP.2018.55

Data Availability Statement

The datasets Analyzed for this study can be found in:The
Mexican Weather Service (SMN): https://smn.cona-
gua.gob.mx/es, accessed on 20 March 2020.

Jalisco Ministry of Environment and Territory (SEMA-
DET) http://siga.jalisco.gob.mx/aireysalud/descar-
gas2020 , accessed on 20 March 2020.

IRI/LDEO Climate Data Library. hetp://iridl.1deo.
columbia.edu accessed on July 2, 2021.

National Institute of Statistic and Geography (INEGI).
(2017) https://www.inegi.org.mx/, accessed on 20
March 2020.

National Institute of Statistic and Geography (INEGI).
(2021). Population and Housing Census. https://

20  Investigaciones Geogrdficas ® elSSN: 2448-7279 * DOI: 10.14350/rig. 60547 * ARTICLES * Issue 108 * August ® 2022 * e60547


http://doi.org/10.5958/2322-0430.2018.00175.0
http://doi.org/10.5958/2322-0430.2018.00175.0
https://doi.org/10.1080/02626667.2013.857411 
https://doi.org/10.1080/02626667.2013.857411 
http://doi.org/10.1038/s41598-019-42494-2
http://doi.org/10.1038/s41598-019-42494-2
http://doi.org/10.1016/j.habitatint.2017.12.003
http://doi.org/10.1016/j.habitatint.2017.12.003
http://doi.org/10.1175/WCAS-D-15-0005.1
http://doi.org/10.1175/WCAS-D-15-0005.1
http://doi.org/10.1175/2010JAMC1836.1
http://doi.org/10.3390/w11050920
http://doi.org/10.1007/s11069-018-03567-z
http://doi.org/10.1029/2018JD028302
http://doi.org/10.5194/isprs-archives-XLIII-B4-2020-183-2020
http://doi.org/10.5194/isprs-archives-XLIII-B4-2020-183-2020
http://doi.org/10.1175/BAMS-84-9-1205
https://pubs.usgs.gov/fs/fs07603/pdf/fs07603.pdf
https://doi.org/10.3390/w11020364
https://doi.org/10.3390/w11020364
http://doi.org/10.1002/2017JD026614
http://doi.org/10.1002/2017JD026614
http://doi.org/10.14350/rig.59465
http://doi.org/10.26633/RPSP.2018.55
http://doi.org/10.26633/RPSP.2018.55
https://smn.conagua.gob.mx/es
https://smn.conagua.gob.mx/es
http://siga.jalisco.gob.mx/aireysalud/descargas2020
http://siga.jalisco.gob.mx/aireysalud/descargas2020
http://iridl.ldeo.columbia.edu
http://iridl.ldeo.columbia.edu
https://www.inegi.org.mx/
https://www.inegi.org.mx/programas/ccpv/2020/default.html

M. Lépez, V. Magana and T. Perez Risk of urban flash floods in the Guadalajara Metropolitan Area, Mexico

www.inegi.org.mx/programas/ccpv/2020/default.  The METAR data are from the ASOS/AWOS Global
heml [Accessed July 15, 2021]. METAR Archives of the Iowa State University
Advanced Land Observing Satellite. https://www.eorc. (2020). https://mesonet.agron.iastate.edu/request/

jaxa.jp/ALOS/a/en/index_e.htm, accessed on 20 download.html, accessed on 20 March 2020.
March 2020.

21 » Investigaciones Geogrdficas ® elSSN: 2448-7279 * DOI: 10.14350/rig. 60547 * ARTICLES ® Issue 108 * August ® 2022 * e60547


https://www.inegi.org.mx/programas/ccpv/2020/default.html
https://www.inegi.org.mx/programas/ccpv/2020/default.html
https://www.eorc.jaxa.jp/ALOS/a/en/index_e.htm
https://www.eorc.jaxa.jp/ALOS/a/en/index_e.htm
https://mesonet.agron.iastate.edu/request/download.html
https://mesonet.agron.iastate.edu/request/download.html

