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Creating sustainable, resilient, and livable cities calls for integrative approaches and
collaborative practices across temporal and spatial scales. However, practicability
is challenged by institutional, social, and technical complexities and the need to
build collective understanding of integrated approaches. Rapid urbanization along the
United States-Mexico border, fueled by industrialization, trade, and migration, has
resulted in cities confronted with recurrent flooding risk, extended drought, water
pollution, habitat destruction and systemic vulnerabilities. The international border, which
separates natural and built ecosystems, is both a challenge and an opportunity, making
a unique social and institutional setting ideal for testing the integration of urban planning
and water management. Our research focuses on fusing multi-functional and multi-scalar
green infrastructure to restore ecosystem services through a strategic binational planning
process. This paper describes this planning process, including the development and
application of both a land suitability analysis and a hydrological model to optimally site
green infrastructure in the Nogales, Arizona, United States—Nogales, Sonora, Mexico,
cross border region. We draw lessons from this process and stakeholder feedback
focused on the potential for urban green infrastructure, to allow for adaptation and even
transformation in the face of current and future challenges such as limited resources,
underdeveloped governance, bordering, and climate change. In sum, a cross border
network of green infrastructure can provide a backbone to connect this transboundary
watershed while providing both hydrological and social benefits.

Keywords: urban water management, green infrastructure (Gl), urban planning, border cities, land suitability
analysis, hydrological modeling, cross-border cooperation

INTRODUCTION

A cross-border urbanization formed by Nogales, Sonora, and Nogales, Arizona, “Ambos Nogales,”
embodies the complexities and challenges of urban planning and water management on the
United States-Mexico border. The two cities were settled simultaneously at the end of the ninteenth
century in the eastern section of the Santa Cruz River Basin and along the narrow valley formed by
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the Nogales Wash (Figure 1). The steep topography includes
wooded hillsides, rock outcroppings, and seasonal arroyos that
are typical of the Sonoran Desert landscape. Ambos Nogales
contains an urban corridor that originates at the border gateway
and expands north and south for ~12 km. While the two cities
are separated by the border, they are highly interconnected by
geography and ecohydrology. Monsoonal storms, more than any
other natural event, make this paradox evident.

According to official reports collated by the National Oceanic
and Atmospheric Administration (NOAA), documented
flooding in Ambos Nogales dates back to 1887; more recently,
almost every year from 1980 to 2020, the Ambos Nogales
area has been impacted by one or more severe storms causing
major floods and destruction (NOAA., 2021). Because of the
higher altitude of Nogales, Sonora, Mexico, stormwater runoff,
sediments, and pollutants travel north to lower elevations
in Nogales, Arizona, United States, causing damage on their
way to the lowest sections of the watershed along the major
transportation corridors in both cities and the commercial
business districts near the border (Norman et al, 2010a).

Flood-related deaths, displacement, and destruction affect both
sides of the border, yet are concentrated on the Mexican side
(NOAA., 2021). In addition to the short-term costs of flooding
(loss of life and public and private property damage), Ambos
Nogales also has to deal with long-term impacts of increased
water pollution (Norman et al., 2008), health risk (Norman et al.,
2012a), and disruption to schools and social life (Garcia-Perez
and Lara-Valencia, 2021).

Urban green infrastructure (UGI) is increasingly promoted
in both research and policy as a way for cities to achieve
multiple benefits and become more sustainable and resilient
(Ahern, 2011; Palmer et al., 2015). UGI is defined by the U.S.
Water Infrastructure Act (U.S. Congress, 2019) as “the range
of measures that use plant or soil systems, permeable pavement
or other permeable surfaces or substrates, stormwater harvest
and reuse, or landscaping to store, infiltrate, or evapotranspirate
stormwater and reduce flows to sewer systems or to surface
waters.” In particular, green infrastructure is used to mitigate
urban hydrological modification thereby decreasing peak runoft
rates, increasing groundwater recharge, mitigating the urban heat
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FIGURE 1 | Nogales, Arizona, and Nogales, Sonora (Ambos Nogales), are located on the United States-Mexico border. Plane and stream numbers are labeled based
on KINEROS2 outputs.
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island effect, and providing other ecosystem services (Tzoulas
et al., 2007; Pataki et al., 2011; Spatari et al., 2011; Lewellyn
et al,, 2016; Yang and Wang, 2017). In addition to providing
hydrological and ecosystem services, green infrastructure also has
the potential to provide social and cultural benefits (O’Brien et al.,
2017). Further, the choice of where to site UGI has implications
for equity and environmental justice (Hoover et al., 2021). The
environmental planning literature increasingly recognizes the
role that UGI can play in supporting the well-being of urban
communities and the need to apply UGI for long term strategic
planning advancing sustainability and equity in cities (Hansen
etal., 2019; Meerow, 2020; Campbell-Arvai and Lindquist, 2021).
However, how to integrate social and ecohydrological factors in
a sustainable planning strategy, particularly in border regions,
is a challenge for urban planning (Hansen et al., 2019). Further,
while the scientific literature strongly supports integrating urban
planning and the management of specific resources or hazards
(e.g., water, heat), there are few applications (for exceptions see
Liu and Jensen, 2018) and little specific guidance (Norton et al.,
2015; Hansen et al., 2019; Van Oijstaeijen et al., 2020).

Emphasizing the role of UGI as an environmental planning
tool, the European Environmental Agency (EEA, 2019) defines
UGI as “a strategically planned network of natural and semi-
natural areas with other environmental features designed and
managed to deliver a wide range of ecosystem services.” UGI
improves water quality and mitigates flooding by mimicking
natural hydrology through storing water in the landscape,
reducing runoff, slowing the stormwater conveyance, and
facilitating infiltration (Norman, 2020). The cities of Nogales,
Sonora, and Nogales, Arizona, have embraced the idea that their
long-term sustainability and quality of life depend on valuing
and protecting natural systems, so creating green infrastructure
is central to their planning efforts (Giner et al., 2019; Freimund,
2020).

A core value of UGI planning is its multifunctionality,
which relates to its potential of providing a stream of
multiple benefits emanating simultaneously from a single
intervention site (Hansen and Pauleit, 2014). To achieve UGI
multifunctionality, a wide range of social and hydrological
variables must be considered to identify feasible and priority
sites for UGI implementation. However, to fully enable
UGI cross-cutting capacity to provide these benefits, its
multifunctionality should be explicitly considered during the
planning process and the specific solutions selected deployed
as part of a multi-scalar urban strategy, including interventions
at the neighborhood, city, and watershed levels (Hansen and
Pauleit, 2014; Surma, 2020). The project posits that a cross-
border perspective is required to characterize the complex
socio-ecological relationships and dynamics occurring within
the Ambos Nogales watershed (Brown and Mumme, 2000).
Therefore, an essential activity of the project is identifying the
most appropriate sites for the placement of the components of
a UGI network encompassing the Mexican and United States
sections of the watershed. We conceptualize the bi-national
UGI network as the backbone of a cross-border planning
strategy to reconnect Nogales, Sonora, and Nogales, Arizona,
with each other and with their natural environment using

an approach based on principles of sustainability, resilience,
and cooperation.

In this manuscript, we present an approach to integrate land
suitability analysis (LSA) and hydrological modeling to identify
priority sites for UGI. We apply this approach to Nogales, Sonora,
and Nogales, Arizona, and assess the impact of implementing
UGI on the identified sites. LSA involves evaluating spatial
information by applying a series of criteria to determine which
sites are more or less suitable for the placement and construction
of urban infrastructure. The main input of this process is
geospatial datasets that make explicit the location and spatial
variability of the capabilities and limitations of natural and built
systems that influence the urban hydrological cycle and the social
functions taking place in these systems. The ultimate product of
the analysis is a map of the relative aptitude of the different areas
of the city to develop UGI interventions (Kuller et al., 2017).

Hydrological modeling allows for a representation of the
water budget, with varied inputs and outputs, that allow
for understanding, predicting, and managing water resources,
related to discharge and water quality. Geospatial watershed
models address the spatial variation that might occur in a
landscape including variations in geology, soils, vegetation, land
use/land cover, and precipitation patterns. Best management
practices, such as stormwater control, can be input to models
to determine the optimal placement for making desired
improvements (Avellaneda et al., 2017; Korgaonkar et al., 2018),
including for flood mitigation (Zellner et al., 2016), water quality
(Korgaonkar et al., 2021) and equity (Garcia-Cuerva et al,
2018). Watershed models of Ambos Nogales have been used to
predict impacts of best management practices (Norman et al,,
2008), identify hotspots of erosion (Norman et al., 2008), and
situate large rock detention structures (gabions) for optimal flood
detention (Norman et al., 2010a,b).

This paper addresses the interaction between urban planning
and hydrological modeling for stormwater management in the
context of Ambos Nogales. This research reports from an on-
going bi-national effort to mitigate flooding, improve water
quality, and increase green space access with UGI underpinning
a cross-border planning strategy.

STUDY AREA AND DATA

The Ambos Nogales watershed is the main drainage area of
the Nogales Wash and its tributaries that runs from Mexico to
the United States and connects Nogales, Sonora, and Nogales,
Arizona (Figure1). Ambos Nogales is the largest binational
conurbation and most important trade corridor along the
Arizona-Sonora border (Lara-Valencia and Herzog, 2021). The
topography in this region is characterized by steep high mountain
drainages in the south that create narrow canyons draining
to the urban center and alluvium at the United States-Mexico
border (Brady et al., 2002). The primary soil types in Nogales,
Arizona, are gravelly sandy loam and in Nogales, Sonora, are
generally very thin soils of average texture, commonly rocky
(Norman et al., 2004). Land cover within the watershed has
been dramatically transformed by urbanization and economic
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TABLE 1 | Data types and sources used in LSA.

GIS layer Format Source

Digital elevation model (DEM) Raster Derived from 2019 Santa Cruz County LIDAR data (personal
communication); U.S. Geological Survey, 2017

Land cover Raster Norman and Wallace, 2008

Soils Vector Norman et al., 2004

Precipitation User-defined NOAA, 2011

Time-depth pairs (1

hour 10 years)

Nogales watershed boundary Vector
Employment by economic sector; resident population; block group Vector
boundaries.

Distribution of industrial and commercial buildings and parking areas; ~ Raster
paved road networks

Paved road network Vector
Active water public supply wells Vector
Businesses codes 562 and 4471 of the North American Industry Vector
Classification System (NAICS)

Stream and flood map Vector
Primary road network Vector
Population density Vector
Distribution of public parks and recreation facilities; primary road Vector

network

Modified from DEM
INEGI, 2016a,b, 2019; US Census Bureau, 2019a, 2020

INEGI, 2019; INEGI., 2020; CNES imagery/Airbus, Maxar
Technologies, USDA Farm Service Agency, processed via Google Earth
Engine Gorelick et al., 2017.

City of Nogales., 2020b; INEGI., 2020
ADWR., 2020; IMIP, 2020a
INEGI, 2019

Santa Cruz County’s Flood Control District (personal communication,
March 27, 2020); IMIP, 2020b

INEGI, 2016b; US Census Bureau, 2019b; City of Nogales., 2020b
INEGI, 2016a; US Census Bureau, 2019a, 2020

IMIP, 2019; US Census Bureau, 2019b; City of Nogales., 2020a;
INEGI., 2020; Santa Cruz County, 2020

growth, which in turn has altered the hydrology and hydraulics
of this natural system (Norman and Wallace, 2008; Myint et al.,
2010; Norman et al., 2010¢, 2012b). Ambos Nogales includes
socio-environmentally vulnerable neighborhoods on both sides
of the border, as determined by levels of education, access to
resources, migratory status, housing, and number of dependents,
and regulating ecosystem services (Norman et al., 2012b).
Ambos Nogales has a hot desert or arid (BWh) climate
(according to the Koppen classification), which is characterized
by extreme hot summers and mild short winters. The average
yearly precipitation is 409 mm, while the mean high and low
temperature are 26.7 and 6.7°C, respectively (NCEIL, 2021). There
are two wet seasons, the summer (July-September), marked by
monsoon storms, and winter (November—-March), characterized
by large-scale frontal storms (Sheppard et al., 2002). Most of
the year, the Nogales Wash has a base flow of 0.06-0.08 m®/s
(2-3 ft3/s), much of which is fed by untreated sewage and
potable water leaks originating in neighborhoods, industrial
parks, and commercial areas in Nogales, Sonora (Huth and
Tinney, 2008). During the summer and winter wet seasons,
the watershed is subject to intense rainfall, producing fast-
moving and concentrated runoff threatening human life, urban
infrastructure, and ecosystems on both sides of the border.
Currently, Nogales, Sonora, has ~260,000 residents, and
its economy is dominated by export-oriented manufacturing
(INEGI, 2021). On the other hand, Nogales, Arizona, has a
population of about 21,000, with jobs heavily dependent on
border enforcement, retail, and transportation (US Census
Bureau, 2019a). Ambos Nogales is a transportation hub for

Mexican winter vegetables exported into the United States and
for export-oriented industries (manufacturing/maquiladora
and mining) operating in northwest Mexico (Bureau of
Transportation Statistics., 2021). According to the 2019
American Community Survey (US Census Bureau, 2019a), about
95% of Nogales, Arizona, residents have Mexican ancestry, and
almost 42% are foreign-born. Many families have members
on both sides of the border and cross the border regularly,
both ways, for work, school, health care and shopping. Despite
the obvious cross-border socio-ecological connections, water
management in the watershed remains fragmented and often
runs in opposite directions on each side of the border (Schwartz,
2021).

The summary of data used in this study is shown in Table 1.
Table 1 describes the data type (vector, raster, or time series data)
and notes the source.

METHODOLOGY

In the sections below, we first describe the methodology for the
LSA method. We then explain the methodology for hydrological
modeling of both the existing land use and the case of UGI as
prioritized by the LSA.

Land Suitability Analysis

Determining the location of the UGI network and its components
involves major decisions at various levels starting from choosing
the most appropriate land uses and functions for various UGI
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FIGURE 2 | LSA process and selection factors.
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practices. In her extensive literature review, Malczewski (2006)
noted that there are diverse approaches to LSA. In this project,
we used a spatially explicit multicriteria assessment to identify the
most suitable sites for the placement of UGI solutions in Ambos
Nogales. Spatially explicit evaluations enable the design of a UGI
network reflecting the locational constraints and advantages of
specific sites within a planning area while responding to the range
of needs characterizing complex urban landscapes such as the

Ambos Nogales watershed.
Kuller et al. (2017) advocated a two-sided suitability
assessment framework to determine the location of

hydrologically sensitive interventions in cities, including
UGI. This framework acknowledges that UGI’s feasibility and
effectiveness are impacted by site-specific characteristics such
as soil type, hydrological features, land availability, population
density and others, but also introduces the needs of a place into
the locational assessment. This double-sided framework puts
on the same plane the consideration of the factors that affect

the effectiveness of UGI (what UGI needs from a location) and
its capacity to produce change leading to desirable social and
ecological outcomes (what a location needs from UGI) (Kuller
etal., 2017).

According to this approach, the main goal of LSA is
the identification of a series of locations within the Ambos
Nogales watershed where the combination of geohydrological,
social, and institutional factors: (1) allows for the optimal
functioning of UGI from an engineering, ecological and urban
planning perspective and (2) provides the highest probability of
contributing directly and significantly to flood mitigation, water
protection, and open space creation.

Figure 2 summarizes the analytical flow of the process we
followed in implementing this approach and the criteria used
to select potential sites comprising the Ambos Nogales UGI
network. The data were obtained from a variety of Mexican
and United States sources, including national censuses, the U.S.
Geological Survey, Santa Cruz County and the Municipality of
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Nogales, Sonora (Table 1). All data sources were re-projected
using ArcMap projection tools from their original coordinate
system to NAD 83, UTM Zone 12 (EPSG:26912).

The first stage identifies the conditions required by UGI
to function optimally: land use compatibility, slope, and soil
type. Land used primarily for public functions (schools, parks,
cemeteries, rights of way, etc.) and vacant and underdeveloped
parcels are spaces with the highest UGI potential because of
their compatibility and adaptability through retrofit infill or
landscape design. Based on the ad-hoc Ambos Nogales Land-
Based Classification System (LBCS) developed as part of this
research, city blocks on both sides of the border were classified as
most suitable if they were used primarily for public functions or
were vacant or underdeveloped (Lara-Valencia, 2021). They were
classified as least suitable if used for any other urban function.
Because stormwater movement over the land is affected by slope,
finding locations in the path of stormwater runoft and facilitating
water detention and in situ usage is critical for UGI placement.
Slopes were calculated for land on both sides of the border and
grouped in five categories using a digital elevation model (2ft x
2ft cell size) derived from a 2019 LiDAR (Light Detection and
Ranging) data covering the urban areas of the Ambos Nogales
watershed and the USGS 10 m digital elevation model for areas
not covered by LiDAR. Land with 0-3% slope was considered
the most suitable, 3-6% suitable, 6-9% moderately suitable, 9-
12% unsuitable, and land with slopes greater than 12% was the
least suitable. Soil maps from Norman et al. (2016) were used
in this analysis. Each soil type identified was categorized as
moderately rapid, moderate, moderately slow, slow and very slow
permeability based on hydraulic conductivity (Richardson et al.,
1979). Because most UGI solutions are designed with infiltration
in mind, the higher the soil infiltration rate in an area, the higher
their suitability for UGI placement.

The second stage focused on identifying areas within the
watershed where UGI could yield the highest output in terms
of flooding risk mitigation, water contamination reduction, and
green space provision. These three areas are a major cause of
concern on both sides of the border and provide the two cities the
chance of becoming more resilient and achieving environmental,
social and economic benefits (Marquez Reyes, 2010; Freimund,
2020; Schwartz, 2021). Considering these areas corresponds to
Kuller et al. (2017) recommendation to instill the consideration
of ecosystem services in selecting sites for the implementation of
UGI solutions.

Regarding flood mitigation, physical factors such as
imperviousness, elevation, and roadways are critical. The
inclusion of these features in the analysis was informed by
the general notion that controlling stormwater runoft at the
origination point (i.e., parking lots and high-altitude areas)
or in the path of concentrated runoff (i.e., street network)
increases the overall efficacy and cost-effectiveness of UGI
solutions. For water quality, the selection of suitability factors
(network of channels and streams, active water wells, and
pollution hotspots) assumes that waterways and wellheads
are features in need of protection from polluted stormwater
runoff while pollution hotspots need to be contained from
contributing pollutants to stormwater runoff. Note that UGI

are not recommended for hotspot runoff as they may facilitate
groundwater contamination but may be used to reduce the
runoff reaching pollutant hotspots. On the other hand, the
placement of UGI in easily accessible locations (proximity to
major roads) or within high-density neighborhoods (residents
per areal unit) increases open space opportunities and reduces
socio-spatial disparities if such locations are in neighborhoods
with poor access to public parks and other green areas (distance
to nearest public park).

Each of the factors considered in stages 1 and 2 was mapped as
a separate GIS layer to represent a gradient of suitability based on
their unique characteristics and potential of contributing to the
goal of the analysis. Each layer was assigned a value on an ordinal
(1-5) or binary scale (1 or 5), with a score of five representing
the highest suitability. ArcGIS 10.2 was used to generate initial
vector layers that were ultimately transformed into raster layers.
All raster data were created using a 25-m cell size and the
Nogales Watershed Area polygon was used as an analysis mask.
This resolution was selected for consistency in resolution across
LSA input data. All the layers were weighted equally and added
together to determine a partial UGI suitability score.

The third stage consisted of combining the raster layers
representing the UGI effectiveness factors and the UGI service
factors to obtain an overall suitability score for each cell grid
within the watershed. Raster data facilitates weighted overlay on
numerous layers and calculates a composite score for each cell
on the grid. The purpose of weighting in LSA is to determine
each factor’s importance compared with another. Involving local
stakeholders in the analysis is a proven approach for evaluating
alternative and competing solutions to a multi-objective problem
(Pereira and Duckstein, 1993). In addition, it is particularly
useful in learning and building consensus with stakeholders and
building a sense of stakeholder’s ownership in the project’s results
and recommendations (Malczewski, 2006).

Weighting in this study was done with the help of a sample
of Ambos Nogales™ stakeholders identified using chain-referral
sampling. The stakeholders in the sample included developers,
contractors, as well as engineers, planners, and technicians
working in local water departments, flood control offices,
and planning agencies. The sample comprised 54 individuals
evenly distributed across the border who were chosen for their
involvement in urban and water planning, but also because
of their professional ability to provide an actionable opinion
about the feasibility of implementing UGI as a multi-functional
approach to stormwater management on both sides of the border.
Although this approach limits the spectrum of views included
in the analysis, it was justified by the need to obtain specialized
and practical insight for a study designed as part of a technical
assistance project. To assess stakeholder priorities, we developed
a survey which included three questions intended to elicit their
level of concern regarding flood risk, water contamination, and
availability of green space in their city and across the border. The
questions used a five-point Likert scale ranging from “a great deal
of concern” to “not concerned at all.” The responses provided
data points used to calculate a weighted score to determine the
relative importance assigned by the group of stakeholders to each
factor of the four UGI factors considered in the LSA. Because
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the feasibility factors represent constraints for the emplacement
of UGI solutions, it was assigned the same score as the service
factor with the highest ordinal score (water protection). Finally,
priority scores were transformed into weights by dividing them
by the summation of all (¥ =9).

Finally, the four composite layers were added together using
a weighted linear combination procedure where each factor (Wi)
was multiplied by the corresponding weight (Zi) to get a weighted
suitability score based on the following formula:

S= Xn:wi*zi (1)

i=1

where w; represents the suitability score of factor i, z; represents
the relative weight of factor i, and n is the total number of factors
included in the analysis.

Hydrological Modeling
In this analysis, we applied the KINematic Runoff and EROSion
(KINEROS2; K2) hydrological model implemented via the
Automated Geospatial Watershed Assessment (AGWA) 3.x tool
GIS interface. KINEROS is an event oriented, physically based
model describing the processes of interception, infiltration,
surface runoff and erosion that can be applied to urban
watersheds (Woolhiser et al, 1990; Wheater et al., 2007;
Goodrich et al., 2012). In addition to spatial variation of inputs
(land wuse, slope, soils and rainfall), the spatial variation of
outputs (infiltration, runoff, and erosion) can be accommodated
(Goodrich et al.,, 2012). KINEROS has been used to determine
the effects of various artificial features such as small detention
reservoirs, green infrastructure, and gabion rock detention
structures on flood hydrographs and sediment yield (Kennedy
et al., 2013; Korgaonkar et al., 2018). In AGWA 3.x the Nogales
Watershed was delineated and discretized using a mosaiced 0.6 m
digital elevation model (DEM modified from the Santa Cruz
County LiDAR dataset). Watershed discretization breaks up the
delineated watershed into planes and creates a stream feature
class that drains the planes. The plane size is selected to capture
the variability in the topography, soils, and land cover conditions
across the watershed. Subsequently, the discretized watershed
was subdivided using binational land-use-land-cover (LULC)
data (Norman and Wallace, 2008) and the Food and Agriculture
Organization of the United Nations (FAO/UNESCO) soil map of
the World. Although the FAO soil maps have a low resolution
(1:5,000,000 scale), previous studies have shown that K2 results
for FAO compare well with results from higher resolution soil
maps in the United States (Levick et al., 2004; Levick, 2006). A
10-year, 1-h time-depth storm event of 46.5 mm (1.83 inches) was
defined based on rainfall data from the National Oceanic and
Atmospheric Administration (NOAA) Atlas 14 (NOAA, 2011).
A spatially uniform rainfall is less appropriate for quantitative
modeling in arid regions. However, it is useful in qualitatively
assessing land-use/cover changes (Norman et al., 2010a). The
inputs for this model run are representative of the current land-
use scenario, with no green infrastructure intervention.
KINEROS with AGWA 3.x is applied to model both the
current land use and the conversion of areas identified in

the LSA to UGL To model the effects of UGI placement on
stormwater management, we created a new land cover input
file with the locations recommended by the LSA converted to
UGI. According to Norman (2020), areas treated with rock
detention structures (i.e., gabions, check dams, one-rock dams,
and loosely placed stones such as trincheras or spreaders) take on
characteristics normally associated with wetland-like landscapes
in terms of vegetation (Norman et al., 2014; Wilson and Norman,
2018), water availability (Norman et al., 2017, 2019), and carbon
sequestration potential (Callegary et al.,, 2021). The impacts of
rock detention structures have been studied and reported on
over the past 12 years as summarized by Norman (2020). To
represent this alteration to the landscape in our UGI scenario
analysis, we converted polygon areas being proposed as treated
with UGI to the wetland land-cover class as an alternative
input to K2. This land-use reclassification allows for a rapid
evaluation of the different hydrologic responses to landscape
changes and an assessment of maximum benefits to target
mitigation activities (Norman et al., 2010a). The implementation
of UGI in KINEROS with AGWA 3.x was highly simplified in
order to model a large spatial area efficiently using existing model
tools (Korgaonkar et al., 2018). While modeling UGI as wetlands
has been previously vetted as an appropriate approach, there are
important site-specific characteristics that are not captured.

To verify that model output is consistent with site specific
details, we analyzed the hydrological impacts of UGI on one
of the pilot sites where UGI was installed in Spring 2021 using
the first rainfall-runoff model, the Rational Method (Mulvany,
1851; Koutsoyiannis et al., 1998). The Rational Method requires
the contributing drainage area, rainfall intensity for a storm
of a specified return period, and the runoff coefficient (which
is a function of soils, slope, and land use). The contributing
areas and UGI footprint and volume were field verified by the
project team and the runoff coefficients were estimated using field
assessment and soils data. Time of concentration was computed
using the TR-55 approach (USDA., 1986). Rainfall intensity for a
storm with a return period of 2-year and the computed time of
concentration was drawn from NOAA Atlas 14 (NOAA, 2011).
Pre- and post-UGI construction peak flow was computed using
the Rational Method peak flow equation (Equation 2).

Qp = CiA ®)

where Qp is peak flow, C is the runoff coeflicient, i is the
rainfall intensity, and A is the catchment area. The resulting
peak flow reduction was then compared with the KINEROS peak
flow reduction.

RESULTS
LSA Results

Figure 3 shows the composite grid for each of the four factors
considered in LSA for UGI: effectiveness; flooding mitigation;
water quality protection; and greenspace opportunity. The spatial
distribution of the grid reflects directly the urban emphasis of the
approach used in the analysis. The composite grid mapping of
the UGI effectiveness factor (Figure 3A), for example, identifies
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FIGURE 3 | Composite maps showing locational distribution of factors interacting with (A) UGI effectiveness. (B) UGI flooding mitigation potential. (C) UGI water

as most suitable areas those located in the urban cores of Ambos
Nogales where public land uses (i.e., parks and schools) tend to be
concentrated and slope gradient is low. The composite grids also
reflect the contrast in the urban form of the two cities. Figure 3D
depicting the spatial distribution of greenspace opportunities
shows a grid with less area suitable for UGI in Nogales, Sonora,
than in Nogales, Arizona, an outcome resulting from the most
compact development and higher density characteristic of the
Mexican city and the quasi-rural character of Nogales, Arizona.

The overlaps between the suitability grids are significant across
the four composite maps.

As explained earlier, rather than generate one accumulated
value across the grids, we opted for a weighted approach to
combining the grids. A sample of 52 individuals proportionally
distributed across the border was invited to answer a survey.
The survey was approved by the IRB office of the University of
Arizona and completed by 27 individuals (52% response rate).
The resulting scores indicated a deeper concern for water quality
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TABLE 2 | Priority ranking and weight of LSA factors.

Factors Priority ranking (r = 1-3) Weights (z= 0-1)
UG effectiveness 3 0.333
Flooding risk 2 0.222
Water protection 3 0.333
Green space 1 0.111
Overall value 9 1.000

issues among stakeholders in Ambos Nogales. Flooding risk
was the second issue of concern, followed by concerns about
open space availability in third place (Table 2). This pattern was
consistent across the border and was used to prioritize the three
UGI service factors using an ordinal scale, where 3 corresponds
to the highest priority factor and 1 to the lowest. These priorities
were used to compute weights for the four suitability factors
according to Equation 1 (Table 2).

The overall UGI suitability map for the watershed involved
the combination of the four suitability grids using the weights
derived from stakeholders’ survey (Figure 4). Figure 4A shows
polygons representing most suitable areas for UGI after
dissolving proximal grid-cells using a 50 meters distance band.
The map contains a total of 166 polygons, with 109 located
in Nogales, Sonora, and 57 in Nogales, Arizona. The average
size of the polygons in Nogales, Sonora, was 8.5 hectares, while
in Nogales, Arizona, was 12.3 hectares. In total, the land area
identified as UGI suitable is ~1,640 hectares, an extent that is
equal to 6.7% of the watershed territory and 21.2% of the urban
footprint of Nogales, Sonora, and Nogales, Arizona, combined.

Although these polygons represent areas within the watershed
with the highest potential for UGI placement, many of them
contain land uses and functions that limit the type and features
of green infrastructure practices that can be placed on them.
Therefore, as a final step, the overall UGI suitability raster was
intersected with the LBCS layer to evaluate parcels within or
near the most suitable area with the highest potential to be
incorporated into the Ambos Nogales UGI network. A decision
matrix integrating the dimensions of the two-sided suitability
assessment framework used in the LSA guided a process to select
sites with the highest potential for retrofit, redevelopment, or
development using UGI practices. This process was conducted
using a combination of visual inspection using Google Earth
imagery or in situ observations by the research team. The results
were converted to a polygon file using the previously explained
method. Figure 4A shows the selected sites in relation to the most
suitable areas and the urban grid of Ambos Nogales.

A total of 103 potential UGI sites were identified in the
watershed, 83 of which were located in Nogales, Sonora, and
21 in Nogales, Arizona. South of the border, potential sites
averaged 0.96 hectares, significantly smaller than sites in Nogales,
Arizona, that averaged 10.3 hectares. These differences in the
number and extent of potential UGI sites are explained by the
existing contrasts between the two cities regarding urban form
and density. First, Nogales, Sonora, has an intensively developed
urban core, while Nogales, Arizona, is a diffuse settlement with
large interspersed hilly and underdeveloped areas. Second, in

correspondence to a ten times bigger population, the number of
schools, parks and other public use lands is significantly larger
in Nogales, Sonora, a factor that influenced the final selection of
sites. In fact, public parks, school, and sport facilities represent
52% of the sites.

The next step in the planning process was to apply urban
design standards to decide which UGI practice is the best fit
for each of the sites and how to connect them, so they become
nodes of a cross-border green infrastructure network linking the
two cities. A key feature of UGI is its functional versatility and
adaptability, which allow its use of virtually any space available as
part of strategy to detain and infiltrate stormwater in intensively
built-up areas.

Hydrological Modeling

A decrease is observed for runoff, peak flow and most
notably, sediment yield, in both planes and streams in Ambos
Nogales when the proposed UGI is used (Table3). This
decrease corresponds with findings attributed to small rock
check dams (Norman and Niraula, 2016; Norman et al.,
2017; Tosline et al., 2020; Callegary et al, 2021). In Ambos
Nogales, where rainfall runoff creates hazardous flooding and
sediment deposition which can reduce the capacity of conveyance
infrastructure—these changes would be most welcome. Results
of running the model on the change scenarios show a slight
decrease of infiltration in streams (~-2%), which we attribute
to the concurrent decrease in flow and water availability
there, and an increase in infiltration on the hillslopes (a.k.a.,
KINEROS planes; ~+2%; Table 3), which corresponds to
findings associated with rock gabion influence (Norman et al,
2019) and adds to the potential recharge of the aquifer in this
arid environment.

The uncalibrated model results are designed to evaluate
relative change, not give quantitative estimates of runoff and
erosion. Thus, the results give a qualitative estimate of the
benefits of UGI structures. Nevertheless, when proposed UGI
interventions are simulated as wetlands at suitable sites in
Ambos Nogales, the watershed model predicts ecosystem services
congruent with observed benefits that rock detention structures
provide in similar arid and semiarid ecosystems—in terms of
increased flood detention, erosion control, water provisioning
and water purification (Norman, 2020). We parsed out the
planes and streams in the watershed to analyze the trends
associated with their outputs (Figure 5). Despite some variation
in numbers, the general trends were similar for each output
(runoff, infiltration, sedimentation and peak flows) and across
the watershed.

We then mapped out these trends to illustrate the spatial
relationship of this variation in planes and streams, calling
attention to the areas in the watershed that will be most
impacted by UGI (Figure 6). Despite converting only 1.26%
of the total watershed area to UGI, there are great benefits
expected to be gained for Ambos Nogales. In the downtown
area (DowntwnNog in Figure 6), the model predicts the largest
reduction in peak flows and runoff, which is also predicted
to decrease the sedimentation (Figures 6A,C,D). Increased
runoff and flooding have been ongoing stormwater management
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TABLE 3 | Summary of KINEROS2 average percent change outputs results from
the two scenarios (before UGI intervention and after UGI intervention) in terms of
total watershed changes: average percent runoff (m?); peak flow (mm/h); and
sediment yield (kg/ha) and infiltration (m3/km) for planes that intersect with a
proposed UGI placement and all streams (all streams are within 2 miles of a UGI).

Planes

Infiltration (mm) Runoff (m3) Peak flow (mm/h) Sediment
yield (kg/ha)

214 —5.63 —4.71 -11.66

Streams

Infiltration (m3/km) Runoff (m3) Peak flow (mm/h) Sediment
discharge
(kg/s)

—1.65 —6.34 —6.46 —10.11

challenges in the downtown area in Nogales, Sonora, and
Nogales, Arizona, and the proposed UGI will help to address
them. The subwatershed between Downtown Nogales (planes
24: —5%; 70: —1%; 71: —3%; 72: —3%; 73: 0%; 77: 0%) and
Cuevitas (plane 22: —8%) is also predicted to greatly benefit from
reductions in peak flow. In this area, UGI has been installed
at the Embarcadero as a pilot as part of the broader project.
Other areas that are predicted to benefit from reduced flooding
and associated sediment transport include the Cuesta Blanca
(just south of Capulines) and Potrero Creek subwatersheds
(a collection of adjacent planes). Conversely, the neighboring

subwatersheds of Mariposa and Capulines are predicted to
increase these outputs. The majority of the watershed benefits
from stormwater detention and erosion control associated with
UGL. Increases in infiltration are predicted at all locations in
the watershed (Figure 6B). As expected, decreases in runoff
volume and peak flow, and increases in infiltration are
greatest in planes where UGI are located. We do not have
an accurate model of the aquifer underlying Nogales, but
the increased infiltration observed creates the potential for
watershed-wide increases in recharge, which would benefit
regional water supply.

To complement the model analysis, a rain garden (a type
of UGI which stores water and facilitates infiltration) with a
25,000L capacity was installed at Secundaria General # 3, a
middle school in Nogales, Sonora, identified as a suitable site
for the Ambos Nogales UGI network. The pre-implementation
conditions are described in the upper half of Table4. The
rain garden consisted of three interconnected local catchments
constructed using the trincheras system. Peak flow for the 10-
year storm prior to UGI installation was computed, using the
Rational Method, to be 221.1 I/s. After installation of UGI,
the peak flow was computed to be 204.1 1/s, resulting in a
7% decrease, as described in Table4. When modeling a 2-
year 1-h time-depth storm event of 30.7mm in KINEROS,
the corresponding plane for the school (plane 85) shows a
4% decrease in peak flow when comparing pre-UGI to post-
UGL
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FIGURE 5 | Percent change in KINEROS2 hydrological outputs between current land use and after implementation of UGI in (A) planes and (B) streams.

DISCUSSION in Nogales, Arizona. The installation of small rain gardens
and trincheras to detain and infiltrate rainfall and mitigate
The LSA conducted in this study differs from conventional  erosion and landslides are an example of UGI interventions
approaches to locate UGI because it considers runoff  that can be used effectively in residual spaces to re-naturalize
control in tandem with ecological services and social equity.  Ambos Nogales and promote local environmental awareness and
This framework is consistent with conceptualizations of  stewardship (e.g., Buijs et al., 2019). Large areas like the wetlands
UGI as delivering essential goods and services to urban 4t Potrero Creek (Figure 6) in Nogales, Arizona, can benefit
communities while simultaneously addressing development  from the construction of a series of cascading bioretention cells
driven hydrological modification, which results in water quality  helping to reduce the flow of stormwater and decreasing the
impacts and increased flood risk (Tzoulas et al, 2007; Ahern,  sediments and pollutant loads originating on nearby roads and
2011; Shi, 2020; Surma, 2020). The multifunctionality of UGl  residential areas.
allows for the identification of places that can be retrofitted, The total storage capacity and area for infiltration impact
redeveloped, or developed to accommodate different services  performance of UGI practices. However, targeted UGI can
producing a range of social, environmental, and economic  have a significant impact despite a small footprint. Here, as
benefits in the same piece of land. an outcome of the LSA, only 1.26% of the total area in the
In addition, UGI is flexible because it can be scaled to fit  watershed was identified for UGI treatment. The hydrologists on
dense urban areas where land is limited and urban growth places  the team were initially skeptical of the impacts this small change
pressure on available land. That is the case of the compact, in land use/land cover would have on the overall hydrologic
rapidly growing, and unequal urbanization occupying the Ambos  response. However, estimated changes in the water budget were
Nogales basin. As reported, the LSA produced a broad spectrum  significant for the watershed and prompted one to consider how
of location alternatives for UGI placement, ranging from small ~ scenarios expanding the footprint of localized interventions and
residual spaces in poor neighborhoods of Nogales, Sonora, their interconnection might further increase infiltration, while
to large open areas in need of preservation and protection  decreasing peak flows and sediment transport in the watershed.
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The results of the KINEROS AGWA 3.x at the watershed scale
were compared to a site scale analysis using the Rational Method
on one of the demonstration sites selected through the LSA. Both
methods showed a similar magnitude of peak flow reduction. The

Rational Method and the KINEROS AGWA 3.x are both models,
and we have not collected any field data, so the field performance
remains uncertain. However, the benefit of this comparison is
that the Rational Method application considered the specific area,
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TABLE 4 | Rational method variables and results for pre- and post-UGI implementation for the 10-year return period storm.

Catchment  Area (m?)  Flow path length (m) Slope  Runoff coefficient  Time of concentration (min.) i (mm/h)  Peak flow (L/s)
Pre-UGI A 3,869.9 67.6 2.0% 0.45 1.29 137 66.50

B+C 2,622.22 55.2 17.8% 0.31 0.57 137 31.00

Total 6,492.12 137 97.50
Post-UGI A 3,869.9 67.6 2.0% 0.45 1.29 137 66.50

B 2,070.8 64.8 14.9% 0.25 0.57 137 19.80

C 551.4 32.0 7.2% 0.25 0.41 137 5.20

Total 6,492.12 137 91.50

volume and materials used in a UGI installation in the Ambos
Nogales watershed. This provides additional support for the
approach to UGI modeling used within KINEROS AGWA 3.x.

In addition to impacting the surface water budget, UGI
can impact subsurface hydrological processes. There is limited
understanding of the Santa Cruz aquifer which underlies Ambos
Nogales and is an important regional water source (Scott et al.,
2012). UGI practices, which facilitate infiltration, may or may not
increase recharge depending on how infiltration interacts with
evapotranspiration and baseflow processes (Bhaskar et al., 2018).
Future investigations to determine how infiltration impacts
the aquifer are important for UGI design and regional water
planning. UGI placement can also influence recharge as surface
groundwater connectivity differs in space. Because of the urban
emphasis of this study, many of the sites identified through the
LSA are located at the outlets of many of the subwatersheds of
Ambos Nogales, yet traditional restoration projects are designed
to first treat headwaters of tributaries. Therefore, the effect
on the hydrological budget of the proposed UGI cross-border
network is subject to planning and design decisions affecting
their configuration and connectivity. Future research comparing
different placement scenarios of UGI in the watershed, given the
same total area of land being treated, is warranted.

KINEROS AGWA 3.x, like all models, has limitations; sources
of error include the model structure and parameterization, and
the model inputs. In the case of Ambos Nogales, the land use data
is outdated (2008) and the soils data is coarse (1:5,000,000 scale),
which may lead to errors in modeled infiltration and runoff.
Additionally, there were no discharge measurements available to
calibrate the model. In place of calibration, model parameters
were selected based on the available data (e.g., soil types).
Field data, such as streamflow measurements would improve
this parameterization, reducing error and uncertainty. However,
given that the model is applied to compare the status quo with
the addition of UGI, parameters are held constant across this
comparison. Therefore, even with these limitations, the model
is sufficient for the purpose of the analysis: to understand the
watershed’s response to rainfall and how the addition of UGI
alters that response.

UGI planning has the potential to be a useful approach for
regulating the interaction between land use/land cover change,
urban growth, and environmental management because such
a network is a spatially explicit structure and its components
operate as its territorial anchors. Land use change is arguably the
most significant socioeconomic force altering the Ambos Nogales

watershed, which drives flash floods, water quality deterioration,
damage to essential urban infrastructure, public health hazards,
and economic disruption on both sides of the border (Myint et al.,
2010; Norman et al., 2010a).

UGI is compatible with a binational approach to integrated
stormwater management because of its emphasis on restoring
and maintaining the connection across scales and across the
border needed for a healthy watershed. These interconnections
link components and processes sustaining a variety of regulating,
provisioning and cultural services important for urban resilience
and sustainability. The framework used in this study relies on
an integrated approach to stormwater management by using the
Ambos Nogales watershed as a planning unit, rather than two
watersheds artificially separated by the international border. The
practice of managing the United States and Mexican sections of
the watershed as two separate units is not only ill-advised from
a hydrological and ecological perspective but also incongruent
with the experiential knowledge of residents and water experts in
Ambos Nogales, who see a benefit in cross-border coordination
and exchange (Marquez Reyes, 2010; Freimund, 2020; Schwartz,
2021). In the context of this project, UGI planning is advanced
as a debordering strategy laying down the components of a
binational network with green nodes and corridors of varying
size, shape, and function that need to be interconnected through
cross-border cooperation and planning.

Finally, stormwater management has gone from a field
dominated by hydrologists and engineers, to a multidisciplinary
field involving the urban planners, landscape architects,
sociologists, risk managers, biologists, and other specialists. This
impetus for this transition comes from an expansive urbanization
process across the world and the growing complexity of the
interaction between the natural and built environments in the
context of a changing climate. However, the slow speed at which
interdisciplinarity and multifunctionality sinks into the mindset
and practices of local water managers delays the adoption of
multidimensional approaches like UGI. As suggested by Giner
et al. (2019), a strategy that can help accelerate this process is
developing technical tools that can be used to update planning
and urban design practices and standards and have implications
for water management along the United States-Mexico border.
In response to this imperative, this study has developed an
approach that is placed-based and sensitive to local needs. To
develop this approach, we engaged with communities on both
sides of the international boundary and formed a research team
with the skills to work in a cross-cultural setting. As observed
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by Nalven (1986) in an early study exploring cross-border
environmental cooperation, a “technical planning perspective
can easily identify a common topography, meteorology, and
problems of urbanization in border twin cities.” However,
this solely technical approach fails to see the importance
of a binational perspective and the influence of broad and
professional societal values for the implementation of cross-
border planning and design ideas. In response, we framed this
study as a multi-perspective research project, designed as a
collaborative learning process involving hydrologists, planners,
architects, sociologists and practitioners from both sides of
the border.

CONCLUSIONS

For decades, environmental studies focused on the United States-
Mexico border have highlighted the need for better cross-
border coordination and management of urban hazards and
shared ecosystems (Mumme and Nalven, 1988; Morehouse, 1995;
Varady et al., 2013). One of the elements that has hampered
the progress of cross-border environmental cooperation in the
region has been the lack of programmatic approaches to planning
and implementation, addressing some of the most urgent
challenges for sustainable water management in border cities.
Using the case of Ambos Nogales, this article has demonstrated
that UGI provides a flexible and practical approach to the various
challenges of border cities and cross-border environmental
planning. When UGI planning is supported by an LSA and
modeling integrating geographical, hydrological, urban, and
social factors, and using a cross-border lens, UGI can be designed
to address concurrent urban and environmental challenges faced
by border cities.

Transboundary watersheds present an added challenge in
creating sustainable, resilient, and livable cities. In Ambos
Nogales, as in other transboundary regions, rules, data sources,
procedures, finances and standards change as you cross the
national boundary. However, hydrologically, Ambos Nogales is
a single watershed system. Development across the watershed
has exacerbated flood hazards and water quality challenges,
and, as demonstrated here, coordination across the watershed
in interventions such as UGI has potential to efficiently tackle
these challenges and enhance benefits. Strategic placement
of UGI across the Ambos Nogales watershed, considering
both the conditions required for successful UGI and where
the community would benefit most from UGI placement,
reduced peak flows and sediment loads while increasing green
space access and using under-utilized spaces. The results
demonstrate the potential benefits of taking an interdisciplinary
and transboundary approach.

Creation and strengthening of institutions supporting
cross-border dataset development, intervention planning, and
implementation would enhance benefits on both sides of the
border. As we learned through this study, the combination of
strong problem-oriented research by regional universities and
local leadership are the drivers behind the widespread acceptance
of UGI in Ambos Nogales. Going forward, identifying ways

to build a stronger institutional capacity for collaboration in
addressing shared development, flooding and water quality
challenges would benefit the full Ambos Nogales watershed, and
other transboundary watersheds grappling with urbanization,
flooding and water quality challenges.
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