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ABSTRACT: Assessing groundwater resources in the arid and semiarid borderlands of the United States and
Mexico represents a challenge for land and water managers, particularly in the Transboundary Santa Cruz
Aquifer (TSCA). Population growth, residential construction, and industrial activities have increased groundwa-
ter demand in the TSCA, in addition to wastewater treatment and sanitation demands. These activities, coupled
with climate variability, influence the hydrology of the TSCA and emphasize the need for groundwater assess-
ment tools for decision-making purposes. This study assesses the impacts of changes in groundwater demand,
effluent discharge, and climate uncertainties within the TSCA from downstream of the Nogales International
Wastewater Treatment Plant to the northern boundary of the Santa Cruz Active Management Area. We use a
conceptual water budget model to analyze the long-term impact of the different components of potential
recharge and water losses within the aquifer. Modeling results project a future that ranges from severe long-
term drying to positive wetting. This research improves the understanding of the impact of natural and anthro-
pogenic variables on water sustainability, with an accessible methodology that can be globally applied.

(KEYWORDS: climate variability/change; water policy; transboundary aquifer; groundwater/surface water inter-
action; effluent; conceptual water budget model; Transboundary Aquifer Assessment Program; Mexico/United
States.)

INTRODUCTION

Groundwater is an important source of freshwater
for populations and the environment. It serves 45%
of human freshwater needs around the world, pro-
vides 24% of water for agricultural irrigation, and is
a key factor in environmental preservation (Eckstein
and Sindico 2014). In the border communities of the
United States (U.S.) and Mexico, groundwater from
transboundary aquifers usually serves as the pri-
mary source of freshwater (Eckstein 2011).
Droughts, warming, changes in precipitation pat-
terns, and population growth increase competition

for groundwater resources, thereby affecting water
availability (Norman et al. 2010b; Scott et al. 2012;
Melillo et al. 2014). Evaluating groundwater
resources in the arid and semiarid borderlands of
the U.S. and Mexico poses a challenge for land and
water managers, mostly due to the institutional
asymmetries, the lack of binational groundwater
management agreements, and the information dis-
parities between the two countries. In this border
region and elsewhere, groundwater assessment tools
are key to the evaluation of groundwater resources
and the development of water management strate-
gies that promote the sustainable use of water
resources.
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Groundwater recharge in the Transboundary Santa
Cruz Aquifer (TSCA) is highly sensitive to climate
uncertainties and physical water and wastewater
transfers from both the U.S. and Mexico. The TSCA
includes the Santa Cruz Active Management Area
(SCAMA) in the U.S. and the Nogales Aquifer and Rio
Santa Cruz Aquifer in Mexico (Figure 1). Future cli-
mate projections for the Upper Santa Cruz River, north
of the Arizona–Sonora border, reveal a possible decline
in water reliability, decreased groundwater recharge,
and an increase in long-term water deficit (Shamir
et al. 2015). Groundwater recharge in this area depends
on the highly variable and intermittent natural stream-
flow events as well as effluent discharge from the bina-
tional Nogales International Wastewater Treatment
Plant (NIWTP) (Erwin 2007; Shamir et al. 2015).

The NIWTP provides tertiary treatment for the
sewage produced in Nogales, Sonora and Nogales,
Arizona; together, the cities are often referred to as
Ambos Nogales (USIBWC 2005; CH2MHILL 2009).
The plant was designed to treat 645 L/s: 211 L/s from
the city of Nogales, Arizona and 434 L/s from
Nogales, Sonora. However, according to registries
from the International Boundary and Water Commis-
sion (IBWC), Mexican contributions for 2000–2011
averaged 543 L/s.

In 2012, the Los Alisos Wastewater Treatment Plant
(LAWTP) was built to treat excess wastewater that sur-
passes Mexico’s established allotment of 434 L/s.
LAWTP has a capacity of 220 L/s and future plans for a
330 L/s expansion. While LAWTP alleviates some of the
Mexican wastewater contributions treated within U.S.
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territory, possible variations in effluent discharge from
the binational NIWTP, changes in groundwater
demand, and changes in Santa Cruz River natural flows
might negatively impact the hydrology of the TSCA
downstream of the NITWP and affect the management
of water resources within this binational region.

Several studies have analyzed the uncertainties
associated with the ownership and reuse of sewage
and effluent from Nogales, Sonora and Nogales, Ari-
zona (Sprouse and Atondo 2004; Norman et al. 2013;
Prichard and Scott 2014); the impact of increased
groundwater demands (Erwin 2007; Nelson 2007; Sha-
mir et al. 2007a; Shamir 2017); and the impact of cli-
mate uncertainties within different TSCA regions
(Norman et al. 2010a, b; Scott et al. 2012; Shamir
et al. 2015; Shamir and Halper 2019). Although these
studies address some of the main issues concerning
land and water management in the area, none of them
provide a comprehensive analysis for the effluent-dom-
inated stretch of the TSCA. This study addresses this
gap by comprehensively assessing the impact on
groundwater recharge of different scenarios of bina-
tional effluent discharge, groundwater demand, and
climate uncertainties in a portion of the TSCA that is
located downstream of the binational NIWTP.

Our approach utilizes a conceptual water budget
model and provides an impact assessment of pro-
jected climate to understand the nature and implica-
tions of climate uncertainties, changes in binational
effluent discharge, and changes in groundwater
demand within the effluent-dominated portion of the
TSCA. We document the process for determining the
various components of the conceptual water budget
model with a simple approach that can be applied to
other areas along the U.S.–Mexico border and around
the world; determine the usefulness of this informa-
tion for the formulation of updated regulations for
the SCAMA; and identify water governance gaps
within the binational TSCA pertaining the ownership
and re-use of the effluent, particularly that owned by
Mexico.

For the purpose of this study and in accordance
with available literature for the study area (Sprouse
and Atondo 2004; Norman et al. 2010b; Norman et al.
2013), the word influent will be used when referring
to sewage entering a wastewater treatment facility,
whereas effluent will be used to describe wastewater
that has been already treated.

PREVIOUS WORK

The different regions encompassing the TSCA have
been broadly studied. Scholars have analyzed the

impact of urban growth and climate uncertainties
within the Ambos Nogales Watershed (Norman et al.
2010b) and the TSCA (Scott et al. 2012). Other
research includes climate change projections for the
Upper Santa Cruz River within the context of water
management regimes (Shamir et al. 2015; Shamir
and Halper 2019) and the impact of urban growth in
water quality (Norman 2007; Norman et al. 2008;
Norman et al. 2009). Previous flood vulnerability
assessments incorporated climate uncertainties (Nor-
man et al. 2010a) and calibration analysis for the
region, accentuated its importance for watershed
modeling, but suggested that is not essential for
examining alternative future scenarios due to climate
variability (Niraula et al. 2012; Niraula et al. 2015).
Other relevant studies include a modeling framework
for water resources planning for the Santa Cruz
River (Shamir et al. 2007a, b) and an analysis of
binational water policy scenarios to determine the
impact of effluent discharge reductions to ecosystem
services (Norman et al. 2013). Studies within the
Mexican portion of the TSCA include a steady-state
model for the western portion of the Santa Cruz
River Aquifer in Mexico (Tapia Padilla 2005), a regio-
nal hydrogeological assessment of the Santa Cruz
River Aquifer (IDEAS 2008), a hydrogeologic charac-
terization of the Santa Cruz River Aquifer (Minj�arez
Sosa et al. 20111), a study that analyzes the impact
of effluent discharge from LAWTP in Los Alisos Aqui-
fer (Meranza-Castillon et al. 2017), and groundwater
availability reports (CONAGUA 2015, 2018).

These regional studies have improved the knowl-
edge base of the TSCA by exploring water resources
management and availability through different mod-
eling efforts. However, current gaps in knowledge
exist related to the joint analysis of the long-term
impact of effluent discharge, climate uncertainties,
and groundwater pumping downstream of the
NIWTP; the implication of these possible changes for
groundwater management within the region; and the
possible rules and agreements that could mitigate the
impact of these changes within the TSCA, which are
key contributions of this study.

The TSCA is one of four aquifers currently studied
through the Transboundary Aquifer Assessment Pro-
gram (TAAP), a joint effort between the U.S. and
Mexico to evaluate shared aquifers. The “Joint Report
of the Principal Engineers Regarding the Joint Coop-
erative Process U.S.-Mexico for the TAAP” (Coopera-
tive Framework) was signed on August 19, 2009
(IBWC 2009) and serves as a mechanism for coopera-
tion between the two countries (Megdal 2017; Megdal
and Petersen-Perlman 2018; Megdal 2019). This
study is part of the U.S.-funded TAAP effort. The
TAAP Cooperative Framework establishes that trans-
boundary aquifer assessment should be exclusively
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for the purpose of expanding knowledge (IBWC
2009). Outcomes of the TAAP in the Arizona–Sonora
border region include the development of bina-
tional studies for the transboundary San Pedro and
Santa Cruz Aquifers. The first study was published
by the IBWC in both English and Spanish (Callegary
et al. 2016). The second study is currently under
binational peer review.

SETTING

This study focuses on a portion of the TSCA
located within the SCAMA and downstream of the
binational NIWTP (Figure 1). Water resources man-
agement and availability in this region are tightly
linked to the physical characteristics of the binational
setting and the different facets of institutional gover-
nance, which are described in this section.

Physical Setting

Study Area. From its headwaters in the San
Rafael Valley, the Santa Cruz River flows southwards
to cross the U.S.–Mexico border into the state of
Sonora, Mexico. The river then turns west and
returns to the U.S. east of Nogales, Arizona, where it
flows north to converge with the Gila River, a Color-
ado River tributary. Intensive groundwater with-
drawal has diminished the perennial character of the

Santa Cruz River. However, effluent discharge from
the binational NIWTP, sustain a perennial stretch of
about 20 km along the River (Sprouse and Atondo
2004; Nelson 2007) (Figure 2).

The TSCA is divided into three administrative
regions: The SCAMA in the U.S., and the Nogales
Aquifer and Rio Santa Cruz Aquifer in Mexico. Adja-
cent to the Nogales Aquifer and outside from the
TSCA is the Los Alisos Aquifer, which is a source of
groundwater for the city of Nogales, Sonora and the
place where LAWTP is located. These separate
administrative regions serve different populations
and exhibit distinct physical characteristics. There-
fore, sustainable management practices within the
TSCA must consider the complexity of the region.

The Transboundary Santa Cruz Basin (TSCB),
which is the term that will be used to describe the
binational Santa Cruz watershed and its surficial
characteristics, presents an arid to semiarid climate
with bimodal precipitation patterns (Peel et al. 2007;
Treese et al. 2009). Rainfall conditions are often asso-
ciated with the summer monsoon (June–August) and
winter frontal storms (November–March). The combi-
nation of dry periods throughout the year, coupled
with these episodic rainfall events, results in changes
of streamflow regimes in the study area, ultimately
affecting groundwater recharge within the TSCA.

Within the TSCB, the cities of Nogales, Arizona
and Nogales, Sonora, often referred to collectively as
Ambos Nogales, represent the largest international
community on the Arizona–Sonora border. According
to the U.S. Census Bureau and INEGI (Instituto
Nacional de Estad�ıstica y Geograf�ıa/National

FIGURE 2. Photographs of the Santa Cruz River downstream of the Nogales International Wastewater Treatment Plant (NIWTP).

JAWRA JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION412

TAPIA-VILLASE~NOR, SHAMIR, MEGDAL, AND PETERSEN-PERLMAN



Institute of Statistics and Geography), in 2010,
Nogales Arizona had 21,000 residents, whereas
Nogales, Sonora officially listed 220,292. Another esti-
mate suggests that there were probably 350,000
inhabitants living in Nogales, Sonora during the
same period, considering the floating population that
temporarily lives in the area (Milman and Scott
2010). Population growth, residential construction,
and industrial activities have increased groundwater
demands and wastewater treatment demands in the
Ambos Nogales region (Norman 2007; Scott et al.
2012). Urban growth projections for Nogales, Sonora
indicate that the city will grow to 3.5 times its 2002
size by 2030 (Norman et al. 2010b), adding stress to
the limited water resources availability of the region.

Physical Water and Wastewater Trans-
fers. Physical water and wastewater transfers are
common in the Ambos Nogales region and constitute
a strategy that sustains the water and sanitation
needs of the two cities (Prichard and Scott 2014).
These transfers consist of physical movements of
water and wastewater across different hydrologic and
hydropolitical units without changing the legal own-
ership of the resource. As noted in Table 1, transfers
from three different aquifers are needed to sustain
groundwater demands from Nogales, Sonora, whereas
the city of Nogales, Arizona utilizes groundwater
from the microbasins area and the Potrero well field
(Figure 1). Wastewater transferred, treated, and

released into natural streams in Los Alisos, Mexico
and the SCAMA in the U.S. represent a source of
groundwater recharge for these regions, yet the vol-
ume, timing, and consistency of wastewater transfers
are constrained by the Mexican water governance
and the binational agreements from both the U.S.
and Mexico. Infrastructure conditions also play an
important role in these transfers. For instance, a fail-
ure at the Mexican wastewater pumping station (Car-
camo de Rebombeo) lowered the input to the LAWTP
in 2018, with the rest of the waste being sent to the
NIWTP (Operating Municipal Agency of Potable
Water, Sewage and Sanitation in Nogales [OOMA-
PAS], 2018, personal communication). It is important
to note that these physical water transfers do not
consider a change of ownership. For example, the
proportion of Mexican effluent discharged to the
Santa Cruz River in the U.S. is technically owned by
the Mexican government and could be reclaimed at
any moment.

Institutional Setting

The institutional asymmetries between the U.S.
and Mexico represent a challenge for binational coop-
eration regarding water resources (Mumme 1980;
Milman and Scott 2010; Megdal and Scott 2011; Cal-
legary et al. 2018). In the U.S., water management
follows a decentralized regime, with regulations vary-
ing in each of the states (Milman and Scott 2010;
Megdal and Scott 2011). Water management in Mex-
ico tends to be centralized, with the National Water
Commission (Comision Nacional del Agua [CONA-
GUA]) serving as the federal entity in charge of sur-
face and groundwater resources.

Within the decentralized U.S. water management
system, the 1980 Arizona Groundwater Management
Act provides a series of quantified rights for ground-
water users within the Active Management Areas
(AMAs) where the rights are regulated by the Ari-
zona Department of Water Resources (ADWR) (Meg-
dal 2012). The law also specified water management
goals for each AMA (Megdal 2012), including for the
SCAMA. The SCAMA has maintaining safe-yield con-
ditions and preventing local water tables from experi-
encing long-term declines as its primary groundwater
management goals (A.R.S. § 45-562C). Safe-yield is
defined by Arizona state law as an attempt “to
achieve and thereafter maintain a long-term balance
between the annual of groundwater withdrawn in an
AMA and the annual amount of natural and artificial
recharge” (A.R.S. § 45-561). However, this definition
has been historically subject to sustainability con-
cerns, for it does not consider the temporal patterns
of groundwater withdrawal (Alley and Leake 2004).

TABLE 1. Physical water and wastewater transfers in the Ambos
Nogales Region.

Recipient Amount Source

City of
Nogales,
Sonora

~251 L/s (OOMAPAS, 2018,
personal communication)

Santa Cruz Aquifer,
Sonora

~449 L/s (OOMAPAS, 2018,
personal communication)

Los Alisos Aquifer,
Sonora

~635 L/s (OOMAPAS, 2018,
personal communication)

Nogales Aquifer,
Sonora

City of
Nogales,
Arizona

~175.8 L/s (ADWR 2012b) Microbasins area
and Potrero well
field, Arizona

NIWTP,
Arizona

~468 L/s (IBWC
records) (average for 1996–
2018)

Wastewater from
the city of Nogales,
Sonora

~163 L/s (IBWC records)
(average for 1996–2018)

Wastewater from
the city of Nogales,
Arizona

LAWTP,
Sonora

~168.75 L/s (Meranza-
Castillon et al. 2017) (average
for the year 2015)

Wastewater from
the city of Nogales,
Sonora

Notes: LAWTP, Los Alisos Wastewater Treatment Plant; OOMA-
PAS, Organismo Operador Municipal de Agua Potable Alcantaril-
lado y Saneamiento/Operating Municipal Agency of Potable
Water, Sewage and Sanitation in Nogales; ADWR, Arizona
Department of Water Resources; IBWC, International Boundary
and Water Commission.
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ADWR oversees the Assured and Adequate Water
Supply Program, a key groundwater regulation that
is designed to protect and preserve limited groundwa-
ter supplies within the AMAs (ADWR 2020). Accord-
ing to the provisional Assured Water Supply (AWS)
rules for the SCAMA, land subdivisions cannot be
approved without demonstrating physical water
availability, continuous water availability for a 100-
year period, legal water availability, financial capabil-
ity to construct water delivery systems and storage,
consistency with the management plan, and consis-
tency with the management goals of the AMA
(ADWR 2020). Since the adoption of the AWS and the
creation of the SCAMA occurred at approximately the
same time, provisional AWS rules for the SCAMA do
not fully incorporate its management goals (ADWR
1999).

Although water managers, scientists, and inter-
ested stakeholders worked on updating the AWS for
the SCAMA, permanent rules have not been finalized
due to a statewide gubernatorial moratorium on rule-
making that started in 2009 (Eden et al. 2016). When
the moratorium is lifted, the permanent rule-making
process will benefit from an enhanced understanding
of how variations in effluent discharge, groundwater
demands, and Santa Cruz River flows affect ground-
water availability in the SCAMA. The binational
character of the effluent discharge from the NIWTP
and their potentially variable releases pose a chal-
lenge for the designation of AWS. This is because the
proportion equivalent to Nogales, Sonora’s inflows
belongs to Mexico and cannot be considered as legally
available water for the SCAMA, even though it is a
source of aquifer recharge and contributes to the
physical groundwater availability.

Unlike the U.S. water management system, in
which state government has regulatory authority, the
Mexican system of water management is far more
centralized. CONAGUA was created in 1989 as a cen-
tralized agency of the Mexican government to man-
age and preserve Mexico’s water resources
(CONAGUA 2007). Mexico’s Law of National Waters
(LAN) of 1992 consists of a water right system deter-
mined within the context of Article 27 of the Mexican
Constitution (DOF 1992), which describes that the
"ownership of the lands and waters within the bound-
aries of the national territory is vested originally in
the Nation, which has had, and has, the right to
transfer title thereof to private persons, thereby con-
stituting private property” (DOF 1917, I–33). Chapter
16 of the LAN (amended in 2004) specifies that when
sewage is produced after using national waters and
then discharged into natural streams, it becomes the
property of the nation. This statement indicates that
retaining Mexican sewage within Mexican territory is
supported by their regulatory framework.

Binational Setting

Despite the differences between the U.S. and Mexi-
can institutional settings, the IBWC has worked in
collaboration with the cities of Nogales, Sonora, and
Nogales Arizona, for over 60 years in finding solu-
tions for the treatment and disposal of wastewater
produced by Nogales, Arizona and Nogales, Sonora.
IBWC is an international body that oversees the
application of U.S.–Mexico treaties related to bound-
ary demarcation, national ownership of waters, sani-
tation, water quality, and flood control in the border
region (U.S. IBWC n.d.). The 1944 Water Treaty
regarding the “Utilization of Waters of the Colorado
and Tijuana Rivers and of the Rio Grande” (1944
Treaty) is the main water-allocating mechanism for
the two nations. IBWC works with different institu-
tions to solve any issue that is not directly addressed
by the 1944 Treaty on a case-by-case basis. Decisions
made by the IBWC are typically recorded through
minutes, which can be defined as an interpretation to
the 1944 Water Treaty. Several of these minutes
have shaped binational cooperation over the Ambos
Nogales region, impacting the two nations’ sewage
disposal, influent and effluent supply (Table 2).

Minute 227 and 276 state that Mexico may dispose
of a part or all of the Nogales, Sonora sewage in its
own territory, which is consistent with Article 27 of
the Mexican Constitution. The agreements also indi-
cate that Mexico reserves the right to reclaim the
treated effluent from the NIWTP that is equivalent to
the sewage inflow from Nogales, Sonora. Mexican
wastewater deliveries to the NIWTP are subject to
changes caused by population growth, increase in
water demand, infrastructure adequacy, and avail-
ability of resources. Institutional agreements between
the U.S. and Mexico set up a framework for wastewa-
ter deliveries. However, they also open a window for
uncertainties associated with the proportion of Mexi-
can effluent that currently feeds a perennial stretch

TABLE 2. Relevant IBWC Minutes for the Ambos Nogales Region.

Minute Date Description

602 1958 Joint operation and maintenance of the Nogales
International Sanitation Project (IBWC 1958)

227 1967 Enlargement of the international facilities for
the treatment of Nogales, Arizona, and Nogales,
Sonora sewage (IBWC 1967)

276 1988 Conveyance, treatment, and disposal of sewage from
Nogales, Arizona and Nogales, Sonora exceeding
the capacities allotted to the U.S. and Mexico at
the Nogales International sewage treatment plant,
under Minute no. 227 (IBWC 1988)

294 1995 Facilities Planning Program for the Solution of
Border Sanitation Problems (IBWC 1995)
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of the Santa Cruz River and it is a source of ground-
water recharge for the SCAMA.

Influent and Effluent at the NIWTP. The aver-
age influent from both the U.S. and Mexico entering
the NIWTP is 630 L/s (1996–2018). However, both
countries have exceeded their respective allotments
of 211 and 434 L/s at some point during this period
(Figure 3). To handle excess loading at the NIWTP,
an optional bypass to an aerated lagoon was built in
2006 (CH2MHILL 2009). Whenever the NIWTP input
exceeds the plant capacity of 645 L/s, the excess
wastewater is diverted to the lagoon to undergo a pri-
mary wastewater treatment.

The newer LAWTP is a cost-effective alternative to
the NIWTP, yet Mexico continues to send wastewater
to both plants. Current sewage infrastructure in
Nogales Sonora serves 87.9% of the population, and
100% of the sewage is being treated either at the
NIWTP or LAWTP (IBWC Mexican Section, 2018,
personal communication). According to Valles Del-
gado (2014) and the Mexican section of the IBWC
(2018, personal communication), Mexico pays
0.047 USD/m3 for treatment of wastewater that is
below the 434 L/s allotment and 0.206 USD/m3 once
it surpasses the threshold stipulated by Minute 276.
Treating the sewage in excess of the allotment at
LAWTP incurs a cost of 0.16 USD/m3, including
pumping and transportation. Although treating the

excess wastewater in LAWTP is a cheaper option, the
Mexican input to the NIWTP is often higher than the
agreed-upon allotment of 434 L/s. The Mexican over-
flow at the NIWTP is likely related to population
increase in Nogales, Sonora and infrastructure chal-
lenges in the pumping station that delivers wastewa-
ter to LAWTP (OOMAPAS, 2018, personal
communication).

METHODS AND DATA

Our approach consists of a conceptual water bud-
get model that incorporates different scenarios of
effluent discharge, groundwater demand, and natural
river flow in a transboundary aquifer where ground-
water storage is highly affected by precipitation vari-
ability and water and wastewater management
decisions from both the U.S. and Mexico. A concep-
tual water budget model determines the importance
of the different water fluxes and their variability.
The model can be used to assess the impact of pro-
jected future climate and changes in land use and
cover, assess the impact of new water projects at
specific locations, and provide a foundation for effi-
cient water management strategies (Xu and Singh
1998; Zhang et al. 2002; Healy et al. 2007; Quinn

FIGURE 3. NIWTP sewage influent (Mexico, United States [U.S.]).
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et al. 2016). A water budget model for a portion of
the TSCA that considers the binational character of
the aquifer can guide water management decisions by
comparing different policy-driven scenarios such as
groundwater pumping and effluent discharge.

Development of a Conceptual Water Budget Model

The model considers five sources of aquifer recharge
(Nelson 2007): Santa Cruz River natural surface
streamflow (SCRin), mountain-front recharge (MFR),
effluent discharge from the NIWTP (Eff), incidental
agricultural return flow (Ag), groundwater inflow from
the tributaries (GWtrib), and subsurface inflow from
aquifers at the southern boundary of the study area
(GWin). Water losses from the study area are attribu-
ted to evapotranspiration (ET), withdrawal from wells
(Pw), Santa Cruz River streamflow (SCRout), and
groundwater exiting the study area at the northern
boundaries near the Tucson AMA (GWout).

The water budget equation for the present study
conceptual model can be expressed as follows:

SCRin þMFRþ Eff þGWin þ AgþGWtrib

¼ ETþ Pw þ SCRout þGWout þ DS;
ð1Þ

where DS represents the positive or negative change
in the aquifer and vadose zone storage.

The conceptual water budget model uses the water
budget equation (Equation 1) and treats the entire
study region as a single lumped unit. The long-term
cumulative change of the aquifer storage calculated
by the model is used as a measure to assess whether
the prescribed water resources management scheme
is a sustainable one. The simulation was imple-
mented at a daily time step to represent the time
scale of flow events in the Santa Cruz River, which is
likely the most important flux with the highest inter-
and intra-annual variability.

The process for determining the various components
of the water budget model in a transboundary setting
included: a literature review of available hydrologic
studies for the region; a set of interviews with mem-
bers of the U.S. and Mexican sections of IBWC,
ADWR, OOMAPAS, and the City of Nogales, Arizona;
and a field visit to LAWTP. Personal communication
with land and water managers from both the U.S. and
Mexico was essential to determine and corroborate the
information related to the main components of the con-
ceptual water budget model. Experts were engaged via
email, telephone, and face-to-face meetings. Though it
took some time to engage stakeholders from two differ-
ent countries regarding an issue that can be consid-
ered politically sensitive like binational wastewater
treatment, we had a positive response from most of the

parties. Water budget model components can be found
on Tables 3 and 4. Additional information about the
methods for determining the water budget model com-
ponents can be found in Appendix 2.

The policy-driven scenarios for this study include
groundwater withdrawal management and various
effluent discharge scenarios (Tables 3 and 4).
Groundwater withdrawal for this simulation is based
on average 1997–2002 registries (Nelson 2007) and
2006–2025 projections (ADWR 2012b). For all the
eight scenarios of the effluent discharge, we simu-
lated 40-year duration. Each of the eight scenarios is
represented as one year of daily flow that is repeated
for the 40-year duration of the simulation (Table 3).

The first six effluent discharge scenarios represent
the average, maximum, and minimum flows pre and
postdevelopment of LAWTP. Scenario seven is equiv-
alent to the U.S.–Mexico established contributions of
645 L/s (20.34 Mm3/yr). This scenario was developed
after several discussions with personnel from the
Mexican section of IBWC and OOMAPAS, which
revealed that reducing their wastewater inflow to
434 L/s (13.69 Mm3/yr) is a priority to reduce Mexi-
can treatment costs and to comply with Minute 276.
This scenario also considers the 211 L/s (6.65 Mm3/
yr) corresponding to the U.S. agreed upon contribu-
tions for Nogales, Arizona. An enlargement to
LAWTP to a capacity of 330 L/s and the proper main-
tenance of the pumping station will help to fulfill this
objective at the cost of decreasing some of the Mexi-
can NIWTP influent and therefore, the effluent dis-
charged into the Santa Cruz River in the U.S.
Scenario eight is equal to only Arizona’s average con-
tributions (1996–2018), a case that considers a halt in
Mexican inflows. Even though at this point this
might seem an unrealistic scenario, it is a possibility
nevertheless, since Minute 226 and 276 establish that
Mexico reserves the right to keep wastewater from
Nogales, Sonora, within Mexican territory.

Assumptions and Caveats

This water budget model approach allows us to
test the water balance of many likely scenarios and
for long durations. The scenarios include changes in
treated effluent discharge, changes in streamflow,
and changes in water demand. We presume that the
inflow and outflow components are independent of
each other. The water budget model does not account
for the groundwater dynamics and assumes that the
boundary flow conditions are constant and do not
change over time. A dynamic geophysical hydrologic
model accounts for changes in the in-and-out fluxes
due to dependency on the state of the aquifer. The
construction of such a hydrodynamic model requires
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extensive datasets for the model parameterizations
and observations for the model calibration and vali-
dation. With the lack of such detailed datasets, the
uncertainty in the hydrodynamic simulations is likely
to be comparable to the uncertainty in the simula-
tions of the simplified modeling approach. Moreover,
because of the existing low water level conditions of
the aquifer in the study area, the changes in the
hydraulic gradient between most of the incoming and
outgoing fluxes and the aquifer are likely negligible.
Therefore, it is reasonable to ignore the dependency
of these fluxes on the water level of the aquifer. Thus,
given the large uncertainty in many of the boundary
conditions processes and the existing aquifer low
level, we believe that the independent water balance
approach is warranted.

Although some components in Equation (1) are
assumed constant and some are varied with time all
the inflow and outflow model components are consid-
ered as water fluxes. The model fluxes that are likely
to have the largest impact on the water balance are
the surface flow on the Santa Cruz River from both
natural and treated effluent discharge and the water
withdrawals. These are also the fluxes that can be
reasonably estimated from observed records. The
other fluxes are based on estimates from ADWR
Modeling Report No. 14, which assumes that these

fluxes are persistent from year-to-year (Nelson 2007;
ADWR 2012a, b).

The water budget model treats the entire region’s
water balance as one unit. The region, however, can
be divided into two conceptual regions that show very
different long-term trends. The first is the southern
part of the study area. This region maintains a fairly
shallow groundwater level with some sections of
perennial flows. The northern section of the study
area has a deeper groundwater level and it shows a
persistent drop in water levels. The northern area is
less affected by the recharge from the treated effluent
and likely also dependent on the hydraulic gradient
at the boundary with the Tucson AMA (Nelson 2007;
ADWR 2012a, b).

Considering the current low water level of the
aquifer and the very low likelihood of climatic scenar-
ios that may recharge the aquifer to its full capacity,
the absolute storage capacity of the aquifer in the
model is unconstrained. This unconstrained aquifer
assumption also implies that water withdrawal from
the aquifer is unlimited and water withdrawal con-
straints due to declining water level in the aquifer is
not being considered in this model. Therefore, the
model simulations and the accumulated change of the
aquifer storage should be cautiously interpreted. This
is especially true for cases of continuously increasing

TABLE 3. System inflows.

System Inflows
Average
(Mm3/yr) Source Notes

Mountain front
recharge (MFR)

6.17 Osterkamp (1973), Nelson (2007),
ADWR (2012b)

The contribution to the aquifer from recharge along the mountain
front. Assumed to recharge the aquifer at a nearly uniform rate

Tributary
recharge (GWtrib)

9.22 Aldridge and Brown (1971),
Halpenny and Halpenny (1985),
Nelson (2007)

Recharge distributed over 14 tributaries within the study area: 8.14–
10.30 Mm3/yr. In this study, we used an average of 9.22 Mm3/yr

Santa Cruz River
natural flow
(SCRin)

33.57 Based on Shamir (2017), Shamir
and Halper (2019)

Estimated Santa Cruz River inflow for 1945–2017 using flow at
NIWTP1 for the winter (October–April) and the flow at the Nogales
gauge for the summer (May–September)

Range (0
–100)

Effluent discharge
(Eff)

17.44 Based on IBWC historic registries
and interviews with key
informants

1. Avg. effluent discharge pre-LAWTP2

24.6 2. Max. effluent discharge pre-LAWTP
12.58 3. Min. effluent discharge pre-LAWTP
16.02 4. Avg. effluent discharge post-LAWTP3

22.08 5. Max. effluent discharge post-LAWTP
14.6 6. Min. effluent discharge post-LAWTP
20.34 7. Combined U.S.–Mexico agreed-upon contributions
5.42 8. Arizona’s avg. contributions for 1996–2018

Incidental
agricultural
return (Ag)

3.65 ADWR (2012a) 25% of irrigated agriculture

Groundwater in
(GWin)

9.25 Keith Nelson and Olga Hart
(ADWR, June 2018, personal
communication)

Nelson (2007) estimated consistent subsurface influx to the study
region from the Potrero area, Nogales wash, microbasins, and
Sonoita Creek

1NIWTP, Arizona, Mexico.
2pre-LAWTP: Predevelopment of LAWTP, Sonora, Mexico (2000–2012).
3post-LAWTP: Postdevelopment of LAWTA, Sonora, Mexico (2013–2017).
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deficit and decrease in water level, which may intro-
duce conditions in which the withdrawal demand can-
not be satisfied by the aquifer.

Projected Future Climate

The impact assessment of projected future climate
(2020–2059) is based on precipitation projections from
three CMIP5 RCP8.5 global climate models (GCMs):
HadGEM2-ES (Global Environmental Model, Version
2) from the United Kingdom Meteorological Office
Hadley Centre; MPI-ESM-LR from the Max Planck
Institute for Meteorology; and GFDL-ESM2M (Earth
System Model) from the NOAA Geophysical Fluid
Dynamic Laboratory. These GCMs were selected
because of their good performance over North Amer-
ica and because they represent the range of the
North America climate sensitivity. The climate pro-
jection analysis was conducted for 31.0°–31.75° North
latitude and 111.3°–110.3° West longitude, a domain
that covers the entire TSCA region.

Since the direct output from GCMs is generally too
coarse as input for basin-scale hydrologic modeling,
the GCMs required an additional “downscaling” pro-
cess. In this study, we used two types of downscaling
procedures, dynamical and statistical. The dynamical
downscaling was received from the North America
Coordinated Regional Climate Downscaling Experi-
ment (NA-CORDEX) program (https://na-cordex.org/).
These models were downscaled for the domain of the
NA-CORDEX program using the Advanced Research
version (ARW) of the Weather Research and Fore-
casting (WRF) Model (Version 3.1) as the Regional
Climate Model. The simulations are available for the
historic (1950–2005) and future (2006–2100) periods
at ~25 km horizontal spacing and at 3- and 6-h inter-
vals for the WRF-HadGEM2-ES, WRF-MPI-ESM-LR,
and WRF-GFDL-ESM2M, respectively.

The statistical downscaling is from the state-of-
the-art Localized Constructed Analogs (LOCA)

(Pierce et al. 2014). LOCA’s leading downscaling
assumption is that the forecast will evolve the same
way as the best matching historical event. The statis-
tically downscaled simulations are available for 1950–
2005 and 2006�2099 at 1/16° (~6 km) horizontal grid
spacing at a daily scale. The description of the cli-
mate models selection and analyses is detailed in
Shamir and Halper (2019) and Shamir et al. (2019).

Water Budget Model Input

The water budget model was developed using
seven climate scenarios that included six projected
future downscaled climate models (2020–2059) and
one historic ensemble. The main model flux that was
different in each of these seven scenarios is SCRin,
which as discussed above is the dominant and highly
variable flux. The development of the SCRin climate
scenarios is based on Shamir and Halper (2019), and
a short description is provided below.

Rainfall in the Santa Cruz River watershed is
highly variable over diurnal, seasonal, and annual
scales. This variability gives ground for using of a
weather generator to simulate a distribution of model
outcomes, rather than a single time series available
from the downscaled projections. A weather generator
is a probabilistic model that simulates ensembles, each
of which consist of a large number of plausible
“weather realizations.” In our study, we used the
weather generator to produce 100 realizations of
hourly precipitation for 40-years. The historic ensem-
ble represents the regional rainfall characteristics, the
natural variability, and the uncertainty that is associ-
ated with the observed hourly rainfall record. The
observed changes between the historic period and the
mid-21st Century in the six downscaled projections
were used to modify the precipitation weather genera-
tor to represent the projected future changes. The mod-
ified weather generator was then used to generate
hourly precipitation ensembles that represent the

TABLE 4. System outflows.

System outflows
Average
(Mm3/yr) Source Notes

Evapotranspiration
(ET)

16.04 Gatewood et al. (1950), S. Masek
(unpublished data), Nelson (2007)

Dry season
Medium season
Wet season

18.5
20.97

Withdrawal from
wells (Pw)

19.49 Nelson (2007) 1997–2002 average
29.97–28.37 ADWR (2012b) 2006–2025 projections

Subsurface outflow
(GWout)

27.14 Olga Hart and Keith Nelson
(ADWR, June 2018, personal
communication)

Estimated to range between 20.97 and 33.30 Mm3/yr

Surface outflow
(SCRout)

10.98 Annual flow at the Amado
streamflow gauge
(USGS09481770)

Measured at the Amado streamflow gauge during 2004–2009.
Record adjusted to remove baseflow that was not apparent after
the upgrade to the NIWTP
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projected future changes (2020–2059), as determined
by the downscaled projections.

The seven ensembles (each ensemble comprises 100
realizations of hourly precipitation for 40 years), were
used as input to a hydrologic modeling framework that
simulates streamflow in the Santa Cruz River near the
NIWTP. This modeling framework was developed to
estimate the groundwater recharge in the alluvial aqui-
fer that is upstream of the study area (the microbasins
area) (Figure 1) given various water withdrawal crite-
ria and water management strategies (Shamir et al.
2007a; Shamir et al. 2015; Shamir 2017; Shamir and
Halper 2019). The modeling framework includes a rout-
ing model that simulates the flow conveyance along the
river channel and provides a flow estimate for the Santa
Cruz River near the NIWTP (SCRin).

RESULTS

The results of the water budget model simulation,
using as input the estimated daily Santa Cruz River
streamflow at the NIWTP for 1945–2017 (Table 3;
Appendix 2), are shown in Figure 4. The total simu-
lated inflow and outflow components of the average
annual mass balance for the study region are 81.77
and 76.1 Mm3/yr, respectively. This indicates that
the average annual inflow and outflow to the study
area is balanced, with an annual average gain of
about 7%. Note that in this simulation, the Santa
Cruz River natural streamflow represents the aver-
age estimated annual flow during 1945–2017, the
treated effluent discharge is the mean annual dis-
charge for 2000–2017, and the groundwater pumping
represents the 1997–2002 average (Nelson 2007).

According to the average annual mass balance sim-
ulation for 1945–2017, the Santa Cruz River flows
along with the binational effluent discharge for the
area represent 65% of the total inflow, while ground-
water withdrawal represents 24% of the system out-
flows (Figure 5). These three components are highly
dependent on water management decisions from both
the U.S. and Mexico and climate uncertainties, there-
fore the importance of modeling different scenarios to
facilitate decision-making processes for land and water
managers. Even though this annual balance indicates
there is 5.67 Mm3/yr excess in storage, it does not
represent the large variability in the natural Santa
Cruz River streamflow (Table 5). This outcome, how-
ever, serves to interpret the significance of the Santa
Cruz River inflows for the overall water balance and
the importance of analyzing a time series that repre-
sents the expected inter-annual variability in the
Santa Cruz River streamflow.

In Figure 6 we compare the annual water balance
for 1978–2017 using 1997–2002 average groundwater
pumping with the 2006–2025 projected pumping
(ADWR 2012b). The effluent discharge in this simula-
tion is the average pre-LAWTP scenario. The 1997–
2002 average groundwater pumping resulted in
groundwater deficit for most of the analyzed years.
Only eight out of 40 years ended with a positive
water balance while a simulation for 2006–2025
groundwater pumping projections ended with only
five years of surplus in storage. Change in storage
calculated for the 2006–2025 average groundwater
pumping scenario is 60% less than the 1997–2002
scenario. Additionally, given the differences between
this multiyear water balance (Figure 6) and the
annual mass balance (Figure 4), we stress the impor-
tance of considering the inter-annual variability in
the Santa Cruz River flows and assessing the water
balance in the region with a long-term perspective,
which is one of the contributions of this study.

The cumulative 40-year water balance for the eight
likely scenarios of effluent discharge and 1997–2002
average pumping indicate that wet years during the
mid-1980s created a substantial surplus that has
been subsequently depleted (Figure 7). Except for the
maximum pre-LAWTP flow, all other scenarios pre-
sented a storage deficit by the end of the simulation
period. This trend of increased water deficit that fol-
lows the wet years of the early 1980s is evident in
several wells near the northern boundary of the
TSCA aquifer. For example, historical records in the
index well D-19-1329BCC near Elephant Head (north
of Amado) shows an apparent increase in water level
from 1979 until 1995 followed by a constant decrease
until 2014 and a slightly increasing trend until 2018
(https://warcat.hrcwater.org/SCAMA/). On the other
hand, the cumulative 40-year water balance for the
same effluent discharge scenarios and 2006–2025
average pumping projections (ADWR 2012a) shows a
significant deficit in water storage that closely dou-
bles the 1997–2002 projections (Figure 6).

The distribution of the annual balance for different
effluent discharge scenarios and 1997–2002 average
pumping indicates a positively skewed distribution
with most of the annual events ending in deficit (Fig-
ure 8). The deficit, given that outflows prescribed
fixed annual values for ET, pumpage, and groundwa-
ter and surface water flowing out, is finite and cannot
be lower than about 24.55 Mm3/yr. The years with
water surplus during the mid-1980s are associated
with frequent El Ni~no-Southern Oscillation conditions
and positive Pacific Decadal Oscillation (Pool 2005).

Figure 9 shows the cumulative distributions of the
water balance by the end of the 40-year period of sim-
ulations. It includes the cumulative distribution of
the precipitation ensemble that represents the
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historic period (black) and the single simulation of
the nominal case simulated for 1978–2017 (green ver-
tical line), using the mean NIWTP effluent discharge
from 2000 to 2012 and from 1997 to 2002 average
pumping. Since the analysis of the historic period
was carried for a 40-year period, the projected 40-
year water balance can be discussed with respect to
the historic record. The cumulative distribution of the
GFDL-ESM2M simulations closely follows the distri-
bution of the historic ensemble. The MPI-ESM-LR
projections indicate drying trends in both the dynam-
ically downscaled and statistically downscaled

ranging from about �555 to �246.6 and 0 Mm3/40-yr,
respectively. The largest differences in projections
between dynamically downscaled and statistically
downscaled are shown for the HadGEM2-ES projec-
tions. While the HadGEM2-ES dynamically down-
scaled showing a wetting trend that ranges from
�123.3 to 222 Mm3/40-yr, the statistically downscaled
is showing an overall drying trend with minimum
and maximum of about �370 and �61.67 Mm3/40-yr,
respectively. Overall, it is observed that the dynami-
cally downscaled projections yield a wider range of
possible scenarios, as compared with the statistically

FIGURE 4. Average annual mass balance simulation using the water budget model (1945–2017). In this simulation: SCRin is the daily
estimated Santa Cruz River inflow and Eff is the mean annual effluent for 2000–2017. Tables 3 and 4 describe the rest of the inflow and

outflow fluxes.

FIGURE 5. Annual percentage of the inflow and outflow fluxes for 1945–2017. In this simulation: SCRin is the daily estimated Santa Cruz
River inflow and Eff is the mean annual effluent for 2000–2017. Tables 3 and 4 describe the rest of the inflow and outflow fluxes.
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downscaled projections; they project a highly uncer-
tain future that ranges from severe long-term drying
to positive wetting.

DISCUSSION

This study utilizes a conceptual water budget model
approach to analyze the impact of climate uncertain-
ties and water and wastewater management decisions
in a portion of the TSCA located downstream of the
binational NIWTP. The conceptual water budget
model is a simple and adaptable approach that can be
applied over different geographies (Healy et al. 2007).
It provides a basic understanding of the region’s water

fluxes and the change in aquifer storage, information
that is useful for decision and policy makers. Our anal-
ysis utilizes many of the water budget model inflow
and outflow components available in current literature
(Erwin 2007; Nelson 2007; ADWR 2012b; Shamir
2017) and adds new “what if” scenarios of effluent dis-
charge, projected groundwater demand (Nelson 2007;
ADWR 2012b), and climate projections for 2020–2059.
Importantly, this study jointly analyzes these three
components.

The results of the water budget model simulation,
using as input the estimated daily Santa Cruz River
streamflow at the NIWTP for 1945–2017 indicate that
the Santa Cruz River natural flows and effluent dis-
charge from the NIWTP account for 65% of inflow to
the system, whereas groundwater withdrawal repre-
sents about 26% of the outflow. These model fluxes are
likely to have the largest impact on the water balance
because of their large dependency on climate uncer-
tainties, binational water management decisions, and
state water management decisions, respectively.

The largest uncertainty in this study is likely to be
introduced by the incorporation of the mid-21st-Cen-
tury climate projections. Although most of the climate
scenarios projected at the median of the cumulative
distributions a dryer future, one of the six scenarios
projected a wetter future (Hadley dynamically down-
scaled). In fact, looking at the entire cumulative dis-
tribution of the ensembles show that all six-climate
scenarios have some likelihood to have a wetter
future. This analysis although do not provide a clear
trend of drying or wetting, it provides important
information for the uncertainty range that should be
considered by water resources planners.

TABLE 5. Water year (WY) Statistics of 1945–2017 showing the
Santa Cruz River natural surface flow at the U.S. Geological Sur-
vey (USGS) Nogales gauge, estimated flow at the NIWTP and esti-
mated natural flow at Tubac. Estimated natural flow at Tubac was
determined by deducting the discharge of NIWTP treated effluent
from the measured flow at the Tubac gauge (USGS 09481749).

Santa Cruz river flow
(Mm3/yr) USGS Nogales NIWTP Tubac

Average 21.62 14.50 33.57
Median 11.44 3.04 22.30
Maximum 109.49 98.91 186.57
Minimum 0.34 0.00 0.86
25 Percentile 4.85 0.00 3.70
75 Percentile 24.73 14.07 46.06
Standard deviation 26.52 24.55 38.31
Coefficient of variation 1.20 1.70 1.10
Skew coefficient 2.00 2.20 2.00

FIGURE 6. Annual water balance calculated for 1978–2017 forced with 1997–2002 and 2006–2025 groundwater pumping average scenarios.
Eff corresponds to the average pre-LAWTP scenario.
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FIGURE 7. Cumulative water budget for 1978–2017 with different treated effluent discharge scenarios and 1997–2002 average pumping.

FIGURE 8. Histogram of the annual water balance during 1978–2017 with different treated effluent discharge scenarios and 1997–2002
average pumping.
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Combined, the impact of both human and natural
changes into the TSCA might be detrimental for
water resources availability downstream of the
NIWTP. These results are in agreement with previ-
ous studies that establish that variations in effluent
discharge downstream of the binational NIWTP
might reduce the perennial surface flow, vegetation
habitat, property value, and groundwater recharge
(Norman et al. 2013); and that groundwater recharge
in the Upper Santa Cruz River is highly dependent
on climate uncertainties and water management deci-
sions (Shamir et al. 2015; Shamir 2017).

This water budget conceptual model improves the
understanding of the impacts of variations in effluent
discharge, groundwater demand, and surface water
flows in the SCAMA, which is a requirement for the
formulation of updated AWS rules that comply with
the SCAMA management goals (ADWR 1999).
Results from this conceptual water budget model can
be used to identify the positive and negative change
in aquifer storage under different policy-driven sce-
narios. The impact of these scenarios emphasizes the
importance of adaptive management strategies and
regulations based on scientific information that sup-
ports the conservation of surface and groundwater
resources in this transboundary region.

This analysis sheds light on the current state of the
TSCA with respect to groundwater availability and
governance and recognizes the need for rules to
achieve the SCAMA management goals. The predicted
increase in groundwater pumping is mainly due to the
projected increase in municipal demand (ADWR
2012a). In the context of groundwater management,
results of this simulation can demonstrate the negative
consequences of increasing groundwater pumping
within the study region to land and water managers.

The simulation can also demonstrate implications of
this pumping increase for achieving the SCAMA man-
agement goals of maintaining safe-yield conditions and
preventing local water tables from experiencing long-
term declines, and the need of regulations that help to
achieve these goals, such as the AWS rules.

Effluent discharge downstream of the binational
NIWTP is an important source of recharge for the
SCAMA. However, the discharge cannot be considered
part of the 100-year AWS for the SCAMA in the U.S.,
at least not the portion that belongs to Mexico. One of
the criteria for demonstrating AWS is to possess legal
ownership of the water (A.A.C. R12-15-718) and Min-
ute 227 and 276 indicate that Mexico reserves the
right to reclaim the effluent from the NIWTP that is
equivalent to the sewage inflow from Nogales, Sonora.
We also recognize the importance of the binational
effluent discharge for the health of the Santa Cruz
River and note that current binational agreements do
not discuss the perennial stretch that is fed by effluent
discharge from the binational NIWTP. Future bina-
tional discussions over the amount and nature of the
NIWTP effluent discharge should consider the TSCA
as an interrelated binational system, reflect the
groundwater and wastewater treatment demands of
each nation, and the environmental water needs for
the area, a topic beyond the scope of this paper.

CONCLUSIONS

Assessment of transboundary aquifers along the
U.S.–Mexico border represents a challenge for land
and water managers. Institutional asymmetries, lack

FIGURE 9. Cumulative distributions of projected 2020–2059 40-year cumulative water balance by the three global climate models
dynamically (a) and statistically (b) downscaled simulations. The green line indicates as a reference the nominal case study using estimated

SCR inflow for 1978–2017. The black line represents the cumulative distribution of the ensemble that represents the historic period.
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of binational groundwater management agreements,
and information disparities are some of the obstacles
that interfere with the development of scientific
research that improves the understanding of these
shared aquifer systems. The TSCA is highly sensitive
to climate uncertainties and water management deci-
sions on both sides of the border. The groundwater
dependence of Nogales, Sonora and Nogales, Arizona
(Ambos Nogales), which are the main population cen-
ters within the region, adds additional pressure to
decision makers that rely on available hydrologic
studies for the development of groundwater manage-
ment rules.

This study uses a simple conceptual water budget
approach to assess the impacts of variations in
groundwater demand, effluent discharge from the
binational NIWTP, and Santa Cruz River natural
flows in a portion of the TSCA located within the
SCAMA. Mexican inputs to the aquifer system in the
form of treated wastewater provide additional water
volumes that help sustain the perennial reach located
downstream of the binational NIWTP and provide a
source of additional groundwater recharge for the
SCAMA.

The SCAMA is an ADWR-regulated area with pri-
mary goals of maintaining safe-yield conditions and
preventing local water tables from experiencing long-
term declines (A.R.S. § 45-562C). The AWS rules,
which require a 100-year water supply for new land
subdivisions, are a key groundwater regulation. This
impact assessment of the different components of the
conceptual water budget model can guide water man-
agement decisions that consider the binational char-
acter of the aquifer and inform in the development of
new AWS for the SCAMA.

Historically, wastewater from Ambos Nogales has
been treated at the NIWTP in Rio Rico and discharged
into the Santa Cruz River within the SCAMA. In 2012,
LAWTP was built in Mexico to treat a proportion of the
waste generated in Nogales, Sonora. The NIWTP and
LAWTP were built in accordance to the Minutes
approved by the IBWC with the objective of treating
and reusing wastewater in Ambos Nogales and repre-
sent a case of successful binational collaboration

between the U.S. and Mexico. LAWTP alleviates some
of the Mexican wastewater contributions treated
within U.S. territory. However, this study proves that
variations in effluent discharge coupled with ground-
water pumping contribute to groundwater deficits in
the study region, whereas climate change scenarios
project an uncertain future that ranges from severe
long-term drying to positive wetting.

The analysis of the different facets of groundwater
governance in the TSCA served to determine current
gaps in binational agreements that have to do with
the use and management of treated effluent from the
NIWTP and the protection of the perennial stretch of
the Santa Cruz River located downstream of the
NIWTP. This approach can be used to analyze any
transboundary aquifer within the U.S.–Mexico border
and around the world. Even though the TAAP Coop-
erative Framework specifies that transboundary aqui-
fer assessment should be solely for the purpose of
expanding knowledge (IBWC 2009), the produced
information will nevertheless benefit both countries.
Future research directions for the TSCA within the
TAAP Cooperative Framework include the develop-
ment of a conceptual water balance model for the
Mexican portion of the Santa Cruz River Basin and a
hydrologic impact assessment. This future study will
incorporate methodologies and lessons learned from
this analysis downstream of the NIWTP, establishing
its applicability within different regions.
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APPENDIX 1

LIST OF ACRONYMS

Arizona Department of Water Resources ADWR
Assured Water Supply AWS
Comisi�on Nacional del Agua (Mexican National
Water Comission)

CONAGUA

International Boundary and Water Commission IBWC
Los Alisos Wastewater Treatment Plant LAWTP
Nogales International Wastewater Treatment Plant NIWTP
Organismo Operador Municipal de Agua Potable
Alcantarillado y Saneamiento (Operating Municipal
Agency of Potable Water, Sewage and Sanitation in
Nogales)

OOMAPAS

Santa Cruz Active Management Area SCAMA
Transboundary Santa Cruz Aquifer TSCA

APPENDIX 2

WATER BUDGET MODEL COMPONENTS

In this appendix, we describe derivation of the var-
ious inflow and outflow aquifer fluxes that are
included in the water budget model.

AQUIFER INFLOWS

Mountain-Front Recharge

This term describes the contribution to the aquifer
from recharge along a mountain front. It is usually
described as water that infiltrates into the zone of
coarse alluvium that extends toward the piedmont at
the mountain–basin interface. MFR is assumed to
recharge the aquifer at a nearly uniform rate because
of the inhibiting effect in the unsaturated zone. With
lack of observed records, empirical equations to esti-
mate MFR as a function of annual rainfall were devel-
oped. In this study, we adopted the long-term rate of
6.17 Mm3/yr as estimated by Osterkamp (1973) and
adopted by Nelson (2007) and ADWR (2012a).

Tributary Recharge

The main tributaries in the study area are Sonoita
Creek, Agua Fria, and Peck Canyon. These ephem-
eral tributaries provide a steady recharge source to
the central aquifer upstream of their confluence with
the Santa Cruz River. The estimated recharge dis-
tributed over 14 tributaries within the study area
varies between 8.14 and 10.30 Mm3/yr Nelson (2007),
Aldridge and Brown (1971), and Halpenny and

Halpenny (1985). In this study, we used 9.22 Mm3/yr,
which is the average of the estimated range.

Santa Cruz River Streamflow

The surface flow in the study area is likely to be
the water balance component with the largest range
and largest inter-annual variability (Shamir et al.
2015). No streamflow measurements exist for the
Santa Cruz River near the NIWTP, which is at the
entrance to the study region. An upstream U.S. Geo-
logical Survey (USGS) active streamflow gauge near
the Mexico–U.S. international border (USGS #
09480500, Santa Cruz River near Nogales) has pro-
vided a streamflow record since 1916. This station’s
drainage area is ~1,400 km2, of which approximately
1,150 km2 are in Mexico. Downstream of the USGS
gauge, the ephemeral channel overlies the microbasins
aquifer, which consists of a series of four relatively
shallow, highly permeable and limited-storage-capacity
alluvial aquifers that are bounded by the low-perme-
ability Nogales Formation (Erwin 2007; Page et al.
2016). The microbasins extend along the river channel
for about 25 km from the international border to the
confluence with Nogales Wash near the NIWTP.

In previous studies, a modeling framework was
developed to estimate the groundwater recharge in
the microbasins given various water withdrawal cri-
teria and water management strategies (Shamir
et al. 2007a; Shamir et al. 2015; Shamir 2017; Sha-
mir and Halper 2019). The aquifer recharge rate is
the channel infiltration rate as in Erwin (2007),
whereas recharge is dependent on the availability of
free storage in the microbasins. The surface area of
streamflow recharge is dependent on the width of the
active channel, which is dynamically estimated as a
function of the discharge rate.

This modeling framework uses the streamflow near
the international border as input to estimate the
streamflow at the outlet of each of the four microba-
sins and the flow at the Santa Cruz River near the
NIWTP. The streamflow simulation used in our study
was taken from Shamir (2017), in which the annual
withdrawal rate from the microbasins aims for
6.17 Mm3/yr as long as the average depth to water at
each of the microbasins is below three meters. In
addition to the model’s assumptions with regard to
the microbasins management and hydrological struc-
ture, the main assumption associated with the
NIWTP inflow estimates is that no additional inflow
is being contributed downstream of the international
border.

The above-stated assumptions appear to hold well
for the winter but not for the summer. A comparison
was made for the 2000–2017 winter and summer
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natural flows at the Tubac gauge (USGS 09481740)
to the Nogales gauge and the estimated flow at the
NIWTP. The natural flow at Tubac was estimated by
deducting the discharge of NIWTP-treated effluent
from the measured flow at the Tubac gauge.

The estimated summer natural streamflow at
Tubac is larger than both the flow measured at the
Nogales gauge and the estimated flow at the NIWTP.
The average natural summer flow at Tubac is ~2.5
times that at the Nogales gauge, during flow events
that are smaller than 28.3 m3/s. (1,000 ft3/s). For the
winter, the estimated flow at NIWTP aligns with the
estimate of the natural flow at Tubac. Note, however,
that during most winters within this period, the flow
at both locations did not exceed 2.47 Mm3/yr. Thus,
for the derivation of estimated daily flow in the study
area, we used the estimated flow at NIWTP for the
winter (October–April) and the flow at the Nogales
gauge for the summer (May–September). The sum-
mer flow at Nogales was scaled by 2.5 for daily flows
that are smaller than 28.3 m3/s.

Natural inflow can also be contributed from tribu-
taries, namely Nogales Wash and Potrero Creek.
These are relatively small tributaries in comparison
to the Santa Cruz River, and we therefore assume
that no significant surface flow from these tributaries
is being contributed to the main stem of the Santa
Cruz River. This assumption may have to be revis-
ited, however, as the average annual flow during
2010–2017 at Nogales Wash in Nogales, Arizona is
8.34 Mm3/yr (5.30 and 13.57 Mm3/yr at minimum
and maximum, respectively). During 2017, for exam-
ple, the flow in Nogales Wash exceeded the flow at
the Santa Cruz River near the U.S.–Mexico border
(13.57 and 11.11 Mm3/yr). However, as of today, we
do not have sufficient information to account for the
surface flow that enters the Santa Cruz River at the
confluence with the Nogales Wash.

Incidental Agriculture Return Flow

The incidental agriculture return flow is estimated
as 25% of the irrigated agriculture (ADWR 2012a).
The average water withdrawal for agriculture in the
study area for 1985–2015, as reported by the nonex-
empt wells, was 75% (63% and 88% at minimum and
maximum, respectively). Projected overall agriculture
water consumption for 2025 is estimated to be 56%–
86% of the 2009 consumption (ADWR 2012b).

Subsurface Inflow

Nelson (2007) estimated a consistent subsurface
influx to the study region from the Potrero area

(4.32 Mm3/yr), Nogales Wash (6.17 Mm3/yr), microba-
sins (1.23 Mm3/yr), and Sonoita Creek (0.62 Mm3/yr).
We revised these estimates to 3.70–4.93 Mm3/yr from
the combined Nogales Wash and Potrero areas, and
~4.93 Mm3/yr from the microbasins and Sonoita
Creek (Nelson and Hart, ADWR, June 2018, personal
communication).

Effluent Discharge

Daily effluent discharge record from NIWTP for
2000–2017 that is available from IBWC was used to
derive the eight different scenarios that were used in
this study. Eight daily scenarios of possible treated
effluent discharge into the Santa Cruz River were
developed for this study. The first six scenarios repre-
sent the average, maximum, and minimum flow pre
and postdevelopment of LAWTP. Scenario seven is
equivalent to the U.S.–Mexico established contribu-
tions of 645 L/s (20.34 Mm3/yr). This scenario was
developed after several discussions with personnel
from the Mexican section of the IBWC and OOMA-
PAS, which revealed that reducing their wastewater
inflow to 434 L/s (13.69 Mm3/yr) is a priority to
reduce Mexican treatment costs and comply with
Minute 276. This scenario also considers the 211 L/s
(6.65 Mm3/yr) corresponding to the U.S. agreed upon
contributions for Nogales, Arizona. An enlargement
to LAWTP to a capacity of 330 L/s and the proper
maintenance of the pumping station will help to ful-
fill this objective at the cost of decreasing some of the
Mexican NIWTP influent and therefore, the effluent
discharged into the Santa Cruz River in the U.S. Sce-
nario 8 is equal to only Arizona’s average contribu-
tions (1996–2018), a case that considers a halt in
Mexican inflows. Even though this might be consid-
ered an unrealistic scenario due to lack of infrastruc-
ture and resources availability, it is a possibility
nevertheless, since Minute 226 and 276 establish that
Mexico reserves the right to keep wastewater from
Nogales, Sonora, within Mexican territory. Each of
the eight scenarios is presented as a one year of daily
flow that is repeated for the 40-year duration of the
simulation.

AQUIFER OUTFLOWS

Evapotranspiration

Evapotranspiration along the Santa Cruz River
corridor is a major yet relatively predictable outflow
component of the region’s water budget. A study by
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ADWR (S. Masek, unpublished data) delineated the
riparian coverage downstream of the NIWTP using
1954 and 1995 aerial photographs. The study identi-
fied seven vegetation groups with different annual
ET water use. S. Masek (unpublished data) estimated
the 1995 total ET rate (in the saturated and unsatu-
rated zones) to be 18.50 Mm3/yr. Nelson (2007) esti-
mated the ET rate in the saturated zone for wet,
average, and dry conditions to be 20.97, 19.12, and
17.27 Mm3/yr, respectively. We note that although
the amount of loss from the saturated zone is a sub-
stantial component of the water balance, the year-to-
year (inter-annual) variability in potential ET is rela-
tively small compared to that of some of the other
water balance components. For example, an observed
1987–2002 annual reference ET (ETo) record from a
site in Tucson has a coefficient of variation of 0.05
(University of Arizona, The Arizona Meteorological
Network. Accessed March 8, 2019, AZMET 2019,
https://cals.arizona.edu/azmet/).

In this study, we assume an annual rate of 16.04,
18.50 and 20.97 Mm3/yr for dry, medium and wet
seasons, respectively, that is distributed monthly, as
suggested by Gatewood et al. (1950) for riparian vege-
tation that consists of cottonwood and willow. The
actual ET is highly dependent on the meteorological
conditions (e.g. temperature, relative humidity, and
wind), groundwater level, and riparian health. These
are dynamic variables that are not being considered
herein. Considerable changes in actual ET can poten-
tially occur in the future due to declining water levels
in the aquifer and changes in the riparian vegetation
cover or health. Nevertheless, the water budget
model does not consider potential changes in the
actual ET. This omission may be warranted because
of the perennial flow and high-water level in the
aquifer caused by the persistent discharge from the
NIWTP, which supports the riparian forest.

Groundwater Withdrawal

Water demand in the study area is mainly satisfied
by groundwater withdrawal. The demand is domi-
nated by agricultural consumption, which ranged
from about 9.87 to 19.74 Mm3/yr/YR during 1985–
2009 (ADWR 2012a). Municipal water supplies, of
which Rio Rico Utilities is the largest provider in this
area, have gradually increased over time from about
1.23 Mm3/yr/YR in 1995 to 3.70 Mm3/yr in 2009
(ADWR 2012a). Nelson (2007), surveyed the 1997–
2002 annual reports of the region’s nonexempt wells
to estimate an average annual withdrawal of
19.49 Mm3/yr. Nonexempt wells are high capacity
wells within the AMAs that must report their with-
drawal to ADWR (A.R.S. § 45-2701(3)). Nonexempt

wells in the SCAMA account for about 95% of the
region’s withdrawal. About 60% of the withdrawal
takes place during the summer (May–September) and
40% in the winter (October–April). ADWR (2012b),
projected that groundwater demand in the study area
will gradually increase from ~20.97 Mm3/yr in 2006
to ~28.37 Mm3/yr in 2025. This predicted increase is
mainly due to the expected increase in municipal
demand.

Subsurface Outflow

Nelson (2007), stated that in general, during 1997–
2002, the hydraulic heads and gradients remained
relatively constant along the northern boundary of
the study area. He estimated the underflow flowing
north out of the SCAMA to be about 27.14 Mm3/yr.
This estimate is based on simulated underflow rates
into the Tucson AMA (Mason and Bota 2006). A more
recent estimate of the subsurface outflow is estimated
to range between 20.97 and 33.30 Mm3/yr (Hart and
Nelson from ADWR, June 2018, personal communica-
tion).

Surface Outflow

Surface outflow on the Santa Cruz River was mea-
sured at the Amado streamflow gauge during 2004–
2009. The average streamflow at Amado was
~13.57 Mm3/yr. We note, however, that the available
record from Amado dates from prior to the significant
upgrade from a secondary to a tertiary treatment level
at the NIWTP, which was completed in 2009. This
upgrade resulted in reduction in nitrogen concentra-
tion in the treated effluent, which inhibits the forma-
tion of a biological seal on the channel’s bed that in
turn reduces stream infiltration (Treese et al. 2009).
The streamflow at Amado after the NIWTP upgrade is
likely to be lower because of the higher infiltration
rate within the channel. Occasional 2013–2018 surveys
by ADWR, in fact, reported no flow at Amado during
February, May, August, and November.

In our model, the observed 2004–2009 record was
adjusted to remove the baseflow that is not apparent
after the upgrade. Following a visual analysis, to
remove this baseflow, we considered only daily events
that are larger than 0.42 m3/s (15 ft3/s). For the
water budget model, we used the adjusted Amado
flow for the average of winter and summer values.
Additional daily surface outflow is being added dur-
ing days with surface inflow that is higher than
141.58 m3/s (5,000 ft3/s), which is estimated as a
maximum possible daily recharge.
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For the water budget model simulations, we use
the selected Santa Cruz River Nogales streamflow
time series to categorize the summer and winter sea-
sons in terciles of dry, medium and wet seasons. In
addition to the ET that is modified based on the wet-
ness categories as explained above, the mountain
front recharge, groundwater tributaries, and surface
outflow components are modified to increase or
decrease their estimates by 50% for the wet and dry
season, respectively. The selection to change by 50%
is based on analysis of the terciles of the Nogales
gauge seasonal streamflow.
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