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ABSTRACT ARTICLE HISTORY
Shared groundwater resources between Mexico and the United Received 26 April 2021
States are facing unprecedented stressors. We reflect on how to Accepted 26 October 2021
improve water security for groundwater systems in the border KEYWORDS

region. Our reflection begins with the state of groundwater knowl- Mexico; United States;
edge, and the challenges groundwater resources face from transboundary aquifers;
a physical, societal and institutional perspective. We conclude that water security

the extent of ongoing cooperation frameworks, joint and remaining

research efforts, from which alternative strategies can emerge, still

need to be developed. The way forward offers a variety of coopera-

tion models as the future offers rather complex, shared and multi-

disciplinary water challenges to the Mexico-US borderlands.

Introduction

Groundwater is estimated to account for 97% of available global freshwater resources
(World Resources Institute, 1990). Worldwide, the increase in population coupled with
water scarcity and the degradation of water quality have highlighted the need for
transboundary water management agreements (Draper & Kundell, 2007). The efforts
supporting the development of joint assessments of equitable allocation of surface water
and groundwater, with particular attention to sustainability, vulnerability to
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contamination, and management of wildlife and ecosystem preservation, are slowly but
diligently elevating the priorities of the global water agenda on transboundary water
resources (UNECE & UNESCO, 2021).

While some international laws governing transboundary surface water do exist, shared
groundwater resources have long been neglected by both the international legal regime
and most transboundary water management agreements. The ‘invisibility’ of the
resource, combined with its natural physical complexities and the fact that sustainable
groundwater use has not drawn much attention until recent decades (Gleeson et al.,
2019), significantly contributed to the lack of policy development at the cross-border
level. Additionally, the lack of transboundary coordination at a worldwide level has been
highlighted in the literature as the main cause of poor multinational groundwater
management approaches (Eckstein, 2017). Recently, due to the impacts of climate
change, population growth and widespread pollution of surface water, policymakers
and water managers are moving towards a paradigm of water being ‘more protected
underground’ (UNECE, 2014). As a result, conservation measures, as well as the con-
junctive use of surface and groundwater resources, have become more important and
strategic at the transboundary level.

In the case of the waters shared between Mexico and the United States, two comple-
mentary binational surface water agreements are in place: the 1906 Convention between
the United States and Mexico, Equitable Distribution of the Waters of the Rio Grande,
and the 1944 United States and Mexico Treaty of the Utilization of Waters of the
Colorado and Tijuana Rivers and of the Rio Grande (together referred as ‘the Water
Treaties’). The Water Treaties provide the legal framework governing the three major
binational rivers and their tributaries shared between Mexico and the United States, but
do not cover other transboundary rivers (such as the Santa Cruz and San Pedro rivers,
just to mention a couple) or any shared groundwater resources. The Water Treaties also
do not recognize the physical linkages between surface water and groundwater in
transboundary watersheds and aquifers. In addition, climatic variability and climate
change, as well as expectations of population growth, were not considerations when
the Water Treaties were developed. Furthermore, the total volumes of water in the river
basins managed under these treaties were quantified according to measured water values
recorded in the early 1900s when the region was less arid.

With demand increasing for new sources of water, greater pressure is now being placed
on the region’s groundwater resources, thereby intensifying the need for cooperation over
transboundary aquifers (TBAs) (Rivera et al, 2015). However, in the border region of
Mexico and the United States, as in many other borders around the world, cooperation
related to groundwater resources faces challenges that need to be recognized and addressed
before any new policies and approaches are suggested at a binational level, or even
proposed for incorporation into the existing Water Treaties. Several elements essential to
sustainable and long-term water management are required. These include: bilateral effective
communication that incentivizes the exchange of data and information on current ground-
water conditions (e.g., hydraulic head records, abstraction rates, land uses, surface-ground-
water interactions and water quality); second, joint criteria for aquifer and watershed
delineation and monitoring; third, a comprehensive plan for surface-groundwater con-
junctive use; fourth, conservation and protection of shared endangered habitats; and fifth,
governing legal principles for management and sustainability of these shared resources.
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This paper describes the challenges in the border region and makes recommendations as
to how to build and improve water security for surface and groundwater systems in the
border region between Mexico and the United States. We begin by describing the state of
groundwater knowledge in the region and its implications for water security. Main topics
include: (1) the current state of knowledge about groundwater; (2) groundwater use and
competition; (3) water security challenges related to groundwater and surface water; (4)
hydrological and water resources models, from numerical and governance-management
approaches to support holistic decision-making; and (5) a proposed research agenda and
path forward. We conclude that increased funding availability, research development and
data generation, and prioritization within a coordinated binational agenda are needed to
advance in terms of water security for groundwater systems in the border region.

While there are many transboundary connections that must be bridged, this paper
unearths several relevant lessons to enhance the stewardship of transboundary water
resources between Mexico and the United States.

Transboundary groundwater resources in the Mexico-US border region
Geographical setting

There are numerous TBAs along the 3145 km-long Mexico-US border supporting
ecosystems, socioeconomic development and the well-being of more than 10 million
people in 30 cities and communities (Figure 1a). However, there is no consensus on the
exact number of TBAs in the border region nor on their geographical delineations. Some
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Figure 1. Map showing (a) the 3145 km international border with the main rivers between Mexico and
the United States (CRS, 2018); (b) transboundary aquifers along the Mexico-US border according to
UNESCO (2010); and (c) transboundary aquifers along the Mexico-US border according to Sanchez
et al. (2016).
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authors list 11 TBAs (UNESCO, 2010) (Figure 1b), while others suggest that there might
be up to 36 TBAs (Sanchez et al., 2016) (Figure 1c). Differences in definitions, criteria and
methodologies account for much of these numerical disparities.

Assessment of these TBAs reveals marked differences between the two countries in
terms of subsurface characterization, available information, monitoring schemes, man-
agement models and outreach policies.

While the two Water Treaties address surface waters in the border region, Minute 242
(an amendment to the 1944 Treaty that focuses on an aquifer in the Sonora-Arizona
border) is the only legally binding agreement between Mexico and the United States to
address binational groundwater resources (Sanchez & Eckstein, 2020a). There are no
agreements between the two countries that address conjunctive use of surface and
groundwater. Further, different water policies, water ownership regimes and governance
approaches at the national and subnational levels within each country pose challenges for
potentially managing transboundary waters (Megdal & Scott, 2011).

Gaps in knowledge exacerbate the challenge of managing TBAs along the borderlands.
The three fundamental unknowns include knowledge of groundwater extraction and use,
natural and artificial groundwater recharge, and land use, all of which are key elements of
the groundwater budget (Kim & Jackson, 2012; Rivera et al., 2015). While the general
perception is that groundwater is being extracted at rates greater than natural and
artificial recharge, there are no datasets to assess or confirm this claim outside of
inferences from groundwater-level declines at a border-wide scale. Existing data are
limited to the political boundaries of each country or subnational state.

On the US side, states such as New Mexico have required monthly pumping reports
since 2009 for every well (Hanson et al, 2020). However, land use is not regularly
mapped to track agricultural, municipal or ecosystem water uses. Aquifer levels are
monitored in established networks, and in California, groundwater use is estimated
within specific groundwater basins under the California Statewide Groundwater
Elevation Monitoring Program (CASGEM) (2021). These data are generated either by
the federal government (US Geological Survey - USGS), or by the states along the border
(California, Arizona, New Mexico and Texas). However, there is no integration of
withdrawal rates and other data into a single continuous database for the entire border
that transcends political jurisdictions. Arizona, for example, has established an active
management area in the Santa Cruz TBA that has withdrawal reporting requirements,
but only for the Arizona part of the aquifer. Additionally, there is no withdrawal
reporting for the San Pedro TBA on either side of the border (Megdal & Scott, 2011).

Within Mexico, groundwater uses by private sectors are implemented as groundwater
concessions (groundwater rights permitted from the federal government), however these
concessions are not systematically monitored or measured for all users and uses. Once
a concession is officially granted, users do not always report their water use as required by
CONAGUA, the centralized federal water agency in Mexico, and, in many cases, extract
more groundwater than the amount officially allowed. Thus, estimates of groundwater
extraction are inexact and can be subject to large biases and errors (Sanchez et al., 2010).
CONAGUA applies a water balance for ‘officially delineated basins’, which includes both
surface water and groundwater boundaries as ‘administrative units’ (Sanchez et al., 2016).
However, in most cases, the water balance is incomplete and biased as statistics are based
on old and limited data instead of annually updated estimates. CONAGUA has applied
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management measures such as the Aquifer Protection Act, which limits pumping rates
and restricts pumping areas (zonas de veda) where abstraction has been reported to
exceed annual recharge. However, these efforts have not been enough to constrain
consistent declines in groundwater tables, and groundwater quality degradation has
increasingly been reported in the border region (CONAGUA, 2015). Additionally, the
amount of illegal groundwater pumping on the Mexico side is believed to account for
a substantial portion of water pumping in the region (Loch et al., 2020).

In terms of research, from the centre to the south-east of the border to the Lower Rio
Grande/Rio Bravo basin, important binational studies have been conducted, such as for
the Santa Cruz (ongoing) and San Pedro watersheds and the Lower Rio Grande basin
(Callegary et al., 2018, 2016; Hanson et al., 2013), all of which were funded by the
Transboundary Aquifer Assessment Program (TAAP). Additional regional studies
were developed for the Mimbres-Las Palmas aquifer (Hanson et al., 1994), the trans-
boundary region of the Lower Rio Grande basin in the Rincon Valley, the Mesilla Bolson,
the Conejos—Médanos aquifer (Hanson et al., 2020; Ritchie et al., 2018; Sweetkind, 2017;
Sweetkind et al., 2017), the Hueco Bolsén (Heywood & Yager, 2003), and the Allende-
Piedras Negras (APN) aquifer (Rodriguez et al., 2020). The Tijuana River Watershed is
part of an ongoing USGS projects and, in the case of the Lower Colorado River Basin, the
integration of surface water and groundwater at the transboundary level with
a conceptual model is currently being pursued as a first step in a bilateral scientific
assessment (Cital et al., 2021). However, participation in these efforts from the Mexico
side has been very limited (Danskin, 2020). Current assessments can only be considered
as initial steps towards a more refined integration of binational data for potential
transboundary groundwater management. Current modelling results tend to be limited
to a portion of the aquifer, and other studies are often limited to general assessments of
physical conditions of the aquifers. While some more in-depth binational management
approaches are under development (Callegary et al., 2018; Sanchez & Eckstein, 2020a),
data-sharing, joint studies and monitoring are largely absent.

While there have been a few isolated efforts to develop the state of knowledge on
Mexico-US TBAs, in general there is a significant lack of binational cooperation at the
technical, institutional and managerial levels. The TAAP, which was funded by the
US government and facilitated by the International Boundary and Water Commission
(IBWC), has promoted the development of protocols and principles for transboundary
groundwater data-sharing for priority TBAs in Texas, New Mexico and Arizona (La
Mesilla and Hueco Bolson, Santa Cruz, and San Pedro) on the US side, and Sonora and
Chihuahua on the Mexican side (Senate Reports, 2006). However, the funding and
framework for coordinated monitoring networks and maintaining data-sharing and
developing data protocols that are facilitated by TAAP are still limited.

While there have been some case studies in which groundwater budgets were esti-
mated for particular TBAs using conceptual and/or numerical models, only four model
studies that straddle the border have been published: for the Hueco Bolson (Heywood &
Yager, 2003), the Lower Rio Grande basin (Hanson et al., 2020), the Mimbres Basins
(Hanson et al., 1994) and the APN aquifer (Rodriguez et al., 2020). Groundwater budgets
for other TBAs on the border are based on inferred or basin-wide mass-balance estimates
(Rivera et al., 2015).
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Groundwater-use estimates for the 11 TBAs shown in Figure 1a are recognized by the
two countries (Table 1), however most of these assessments were compiled during the
International Shared Aquifer Resources Management (ISARM) Americas Network meet-
ings held in 2010 (Rivera et al., 2015), and some are from the above-mentioned models.
These estimates vary in accuracy, timescales and level of detail, and are incomplete. As
shown in Table 1, information on groundwater extraction rates and potential over-
exploitation threats is one of the most important knowledge gaps in the region. The
estimates collectively indicate that most TBAs along the border are overexploited with
groundwater extraction rates slightly exceeding recharge rates by 14%. Additionally,
many smaller TBAs are not catalogued, monitored, assessed or managed (Sanchez
et al,, 2016).

Understanding groundwater use and competition

Agriculture is the most important and largest anthropogenic user of groundwater along
the border; other uses include municipal, domestic, mining and industrial. For example,
the Mexicali Valley in Baja California, located in the southernmost part of the Lower
Colorado River Basin Transboundary Aquifer (LCRB), has been one the most important
agricultural regions on the Mexican side of the border since the 1950s. The LCRB is
primarily recharged from the Colorado River, although induced recharge from agricul-
ture has also played an important role for the aquifer. Prior to 2010, Mexican agriculture
in the Mexicali Valley suffered from water logging conditions as a result of leakage from
the All-American Canal. However, that leakage also provided about 74 x 10° m’/year of
artificial recharge to the TBA (Hanson et al, 2015). With the lining of the canal
completed in 2010, less water leaked into the Mexicali Valley, which put farmers in
Mexico under pressure to extract more groundwater more quickly, thereby overexploit-
ing the aquifer, deteriorating water quality and inducing saltwater intrusion from the
Mar de Cortés (Gulf of California). This case provides an example of the magnitude of
the interlinkages of a shared surface-groundwater system and how they can be impacted
at different scales by a unilateral measure on one side of the border.

As with the growth of water used in agriculture, municipal and industrial uses of
groundwater have steadily increased over the last few decades due to growing metropo-
litan areas and expansion of Maquiladoras (manufacturers assembling products from
raw materials primarily for export) in northern Mexico along the border. International
companies have been attracted by a good-quality workforce and inexpensive labour and,
in most cases, the Maquiladoras rely on local groundwater from TBAs. In addition, there
are other less evident but important growing uses for groundwater, such as mining along
the Arizona/Sonora border, beer production in Coahuila and Sonora, and hydraulic
fracturing activities in Texas (Rodriguez et al., 2020). Similar stresses and competition for
surface water in the northern states of Mexico are expected to induce collateral damage
and conflicts for Mexican agriculture in the Conchos River basin in Chihuahua, and for
farmers in the Mexicali Valley of Baja California where declining surface water avail-
ability will need to be supplemented with groundwater from TBAs.

In addition, recent advances in horizontal drilling and hydraulic fracturing techniques
that require the injection of a large volume of water-based pressurized fluid to increase
shale permeability and enhance oil recovery have allowed profitable large-scale
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production of unconventional oil and gas, which in some plays reaches approximately
1 million barrels of oil/day. That is the case of the Eagle Ford Shale, a transboundary
hydrocarbon-rich formation crossing from south Texas into north-east Mexico. Because
of the large volumes of water needed in the hydraulic fracturing process, domestic and
international concerns have been raised regarding water scarcity and depletion, as well as
the environmental, geological and hydrogeological impacts of hydraulic fracturing devel-
opment and produced water disposal. These latter concerns include induced seismicity,
changes in land use, landscape fragmentation and aquifer pollution, to name a few.

Water extracted to satisfy hydraulic fracturing production has progressively increased
over the last few years. In Texas, water use in the Eagle Ford Shale between 2009 and
2011, in 2016, and between 2015 and 2017 was in the order of about 16,000, about 33,000,
and about 38,000 m>/frac well, respectively (Hernandez-Espriu et al., 2019; Tkonnikova
et al., 2017). The accumulated volume of water used in the Eagle Ford play to fracture
more than 5400 wells drilled in 2015-17 totalled about 190 Mm® (Groundwater
Protection Council et al., 2011). See Herndndez-Espria et al. (2019, tab. 1, p. 147) for
a summary of relevant research on the water footprint associated with hydraulic fractur-
ing production. A total of 80% came from fresh surface and groundwater sources, while
about 20% originated from brackish aquifers (Ikonnikova et al.,, 2017). These figures
reveal that unconventional oil and gas development has become a high water-demanding
user in the region. On the Mexican side of the Eagle Ford play (correlative units within
the Sabinas and Burgos basins), while unconventional resources remain unexploited,
their potential development will rely almost entirely on local aquifers. Although ground-
water use for fracturing might not be a significant user at the regional level, it does
represent an important consumptive use at local levels with considerable impacts on local
groundwater systems (Hernandez-Espriu et al., 2019).

Groundwater and water security

Water supply from the basins of the Colorado, Tijuana and the Rio Grande/Bravo rivers
is increasingly becoming scarce, thereby threatening the region’s water security (Cohen,
2005). According to the United Nations Council on Water Security in the context of
transboundary waters, water security can be defined as:

the capacity of a population to safeguard sustainable access to adequate quantities of
acceptable quality water for sustaining livelihoods, human well-being, and socio-economic
development, for ensuring protection against water-borne pollution and water-related
disasters, and for preserving ecosystems in a climate of peace and political stability. (UN
Water, 2013)

The most important water security challenges identified in the transboundary basins in
the Mexico-US borderlands are the following:

o Water over-allocation: the Colorado River Basin is considered one of the most over-
allocated river systems in the world (Castle et al., 2014; Christensen et al., 2004). It
has a total area of 637,137 km?, of which almost 98% is in the United States. It has an
average runoff of 19,735 hm®/year and an estimated water allocation among the
different consumptive uses of about 21,586 hm>/year. Reservoir storage capacity
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across the basin represents about five times the annual naturalized flow, hence water
allocation exceeds mean annual availability at the expense of storage from surface
reservoirs and groundwater aquifers. Over-allocation is due in part to allocation
levels having been set in 1922 during a period of above-average streamflow relative
to more recent long-term streamflow records (Scanlon et al., 2015). Castle et al.
(2014) suggest that future water allocated volumes might be jeopardized as water
availability continue to decline. On the Rio Grande/Bravo, the basin has a total
drainage area of 471,928 km?, of which just over half is located in the United States.
It has an estimated average runoff of 10,467 hms/year, of which almost 5762 hm?
runs off in Mexico, and an estimated annual water over-allocation of 7076 hm?>
(CONAGUA, 2020). The implications of having international river basins with
over-allocated water rights and growing water scarcity conditions puts additional
pressure on the binational agenda as water rights preferences and priorities at
transboundary levels become more complex and require a shared binational man-
agement vision that has yet to be developed for the region.

Global climate change: the most prominent hydroclimatic change in the Colorado
River Basin over the past 40 years has been a substantial warming trend, which has
altered land surface hydrology and induced a decline in water availability. The latest
studies report that runoff from the Colorado River has decreased by 9.3% for each
degree increase in temperature since the 1910s (Milly & Dunne, 2020), whereas
climate models based on the RCP8.5 scenario (the worst-case climate change
scenario) suggest that streamflow is expected to fall between 19% and 31% by
2065 (Lukas & Payton, 2020), mostly due to dwindling snowpack. In the Rio
Grande/Bravo basin, the scenario is not very different. In recent decades, the
snowpack has decreased by about 25% and the region is expected to experience
a water supply deficit of almost 740 hm® by 2060 (USBR, 2016, 2017). The current
climate change scenarios as a main binational challenge, compared with the over-
allocation challenge, represent an even more complicated issue given the inherent
uncertainty of the phenomena, lack of control, and the corresponding preparedness
and adaptation strategies that are required at the transboundary level to mitigate
climatic impacts in the region.

Anthropogenic alteration of the water cycle: human activities exert both significant
direct and indirect pressure on terrestrial water availability with negative conse-
quences for the region, not only on the quality of life of the population, but also on
natural ecosystems and biodiversity (Wu et al., 2020). This pressure is caused, in
part, by rapid population growth, urbanization and economic development in the
region, which are expanding demand and, thereby, exacerbating water scarcity. The
pressure on terrestrial water availability is also the product of an increase in the
frequency and intensity of climate variability and extreme hydrometeorological
events, which led to the development of hydraulic infrastructure for water storage
and hydropower generation that altered the natural water cycle regime and
adversely affected local ecosystems (Pitt et al., 2017). This latter situation is espe-
cially concerning where the traditional engineering approach of ‘grey infrastructure’
development, such as dams, dikes and reservoirs, has been utilized.
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e Water quality degradation: urbanization, land-use changes, agricultural runoff, lack
of monitoring and regulation of illegal discharges into surface water bodies, and
unregulated extraction of groundwater in the region have degraded water quality of
both surface and groundwater bodies at different scopes and scales. Examples of
degraded water quality can be seen in the increasing salinity levels in the Hueco
Bolsén (Heywood & Yager, 2003), the Lower Rio Grande regions (Hanson et al,
2020) and the Mimbres-Las Palmas region (Hanson et al., 1994), as well as surface
water and groundwater quality degradation from sewage effluent discharge in the
Santa Cruz and Tijuana River watersheds (IBWC Minute 320). Public health con-
cerns as well as irrigated agriculture that depend on international basins as their
main water source have dominated the binational agenda in terms of cooperation
efforts and investment on water treatment (IBWC, 2021; Sanchez & Eckstein,
2020b).

Surface water and groundwater interactions

Addressing the interactions between surface water and groundwater is critical for
achieving water security along the border. Groundwater pumping can affect base flows,
while surface water diversions can influence groundwater recharge (Alley et al., 1999).
Along the Mexico-US border, concerns related to surface-groundwater interactions
arise on several fronts, including the impacts of groundwater abstractions on surface
water rights, the timing and quantity of flows needed to support ecosystems, increasing
water extraction levels due to climate change/variability and impacts on surface water
availability, as well as population growth and other shifts in demands for water (Cuthbert
et al., 2019; Famiglietti, 2014).

Understanding these interactions is often difficult, especially in regions that span
various system boundaries, whether those systems are natural, political or socioeco-
nomic. These complications stem not only from the international political boundary
between Mexico and the United States, but also from other political boundaries at the
state, county and city levels. For example, current and past locations of the deltas of the
Rio Colorado and Rio Grande rivers, encompass terrains with a variety of fragile, yet
highly productive ecosystems and microecosystems whose health depend highly on
sustained, periodic freshwater and instream flows. Rapid development and resulting
socioeconomic changes throughout both basins, coupled with increasing water with-
drawals for municipal and irrigation uses, have significantly reduced instream and
freshwater inflows in the most downstream portions of these rivers.

Both rivers are flood-pulse flow-dominant systems that are highly impacted by natural
and anthropogenic factors that reduce the average annual flows, impacting groundwater
recharge and discharge into sensitive ecosystems highly dependent on groundwater for
their sustainability (e.g., Big Bend National Park). Flows in these rivers are currently low
with only periodic, and often short-lived, higher flow periods that occur during occa-
sional heavy rainfalls over their contributing watersheds. The predominantly arid to
semi-arid climate conditions found throughout these subtropical and middle-latitude
basins result in high evaporation losses and frequent drought periods, further reducing
runoff and the baseflows of both river systems. Additionally, dams, reservoirs and
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diversions have altered the natural hydrological processes in both river systems by
reducing mean and peak streamflows throughout their reaches. These reduced flows,
coupled with ever-increasing urban and agricultural withdrawals and consumption, have
led to both basins, especially the Colorado River basin, being listed among the most
overallocated in the world (Christensen et al., 2004). The natural consequence has been
an increasing demand on groundwater in the region and an increasing trend towards the
utilization of brackish groundwater desalination to meet growing municipal water
demands, such as in the case of the Lower Rio Grande Valley (Meyer et al., 2014).
Therefore, the need for a better understanding of surface water and groundwater inter-
actions for economic and environmental sustainability on both sides of the Mexico-US
border is a necessary priority (USBR, 2016, 2017).

While there is evidence that reduced streamflows in both the Rio Grande and
Colorado River have impacted deltaic ecosystems, water availability and policy issues,
it is less clear what role they have had on local groundwater resources (e.g., Kennedy
etal., 2017). Data collection has been limited by funding, and lack of collaboration efforts
and institutional trust has impeded access to information related to infiltration to and
connectivity between surface water and groundwater. However, it is increasingly sus-
pected that connections between the two played vital roles historically in maintaining
ecosystem health as well as surface water hydrography, quantity and quality. As demand
for water grows in both basins, gathering data to confirm this historical connection, what
linkages persist today, and the effects of decoupling them from one another is becoming
paramount for water security, ecosystem sustainability, and exploring options for cross-
border water policy moving forward.

In terms of management and policy development, the interactions between surface
water and groundwater are complex and substantial data and analysis are needed to
determine the relationships between groundwater uses, groundwater flow, surface water
uses and surface water flows (Kalbus et al., 2006). When change needs to occur within an
institutional management system, often (though, not always) the starting point for
negotiations is demonstration of impacts, such that the evidence establishes who is
responsible for what actions and what the impacts of those actions may be.
Understanding the institutional system limitations, gaps and needs is a crucial element
for assessing these impacts, yet, throughout the borderlands, the knowledge base needed
to understand the system is incomplete.

This knowledge uncertainty hampers the development of a legal and regulatory frame-
work for addressing surface water and groundwater interactions that is also fraught with
knowledge gaps. The Water Treaties do not address groundwater or local runoff (e.g.,
irrigation return flows and small arroyos in sub-watersheds) within the watersheds
(Mumme, 2000; Sanchez & Eckstein, 2020b), and the polycentric and multilevel structure
of authority over groundwater and surface waters in both countries (Milman & Scott, 2010)
means that there is no consolidated framework for addressing surface water and groundwater
interactions. In Mexico, the federal government oversees groundwater throughout the
country (Hernandez, 2003; Ramirez, 1967), albeit with some limited decentralization of
authority to watershed councils and groundwater technical committees (COTAS) (Wester
etal., 2009). In the United States, groundwater quantity and allocation are primarily managed
by the states and enforced by the Supreme Court (Hesser, 2011), whereas the federal
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government has authority on issues connected to interstate commerce, including ground-
water quality and endangered species (Mumme, 2005; Thompson et al., 2000). As a result,
each state has its own system for addressing surface water and groundwater interactions.

While there are many barriers to addressing surface water and groundwater interac-
tions along the borderlands, progress has been made over the past two decades. At the
binational level, some of these policy actions include Minutes 242, 316, 319 and 323,
which allude to the need to consider groundwater pumping and instream flows at the
binational level. Additionally, within the United States, the listing and protection of
species under the Endangered Species Act is leading to actions that address surface water
and groundwater interactions (e.g., see the Upper Colorado Endangered Fish Recovery
Program, the San Juan River Basin Recovery Implementation Program and the Lower
Colorado Multispecies Conservation Program). State-of-the-art numerical modelling in
the Mexico-US border region has been conducted for several TBAs. In the Lower Rio
Grande River segment located at the intersection of New Mexico, Texas and Chihuahua
(Figure 2), a joint USGS and US Bureau of Reclamation (USBR) effort analyses con-
junctive use with an integrated hydrological transboundary model (Hanson et al., 2020)
that provides a physically based flow model embedded in a supply-and-demand frame-
work (Boyce et al., 2020; Hanson et al., 2014).

This modelling effort started with the TAAP (Hanson et al., 2013) and was then used
by the USBR (Ferguson & Llewellyn, 2015; USBR, 2016, 2017) to assess climate change
and confirm the efficacy of the 2008 Operating Agreement for the Rio Grande Project
(USBR, 2008) and the 1906 Treaty (IBWC, 1906). The holistic framework combines
science (data and modelling), policy and governance to produce a more dynamic
operating management capacity for conjunctive use. The result is both short- and long-
term sustainability of water uses that enhances water security and increases resilient
capacity in the face of climate change/variability. This model, however, does not include
Mexican groundwater data for the Conejos—-Médanos aquifer, therefore its application is
valid only for the US side of the aquifer.

Another effort is the numerical model developed for the APN TBA. This is one of the
few TBA systems where cross-formational groundwater flow along the Mexico-US border
has been scientifically studied by means of numerical modelling approaches (Rodriguez
et al., 2020). The APN management unit is a strategic aquifer for Mexico because it
supplies 85% of the total water needs in the APN aquifer region (Rodriguez et al., 2020).
Moreover, this aquifer will likely experience additional water demand (about 56-128
Mm?/year) to satisfy future shale gas/oil development in the area (Herndndez-Espriu
et al., 2019). Despite its importance, very little formal research has been conducted
regarding local, regional and transboundary aspects of the APN aquifer. This model,
however, does include data from the Mexican side that have been compiled under the
memorandum of understanding between Texas Agrilife Research and the Instituto
Mexicano de Tecnologia del Agua (IMTA), which developed a data-sharing portal in
2019 (TWRI, 2019).

Several basic uncertainties still exist that clearly limit binational numerical and manage-
ment approaches in transboundary systems, including: (1) inconsistency in Mexican and
US aquifer delineation methodologies, as the former is based on arbitrary limits that
ignore geological features/structures/contacts, while the latter is based on geological
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Figure 2. Areas modelled by the Rio Grande Transboundary Integrated Hydrologic model (RGTIHM) in
the Transboundary Rio Grande River area of New Mexico, Texas and Mexico, along with an active
hydrologic model grid, selected climate stations and rivers for specific areas showing the total extent
of the model area, including watersheds and groundwater basins. Source: Hanson et al. (2020).

boundaries; (2) poorly understood outcropping and sub-cropping correlative units along
the border region’s hydrostratigraphy; and (3) different unification or separation criteria
used to characterize groundwater flow and/or aquifer systems between the two countries.
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Proposed research agenda and the way forward

Our review of TBA-related topics laid bare some pressing knowledge gaps that need to be
addressed to improve water security in the border region. Here, we identify and provide
recommendations on a path that could guide researchers and scholars on the way
forward.

Improving transboundary coordination and collaboration

According to the perspectives presented in this study and the conclusions of previous
sections, the path forward will need to incorporate research and data on surface and ground-
water interactions and conjunctive use, baseflow and ecosystem needs, and transboundary
governance and policy development to overcome water security challenges and account for
the need to adapt to climate change/variability. Some modifications through the minute
system of the 1944 Treaty have included elements related to groundwater (Minutes 242, 316,
319 and 323; IBWC, 1973, 2010, 2012, 2017b), drought contingency for surface water
deliveries and salinity limits on the Colorado River (Minute 323; IBWC, 2017b), emergency
deliveries of Colorado River water to Tijuana (Minute 322; IBWC, 2017a), and discharge of
pulse flow for environmental restoration in the Colorado River delta (Minute 319; IBWC,
2012). However, the use and joint management of shared groundwater resources, as well as
the need to adapt to or cope with climate variability at the transboundary level, have yet to be
addressed. In addition, while it is true that transboundary coordination on information
development and sharing has occurred in some cases, such as for the San Pedro and Santa
Cruz aquifers (Callegary et al., 2018), these efforts need additional funding and governmental
support to further develop joint monitoring and transboundary modelling along the entire
Mexico-US border and to facilitate more comprehensive cooperative management.

Another major task at hand is to find common ground in water management that
bridges scientific, technical, political and governance frameworks. This requires facilitat-
ing the development of mutual respect, diplomacy and dialogue, and acknowledging the
rights of neighbouring countries and jurisdictions. It also requires a binational discussion
to define the meaning of sustainable use of groundwater within the context of TBAs, as
well as in a conjunctive use framework of sound land management and water use within
transboundary watersheds.

Thus, the path forward requires the development of economic, diplomatic and scientific
frameworks for TBAs to facilitate joint monitoring and modelling, sharing of resources,
and development of protocols that promote sustainability. Some progress has been made
in the science of TBAs (mapping and assessment), but insufficient progress has been made
in terms of governance, policy and management of TBAs. Issues that must be addressed in
the coming years include defining transboundary groundwater units along the Mexico-US
border that need to be managed; designing and operating frameworks for appropriate
governance and shared TBA management; hosting shared and mutually accessible servers
with information databases; and increasing cooperation by means of institutional agree-
ments, arrangements, memoranda of understandings and other types of mutually agreed-
upon mechanisms for cooperation. This latter point could even include separate arrange-
ments between individual Mexican states, along with coordination with relevant
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institutions, such as the IBWC, CONAGUA, North America Development Bank
(NADBank) and US Environmental Protection Agency (EPA), among others.
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