
water

Article

Modeling as a Tool for Transboundary Aquifer
Assessment Prioritization

Ashley E. P. Atkins 1,*, Saeed P. Langarudi 2 and Alexander G. Fernald 1,2

����������
�������

Citation: Atkins, A.E.P.; Langarudi,

S.P.; Fernald, A.G. Modeling as a Tool

for Transboundary Aquifer

Assessment Prioritization. Water 2021,

13, 2685. https://doi.org/10.3390/

w13192685

Academic Editors: Sharon B. Megdal

and Anne-Marie Matherne

Received: 1 July 2021

Accepted: 22 September 2021

Published: 28 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 New Mexico Water Resources Research Institute, Las Cruces, NM 88003, USA; afernald@nmsu.edu
2 College of Agricultural, Consumer and Environmental Sciences, New Mexico State University,

Las Cruces, NM 88003, USA; lang@nmsu.edu
* Correspondence: apage@nmsu.edu

Abstract: Transboundary aquifers are critical global water supplies facing unprecedented threats of
depletion; existing efforts to assess these resources do not adequately account for the complexities of
transboundary human and physical system interactions to the determinant of the impact of assess-
ment outcomes. This study developed a system dynamics model with natural, human, and technical
system components for a section of the transboundary Mesilla Basin/Conejos-Médanos aquifer
to evaluate the following dynamic hypothesis: how and when information from a transboundary
aquifer assessment is reported and perceived, in scenarios where two countries follow identical and
different timeframes, dynamically impacts the behaviors of the shared aquifer. Simulation experi-
ments were conducted to quantitatively assess the dynamics of transboundary aquifer assessment
information reporting and perception delays. These critical feedbacks have not previously been
incorporated practically in simulation and analysis. Simulation results showed that the timing and
content of reporting can change the dynamic behavior of natural, human, and technical components
of transboundary aquifer systems. This study demonstrates the potential for modeling to assist with
prioritization efforts during the data collection and exchange phases to ensure that transboundary
aquifer assessments achieve their intended outcomes.

Keywords: transboundary aquifers; human and natural systems; assessment; system dynamics
modeling

1. Introduction

International groundwater depletion jeopardizes the well-being of groundwater-
dependent natural and human systems, as well as the global populations that rely on agri-
culture and other critical exports from regions impacted by these water scarcity trends [1–4].
The challenges associated with groundwater depletion are exacerbated for the world’s
592 identified transboundary aquifers and groundwater bodies [5,6]. Transboundary
groundwater systems, which exist in nearly every country, serve as critical water supplies
for populations with distinctive characteristics, histories, and priorities [7,8]. Successful
transboundary groundwater management necessitates data and information produced
through efforts such as assessments [9]. Collecting and exchanging data to increase under-
standing regarding these shared resources has emerged as a foundational component of
assessments [10].

While recognition has grown regarding the importance and structure of transboundary
aquifer assessments, constraints exist that impede their success. Assessments are funded
with finite resources and conducted by a limited number of professionals with capacity
limits related to the amount of information and analysis they can produce. Logistical
challenges, resulting from things such as a lack of data and meta-data standards and
conflicting binational priorities and structures, further complicate exchange and coordi-
nation. Transboundary aquifers are part of complex, interconnected natural and human
systems. Determining what steps an assessment can take to achieve its objectives requires
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consideration of not just what information it produces, but how and when this information
is communicated and perceived within these complex systems. Given these realities, where
should assessment resources be directed to produce the most impactful results? This study
investigated modeling as a tool to assist with the prioritization of efforts within the data
collection and exchange phase of transboundary aquifer assessments, hypothesizing that
for scenarios in which two countries follow either identical or different timeframes, how
and when information from a transboundary aquifer assessment is reported and perceived
can dynamically impact behaviors of the shared water system. It should be noted that,
while this study looks at a scenario for an aquifer shared between two countries, many
transboundary aquifers are shared by more than two countries.

This research utilized system dynamics modeling [11] because the foundational struc-
ture of system dynamics maintains inherent similarities to hydrologic structures and the
non-linear feedback characteristic of human and natural systems [12]. Similar to all models,
the model developed in this study is only an abstract simplification of the problem [13].
The model in this study represents a simplification of interconnected natural and human
components of a transboundary groundwater system to help make sense of its complexities.
The model development process for this research was guided by the acknowledgment of
the dominant influence of human behavior, executed through human decision-making,
on hydrologic systems. This acknowledgment is the central driver of this study, which
attempts to progress understanding of the complexities of human decision-making in inno-
vative ways to understand hydrologic trends within the Anthropocene for transboundary
systems.

The model explored the potential role of reporting and perception delays of water
availability information in a transboundary groundwater system, positing that researchers
can use modeling to understand interconnected human and natural processes to analyze
the systemic impact of potential transboundary aquifer assessment efforts [14]. The model
investigated the potential role of reporting and perception delays of water availability
information in a transboundary groundwater system. This research addressed the follow-
ing questions: Should assessments focus solely on the type of information they aim to
produce and exchange? Or does how and when that information is reported and perceived
necessitate prioritization? How do similarities and differences between nations regarding
information reporting and perception delays manifest within a transboundary system?
This study examined the dynamic hypothesis that how and when information from a
transboundary aquifer assessment is reported and perceived, in scenarios where two coun-
tries follow identical and different timeframes, impacts the behaviors of the shared water
system. A dynamic hypothesis is a logical explanation that relates the feedback structure
of a complex system to its dynamic behavior [15].

Simulation experiments were conducted that investigate different reporting and per-
ception delay realities in scenarios where two countries that share an aquifer system pursue
identical and different transboundary aquifer assessment timeframes. Results that display
oscillations indicate instability in the system. As an example, throughout the COVID-
19 pandemic, oscillatory trends have persisted as decision-makers attempted to react to
rapidly reported and perceived information and find a balance between heightening or
loosening social-distancing related restrictions [16]. These oscillatory behaviors are not
unique to the COVID-19 pandemic or to transboundary groundwater decision-making.
The presence of these oscillatory behaviors indicates the need for policy optimization to
achieve more stable outcomes.

2. Materials and Methods

The study site for this model encompasses the internationally neighboring commu-
nities of Sunland Park and Santa Teresa in New Mexico, United States (U.S.) and Anapra
and San Jerónimo in Chihuahua, Mexico. These populations utilize a portion of the
Mesilla Basin/Conejos-Médanos, which is one of four priority transboundary aquifers
along the U.S.–Mexico border designated through the Transboundary Aquifer Assessment
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Program [17]. The U.S. and Mexico manage the Mesilla Basin/Conejos-Médanos separately.
The aquifer supports the populations that live within the area of the Mesilla Basin/Conejos-
Médanos; additionally, these resources supply water for industrial operations on both
sides of the border. In Mexico, water from the Mesilla Basin/Conejos-Médanos is pumped
to meet the growing demands of neighboring Ciudad Juárez. A map of the study site
is available in the Supplementary Materials. See [18] for further background about this
study site. The model developed for this research depicts simplified natural, human, and
technical components to better understand system behaviors and outcomes (Figure 1).
Core behaviors and interconnections for this transboundary region have been modeled
previously [18,19]. This study expands on the assumptions from those past efforts, which
is explained in the subsections below, to facilitate the quantitative analysis of reporting and
perception delays within a transboundary aquifer assessment process. While the model
is based specifically on a section of the Mesilla Basin/Conejos-Médanos, the applicability
of core behaviors to other transboundary systems makes the findings from the dynamic
results insightful for arid and semi-arid regions with transboundary aquifers.

Figure 1. Showcases a simplified representation of the relationships between the model’s three
primary components.

The model developed for this study has three primary components, water, demand,
and desalination (Figure 1), that are detailed in their correspondingly titled subsections. In
Figure 1, the (+) indicates a positive or reinforcing loop, and the (−) indicates a negative or
balancing loop; this structure was validated in water resources research modeling [20,21].
The water module contains hydrologic dynamics, the demand module contains compo-
nents relating to the dynamics of water demand, and the desalination module contains
components relating to the dynamics of desalination infrastructure and operation. Each
module’s subsection has a figure, referred to as a stock and flow diagram, that depicts its
key components. These stock and flow diagrams are simplifications and do not include
all the information needed to recreate the model. The stock and flow diagrams were
developed in Stella Architect. Full model documentation is available in the Supplementary
Materials section. Information about how to access an online version of the model that
allows users to view and experiment with the model is included in the Supplementary
Materials. The following standard system dynamics confidence building tests were utilized
in the development of this model: boundary adequacy, structure assessment, dimensional
consistency, parameter assessment, extreme conditions, integration error, behavior anomaly,
surprise behavior, and sensitivity analysis [15]. From these tests, we confirmed that the
feedbacks (see [18] for exogenous, endogenous, and excluded parameters) were necessary
and aligned with the established hydrologic and decision-making theory. The dimensions
were determined to be consistent, and the model underwent rigorous tests under extreme
scenarios to ensure that it responded appropriately and logically.
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2.1. Water

The quantity and quality-related water dynamics for this study were all rigorously
validated through the standard system dynamics confidence building tests discussed in
Section 2 [18]. They align with key hydrologic research findings for the Mesilla Basin/
Conejos-Médanos [22–28]. This region of the Mesilla Basin/Conejos-Médanos relies al-
most solely on groundwater for their drinking water supply. As such, the model only
investigates groundwater dynamics. Many transboundary aquifers around the world
have intrinsic though not fully understood connections to surface water [29]. While these
realities do not apply in the study area for this research, the dynamics of surface water and
groundwater connectivity should be accounted for when trying to understand the impact of
transboundary aquifer assessments on behaviors for regions dependent on both supplies.

The stock and flow diagrams for each module use standard system dynamics modeling
representation. Stocks, depicted in Figure 2 as rectangles, are a fundamental part of system
dynamics modeling. They are measurable quantities, such as the brackish water stock in
Figure 2. System dynamics models allow users to pursue an analysis that accounts for
ranges of stock quantities, which reflects the uncertainty that oftentimes exists regarding
quantities of freshwater in aquifers. Model stocks change based on model inflows and
model outflows. In the model, freshwater withdrawal is a model outflow from freshwater
and a model inflow to withdrawn water. The symbology utilized for freshwater withdrawal
represents a flow, and it is used throughout the model to depict flows. As an example, a
well that pumps freshwater from an aquifer represents a model outflow that decreases
the aquifer’s freshwater stock, but a model inflow increases the stock of water withdrawn
from the aquifer. Converters are components of the system that indirectly affect stocks by
directly impacting other converters or flows that are connected to stocks. Circles are used to
show converters in this study; stored water availability serves as an example of a converter
(Figure 2). Stocks and converters outlined with dotted lines differentiate components that
come from a different module, such as the demand or desalination module in the context of
Figure 2. Solid black arrows portray connections from stocks to converters, flows to flows,
converters to converters, and converters to flows.

Figure 2. A simplification of the model’s water component.
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2.2. Demand

The demand module (Figure 3) explores human decision-making dynamics within
the context of water demand. It centers around the understanding that perceptions of
water availability and the water demand gap are key drivers of water demand [18]. This
module was developed based on assumptions rooted in historical water demand trends
and system interconnections. In this model, reported demand gap influences are perceived
as a water demand gap [18]. While it is commonplace for water models that incorporate
demand to calculate demand based primarily on population growth, data from the U.S.
Geological Survey (USGS) shows that population increases to do not mean water usage will
increase [30]. Our model does not calculate water as a function solely tied to population
growth; in this model, the reported demand gap influences the perceived water demand
gap [18]. Despite population growth, water use in the United States by 2010 was less than it
was in 1970 [31]. This model relies on the assumption that perceptions of water availability
have a critical influence on water demand. For example, perceptions of abundant ground-
water availability led Albuquerque, New Mexico residents to use a peak of 272 gallons
per person per day in 1989 [32,33]. Data instead revealed trends of groundwater depletion
from a finite aquifer. In response, the city reduced its per capita water use to approximately
121 gallons per day by 2019, to reflect its updated perceptions of water availability [34–37].
Similar examples on different scales are abundant throughout history.

Figure 3. Key components of the demand module.

The reported demand gap is not instantaneously produced, and in this model, varia-
tions in reporting delay realities impact this timeline. The Results and Discussion section
describes the context of reporting delay realities in further detail. Reported information
does not become perceived by the system or understood in a way that dynamically im-
pacts perceptions of water demand and availability immediately. The study also evaluates
varying perception delays timelines.

Both Country A and Country B in the model have identical demand modules.
Figure 3 demonstrates the demand module for Country A. The generic names Country A
and County B were chosen to reflect the transferability of this study outside the Mesilla
Basin/Conejos-Médanos. The demand divide between both countries, however, is not
identical. This model explores a scenario where Country A is a majority water user. Coun-
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try B uses 20% of the water that Country A does. The water use divide reflects approximate
water use distributions in the studied section of the Mesilla Basin/Conejos-Médanos [18].
Uneven divides between water use or the spatial distribution of transboundary aquifers
across borders is a common reality. For example, approximately 90% of the Genevese
Aquifer is in Switzerland, while approximately 10% is in neighboring France [38].

The model assumes that, to minimize a demand gap, demand must be decreased,
or supply must be increased. Decreasing demand and increasing supply can occur si-
multaneously in this model. Increasing the water supply was investigated in this model
through the implementation of inland desalination, which is discussed further in the de-
salination subsection below. The conservation effect in this study is an aggregate decision
rule that acts based on water supply and demand. When the demand gap increases, the
conservation effect accounts for scenarios where there is a collective response to reducing
water demand. In Figure 3, the collective response comes from Country A. We assume
that demand gap does not immediately impact the conservation effect decision rule. An
anchoring and adjustment process takes place to produce a normal demand gap [39]. This
module considers bounded rationality by taking this anchoring and adjustment heuristic
(rule of thumb for decision-making) into account [40].

2.3. Desalination

The desalination module (Figure 4) reflects the reality that water decision-makers
implement policies in the present to meet future needs. Policies that involve changes to
built and natural environments, such as the implementation of desalination, have binding
characteristics and cannot be easily adjusted. Desalination represents an alternative water
supply option that can be pursued to increase freshwater supply in this study site. Inland
desalination has specifically received attention as a potential policy for this region, as well
as other arid and semi-arid inland regions. Pursuing desalination will impact the built and
natural environments; including it as a policy option in the model provides insight into its
dynamics for this and other inland regions considering desalination. The model simplifies
the options decision-makers have available to decrease demand or increase supply to
lessen the demand gap. The reported demand gap from both countries impacts the total
demand gap. The policy perception delay represents the time between when reported
information was perceived in a way that impacts society’s perceptions of water availability
and policies that reflect those perceptions were implemented. In the simulation experiments
conducted in this study, the policy perception delay remains set at a constant 2 years
for all runs. Differing political structures between countries that share transboundary
aquifers likely means differing policy implementation timelines. Variations in this delay
for transboundary aquifers need further investigation. The desalination component of the
model was rigorously assessed [18].

2.4. Simulation Experiments

Both countries maintain equivalent reporting and perception delays in Runs 1–3
(Table 1). In Run 1, there is a 1-year reporting delay and a 2-year perception delay. In
this scenario, water availability information was collected, analyzed, and reported within
the span of 1 year. The reported information is understood and contributes to the public
perception of water availability in the system, 2 years into the entire process. A 2-year
policy perception delay exists in every run in this study. This delay accounts for the time
between the information being perceived and implemented as policy. In Run 2, both
countries exhibit a 5-year reporting delay and a 6-year perception delay. Similar to Run
1, there is a 1-year delay between the reporting delay and the perception delay. This
1-year delay remains consistent across all runs in the study. Run 3 represents the lengthiest
cumulative delay, with a 10-year reporting delay and an 11-year perception delay.
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Figure 4. A depiction of the desalination module’s core components.

As shown in Table 1, both countries maintain differing reporting and perception delays
in Run 4 and Run 5. In each of these runs, one country has the reporting and perception
delay from Run 1, while the other country has the reporting and perception delay from
Run 2. In Run 4, Country A has a 1-year reporting delay and a 2-year perception delay;
Country B has a 5-year reporting delay and a 6-year perception delay. In Run 5, Country
A has a 5-year reporting delay and a 6-year perception delay; Country B has a 1-year
reporting delay and a 2-year perception delay. In the absence of assessments or agreements,
countries that share transboundary aquifers act on their own to develop, process, and
implement information. However, in an ideal scenario, scenarios can pursue agreements
or assessments together and develop, process, and implement information on the same
timeline. This study investigates the impacts of both options: when two countries that
share a transboundary groundwater system follow the same and different timelines.

Transboundary groundwater resources can be referred to as common pool resources [41,42].
Rather than homogenously examining the impact of transboundary aquifer assessments
through the lens of common-pool resource theory, this study design recognizes that a
plethora of dynamics within the system can and have in practice, as witnessed through
TAAP, result in delays. The tests selected for this study are a way to empirically evaluate
the impact of these heterogeneous delays on the system. A plethora of dynamics can
contribute to delays; the delays in this study were chosen based on the assumptions below.
The purpose of this study is not to recreate the entire system and examine every possible
influencing factor for a delay. Rather, it is to provide dynamic insight into the impact that
delays themselves might have on the system and the effectiveness of transboundary aquifer
assessments.

The perception and reporting delays explored in Runs 1–5 are compared against differ-
ent conservation parameters and maximum conservation in Runs 6–18. These parameters
control people’s response to water shortage in the model as shown by Equation (1), where
f(x) is the effect of water shortage on water demand, x is normalized water shortage, m
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is maximum conservation, and p is conservation parameter. The conservation parameter
(p) represents people’s responsiveness in conservatory reaction to water shortage. The
maximum conservation (m) places a limit on the quantity of water that the system can
conserve. Equation (1) implies that water demand reacts to water shortage in the opposite
direction, but the significance of this reaction depends on m and p.

f(x) = max(m, 1 − p (x − 1)) (1)

Runs 1–15 explore the same runs with different conservation parameters and a constant
maximum conservation parameter. The runs with a 0.1 conservation parameter are the
least sensitive, and the runs with a 0.9 conservation parameter are the most sensitive. The
maximum conservation limit in Runs 1–15 means that water usage can be reduced by up to
50%. In Runs 16–18, the maximum conservation limit is set to reflect an extreme scenario
of up to a 90% possible reduction in water usage.

Table 1. Details for each of the runs conducted in this study.

Run Country Perception
Delay

Reporting
Delay

Conservation
Parameter

Maximum
Conservation

Parameter

1
A 1 2 0.5 0.5
B 1 2 0.5 0.5

2
A 5 6 0.5 0.5
B 5 6 0.5 0.5

3
A 10 11 0.5 0.5
B 10 11 0.5 0.5

4
A 1 2 0.5 0.5
B 5 6 0.5 0.5

5
A 5 6 0.5 0.5
B 1 2 0.5 0.5

6
A 1 2 0.1 0.5
B 1 2 0.1 0.5

7
A 5 6 0.1 0.5
B 5 6 0.1 0.5

8
A 10 11 0.1 0.5
B 10 11 0.1 0.5

9
A 1 2 0.1 0.5
B 5 6 0.1 0.5

10
A 5 6 0.1 0.5
B 1 2 0.1 0.5

11
A 1 1 0.9 0.5
B 1 2 0.9 0.5

12
A 5 6 0.9 0.5
B 5 6 0.9 0.5

13
A 10 10 0.9 0.5
B 11 11 0.9 0.5

14
A 1 2 0.9 0.5
B 5 6 0.9 0.5

15
A 5 6 0.9 0.5
B 1 2 0.9 0.5

16
A 1 2 0.1 0.9
B 1 2 0.1 0.9

17
A 1 2 0.5 0.9
B 1 2 0.5 0.9

18
A 1 2 0.9 0.9
B 1 2 0.9 0.9

The run periods were chosen to show differing cumulative reporting and perception
delay realities. Beginning a study and producing reporting results within the span of 1 year,
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as exhibited in Run 1, is arguably an expedited timeline. The delay between submission
and publication of peer-reviewed research alone can span a year or longer [43]. These
delays, however, were shortened in the face of extreme circumstances such as the COVID-
19 pandemic, which has expedited medical research and publication timelines [44,45]. In
the context of extreme water-related local circumstances, such as elevated lead levels in
Flint, Michigan and water shortages in Cape Town, South Africa, traditional timelines
and procedures have also adapted [46–48]. The National Science Foundation’s grants
are generally awarded for no more than 5 years; Run 2 showcases behaviors associated
with a 5-year reporting delay. The time between identifying an area of research that
needs data collection, securing funding and resources, collecting data, analyzing data,
and ultimately reporting that data and analysis can take much longer than 5 years. Run 3
shows these realities with a 10-year reporting delay. It should also be noted that reporting
and perception delays can also extend well beyond the selected times from these runs,
particularly for transboundary regions that face additional coordination challenges.

All simulation experiments in this study are conducted over a 50-year period. This
period was selected to reflect a realistic planning horizon for the region. New Mexico and
Texas, the two states on the U.S. side of the border that the Mesilla Basin/Conejos-Médanos
falls within, either developed or are developing 50-year water plans. Regional and local
planning horizons around the world vary; most fall within increments at or under a 50-year
period. The 50-year planning horizons were utilized previously in system dynamics water
modeling and simulations. While occasionally 100-year horizons are pursued by water
managers, plans that extend beyond this are rare.

3. Results and Discussion
3.1. Users with Identical Perception and Reporting Delays

The perception and reporting delays associated with assessment information impact
the dynamics of the shared system and lead to different freshwater quantity outcomes
(Figure 5). Runs 1–3 showcase scenarios where both countries follow identical timelines;
assessment information regarding water availability is reported, perceived, and imple-
mented through policies at the same time for each country. These runs show that even a
few years of difference in delays can impact the overall effectiveness of assessments. While
these simulation experiments serve as a helpful baseline for understanding transbound-
ary aquifer assessment behaviors and impacts, their level of synced coordination may be
difficult to attain in practice, even in regions with established cooperation mechanisms.
Therefore, it remains important to investigate the possibility of each county following a
different timeline.

3.2. Users with Different Perception and Reporting Delays

The simulation experiments for Runs 4 and 5 show that differences between countries
in how and when information from an assessment is reported and perceived ultimately
affects outcomes for freshwater resources and system components connected with fresh-
water resources. Runs 4 and 5 have cumulative delay differences of 4 years between each
country; there is a 4-year difference between the perception delays and the reporting delays
in Runs 4 and 5 (Figure 5). These simulation experiments are intended to explore the poten-
tial impacts of coordinated assessments that progress on divergent timelines. The 4-year
difference, while seemingly small compared with the 50-year reporting period, notably
impacts the behavior of the system. These simulation experiments show that differences
between countries in how and when information from a transboundary aquifer assessment
is reported and perceived ultimately affects outcomes for freshwater resources. The report-
ing and perception delay maintained by Country A, the majority water user, dictates the
overall withdrawal behaviors and freshwater behavior of the system as exhibited in the
comparison between Run 1 and Run 4 (Figure 5). However, the reporting and perception
delays of Country B have an influence on the overall behaviors. Comparing the behavior
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of the freshwater supply between Run 2 and Run 5 showcases an example of this minority
water user influence (Figure 5).

Figure 5. Results of Runs 1–5 for (A) freshwater; (B) withdrawn water; (C) freshwater withdrawal; (D) desalinated water
withdrawal; (E) Country A demand gap; and (F) Country B demand gap. The name for each graph corresponds with the
name of the selected stock in the model. For example, (A) showcases the dynamic quantity of freshwater in the system over
the run period of 50 years.

3.3. Practical Implications

An important finding is that all simulation experiments in this study exhibit unde-
sirable behaviors due to the oscillatory behavior of the results, which reflects instability
in the system. The decision-makers in Run 1 react most rapidly to changes in freshwater
availability and most predictably with almost identical amplitudes and periods for with-
drawn water (Table 2). All runs start out on the same freshwater depletion trajectory. Run 1
reacts the most quickly and aggressively to the depletion trend and achieves the best result
for the freshwater supply at the end of the 50-year simulation. Run 2 and Run 3 continue
the same freshwater depletion trajectory as each other until they begin their staggered
responses. The simulations showcase a tradeoff; scenarios with increased delays result in
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reduced oscillatory behaviors but lead to a greater use of water resources. Optimizing the
runs to reduce volatility by maximizing the period and minimizing the amplitude of an
oscillation can result in more stable outcomes. In the context of this study, an optimization
of transboundary aquifer assessments would mean that both countries simultaneously
receive and perceive water availability information from assessments quickly but react less
aggressively and with more foresight for long-term, systemic trends.

Table 2. A description first and second amplitudes and periods for Runs 1–5 for withdrawn water,
which is also displayed in Figure 5B.

Run Amplitude 1 Amplitude 2 Period 1 Period 2

1 16.1 16.2 10 12
2 10.5 15 14 12
3 12.3 15.3 18 18
4 14.3 11.7 12 10
5 15.1 13.3 11 24

3.4. System Sensitivity

Runs 6–15 showcase behaviors for scenarios with a different conservation parameter
(p) and a constant maximum conservation (m) (Figure 6). Note that p controls the strength
of the negative (balancing) feedback loop in Figure 1, which goes through demand gap,
water demand, and withdrawal. We know that negative feedback loops when coupled with
significant delays can generate oscillatory behaviors [49]. Higher values of p strengthen
this feedback loop and potentially generate greater oscillations. When p is set to 0.5, the
model produces relatively large oscillatory behavior (Figure 5). Setting p to 0.9, such as it
is in Runs 11–15, strengthens the feedback loop and produces similar dynamic behaviors
(Figure 6). When p is set at 0.1 in Runs 6–10, the negative feedback loop is weakened and
almost knocked off, and the system becomes insensitive in this case (Figure 6). In the
context of this study, an assessment that increases sensitivity above the threshold has a
negligible impact on the behaviors of the system. Assessment outputs produced below the
threshold will likely not meet their intended outcomes, given the effects of the system’s
insensitivity.

3.5. Extreme Scenarios

Runs 16–18 test each of these three different p values in an extreme scenario where m is
set to 0.9, meaning that the system can reduce water usage up to 90% (Figure 7). Even in this
extreme scenario, the behaviors for p at 0.5 and 0.9 are similar, and the behavior for p at 0.1
results in less sensitive and less oscillatory behaviors. These results strengthen confidence
in the model as they corroborate our previous knowledge of the systems. They also reveal
that a threshold for p exists somewhere between 0.1 and 0.5. Making investments that
increase the sensitivity of the system for conservation between the threshold and 0.9 have
little impact on the overall behaviors of the system. In the context of a transboundary
aquifer assessment, assessment outputs intended to increase system sensitivity can likely
have a negligible impact on overall behaviors.

Assessments producing outputs in a system with sensitivity below the threshold
likely cannot meet their intended outcomes given the absence of the critical feedback
loop between availability and demand that drives behaviors in this scenario. Future
research needs to identify the threshold for a system and for a transboundary system, the
implications of differing thresholds. These initial results showcase the critical impact that
conservation parameters can have on the outcomes of assessments.
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Figure 6. Results of runs 6–10 for (A) freshwater withdrawal and (B) desalinated water withdrawal. Results of runs 11–15
for (C) freshwater withdrawal and (D) desalinated water withdrawal.

Figure 7. Results of Runs 16–18 for (A) freshwater withdrawal and (B) desalinated water withdrawal.
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3.6. Future Work

Future research needs to identify the conservation parameter threshold for a sys-
tem and, for transboundary resources, the implications of differing thresholds between
countries. The findings regarding the threshold are also widely applicable beyond trans-
boundary systems and should be incorporated more broadly in research investigating
the potential impacts of water policies to ensure that decisions can meet their intended
outcomes. Additional future work requires exploration into the complex relationships
between information reporting, perception, and policy implementation. Langarudi et al.
(2021) provides insight into breaking down the information perception process so that
its individual components can be analyzed within a system [50]. To carry out our initial
investigation, each run in this study had a 1-year gap between the reporting delay and
the perception delay and a 2-year gap between the perception delay and the policy delay.
These timeframes—and the complex feedbacks that drive them—are not always so straight-
forward. For example, the science that identified climate change is not new and has been
increasing for decades [51,52].

Despite the depth of reported climate change information, decision-making behaviors
have not reversed the global warming trends identified in scientific literature. How does the
accumulation of reported information affect perceptions? How are policy implementation
timeframes impacted by the formulation of divergent perceptions, either within a nation or
between nations? These are just some of the questions that may need to be accounted for
when pursuing future research. The intricacies of interactions between human decision-
making and the hydrologic system might benefit from the innovative application of hybrid
modeling that combines system dynamics and agent-based modeling methodologies. While
system dynamics models are well-suited for hydrologic structures, agent-based models
can allow for a more complex analysis of the rules that govern decision-making behaviors,
particularly when studying questions with spatial components [53].

4. Conclusions

This study explored the dynamic hypothesis that how and when information from
a transboundary aquifer assessment is reported and perceived impacts the behaviors of
the shared water system. The simulation experiments showed a tradeoff; scenarios with
reduced oscillatory behavior resulted in greater water use. Based on the evidence of the
simulations, we conclude that the explored perception dynamics change the behavior of the
transboundary water system. The simulations conducted in this study produced oscillatory
behaviors that reflect instability in the system. Optimizing the runs to produce more stable
results would mean that both countries receive and perceive water availability information
from assessments on the same timeline and react to that information less aggressively and
with long-term planning foresight. An optimization that accounts for the sensitivity of a
system related to conservation parameters is also a key component in ensuring that the
goals of an assessment are met and that investments are made efficiently. Determining
how to accomplish this optimization within the complexities of human decision-making
behaviors requires further investigation. Transboundary groundwater assessments have
been recognized as key components of effective transboundary groundwater management.
Understanding what impedes the success of assessments and how assessment characteris-
tics impact the overall system are important areas of exploration to ensure that assessments
achieve their intended outcomes. Modeling, as exhibited in this study, serves as a useful
tool with the potential to assist with the prioritization efforts within the data collection and
exchange phase of transboundary aquifer assessments.
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