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Abstract This paper applies optimal-control theory to develop groundwater ex-
ploitation strategies that account for potential climate change patterns in Brazil. Nu-
merical experiments showed that whether climate change only affects groundwater
quantity or whether it affects both groundwater quantity and quality, Brazilian water
institutions will be able to implement optimal, equitable groundwater management
strategies. However, they may be unable to achieve justice between current gener-
ations, while the economic, social, and environmental sustainability is likely to be
favoured by a large regional groundwater availability. Institutional sustainability is
ensured by the principles and institutions established by Brazil’s 1988 Constitution
and by Law 9.433/97. Some sources of misunderstandings between managers and the
research community are dealt with by suggesting directly applicable management
strategies that accommodate stakeholder perceptions and desires. Some potential
water policies based on the modelling results are discussed, with water conservation
and water subsidies turning out to be beneficial for current and detrimental for
future generations, respectively; in contrast, current generations paying for water at
its social opportunity cost and being more concerned for future generations would
benefit current generations.

Keywords Groundwater - Climate change - Optimal-control models -
Resource management strategies
1 Introduction

Groundwater management can be defined as the ongoing performance of coor-
dinated actions related to the replenishment and withdrawal of water to achieve
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long-term sustainability of the resource without detrimental effects on other re-
sources, where sustainability mainly refers to meeting demands that arise from both
population and economic growth (Loaiciga 2003).

Climate change will affect groundwater quantity by directly and indirectly
affecting multiple factors. First, it affects the replenishment rate directly, since
the groundwater recharge rate decreases with decreased amount, and increased
intensity, of precipitation, and with increased evapotranspiration resulting from
increased temperature. The quantity also decreases indirectly as a result of decreased
infiltration and increased overland flows that result from soil degradation. The quan-
tity directly decreases due to increased withdrawal, since groundwater withdrawal
increases with decreasing amount and increasing instability of surface water supplies,
with decreasing precipitation, and with increasing evapotranspiration due to an in-
crease in temperature. The groundwater quantity might decrease indirectly because
of additional water demands caused by new cropping patterns. Climate change will
also directly and indirectly affect groundwater quality: rising sea levels and coastal
flooding will directly increase aquifer salinity, whereas lower precipitation, higher
evapotranspiration, and higher temperature will directly increase the depth of the
water table. As well, natural phenomena that result from climate change, such as
drier summers and wetter winters or drought and flooding episodes, might indirectly
increase aquifer pollution. In addition, human responses to climate change, such as
increased crop production or a decreased drainage base, might indirectly lower the
water table. Note that groundwater replenishment and withdrawal imbalances, as
well as recharge and discharge at large rates, can also affect groundwater quality
(Tanaka et al. 2006).

For these reasons, aquifer exploitation strategies should account for climate
change patterns. However, managers of groundwater tend to disregard this issue
because the potential impacts of climate change are perceived as being too uncertain
and too far in the future to be important in comparison with myriad other factors
that influence their present decisions (Purkey et al. 2007). Moreover, climate change
is neglected by both hydrologic and economic researchers who study groundwater
because of the lack of good-quality data that could be used to develop a meaningful
model that integrates economic and hydrologic issues, or that could be used to
rigorously evaluate the impact of future climate scenarios on future hydrological
conditions (Ivey et al. 2004). Finally, this issue is disregarded because discussions
between groundwater managers and researchers have led to misunderstandings
about the transferability of models from the sites where they were developed to
new sites; additional problems arise from the need for social participation in water
management decisions, a lack of confidence in model-based tools, and insufficient
development of user interfaces that would improve the usability of such models
(Borowski and Hare 2007).

The purpose of the present study is to develop a model that can be used to develop
economically, socially, environmentally, and institutionally sustainable groundwater
management strategies that would be just, egalitarian, and optimal and that would be
able to cope with the impacts of climate change on aquifers in Brazil. Here, optimality
(efficiency) refers to both economic and institutional aspects, equity and justice
pertain to both economic and social aspects, and sustainability refers to economic,
social, environmental, and institutional aspects.
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This purpose might seem to be quite ambitious. However, I will deal with the
problems that water managers confront by suggesting simple management strategies
(rather than specific decisions or actions) obtained from numerical solutions of a
dynamic optimal-control problem, in which both the groundwater stock and ground-
water exploitation are considered. Moreover, I will account for the uncertainties
faced by hydrologic and economic researchers by considering a wide range of
potential climate change impacts on groundwater as a variable, with all direct and
indirect effects of climate change on groundwater quantity depicted in terms of
changes in the recharge rate and in human withdrawal. In addition, I will represent
all direct and indirect impacts of climate change on groundwater quality in terms of
the costs required to avoid them and by including the dynamics of both economic and
social water demands and welfare implications as parameters. Finally, I will apply the
efficiency, equity, justice, and sustainability criteria by obtaining numerical solutions
for management strategies moulded around the well-defined institutional context
for groundwater in Brazil, where the relative importance of stakeholders in water
decision-making at a basin level is specified by the 1988 Constitution and by Law
9.433/1997.

Research on groundwater management in the context of the impacts of climate
change are rare, and this required a wide survey of the literature, including papers
that were sometimes clearly close to and sometimes clearly distant from this issue. To
accomplish this, I emphasised the technical aspects, since the Brazilian institutional
context was taken as a given. The resulting approach was to check whether Brazilian
water institutions could achieve efficiency, equity, and justice while coping with
climate change impacts, rather than seeking reforms that would allow Brazil to
achieve these goals.

The Brazilian institutional context led to the development of a model with
variables and parameters that were defined at a basin level, although a lack of
detailed information made it necessary to calibrate these variables and parameters
using average data at the national level. However, normalisation of the hydrological
variables with respect to the groundwater recharge rate, together with the assump-
tion of a plausible difference in concern for the environment between the economic
and social sectors, made it possible to obtain general results that would support the
development of water management strategies and that would be capable of assessing
the efficiency, equity, and justice of these strategies. More specific data at the basin
level would be required to assess sustainability in practice. In other words, the
suggested management strategies represent an efficient response to climate change,
on average, with an increase in groundwater use in dry years and a decrease in wet
years to be expected (Tanaka et al. 20006).

The main results produced by the present analysis can be summarised as follows:
Efficiency implies that if climate change affects only the quantity of groundwater,
then the ratio of water rights for the social sector to those for the economic sector
(which is larger with smaller concern for future generations) should be changed in
favour of the social sector in response to increasing impacts of climate change. At
the same time, the groundwater stock (which is larger with larger concern about
future generations) should be decreased with increasing impacts of climate change.
In comparison, if climate change affects both the quantity and the quality of ground-
water, the groundwater stock should be increased at all discount rates, the ratio of
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water rights in the social sector to those in the economic sector should be adjusted
in favour of the economic sector in response to increasing impacts of climate change,
but extraction rates should not be significantly modified. The present numerical
experiments suggest that Brazilian water institutions show little concern for future
generations, with current groundwater extraction rates and stocks consistent with a
discount rate of 20%. Moreover, a given percentage reduction in the recharge rate
would require a similar percentage reduction in groundwater withdrawals by both
sectors and in groundwater stocks, regardless of the prevailing concern for future
generations, whether climate change affects quantity alone or affects both quantity
and quality. Although all statements about sustainability crucially depend on the
prevailing conditions for each aquifer, recent studies suggest that this might not be
an urgent issue in Brazil, with the exception of the northeastern regions (Rosenzweig
et al. 2004; Krol et al. 2006). Finally, a smaller concern for future generations leads
to groundwater management strategies that ensure a more equal distribution of the
impacts of climate change between the current economic and social sectors, although
the strategies might not be fair if unexpected increases occur in either economic or
social groundwater needs.

Therefore, Brazilian water institutions seem able to implement optimal ground-
water management strategies that will ensure equity, but that might not achieve
justice, between current generations, where the economic, social, and environmental
sustainability is likely to be favoured by a large regional groundwater availability.
The institutional sustainability is ensured by the principles and institutions estab-
lished by Brazil’s 1988 Constitution and Law 9.433/97.

2 A Survey of the Literature

The study goals described in Section 1 led to the inclusion of the following key-
words in my literature review: groundwater, management, climate change, strategies
(i.e., best responses to changing conditions), economic (i.e., economic indicators
and dynamics), social (i.e., social indicators and dynamics), environmental (i.e.,
environmental indicators and dynamics), institutional (a reference to institutional
structures), sustainability (a reference to dynamic models), optimality (an analysis of
technical models), and justice and equity (a reference to distributional theories and
measures).

I found no work that embodied all these features simultaneously. In order
to obtain suitable insights, I will separate the literature on groundwater and cli-
mate change (Section 2.1) from the literature on groundwater and management
(Section 2.2). Next, I will divide the existing literature into papers that focus on quan-
tity and quality issues, and will analyze the latter literature according to the following
criteria: two main research fields, namely the hydrologic and the economic literature,
and the technical and institutional aspects of both. I will omit the other features of my
study (social, environmental, sustainable, justice, equity, and strategies) as potential
aspects to further differentiate the relevant contributions in the research literature.

Note that Iglesias et al. (2007) would combine aspects of both groundwater man-
agement and climate change. They provided an interesting summary of a planning
framework for risk management for water scarcity due to climate change, among
other factors, based on the current adaptation strategies used in Mediterranean
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countries to minimize drought impacts. However, no simple management strategies
were presented.

2.1 The Literature on Groundwater Resources and Climate Change

Several downscaling approaches have been adopted in climate change research:
global, regional, or land-use models (Holman et al. 2009). I will disregard this issue by
considering a wide range of potential climate change impacts on groundwater at basin
level, since water decision-making is at basin level in Brazil. Alternative institutional
forms (e.g., community-organised, centralised, or private property regimes) could
affect the impacts of climate change on groundwater (Emel and Roberts 1995).
However, I will disregard this issue here, since the Brazilian institutional context
is taken as given.

In terms of groundwater quantity, climate change affects groundwater systems
through both direct and indirect changes both in the aquifer recharge rate (rr) and
in the human net withdrawal (hw) (Candela et al. 2009), with Aw being positive
to show extraction or negative to show artificial recharge. However, the impacts
of climate change on groundwater are slower than the impacts on surface water
(Holman 2005), although both temporal changes and spatial variability are likely to
be observed (Jyrkama and Sykes 2007). Formally, the change in groundwater storage
during a given period (GW’) can be represented as GW’ = rr — hw. In this paper, |
will assume an annual basis for calculations of GW'.

Note that groundwater recharge is determined by groundwater conditions as well
as by the surface-water and the vadose-zone hydrologic balances: in order to discern
the effects of climate change on groundwater recharge, one should consider the
factors that affect the surface water storage (SW’): changes in precipitation (pr),
evapotranspiration (et), overland flows (of), and infiltration (in). One should also
include factors that affect the vadose-zone (VW) storage: in, rr, and interflow (if).
Formally, SW' = pr — et — of — in, and VW’ = in — rr — if (Loaiciga 2003, p. 34).
However, if steady-state conditions are considered (SW’ = 0 and VW’ = 0), these
dynamic equations reduce to GW’' = rr — hw, with rr = pr — et — of — if. I will
consider climate change impacts on all these parameters.

In terms of the direct effects of climate change on rr, three main facts can
be observed. First, a decreased amount and increased intensity of pr reduces the
recharge rate (Vicuna et al. 2007). Second, a warmer future climate, with drier
summers and wetter winters, will increase the length of the growing season, so
that soils return to field capacity later in the autumn and start drying out sooner
in the spring; this reduces the length of the recharge period, and consequently,
the magnitude of the recharge, even though annual rainfall increases (Hanson and
Dettinger 2005). Third, increased et due to increased temperatures will reduce rr
(Vicuna et al. 2007).

In terms of the direct effects of climate change on Aw, two main phenomena could
arise. First, a reduced amount and an increased instability of surface water would lead
to a greater reliance on groundwater resources (Hsu et al. 2007). Second, increased
et due to global warming would require a greater proportion of total water resources
to be reserved to sustain the water environment, and would again imply an increased
reliance on groundwater resources (Quinn et al. 2004).
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The impacts of temperature changes will be negligible compared with those of the
changes in precipitation amount and intensity (Kovalevskii 2007; Woldeamlak et al.
2007).

In terms of the indirect effects of climate change on rr, an increase in temperature
and a decrease in precipitation might lead to soil degradation and then to decreased
in and increased of, as well as to longer growing periods; this might increase the need
for machinery or livestock to access land during the wettest seasons, which might
imply soil degradation, increased runoff, and decreased recharge (Holman 2005). In
terms of the indirect effects of climate change on /Aw, an increase in temperature
and a decrease in precipitation might lead to new cropping patterns (e.g., cultivation
of sunflower, grain, or forage maize); this might increase the need for groundwater
withdrawals (Ranjan et al. 2006b).

Other factors might affect rr, including urbanisation pressure, which restricts the
recharge volume because surface water that would previously have entered the
ground is instead diverted into the sewer system (White and Howe 2004). Moreover,
the extraction of peat soils overlying aquifers or located in aquifer discharge zones
will reduce the base flow (Holman 2005). Finally, the infrastructure used to transport
and distribute water supplies exacerbates the reduction in the groundwater recharge,
although it may partially compensate for this loss as a result of high leakage rates
(White and Howe 2004). Other factors might affect Aw, including population or
economic growth, and changes in housing density and household size (Ojima et al.
1999).

Note that the magnitude of the effects of climate change on the water supply
would be comparable to the changes in the population-driven demand.

In terms of the impacts of climate change on groundwater quality, climate change
directly affects salinity, since increases in sea level and coastal flooding might result
in saline intrusion into coastal aquifers (Ranjan et al. 2006a). Climate change directly
affects this process because the water table is likely to descend due to lower pr, higher
et, and higher temperatures (Scibek and Allen 2006).

Note that variations in water recharge and groundwater levels will have a similar
fluctuation pattern, with a time delay and with recharge rates depending on the
precipitation quantity and intensity (Chen et al. 2002).

Climate change also has indirect effects on aquifer pollution, since drier summers
and wetter winters imply a larger pollution load in summer and increased probability
of flooding in winter; drought episodes might lead to overuse of aquifers, and habitat
conservation and agricultural production often have conflicting and irreconcilable
interests. Floods might produce sewer overflows and increased hydraulic loads in
sewers, depending on the capacity of the urban drainage system (Semadeni-Davies
2004). Again, climate change shows indirect effects on the level of these impacts
because of increased crop production, the implementation of drainage systems, and
lowering of the drainage base.

Other factors might affect rr, including excessive pumping that exceeds the
average natural recharge, return flows from irrigated agriculture that includes in-
tensive use of pesticides and fertilisers (Khan et al. 2008), and leakage from urban
areas (Morehouse 2000). Leakage from land fills, septic tanks, sewers, and mine
tailings, combined with drought episodes, might also contribute to the degradation of
groundwater quality as a result of the overuse of aquifers. Other factors might cause
the water table to descend, including increased crop production, the implementation
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of drainage systems, lowering of the drainage base, and increased groundwater
extraction, although the drainage base (i.e. river water level) would limit the impacts
of these changes (Krysanova et al. 20006).

2.2 The Literature on Groundwater Management

The complexity of the issues surrounding groundwater management is due to the
many idiosyncratic characteristics of groundwater (which is a multifaceted good in
terms of time, space, and consumer preferences), to the tough competition among
users for access to this resource, and to the intersection between historical rights and
modern requirements; all these issues must be considered to avoid misallocation of
the resource (FAO 2003). Here, I will consider as many features as possible.

There is a huge and well-established hydrologic literature on optimisation models
for groundwater management. In particular, the research has aimed at maximising
groundwater withdrawal or at minimising the capital and operating costs for a given
level of demand, both subject to constraints on the hydraulic head and pumping
capacity; that is, the objectives have been hydrologic or economic in nature, and
the constraints have been hydrologic or environmental in nature. See, for example,
Wang and Zheng (1996) and Jha et al. (2009). Moreover, these studies have predicted
the best withdrawal at all production wells in order to meet the yearly demand
while avoiding land subsidence; that is, the objectives have a hydrologic nature,
whereas the constraints have an economic or environmental nature (for example,
see Don et al. 2006). Finally, these studies have aimed at maximising the net benefits
from groundwater recharge; that is, the objectives were economic in nature, and no
constraints were considered. See, for example, Al-Sabbry et al. (2002).

Lobo Ferreira et al. (2007) modelled the best location of wells in order to minimise
the well installation, protection, and operating costs, as well as the cost of the pipes
needed to convey the flow from the wells to a tourist hotel. In the present study, I
will disregard spatial issues by performing the analysis at a basin level. In practice,
in order to permit economically and socially efficient groundwater management, the
objectives must be both economic and social in nature, but the constraints must be
environmental.

In terms of methodologies, the above mentioned research has used both static
and dynamic optimisation models with a range of solution algorithms, including
dynamic programming and control theory, genetic algorithms, simulated annealing,
and neural networks. In practice, to obtain management strategies, objectives must
be dynamic in nature.

Batabyal (1996) applied queuing theory to determine how much water to supply
and at what rate in the context of uncertain and dynamic demand and supply. Here,
I will disregard uncertainty issues by considering a wide range of possible impacts
of climate change. Khan et al. (2008) predicted the optimal mix of land uses at a
farm scale by integrating agronomic, climatic, hydro-geologic, and economic aspects
of irrigated agriculture. I will not explicitly show the effects of changing cropping
patterns and crop rotations, or of urbanisation extension and types, but will instead
refer to the dynamics of human withdrawals by considering a wide range of possible
impacts of climate change: further research to identify optimal land use in order to
minimise the impacts of climate change on groundwater quantity and quality would
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be of great interest; see Qureshi et al. (2008) for some methodological insights.
Finally, Holman (2005) showed that the physical properties of a landscape, such as
soil bulk density, water retention, and hydraulic conductivity could change due to
the changing conditions in temperate soils. I will disregard soil property issues by
considering a wide range of possible impacts of climate change.

There is also a significant recent hydrologic literature on institutions for ground-
water management. In particular, researchers have suggested how to set up water
institutions to achieve quantitative objectives, as in the case of Martin de Santa
Olalla et al. (2005) for groundwater overexploitation, or qualitative objectives, as
in the case of Henriksen et al. (2007) for groundwater contamination. Moreover,
researchers have provided criteria to assess existing water institutions; for example,
Ananda et al. (2006) suggested clearly defined boundaries, proportional equivalence
between benefits and costs, collective choice arrangements, monitoring, graduated
sanctions, conflict resolution mechanisms, external recognition of the rights to
organise, and nested or federated organisations, and referred to the principle of
long-standing, self-organised irrigation systems identified by Ostrom. Finally, some
researchers have suggested how to modernise water institutions in order to increase
their efficiency; for example, Kretsinger Grabert and Narasimhan (2006) stressed
the required coordination of the scientific and political communities. Others have
stressed the need for flexibility; for example, Lopez-Gunn and Cortina (2005)
highlighted salience, common understanding, trust and reciprocity, autonomy, prior
organisational experience, and local leadership as the attributes characterising high-
level water authorities.

However, the present study aimed neither at setting up new Brazilian water
institutions, nor at assessing their effectiveness per se, nor at changing them: the goal
was solely to assess the existing institutions in terms of the groundwater management
strategies they could implement to cope with the impacts of climate change.

The economic literature on optimisation models for groundwater management
consists of several studies (Provencher and Burt 1993, 1994; Roseta-Palma 2002;
Zeitouni 2004). In general, these researchers have applied differential games to
explore use strategies by highlighting their efficiency and sustainability, but have not
referred to non-cooperative bargaining models to depict water allocation processes
among competing users. In particular, Roseta-Palma (2002) developed a dynamic
model to analyse the optimal aquifer exploitation patterns and the optimal ground-
water stock under steady-state conditions by combining both groundwater quantity
and quality aspects, in which firms have an increasing and concave revenue function
as dependent on the amount of water pumped, and groundwater dynamics depend
on a constant recharge rate and on the total water pumped by the firms.

Although the general framework is consistent with the purposes of the present
work (i.e., objectives are defined in welfare or economic or utility terms, and
constraints in environmental terms), the research in these papers must be further
developed to provide simple management strategies that are suitable for empirical
validation; some unrealistic simplifying assumptions, such as the assumption that all
water uses are alike, must be avoided, and specific institutional conditions must be
introduced.

The economic literature on institutional models for groundwater management can
be divided into two main groups, as in the recent review by Carraro et al. (2005):
positive and normative works.
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The positive papers aim at predicting negotiation outcomes given specific in-
stitutional characteristics, or at moulding institutions to achieve some beneficial
negotiation outcomes or to avoid some detrimental outcomes (Becu et al. 2003;
Barreteau et al. 2003; Thiesse et al. 1998; Hamaél4dinen et al. 2001). However, in the
present study, the purpose is neither to predict negotiation outcomes nor to suggest
interventions in negotiation processes.

Apart from the Gisser-Sanchez effect, i.e. no management, competitive dynamic
solution of GW exploitation is almost identical, in terms of derived social welfare,
to the efficient management optimal solution (see Koundouri 2004 for a recent
discussion of its robustness), the normative papers aim at identifying sustainable
water governance solutions by explicitly modelling the negotiation processes and by
making outcomes depend on the relative political influence, preferences, and internal
structures of the stakeholders (Adams et al. 1996). In particular, some research
(Thoyer et al. 2001) has applied a multi-person, multi-issue negotiation model
developed by Rausser and Simon and depicted a sub-game perfect equilibrium, but
this required several simplifying assumptions, including that unanimity is required
to reach an agreement and that all players prefer any negotiated agreement to the
default policy. Other work (Salazar et al. 2007) applied alternative solution con-
cepts (the non-symmetric Nash, Kalai-Smorodinsky, area monotonic, and equal loss
solutions) to identify the groundwater withdrawals that would maximise economic
benefits and minimise the negative environmental consequences, but confronted
only two attributes (economic and environmental categories) rather than more than
two stakeholders. However, all these studies applied static models for the control
variables.

3 Methodology

The results of the literature review described in Section 2.1 can be summarised
as follows. Several direct and indirect effects of climate change on groundwater
quantity can be predicted, but they can all be described in terms of their impacts
on the recharge rate (rr) and on human withdrawals (hw). Next, two main direct and
indirect effects of climate change on groundwater quality can be anticipated, namely
the effects on water quality (e.g., salinity or pollution) and on the water quantity
(e.g., water table level). I will describe both factors by applying the replacement-cost
approach (i.e., by introducing the desalinisation or treatment costs and the pumping
costs that must be borne to avoid these effects).

The results of the literature review described in Section 2.2 can be summarised as
follows. It is necessary to develop a dynamic optimal-control model with continuous
variables, with objectives defined in welfare or economic or utility terms, and with
constraints defined in environmental terms, by introducing realistic assumptions
about Brazilian economic and social conditions and water institutions. In addition,
the solution concepts for Brazilian aquifers must refer to differential games to
depict the strategic interactions between stakeholders, must identify the groundwater
withdrawals that will maximise economic and social benefits, and minimise the
negative environmental consequences.

Section 2.1 and 2.2 emphasized that no research has focused on technical or
institutional groundwater management in response to the impacts of climate change.

@ Springer



3740 F. Zagonari

Recent contributions to the technical literature on surface water management could
represent a starting point to obtain a model with all the features described in
Section 1. Although Kerachian and Karamouz (2007) and Ganji et al. (2007b)
introduced a final time horizon (¢) for their models, they used a penalty function and
focused only on quality issues, while disregarding social impacts and quantities, and
they assumed asymmetric information, they applied the Nash bargaining model for
a case with four stakeholders. Similarly, although Ganji et al. (2007a) did not focus
on preservation, they compared the reliability values of alternative models, assumed
an exogenous safe storage, and did not present groundwater management strategies,
they evaluated stakeholder preferences.

Note that the focus on national aquifers in these studies allows us to disregard
trans-national issues in this analysis.

In terms of institutional issues, ANA (2007) specified that Brazil’s 1988 Consti-
tution stated that [italics added for emphasis] “all have the right to an ecologically
balanced environment, which is an asset of common use and essential to healthy
quality of life, and both the Government and the community shall have the duty to
defend and preserve it for present and future generations”. Moreover, ANA (2007)
specified that Law 9.433/97, which was based on the principles and obligations
established by the 1988 Constitution, prescribed the following fundamental premises
[italics added for emphasis]: water is a public good; water is a limited resource, with
an economic value; priority for human consumption and watering livestock; multiple
use of water; river basins as the planning and management units; and decentralised
and participative management. Emel and Brooks (1988) discuss alternative forms of
property rights for groundwater preservation. Finally, ANA (2007) specified that the
National Water Resources Management System, introduced by Law 9.433/97, rests
on the following institutions:

e The Natural Water Resources Council, which is the political body of the National
Water Resources Management System, is presided over by the Ministry of
Environment, and consists of 57 representatives, of which 29 are representatives
of the Federal Government, 10 are representatives of the State Councils, 12 are
representatives of water use sectors, and 6 are representatives of civil-society
organisations. The Council has the responsibility of providing general guidelines
and policies, approving the establishment of Basin Committees, arbitrating in
case of disputes between Basin Committees and State Water Resources Coun-
cils, and approving general criteria for the granting of licenses for the use of water
and the setting of water use fees.

e The Basin Committees, which are regional deliberative bodies of various sizes,
consist of up to 40% representatives of public authorities, up to 40% representa-
tives of water user sectors, and at least 20% representatives of civil society.

e The National Water Agency is not considered here, but functions as an executive
and regulatory agency at the national level.

e The Water Agencies and the Basin Agencies are disregarded here, though they
serve as the executive bodies of the respective Basin Committees.

On this basis, I will focus on the Basin Committee as the relevant institution in
accordance with Law 9.433/97, and I will use the Nash (1950) bargaining solution
with perfect and symmetric information as the most suitable model to represent the
bargaining process for water allocation, since all decisions are made in committee
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meetings based on shared knowledge. This makes it possible to transform the
collective choice problem into a problem defined as the maximisation of a single
objective function with respect to threat points once the physical water system and
the economic and political structures are described. Moreover, I will apply the gen-
eralisation by Harsanyi (1963) to the three-person case in order to depict the three
stakeholders (the government, the economic sector, and the social sector) involved
in Basin Committees. The relative importance of these sectors will be established
according to their proportional representation in this deliberative body. Finally,
I will use a constant elasticity of substitution utility function for the government
preferences, in which the weights represent the priority for human consumption and
watering livestock, according to Law 9.433/97, and its exponents will represent the
duty to defend and preserve [the resource] for present and future generations, as
stated by the 1988 Constitution.

4 Development of the Model

In this analysis, I will use lower-case letters for parameters, and capital letters for
state and control variables. Thus, if GW is the stock of groundwater (million cubic
metres, MCM), HE is the withdrawal by the economic sector (MCM per year), and
HS is the withdrawal by the social sector (MCM per year), the analysis developed in
Section 3 can be summarised by the following social utility function (SUF):

SUF = UG8 UE”¢ US”S (1)
with
UG = [6f GW(I—&‘) + 63 HE(l—S) + SS Hs(l—s)](l/[lfg]) (2)

where UG, UE, and US depict utilities for the government (g), the economic sector
(e), and the social sector (s), respectively; v,, Ve, and 7y, represent the relative
representation of these sectors within the Basin Committee; &, d., and b depict
the relative importance of future generations (f) and the current economic (e) and
social (s) sectors, as defined by Law 9.433/97; and ¢ (Atkinson’s inequality index)
represents the duty to preserve groundwater for future generations, as stated in the
1988 Constitution.

Since decision-makers in the economic sectors could be interested in future
groundwater availability, GW is also taken into account by transforming a pro-
duction function into the utility function. Moreover, the water needs required to
meet sectoral growth will be represented by each sector’s utility at the disagreement
point (UE)). Finally, the production sectors will be charged for water rights, with 7.
representing the water price per MCM. Thus, UE becomes:

UE, = GW*HE?* — t, HE — UE, (3)

Where «. and (3. represent the preferences of the economic representatives for
future groundwater availability and for current withdrawal, respectively. Similarly,
since decision-makers in the social sectors could be interested in future ground-
water availability, the GW is also considered by transforming a single-argument
utility function into a two-arguments utility function. Moreover, the water required
to sustain population growth will be represented by the household utility at the
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disagreement point (USy). Finally, the social sectors will be charged for water rights,
with £ representing the water price per MCM. Thus, US becomes:

US = GW* HS? — 1, HS — US, (4)

where o and (3 represent the preferences of the social representatives for future
groundwater availability and for current withdrawal, respectively.

Note that the model can be closed by assuming that water charges are invested
for artificial recharge in the river basin where water is collected, as suggested by Law
9.433/97; for the sake of simplicity, I have assumed that water is charged according to
its social opportunity cost.

In terms of environmental issues, changes in GW during one year (GW’) are
represented by GW’' = rr — HE — HS, where rr is the natural recharge rate. To
characterize the impacts of climate change on groundwater quantity, I will explicitly
show the direct and indirect impacts on rr by introducing a positive or negative
change in groundwater recharge (cc), but I will implicitly represent direct and
indirect impacts on human withdrawals by modifying UE, and USy: GW’' = rr —
HE — HS — cc. For the impacts of climate change on groundwater quality, I will
represent the direct and indirect impacts on water salinity or pollution and on the
water table level by applying the replacement-cost approach; that is, I will charge
both the economic and the social sectors for desalinisation or purification costs
and for pumping costs that must be paid to avoid these effects. Thus UE and US
become:

UE = GW** HE®* — t, HE — tc, HE — UE, (5)

US = GW* HS? — 1, HS — tc,HS — US, (6)

where fc. and fcg are the unit treatment costs per tonne of discharged pollution. See
Randhir and Genge (2005) for a discussion of groundwater quality policies.

Note that one could also show the effects of the negotiation process between
stakeholders on water quality; for the sake of simplicity, I have assumed that all sec-
toral representatives support the “polluter pays” principle, so that the replacement-
cost approach is appropriate.

In terms of optimality issues, I applied the optimal-control theory:

Max pyg,us UG8 UEY® US”® — A (rr — HE — HS — cc) (7)
st GW' =rr— HE — HS — cc (8)
with
UG = [(SfGW(l_S) + (SeHE(l_S) + (SsHs(l—a)](l/[l—S]) (9)
UE = GW** HE?* — t, HE — tc, HE — UE, (10)
US = GW* HS" — (,HS — tc; HS — US, (11)

where A is the co-state variable attached to the groundwater stock (GW).
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In terms of sustainability issues, I will only discuss steady-state solutions, in which
N =0 and GW' = 0. For management strategies, I will solve for the optimal water
rights to be issued to the economic and social sectors as a continuous function of
the impacts of climate change; that is, HE*(cc) and HS*(cc). These management
strategies will then be evaluated according to the equity and justice criteria specified
below.

Note that some potential water policies could be considered. All water policies
that affect the quantity of groundwater, such as water conservation in agriculture or
the industrial sector, and re-use of agricultural water, would decrease overall water
needs (i.e., decrease UE)); similarly, all water policies that affect water quality, such
as watershed-level treatment facilities and environmental measures to reduce the
use of fertilizers or pesticides in agriculture, would increase the economic costs of
treatment (i.e., increase fc.) charged to the polluting sector.

5 Estimation of the Model Parameters

Four main sets of parameters can be identified for the model developed in Section 4:
hydrological, institutional, economic and social, and water system parameters.

For the hydrological parameters (Eq. 8), I have normalized the recharge rate (rr)
to 1 so that all solutions for water flows (HE and HS) and water stocks (GW such
that GW’ = 0) can be expressed as a proportion of rr, and so that a wide range of
potential climate change impacts can be considered (from —20% to +40% of rr) in
order to deal with uncertainties in these parameters.

For the institutional parameters (yg, Ye»> Vs> O, 8¢, 85, €; Eqgs. 7 and 9), the 1988
Constitution suggests setting the relative weights in the government utility function
at 5 = 0.2, 6. = 0.4, and & = 0.4 for future generations, the economic sector, and
the social sector, respectively, with ¢ being fixed at 0.5. Law 9.433/97 describes the
relative importance of the government, the economic sector, and the social sector
within the Basin Committee such that y, = 0.4, v, = 0.4, and y; = 0.2, respectively.

For the parameters of the economic and social sectors (Eqgs. 10 and 11), the
choice-modelling methodology seems to be the most appropriate of the stated-
preference approaches to estimate the stakeholder utility functions as a function of
the groundwater stock and withdrawal levels. The choice-modelling methodology
investigates individual behaviour and estimates the value of goods (or projects) by
asking people to choose among scenarios whose differences result from systematic
combinations of levels of diverse attributes or characteristics. Hanley et al. (2001)
and Bennet and Blamey (2001) have provided recent contributions to the literature
on this method. This methodology consists of three main steps: identification of the
main characteristics (attributes) of the good or project to be evaluated, which can
assume different values (levels); a decision by each respondent among alternative
hypothetical scenarios characterised by different combinations of the attribute levels;
and econometric analysis of their answers to permit estimation of the relative
importance of the various attributes and, if a monetary factor or price is included
as an attribute, the willingness to pay for different levels. However, although the
number of experimental choices is consistent with the choice-modelling approach
(e.g. one could use three groundwater stocks (low, medium, large) and three water
withdrawal levels (low, medium, large), with a total of nine choices that result from
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all possible combinations of them), the number of potential interviewees (i.e., mem-
bers of the Basin Committee) would not allow us to obtain meaningful econometric
estimates. Thus, a simple fitting procedure based on minimised squares seems to
be more appropriate. An example of the questionnaire that would be submitted to
the stakeholders is available, on request. For the numerical simulation, I assumed
that concern for the environment (i.e., for groundwater stocks) was smaller for the
economic sector (due to the larger discount rate that characterises this sector) than
for the social sector, and I therefore used the following parameter values: &, = 0.2,
B.=0.8, 05 =0.3,and 3, =0.7.

Next, I estimated UE, and US, based on the average water rights issued and the
GDP growth rates observed during the last 5 years for Brazil’s economic sector, as
well as based on the average water rights issued and the population growth rates
observed during this period for the social sector. However, I normalised these values
to 0.1 to avoid potential distortions that would result from different measures of
sectoral utility.

For the water system parameters (Z, f, tce, and fcs), official documents on water
opportunity costs ($/MCM), on the artificial recharge costs, and on water treatment
costs ($/t) and the groundwater pumping costs, suggest setting them at z. =, = 0.5
and tc. = tcg = 0.25.

Therefore, the dynamic problem developed in Section 3 and modelled in Section 4
consists of two state variables (GW and A), two choice variables (HE and HS), and
two parameters (cc and the discount rate, p).

6 Development of Management Strategies

Two main impacts of climate change on groundwater were highlighted in Section 2:
the impacts on water quantity and quality. Section 6.1 will develop a set of manage-
ment strategies (optimal HE and HS) at different values of the discount rate (p) by
setting the parameters related to water quality to O so that only water quantity is
considered; that is, fce = tcs = 0. In contrast, sub-Section 6.2 will develop a set of
management strategies (optimal HE and HS) at different values of the discount rate
on the assumption that water quantity and quality are both important by setting tc.
= tcg = 0.25.

Note that the solution of the dynamic problem developed in Section 3 is a saddle.
The graphical representation of the solution for cc = 0.2, p = 0.1, and tc. = tc;, =01is
given in Fig. 1.

6.1 Quantity Issues

The impacts of climate change on groundwater quantity are represented by a larger
or a smaller recharge rate. Figures 2, 3, and 4 represent optimal groundwater
withdrawals (HE* and HS*) and groundwater stocks (GW#*) at different levels of
climate change impacts, with cc ranging from —0.2 (a 20% increase in recharge) to
0.4 (a 40% decrease in recharge).

Figure 2 suggests that extraction rates for both the economic and social sectors
should be proportionally reduced with increasing impacts of climate change on the
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Fig. 1 Steady-state conditions A
for the state variable 20

groundwater stock (GW) and t GW'=0
the co-state variable attached [
to the groundwater stock (A). 15+
The solution is provided for an r
impact of climate change on
groundwater recharge cc = 0.2,
a discount rate p = 0.1, and
treatment costs of fce = tcg =0

0s[ .

recharge rate, regardless of the prevailing level of concern for future generations (i.e.,
for all discount rates).

However, Fig. 3 shows that the ratio of water rights for the social sector to
water rights for the economic sector (larger with a smaller level of concern for
future generations) should be changed in favour of the social sector in response to
increasing impacts of climate change.

Note that a ratio of around 0.5 is consistent with the average water rights issued to
Brazilian sectors at a basin level (ANA 2007), although a lack of detailed data makes
it difficult to specify the relevant discount rate in practice.

The average national data on the groundwater extraction and groundwater po-
tential of Brazilian aquifers (ANA 2007), together with Fig. 4 evaluated at cc =
0, suggests that the discount rate prevailing in the Brazilian context is around 0.2.
Note that the groundwater stock (larger with a larger concern for future generations)
should be linearly reduced with increasing impacts of climate change.

Also note that numerical simulations carried out with USy = 0.2 and UE, =
0.1 show that an expected increase in population larger than the expected increase
in GDP implies an increase in HS* and a decrease in HE*, consistent with the
results of Adams et al. (1996), with a larger impact of the discount rate on the

Fig. 2 Optimal management HEx, HS+
strategies with the discount or
rate (p) set at 0.05, 0.1 and 0.2.
HE* and HS* (higher with
larger discount rate levels,
although they are too close
together to appear as separate
lines) are the withdrawals by
the economic and social
sectors, respectively; cc is the
impact of climate change on
groundwater recharge

02 -0.1 0.0 0.1 02 03 04
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Fig. 3 Optimal management HS#/HEx«
strategies ratio (HS*/HE*) 055 o
with the discount rate (p) set i - p=02

at 0.05,0.1 and 0.2. HE and HS
are the withdrawals by the
economic and social sectors,
respectively; cc is the impact of
climate change on
groundwater recharge

S S S Y S S NSNS N/

-0.2 -0.1 0.0 0.1 02 03 04

optimal extractions and a constant GW*: the economic, but not the environmental,
sustainability might be at risk.

6.2 Quality Issues

The impacts of climate change on groundwater quality are represented by the
treatment cost that must be borne to cope with the increased water salinity or
pollution and with the decreased water table level. Considering several independent
impacts on groundwater quality would require a consideration of several treatment
costs; however, without loss of generality, it is possible to consider only a single
dimension that reflects the mean treatment cost, and that is the approach I have
chosen. Thus, Figs. 5, 6, and 7 represent optimal groundwater withdrawals (HE* and
HS*) and groundwater stocks (GW*) as a function of the impacts of climate change
only on quality, if evaluated at cc = 0, and at different impacts of climate change on
both quantity and quality, with cc ranging from —0.2 (a 20% increase in recharge) to
0.4 (a 40% decrease in recharge).

Fig. 4 Optimal groundwater GWx
stock (GW*) with the discount 00
rate (p) set at 0.05, 0.1, and 0.2;
cc is the impact of climate

change on groundwater 15-
recharge r

02 -0.1 0.0 0.1 02 03 04
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Fig. 5 Optimal management
strategies with the discount
rate (p) set at 0.05, 0.1, and 0.2.
HE* and HS* (higher with
larger discount rate levels,
although they are too close
together to appear as separate
lines) are the withdrawals by
the economic and social
sectors, respectively; cc is the
impact of climate change on
groundwater recharge

Fig. 6 Optimal management
strategies ratio (HS*/HE*)
with the discount rate (p) set
at 0.05, 0.1, and 0.2. HE and
HS are the withdrawals by the
economic and social sectors,
respectively; cc is the impact of
climate change on
groundwater recharge

Fig. 7 Optimal groundwater
stock (GW*) with the discount
rate (p) set at 0.05, 0.1, and 0.2;
cc is the impact of climate
change on groundwater
recharge
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Comparing the results in Figs. 5, 6, and 7 with the results in Figures 2, 3,
and 4 suggests that when the impacts on quality and quantity are combined, the
groundwater stock should be increased at all discount rates, and the ratio of water
rights in the social sector to those in the economic sector should be changed in favour
of the economic sector in response to increasing impacts of climate change, whereas
extraction rates should be significantly modified in favour of the social sector with
small impacts of climate change.

Note that the numerical simulations carried out with £, = 0.05 and ¢, = 0.5 show
that the introduction of water subsidies for the economic sector implies a small
impact on the optimal extraction rates (HE* and HS*), but a significant reduction
in GW#*: the environmental, but not the social, sustainability might therefore be at
risk.

7 Assessment of Management Strategies

Section 6 identified the optimal management strategies under a range of condi-
tions. In this section, I will assess the strategies in terms of their economic, social,
institutional, and environmental sustainability in Section 7.1, and in terms of their
efficiency, equity, and justice in Section 7.2.

7.1 Economic, Social, Institutional, and Environmental Sustainability

In this analysis, I assumed that institutional sustainability exists, since the manage-
ment strategies under consideration represent a Nash bargaining solution.

Figure 8 suggests that a given percentage reduction in the recharge rate leads
to a similar percentage reduction in groundwater withdrawals by the economic
and social sectors and in groundwater stocks, regardless of the prevailing concern

AHEx, AHSx, AGW

12

02 -0.1 I >~ 01 02 03 04

08 -

04 -

Fig. 8 Percentage reductions in the optimal withdrawals (HS*, HE*) and optimal groundwater
stock (GW*) in terms of optimal values without climate change impacts, in both cases of impacts on
water quantity and quality, with the discount rate (p) set at 0.05, 0.1 and 0.2: curves are too close
together to appear as separate lines. HE* and HS* are the withdrawals by the economic and social
sectors, respectively; GW* is the groundwater stock; the asterisk represents the optimal level; cc is
the impact of climate change on groundwater recharge
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for future generations (i.e., for all discount rates), whether climate change affects
only the quantity of groundwater or affects both quantity and quality. Thus, for
economic sustainability, it’s necessary to consider whether the suggested HE* is
above the groundwater requirements consistent with the expected economic growth.
For social sustainability, it’s necessary to confirm whether the suggested HS* is above
the groundwater requirements consistent with the expected population growth. For
environmental sustainability, it’s necessary to confirm whether the suggested GW* is
above the water requirements consistent with the aquifer being at mining risk within
a given period (e.g., 100 years).

Note that the results presented in this section were obtained by normalising the
recharge rate (rr) to 1, so that it was possible to state that AHS* and AHE* are
proportional to rr and AGW* is proportional to rr, so that AHS* and AHE* are
proportional to AGW*. Thus, a proportional reduction in the optimal extraction
levels (with respect to the recharge rate) and in optimal groundwater stocks (again,
with respect to the recharge rate) suggests that there is an optimal balance between
groundwater withdrawal and groundwater preservation, with an increase in extrac-
tion (due to population or economic growth) requiring a corresponding increase in
groundwater preservation.

Therefore, all statements about sustainability depend crucially on the conditions
prevailing in each aquifer, and detailed data at the basin level (rather than the
national averages used in the present study) will be required to discuss sustainability
in practice. However, Rosenzweig et al. (2004) and Krol et al. (2006) suggest that
groundwater sustainability is not an urgent issue in Brazil, except for the north-
eastern regions.

7.2 Efficiency, Equity, and Justice

Efficiency can be assumed in this analysis, since the management strategies under
consideration are obtained by solving a dynamic optimal-control problem. However,
if agricultural and industrial data are available at the basin level, as are the cor-
responding sectoral GDP values and water rights, a comparison of the agriculture
GDP over water rights issued to agriculture and the industry GDP over water rights
issued to industry would make it possible to assess the efficiency of water allocation
between the two economic sectors. Next, if data are available at the basin level for
rural and urban incomes as well as for rural and urban water rights, comparing the
average rural income over water rights issued to rural households and the average
urban income over water rights issued to urban households would make it possible
to assess the efficiency of water allocation between these social sectors.

For equity, the impacts of climate change should be equally distributed between
the economic and social sectors. Formally, this would amount to a 45° straight
line in the plane (AUS* = US*/US,, AUE* = UE*/UEy), in which the relative
utility achievements with respect to the disagreement points are used to avoid inter-
sectoral comparisons of utility. For justice, the impacts of climate change should
not force the economic or social sectors to consume less groundwater than their
estimated basic needs. Formally, this would amount to a point above 1 (US*/US,
=1, UE*/UEy = 1) in the plane (AUS*, AUE¥), where US, and UE, represent the
groundwater requirements consistent with the expected economic and social growth
rates, respectively.

@ Springer



3750 F. Zagonari

Note that Neufeld (2000) suggested alternative assessment criteria for ground-
water management strategies by applying the specific attributes of an ecosystem
approach to groundwater protection.

Figure 9 suggests that a large concern for future generations (a discount rate at
0.05) indicates that the justice criterion will be met for current generations (both
utility levels are higher than the estimated basic groundwater needs), although it
shows a small bias in favour of the social sector with respect to the equity criterion:
this is due to the combination of a large groundwater stock coupled with a larger
preference for groundwater preservation in the social sector than in the economic
sector. Next, the presence of quality issues, and the consequently larger groundwater
stock, suggests greater utility for both sectors, with the utility greater for smaller
impacts of climate change; this suggests that making current generations pay for
groundwater at its social opportunity cost protects the utility of future generations
by preserving more groundwater, and it forces current generations to satisfy their
preferences for the groundwater stock that would be otherwise disregarded in the
bargaining process as being less important than their preferences for groundwater
withdrawals.

Figure 10 shows that an intermediate level of concern for future generations (a
discount rate at 0.1) indicates an unequal distribution of the impacts of climate
change, in favour of the economic sector (again, due to a smaller groundwater stock
and to smaller preferences for groundwater preservation in this sector). Moreover,
utility is smaller for both sectors than in Fig. 9, with larger differences if the impacts
on both quantity and quality rather than only the impact on quantity are relevant;
this is due to the larger withdrawals, and consequently the larger desalinisation or
purification costs and larger pumping costs that must be borne by both sectors.
Finally, the justice criterion might be challenged by an unexpected increase in the
social groundwater needs only (only AUS* is close to 1 with cc = 0.4).

AUSx
10
8L [ )
cc=—02
o
L [ ]
6 [ . cc=0
L [ )
4 L cc=0.2
[ cc=04
2 |-
L L L L L L L L L L L L L L L L L L L AUE*
0 2 4 6 8 10

Fig. 9 Relative utility achievements (US* and UE* in terms of USy and UE)), with cc at —0.2, 0,
0.2, and 0.4, in both quantity (small points: AUS* = 0.1841 + 1.0457 AU E* +0.0018 AU E*?) and
quality (large points: AUS* = —0.0417 + 1.1264 AU E* — 0.0028 AU E*?) cases, with the discount
rate (p) set at 0.05. US* and UE* are social and economic utilities, respectively; The asterisk depicts
the optimal level; the subscript O represents the disagreement point; cc is the impact of climate change
on groundwater recharge
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Fig. 10 Relative utility achievements (US* and UE* in terms of USy and UEy), with cc at —0.2, 0,
0.2, and 0.4, in both quantity (small points: AU S* = —0.9326 + 0.8867 AU E* — 0.0251 AU E*?) and
quality (large points: AUS* = —1.2149 4+ 0.9830 AU E* — 0.0148 AU E*?) cases, with the discount
rate (p) set at 0.1. US* and UE* are social and economic utilities, respectively; the asterisk depicts
the optimal level; the subscript O represents the disagreement point; cc is the impact of climate change
on groundwater recharge

Figure 11 suggests that a small concern for future generations (a discount rate at
0.2) indicates an equal distribution of all impacts of climate change; this is due to the
crucial importance of groundwater withdrawals for both sectors and, consequently,
to the insignificant differences between their preferences for the groundwater stock
in the bargaining process. Moreover, utility is smaller for both sectors than in Figs. 9
and 10 (again, due to a smaller groundwater stock), with larger differences if the
impacts on both quantity and quality rather than only the impacts on quantity are
relevant (again, due to larger desalinisation or purification costs and pumping costs

AUSx
6r
st
4F
[ cc=—02
3r cc=0
2 ’ cc=0.2
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Fig. 11 Relative utility achievements (US* and UE* in terms of USy and UEy), with cc at —0.2,
0, 0.2, and 0.4, in both quantity (small points: AUS* = 0.1033 + 9676 AU E* + 0.0080 AU E*?) and
quality (large points: AUS* = 0.0451 4+ 1.0679 AU E* — 0.0001 AU E*?) cases, with the discount
rate (p) set at 0.2. US* and UE* are social and economic utilities, respectively; the asterisk depicts the
optimal level; the subscript O represents the disagreement point; cc is the impact of climate change
on groundwater recharge
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that must be borne by both sectors). Finally, the justice criterion might be challenged
by unexpected increases in either social or economic groundwater needs (both AUS*
and AUE¥* are close to 1 with cc = 0.4).

Note that calculating water charges based on per capita income or water rights in
rural and urban areas would make it possible to assess the equity within the social
sector. Next, calculating the ratio of water rights to basic needs in rural and urban
areas would make it possible to assess the degree of justice within the social sector.
However, data at the basin level would be required for these calculations.

To summarise, a smaller concern about future generations leads to groundwater
management strategies that ensure more equal distributions of the impacts of climate
change among the current economic and social sectors, although the distributions
might not meet the justice criterion when unexpected increases in either economic
or social groundwater needs occur. Therefore, the discount rate deduced from data
on current groundwater management (discussed in Section 6.1), together with the
potential groundwater management strategies obtained in Section 7.2, suggest that
Brazilian water-management institutions will be able to achieve efficiency and equity
while coping with the impacts of climate change, at the risk of injustice if unpredicted
increases in social or economic groundwater requirements occur.

8 Discussion

Four main policy suggestions can be identified based on the results presented in
Section 7:

e  Water conservation should be implemented in the economic sector (i.e., a smaller
UE)), since this will increase water availability for the social sector for a given
optimal level of the groundwater stock.

e  Water subsidies should not be adopted for the economic sector (i.e., a smaller
t.), since this would significantly reduce the groundwater stock by marginally
affecting the groundwater management strategies for both the economic sector
and the social sector.

e The current generation should pay for groundwater at its social opportunity cost
(i.e., including economic costs for water quality), since this will protect the utility
of future generations by better preserving groundwater, and since it will force
current generations to satisfy their preferences for the groundwater stock that
would otherwise be disregarded in the bargaining process, because conservation
would be less important than their preferences for groundwater withdrawals.

e Current generations should show greater concern for future generations (i.e., by
reducing the discount rate), since this will significantly improve justice, although
it will marginally worsen equity between the current economic and social sectors.

Two main assumptions about the calibration of parameters might affect the ac-
curacy of the present results: the relative magnitudes of the environmental concerns
of the economic and social sectors, and the disagreement points for the two sectors.
However, the normalisations applied in the present study are theoretically robust,
and suggest that the present study’s methodologies are realistic and can be applied
in other contexts.
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9 Conclusions

The development of management strategies Section 6 and the assessment of man-
agement strategies (Section 7) stress that the model developed in this paper can
identify management strategies that satisfy all the criteria emphasized in Section 1.
However, Borowski and Hare (2007) stress that water researchers must improve
their understanding of water management processes, since the main sources of
misunderstandings between managers and the research community revolve around
the following issues: the transferability of models developed for one site to new sites;
social participation in water management decisions; a lack of confidence in model-
based tools; and the development of improved user interfaces to make the modelling
tools more usable to non-researchers. The lack of confidence can be mitigated by
analyses such as the one in the present study, because the results suggest the kinds
of directly applicable management strategies that water managers are comfortable
with. In terms of social participation, the model includes a questionnaire that can
be submitted to stakeholders to define their perceptions and desires, which can then
be used to define the management strategies. Thus, the present model implements
some of the recommendations proposed by Borowski and Hare (2007). Additional
research will be required to improve its ability to respond to their recommendations.
For example, the transferability of the model could be tested by applying it to
different target basins by changing only the model parameters if the institutional
context is the same, or by developing a new model using the same methodology if
not. In terms of making the model more usable, it should be presented to managers
as software with a user interface that meets their needs, thereby combining scientific
validity with the ability to satisfy the requirements of potential users of the model.

The model is deterministic (although it considers several scenarios), it assumes
perfect and symmetric information, and it does not distinguish between rural and
urban households or between the agricultural and industrial sectors because of lack
of suitable information. Further efforts to confirm the information assumptions and
improve the ability to discriminate between groups within a given sector would be of
great interest.
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