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Key Points:

¢ Reuvisited the theoretical framework of computing the economic value of groundwater in
a dynamic context.

e Proved the existence of the dynamic reallocation value, which is generated by an
intertemporal intake reallocation of groundwater users.

e Disregarding this new value can underestimates the value of groundwater as an essential
instrument for climate adaptation.
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Abstract

This paper revisits the theoretical framework of computing the economic value of groundwater
in a dynamic context. Specifically, we prove that an additional type of economic value exists,
that is, the dynamic reallocation value (DRV), which has been overlooked in existing studies,
and we propose a new construction of the total economic value of groundwater with social
implications for the role of groundwater in climate adaptation. We examine the existence of this
new value and its underlying behavioural mechanism using a simple two-stage model, and then
generalise the specification to a dynamic model with an arbitrary number of stages. We find that
behind the positive values of DRV, users intentionally destabilize total water use by amplifying
their reactions against surface water fluctuations and still realize a higher total expected benefit
than in the case without uncertainty. We show that this behaviour is an intertemporal reallocation
of groundwater intake against changes in intertemporal cost allocations caused by the users’
stabilizing behaviours. Disregarding the DRV underestimates the economic value of
groundwater as an essential instrument for climate adaptation.

1 Introduction

Over the past few decades, a considerable number of studies have attempted to quantify
the economic value of groundwater in various locations worldwide and have explored improved
groundwater management systems (e.g., Burt, 1964; Kim et al., 1989; Tsur, 1990; Tsur &
Graham-Tomasi, 1991; Ramasamy, 1996; Amigues et al., 1997; National Research Council,
1997; Hernandez-Mora et al., 2003; Pulido-Veladzquez et al., 2004; Ranganathan & Palanisami,
2004; Syaukat & Fox, 2004; Kakumanu & Bauer, 2008; Diao et al., 2008; Palanisami et al.,
2008; Marques et al., 2010; Ananthini & Palanisami 2010; Reichard et al.,, 2010;
Nanthakumaran & Palanisami, 2011; Gomez & Rola, 2011; Palanisami et al., 2012; Kovacs et
al., 2015; Rouhi Rad et al., 2017; Foster et al., 2017; MacEwan et al., 2017;Ashwell et al., 2018;
Quintana-Ashwell & Gholson, 2022; Msangi & Hejazi, 2022). Most of these attempts are
grounded in theoretical frameworks traced back to Tsur’s seminal papers on the buffering role of
groundwater (Tsur et al., 1989; Tsur, 1990; Tsur & Graham-Tomas, 1991; Gemma & Tsur,
2007).

The basic construction of such frameworks is as follows: the total economic value (TEV)
of groundwater can be divided into the augmentation value (AV) and the stabilization value
(SV). The AV is the value of being augmented by an increase in the average water intake
through the exploitation of groundwater resources in addition to surface water. The SV is the
value of mitigating the impact of surface water fluctuations by adjusting groundwater intake.
Typically, groundwater extraction increases during periods of surface water shortage and
decreases during periods of surface water abundance. Tsur presented a methodological
framework for computing the values of these components.

The present paper revisits this framework in a dynamic context. Specifically, it proves the
existence of an additional type of economic value, that is, the dynamic reallocation value (DRV),
which has been overlooked in previous studies, including those conducted in a dynamic context.
Furthermore, we propose a new construction of the total economic value of groundwater, with
social implications for the role of groundwater in climate adaptation.
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61 Similar to the SV, the DRV is derived from the adaptive behaviours of economic agents
62  against surface-water variations under uncertain environments. However, they are conducted
63  with different economic intentions and movements in opposite directions. They are optimizations
64 against the changes in intertemporal cost allocations that occur as a reflection of stabilizing
65  behaviours. Therefore, disregarding the DRV underestimates the economic value of groundwater
66  as an essential instrument for climate adaptation.

67 Similar to most relevant studies (e.g., Peter et al., 2020; Monobina & Kurt, 2014; Abell et
68 al., 2017; Ceécile & Marine, 2019; Msangi & Hejazi, 2022), the present paper limit its attention to
69  industrial and agricultural use of groundwater. We therefore do not deal with the economic
70  benefits of nonconsumptive water use, such as landscapes, amenities, and tourism. In addition,
71 we do not consider the environmental impacts of groundwater extraction, such as salt damage,
72 land subsidence, and other externalities on human society and ecosystems. However, we discuss
73 some policy implications of our findings regarding these issues in the discussion section.

74 The remainder of this paper is organised as follows: section 2 reviews the theoretical
75  background of the economic value of groundwater. Section 3 describes our model formulation.
76  Section 4 proves the existence of DRV, and discusses its underlying mechanism using a simple
77 two-stage model. Section 5 generalises the findings to a model with an arbitrary number of
78  stages, and presents some numerical illustrations of the DRV. Finally, Section 6 concludes the
79 paper.

80 2. Theoretical Background

81 The basic idea of the Tsur’s framework is the following. To compute the economic value
82  of groundwater, we first use the difference between the expected net economic benefit of using
83  both surface water and groundwater conjunctively and that of using only surface water, taking
84  the latter as a baseline (Tsur, 1990; Reichard & Raucher, 2003; Sato, 2015). Specifically, we can
85  calculate the economic value of groundwater V* as follows:

86
vt £ E[F(w,) — C(Gy) - Wy — )] = E[F(S)], # (1)
87

88  where F(-) is a concave benefit function, w,, the benefit-maximizing total water use, C(-) a unit
89  extraction cost that depends on the groundwater stock G,,, and S uncertain surface water whose
90  known mean value is S. In most groundwater literature, a unit cost function depends on the
91  distance between the water table and ground surface. Although we implicitly incorporate the
92 mathematical transformation from the stock amount to the above distance in the form of the
93  function C(+) to simplify calculations, this doesn’t have any effect on the essence of the solutions
94 and conclusions below. We assume C(-) is strictly decreasing, that is, the smaller the
95  groundwater stock, the higher the unit cost is. For simplicity, we assume that the user can utilize
96  the surface water for free; therefore, the remaining w,, — S represents the amount of groundwater
97  used.

98 The difference obtained in (1) however contains both the AV and SV. To eliminate the
99 AV and extract a pure SV, Tsur uses the difference in benefits when there is no uncertainty in S
100  as another baseline. That is,

101
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Ve 2 F(w)—C(G) - (we—S) — F(S), # (2)

where w, is the benefit-maximizing total water use in the case without uncertainty and G, is the
groundwater stock. The SV is then given by

SV & YU —VC # (3)

In this simplified static problem, if the groundwater stocks are equal, that is, G,, = G, and
so are the unit costs, the benefit-maximizing amount of water use are also the same, thereby
indicating that w,, = w,, and so are the expected pumping costs. This is because the benefit-
maximizing amount of water used is determined at the level at which the marginal net benefit
F'(w) is equal to the marginal cost (unit cost) C(G). Therefore, the user pumps an amount that
can completely offset surface water fluctuations and stabilize the net benefit. Accordingly, the
SV can eventually be computed as the difference in benefits with and without uncertainty when
the user can only use surface water.

SV =vt—ve=F() —E[F(S)].# (4)

Thus, the SV can be expressed as a risk premium that the user is willing to pay to stabilize the
surface water flow at the mean (Gemma & Tsur, 2007).

Using (4), the augmentation value can be computed as the remainder, V* — SV

AV 2 F(w,) —C(G,) - (w,—S)—F(S).# (5)

The total economic value of the groundwater is the sum TEV £ SV + AV

TEV = F(w.) — C(G) - (W, — $) — E[F(S)]. # (6)

Various studies have applied this approach to evaluate the economic value of
groundwater in actual water environments (e.g., for cases in India, Ramasamy (1996),
Ranganathan & Palanisami (2004), Gemma & Tsur (2007), Kakumanu & Bauer (2008),
Palanisami et al. (2008), Ananthini & Palanisami (2010), Nanthakumaran and Palanisami
(2011), and Palanisami et al. (2012); for cases in the United States, Tsur (1997), Kovacs et al.
(2015), Kovacs & West, 2016; MacEwan et al. (2017), and Msangi & Hejazi (2022); for cases in
Israeli, Tsur (1990)).

However, the transformation from (3) to (4) is not applicable to dynamic cases in general,
even if the initial groundwater stocks were the same. Gemma and Tsur (2007) seem to be aware
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134  of this point. Hence, in an attempt to extend the Tsur (1990)’s framework to a dynamic
135  environment, they avoided using a simple analogy of the risk premium in equation (4) but did
136  not explore what exists in the gap between (3) and (4). The most recent attempt to apply Tsur’s
137 framework to a dynamic environment is Msangi and Hejazi (2022), which analyzes the impact of
138 suboptimal behaviours and the physical constraints of extraction abilities on the economic value
139  of groundwater. Through an empirical application to California, they showed that suboptimal
140  behaviours diminish the AV while keeping the SV unaffected in the unconstrained case;
141 however, the SV could be diminished in the constrained case. We will come back to this point in
142 later sections.

143 On the other hand, the present paper argues that an additional type of economic value is
144 hidden in the difference between V* and V¢, that is,
145

V¥ —V¢ =SV + DRV.# (7)
146

147 Thus, the total economic value of the groundwater is composed of three components:

148
TEV = AV + SV + DRV . # (8)
149
150 3 Model Formulation
151 In each of the following analyses, we consider models with N users for the sake of

152 generality, and denote the user set {1, ..., N} as V. This enables us to examine the economic
153 value of groundwater in both optimal and suboptimal environments. The former type of solution
154 is described by a single decision-maker model, where the social planner distributes groundwater
155  intake to each user during each time period to maximize the intertemporal sum of the aggregate
156 net economic benefits of all users (henceforth, single decision-maker regime). The other type of
157 solution is described by a multiple-user model in which each user plays a noncooperative
158  dynamic game in choosing the amount of groundwater intake with the aim of maximizing its
159  own intertemporal sum of net economic benefits (henceforth, multiple-user regime). Replacing
160 N = 1 provides simpler scenarios for a single user.

161 The water environment in both regimes is governed by a stochastic dynamic process
162  determined by two state variables: G,_; € G, the groundwater stock, and S, € §, the surface
163  water flow, both available to users at the beginning of period t, where G and S represent sets of
164  possible amount of the groundwater stock and surface water flow, respectively. The transition
165  equation for the groundwater stock is as follows:

166

Gt = f(Ge—1, Rey 91t s Gne) 2 Geog + Ry — ZNgitu # 9

167

168  where g;; (= 0) is the groundwater intake by user i in period t and R, (= 0) denotes the
169  groundwater recharge in period t. Groundwater dynamics can be governed by a variety of
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170  interconnected hydrological processes driven by various climatic, topographic, and
171 hydrogeological factors (Cuthbert et al., 2019). Therefore, more complex mechanisms, such as
172 stochastic and spatially heterogeneous groundwater recharge, which are affected by local
173 precipitation and surface water intake, can be introduced. However, for analytical simplicity, we
174  don’t touch on such complexities and use a fixed value, R, throughout all periods. However, such
175  simplifications do not invalidate the essence of our argument on the existence of a new value,
176  because the behavioural mechanism that generates it is the users’ natural reactions to the
177 underlying nature of the groundwater stock transition as argued below.

178 The surface flow S; is given by:
179

Se= S, +&, # (10)
180

181 where S, is the average flow amount that is expected in period t in normal years and &, denotes
182  the fluctuation from the average in period t, where ¢, > 0 means a period of abundant water
183  supply and &; < 0 a period of water scarcity. For the analytic approach in the following section,
184  we assume, like most groundwater literature (e.g., Burt, 1964; Tsur & Graham-Tomasi, 1991;
185  Provencher & Burt, 1994; Knapp & Olson, 1995; Joodavi et al., 2015), that &, is a stationary,
186  temporally independent random variable of a known distribution with a zero mean and variance
187 of o2.

188 Users make decisions on groundwater intake after observing the realization of surface
189  water flows during the current period. Let s;; = €;S; denote the amount of surface water utilized
190 by user i in period t, where g; is the share of user i and )., & = 1. For simplicity, we assume
191  that users can use surface water within this range at no additional cost. Let w;; be the total
192 amount of water used by user i in period t; thus, w;; = g+ + Si¢-

193 F;(w;;) represents the instantaneous benefit accruing to user i in period t, which is
194  assumed to be quadratic for acquiring analytical solutions:
195
F(wy) 2 a;wye — bwii, #
196

197 where q; and b are positive constants. This represents diminishing returns to production, which
198  accords with most production practices as reported in many groundwater literature (e.g., Gisser
199 & Sanchez, 1980; Provencher & Burt, 1994; Gardner et al., 1997; Msangi & Hejazi, 2022;
200  Quintana-Ashwell & Gholson, 2022). Based on this, we introduce user heterogeneity by
201  differentiating parameter a;S. Although we do not differentiate parameter b to obtain analytical
202  solutions for the dynamic game, this differentiation allows us to cover a broad range of
203 heterogeneity in terms of production scale and technology.

204 Let C;(G,) denote the unit cost of user i for pumping groundwater to the surface, which
205  depends on the groundwater stock.
206

Cl(Gt) é Cl - th,#
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where c; and d are positive constants. Therefore, the cost is inversely proportional to the total
inventory. This is consistent with the assumptions of most groundwater studies such as those of
Gisser and Sanchez (1980) and Gardner et al. (1997). Moreover, although we do not differentiate
the parameter d to obtain analytical solutions, the differentiation of c; enables us to represent a
considerable amount of heterogeneity in pumping facilities and the spatial diversity of an aquifer.
Again, the specifications of these parameters do not invalidate our arguments on the new value.

The instantaneous net benefit, including the pumping cost, for user i in period t is given
by:

i (Git» Ge—1,St) 2 Fi(gir + &:St) — Ci(Ge—1) Gir- #

The period set {1,...,T} is denoted by 77, and let I1;: (G X § X Uj; X U_;3) X .. X (G X S X
U;r X U_;7) = R, denote the discounted intertemporal sum of user i’s expected net benefits:

I1;(Go, S1, 9i1) 9-i1s -+ » G7—1, ST, GiTs 9—i7) 2 E [ZtETﬁt_l[Fi(git + £S¢) — Ci(Gt—l)git]] , (11)

where Uy, is the set of admissible actions of user i in period t, and g € [0, 1] is a discount factor.
Symbols with the subscript —i indicate that they are a variable or set for the users excluding user
i. The social planner maximizes the discounted intertemporal sum of the aggregate expected net
benefits I: (G X § X Uy; X ... X Uyq) X oo X (G X S X Uyp X ... X Uyp) = Ry

N(Go, S1, G11s +» In1s s Gr-1, S12 Ga7s s GNT) = Z

1S

=t [Zteﬂ" ZieNﬁt_l[Fi(git + &S0 — Ci(Gt‘l)g“]]’

Nni(Go' S1,9i1, 9-i1s - Gr=1, 51, i) 9=i)

subject to equations (9) and (10), and the initial stock level G,. One of the possible requirements
for admissible actions is, U;; == [0, G._], that is, users can exploit the aquifer to its whole stock
level. In the following, we assume that the total groundwater intake does not exceed the current
groundwater stock within a single period. We come back to a drawback of this simplification in
the discussion section.

In the multiple-user regime, user i maximizes the discounted intertemporal sum of the
expected net benefits (11) subject to (10), the initial stock level G,, and the transition equations
of the groundwater stock:
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Ge = fi(Geo1, it 9-ie) = Ge—r + R — gip — Z]-eNgjt: teT.

JE!

Let y;; denote an admissible strategy of user i for S; € §,G,_, € G,t € T, and let I;; denote the
set of admissible strategies. We can then describe the dynamic process as an N-user T-stage
discrete-time stochastic dynamic noncooperative game defined by

{N' T, g' S, {Uit}ie]\f,teﬂ"r {fit}iEN,tEiT' {Fit}iEN,tEiT' {Hi}iET}'

4 Two-stage Model

We start by demonstrating the existence of a new value using a simple two-stage model
and examine the underlying economic mechanisms.

4.1 Existence of the DRV

For the two-stage model, by solving backwards from the second stage, we obtain unique
solutions for each regime and for cases with and without uncertainty (See SI1 in the Supporting
Information for solutions and derivation). In the following discussion, we use the notations in
Table 1 for the variables derived from these solutions:

Table 1. Notations for the variables derived from the solutions.

(a) Single decision-maker regime

Notation Description
single single single ~ aggregate expected net benefit (and its temporal
My~ =Ty Ty decomposition) in the uncertain case
single _ _single | single aggregate expected net benefit (and its temporal
¢ c1 c2 decomposition) in the certain case
psinele (5) aggregate water use at the first stage after observing S; in
ul 1 the uncertain case
psinele ) aggregat'e water use at the first stage after observing S in
c1 the certain case
single (5) aggregate groundwater intake at the first stage after
Gur 1 observing S; in the uncertain case
gsmgle 8) aggregate groundwater intake at the first stage after
c1

observing S in the certain case

(b) Multiple-user regime

Notation Description

aggregate expected net benefit (and its temporal
decomposition) in the uncertain case
multi — qmulti ol aggregate expected net benefit (and its temporal
¢ ct €2 decomposition) in the certain case
wmili(s)) aggregate water use at the first stage after observing S in

multi _ multi multi
Ty = My1 + T2
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the uncertain case
aggregate water use at the first stage after observing S in

multi ¢ &
wer ' (S) the certain case

mlti (g ) aggregate groundwater intake at the first stage after
Gui o1 observing S; in the uncertain case
gmilti(5) aggregate groundwater intake at the first stage after

observing S in the certain case

Note that the expected net benefits in the table are the expected values evaluated before
the realization of surface water in the first period, whereas water use and groundwater intake are
the values that users determine after observing it. In addition, we don’t use the discount factor to

evaluate the expected net benefits, although the solutions used here, that is, g>"¢(s,), g™ ($),

ul cl
g5y and gmUi(S), are the results of users’ decisions with discounting. Therefore, we
evaluate the economic value of each period equally. Summing up the discounted net benefits is
another option for evaluating the economic value of groundwater in a dynamic context and may
sometimes be more appropriate for resource management practices. However, as researchers, we
take a different approach for our analytical purpose to evaluate users’ behaviours equally
throughout the period.

Although we explain the reason behind the name later, we define the dynamic
reallocation value (DRV) as follows:

Definition 1. The dynamic reallocation value (DRV) is the difference in the intertemporal sum
of the aggregate expected net benefit in cases with and without uncertainty in surface water:

single single
DRVsingle £ T — T ,

u ) c ) (12)
DRV 2 Tt — it #
We can easily derive the following from the solutions of the two-stage model:
Proposition 1. The dynamic reallocation value (DRV) is positive in both the single decision-
maker and multiple-user regimes. That is,
Nbd?(4b? — N2d?p3?)
DRVgingle = b7 —NId2B)? 0?2 >0, )
Nbd?(4b* — d*B?)
DRV = o2 > 0.#

(4bZ — Nd2p)2

For the full proof, see SI2 in the Supporting Information.
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This requires significant reconsideration of the specifications of the economic value of
groundwater used in the literature, which indicates that the above differences are zero. First, the
transformation from (3) into (4) is incorrect in dynamic environments. Second, we argue that the
specification of the SV in (3) is not appropriate, because the difference V* — V¢ contains a
different type of economic value. That is,

u
single — smgle - SVsmgle + DRVsmgle;

u (3"
multi — mult1 SVmultl + DRVmultl: #

where for the computation of SV;,g1e and SV, We use the specification in (4). In the two-
stage model:

2 —_
Vaingie = SV = ). > {F&d) — ElFes) =26 () e)o?tt @)
t=1 LEN LEN

In the latter half of this section, we explain why the dynamic reallocation value should not be
considered part of the SV.

Third, the above considerations redefine the composition of the total economic value of
groundwater. Based on (5), the augmentation values can be derived as follows:

2
__ . single &
AVsingle =M. - Z Z F; (giS) ’
t=1 iEN

; ) (5")
AV =72 =37 Y Fe).#
t=1 IEN
We can therefore derive a new composition:
N 1
TEVsmgle = smg ) z Z F (5 St)] AVsingle + SVsingle + DRVsingle:
t=1 (14)

TV 2 T =S EIF(E5)] = AV + SVhnats + DRV

Studies that measure the economic value of groundwater using the specification of SV in
(3) most likely overestimate the magnitude of SV, and those that use the specification of (4)
overestimate the magnitude of AV.
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4.2 Behavioural mechanisms of the DRV

However, what is DRV and why should it be distinguished from SV and AV? To answer
this, the behavioural mechanisms of the users that generate this value need to be
comprehensively understood. From the solutions shown in SI1 in the Supporting Information, we
can easily demonstrate how the users’ groundwater intake reacts to surface water fluctuations.

Proposition 2. When the surface water in the first period, S;, deviates from its mean value by
S; — S, the aggregate groundwater intake responds to it by more than S; — S in both the single
decision-maker and multiple-user regimes. That is,

4p?
GRS — ) = g (5) = ) = — (5, ),
(15)
. . 4p?
gili(Sy) — gmti(S) = gii(sy) — gmMi(S) = - —Ndzﬁ( —S). #

This is significantly different from the stabilizing behaviour implied by previous studies
in the specification of Equation (4), where the groundwater intake responds to the surface water
fluctuation on a one-to-one basis to ensure that the former movement perfectly offsets the latter
change. If the surface-water content increases by S; — S, the groundwater intake declines by
S; — S. If the surface water decreases by S; — S, the groundwater intake increases by S; — S.
However, Proposition 2 suggests that groundwater intake not only stabilizes the fluctuation but
also destabilizes the total water use. From Equation (15), we can easily derive the following:

sm e sm e sm e sm e dezﬁ &
gl (S)) — gl OE gl (S — gl ) = szB(sl -9,
(16)
. o Nd?p _
erlnlultl (Sl) W{Lnlultl (S) — multl (Sl) multl (S) = _m (Sl — S) #

In specification (4), the surface water fluctuation has no effect on the total water use because it is
perfectly absorbed by the offsetting movement of the groundwater intake; however, Equation
(16) reveals that it has an effect. When the amount of surface water increases, the total water
declines and as the surface-water decreases, the total water increases.

This intended destabilization decreases the expected benefit of the first period, but it is
more than covered in the second period, as shown in the next proposition, which can easily be
calculated from the results shown in SI1 in the Supporting Information. This leads to the
intertemporal sum of the expected benefit being greater than that in a certain case, as shown in
Proposition 1.
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Proposition 3. The aggregate expected net benefit in the first period in the case with uncertainty
is less than that in the case without uncertainty, whereas the aggregate expected net benefit in the
second period in the case with uncertainty is greater than that in the case without uncertainty.
That is,

_ . N3bd*p?
single single 2
single __single __ 4Nb>d* 2>0
T2 Mz = (4b2 — N2d2p)2 ’ ’ (17)
multi multi Nbd'p* 2
mrhult _ multh — g <0
ul c1 (4b2 — Nd2B)? ’
_ . 4ANDb3d?
T[‘Zlélltl _ nznzllltl _ 0'2 >0.#

~ (4b2 — Nd2p)?

From these results, we can expect that there is another consideration in users’ intake
decisions that differs from the stabilizing behaviour. Therefore, we aim to elucidate the reason
behind users’ intentionally destabilizing water use and why such behaviours generate higher total
benefit than that in cases without uncertainty.

To examine these points graphically, we further simplify the model in four respects: first,
we consider a single user model with the instantaneous benefit function F(w,) = aw, — bw};
second, we consider that the surface water takes between two values S; (= 0 for simplicity) and
Sy with a probability of 1/2 for each and with the mean value S (= S, /2); third, there is no
groundwater recharge (R = 0); and fourth, the discount factor § = 1. These simplifications are
only for graphical illustration, and the argument below holds for the more general specifications
discussed thus far.

In the first stage, after observing surface water S, , the user faces the following problem:
IT;?X F(S; +91) —C(Go)g, + E; [F(Sz + 9> (52:91)) —C(Go— 91)92 (52;91)] ,H

where g,(S,,g9,) is the solution in the second period with stock level G, — g, and the
observation of S,:

1
92(52.91) = 57 (a —c+d(Go = g1) = Sz # (18)

As discussed in the previous section, we excluded cases in which the user exploits the entire
stock in a single period. The first-order condition then provides the benefit-maximizing intake

g1
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F'(Sy + g1) = C(Go) + E1[=C"(Go — g1)92(S2, g1)]- #

The benefit-maximizing groundwater intake is therefore ensured when the marginal benefit is
equal to the sum of the unit cost of the first period (the first term on the right side) and the
marginal user cost (the second term). The latter is the future pumping cost that would have been
saved by decreasing a marginal unit of groundwater intake in the first period. In other words, this
is the opportunity cost of the current extraction.

We examine this mechanism in two steps. First, we introduce a policy in which the user
absorbs the surface water fluctuation perfectly in the first period and keeps the total water use for
that period constant (at the mean value). This is not the optimal behaviour but provides a very
good case for understanding the behavioural mechanism of dynamic reallocation. We call this
Policy E (where E represents exact stabilization) and denote it by gg;. Next, we introduce the
optimal policy described in Proposition 2. In this policy, the user amplifies its reaction against
surface water fluctuation to generate an artificial destabilization but can achieve a full dynamic
reallocation value. We call this Policy R (where R represented reallocation) and denote it by gg;.
In addition, we call a reference policy that the user would take when there is no uncertainty
Policy C (where C represents certainty) and denote it by g.;. In the following figures, we
describe the user’s intake decisions and the corresponding benefits and costs after observing (a)
Sy and (b) S, during the first period.

Policy E

Figure 1 shows a comparison of Policies E and C. In Policy C, the total water use in the
first period is determined at the intersection of the marginal benefit curve F'(w) and the sum of
the unit cost and marginal user cost C(G,) + dgc,. Policy E also maintains this amount by
changing the groundwater intake gz, to offset the surface water fluctuation in an exact manner.
The expected net benefits evaluated in period 0 are the same for both policies. This is exactly the
same situation as that captured by the simplification of Equation (4). Therefore, the SV in period
1 is evaluated purely by the risk premium in (4).

But the truth is that the impact of the fluctuation does not disappear at all. It is transferred
to period 2 through the corresponding change in the groundwater stock and unit cost, which is
represented by the differences between the solid and dotted horizontal lines on the right side of
Figure 1(a) and (b). Note that the intake of Policy E in period 2 (gg,) is shown as the expected
amount evaluated before the realization of surface water in this period.

Surprisingly, even in Policy E, which replicates the standard stabilizing behaviour, if we
stand at period O (the moment before observing S in period 1), the expected net benefit is larger
than that of Policy C. Why does the case with uncertainty achieve a higher expected net benefit
than that of the case without uncertainty, even with a concave benefit function (i.e. a risk-averse
agent)? Figure 2 shows the increments and decrements in benefits and costs over the values of
Policy C. When considering the benefit side only, policy E obtains a lower expected value by the
amount corresponding to the area of the triangle in the grey shaded area on the left. This is
normal for risk-averse agents. However, on the cost side, it achieves a higher expected reduction

(19)
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by the amount corresponding to the shaded square in the middle. Consequently, the expected net
benefit of Policy E is higher than that of Policy C, as indicated by the area of the shaded triangle
on the right. Therefore, the source of the higher net benefit is the cost side. Why, however, does
Policy E achieve a larger cost reduction? In period 1, the user increases the intake when it
observes Sy and decreases it when S; to stabilize the benefit in the period. These behaviours can
simultaneously be seen as an intertemporal reallocation of the groundwater intake, which in turn
affects the intertemporal allocation of groundwater stock and thereby that of unit pumping cost.
In the case of our two-stage model, the increase (decrease) in intake in period 1 increases
(reduces) the unit pumping cost in period 2. This makes the relative price of groundwater in
period 2 to period 1 higher (lower) than that of Policy C. Thus, transferring the intake from
period 2 to period 1 or from period 1 to period 2 reduces the pumping cost in period 2. In other
words, the intertemporal reallocation of groundwater intake, which occurs as a result of the
stabilizing behaviour in period 1, generates a higher expected net benefit in Policy E than in
Policy C through a cost reduction realized by the corresponding intertemporal reallocation of the
unit pumping cost.

Period 1 Period 2
!sF’(W) ﬁF’(W)
™ N

HHN HH

C(Go) + dgc. [irem \ ¢ Ego - gm;g |‘
' 0~ gef X i
C(Go) prers C(Gy) - L

— .. ' \ &“:“,_5_1 ' \

- .
S. § Su w S, S Sy w
| E— |
ge1 E, (9]
dc1 9c2

(a) Sy in period 1
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Period 1 Period 2
') \F)
8 S,
: C(Go — gr1 it iiﬁ“.\
C(Go) + dgcz T \ C(Gp — gm)ﬁ . : . ‘\
c(6y) . C(6y) fr———
.=!_‘I : \ [ = ::::!I_‘I' - \
S, S Su w S. S Sy w
L J
91 Eq[gk2]
dc1 ez

(b) 5 in period 1

Figure 1. User’s intake decisions and corresponding net benefits for Policies E and C. The line
segment that is declining to the right is the marginal benefit curve F'(w). The horizontal lines
represent the unit cost or the sum of the unit cost and marginal user cost. The areas in the vertical
stripes represent the net benefits achieved by Policy E and the horizontal stripes represent those
achieved by Policy C.

F'(w)

Expected benefit

decrement Expected net

benefit increment
;

/

7 Cost increment
/ (when S, )

Expected cost

— —  decrement |
| = [ ' —w [ H N, T
ol = S| /N
€(Go) . =] oo =111, €(Gy) L —
| P11 ) P 1 N
i . J=E \ Cu;;:;rzm;nl ‘:_ :_ ,@.E‘: | Costincrement ‘: ’;/i E E \J \
= 7 \ L S T (when 5) ® d
5. S Su/ \ S Su | S S /Su \
/ I /
‘ : Cost decrement /
Benefit decrement Benefit increment (when 5,) Net benefit decrement Met benefit increment
(when 5,) (when 5y) (when 5,) (when Sy;)
(a) Expected benefit (b) Expected cost (c) Expected net benefit

Figure 2. Increments and decrements in expected benefit and cost of Policy E over Policy C. The
areas in the vertical stripes represent the increments and the horizontal stripes represent the
decrements in (a) benefit, (b) cost, and (c) net benefit. The areas of the shaded triangles or
squares represent the increments or decrements in the expected amount evaluated in period 0.

Policy R

Policy E is not optimal because the intake in period 1 is a simple reaction to the surface
water fluctuation of the period and not the benefit-maximizing intake derived from equation (19).
In Policy R, the user determines the intake to equate the marginal benefit with the sum of the unit
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cost and marginal user cost, which reflects the relative price of groundwater in period 2 over
period 1. Figure 3 illustrates these behaviours. In period 1, the user increases the intake to more
than that of Policy E when it observes Sy and decreases the intake to more than that of Policy E
when it observes S; . This destabilizes the benefit in period 1 and lowers the expected net benefit
of the period. However, it achieves a much larger cost reduction in period 2 than that of Policy E
and generates a higher total expected net benefit. This is why the artificial destabilization
described in Proposition 2 decreases the expected net benefit in the first period but increases it in
the second period, as stated in Proposition 3, and finally results in an increased total expected net
benefit, as stated in Proposition 1.

Period 1 Period 2
\F'(w) \F'(w)
N\ N
EEEEN FEEN
C(Go) + dE;[g,(gr1)] e ! C(Go — gr1)
C(Go) +dgc: : \ C(Gy — gca) ; m\ 7
E | C(Gy — gr1) v i .
C(Go) ; = N C(Go) \\
.;;;;;;!.......I L .;;;;;;H ! !
SL S SH w SL S SH w
gr1 E1[9r-]
gc1 ez
(a) Sy in period 1
Period 1 Period 2
\F'(w) \F' (W)
FN N
N EREELY
C(Go — gr1) '”""g\
C(Gﬂ) +dgc, C(Gy — gc1) T 2 \
C(Go) + dE1[g2(gr1)] : E i \C(GO — g5
C(Go) = = €(Gy) \
o ® .I t .::::::H . .
SL S SH w SL S SH w
l Ir1 ] E1[gr2]
ge1 dc2
(b) S in period 1

Figure 3. User’s intake decisions and corresponding net benefits for Policies R and C. The areas
in the vertical stripes represent the net benefits achieved by policy R and the horizontal stripes
represent those achieved by policy C. The line segment that is declining to the right is the
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marginal benefit curve F'(w). The horizontal lines represent the unit cost or the sum of the unit
cost and marginal user cost.

In summary, the DRV is derived from users’ optimization to the changes in intertemporal
cost allocations that occur as a reflection of their stabilizing behaviours. Users actively reallocate
their groundwater intake intertemporally to save their pumping costs throughout the periods,
thereby achieving a higher total benefit even in the case with uncertainty than in the case without
uncertainty. We, therefore, call this value the “dynamic reallocation value.”

5 Dynamic Model with An Arbitrary Number of Stages

5.1 Generalization of the DRV

We first generalise the formulation of the DRV in Equation (13) to models with an
arbitrary number of stages T. Subsequently, we examine how the generalized DRV reacts to
changes in major parameters using some numerical illustrations.

Proposition 4. In the single decision-maker regime, the dynamic reallocation value (DRV) in a
dynamic problem of maximizing T: (G XS X Uy; X .. X Upyq1) X .o X (G XS X Uy X ... X
Unr) = Ry subject to (9), (10), and the initial stock level G, is given by DRVingie = 27 E¢,
where

By & — %(1 +w(t)) o2
+ cp(t)(NdN_ be(®) [W(t—DP?+[P(E-2)(1— (- 1))]2 +
t—1 2
+|w(1) 1:2[(1 - ®(0)| po? 4<t<T,
b

By & — N(l +w() 02
N o (t)(Nd — bd(t))

{lwee - 01 + [w(t - 2)(1 - @t — )]} 02

Wt —1]20? t=2
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For the definition of the functions W and @ and the proof, see SI3 in the Supporting Information.

Proposition 5. In the multiple-user regime, the dynamic reallocation value (DRV) in a N-user
discrete-time stochastic infinite dynamic noncooperative game of a finite horizon,

{N,T,g; S, {Uitlien ters Uitdien ter {Tit}ien ters {Hi}ie:r} , is given by DRV = X7 &,
where

-~
~
—

A

t

(1 + fp(t))z o?
®(t) (Nd - bB(2))

+ s [Fe - D) + [ -2) (1- - )| +--

t—1
F(1) 1_[ (1-3m)
=2

=zl =

2

+ 0%, 4<t<T,

g, 2 —%(1 + l’P(t))z o2
. &(t) (NdN— bcb(t))

[Pc- ) +[#e -2 (1- 8¢ - )] }o2
t=3,

&(t) (Nd — b®(t))
N

— (1 + LTl(t))2 g%+ [Pt - 1)]202, t=2,

[

[l

[

(>

2|s =2

- 2
(1 + lP(t)) a2, t=1.
For the definition of the functions ¥ and @ and the proof, see Sl4 in the Supporting Information.

5.2 Numerical illustrations

To analyze how the dynamic reallocation value reacts to changes in major parameters,
such as the number of stages or the variance of surface water fluctuation, and how such reactions
differ between the single-decision-maker regime and the multiple-user regime, this subsection
provides some numerical illustrations of each type of economic value by applying a set of
sample parameter values to the analytical results of the previous section and subsection
(especially, Propositions 4 and 5). The values used are listed in Table 2. Note that the purpose of
this subsection is not to simulate the concrete values of the DRV using actual water data. Rather,
we aim to examine the basic responses of the DRV to changes in major parameters in a
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theoretical setting. So the values in the table are arbitrarily chosen to allow clearer graphical
demonstrations in the figures below, and they do not have concrete physical and monetary units.

Table 2. Parameter Values Used in Numerical lllustration

Parameter Description Value

a; First-order coefficient of instantaneous benefit 12,200
function

b Second-order coefficient of instantaneous benefit 300
function

C; Pumping cost intercept 21,000

d Pumping cost slope [15, 20]

Go Initial groundwater stock 1,000

S Average surface water supply 100

o? Variance of surface water supply [0, 600]

R Natural groundwater recharge 0.1

N Number of users 10

& Share of water right 1/N

B Discount factor 0.98

T Number of stages {3,4,...,20}

Figure 4 shows the composition of the three value types at a different number of stages
(T =3,4,..,20, d = 20, % = 400). First, we note that all values, including the DRV, increase
as the number of stages T increases, but in different manners. The increment in the AV over T's
decreases as T increases. This is because of the users’ intertemporal levelling behaviour of
groundwater use within a given stock amount. The SV increases linearly; the increment in the
SV over Ts is constant. This is natural if we consider the SV specification in Equation (4).
However, the increment in the DRV increases as T increases. This is because, as was revealed in
the previous section, the source of the DRV is the intertemporal reallocation of groundwater
intake, and it is transferred to the following stages through the corresponding change in stock and
cost. Every intake at each stage impacts the following stages; hence, the DRV increases with
increasing increments as the time horizon is prolonged. As a result, the share of the DRV in the
total economic value of groundwater increases as T increases, and the ratio of the DRV to the SV
also increases as T increases.

Second, the multiple-user regime exhibits lower values than the single-decision-maker
regime exhibits, except for the SV, which is the same between the two regimes. In addition, the
share of the DRV in the total economic value or to the SV is lower in the multiple-user regime
than in the single-decision-maker regime. The results for the AV and SV are consistent with the
findings of previous studies (e.g., Gemma & Tsur, 2007). A new finding is about the DRV. If we
compare the equation of (15) between the two regimes, the users respond to the surface water
fluctuations by more than the amount of fluctuation, but the extent is weaker in the multiple-user
regime. Overexploitation of groundwater in a suboptimal environment hinders users from fully
utilizing reallocation opportunities.
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Figure 5 shows how the SV and DRV change as the variance of the surface water
fluctuation increases. As can be predicted from the formulas, both SV and DRV respond linearly
to the variance increase; however, the figure indicates that the slope of the DRV is smaller than
that of the SV. It is not easy to show the reason for the smaller slope analytically, but an intuitive
explanation may be, as we discussed in the previous section, the DRV can be seen as a by-
product of the users’ stabilizing behaviour. Therefore, the DRV utilizes surface water
fluctuations to a lesser extent than the SV does. Again, the slope of the DRV is smaller in the

multiple-user regime than in the single-decision-maker regime.

Figure 5 also shows how DRV responds to different levels of the pumping slope
parameter d, which is the marginal unit cost with respect to stock level G. The larger the
parameter value, the more the unit cost responds to a marginal change in stock level. As shown

in the figure, the slope of the DRV curve increases as d increases.

Y 20

N,

DRV/SV, DRV/TEV
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Figure 5. SV and DRV for different levels of variance in surface water fluctuation.

6 Discussion and Conclusions

In this study, we revisited the total economic value of groundwater. Specifically, we
proved the existence of a dynamic reallocation value and proposed a new construction of the
total economic value of groundwater comprising three components: augmentation value (AV),
stabilization value (SV), and dynamic reallocation value (DRV).

Furthermore, we showed the economic mechanisms underlying the DRVs using simple
analytical models. Similar to the SV, the DRV is derived from the adaptive behaviours of
economic agents against surface-water variations under uncertain environments. However, they
are conducted with different economic intentions and movement in opposite directions. Our
model results showed that users intentionally destabilize their water use by increasing or
decreasing their groundwater intake by more than the amount of surface water fluctuations. Such
seemingly irrational behaviours arise from their optimization against changes in intertemporal
cost allocations that occur as a reflection of stabilizing behaviours. That is, the stabilization
behaviour of one period can simultaneously be seen as an intertemporal reallocation of
groundwater intake from or to the following periods. Such reallocations change the unit pumping
cost, and thereby, the relative price of groundwater in the future. Users actively take advantage
of this to save their pumping costs throughout the period and achieve a higher total benefit, even
in cases with uncertainty than in cases without uncertainty.

In addition, we analyzed how the DRV reacts to changes in parameters such as the
number of stages or the variance of surface water fluctuation using numerical illustrations. First,
we found that the share of DRV in the total economic value of groundwater increases as the time
horizon increases. Second, DRV diminishes in a suboptimal environment with multiple users
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because the overexploitation of groundwater hinders users from fully utilizing reallocation
opportunities.

Unfortunately, the DRV has been overlooked in all existing studies, including those
conducted in dynamic contexts. Typically, studies using the simplified specification of the SV
are likely to include the DRV in the AV unconsciously, and thereby overestimate the AV.
Therefore, they estimate the value of groundwater to adapt to climate instability only in terms of
its stabilization function. However, as shown in this study, users can derive additional value from
groundwater than simply offsetting surface water fluctuations. In other words, even if the TEV
itself is not affected, disregarding DRV can underestimate the value of groundwater as an
essential instrument for climate adaptation. Although the present paper did not apply our results
to actual water data, it is preferable that the economic valuations of existing empirical studies be
re-examined using our new framework incorporating DRV.

The major methodological limitations of this paper are as follows. First, similar to almost
all existing groundwater studies (e.g., Gisser & Sanchez, 1980; Provencher & Burt, 1994;
Gardner et al., 1997; Msangi & Hejazi, 2022; Quintana-Ashwell & Gholson, 2022), we used a
quadratic form for the benefit function (production function), which enabled us to derive simple
analytical and even reduced-form solutions. Although we believe that our conclusions are not
affected by function types, as long as they allow for diminishing marginal benefits, an
assumption that accords with most production practices, we can numerically examine other types
of benefit functions in future studies. Second, we used a stationary, temporally independent
random variable for surface water fluctuations. This is because the typical situations that the
current study addresses are those in which industrial or agricultural users tackle fluctuations in a
relatively short period of time, for example, monthly. However, we can examine our findings in
broadened environments, such as Markovian disturbances (e.g., Srikanthan & McMahon, 1985,
2001) or even in cases in which distributions are completely unknown, through numerical
simulations using reinforcement learning. Third, the present study used a relatively simple
setting for hydrological processes, such as deterministic recharge; however, we can examine our
framework under more complex interactions between precipitation, surface water flow, and
groundwater recharge both natural and artificial (e.g., Barlow et al., 2003; Vedula et al., 2005;
Hantush, 2005; Fleckenstein et al., 2006; Pulido-Velazquez et al., 2006; Pulido-Velazquez et al.,
2007; Marques et al., 2010; Reznik et al., 2022). Finally, we excluded cases in which the entire
stock is exploited or should be kept above a threshold level, or cases in which groundwater
supply is physically limited or reduced by its depletion. These cases have been extensively
studied in some literature (e.g., Gisser & Sanchez, 1980; Gisser & Allen, 1984; Zeitouni, 2004;
Msangi & Hejazi, 2022; Rouhi Rad et al., 2017; Foster et al., 2017). Although excluding these
allows us to focus on a simple analytical demonstration of the DRV, it can take away the
possibilities of considering different types of responses to intertemporal reallocation of intake
that can generate the DRV. For example, it is known that, when the stock is binding, the user
cost comprises not only the depth cost but also the stock cost (Provencher and Burt, 1993). It is
therefore very likely that the DRV increases when user consider the latter type of user cost. We
leave the evaluation of DRV in such cases for future study.

Finally, let us discuss some policy implications that we can derive from the study
findings. First, the existence of the DRV augments the importance of sustainable groundwater
management, particularly in areas threatened by surface-water fluctuations under climate change.
Groundwater can provide those areas with larger economic benefits beyond its stabilizing
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effects. Second, overexploitation can reduce these benefits under insufficient regulation. Proper
regulations are essential not only for avoiding the exhaustion of resources but also for fully
utilizing the SV and DRV of groundwater. Third, although this paper did not directly address
issues related to non-consumptive water use and externalities of groundwater extraction, the
discovery of the new value indirectly contributes to addressing such issues because, as discussed
above, the DRV provides users of groundwater with stronger incentives for its sustainable
management. Finally, a growing body of literature have simulated optimizated conjunctive
management of surface water and groundwater using machine learning models including genetic
algorithm (e.g., Safavi et al., 2010; Safavi & Esmikhani, 2013 & 2016; Safavi & Falsafioun,
2016; Rezaei et al., 2017; Sepahvand et al., 2019). Although, most of these literatures have not
captured dynamic reallocation behaviours presented in this paper explicitly, it is valuable to
separate them from other types of optimization using these models and quantify the economic
benefit of such behaviours.
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Introduction

We supplement the solution process of the two-stage model and the proof of Propositions 1, 4, and 5 in
this supporting material.

SI1.

1. Single decision-maker regime

Since the intertemporal net benefit function is additively separable with respect to the instantaneous sum of
the users’ net benefits, we can solve the problem in two steps: the determination of the total water intake g,
for each period, where g; = Yic Jir» and the allocation of water pumping to each user within period ¢ taking
the total water intake g, as given.

Consider the problem of the second step first:

max Z [Fi(9iz + €52) — Ci(G1)gi2],
iEN

91,2,-29N,2
subject to X;en gir = g¢- By solving the problem, we get

a; St ge

o TNty A
wo =i Se g
“72p N N’

Git
(A1

for all i € V' and for all t € {1,2}, where @; £ a; —a/N and a £ Y,;cy a;. Therefore, the maximized
instantaneous aggregate net benefit for given S;, G;_;, and g; is given by

b
(G, St Ge—1) 2 W(S) + (H(S) +dGe_q)ge — N.gtz' (A.2)



where

wa[ (3+ 7)) bz<§;+2>

H(S) £ ——

Next, we consider the problem of determining the total water intake g, for each period. By solving backword
from period 2, we obtain the following solution:

a—Nc+ NdG
92(G1,S7) = — 2 (A.3)
2b
The problem of the first period in the uncertain case is then given by:
b,
rr;ax W(Sy) + (H(S,) +dGy)g, — ﬁg1 + BE1[m2(92(G1, S2), S2, Go) |54 ]-
1
Subsequently, we get
1 _
Slngle(51) = b7 — N2d2f [(2b — NdB)X — 2b(2bS; — NdBS) — N*d*BR], (A.4)

where X £ a — Nc + NdG, and w12(S,) is given by wo°(S;) = gor¥(S,) + S,.

For the above solution to satisfy the necessary and sufficient conditions, we further require the following
from the second-order condition:

4b% — N2d2 > 0. (A.5)

Using (A.1), (A.3), and (A.4), we get:

single __ (Z )S—, b(z )SZ + 1 X 2b 5 2 Ndzﬁz(Zb —]Vd)2 X 2b§)2
Tur = ie]\raigi ieN 4b ie]\f( ! i5) 4b(4b? —dezﬁ)z(

N3bd*p? 5 N2d3B?(2b — Nd) _ N3bd*pB?
- (4b? — N2d2B)? - (4b? — N2d2B)? (X —2bS)R —

(A.6)

(41)2 _ deZﬁ)Z g%

1 d(2b — NdB)(8b? — N2d?pB — 2Nbd
T[smgle — (C _ dGO)S +— Xz ( ﬁ)( ﬁ )
4b Laicx 4b(4bZ — N2d2p)2
ANDb3d? , . 4b2d(2b — Nd) ANb3d?

- 9 - 42
+ (4b2 — dezﬁ)z (4b2 — dezﬁ)z (X ZbS)R + (4b2 _ dezﬁ)z o,

single = 2\ &2 1 2 1 5
T, o = (Z a;€; +c—dGO)S—b(Z si)S +—Z (X; — 2bg;S) +—Z X}
ieN ien 4b Lajey 4b Lujew

d[NdB2(2b% + N2d? — 2Nbd) + 2b2(4b — Nd — 2Ndp)]
2b(4b% — N2d2pB)?
Nbd?(4b* — N*d?B?) , d(2b — Nd)(4b* — N*d*B?)
(4b2 —_ NZdZB)Z (4b2 — NZdZﬁ)Z
Nbd?(4b2 — N2d?B?)
(4b2 — NZdZﬁ)Z o%,

(X — 2bS)?
(A.7)

(X — 2bS)?

(A.8)
(X — 2bS)R




where X; £ a; — ¢ + dG,.
Similarly, the problem of the first period in the certain case is given by:
_ _ b I
max W(S) + (H(S) +dGy)g, — N.912 + B1,(9,(G1,5), S, Gy).
Subsequently, we get:

single /)@y _ _ — _ _ N _ N292
giEe(S) = N [(2b — NdB)(X — 2bS) — N2d?BR]. (A.9)

In addition, w"(S) is given by wr€(8) = g>"°(S) + 3. Using solutions (A.1), (A.3), and (A.9), we
obtain:

single c 2\ &2 1 N\ 2
T, = a;g|S—>b Z & 18 +— X; — 2bg;S)
ien ien 4b Lajeyw

A.10)
Nd?B?(2b — Nd)? _ N3bd*p? N2d3B%(2b — Nd _ (
- A ) (X —2bS)%2 — p R — A )(X — 2bS)R,
4b(4b? — N?d?p)? (4b%? — N2d?[3)? (4b%? — N2d?[3)?
; _ 1 d(2b — NdB)(8b? — N2d?pB — 2Nbd) _
single __ 2 2
=(c—dGy)S+— Xf - -
Mee = (€= dGS+ g 2 en™ 4b(4b7 — N2d2})? (¥ = 255) a1
N 4Nb3d? 5 4b2d(2b — Nd) X — 2b5IR '
(4b2 — dezﬁ)z (4b2 — dezﬁ)z( ) ’
» _ _ 1 _ 1
e = (Z e+ — dGO)S —b (Z 53)52 + —Z (X, — 2be,S)? + —Z X?
ien ien 4b Laiew 4b Lajew
d[Ndp?(2b? + N?d? — 2Nbd) + 2b%(4b — Nd — 2Ndp)] =2
- 2b(ab% — N2d2})? (X —2bS) (A.12)
Nbd?(4b? — N2d?p? d(2b — Nd)(4b? — N?d?p? _
( Y ., d( )( 5 x — bR,
(4b2 — N2d2ﬁ)2 (4b2 — NZdZﬁ)Z
2. Multiple-user regime
User i’s problem of the second period for given S, and G is:
max Fi(9iz + &53) — Ci(G1) G-
2
Hence, the solution for this is:
a;—c+dG
902(G1,S2) = —————— &5 (A.13)
User i’s problem of the first period in the uncertain case is given by
rgfiXFi(gil +&51) — Ci(Go) g + PE1[m(9i2(G1, S2), Gy, S2)151]-
Subsequently, we obtain:
milti(s,) = ! 2b(X — 2bS,) — dB(X — 2bS) — Nd?*BR A 14
gu1(1)—m[ (X —2bS,) — dB(X — 2bS) — Nd*fR], (A.14)



multi

and wy1""(S,) is given by W{znflti(sﬂ = gglfm(sl) +5;.

For the above solution to satisfy the necessary and sufficient conditions, we require the following from the
second-order condition:

4b% — d2B > 0 (A.15)

Using the solutions (A.13) and (A.14), we get:

. _ _ 4b% — d?B? .
it = (Z aisi) S—b (Z slz) S+ —332 (X; — 2bg;S)?
ien e 16b e

d3B2(2b — dB)(85% — Nd?f — 2Nbd) Nbd*p?
16b*(4b? — Nd2B)? (4b? — Nd2p)2
d3B2(2b — Nd) Nbd*p?
- (4b2 - Nd2p)? (@b? —Na2p)z”

(X — 2bS)? — R? (A.16)

(X — 2bS)R —

, _d(2b —dB)(8b% — Nd?B — 2Nbd) 1
multi _ —dG)S — — 2 _Z 2
T[uz (C 0) 4b(4b2 _ NdZﬁ)z (X st) + 4b ie]\er (A 17)
4ND3d? , . 4b2d(2b — Nd) 4AND3d? '

(X —2bS)R+——— g2

T @ —Nazp)e " T abZ — Nd?B)? @’ — N2’

2= (Y aere-d6)5-5(Y @)+ LISy gpespe Y
qrmulti = a;e +c— - & S . — 2be; — :
“ ien 0 ien 16b3 en ' 4b Lujen '
d(2b — dB)(4b? — d?$?)(8b* — Nd?*B — 2Nbd _ Nbd?(4b? — d?p?

_d( B)( B)( B )(X—2b5)2+ ( B*)

16b3(4b2 — Nd2)? (4b? — Nd?p)?
d(4b% — d2B%)(2b — Nd) Nbd?(4b? — d?B?)
(4b%2 — Nd2pB)? (4b2 — Nd2B)?

R? (A.18)

2

(X — 2bS)R +

Similarly, the problem of the first period in the certain case is given by:
max Fi(giy + &5) = Ci(Go)gix + Br(912(G1, 9), G1, S).
i1
Subsequently, we get:

o 1 _
gmi(§) = 07— Ng [(2b — dB)(X — 2bS) — Nd?BR?]. (A.19)

In addition, w4 (S) is given by wi'i(8) = gmuli(S) + S. Using solutions (A.13) and (A.19), we obtain:

. _ _ 4b% — d?? .
it = (Z aisi) S—b (Z slz) S+ —332 (X; — 2bg;S)?
ien e 16b e

d3B2(2b — dB)(8B2 — Nd?B — 2Nbd) Nbd*p?
16b3(4b% — Nd2B)? (4b2 — Nd2B)?
d3B@2(2b — Nd)
"~ (4b? — Nd?B)?

(X — 2bS)? — R? (A.20)

(X — 2bS)R,

, _ d(2b — dB)(8b® — Nd?B — 2Nbd) 1
multi _ —dG)S — — 2 _Z 2
T[CZ (C 0) 4b(4b2 _ Ndzﬁ)z (X ZbS) + 4b ie]\/’Xl
4NDH3d? 4b2d(2b — Nd)
+ 24
(4b% — Nd?p)? (4b% — Nd?p)?

(A.21)
(X — 2bS)R,




o= (Y aere-d6)5-5(Y @)+ LISy apespe Y
e = ie]\raisi ¢ 0 ie]\rgi 16b3 ien & 4b Lujen !
d(2b — dB)(4b? — d?B?)(8b* — Nd?B — 2Nbd) Nbd?(4b? — d?B?)

16b3(4b2 — Nd23)? (4b? — Nd?p)?
d(4b? — d?B?)(2b — Nd)
(4b2 — Nd2p)?

(X —2b5)? + R? (A.22)

(X — 2bS)R.

SI2.
Proof of Proposition 1

From (A.8) and (A.12), we obtain:

. , Nbd?(4b? — N?d2B?)
single single
DRVsingle =Ty £~ T, o= (4b? — N2d2B)? o’

From (A.5), we can demonstrate DRV g1 > 0.

Similarly, from (A.18) and (A.22), we obtain:

Nbd?(4b? — d??)
(4b% — Nd2p)?

— multi multi — 2
DRVmulti =Ty — T, -

From (A.15), we can demonstrate DRV, ,;;1; > 0.

SI3.

Proof of Proposition 4

First we find a general solution for groundwater intake in the case of an arbitrary number of stages. Let y, =
(Yier - Yae) € I = I X ... X Ty, denote an admissible action rule of the social planner, where [}, is the set

of admissible action rules concerning user i in period t. Let V(t, G,_;, S;) denote the optimal value function
in period t € T given the current groundwater stock G,_; and the realization of surface flow S;,

V(t, G-y, S) & max  E; [Zt TZ_ N[)’t_l [Fi(Vir + €50) — Ci(Gr-)Vil |- €1
€ AS

Yt€lt,...YyTELT

The recursive structure of the returns leads to the following Bellman optimality equation (Bellman 1952;
Basar, 2012):

V(t Gy, Se) = }r/?gl“}i § _EN[Fi(Vir +&S7) = Ci(Gro1)Yie]l + BE 1 [V(E + 1, Gp, Spy1)],
L
V(T +1,G7,5741) = 0. (C.2)

Now we prove the following action rules constitute a unique solution for groundwater intake.

1
Yir(Sr, Gr-1) = b [0;(Sr) — Nd*BGr_4],

X 1 v Nd?Bp _
Vie(Se Gomy) = = [520,(S0) + —— 2 0(S,) — dfp,410(5) — Nd*Bn.R
v L2b 2b
+d(Ver1 — NdBpry1)Geal, t<T-1, (€.3)

where



0,(5,) £ a; — ¢; — 2be;S,,  O(S,) = Z (a—c) = 2bS,
Le

{ 1, t=T
Pe= Uty1 — 2Bpera(Nd — D), t<T-1
{ 2b, =T
Ut = 12bv,yy — N2d?Bpey,, t<T-—1
0 t=T

e ={.377t+1(2b_Nd)+,0t+1' t<T-1
Also consider

WG S A
e T vy [p:©(S) + NdBn.(2b — Nd)R + Ndp,G,_,]. (C4)

Fort =T and T — 1, solving backward from T, we can easily show (C.3) and (C.4) are true. Assume that
they also hold forsome t =k +1 (1 <k <T —2):

" 1 (vksr Ndz[)’pk 2
Vi1 Sk+1, Gi) = [ . —

Vers TS 0;(Sk+1) + o O(Sks1) — ABPr+20(S)
—Nd?Bn 1R + dVisr — NdBpr+2)Grl, (C.5)

vV (k+1,G,S d 5
E, ( o Ske+1) _ [Pr+10(S) + NdBny.1(2b — Nd)R + Ndpy.,1Gy]-
aGk Uk+1

Consider the problem for t = k:
max  ((Sy) + Z_EN[ei(Sk) +dGr1]gu — bz, Ngizk + BE[V(k + 1, Gy, Spy1)|Sk],
L lE

91,k---9IN,k

where Q(S,) 2 Xy a;6)S: — b(Xy €2)SE. By using (C.5), we obtain the following solution:

« 1 Uy Ndzﬁpk —
ik = Vik(Se, Ge—1) = ™ [% 0;(Sk) + TH@(Sk) — dBpr+10(5) (C.6)
=Nd?BmR + d(Vis1 — NdBPiy1)Gr-1]-
By using (C.6), we can demonstrate the following:
aV(k,Gy_1,Sy) d _
ot || = 5 [PkO(S) + NaBn(2b — NOIR + Ndp, Gy} (X))
-1

From equation (C.6) and (C.7), equation (C.3) and (C.5) also holds for t = k. By mathematical induction,
they are true forall t < T — 1.

Subsequently, we find the DRV. The aggregate groundwater intake is given by:

1
[0(Sr) — dezﬁnrR + NdGr_q],

Ur

gr

1 B (C.8)

9t = o [Ve410(Se) — NdBpe10(S) — N?d?n,R + Nd(Vpy1 — NdBpi41)Ge_1l, t<T-1
t

We rewrite (C.8) as:

ge = AO) + P()G—y +P(0)S,, (C.9



where

1
— [Z (a; — ¢;) — dezﬁnTR], t=T
Ur ien

A®) =4, i
~|oes D (@)~ NdBp.OS) ~N2d*pneR|, <1
U iEN
Nd
U_’ t=T
D(t) 2 T
Nd — Nd
Ve ﬁpt+1)’ t<T—1
U
2b
_U_' =T
Y(t) & T
2bv
< T 1.
U

Using this, the groundwater stock G,_; can be transformed into:

ﬁ(1 —®(1))

Gy = Go

—{‘P(t — DS +PE—2)(1—d(t—1))S,, + -+ |P(D) 1_[(1 - (1)) sl}
e-1 o (C.10)
+{1 +(1-o-1)++ 1_[(1 — (1)) }R

t-1
—{A(t “D+(1-P-D)AE—2)+ -+ 1_[(1 - (7)) A(l)}.
=2
In addition, the solutions (C.3) can be transformed into:
* a; A(t) () 1
9it = Vie(Se, Ge—1) = i + N + N Geq + N (1 —Ng + ‘P(t))St, (C.11)

where 4; £ a; — ¢; — % N ,(a; — ¢;). Substitute (C.11) into the aggregate instantaneous net benefit

T(Gaer r Gne Ge-1,S¢) = Z N[Fi(.giz +&5,) — Ci(G1)giz] - (C.12)
i€

Extracting only the terms with SZ, ..., Sz from 7(g,¢, ..., ner Ge—1, S¢) by using (C.10), we obtain

®(6)(Nd — bd (1))
N

—%(1 +w()’s? + [‘P(t —1)252, +W(t — 2)2(1 — o(t — 1))°S2,
t-1 l (C.13)

+oe+ P(1)? 1_[(1 — ®(1))” 52

If we take the expected value of Eo[1(gy¢, -, e Ge—1, Se)], the terms with o2 are generated by replacing
SZ, ..., S%in (C.13) with o2. They give Z,..., Z; in Proposition 4.

SI4.
Proof of Proposition 5



The procedure is the same as in the proof of Proposition 4 (SI3). We first prove the following strategy
constitutes a unique feedback Nash equilibrium solution for

{N' T, g' S, {Uit}iEN,tET' {fit}ie]\r,teT' {Fit}ie]\f,tef' {Hi}ieT}~

1
Yir (G, Sp) = 2D [0;(S7) +dGr_4],

117, Apo;(Prs1+ NPeyr) o A*BPei1
Y (Geey, Sp) = =—|=—0;(5,) — 0;(S o(s,
Vit (Ge—1,Se) 3, |2b i(Se) 2b7,, i(8) + 2 (S (D.1)
dp(d?Bpt., — 0, @ _
- BB = 0ePesd) 5y _ 25, R + A By — ABesn)Go |,
2bUyq
t<T-1,
where
1, t=T
N —1)dBp 2b— Nd)(0,,, — dyp
Bpur — BPre(Nd + d — 2b) — ( )dB P ( - )Desq th+1)’ t<T—-1
t
- { t=T
Ve = 2bvt+1 Nd%Bp,s, t<T-1
- . t=T
e = {.3 1.Ut+1(2b Nd) + pry1, t<T-1
1, t=T
by = ﬁt+1 da? 5Pt+1 f<T -1
0, t=T
@y 2 BA(2b = ND)[APry1(Dpq — ABPrsr) + Ut§0t+1] F<T—1
2bUg4q - .
Moreover, consider
aVi(t,G,_ 1,St)
t-1 [ 9G,_, (Pt +N@.)0; Ok (ptE)(S) (D.2)

+dB i (2b — Nd)R +dpiGro].

Fort =T and T — 1, solving backward from T, we can show that (D.1) and (D.2) are true. Assume they hold
fort =k +1(1<k<T - 2),and we can prove they are also true forall t < T — 1 in the same way as SI3.

The aggregate groundwater intake is given by:

1
gr = —[0(Sr) — Nd*BijrR + NdGr_4],
(I
1 (D.3)
9t =3 = [0:410(Sy) — dBpe10(S) — NA?Bij,R + Nd(ery — dBPrs)Gesl, t<T-1
t
Hence, we rewrite (D.3) as:
ge = A(®) + B()Ge—y + P(D)S,, (D.4)

where



, t=T

1[x L
—[> @ - ) - N R
vrli=

At) 2 . N
3. [ﬁt+1 Z(ai —¢;) — dBpe10(S) — Nd*Bij.R|, t<T-1
t i=1
Nd
‘U_’ t=T
o) 2 - T
Nd —-d
(Ur41 . ﬁpt+1)' t<T—1
Ut
2b
_i)_' =T
P(t) 2 T
2bD
2, t<T-1.
Ut
Using this, the groundwater stock G,_; can be transformed into:
t-1
Gy = 1_[ (1 - EIS(T)) Go
=1
t-1
—{fp(t ~ 1Sy + P = 2) (1= Bt = D) Sy + -+ [FQD) 1_[ (1-3m) Sl}
(D.5)
+{1 + (1 — Pt - 1)) 4ot 1_[(1 —&n(r)) }R
=2
t—1
—{K(t ~D+(1-B- D) -2+ + 1_[ (1-3@) 7\(1)}.
=2
In addition, (D.1) can be transformed into:
git = Vit (St Ge-1) = i + N + N Geq = Zye + N (1 —Ng; + Lp(t)) St (D.6)
where
0, t=T
Zi =3AP [Pe+1 + NPrys = , Na?Bpti1 — NO@ryr — 2b0e1Prsr =
— |———0,(S 0S|, t<T-2.
| o, O NOiDres ®

Substituting (D.6) into the aggregate instantaneous net benefit w(gy¢, ..., gne, Gr—1, S¢) and extracting only
the terms with S2, ..., S2 by using (D.5), we get:

&(t) (Nd —bd(t)
N

) [lTJ(t —1)25% , + P(t — 2)? (1 - Pt - 1))2 sz,
t-1 (D.7)
+o 4 B(1)? 1_[ (1-3@) 512] .

=2

—%(1 + lT’(t))z S2 +

If we take the expected value of Eo[1(gy¢, -, e Ge—1, Se)], the terms with 02 are generated by replacing
SZ,...,S2in(D.7) with o2. They give &,,..., £, in Proposition 5.



