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Appendix A: Proofs of Technical Results

Proof of Theorem 1: The Lagrangian for the objective function is:

L= ZQG(A f(W“V‘RO +2A5tf ySt +R9)>+/\1 Zyét “!‘Agzyét
D

o=1
A3 (Ap (wmax - Rl) - WL - Z yst) + Z Mt (Ast (wmax - yst + Z ViYs, + Z (Ut yst
=1 t=1
Let f/ = . The Kuhn-Tucker (K-T) conditions are:

w st st
_quft#+ﬁ“" +quft (225 4 Re) = A+ A —As — pip + 1 —w, =0, £=1,2

) 7"'7U7
=1 P St

- Zyst) = 07 /\2 Z Ys, = O, >‘3 (Ap(wmax - Zygt 0 /u't st (wmax - Rl) - ySf,) = 07
t=1

t=1
Vs, =0, w, (W5 —ug,), A, Ao, A3 >0,y v, >0, t=1,2,...,0.
The solution of the above set of equations is:

. wtA, . WEA,,
Yo =7 1~ 4 Y= 53 w0 4 =400,
A A A2, A

AN=A=\N=u=v=w =0, t=1,2,...,v.

Since the objective function is a concave function and the constraints are linear, the K-T conditions are

both necessary and sufficient. Q.E.D.
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Proof of Theorem 2: Let f, = . The first-order derivative of the primary farmer’s objective under the

rainfall-contingent payment scheme is: .
2 W —dt=1Yst
ft ( Ap + RO) + ﬁ@ > Vi

m(

L_S v . v
o \IL+ A, f(Em 4 Ry)+ By S0 (3, — 05,)

Substituting y,, =y:, = # in the above expression, we have:
Z ( ft(A +Zv +R0)+ﬁ9 > vt
de .
vt I, + A f(W‘FRe)'i‘ﬂe 1 (W2, —v2,)

Note that f(.) (as defined in Section 2) is the same revenue function for each secondary farmer. Therefore,

wt wt wkt
PG S Y N R Y S LS P
A4+ A, ) T\ 4+ A, A+ A ’

Accordingly, let us denote ft’(WiL + Ry) by f’(wwiffx + Ry), Vt. Consequently, for 5, =
st P t=1 ‘st

Ap+>i A
(o +R
U we have
f (Ap+2t=1As,, + Ro),

Zq9< It TR+ )0 Vt.
=1 I, +A f(W+R9)+BBZt 1(y9t_yst)

Thus, the primary farmer shares the socially-optimal allocation y;, with secondary farmer S, under the

rainfall-contingent payment scheme. The proof that secondary farmer S, self-selects the socially-optimal

solution is similar. Q.E.D.

Proof of Theorem 3: We need to derive the value of v such that the utility of the primary farmer is
maximized at y, = y;. Note that if y% = y7, the primary farm receives zero reward (i.e., A(y;) = 0). Therefore,
without loss of generality, we assume henceforth that y» < yp Let f'= 8f . The first-order condition is:
Zq ( F'(35+ Ro) — ) B
o : =
o—1 Hp+Apf(%i+R0)+7(y;_yp)
We need to obtain a value of v such that y; satisfies the condition above. That is,
Z < fl(yl + R@) - > 0
de =Vu.
0=1 I, +A f(yp+R0)+’Y(yp_yp)

Simplifying the above equation, we have

20 )+ 0T 4, S ) =)+ ) a0+ A4 R~ =) O+ ) )

*

1S (G B (I, A f (S + Ro)) = o (5 + Ba) (I, + A, f (52 + Ry)) =

P P P
We need to show that the above equation has a real positive root. Let X; =1I, + Apf(Z—i + Ry), X, =
11, +Apf(fTi +Ry), Y1 = (yp — y;)f’(Z—i +Ry) and Yy = (y; — y;)f/(%i + R,). Let A denote the discriminant
of above equation. Then, we have A = (¢ (X5 — Y1) + q2(X1 — Y5))? + 41 Y1 X5 +4¢2Y> X1 > 0. Hence, a real
root exists and the two roots are provided by the expression

— (1 (X2 = Y1)+ (X1 = Y2)) £ VA
2(ys —y;) '

We select the positive root as the value of . Thus, v = 7(‘“(XTY;)(:O‘IEL)*(;*Y”H‘/Z. Hence, the payment A(y,)
p P

induces the primary farmer’s optimum to be at y;. This completes the proof. ~Q.E.D.
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Proof of Theorem 4: Revenue of secondary farmer S, is q1A,, f(4) + g2 A, f(R2 + 4%). Let M; and 7}
St St
be such that

M* * : :t
QIAstf(f) + @A, f(Ry + ,Zz ) = q A, f(R1+ Zi )+ A, f(Ra + %)

It is easy to observe that n; =y, and M; =y; + R, A,, satisfy the above equation. Hence, there exists a
pair (M}, n;) that achieves socially-optimal behavior from the secondary farmer. We, henceforth, consider
allocation of y;, under the high-rainfall scenario. We next show that there exists a value of «, such that
secondary farmer S; maximizes its objective at M.

The problem of secondary farmer S, is to find a value of M, that maximizes its utility. Hence, we desire to
obtain value of «; such that

M,

M; = argmax [fh In (Ht + A, f(A

Y2, +R1As, <My <y¥, +R1Ag,

) — (M — 3, R1A3t>)+

s,
A,

goIn (Ht+AStf(R2+ )—ozt(Mt—y;’t—RlASt))].

t

Note that M; =y: + R1A,,. Hence, we have y, + R1A,, < M} =y: + Ri A,,. Furthermore, if y}, =42, (ie.,
M} =y: + RiA,,), the secondary farmer pays zero premium (i.e., Q,(M;) = 0). Therefore, without loss of
generality, we assume henceforth that M; > y2 + R; A,,. Thus, we derive the value of a, such that the utility

is maximized at M, . The first-order condition is

f/(%)_at —ay

a1 . ' S + G2 = =0.
11, JFASf,f(A%t) —a (M, —y2, — R1Ay,) I, + A, f(Ra + Zi) —ay (M, —y2, — R1A,,)
We need to identify a value of oy such that M satisfies the condition above. Thus, we have
F(35) —a -
A’ a =0. (1)

At M a2 yl
Ht +A51f(T§t) - at(Mt* - ygt - R]-Ast) Ht +A51f(R2 + T:t) - at(Mt* _ysot - RlASt)

For now, we assume that the denominators [II, + Astf(f—:) —a(M; —y2, — RiA,,)| and [II, + A,, f(R2 +
vy,
A,

) —a(M; —y2, — R A,,)] are strictly positive. Later, we show that this assumption is consistent with

the solution we obtain. Equation (1) can be simplified as:

M} . My
2 =, = Fud) =~ (el CLOOL =05, ~ RiAu) 410+ A f (Rt 5904 llTo+ AL SO o+
M* y:t St St St

(Z1f/(A: )[Ht+A5tf(R2+A )] =0. (2)

st
To complete the proof under this case, we need to show that a real positive root exists for (2). Since
(2) is of the form Aa? — Ba, + C, where A >0,B >0 and C > 0, the real roots (if they exist) are both
positive. Thus, it suffices to show that the discriminant of (2) is positive. Let Ty, = II; —|—Astf(f:%{)7 Ty, =11, +
A, f(Ra+ Z—:ﬁ), r,= f’(f—i)(M: —yo, — R1A,,). Let A, denote the discriminant of (2). Then, we show that
Ay = (q1(Toe + 1) + g2 (T1r))? — 4qu T, To, > 0.
Consider the following arguments:
ft > M:/A,, we have Ty, > T1,;. Next, we show that Ty, > I';. We have

o Ty~ Ty =TI+ A, fA5) — P (M; — 4, — RiA,) > A, FOE) — /(3500

e Since Ry +




Dawande et al.: Efficient Distribution of Water
4 Manufacturing & Service Operations Management 00(0), pp. 000—000, © 0000 INFORMS

o Recall from Section 2 that the revenue function for a crop is f(u)="b(1 — exp(—cu)), where w is the

amount of surface water. Thus, we have

M My M
Ty, — T, > A, b(1— exp(ch L)) — bcexp(ch LYM; = (bA,, +beM;)(1— exp(ch L)) —beM;.

St St St

M} MF M} cM}
o We know that exp(cA—:t) >1+ Cxs Thus, we have 1 — exp(—cA—;) 2 Ao e Hence Ty, —I', > 0.
e Consider the discriminant: A, = (q1 (T +T4) + q2(T41))? — 4@ Ty T, > (1 Toy — Ty)? > 0. Thus, real roots
exist for (2) and the two roots are provided by the expression

q1 (T2t + Ft) + QQ(Tlt) =RV A,
2(Mt* - ygt - RlASt) '

Next, we show that for o, = ql(%z;zi)tqi(;lii VA% we have T, F A f(AD) — (M —y° — Ry A,,) >0 and
t " Ysy 14s;) Asy St t

I, + A, f(Ro + %5) — o (M7 — 35, — RiA,,) > 0. Since Ty, =11, + A, f(Ro + 24) > Ty, =TI, + A f3E), it

t t

is sufficient to show that 1I, + Astf(f—:) —ay(M] -y — RiA,,) > 0. Thus, consider

M To, +T Ti:) — VA
Ht+Astf(A7t) —O[t(Mt* _y:t _RlAst) _ Tlt o Q1( 2t+ t) +2q2( 1t) t
S 2T — 1 (Toe + 1) — @2 (T1e) + (1 T2 — 1) S 2Ty — quThy — @21y — Ty —0

2 2 '

M)

Thus, we have II, + A, f(55) — a(M; — y, — RiA,,) > 0. Consequently, the premium

q1(Tot+T¢)+a2(T1e) —\/ At
2(Mt*7y§t *RlAst)

o = results in secondary farmer S; choosing M. Q.E.D.

Proof of Theorem 5: We will consider the unconstrained problems of the primary farmer and each sec-
ondary farmer. The unconstrained optima also satisfy the respective constraints of these problems, and are
therefore optimal for the constrained problems as well.

Since the objective function of the primary farmer’s decision problem is concave, the first-order conditions

are both necessary and sufficient to obtain the optimum solution. Thus, we have

2

WE -y, ,
_Zqut/(letlyt—’_RG) +7rt(yst):07 t:1,2,...,’U7
0=1 P

2

E : ’ WL — Uf St 22 : ’ WL — Ist / St
or, — C]eft ( 14Zt71 y* +R9) +05 qo |:ft (tA Y +Rg) +ft <EZ +Rg>:| = 0,
=1 P 6=1

Pt St

2
/ WL — Zle Ys, ’ WtL —Ys, ’ WL B Zle Ys, i Yse _
or, 0-5;@79 |:ft<A+R9 —fi T"‘Re +fi A—+R9 - I AL +Ry )| =0.

P Pt P t
We claim that the above first-order condition holds only when,

WtL — Ysy — Ysy _ WL - Zle Ysy

A A, A,

Pt

L_xw L_
By construction of the virtual field, we have w %le Yor — W*A Yt Thus, we only need to show that Zi =
P Dt St

L <w L_xw
%}i:ly“. Suppose, on the contrary, that %;Zlysi > f‘itt Since f] is a decreasing function, we have
WL B . Ys Ys
f/( t=1 t"‘Rg)—fl( St +R9 <0
t Ap t Ast

. L. . . o Wy
Hence, we arrive at a contradiction. Similarly, we can disqualify % < #*t. Thus, we must have
P St

WY
yi .

WtL — Ys, _ Ys,
A

Ast P

Pt
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Solving the above equations, we have that the decentralized optimum solution to the primary farmer’s

decision problem is same as that of the social planner’s problem. That is,
WEA, . WEA
yi = TS AL ‘5‘2::; i t=1,2,...0, Y= A ST AL +Z::i A
Similarly, we can show that under the payment scheme, the optimum solution to each secondary farmer’s
decision problem is also to purchase the socially-optimum amount of water. The individual rationality of
this scheme for the primary and the secondary farmers is straightforward.

Next, we discuss the distribution of surplus (over the naive decentralized solution) generated by socially-

optimal allocation. Consider the value of primary farmer’s objective at y* under the payment scheme ,:

2 *
St (%4 0) ¥
6=1 P

Primary Farmer’s Revenue With the Payment Scheme

o5ZZq9[<Aptf<y“ —|—Ra> —Amf(fl;f +RG)) + (Asthft +R9) —Astf(jft +R9>)].

t=1 6=1 pt

Payment Made by Secondary Farmers

Note that yp = i’” Hence, we can rewrite the above expression as

B o) () aa( o)

6=1

0. 522% (Astf<y“ +R9) —&J(ft +R9>>

t=1 6=1

= quA f( +Rg> +

Primary Farmer’s Revenue Without the Payment Scheme

O.BZqQ[i<Astf<y“—&—Re)—Astf(ft+R9>)—<Apf<zz ) Af( +R9>)]

Surplus = Gain of the Secondary Farmers - Loss of the Primary Farmer

Thus, the primary farmer receives half of the surplus. The remaining half of the surplus is shared among

the secondary farmers. Q.E.D.

Proof of Theorem 6: We first consider the upfront internal payment scheme. The optimal decision of

secondary farmer S, is to purchase g, =y, amount of surface at a price m,(y:,). We have

ySf ygt yob y t
ySt =0. 5ZQG |:A5tf( +R9> _AStf<A +R9) +A:th<Ap +R0> Aptf<Ap R0>:|7
St Pt

Sf Pt

om(yz,) B vz, Ye, vz, Ye,
qu =-0.5 Astf Ast +R1 _Astf A +R1 +05 Astf Ast +R2 _Astf Ast +R2 -

St

0.5[Aptf(zpt +R1) —Aptf(i’” +R1>] +o.5{Aptf<ipf +R2> —Amf<fl“ +RQ)}
Pt

Pt Pt Dt

To complete the proof, we next show that the gain of secondary farmer .S, in the low-rainfall scenario (§ =1)

is more than its gain in the high-rainfall scenario (6 =2). That is,

Astf(f;t +Rl> Astf@“ +R1) zAstf(f;t +R2> Astf(f;; +R2>.

St St St
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Recall from Section 2 that the revenue function f =b(1—exp(—cu)), where u is the amount of water. Also,

we have y;, >yg,. Thus,

Ys, N Ys, _ N YR
Astf(ASt +R1) AStf(Ast —I—Rl) =bexp(—cRy)(exp( C(Ast )) —exp( C(Ast)))ASt
> bexp(—cRa)(exp(—c(2)) — exp(—c( L)) A, = A, £ L By )~ A, £ (2 4 By ).
= Ast Ast st st Ast st Ast

Similarly, we can show that

A (B ) =g (Yo ) 2 g () = g (S 4 e,

Pt Pt Dt Pt

o (y3,)
0q2

Hence, < 0. Since y;, remains constant as probability of high-rainfall scenario changes, the price per
unit of water m,(yZ,)/y:, increases as the probability g, of high-rainfall scenario decreases.

We now consider the reward and water-guarantee scheme. Under this scheme, optimal decision of secondary
farmer S, is to purchase water guarantee of amount M; =y: + RiA,, at the price Q,(M;) = a,(M; —

ye, — R1A,,). Hence, the secondary farmer receives g5, = yi, = M; — R, A,, amount of surface water. From

Theorem 4, for M; >y3, + RiA,,, we have

T+ 1)+ qa(Th) — VA,
= = 22(tMt* zy;z—( I:Iitl)Ast) = where A, = (qi(To + 1) + ¢2(Twi))? — 4q:Ti T,

Ty =T+ A, f(5), Toe =T+ A, f(Ro + 5

/ M* * o
)7Ft:f (At )(Mt _yst _RlAst)'

Since we have M} =y + R A,,, rewriting the expression for ay,
a, = @1 (T + 1) + qo(The) — \/(lh (Tor + 1) + q2(T11))? — 4qu T T, 7
2(yz, —v2,)
AL, Top + 2(q1 (T2 + 1) 4+ g2 T ) (= (Toe + 1) + T1e)
2v/(q1 (Tt +T4) + ¢2(T1e))? — 4qi T T, )7
(1 (Toe + 1) +2The) = VA, QFtT2t>
VA VA, )

Next, we show that ((T2t +Ty —Ty,) (ql(T2t+Fti;£T”)i\/E — Q\F/izi:) < 0. Note that VA, < (¢ (T, +T,) +
@2Tv:), Toe > Ty, > Ty Hence, (T, + Ty — T1,) <‘“<T2f”"z/+§T“)‘\/z‘ > 0. Clearly, (To; + T — Th;) < T
We next show that (qy(Ts; + ) + q2T14) — VA, <21y, or, (q1(Toy +Ty) + q2Th,) — 2T < /A,. Note that
((q1 (Tor + 1) + g2Th4) — 21’})2 = A, +4q.1% — 4g, T, T, < A,. Consequently, (Ty, + Ty — T1,)((q1 (T +Ty) +

q2T1:) —VA,) <21, Ty,. Hence,

ooy 1
=~ (T 4T+ 0 —
o 2(y;‘t—y§t)< ot L)+

1
= m ((th +T,—T1,)

((h (TQt + Ft) + qQTlt) — VA, B 20T, <0 O <0

, or, — <0.
VA, VA, T 0qa

Thus, the premium per unit of water «; increases as the probability of high-rainfall decreases. Q.E.D.

(Toy +T —T1y)

Appendix B: Socially-Optimal Schemes for Multiple, Sequential Secondary Farmers

In this section, we analyze the case of multiple, sequential secondary farmers. We discuss three schemes
that achieve the following properties: (i) social optimality and (ii) individual rationality. We first consider
the rainfall-contingent payment scheme (Section 4.2.1) for risk-averse farmers. We then briefly discuss the
reward and water-guarantee scheme (Section 4.2.2), also for risk-averse farmers. Finally, we consider the

linear pricing scheme described in Remark 1 (Section 5.1) for risk-neutral farmers.
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To begin our discussion, we consider a single-lane single-crop system. In the case of sequential secondary
farmers, the geometry of a lane is as follows: Let P = Sy denote the primary farmer in a lane and let
S ={51,52,...,5,} denote the set of secondary farmers in this lane. The secondary farmers are in a sequence,
with S; first and followed by Ss, S3,...,S,, in that order.

The rainfall-contingent payment scheme works as follows: The first secondary farmer (S;) purchases water
(from primary farmer Sy) for its own use and for possible sale to the other secondary farmers. Then, S;
acts as a primary farmer for the remaining set S\{S1} of secondary farmers. Next, Sy purchases water from
Sy for its own use and for possible sale to the remaining downstream farmers in the set S\{S; US2}. This
sequence of purchasing and selling continues until the last secondary farmer.

For Scenario 6, let IC@(EA/S,:) be the payment by secondary farmer S, to purchase )A/St amount of surface
water from its immediately-upstream counterpart (i.e., S;_;) for its own use and for the use of farmers

Siy1y.-.,9,. For 6 =1,2, let the constant By be defined as

, WL < v o
Bo=f (W+R9) and let KCo(Ys,) = Bo(Ys, —Ys,), Vt, V0,

where W is the total water available to the lane, A, (resp., A,,) is the area of primary farmer Sy (resp.,
secondary farmer S;), Ry (resp., go) is the rainfall amount (resp., probability) of Scenario 6, }A/S"t is the sum
of the surface water quantities received under naive decentralization by secondary farmers S, S;11,...,95,.
That is, }/}S"t =y, tys ., Ul We now describe the problems of the primary and secondary farmers

under this pricing scheme.

Decision Problem for Primary Farmer Sy: Let y, = WE — SA’Sl be the water used by primary farmer Sy
and let Est be the sum of the areas of secondary farmers ¢,t+1,...,v. That is, Est =A, +A + A
The objective of the primary farmer is to maximize the utility of its wealth (initial wealth + revenue of the

crop + payment received from secondary farmer Sy). That is,

2 ~
WL - YS > >
n;la.X E qo In ( Hp + Apf (141 + Rg —+ ﬂg (Ysl — Ys?l)
Ysi  p—1 ~~ P —
Initial Wealth Payment Received from Secondary Farmer S;
Revenue

where 0 < }/}51 < min {WL,A\Sl (Wmax — Rl)},O <Wt — }751 < min {WL,Ap(wmax - Rl)}. It is straightfor-

ward to show that the optimal solution of the above optimization problem is }A’S*l = . Thus, the
St

Ap+2io A

. S wktA
and sells the remaining water Y =

. . wka
primary farmer uses the optimal amount y; = L = A, AL
P t=1""5¢t

- AP+Z?:1 Ast
to secondary farmer S;.

wkhig,
Apt+2iz1 Asy
of surface water from primary farmer Sy. Then, S; decides the amount to use for itself and the amount to

Decision Problem for Secondary Farmer S;: Secondary farmer S; receives Y3, = amount

sell to secondary farmer S,. Let y,, = (}73*1 — )752) be the water used by secondary farmer S;. The objective

of secondary farmer S is

2 U+ %
1 I a, (YY) g Yo, — Y
max Qo 111 51 + 51f A + 0 + /89( Sz T 5'2) -
Ys, — ~~~ s1 —_———
=1
Initial Wealth Payment Received from Secondary Farmer S,
Revenue
O * U o
-7 )
—_————

Payment Made to Primary Farmer Sq
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~ ~ o~ ~ L 7
where 0 <Ys, <min {YS"1 v As, (Wmax — Rl)}. The optimal solution of the above problem is Y, = A_‘V_VZ%.
P t=1“"S¢t

L ~
That is, in the optimal solution, S; uses y;, = W ey and releases the amount Y3 to S,.

- AP+ZQ):1 Ab't,

R . . wlka,
Continuing the above argument, it can be verified that secondary farmer S, uses yi, = ;<" 5T *— amount
—~ P t=1“"5¢
> wlag
* _ t41 _ o
of surface water and sells an amount Ys,,H = LS AL to secondary farmer S;11, t=1,2,...,0—1.

Two Properties of the Rainfall-Contingent Payment Scheme. The scheme has two properties:

e It achieves social optimality: The solution (y,y: ,v:,,...,y:,) derived above is the socially-optimal
solution in Theorem 1 (Section 4.1).

e The scheme is also individually rational for each farmer. That is, for farmer S;, we have (difference
in the utility of secondary farmer S; under the scheme and that under the naive decentralization) >0,

t=0,1,2,...,v. To show the individual rationality for farmer S,, we need to show the following:

2 * 2 o
ySt U o U * vo ySt
qu In (Hst +A9tf<A +R9> +/89(Y5t+1 _YSt+1) _ﬁe(YSt _YSt)> _qu In (Hst +Agff<A +R9)> ZO
s1

=1 =1 St

Change in the Utility of S¢

Since }A/S*t =y;, +y.,,, +---+y;, and f’gt =ys, +yo,,, t---+yl,, weneed

2 * 2 o
yst * o yst
> gl (Hst +A5tf<A +R0> — Bo(ys, —ySt)) - gln <H5t +A“f(As,, +R0>) >0

=1 S1 =1

To show that the above condition holds, it is sufficient to establish that

Y,
A

Yz,
A

+R9> _59(3/; _ygt) ZHst 'i‘Astf( "i_RQ) 9:1121

St

I, +A5tf<

S1

or, 69(y:t _yzt)>ASf,f<ZSt +R9) _AStf(i/;t +R9> 0:1a2,

St St

wlag,

Substituting the value of 3, and s
P t=1“"5¢

=yz,, we need

o Ys, o x ve, Y
f <A.St+R0> (ySt _yst) Z Astf(Ast +R€> _Astf<Ast ‘i‘Rg) 0:172 (3)

It is easy to see that (3) holds. The concavity and the differentiability of the revenue function f implies that
f(u)> W, Yu,v with u# v (Boyd and Vandenberghe 2009). Thus, we have

(Y5, vs, Ui, Ye, ()
f( +R9)( : )_f( +R9> f( St+R9)7 6=1,2,

St St t St

!/ y; o * y:t y:t
or af (A +R9)(yst_yst)2AStf(Ast +R9> _AStf(ASt +R9> 0:1727

which is the same as (3). This establishes the individual rationality for secondary farmer S;. The proof of

st

this property for primary farmer Sy is similar, and is therefore avoided.

This completes our discussion of the rainfall-contingent payment scheme for a single-lane single-crop
system. Next, consider the reward and water-guarantee scheme of Section 4.2.2. For our sequential system,
observe that the secondary farmers who are earlier in the sequence receive more surface water under the
naive allocation than the socially-optimal allocation. It is easy to show the existence of a non-negative integer
# <wv (which can be determined a priori, given the parameters of the lane) such that secondary farmers

S1,82,...,85. (resp., Set1,...,5,) receive more (resp., less) surface water under the naive solution than
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the socially-optimal solution. For brevity, we avoid a detailed proof of this statement. Thus, y;, > y: , t =
L,2,...,kand y5, <y, t=r+1,...,v. Given the value of k, the reward and water-guarantee scheme works
as follows: the government purchases water from the primary farmer and secondary farmers Si,95s,..., S,
via the reward and sells it to the remaining secondary farmers via water guarantees. As in Section 4.2.2, it
can be easily shown that this scheme achieves social optimality for the primary farmer and the secondary
farmers, and is also individually rational for each farmer.

For risk-neutral farmers, something better can be done: A secondary farmer can directly (i.e., without third-
party intervention) purchase water from its immediately-upstream counterpart, while keeping the payment
independent of the rainfall. Consider the following linear pricing scheme: let C(}A/St) be the payment by
secondary farmer S; to purchase }/}St amount of surface water from its primary counterpart (i.e., S;_1) for
its own use and for the use of farmers S;y1,...,5,. Let the constant 7 be defined as

2 / W R R .
T = ;q@f <Ap AL +R9> and let C(Y,,)=7(Ys, —Yg,), t=1,2,... v,
An argument similar to that for the rainfall-contingent payment scheme shows that the above scheme achieves
social optimality and is individually rational for each farmer (i.e., change in the revenue for farmer S; under
the scheme + payment received from farmer S;.; - payment made to farmer S; ; >0¢=0,1,2,...,v).

Generalizations of these schemes to multiple-lanes and multiple-crops are also similar to those in Sec-

tions 4.3 and 5.2.
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