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The Edwards Aquifer(EA) underlies the San Antonio area of Texas including much of Uvalde,
Medina, Bexar, Comd, Hays, and Kinney counties. The water use in the western counties ( Kinney,
Uvade, and Medina counties) islargely agricultural while usein Bexar, Coma and Hays countiesis
mainly indugtria, and municipa. The EA aso supports springs a San Marcos and New
BraunfelS(Coma Springs) which provide habitat for endangered species(Longley, 1992).

The EA region hasaproblem.  Average annud recharge is about 637,000 acre feet (af) while
average pumping isaround 480,000 af which includes 300,000 af for municipa and indudtrid usage
and 180,000 for agriculture [USGS,1997]. That level of total pumping leaves only 150,000 af of water
to support springflow which is much lesser than the historic average springflow, 350,000 &f. Inthe
early 1993, adidtrict federa court upheld the endangered species lawsuit and ordered that pumping be
reduced to protect springflow (Bunton). Susequently the legidature passed Senate Bill 1477(SB1477)
which requires the Edwards Aquifer Authority(EAA) to reduce pumping to 400,000 af by 2008. Also,
the EAA is charged with protecting springflow. The EAA coupled with the municipa agenciesin the
region are actively trying to manage tota pumping. Drought management plans, dry year irrigation
buyouts, and lawn watering prohibitions are just afew of the items formulated and to some extent
implemented within the lat five years.

A number of analyses have been done on EA economic, hydrologica, and environmental issues

Dillion’swork(1991), and McCarl et a.(1993), Williams(1996), Lacewell and McCarl(1995),



Keplinger et d.(1997 and 1998), Schiable et d(1999) and Watkins and McKinney(1999). All of these
andyses have used atic equilibrium modeling under stochastic recharge with al the pieces excepting
the Watkins and McKinney assuming the aquifer begins each year a the average of the ending year
eevations. Watkins and McKinney modd atwo stage decision with current investment and the 5 years
of typical operation model over ten stochastic 5 year recharge sequences from the historic weather set.

All the studies examine the optimd level of pumping, but one very important issueisignored.
Namdy in the EA region the EAA is charged with and attempting to manage totd pumping. The EAA
now uses information in the late fal about the available stock of water in the form of an aquifer eevation
reading to guideit's efforts. However there is uncertainty about recharge and the big issue is what
should be the relationship between EA pumping and November water levd readings. This study
addresses the dynamic issue of optimum pumping and optimum target ending evation given areading
oninitia devation. A stochastic dynamic programming approach using data developed from a
stochastic mathematica programming with recourse formulation of the aquifer will be used to address
this question. The andysis will dso examine the consequences of potentid policies regarding water use
restriction and springflow protection.

Peculiarities of the EA

Before discussing modeling approaches to the EA it is worthwhile briefly discussng the few of
its characterigtics as they influence our methodology. The EA isaKargtick aquifer. It isafractured
limestone formation which comes to the surface a the Eastern and Western parts of the aquifer. The
aquifer recharges and discharges rapidly compared to most aguifers. The Western part is at the higher

elevation and iswhere the recharge turns. Rivers flowing across the limestone outcropping often lose



virtudly dl of ther flow into the aquifer. On the Eagtern Sde there are two of the largest oringsin
western part of United States which are entirely fed by aguifer waters. These springs shelter
endangered species. They dso provide asubstantia portion of the base flow of the Guaddupe and
Blanco rivers. In the EA thereisaflow condricting area which causes water transmission to be quite
long and a o to some degree separates the hydrologica characterigtics of the aquifer into two parts.
Agriculture uses most of its water out of the western part of the aguifer while San Antonio and its
surrounding area use water for Industrid and Municipd purposes. Recharge generally exceeds annud
use. Thereisalargereservoir of water below the leve of the springflow orifices.

The EA isto be managed by the EAA. In the authorizing legidation the EAA is charged with
reducing total pumpage from current levels down to levels that are initidly 10 percent and later 20
percent lower astime goeson. The authority is aso charged with protecting the endangered species by
insuring springflow and is authorized to reduce pumpage even further if conditions meit.

The aguifer while having storage characteristics leaks and does not permitted long-term storage
for water at aquifer elevation levels above the spring orifices. For example in 19xx the aquifer recaived
in excess of two million acre-feet of recharge and rose to record high levels, but by two years later after
two years of moderately low recharge where usage was in excess of recharge by xx,000 acre-feet the
aquifer had fdlen to virtudly arecord low levd. The EAA can plan for some aquifer storage but cannot
count on long-term storage to the extent provided by other aquifer systems.

The Edwards aguifer water retention characterigtics differ from the mgority of aquifer
gtuations. The question of interest hereinis. Given the stochastic recharge, evation level dependent

spring discharge and stochastic usage as conditioned by weather what is the optima level of pumping or



the amount of water retained. The problem is andogous to the development of arule curve for alesky
reservoir(see Wurbs for Discussion).

Modeling Tradeoffs Between Current Pumping and Water Retention

Modeling of tradeoffs between current pumping and future stocks has been the subject of
resource economists and hydrologists for many years. A commonly used technique for such modeling
has been dynamic programming. Conceptudly the dynamic programming formulation we will useis

much the same as the one used in Burt or Wurbs and is as follows:

D f(Q) = MAX3 [G(X,,Q R)+b* f (ZQ. R, X )INR)

Xt Rt

(2 Qu = Q. R.X)

B &=Q
where f,(Q,) is discounted tota economic returns from aguifer pumping and water retention at timet for
water storage amount Q.. G(X,,Q; ,R,) is expected net regiona benefits at time t from pumping decison
X under stock of water Q, in the aquifer when recharge state R, occurs. $ isthe discount factor and is
equal to (1+d)*, whered isthe discount rate. f,;(z(Q, R, Xy)) is the discounted net regional benefits
from leaving astock of water (Q,.;) in the aquifer where z(Q, R, X;) gives the stock next period given
this periods stock, pumping and recharge.  Findly, h(R) is the probability or recharge event R. The
initid stock of water is given by the equation for Q; and the time horizon chosen is long enough that the
vaue of water in the last periodsis set to zero. Thisis a sochastic dynamic program.

Severd items complicate the gpplication of this formulation. Pumping in the EA is done behaf
of three digtinctly different parties. In particular ,agriculturd, industrid and municipd usageisdl have

very different demand characteristics (McCarl et d.). Further depending upon whether pumping usage

4



is on the Eastern or western side of the so-called Knippa Gap, which restricts flow, the reaction of
aquifer devation and spring flow is quite different (McCarl et d.). There are dso sgnificant physica
differences in the effects of pumping on springflow depending upon the timing of pumping during the
year. Conceptudly then we would not use one pumping variable but rather a variable with three
dimengions the first of which depicted users, the second East and West, and the third months. Also the
agriculturd returns to pumping usage in different months depend on crop mix and irrigetion strategy. To
compactly represent this we transformed the decision variable to ending eevation and computed
elevation as afunction of usage, recharge and initid eevation.

9 f(Q) = MAXAE[G(Q.Q,R)+b*f,,(Q,h(R)

t+1

6 =Q

Embodied in the ending devation decison, are the pumping withdrawals by each party, crop mix
selection, irrigation srategy, and pumping lifts.

There are three key needs implicit in the recursve equation gpproach. Thefirst isthereis a set
of data needed on the net vaue of moving from eevation Q, to Q,,, under recharge state R, (the
numerical vaues of the G function). The second isaneed for alink between the devation variable and
the large number of pumping variables so that we may both recover pumping deta given an elevation
choice and link initid eevation, recharge and pumping to find eevation. Thiswas accomplished by
employing an auxiliary optimization modd derived from McCarl et d following the work of Sweeny and
Tatum; Mcfarland; and Kilmer , Spreen and Tilley.

EDSIM-DP Overview



The model used to generate the information for the dynamic program herein is an adaptation of
EDSIM (McCarl et d 1998) hereafter caled EDSIM-DP. EDSIM-DP depicts pumping use by the
agriculturd, industrid and municipa sectors while smultaneoudy caculating pumping lift, ending
elevation and springflow. EDSIM-DP is sochastic with the stochagtic events defined by rainfdl,
aquifer recharge, crop water demand and yields. Regiond vaue is derived from a combination of
perfectly dastic demand for agricultural products, agricultural production codts, price eastic municipa
demand, price éadtic indugtria demand, and lift sengtive pumping codts.

An agebraic representation of the fundamenta rdationshipsin EDSIM-DP follows (for more
details on the general features of EDSIM see McCarl et a (1998)). All variables are typed in upper
case, while parameters are typed in lower case.

Objective Function: The unifying forcein EDSIM-DP is the objective function. It isatwo stage
stochagtic programming with recourse model (Dantzig,1955, Ziari, McCarl and Stockle(1995). The
mode is solved as one Smultaneous modd, but includes variables a two “stages’ of uncertainty. The
firsd (“stage 1") set of variables depicts crop mix decisons which are congtant across an initid eevation
and al states of nature chosen based on average returns before anything is known about the weather
event. Thesecond (“stage 2") set of variables are chosen with knowledge of state of nature (irrigation

scheduling, crop sale and nonagricultural water use).
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where the d MUN and d IND indicate the variables being integrated over.
The first stage contains decision variables which are congtant across al stochastic outcomes
and gppearsin thefirg line of the equation and depicting the cost (acrecost) of establishing the crop mix
times acres (AGMIX) by place(p),mix choice(k) and irrigated or dryland choice(q).
The second stage contains decision variables defined by state of nature (r) and are weighted by
probakility(prob including:
a agricultura net income (netaginc) exclusive of the first stage costs by place, crop(c),
irrigated/dryland (q) and, if not dryland, irrigation strategy(s) times acres produced
(AGPROD); and
b. integrals under the municipa and industrid demand curves (the terms with MUN,IND)
by place;
Total Farm Land Availability —total acreage alocated to irrigated or dryland use cannot exceed the

totd land historically irrigated by place p.

(7) i _
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Crop Mix Regtriction — The crop mix for aplace for irrigated or dryland acres must be a convex



combination of pre-gpecified dlowable crop mixes (where MIX gives the weight in the combination and
selects from k multi crop mix possibilities) following McCarl[1982]. The crop mix varigbles are stage 1
activities and do not differ by state of nature. The congtraints require that the cropsin each stage 2
over (if not dryland) irrigation schedule (s) equd the stagel crop mix chosen. Thus, the modd can
adjust the water use strategy to the climate, but the crop mix is chosen before exact weather conditions

are known. Congtraint 8 controls acreage by crop. Equation 9 forces the acres in the mix to equa the

acres farmed.
(8) § AGPROD, ooy & 3’ MiX0AZ,gq MIXpyq # O fordl p, 1, ¢, g
(9) i3 AGPROD, . &J: iy mixoag,,  MIX .~ 0foralp,r,qg

Regional Ending Elevation Deter mination — The ending aquifer elevation by region (ENDWAT) is
computed through alinear equation that includes an intercept term (rendi), a recharge parameter (rendr)
times the state dependent exogenous leve of recharge(rech), an initid water level parameter (rende)
timestheinitid water level (INITWAT) term, and awater use by region parameter (rendu) times
summed municipd, industrid and agricultura use. Initia weater level and usage by eastern or western
region affects aregion’s ending water level. Thus subscript w2 aso depictsregion.  Therend termsin
the equation are regression response surface estimates over the entire set of results from awide variety

of aquifer hydrology mode runs as described in McCarl et dl.
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In EDSIM-DP the ending water level is set equa to a congtant which is syseméticaly varied in

generating information for the dynamic program. Note ending water leve is Sate of nature the

dependent, so the aquifer will attain different levels depending upon recharge, initid eevation and

pumping use.

(11) ENDVWAT
ENDWAT = $ ENDWAT fordl w & r

Note the ending elevation for each sate of nature is required to end at or above the same ending levd.

Initial Elevation Balance —Initid eevation is set to congtant which is sysematicaly varied in

generding information for the dynamic program.

(12) INITWAT =~ * INITWAT  for dl w

Other Featuresand Equations - While not explained here there are a number of other features

EDSIM which are used here (see McCarl et d for afull description). These include equations that

determine spring flow which are identica in form to the ending eevation equetion above. There are



a0 equations that determine pumping lifts and associated cogts for agriculturd, municipa and industrid
pumping users.  Three pumping lift zones and two irrigation delivery systems (furrow and sprinkler) are
consdered. Inthe modd theregion is differentiated by county.
Employing EDSIM-DP in the Dynamic Programming Analysis
The dynamic program needs data on theterm G(Q; , Q.,1, R) in equation (3). EDSIM-DP
gives the net vaue of water use given a beginning and ending eevation across dl sates of nature. Given
asolution the returns for each sate of nature can be used. Thusthe initid devation in equation (12) and
the ending devation in (11) where sysematicaly varied in 10 foot intervals from 570 to 680 feet above
sealeve for the J17 well in San Antonio to provide the data for the G term. This creates 12* 12 pairs
possible J17 wdll starting and ending devations. The resultant state of nature dependent evaluations of
equation (6) depictsthe totd socid wdfare to municipd, industrid and agriculturd interests arising for a
elevation par and for arecharge state. Artificid variables were dso added to the modd to dlow
impossible cases to occur but at a very high cot (i.e. it is not possble to go from the lowest initid to the
highest final under most recharge events).
Model Experimentation and Results
Three water use scenarios were smulated in this study.

1) Current unrestricted pumping

2) A 400,000 &f total pumping limit as mandated by legidation for the year 2008

3) Springflow limits of 200, 150, 100, and 50 cubic feet per second.
Unredtricted Pumping

Table 1 shows the average economic and hydrologica results with respect to each starting
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elevation with unlimited pumping. As starting eevation isincreased from 580 to 680, the ending
elevation increased and interacted as about 650, like in figure 1. Spring flowsincluding Coma Spring
flows and San Marcos flows, being extremely aguifer eevation sengtive, increase with sarting and
ending aquifer leves.

Agriculturd income increased from 5.58 million at 580 starting eevation to 8.51 million(52%
increasing) at 680 garting eevation while M& | surplusincreased by 3 million(0.6% increasaing). Totd
wefare is the summation of agriculturd income, M&I surplus, and authority welfare and increased by
4.62 million(1% increasing). Agricultura, M& I, and total water use increased while their pumping cost
decreased as the starting elevation increased.

2. Pumping limitsand Comal Springflow limits

As discussed above, SB1477 imposes 400,000 af pumping limitsin the longer term which is
implemented as the sum of the indudtrid, municipd, and agriculturd water use varigbles in the modd to
not exceed this pumping limit. On the other hand, the EAA is charged with maintaining springflow. In
order to investigate the implications of maintaining springflow, the third scenario requires dternative 50,
100, 150, and 200 cfs of minimum of Comd flow during each and every month.

Table 2 shows the comparisons of hydrologica effects of dternative water management plans
giving Sx different garting devationsin J-17 well. The number under BASE run in table 2 are the
average optima solutions from the mode while the number under other two scenarios are the
differences with respect to BASE run. As 400,000 & of pumping limits isimplemented, the optimal
ending devation, Comd flow, and San Marcos flow increase run giving dl 9x sarting devations.

However, it causes agriculturd, M&1, and total water usage decreasing. The pogitive marginal effects
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for Comd flow, San Marcos flow due to 400 k af pumping limits increases as the sarting elevation
increase. The negative margind effects for agriculturd, M&I, and tota water use due to 400 k &f
pumping limits increase as given sarting eevation increase. For example, the total water use will be
decreased by 76 thousand af given 580 starting elevation and will be decreased by 125 thousand &f
under 680 garting devation. It explainsthat the 400 k af pumping limits caused a negative water use
and a pogtive impacts on spring flow and such magnitude effects increased as Sarting elevation
increased. Smilarly, when the limit on springflow are implemented, optima ending eevation, Comd
flow, and San Marcos flow have positive effects with respect to BASE run while agriculturd and M&|
water use are negative impacts. All of these hydrologica effects due to spring flow limit decrease asthe
given garting eevation increase.

The hydrologica effects of dternative water management plans during drought year(1963 as
example) and high recharge year(1976) are listed in tables 3 and 4. Table 3 showsthat the
hydrological effects due to dternative water management plans during drought year are larger than the
average effectsib table 2 while the effects in the high recharge year in table 4 are smdler than the
average effects.

Table 5 shows the welfare comparison effects of dternative water management plans given the
640 garting eevation in J-17 well. As 400,000 af of pumping limitsisimplemented, the agricultura
income, M& | surplus, and total welfare decreased by 2.12, 7.62, and 3.02 million dollars(29.7%,
1.60%, and 0.62% deduction) respectively while the water agencies or water right holdersincrease by
6.73 million dollars increased. Such welfare decreasing results from the water use decreased. Similar,

when the springflow limit isimplemented, the agricultural income, M& 1 surplus, and totd welfare were
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decreased and the magnitude is larger as the more springflow is limited.

Concluding Comments

A linked of MP and DP methodology is gpplied in EA andyss. The key point for linking the
MP and DP isto find the possibly feasble vaue for state variable and then solved for both MP and DP.
In EA andyds, gating devation is defined as a Sate variable ingtead of pumping level because
pumping decison will creete a very complex connection with other varigbles. The optima ending
eevationsin time t-1 equas the sarting devation in time t and this equation is defined as the trangtion
equation in solving DP procedure. The starting devation in J17 well is sdlected as from 570 to 680 af
above sealeve and each arting eevation could match with other 11 ending eevations which isfrom
570 to 680 af too.

Three experiments are Smulated here. The BASE run represents the current EA Stuation while
other dternative water management plansincluding 400,000 & pumping limit and the springflow limit
represent other two scenarios. The hydrologica effects of these dternative water management plans
show the water demand in agriculture and M &1 sector decreased and results in welfare deduction.
However, the Comd flow and San Marcos flow level will increase with these pumping limit and
springflow limit. The empirica results dso indicated that such hydrological effectswill be large asthe
darting elevation increase from 580 to 680. Furthermore, these hydrologica effects under a drought

year have a big impact than the average effects.
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Table 1 Reaults across various Starting Elevations under unrestricted pumping

Solution Item

Optimal Ending elevation
Avg Comal Flow

Avg. San Marcos Flow

Avg Net Ag Income

Avg Net M&I Surplus

Avg Elevation Rent

Avg Net Total Welfare

Avg Ag-Water Use
Avg M&I Water Use

Avg Total Water Use

feet at j-17
1000 af
1000 &f
Million
Dollars
Million
Dollars
Million
Dollars
Million
Dollars
1000 af
1000 &f

1000 af

Starting Elevation

580 600 620 640 660 680
601 611 629 644 657 669

1 6 37 103 174 243

41 48 56 63 71 78
5.58 6.42 6.80 7.14 7.84 851
472.41 473.90 473.31 475.27 475.13 475.48
7.59 6.52 7.31 5.86 6.25 6.21
485.58 486.84 487.42 488.27 489.23 490.20
152 165 162 170 173 183
324 333 330 341 341 342
476 498 492 511 514 525
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Table 2. Average Hydrological Comparisons between Alternative Pumping Limits

Ending Elevation

Comal Flow

Comal Flow

San Marcos

Flow

Agri-Water Use

M&Il Water Use

feet at j-17

1000 af

Probabilit

y

1000 af

1000 af

1000 af

Starting Base Pumping  Springflow Limitsin Cubic Feet per Second

Elevatio Limitsin

n 400k af 50 100 150 200
580 601 6 24 31 32 39
600 611 14 32 33 35 40
620 629 11 15 22 36 37
640 644 11 1 6 18 30
660 657 12 1 1 6 13
680 669 11 4 4 6 6
580 1 0.6 9 13 17 20
600 6 3 3 8 12 15
620 37 23 30 50 81 117
640 103 31 3 16 40 63
660 174 31 -1 -1 7 22
680 243 32 2 3 4 5
580 0.91 0.91 0 0 0 0
600 0.91 0.69 0 0 0 0
620 0.48 0.13 0 0 0 0
640 0.48 0 0 0 0 0
660 0 0 0 0 0 0
680 0 0 0 0 0 0
580 41 1.7 54 5.9 6.0 6.7
600 48 2.3 6.5 6.7 6.7 3.9
620 56 2.0 2.9 4.8 6.9 7.0
640 63 2.6 0.3 14 3.6 55
660 71 2.6 -0.1 -0.1 0.6 19
680 78 2.6 0.2 0.2 0.4 0.4
580 152 -55 -152 -151 -151 -151
600 165 -69 -165 -165 -165 -165
620 162 -65 -62 -83 -161 -162
640 170 -71 -1 -21 -71 -95
660 173 -64 1 1 -9 -37
680 183 -75 -2 -3 -5 -6
580 324 -21 -52 -91 -98 -138
600 333 -29 -80 -88 -95 -117
620 330 -28 -21 -62 -116 -120
640 341 -40 -10 -23 -39 -97
660 341 -49 4 4 -15 -31
680 342 -50 -6 -6 -9 -10
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Total Water Use 1000 af 580
600
620
640
660
680

476
498
492
511
514
525

-76
-98
-93
-117
-114
-125

-204
-245

-249
-261
-277
-109
-24
-14

-289
-283
-283
-192
-68
-16

(Note) The probability for Comal Spring Flow represents that the probability of azero Comal Spring Flow in August.
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Table 3. Hydrologica Comparisons between Alternative Pumping Limits in Drought(1963) Y ear

Starting Base Pumping  Springflow Limitsin Cubic Feet per Second
Elevatio Limitsin
n 400k af 50 100 150 200
Ending Elevation feetatj-17 580 590 10 30 40 40 50
600 600 20 40 40 40 50
620 620 10 20 30 50 50
640 630 20 10 20 30 50
660 650 20 0 0 10 20
680 660 20 0 0 10 10
Comal Flow 1000 af 580 o* o* 40 83 120 170
600 o* 0* 39 121 158 195
620 2* 26* 52 77 110 146
640 64 37 18 40 68 95
660 144 39 0 0 18 40
680 205 40 0 0 18 19
San Marcos 1000 af 580 32 19 6.8 7.3 7.3 84
Flow 600 39 32 85 85 85 87
620 47 21 46 6.7 8.8 88
640 54 32 15 35 5.9 82
660 62 34 0 0 15 35
680 69 33 0 0 1.6 1.6
Agri-Water Use 1000 af 580 173 -69 -173 -173 -173 -173
600 186 -71 -186 -186 -186 -186
620 182 -79 -82 -121 -183 -183
640 198 -88 -25 -59 -109 -153
660 191 -70 0 0.01 -22 -65
680 210 -103 0 -0.1 -27 -27
M&I Water Use 1000 af 580 329 -33 -81 -140 -141 -202
600 350 -64 -147 -147 -143 -188
620 329 -33 -54 -126 -196 -196
640 348 -58 -34 -63 -99 -189
660 329 -52 0 0 -37 -57
680 347 -54 0 0.1 -32 -32
Total Water Use 1000 af 580 502 -102 -254 -313 -314 -375
600 536 -135 -333 -333 -329 -374
620 511 -112 -136 -247 -379 -379
640 546 -146 -59 -122 -208 -342
660 520 -122 0 0 -59 -122
680 557 -157 0 0 -59 -59

(Note)* represents azero Comal Spring Flow in August given in that starting elevation.
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Table 4. Hydrological Comparisons between Alternative Pumping Limitsin High Recharge(1976) Y ear

Ending Elevation

Comal Flow

San Marcos

Flow

Agri-Water Use

M&Il Water Use

Total Water Use

feet at j-17

1000 af

1000 af

1000 af

1000 af

1000 af

Starting Base Pumping  Springflow Limitsin Cubic Feet per Second
Elevatio Limitsin

n 400k af 50 100 150 200
580 600 10 30 40 40 40
600 610 20 40 40 40 40
620 630 20 0 20 40 40
640 650 10 0 0 10 20
660 660 10 10 10 10 10
680 670 10 10 10 10 10
580 o* 0* 72 121 158 195
600 o* 5 66 102 139 172
620 45 32 10 45 87 125
640 116 32 0 3 21 a4
660 187 29 1 9 9 10
680 258 29 0 0 0 0
580 43 23 6.1 7.1 7.1 7.1
600 50 27 6.7 6.7 6.7 6.7
620 58 28 0.9 43 7.2 7.2
640 66 28 0 0.2 18 4.0
660 73 25 0 0.8 0.8 0.8
680 81 25 0 0 0 0
580 152 -64 -152 -152 -152 -152
600 152 -63 -152 -152 -152 -152
620 155 -66 -26 -63 -155 -155
640 155 -66 0 -8 -58 -63
660 158 -54 -22 -22 -22 -26
680 158 -52 0 0 0 0
580 339 -27 -57 -116 -116 -116
600 341 -30 -85 -85 -85 -85
620 343 -32 14 -35 -114 -114
640 345 -34 0 1 4 -50
660 347 -50 -4 -4 -4 0
680 349 -55 0 0 0 0
580 491 -90 -209 -268 -268 -268
600 493 -93 -237 -237 -237 -237
620 498 -98 -12 -98 -269 -269
640 500 -100 0 -7 -54 -113
660 505 -104 -26 -26 -26 -26
680 507 -107 0 0 0 0
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Table 5. Welfare Comparisons between Alternative Pumping LimitSwith 640 starting elevation

Base Pumping Springflow Limitsin Cubic Feet per Second
Limitsin
400K af 50 100 150 200
Average Welfare
Net Agri-lncome Million Dollar 714 -2.12 0.23 -0.47 -2.54 -3.65
(-29.70) (3.22 (-6.58) (-35.574 (-51.12)
Net M&I Surplus  Million Dollar 475.27 -7.62 -1.87 -5.44 -10.89 -43.36
(-1.60) (-0.9) (-1.19) (-2.29) (-9.12)
Authority Million Dollar 5.86 6.73 164 453 8.78 31.84
Surplus (114.85) (27.98) (77.30) (149.83) (543.34)
Million Dollar 488.27 -3.02 0.2 -1.38 -4.65 -15.17
Net Total (-0.62) (0.04) (-0.28) (-0.95) (-3.11)
Welfare
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Average Ending Elevation by Starting Elevastion for BASE Scenario
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Figure 1. Ending Elevation by Starting Elevation under BASE Run

Average Ending Elevation by Starting Elevation under alternative puimping limit scenarios

700
680
<
<
660
< L
552
< &= 400k
640 ok 200 cb/sec

"V/ of A 100 cb/sec
620 < &= 50 ch/sec
< / = 45 line
<
600 <&
580 /

560

Ending Elevation

560 580 600 620 640 660 680 700

Starting Elevation

20




560

580 600 620 640 660 680 700

Starting Elevation

Ending elevation by starting elevation under drought year
700
680 S 3 A
X
c —
o 660 j <~ Base
= P S A 400k
E 640 —K X XK K 200 chisec
w <
o 60 _c/'_6 - 100 ch/sec
£ ©- 50 ch/sec
g '
w 600 ofe- 45line
/
580 /
560
560 580 600 620 640 660 680 700
Starting Elevation
Ending elevatio by starting elevation under average year
700
680
c
© 660 < Base
g A 400k
)
] 640 % 200 cbisec
o
2 620 - 100 cb/sec
= © 50 ch/sec
w600 e 45 line
580
560

21

FHaur
ez
Endin

Eleva
tion

Starti

Eleva
tion
under
Alter
native
Pump

Limits



Optimal ending elevation by sons under BASE run

700
680 K
s
660 L/ﬂ\
£ - o /(: < < low recharge
§ 640 \//A'\ ~ o > average
U 60 P < i high recharge
-.§ A 45 line
@ 600 ﬁd 2
po </"
580 —</
560
560 580 600 620 640 660 680 700
Starting Elevation
Optimal ending elevation by sons under 400k pumping limit
700
680 2
A i
660 Zi—<
5 N </ < dry
§ 640 = X average
g by A high
> 620 —————————F—— »
£ PN < <& / 45 line
g e00 /\K/Zx
< /
580 —
560
560 580 600 620 640 660 680 700
Starting Elevation
Ending elevation by starting elevation under high recharge year
700
680
660 < Base
<
% & 400k
£>) 640 >k 200 cbisec
w
o 620 - 100 cb/sec
% © 50 ch/sec
LICJ 600 o 45line
580
560
560 580 600 620 640 660 680 700

Starting elevation




Ending Elevation

Optimal ending elevation by sons under 200 cb/sec pumping limit

700

N

S

680

f&xw

660

/

640 X KX

/

1~
-
620 /
600 /

580
~

560
560 580 600

620 640 660 680

Starting Elevation

700

< dry
* average
A high
¥ 45 line

23




References
Bunton, Lucius D. 111 (1996) Order on the Serra Club’'s Motion for Preiminary Injunction, Serra
Club, et d. v. Bruce Babhitt et al. MO-91-CA-069, United States District Court, Western
Digtrict of Texas, Midland-Odessa Division. August 23.

Burt, O.R. “Groundwater Storage Control Under Ingtitutional Restrictions.” Water Resources
Research. 6(1970b):1540-1548.

Burt, O.R. “Economic Control of Groundwater Resarves.” Journal of Farm Economics.
47(1966):324-46.

Burt, O.R. “Optima Resource Use Over Time with an Application to Ground Water.” Management
Science. 11(1964):80-93.

Coallinge, R., P. Emerson, R. C. Griffin, B. A. McCarl, and J. Merrifield. The Edwards Aquifer: An
Economic Perspective. Texas Water Resources Ingtitute, Texas A&M Univerdty, College
Station, Texas. TR-159, 1993

Dantzig , G.B., “Linear Programming Under Uncertainty”, Management Science, 1(1955),197-206.

Dillon, C.R. An Economic Analysis of Edwards Aquifer Water Management. Ph.D. dissertation,
Texas A&M Universty, College Station, Texas. 1991.

Eckhardt, G.A., The Edwards Aquifer Home Page, http://www.txdirect.net/users/eckhardt , 1998.

Edwards Aquifer Authority, Homepage, http://www.e-aquifer.com 1998.

Griffin, R.C. and C. Chang. "Seasondity in Community Water Demand." Western Journal of
Agricultural Economics. 16(1991):207-217.

Hamilton, JR., N.K. Whittlesey, and P. Halverson. “Interruptible Water Markets in the Pecific
Northwest.” American Journal of Agricultural Economics. 711(1989):63-75.

Howe, C. W., D. R. Schurmeier, and W. D. Shaw. J. “Innovative Approachesto Water Allocation:
The Potentia for Water Markets.” Water Resources Research. 22(April 1986):439-45.

Keplinger, K. O. An Investigation of Dry Year Options for the Edwards Aquifer. Unpublished
Ph.D. dissertation, Texas A&M Universty, College Station, Texas, 1996.

Keplinger, K. O. and B. A. McCarl. Regression Based Investigation of Pumping Limits on

24



Soringflow within the Edwards Aquifer. Unpublished manuscript. Department of
Agriculturd Economics, Texas A&M Universty, College Station, Texas (1995).

Keplinger,K.O., B. A. McCarl, , C.C. Chen and R. Ward, The 1997 Irrigation Suspension
Program for the Edwards Aquifer: Evaluation and Alternatives, Technica Report No.
178, Texas Water Resources Inditute, The Texas A& M University System, College Station,
Texas, February 1998

Keplinger, K.O., B.A. McCarl, M. Chowdhury, and R.D. Lacewell, “Economic and Hydrologic
Implications of Sugpending Irrigationin Dry Years’, Journal of Agricultural and Resource
Economics, 23(1998):191-205.

Kilmer, R.L., T. Spreen, and D.S. Tilley. “A Dynamic Plant Location Model: The East Florida Fresh
Citrus Packing Industry.” American Journal of Agricultural Economics. 65,4(1984):730-
37.

Lacewel, R. D., and B.A. McCarl. Estimated Effect of USDA Commodity Programs on Annual
Pumpage from the Edwards Aquifer. Fina report submitted to the U.S. Department of
Agriculture, Natura Resource Conservation Service, Temple, Texas (1995).

Longley, G. "The Subterranean Aquatic Ecosystem of the Ba cones Fault Zone Edwards Aquifer in
Texas - Threats from Overpumping.” Proceedings of the First International Conference on
Ground Water Ecology. Ed. JA. Stanford and J.J. Smons. Tampa, Florida, April 26-29,
1992, pp. 291-300.

McCarl, B.A. “Cropping Activitiesin Agricultural Sector Models: A Methodologica Proposa.”
American Journal of Agricultural Economics, 64(1982):768-72.

McCarl, B.A. and T.H. Spreen. "Price Endogenous Mathematical Programming as a Tool for Sector
Andyds" American Journal of Agricultural Economics. 62(1980):87-102.

McCarl, B.A. and G.H. Parandvash. "Irrigation Development versus Hydroelectric Generation: Can
Interruptible Irrigation Play a Role?' Western Journal of Agricultural Economics.
13(1988):267-276.

McCal, B. A., W. R. Jordan, R. L. Williams, L. L. Jonesand C. R. Dillon. Economic and
Hydrologic Implications of Proposed Edwards Aquifer Management Plans. Texas Water
Resources Indtitute, Texas A&M University, College Station, Texas. TR-158, 1993.

McFarland, J. “Ground Water Management and Salinity Control: A Case Study in Northwest
Mexico.” American Journal of Agricultural Economics. 57(1975):456-62.

25



Nemhauser, George L. Introduction to Dynamic Programming. New York: John Wiley & Sons,
Inc. 1966.

San Antonio Water System, Environmental Homepage, http://www.saws.org/other.htm, 1998.

Sweeney, D. and R. Tatham. “An Improved Long Run Mode of Multiple Warehouse Location.”
Management Science. 22(1976):748-58.

Thorkildsen, D. and P.D. McElhaney. Model Refinement and Applications for the Edwards
(Balconies Fault Zone) Aquifer in the San Antonio Region, Texas. Texas Water
Development Board, Report 340. Austin, Texas. July 1992.

United States Fish and Wildlife Service, San Marcos/Comal Recovery Plan, Albequerque New
Mexico, 1995.

United States Geologica Survey, Recharge to and Discharge from the Edwards Aquifer in the San
Antonio Area, Texas, Augtin, TX, variousissues, thel997 report ison
http://tx.usgs.gov/reports/district/98/01/index.html.

Water Strategist. Newdetter entitted On Groundwater Control and Markets: Managing the
Edwards Aquifer. Volume 10, Number 3, Fall 1996.

Williams, R.L. "Drought Management and the Edwards Aquifer: An Economic Inquiry.” Unpublished
Ph.D. dissertation, Texas A&M Univergty, College Station, Texas. 1996.

Wurbs, Raph Allen. Modeling and Analysis of Reservoir System Operations. Upper Saddle River,
N.J.: Prentice Hall PTR, ¢1996, 356 p.

Ziari, HA., McCal, B.A., and Stockle, C.A “Nonlinear Mixed Integer Program Mode for Evaluating

Runoff Impoundments for Supplementd Irrigation” Water Resour ces Research 31(1995)
1585-1594.

26



