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Abstract  

Groundwater protection rules can allow the same cumulative pumping yet differ in when water may be used. 

This study develops a discrete-time optimal control model of irrigated, dryland and fallow cotton in Lubbock 

County, Texas, to compare a year 20 stock target with an annual year-end floor. Production follows 

experimental irrigation-yield curves, costs follow 2024 extension budgets, and hydrologic benchmarks come 

from Texas Water Development Board modeling. The 20-year linear program is solved under perfect foresight 

for wet, dry and alternating production sequences. With a 90% stock target, the annual floor leaves cumulative 

pumping and mean acreage unchanged but lowers net present value by $1.0 to $13.5 million and raises the 

lowest modeled stock from 63–84% to 90% of the initial stock; before committed fixed costs the floor costs 

0.2% to 2.7% of discounted returns. The shadow value of the stock constraint is about $400 per acre-foot in the 

wet sequence and $37 to $39 in the dry and alternating sequences. County irrigated yields are about two-thirds 

of experimental plot yields, and county data cannot identify the yield response to water; rescaling yields 

removes irrigation from the dry sequence and, below a multiplier of about 0.68, from the other sequences. 

Across 2,000 random parameter sets, the gain from irrigation depends mainly on the yield multiplier, dryland 

yield and cotton price rather than on initial storage. The results are conditional scenario evidence, not a 

calibrated county forecast. 

Keywords: groundwater management; optimal control; irrigation; cotton; Ogallala Aquifer; Texas High Plains. 

JEL codes: C61, Q15, Q25. 

Introduction 

Irrigated cotton in Lubbock County depends on an aquifer that is drawn down faster than it is replenished. In the 

county series compiled for this study, observed Ogallala pumping averages about 166,000 acre-feet per year 

over 2000 to 2024, while the modeled net inflow benchmark is about 50,000 acre-feet per year [3, 8]. The 

TWDB reports 106,160 acres of irrigated cotton in the county in 2024 [8]. Whether farmers can keep irrigating, 

and what it costs them to protect the remaining stock, depends on how groundwater rules are written. 

Most rules protect the stock in one of two ways. A terminal target requires the aquifer to reach a specified level 

at the end of a planning period and says nothing about the path. An annual floor requires the stock to stay above 

a threshold in every year. The two rules can permit the same cumulative pumping and the same ending stock, 

yet they imply different timing of irrigation, different discounted returns and different risk to wells in the middle 

of the horizon. The economics literature on groundwater has mostly compared optimal and competitive 

extraction [7, 10, 11], and has paid less attention to how the form of a stock constraint changes the use of water 

over time. 

This paper studies cotton production in Lubbock County as a constrained optimal control problem. A planner 

chooses irrigated, dryland and fallow acreage and applied water each year for 20 years to maximize discounted 

returns, subject to a groundwater stock equation, an annual pumping ceiling, and either a year 20 stock target or 

an annual year-end floor. Production comes from experimental irrigation-yield curves [1], costs from 2024 

extension budgets [5, 6, 9], and hydrologic benchmarks from Texas Water Development Board (TWDB) 

modeling [2, 3]. The model is a linear program solved under perfect foresight. 
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The paper makes four contributions. First, it compares terminal and annual-floor rules holding cumulative 

pumping fixed, so that differences come from timing alone. Second, it reports the shadow value of the stock 

constraint and the cost of conservation per acre-foot. Third, it tests how far the experimental curves can be tied 

to county data, finding that county irrigated yields are about two-thirds of plot yields and that county data cannot 

identify the response to water. Fourth, it propagates parameter uncertainty by re-solving the model for 2,000 

random parameter sets and ranks the inputs by influence. 

The results are conditional scenario evidence, not a county forecast or a pumping recommendation. They show 

that the annual floor lowers discounted returns by a small share relative to a terminal-only target, that the value 

of water depends on whether irrigation is profitable enough for water to be scarce, and that the yield transfer 

from plots to county fields matters more than the initial stock benchmark. The paper proceeds with the 

background literature, the methods, the results, a discussion and a conclusion. 

Background and literature 

Optimal control of groundwater 

The economic analysis of groundwater extraction as a dynamic resource problem starts with Burt [10], who 

treated the aquifer as a stock and showed that optimal pumping equates the marginal return to water with its 

pumping cost plus the value of leaving water in the ground. Gisser and Sánchez [7] compared optimal control 

with competitive extraction for the Pecos Basin and found small gains from optimal management, a result that 

shaped the literature and is often called the Gisser-Sánchez effect. Feinerman and Knapp [11] examined the 

benefits of groundwater management under varying assumptions, and Koundouri [12] surveys the field. These 

studies mostly contrast optimal and competitive paths with stock-dependent pumping costs. The present model 

differs in imposing a stock requirement exogenously, so its shadow values measure the cost of a rule rather than 

the gain from coordination. 

Risk and stochastic supply 

Another strand adds uncertainty to the problem. Tsur and Graham-Tomasi [13] show that groundwater acts as a 

buffer against variable surface supplies, and later work on conjunctive management extends this to stochastic 

settings. Perfect foresight, as used here, ignores that role: it treats the wet and dry sequences as known in 

advance, so the results are best read as an upper bound on what a rule can achieve. 

The High Plains and the Texas Southern High Plains 

A large literature documents depletion of the Ogallala Aquifer and its economic consequences. Scanlon et al. 

[14] assess groundwater depletion and the sustainability of irrigation in the US High Plains. Hornbeck and 

Keskin [15] study how the aquifer has shaped agricultural adjustment over time, and Terrell, Johnson and 

Segarra [16] estimate the economic effects of depletion in the Texas High Plains. Recharge in the Southern High 

Plains is small relative to pumping, which is consistent with the inflow benchmark used here, and local 

management is carried out by groundwater conservation districts such as the High Plains Underground Water 

Conservation District, whose rules set annual per-acre limits [4]. This paper uses that district rule as a screening 

ceiling, not as a verified description of property-level rights. 

Stock constraints, timing and spatial externalities 

Most groundwater rules are written as stock targets or pumping limits. A terminal target, such as retaining a 

share of storage over a planning horizon, constrains cumulative pumping but allows temporary depletion, 

whereas an annual floor constrains the path. The distinction matters because pumping is a common-pool 

problem: Provencher and Burt [17] analyze the externalities of common-property extraction, and Pfeiffer and 

Lin [18] show that spatial externalities in groundwater use are empirically important. A single-tank model, as 

used here, abstracts from those local drawdown effects, which is why the annual floor in this paper protects 

modeled year-end stocks and not conditions at individual wells. 
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Irrigation response, measurement and yield transfer 

Empirical work on irrigation demand and yield response faces data problems that apply directly to county series. 

Hendricks and Peterson [19] estimate irrigation water demand on intensive and extensive margins, and Mieno 

and Brozović [20] show that incomplete information about prices and quantities biases elasticity estimates. In 
this paper, county irrigation depth is an agency estimate, with most annual values falling on whole acre-inches, 

so a regression on it is biased toward zero and cannot identify the response curve. Experimental plot data, such 

as the cotton cultivar trials of Snowden, Ritchie and Thompson [1], identify the shape of the response but come 

from research plots, and the literature on yield gaps [21] shows that farm yields commonly fall below plot 

yields. That motivates the plot-to-county yield multiplier used in the calibration here. 

Positioning of this paper 

The paper sits between these literatures. It borrows the stock-and-control structure of the optimal control 

tradition, applies it to a county-scale cotton system in the Texas High Plains, and focuses on the form of the 

stock constraint and on how sensitive conclusions are to calibration. It does not estimate a structural model of 

farmer behavior, represent spatial drawdown, or include stochastic weather, and those are the main extensions 

the literature suggests. 

Methods 

Study design and calibration 

The planning horizon contains 20 annual periods. Available land is fixed at 106,160 acres, using the 2024 

irrigated cotton acreage supplied from the Texas Water Development Board (TWDB) as a scenario proxy. The 

model represents that eligible land pool rather than all county cropland. It uses selected historical hydrologic 

benchmarks and 2024 budgets; it is not an econometric model fitted to the complete 2000–2024 county data 

series. 

Irrigated production is calibrated to the three irrigation-treatment means for each of the 2010 and 2011 New 

Deal experiments reported by Snowden et al. (2013). Irrigation depth is converted from millimeters to acre-feet 

per acre, and lint yield from kilograms per hectare to pounds per acre. The curves summarize experimental 

production conditions and are transferred to the county scenario without claiming county-level causal 

identification [1]. 

Table 1. Principal baseline parameters 

Parameter Value Interpretation 

Available land 106,160 acres Fixed eligible land proxy 

Horizon and discount rate 20 years; 3% First year undiscounted 

Initial usable stock 1,750,000 AF Hypothetical historic benchmark [2] 

Net inflow before other pumping 50,265 AF/year Historic modeled-flow benchmark [3] 

Other groundwater withdrawal 16,768 AF/year Exogenous scenario assumption 

Groundwater supply share 80% Remaining supply unverified 

Cotton withdrawal ceiling 159,240 AF/year 1.50 AF × eligible acres proxy [4] 

Applied-water cost 120 dollars/AF Budget-derived cost benchmark [5] 

Committed fixed cost 255.25 dollars/acre/year Charged on all eligible land [5] 

Dryland lint yield 400 lb/acre Budget benchmark in both conditions [6] 

Groundwater stock target 90% or 95% of initial stock Year 20 target or annual year-end floor 
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Calibration checks and county-data diagnostics 

Three checks assess how far the experimental curves and benchmark inputs can be tied to county observations. 

First, annual irrigated cotton yield is regressed on TWDB irrigation depth, annual precipitation and a linear trend 

for the 18 years with data (2011 and 2019–2024 are missing). The linear model is reported with HC3 and 

Newey-West (two-lag) standard errors and repeated without the trend, in first differences and in logarithms; a 

pairs bootstrap (5,000 draws) and leave-one-out estimates describe sensitivity to individual years. Irrigation 

depth is cotton water from all sources divided by TWDB cotton acreage, so it is an agency estimate rather than a 

measured field application [8]. 

Second, the ratio of county irrigated yield to the experimental yield at similar depth (2010) and to the drip-

budget yield (2012–2018) is compared with the ratio of pivot to drip budget yields to select a plot-to-county 

yield multiplier [5, 9]. Third, observed Ogallala pumping for 2000–2024 is compared with the modeled inflow 

benchmark, and TWDB cotton water is compared with Ogallala irrigation for all crops, to check the internal 

consistency of the storage, inflow and groundwater-share assumptions. These checks do not estimate the 

production function, which remains identified only by the experimental treatment means. 
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Production and economic objective 

Annual controls are irrigated acreage aₜ, dryland acreage dₜ, and applied-water increments z₁ₜ and z₂ₜ above the 
lowest observed irrigation depth. Fallow acreage is the remaining land. For treatment points j = 0, 1, 2, qⱼₜ 
denotes applied depth and yⱼₜ denotes lint yield per acre. Total irrigated lint Yᵢₜ and applied irrigation Wₜ are 
determined by concave piecewise linear interpolation: 

 

The interpolated curve has declining segment slopes in each experimental year. Segment water volumes are 

bounded by irrigated acreage. Irrigated depth therefore stays within the observed treatment range; zero irrigated 

acreage is permitted, and no production response is extrapolated below the lowest irrigated treatment. 

 

The objective maximizes county-level discounted net returns over the horizon. Annual returns πₜ include 
irrigated cotton margin, dryland cotton margin, and fixed costs on all available acres A: 

 

 

Here uᵢ and uᴅ are net receipts per pound after cottonseed revenue, stripping and ginning; cᵢ and cᴅ are other 

variable costs per planted acre; cᴡ is the cost per applied acre-foot; f is committed fixed cost; and yᴅₜ is dryland 

lint yield per acre. The baseline lint price is $0.72/lb, giving uᵢ = $0.711873/lb and uᴅ = $0.703075/lb. Budget 

totals imply cᵢ = $530.54/acre and cᴅ = $198.62/acre [5, 6]. 

Dryland cotton receives no applied irrigation. At 400 lb/acre its margin before fixed costs is $82.61/acre. Seed 

revenue and harvest costs scale proportionally with lint, while other variable costs remain constant per planted 

acre. The dryland budget’s own $100.25/acre fixed cost is recorded as a benchmark but is not charged again. 
The model retains $255.25/acre on all eligible land, including fallow, to keep the comparison with the earlier 

irrigated-and-fallow model consistent. These committed costs do not affect the optimal controls because they are 

constant across land choices. 
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Groundwater dynamics and scenario solution 

Groundwater stock Sₜ is measured at the end of period t. Net inflow R includes modeled recharge and net lateral 
and spring flows before other withdrawal B. Cotton groundwater withdrawal Pₜ equals the assumed groundwater 
share g = 0.80 of applied irrigation. The baseline constraints are: 

 

The annual ceiling is a screening proxy based on eligible acreage and the posted HPWD rule benchmark, not an 

aggregation of verified property-level water rights. Actual well capacity, contiguous tract eligibility, 

groundwater source allocation and reserve-bank withdrawals are not established. The assumed stock is derived 

from a historical TWDB recovery benchmark and is not a measurement of current usable county storage [2–4]. 

In the terminal-only baseline, storage may fall below the year 20 target during the horizon, provided it remains 

nonnegative and returns to the required level at the endpoint. Summing the state equation gives a cotton 

pumping budget of (1 − θ)S₀ + 20(R − B): 844,940 AF under the 90% target and 757,440 AF under the 95% 
target. 

Annual groundwater floor comparison 

Six additional cases impose the same 90% or 95% threshold at every year-end, replacing the nonnegative 

intermediate-stock constraint while retaining the terminal requirement. Each is paired with its matching 

baseline; all production, price, cost and hydrologic assumptions remain unchanged. This restricts cumulative 

pumping through each preceding period but leaves the final cumulative budget unchanged. It protects modeled 

year-end stocks, not storage continuously within each year. The 36 sensitivity experiments remain terminal-only 

and are not rerun with annual floors. 

Baseline and sensitivity scenarios 

Six terminal-only baselines combine two stock targets with three deterministic production sequences: wet 

repeats 2010, dry repeats 2011, and alternating uses 2010 in odd periods and 2011 in even periods. These are 

experimental production environments, not a weather forecast. Dryland yield remains 400 lb/acre in both 

environments because its weather-specific response has not been calibrated. 

Thirty-six terminal-only sensitivity cases apply 12 tests under the 90% target: price ±20%; water cost, initial 

stock and net inflow ±25%; dryland yields of 300 or 500 lb/acre; and dry-period dryland yields of 100 or zero. 

Each test is applied to all three sequences. Stock tests change the absolute terminal threshold; inflow tests 

change the aggregate flow benchmark rather than an independently estimated recharge process. 

Calibration tiers, shadow values and uncertainty analysis 

Calibration tiers repeat the 90% terminal-only baselines under alternative parameter sets. Tier A uses the 

experimental curves and drip-budget costs. Tier B multiplies irrigated yields by 0.667 and replaces other 

variable cost with $426.35 per acre, derived from the 2024 pivot budget (total variable cost less stripping, 

ginning and energy) [9]. Tier C adds dryland yields from a regression of county non-irrigated yield on annual 

precipitation. A separate yield-multiplier test varies the multiplier from 1.0 to 0.6 with drip-budget costs 

unchanged. 

The shadow value of the stock constraint is the change in NPV per additional acre-foot of required year 20 

stock, computed by resolving each case with the target changed by 2,000 AF. The conservation-cost frontier 

resolves each terminal-only baseline for targets from 50% to 105% of initial stock. Because committed fixed 

costs are identical across land choices, these comparisons use NPV before committed fixed costs, meaning 
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discounted returns above variable costs; the gain over dryland-only is that value minus the dryland-only NPV on 

all eligible land ($134.39 million at 400 lb/acre). A uniform-quota comparison sets annual pumping at the 90% 

budget divided by 20 and reoptimizes acreage each year. 

The uncertainty analysis resolves the model for 2,000 random parameter sets. Eleven inputs are drawn 

independently from uniform ranges (listed in the notes to Table 9). In each year the wet or dry condition persists 

with probability 0.6 and is otherwise redrawn using the wet-year probability. Influence is summarized by 

standardized rank regression coefficients. The ranges are analyst-specified bounds, so the results describe 

scenario sensitivity and are not confidence intervals. 

Numerical implementation 

The model is solved by SciPy HiGHS linear programming under deterministic perfect foresight. All 48 distinct 

cases—42 terminal-only cases and six annual-floor cases—reach optimal status. Verification checks constraints, 

production interpolation, primal–dual objectives and accounting. The six terminal baselines are reproduced 

within $0.01; all annual-floor stocks meet their thresholds and their NPVs do not exceed paired terminal-only 

NPVs. Sensitivity results are assumption tests, not confidence intervals. 

An independent Python implementation of the same linear program, built from the workbook inputs, reproduces 

all 42 terminal-only NPVs within $0.26 and the six annual-floor NPVs within $0.17. The additional analyses 

described above use that implementation and the same deterministic perfect-foresight assumption; all additional 

cases reach optimal status. 
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Results 

Baseline land allocation and discounted returns 

With a 90% terminal target, average irrigated acreage is 78,136 acres in the wet sequence, 25,229 in the dry 

sequence and 61,170 in the alternating sequence (Table 2). Dryland occupies the remaining land at the assumed 

400 lb/acre yield, leaving no fallow acreage. These are arithmetic averages of annual decisions, not constant 

annual acreage prescriptions. 

Table 2. Baseline optimized land allocation and county returns 

Condition and year 20 

target 
Irrigated acres Dryland acres 

Pumping 

thousand AF 
NPV million 

dollars 
Gain vs fallow 

million dollars 

Wet, 90% retained 78,136 28,024 844.94 139.61 28.17 

Dry, 90% retained 25,229 80,931 844.94 -247.12 95.26 

Alternating, 90% retained 61,170 44,990 844.94 -0.00 53.53 

Wet, 95% retained 70,045 36,115 757.44 104.07 37.15 

Dry, 95% retained 22,616 83,544 757.44 -250.37 99.03 

Alternating, 95% retained 58,558 47,602 757.44 -3.41 57.48 

Notes: Acreage values are annual means. Pumping is the 20-year total for cotton only. Gain compares the 

dryland-enabled solution with the same model restricted to irrigated cotton and fallow. Negative returns include 

committed fixed costs on all eligible acres. 

Wet-sequence net present value is $139.61 million with the 90% target and $104.07 million with the 95% target. 

Dry-sequence values remain negative at −$247.12 million and −$250.37 million. The alternating sequence is 
approximately at break-even with the 90% target (−$2,854 in total) and has a −$3.41 million value with the 95% 
target. Near-zero results should not be interpreted as precisely estimated break-even outcomes. 

Stock targets and timing of withdrawals 

All six baseline terminal constraints bind. Raising the target from 90% to 95% reduces permitted cumulative 

cotton pumping by 87,500 AF and lowers average irrigated acreage. Discounting favors earlier withdrawals 

when production conditions repeat, followed by reduced irrigation and stock recovery. Figure 1 shows why the 

terminal target does not guarantee a sustained stock floor. 

 

Figure 1. Groundwater stock paths for the three baseline 90% cases. The dashed line identifies the required year 

20 stock, not an annual minimum. Stocks include the assumed inflow and other pumping. 
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Sensitivity of returns and land choices 

Table 3 reports reoptimized net present values under the 90% target. Lint-price changes produce large 

differences in returns. A 20% price reduction eliminates irrigation in the dry sequence, with all eligible land 

assigned to dryland and cotton groundwater pumping falling to zero. The wet sequence becomes unprofitable 

even though its average irrigated acreage is unchanged. A 20% price increase improves dry-sequence returns but 

does not eliminate the loss after committed fixed costs. 

Table 3. Reoptimized county NPV under one-at-a-time sensitivity tests 

Test Wet Dry Alternating 

Cotton price -20% -145.65 -374.55 -227.60 

Cotton price +20% 424.87 -91.06 236.86 

Water cost -25% 165.68 -217.38 26.36 

Water cost +25% 113.54 -276.87 -26.37 

Initial stock -25% 122.09 -248.73 -1.71 

Initial stock +25% 156.78 -245.52 1.70 

Net inflow -25% 33.01 -256.61 -10.11 

Net inflow +25% 233.30 -238.05 9.23 

Dryland yield 300 lb/acre 115.63 -328.19 -45.56 

Dryland yield 500 lb/acre 163.59 -166.05 45.56 

Dry-period dryland yield 100 139.61 -342.38 -53.53 

Dry-period dryland yield 0 139.61 -342.38 -53.53 

Notes: Values are millions of dollars over 20 years. Water cost changes from $120 to $90 or $150 per applied 

AF. Initial stock changes to 1,312,500 or 2,187,500 AF. Net inflow changes to 37,698.75 or 62,831.25 AF/year. 

In the last two tests, the wet-period dryland yield remains 400 lb/acre. 

The ±25% water-cost tests change returns without changing mean irrigated acreage in these solved cases. In the 

alternating sequence, lower water cost raises NPV to $26.36 million and higher water cost reduces it to −$26.37 
million. Thus, a similar aggregate acreage allocation can coexist with substantially different profitability. 

Net inflow strongly affects the water budget. Reducing the inflow benchmark by 25% lowers wet-sequence 

average irrigated acreage from 78,136 to 54,895 acres; increasing it by 25% raises acreage to 101,378. Changing 

initial stock by ±25% produces smaller acreage changes because only 10% of the initial-stock change enters the 

cumulative withdrawal budget under the proportional terminal target. 

Dryland yield assumptions determine the value of replacing fallow. At 300 lb/acre, dryland remains planted in 

the baseline acreage pattern but the dry-sequence NPV falls to −$328.19 million. At 100 lb/acre in dry periods, 
the dryland margin is negative, and the optimizer instead leaves an average of 80,931 acres fallow in the dry 

sequence. NPV then returns to −$342.38 million, the corresponding irrigated-and-fallow result. An anticipated 

zero dryland yield gives the same land choice. This is avoidance of planting under known unfavorable 

conditions, not an estimate of losses from unexpected crop failure. 
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Annual stock protection and the timing of pumping 

The annual-floor comparison separates protection of intermediate stocks from protection only at the terminal 

date (Table 4). All six annual-floor cases meet the specified year-end threshold. At the 90% target, minimum 

stock rises from 80.4% to 90.0% in the wet sequence, 63.2% to 90.0% in the dry sequence and 84.2% to 90.0% 

in the alternating sequence. The paired policies end with the same stock and cumulative cotton pumping. 

Table 4. Discounted returns and minimum stock under paired policies 

Condition and target 
Terminal NPV 

million $ 
Annual NPV 

million $ 
NPV cost 

million $ 
Terminal 

minimum % 
Annual 

minimum % 

Wet, 90% 139.61 126.16 13.45 80.4 90.0 

Dry, 90% -247.12 -251.64 4.52 63.2 90.0 

Alternating, 90% -0.00 -1.03 1.03 84.2 90.0 

Wet, 95% 104.07 80.47 23.60 82.2 95.0 

Dry, 95% -250.37 -255.30 4.93 66.3 95.0 

Alternating, 95% -3.41 -4.64 1.23 89.2 95.0 

Notes: NPV cost is terminal-only NPV minus annual-floor NPV; it measures foregone discounted modeled 

returns, not a fee or a monetized environmental benefit. Minimum stock is the lowest modeled year-end stock as 

a percentage of the initial stock. The near-zero terminal NPV for alternating 90% is −$2,854 before rounding. 

Under dry conditions with a 90% target, imposing an annual floor reduces first-five-year pumping from 796,200 

to 342,485 AF, deferring 453,715 AF beyond that interval. The 95% dry comparison defers 502,455 AF. The 

annual-floor paths reach the threshold early and subsequently balance cotton pumping with net inflow after 

other withdrawals (Figure 2). 

 

Figure 2. Dry-condition groundwater paths under terminal-only targets and annual year-end floors. The common 

initial stock and flow assumptions isolate the effect of the policy timing constraint. 

Mean irrigated acreage, mean dryland acreage and total 20-year cotton pumping are unchanged in all six policy 

pairs. The annual floor nevertheless lowers NPV by $1.03–$13.45 million under the 90% target and $1.23–
$23.60 million under the 95% target. These differences arise from reallocated production timing and discounting 

within the specified model, rather than lower cumulative water use. The unchanged acreage averages are a case-

specific result, not a general property of annual floors. 



11 

Calibration evidence, shadow values and uncertainty 

County yield data and plot-to-county transfer 

County data do not identify a diminishing-returns response. In the linear specification the coefficient on 

irrigation depth is 81 lb/acre per AF/acre with an HC3 standard error of 238 (p = 0.74); the Newey-West 

standard error is 185 (p = 0.67), and the no-trend, first-difference and logarithmic specifications give p-values of 

0.77 to 0.91 (Table 5). A pairs bootstrap gives a 95% interval of −348 to 517 lb/AF and leave-one-out estimates 

range from −27 to 247, while the experimental treatment steps imply marginal products of 735 to 1,857 lb/AF. 

The interval spans both zero and the experimental values, and the minimum detectable effect is roughly 666 

lb/AF [8]. 

Table 5. County irrigated-yield regressions on irrigation depth, 2000–2024 (n = 18) 

Specification Irrigation coefficient Standard error p-value 

Linear, HC3 errors 81.13 237.96 0.738 

Linear, Newey-West (2 lags) 81.13 185.32 0.668 

Linear, no trend, HC3 -33.33 161.54 0.839 

First differences, HC3 48.06 161.68 0.771 

Log-log elasticity, HC3 0.035 0.311 0.911 

Notes: The dependent variable is county irrigated cotton lint yield (lb/acre); controls are annual precipitation 

and, except where stated, a linear trend. Coefficients are lb/acre per AF/acre, except the log-log row, which is an 

elasticity. Years 2011 and 2019–2024 have no irrigated yield. The Durbin-Watson statistic for the linear model 

is 1.25. The pairs-bootstrap 95% interval (5,000 draws) is −347.9 to 516.9. 

Irrigation depth in the county series is itself coarse. Twenty-one of 25 annual values lie within 0.02 acre-inch of 

a whole number of acre-inches and the standard deviation is 0.23 AF/acre, which is consistent with an agency 

estimate rather than a measured application and biases a regression slope toward zero. Applied water is also 

chosen in response to weather, so the slope would remain confounded even if depth were measured exactly. The 

county series is therefore used to calibrate the level of yields rather than their response to water. 

Three comparisons place county irrigated yields at about two-thirds of experimental plot yields (Figure 3). 

County irrigated yield in 2010 was 970 lb/acre, 0.68 of the 1,435 lb/acre fully irrigated plot yield at nearly the 

same depth (0.66 versus 0.68 AF/acre). County irrigated yields averaged 958 lb/acre in 2012–2018, 0.64 of the 

1,500 lb/acre drip-budget yield, and the pivot budget expects 1,000 lb/acre, 0.67 of the drip budget [5, 9]. 
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Figure 3. County irrigated cotton yield and irrigation depth for years with data (points, shaded by year), with the 

2010 and 2011 experimental treatment means (solid) and the same curves multiplied by 0.667 (dashed). County 

depth is TWDB cotton water divided by cotton acreage. 

Yield transfer and calibration tiers 

Table 6 rescales the experimental curves while holding drip-budget costs and the 400 lb/acre dryland yield 

fixed. Results are reported as NPV before committed fixed costs, which excludes the $255.25 per acre charge on 

all eligible land (present value $415.2 million) because that charge is identical across land choices. In the wet 

sequence NPV falls by about $131 million for each 0.1 reduction in the multiplier. Irrigation disappears from the 

dry sequence at multipliers below about 0.92 and from the wet and alternating sequences below about 0.68; each 

such case returns the dryland-only value of $134.39 million. 

Table 6. NPV before committed fixed costs under rescaled irrigated yields, 90% terminal target 

Irrigated-yield multiplier Wet Dry Alternating 

1.000 (baseline) 554.85 168.11 415.23 

0.900 423.54 134.39 320.01 

0.800 292.23 134.39 235.72 

0.700 160.92 134.39 151.42 

0.667 134.39 134.39 134.39 

0.600 134.39 134.39 134.39 

Notes: Values are millions of dollars over 20 years. A value of 134.39 is the dryland-only NPV on all eligible 

land; it indicates that no land is irrigated. Other variable cost remains at the drip-budget value of $530.54 per 

acre. 

Table 7 adds the cost and dryland-yield calibrations. Tier B multiplies irrigated yields by 0.667 and replaces 

other variable cost with $426.35 per acre derived from the pivot budget; Tier C adds dryland yields from a 

regression of county non-irrigated yield on annual precipitation (573 lb/acre in the wet sequence and 194 lb/acre 

in the dry sequence; R² = 0.27, 18 years). Under Tier B the stock constraint binds only in the wet sequence, with 

a shadow value of $111 per acre-foot; the dry sequence irrigates no land, and the alternating sequence pumps 

573,988 AF, below the 844,940 AF budget, so profitability rather than stock limits irrigation. Under Tier C no 

land is irrigated in any sequence, which does not match observed irrigated acreage. The baseline (Tier A) is 
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therefore best read as an upper bound on the value of irrigation, and Tiers B and C as bracketing alternatives. 

The Tier C dryland yields are per harvested acre and may overstate returns per planted acre. 

Table 7. Calibration tiers under the 90% terminal-only target 

Tier and condition 
NPV before fixed 

costs 
Irrigated acres Dryland acres Shadow value $/AF 

A, wet 554.85 78,136 28,024 399.9 

A, dry 168.11 25,229 80,931 36.7 

A, alternating 415.23 61,170 44,990 38.9 

B, wet 251.10 78,136 28,024 111.0 

B, dry 134.39 0 106,160 0.0 

B, alternating 209.30 53,080 53,080 0.0 

C, wet 332.00 0 106,160 0.0 

C, dry 0.00 0 0 0.0 

C, alternating 168.50 0 53,080 0.0 

Notes: NPV before fixed costs is in millions of dollars. Tier A uses the experimental curves and drip-budget 

costs; Tier B uses a yield multiplier of 0.667 and pivot-budget variable cost; Tier C adds regression-based 

dryland yields. Acreage values are annual means. Shadow value is the change in NPV per additional acre-foot of 

required year 20 stock. 

Figure 4 maps the alternating sequence over multipliers from 0.5 to 1.0 and dryland yields from 200 to 600 

lb/acre, with other variable cost interpolated between the pivot and drip budget values. The stock constraint 

binds in 24 of 99 cells, all with multipliers of 0.80 or higher and dryland yields of 450 lb/acre or less. Irrigation 

is zero in 15 cells, all with multipliers of 0.70 or lower and dryland yields of 400 lb/acre or more. The county-

calibrated multiplier of 0.667 lies in the region where profitability, not the stock, limits irrigation. 

 

Figure 4. Mean irrigated acreage in the alternating sequence under the 90% target across irrigated-yield 

multipliers (horizontal axis) and dryland yields (vertical axis). The black line separates cases in which the stock 

constraint binds (lower right) from cases in which it does not; the dashed line marks 0.667. 
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Shadow value of groundwater and the cost of conservation 

At the 90% target an additional acre-foot of required terminal stock costs $400 of discounted returns in the wet 

sequence and $37 to $39 in the dry and alternating sequences (Table 8). These are scarcity values on top of the 

$120 per acre-foot water cost. Raising the target from 90% to 95% costs $406, $37 and $39 per acre-foot, close 

to the shadow values. In the wet sequence the constraint does not bind for targets up to about 73% of initial 

stock: all eligible land is irrigated each year, cotton pumping totals 1.148 million AF, and the stock still ends at 

1.27 million AF because inflow offsets pumping. In the dry sequence, pumping limited only by nonnegative 

stock totals 2.42 million AF and exhausts the stock in year 14 (Figure 5). 

Table 8. Shadow value of the stock constraint and cost of conservation, terminal-only baselines 

Condition 
Shadow value 

90% target $/AF 
Cost 90% to 95% 

$/AF 

Unconstrained 

pumping thousand 

AF 

NPV before fixed 

costs, 90% 
Gain over 

dryland-only 

Wet 399.9 406.2 1,148.0 554.85 420.46 

Dry 36.7 37.2 2,419.9 168.11 33.72 

Alternating 38.9 38.9 2,166.4 415.23 280.84 

Notes: Shadow value is computed by resolving each case with the year 20 target raised by 2,000 AF. 

Unconstrained pumping is the 20-year cotton pumping with only nonnegative stock and the annual ceiling. NPV 

and gains are millions of dollars before committed fixed costs; the dryland-only NPV is $134.39 million. 

 

Figure 5. NPV before committed fixed costs as a function of the required year 20 stock, terminal-only baselines. 

The dotted line is the dryland-only value for all eligible land. 

Of the 844,940 AF cotton pumping budget at the 90% target, 669,940 AF (79%) is twenty years of net inflow 

after other withdrawals; only 175,000 AF comes from drawing down the initial stock. This explains why the 

results respond more to the inflow benchmark than to the stock benchmark. The observed record points the same 

way. Observed Ogallala pumping averages 166,306 AF per year over the 23 years with data and was 101,696 

AF in 2024, against a modeled inflow of 50,265 AF per year, and cotton groundwater at the assumed share 

(84,928 AF in 2024) is twice the constant 42,247 AF per year implied by the 90% target. Taken at face value, 

observed pumping and the inflow benchmark imply cumulative net withdrawals of about 2.67 million AF over 

those years, more than the 1.75 million AF initial benchmark, and TWDB cotton water from all sources in 2024 

(106,160 AF) exceeds Ogallala irrigation for all crops (95,854 AF). These series come from different data 

products and are not additive, so they bound rather than test the stock and groundwater-share assumptions [8]. 
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A uniform annual quota equal to the 90% budget divided by 20 years, with acreage reoptimized each year, 

lowers NPV before fixed costs by 5.2% in the wet sequence, 3.7% in the dry sequence and 16.5% in the 

alternating sequence relative to the perfect-foresight solution. In this deterministic setting that difference 

indicates the value of flexible multi-year water accounting. 

Uncertainty analysis 

Across 2,000 random parameter sets, irrigation exceeds the dryland-only value by more than $1 million in 93% 

of draws and mean irrigated acreage is zero in 7% (Table 9). The stock constraint binds in 44% of draws 

(shadow value above $1 per acre-foot), with a median shadow value of $77 per acre-foot among those. 

Standardized rank regression ranks the irrigated-yield multiplier (0.55), dryland yield (−0.44) and lint price 
(0.44) as the largest influences on the gain from irrigation, followed by the wet-year probability (0.20); initial 

stock (0.01), other withdrawals (−0.02) and the discount rate (−0.07) have little influence (Figure 6). For mean 
irrigated acreage the wet-year probability (0.33), net inflow (0.24) and the multiplier (0.23) rank highest. 

Table 9. Distribution of outcomes across 2,000 random parameter sets 

Output 5th percentile 25th Median 75th 95th percentile 

NPV before fixed costs, $ million 50.0 142.2 233.2 344.3 532.4 

Mean irrigated acres 0 31,848 47,839 63,696 83,692 

Cotton pumping, thousand AF 0.0 360.4 577.4 767.7 1,010.7 

Shadow value, $/AF 0.0 0.0 0.0 65.4 288.0 

Gain over dryland-only, $ million 0.0 46.1 104.8 188.9 361.5 

Notes: Eleven inputs are drawn independently from uniform ranges: lint price $0.55 to $0.90 per pound; water 

cost $90 to $160 per AF; net inflow 33,900 to 62,831 AF per year; initial stock 1,312,500 to 2,187,500 AF; 

terminal target 80% to 100%; groundwater share 0.6 to 1.0; dryland yield 250 to 550 lb/acre; irrigated-yield 

multiplier 0.6 to 1.0; discount rate 2% to 7%; wet-year probability 0.3 to 0.7; and other withdrawals 10,000 to 

25,000 AF per year. The ranges are analyst-specified bounds, not estimated distributions. 

 

Figure 6. Standardized rank regression coefficients for the gain from irrigation over dryland-only (left) and its 

distribution across 2,000 draws (right). The dashed line marks the median. 
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Discussion 

The paired policy comparison shows that the timing of groundwater protection matters even when the endpoint 

requirement and cumulative pumping budget are the same. A terminal-only target permits intermediate depletion 

followed by recovery, whereas an annual floor restricts depletion at each modeled year-end. In the dry 90% 

case, the minimum stock differs by 26.8 percentage points and the annual floor reduces discounted returns by 

$4.52 million. This illustrates a tradeoff between early production income and protection of intermediate stocks. 

It does not establish continuous protection between yearly observations or the physical feasibility of a county-

scale pumping schedule. 

Identical mean acreage and cumulative pumping conceal materially different annual decisions. An acreage 

average alone cannot show whether irrigation is concentrated early or distributed across later periods. With 

deterministic production curves, a fixed water share and constant inflow, the solved baseline cases retain the 

same cumulative water allocation under both policies. The annual floor redistributes that allocation over time. 

More variable weather, changing lift costs, binding hydraulic limits or alternative crops could change both total 

water use and average acreage; the present results do not establish invariance under those conditions. 

The NPV differences in Table 4 measure the modeled opportunity cost of the stricter timing constraint. They are 

not estimates of the total social value of groundwater conservation. The objective includes cotton returns but 

excludes environmental services, household water security, future well reliability and other nonmarket benefits. 

It also excludes public implementation and enforcement costs. A policy evaluation would need those benefits 

and costs before comparing the annual floor with a terminal-only target on welfare grounds. 

Dryland cotton improves returns relative to fallow when its margin before committed costs is positive, yet the 

dry sequences remain unprofitable after fixed costs under both stock policies. The advantage depends on the 

assumed 400 lb/acre dryland yield; lower dry-period yields can make fallow preferable. Committed fixed costs 

affect reported profitability but not optimal controls because they are constant across choices. Allowing 

equipment, rental or other obligations to be released after land-use changes would require a different cost model 

and could change the interpretation of financial losses. 

The calibration analysis qualifies the level of the baseline returns more than the structure of the constraint. The 

experimental curves come from subsurface-drip research plots, and county irrigated yields are about two-thirds 

of those plot yields. Rescaling the curves lowers NPV before committed fixed costs and removes irrigation from 

the dry sequence at multipliers below roughly 0.92 and from the wet and alternating sequences below roughly 

0.68, so the baseline irrigated returns are better read as an upper bound than as a county estimate. What survives 

rescaling is the logic of the constraint: it carries a positive shadow value only where irrigated margins are high 

enough for water to be scarce, as in the wet sequence under the county-calibrated Tier B, and elsewhere 

profitability rather than the stock limits irrigation. 

County data cannot substitute for the experiments in identifying the response curve. The county depth series is a 

rounded agency estimate, applied water is chosen in response to weather, and a regression with 18 observations 

cannot distinguish the experimental slopes from zero. The experiments in turn offer two years, three treatments 

per year and cultivars that share main plots; the concave interpolation imposes diminishing returns that three 

points per year cannot test, although the steps between treatments exceed the reported least-significant-

difference thresholds. A two-source design is therefore appropriate: experiments for the shape of the response, 

and county and budget data for the level of yields and as an external check. The Tier C result, in which no land 

is irrigated, shows that the deterministic margin model does not reproduce observed irrigated acreage once 

county dryland yields are used. Production risk, crop insurance, rotation and abandonment are omitted and could 

explain part of that gap. 

The shadow values measure the cost of an exogenous stock requirement, not the gain from coordinating 

pumping, so they are not comparable with the literature that contrasts optimal and competitive extraction [7]. A 
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competitive benchmark with a stock-dependent pumping cost is not computed here. Lift-cost feedback is 

probably small relative to the cost uncertainty already tested: with an assumed specific yield of 0.15 and roughly 

575,000 acres of county area, a 10% drawdown of the 1.75 million AF benchmark corresponds to about 2 feet of 

water-level decline and drawing down the full benchmark to about 20 feet, which would raise energy cost by 

about 8% if cost scales with a total dynamic head of 250 feet. Those aquifer parameters are assumptions, not 

values from the supplied data, and should be verified before the cost feedback is set aside. 

The findings remain provisional scenario evidence. Initial usable storage and inflow are historical benchmarks; 

groundwater share, alternative supply, physical well capacity and actual water-rights acreage are unverified. 

Transferring two experimental curves to county acres does not quantify farm heterogeneity or yield uncertainty. 

Perfect foresight omits surprise drought and crop failure, and the stock model omits spatial drawdown and lift-

cost feedback. The sensitivity tests apply only to terminal targets, so robustness of the annual-floor comparison 

across those tests has not been established. 

Further calibration should verify usable storage, source availability, pumping capacity and property-level 

constraints, estimate dryland responses by production environment, and distinguish avoidable from committed 

costs. Those steps would support an empirical policy interpretation. Until then, the comparison demonstrates 

how annual year-end protection changes the feasible timing and discounted value of irrigation under explicit 

assumptions; it should not be used as a county pumping recommendation. 

Conclusion 

This study asked how the form of a groundwater stock rule changes cotton irrigation in Lubbock County. A 

linear program over 20 years compared a year 20 stock target with an annual year-end floor under wet, dry and 

alternating production sequences. Four results stand out. First, the two rules permit the same cumulative 

pumping and mean acreage, but the annual floor moves pumping later and raises the lowest modeled stock from 

63–84% to 90% of the initial stock, at a cost of $1.0 to $13.5 million in net present value, or 0.2% to 2.7% of 

discounted returns before committed fixed costs. Second, the shadow value of the stock constraint is about $400 

per acre-foot in the wet sequence and $37 to $39 in the dry and alternating sequences, so water is scarce only 

where irrigated margins are high. Third, county irrigated yields are about two-thirds of the experimental plot 

yields, and county data cannot identify the yield response to water; rescaling the curves removes irrigation from 

the dry sequence and, below a multiplier of about 0.68, from the others. Fourth, across 2,000 random parameter 

sets the gain from irrigation depends mainly on the yield multiplier, dryland yield and cotton price, and hardly at 

all on initial storage. 

These results are conditional scenario evidence. The model uses a single-tank aquifer, perfect foresight, 

historical storage and inflow benchmarks, and an assumed groundwater share, and it does not reproduce 

observed irrigated acreage once county dryland yields are used. They should not be read as a county forecast or 

a pumping recommendation. The most valuable extensions are well water-level data for a historical backcast, a 

stochastic dynamic program with weather and price shocks, and data on crop and irrigation-system mix. Until 

then, the paper’s main contribution is to show that the timing of protection, and not only its endpoint, determines 
how much irrigated production a stock rule forgoes. 
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