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Abstract

Multipurpose reservoirs provide both irrigation water and flood protection, yet flood
risk reduction is rarely valued alongside market-priced water supply benefits. As a result,
reservoir evaluations and storage allocation decisions may underestimate the economic con-
tribution of flood mitigation. This study estimates the economic value of flood protection
provided by Navajo Dam on the San Juan River, New Mexico, where irrigation and munici-
pal water supply are the reservoir’s primary authorized purposes. Historical hydrologic
records were used to compare regulated and unregulated flow conditions and quantify
the reduction in expected agricultural flood damages attributable to reservoir operations.
Results indicate that dam regulation reduces expected annual agricultural flood damages
by approximately $366,000, equivalent to a marginal flood protection value of $1.34 per
acre-foot of flood-control storage. Expressing flood protection in the same units as irrigation
water values enables a direct comparison of competing reservoir services and highlights the
extent to which conventional appraisal methods may undervalue risk-reduction benefits.
The proposed framework provides a practical approach for incorporating flood mitigation
into economic assessments of multipurpose reservoirs and supports more comprehensive
and balanced water resources planning.

Keywords: reservoir storage; flood protection; Expected Annual Damage (EAD); Navajo
Dam; San Juan River

1. Introduction
1.1. Reservoirs as Multi-Functional Assets

Federal water resource management in the United States has long recognized the
potential of reservoir infrastructure to deliver multiple, complementary economic functions
within a single system. Early federal involvement began with navigation improvements un-
der the Rivers and Harbors Act of 1824, followed by large-scale irrigation expansion under
the Reclamation Act of 1902, which simultaneously established the Bureau of Reclamation
as the principal federal agency for water development in the arid West. Subsequent flood
crises precipitated the Flood Control Act of 1936, which formalized flood risk reduction
as an explicit federal responsibility, while the Flood Control Act of 1944 institutionalized
a truly multipurpose approach by integrating hydropower, recreation, irrigation, and mu-
nicipal and industrial water supply into a unified operational framework. Contemporary
governance is largely guided by the Water Resources Development Act, under which

Water 2026, 18, 1666 https://doi.org/10.3390/w18141666

https://crossmark.crossref.org/dialog?doi=10.3390/w18141666&domain=pdf&date_stamp=2026-07-09
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-2428-9094
https://orcid.org/0009-0003-7801-8390
https://doi.org/10.3390/w18141666


Water 2026, 18, 1666 2 of 22

agencies such as the U.S. Army Corps of Engineers and Bureau of Reclamation manage
extensive dam portfolios collectively delivering a broad spectrum of water resource services.
According to Bonner et al. [1], over 80% of federal reservoirs are authorized for three or
more functions, underscoring a systemic shift from single-purpose hydraulic infrastructure
toward complex, multi-objective water resource systems.

Within this institutional context, the two functions that most directly shape reservoir
operating decisions—and that generate the most economically significant and spatially
extensive benefits—are flood damage reduction and agricultural water supply. These func-
tions are not merely co-located within the same physical infrastructure; they are structurally
interdependent, sharing storage capacity in ways that create inherent operational trade-offs
and potential synergies. Understanding the economic magnitude of each function, and the
nature of their interaction, is therefore central to the efficient management of multipurpose
reservoir systems.

1.2. Study Objectives

The study provides a stochastic economic valuation of flood protection benefits gener-
ated by reservoir storage in an irrigation-dominated system. By comparing regulated and
unregulated flow conditions, it estimates expected annual avoided agricultural damages
attributable to reservoir operation and derives a unit value of flood protection expressed
in dollars per acre-foot of storage capacity. Rather than treating irrigation supply and
flood control as competing operational objectives, the analysis conceptualizes them as
joint and complementary economic outputs of the same infrastructure asset, thereby en-
abling a more complete assessment of reservoir value than conventional single-function
appraisals permit. In doing so, the study contributes empirical evidence from a semi-arid,
agriculture-dependent basin where both water scarcity and flood risk are significant and
advances the broader literature by integrating stochastic flood risk valuation with water
resource economics.

This study differs from prior stochastic EAD and multi-benefit reservoir valuation
work in three respects. First, where existing stochastic EAD applications [2,3] value flood
risk in isolation, and existing multi-benefit reservoir studies [1] typically report physical
or qualitative benefit shares across functions, this study monetizes flood protection and
irrigation supply in a single, directly comparable $/acre-foot unit of storage. Second,
unlike [4], who quantify flood damage reduction from irrigation reservoirs in physical
terms, we carry the analysis through to full economic monetization using a county-scale
econometric damage model linked to Monte Carlo-simulated hydrology. Third, we apply
this framework to a U.S. semi-arid, irrigation-first reservoir system—a setting distinct from
the flood-control-dominated or European contexts of most prior multi-benefit valuation
studies [5,6]—thereby extending the empirical evidence base to a system where flood pro-
tection is explicitly secondary to consumptive use. The study builds methodologically on
companion research examining agricultural flood risk in the Lower Missouri River Basin;
the study [7] develops an integrated stochastic framework disaggregating agricultural
flood damage into prevented planting, unharvested acreage, and yield loss components,
an approach that informs the acreage- and yield-based damage disaggregation applied
here; ref. [8] extends this work by incorporating crop phenology into the EAD calculation,
showing that the timing of a flood relative to crop growth stage is often a stronger deter-
minant of loss than flood magnitude alone. Applying a comparable storage-regulation
valuation framework to the semi-arid, irrigation-dominated San Juan Basin extends this
line of work to a hydro-climatically and institutionally distinct setting.
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2. Conceptual Background and Literature Review
2.1. Theoretical Foundation and Literature Review

From an economic perspective, reservoirs may be understood as capital assets that
allocate water across time, states of nature, and competing uses [9,10]. Classical water re-
source economics emphasizes the marginal value of water in productive use, particularly in
irrigated agriculture, where water inputs contribute directly and measurably to crop yields
and farm income [9]. Under conditions of hydrological uncertainty, however, stored water
also acquires a state-contingent protective value associated with the mitigation of flood
risk. In flood-prone systems, reservoir storage attenuates peak flows, alters the frequency
distribution of downstream discharges, and thereby reduces the probability and severity
of inundation events. This protective function can be quantified through the concept of
Expected Annual Damage (EAD), which integrates flood losses probabilistically across the
full range of flood magnitudes [11]. Flood control benefits are conventionally estimated as
avoided damages—the difference in EAD with and without reservoir regulation—derived
using floodplain mapping, hydrologic simulation, and depth–damage functions that trans-
late inundation extent into monetary losses [1]. Empirical evidence confirms the material
scale of these benefits—flood wave attenuation of between 45% and 80% has been docu-
mented in multipurpose systems where flood control is secondary to water supply, with
individual events yielding retention volumes on the order of tens of millions of cubic
meters [6].

In this sense, reservoir storage produces joint economic outputs—productive value in the
form of irrigation supply, and protective value in the form of flood damage reduction—that
together constitute the primary social return on reservoir infrastructure investment [12].
Agricultural users benefit from storage in a manner broadly analogous to other consump-
tive users, with reservoirs enabling both intra-annual seasonal storage and inter-annual
resilience to drought. This is particularly significant for irrigators operating under abstrac-
tion licenses that restrict withdrawals during periods of low river flow—conditions that
frequently coincide with peak crop water demand in summer months [13]. Agricultural
water requirements are further distinguished by their pronounced seasonality, with de-
mand concentrated in the summer growing season, and by generally lower water quality
standards compared to public supply, which can allow greater operational flexibility in
source management [13].

The interaction between flood control and irrigation supply objectives, however, is
characterized by a fundamental storage trade-off. Flood attenuation benefits are maxi-
mized when reservoir levels are kept sufficiently low to accommodate large inflow events,
while water supply benefits are maximized by maintaining high storage volumes to buffer
against periods of low inflow [13,14]. This tension between drawdown for flood readiness
and impoundment for supply security defines one of the central operational challenges
in multipurpose reservoir management. Nevertheless, the temporal asymmetry of the
two demands—flood risk concentrated in wet winter months, irrigation demand concen-
trated in dry summer months—suggests that substantial co-benefit delivery may be achiev-
able through carefully designed operating rules that exploit the seasonal complementarity
between the two functions [13].

2.2. Research Gaps

Despite the broad recognition of reservoirs as multipurpose assets, the economic
evaluation of reservoir infrastructure has traditionally been guided by primary design
objectives, with secondary benefits—including flood mitigation, recreation, and ecosys-
tem services—rarely quantified within a consistent analytical framework [15]. This gap
persists even where operational evidence suggests that secondary functions yield substan-
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tial economic value, and even where reallocation of existing storage among competing
uses could generate significant net social benefit without any physical modification of
infrastructure [13,15]. The consequence is a systematic bias in how reservoir benefits are
measured, reported, and incorporated into investment and operational decision-making.

A substantial body of literature has examined the economic valuation of water in
irrigated agriculture and the role of reservoir storage in water allocation. Methods such
as residual imputation, production function approaches, and optimization-based shadow
pricing have been widely applied to estimate the marginal value of irrigation water across
a range of climatic and institutional contexts [9]. Hydro-economic models have further
advanced this field by integrating hydrological process representation with economic
decision-making, enabling the joint analysis of water allocation efficiency, scarcity rents,
and policy constraints across river basin scales [16–18]. In parallel, the flood risk literature
has developed robust frameworks for estimating expected damages and evaluating the
economic benefits of mitigation measures, with increasing emphasis on probabilistic ap-
proaches, depth–damage functions, and the treatment of uncertainty [11]. Taken together,
these traditions provide well-established methodological foundations for quantifying both
the productive and protective dimensions of reservoir storage.

Despite these advances, relatively few studies explicitly quantify the economic value
of secondary reservoir functions, particularly flood protection benefits in systems where
irrigation or water supply is the dominant operational purpose. As it was demonstrated
by [5], the feasibility of integrating flood risk reduction into a broader cost–benefit frame-
work for water management in the Netherlands, yet their analysis focused on dedicated
flood control infrastructure and land-use policies rather than on reservoirs operating pri-
marily under supply objectives. Another study took an important step toward bridging this
gap by explicitly evaluating the flood damage reduction potential of irrigation reservoirs
across Japan, finding that pre-emptive drawdown of irrigation storage could yield measur-
able reductions in downstream flood damage costs—yet their study remained focused on
physical damage metrics and did not extend to the full economic monetization of forgone
flood protection value under supply-first operating rules [4]. At the broader infrastructure
level, it was noted that any approach seeking to value all uses of a multipurpose reservoir
risks systematic over- or undervaluation of secondary and tertiary benefits, and that flood
control benefits in particular lack explicit market prices, making consistent quantification
rare in practice [1]. Existing analyses therefore tend to treat flood protection and irrigation
supply as analytically separate problems, addressed by distinct disciplinary communities
using distinct methods, rather than as jointly produced outputs of a single infrastructure
asset. As a result, conventional economic assessments may systematically undervalue
reservoir storage by neglecting its role in reducing stochastic flood damages and may fail
to capture the full social return on existing infrastructure investment.

3. Study Area
3.1. The Basin

The San Juan River is a major tributary of the Colorado River, originating as snowmelt
near Pagosa Springs (Archuleta County, CO, USA) in the San Juan Mountains. Flowing
383 miles through the arid southwestern region of Colorado, New Mexico, and Utah, it
terminates at Glen Canyon, Utah, where it joins the Colorado River and contributes to
Lake Powell [19]. The basin encompasses areas in Colorado, New Mexico, Utah, and
Arizona [20], draining approximately 60,000 km2 of the Four Corners Region upstream
from Mexican Hat, Utah (Figure 1) [21]. Water resources within the watershed support
recreational, agricultural, biological, cultural, and residential uses [22]. The San Juan River
provides habitat for at least eight native fish species, including the federally endangered
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Colorado pikeminnow, razorback sucker, and bonytail chub [20]. These species are endemic
to the Colorado River Basin [20]. Protecting and restoring critical habitat for these species
is a central focus of the San Juan River Basin Recovery Implementation Program (SJRIP).

 

Figure 1. Map of the San Juan River drainage basin (source: https://www.uncovercolorado.com/
activities/san-juan-river/, accessed on 17 June 2026).

Near its headwaters, the San Juan River is joined by six principal tributaries: the
Navajo River, Chaco River, and Chinle Creek on the left bank, and the Piedra, Los Pinos,
Animas, and Mancos Rivers on the right bank (Figure 1) [19]. Among these, the Animas
River is the most significant in terms of streamflow, originating in the mountain peaks
northeast of Silverton, Colorado, and flowing southward to its confluence with the San
Juan at Farmington, New Mexico [22].

Navajo Dam and Reservoir (NDR) is located primarily in northern New Mexico (Rio
Arriba County, NM, USA), with the upper portion of the reservoir extending several miles
into southern Colorado. In New Mexico, Navajo Reservoir is the second largest body of wa-
ter after Elephant Butte Reservoir, situated approximately 34 miles east of Farmington [23].
NDR is a unit of the Colorado River Storage Project (CRSP), authorized under the Colorado
River Storage Project Act of 11 April 1956, with the dam dedicated in September 1962 and
formally completed in April 1963 [23]. It was designed as a multipurpose project providing
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irrigation, municipal and industrial water supply, flood control, recreation, and hydroelec-
tric power—the latter generated by a 32 MW plant constructed in the 1980s and operated
by the City of Farmington under a Federal Energy Regulatory Commission license [23].
The primary purpose of the dam is to impound water for irrigation and municipal and
industrial use, with flood control and recreation serving as secondary functions [24]. The
reservoir supports irrigation withdrawals for approximately 110,000 acres of land under
the Navajo Indian Irrigation Project (NIIP), representing the largest single allocation of
storage within the reservoir [25].

3.2. Flow and Flood Dynamics

The river’s flow regime is primarily snowmelt-driven, with approximately 90% of
annual discharge originating from the Rocky Mountains of Colorado, and peak flows
historically occurring between late spring and early summer coinciding with snowmelt
recession [20]. Prior to regulation by Navajo Dam, the San Juan River exhibited a highly
variable and flood-prone natural flow regime. The gauging station near Bluff, Utah has
recorded flood events from 1914 to 1916 and continuously from 1927 to the present. Histor-
ically, the largest floods occurred between late summer and early fall (August–October),
driven by intense monsoonal precipitation. The largest flood in the systematic gauging
record reached a peak discharge of 70,000 cubic feet per second (cfs) (1980 m3/s) on
10 September 1927, with a stage of approximately 31 ft (10 m) [21]. Pre-gauging accounts
document even larger events: a September 1909 flood was described by Farmington resi-
dents as the largest since European settlement of the area in 1880 [26], and a subsequent
flood on 6 October 1911 destroyed most bridges on the mainstem San Juan, including the
first Goodridge bridge at Mexican Hat, which stood 39 ft (12 m) above the river channel. [27]
estimated this event at approximately 150,000 cfs (4250 m3/s), though without documentary
support [21].

Navajo Dam, completed in 1963, substantially altered the downstream flood regime.
Since regulation commenced, peak discharges at Farmington have rarely exceeded
10,000 cfs (283 m3/s) under normal conditions, though higher releases remain possible dur-
ing flood operations [24]. The largest post-regulation flood recorded at the Bluff gauging
station was 38,500 cfs (1090 m3/s), generated by Tropical Storm Norma on 6 September
1970—a flood whose runoff originated predominantly downstream of Navajo Reservoir
and thus bypassed dam regulation entirely [21,28]. This event illustrates both the flood
attenuation capability of the dam for upstream-generated events and its limitations in
controlling tributary inflows from unregulated catchments below the dam.

3.3. Agriculture and Irrigation Projects

The agricultural landscape of the San Juan River Basin downstream of Navajo Dam
reflects a complex intersection of federal infrastructure, tribal sovereignty, and arid-land
hydrology. The river functions as the primary water source for a diverse set of agricultural
stakeholders, from large-scale commercial operations to traditional small-holder irrigators
on tribal lands.

The dominant consumptive water user in the basin is the Navajo Indian Irrigation
Project (NIIP), authorized under the Colorado River Storage Project Act as amended
in June 1962. The project is designed to deliver 508,000 acre-feet of water annually to
irrigate 110,630 acres of Navajo Nation benchland in northwestern New Mexico, with
day-to-day operations managed by the Navajo Agricultural Products Industry (NAPI),
a tribally owned enterprise established in 1970 [23]. As of the most recent assessments,
approximately 72,000 acres across eight of eleven planned development blocks have been
brought into active production, with construction of the remaining blocks subject to ongoing
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federal appropriation [29]. Cropping is concentrated in high-yield commodities including
alfalfa, corn, and small grains. Further downstream, the Hogback and Fruitland projects
support traditional Navajo Nation farming communities through gravity-fed ditch systems
administered by the Bureau of Indian Affairs (BIA). Additional federal infrastructure
includes the Hammond Irrigation Project near Bloomfield, which provides supplemental
water supply for non-tribal agricultural users in the middle reach of the basin.

A further significant feature of basin-scale water management is the San Juan–Chama
Project, which diverts water from three headwater tributaries of the San Juan River in
southern Colorado—the Rio Blanco, Little Navajo River, and Navajo River—through tun-
nels beneath the Continental Divide into the Rio Grande Basin. The project’s annual firm
yield is 96,200 acre-feet, contracted primarily to municipal users including the cities of Al-
buquerque and Santa Fe, with average annual diversions of approximately 89,800 acre-feet
over the 1991–2020 period [23]. This transmountain diversion represents a material reduc-
tion in basin-available supply and is a structurally important constraint on water allocation
within the San Juan River system. Over the longer term, the basin faces chronic drought
stress associated with reduced snowpack and declining inflows across the Colorado River
system, conditions that compound existing pressure on water allocation frameworks and
the reliability of irrigation supply for both tribal and non-tribal agricultural users [30].

4. Materials and Methods
4.1. Data Acquisition

The analysis integrates multiple datasets to construct a consistent long-run panel
of agricultural production, land use, prices, and costs for San Juan County, New Mexico.
Primary agricultural data were obtained from USDA-NASS QuickStats and CroplandCROS,
complemented by Farm Service Agency (FSA) records where necessary to address missing
observations and improve temporal continuity. When overlapping sources existed for
a given variable and year, preference was given to the larger reported observation to reduce
underestimation bias, particularly in pastureland accounting where discrepancies between
FSA and NASS CroplandCROS were non-trivial.

Crop price series were derived primarily from USDA-ERS normalized price formula-
tions, combining state-level and national farmgate prices where available. In cases where
state-level series were unavailable or incomplete, national-level prices were used as proxies.
For New Mexico-specific price series, state-to-national price ratios were applied where
historically consistent relationships were observed. For perennial forage systems and
pasture, valuation relied on NASS QuickStats and extension-based estimates rather than
market prices due to limited observability of direct price signals.

Cost of production (COP) data were constructed using USDA-ERS operating cost
and labor series for major row crops (corn, sorghum, wheat), supplemented by enterprise
budget data from state extension services. New Mexico State University extension budgets
were used for alfalfa, other hay, and pasture systems, while University of Idaho budgets
were used as proxies for dry beans and potatoes, consistent with Risk Management Agency
(RMA) prevent-plant cost factor classifications.

Hydro-meteorological inputs include river flow and precipitation data used to con-
struct stochastic dependence structures. Daily flow observations were aggregated into quar-
terly maxima, while precipitation was aggregated into quarterly averages from monthly
data. These variables formed the basis for correlation matrices and Cholesky decompo-
sitions distinguishing pre- and post-dam hydrological regimes. Pre-dam hydrology was
represented using October 1934–June 1962 flow records, while post-dam conditions used
July 1962–September 2025. Precipitation was held constant across counterfactual scenarios
to isolate the marginal effect of river regulation.
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Table 1 presents summary statistics of the aforementioned data, organized by the eight
main crops for which flood-related losses and damages have been estimated in this study.

Table 1. Summary statistics and description of the variables.

Crop Variable Mean Min Max St. Dev. Data Range

Corn Planted acres 19,111 6000 27,733 5439 2000–2024 excl. 2003–08
Harvested share (%) 79.95 20.00 100.00 21.36 1978–2002
Yield 156.03 73.00 213.90 32.55 1978–2002 excl. 2003–16
Price ($) 3.41 1.31 7.30 1.42 1969–2024
Total variable costs ($) 379.57 321.15 458.24 59.43 2019–2024

Dry beans Planted acres 10,540 4695 16,674 3975 2008–2024
Yield 2052 1649 2426 304.1 2017–2024
Price ($) 23.96 7.60 42.10 8.51 1969–2024
Total variable costs ($) 509.83 498.52 521.14 15.99 2017, 2019

Wheat Planted acres 7768 200 17,600 4059 1979–2024 excl. 2007–08
Harvested share (%) 81.86 38.09 100.00 17.49 1979–2009 excl. 2007–08
Yield 85.97 32 120 22.72 1979–2024 excl. 2007–16
Price ($) 3.94 1.29 8.30 1.65 1969–2024
Total variable costs ($) 194.45 321.15 458.24 59.43 2019–2024

Sorghum Planted acres 1501 35.80 3777 1239 2018–2024
Yield 37.89 30.00 45.00 4.57 1969–1977
Price ($) 4.91 1.93 13.30 2.06 1969–2018
Total variable costs ($) 169.99 321.15 458.24 59.43 2019–2024

Potato Planted acres 4850 1300 7319 1545 1983–2024
Harvested share (%) 99.15 95.16 100.00 1.71 1983–2000
Yield 4648 1300 6900 1956 1983–2000
Price ($) 5.28 2.38 8.30 1.62 1969–2009
Total variable costs ($) 1671 1626 1716 63.33 2017, 2019

Alfalfa Harvested acres 26,069 18,000 37,000 4134 1979–2024 excl. 1981, 2008
Yield 4.95 3.60 6.10 0.57 1979–2018 excl. 1981, 2008
Price ($) 173.81 100.00 298.00 60.81 1989–2024
Total variable costs ($) 1671 1626 1716 63.33 2016–19, 2023–24

Other hay Harvested acres 1973 600 8200 1688 1978–2022 excl. 2008–15,
2018

Yield 2.57 0.79 7.61 1.47 1978–2022 excl. 2011–2020
Price ($) 136.9 76.50 241.0 45.34 1989–2024
Total variable costs ($) 455.9 337.1 647.3 144.6 2016–19, 2023–24

Pasture Total acres 633,268 240,810 1,481,214 303,666 2008–2024

Hydrology Streamflow pre-dam * 7032 617 33,300 7078 1934–1962
Streamflow post-dam * 2883 333 13,700 2568 1962–2024
Precipitation ** 17.17 0.00 104.1 16.05 1978–2024

Notes: * Streamflow statistics based on the maximum monthly discharge in cfs using USACE and USGS data;
** Precipitation statistics based on average monthly precipitation totals from NOAA station data for Farmington,
New Mexico.

4.2. Hydrology

Historical observations of flood hazards and associated damages are critical for de-
veloping robust analytical frameworks and for validating model outputs, as emphasized
in prior studies [31]. Accordingly, daily river discharge data were obtained from the U.S.
Geological Survey (USGS) National Water Information System for a long-term streamgage
representing the upstream hydrologic boundary of the study area. The dataset spans
more than nine decades (1934–2025), providing a sufficiently long record for reliable flood
frequency analysis and probabilistic characterization of extreme flow events.
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Figure 2 presents the empirical distribution of daily discharge at the Shiprock stream-
gage, disaggregated into pre-dam (unregulated) and post-dam (regulated) periods. The
comparison reveals a clear structural shift in the flow regime associated with river regu-
lation. Under pre-dam conditions, the distribution is strongly right-skewed, with a high
frequency of low-to-moderate flows and a pronounced upper tail extending to very large
discharge values. This long tail reflects the natural variability of the system, where episodic
snowmelt and storm-driven runoff generate infrequent but extreme flood events. The
variability is high, and the dispersion of flows indicates limited natural attenuation of
peak discharges. In contrast, the post-dam distribution is noticeably more compressed and
exhibits reduced skewness. The frequency of extreme high-flow events is substantially
diminished, as evidenced by the truncation of the upper tail. Peak discharges above key
flood thresholds occur far less frequently, indicating effective attenuation of flood waves by
upstream storage. At the same time, the distribution shows a relative increase in mid-range
flows and a reduction in very low flows, suggesting flow stabilization.
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Figure 2. San Juan River daily discharge at Shiprock, NM (USGS streamgage 093680000).

To support scenario analysis and account for hydrologic uncertainty, a stochastic
simulation model was developed to generate synthetic sequences of river flows and pre-
cipitation. The simulation was designed to reproduce the key statistical properties of the
historical record, including mean conditions, variability, seasonality, and the correlation
between streamflow and precipitation, while preserving the probability of extreme flood
events. The simulation was conducted separately for pre-dam and post-dam hydrologic
regimes. Estimating separate distributions for these two periods is necessary because
reservoir regulation substantially reduced both the magnitude and frequency of peak flows
in the San Juan River Basin.

Precipitation inputs in stochastic flood-risk frameworks such as this one are conven-
tionally derived from historical station records, which constrains the representation of
short-term rainfall variability and limits the ability to incorporate forward-looking forecast
information. Recent advances in Global Navigation Satellite System (GNSS)-derived pre-
cipitable water vapor (PWV) offer a promising complementary data source for improving
rainfall forecasting accuracy, since PWV is closely related to atmospheric moisture content
and can be observed at high temporal resolution. The study demonstrates a machine-
learning fusion strategy that improves rainfall-amount forecasting accuracy by combining
GNSS-PWV observations with rainfall-event constraints [32], while ref. [33] develops an im-
proved GNSS-observation-based rainfall forecasting model that incorporates monthly and
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seasonal PWV variation as predictors. Because rainfall uncertainty is a key driver of
flood-simulation accuracy in stochastic EAD frameworks, integrating GNSS-PWV-based
forecasting products represents a valuable direction for refining the precipitation inputs
used in future extensions of the present modeling framework, particularly for improv-
ing the representation of short-duration, high-intensity storm events that are imperfectly
captured by monthly aggregated station data.

Annual maximum flows for each period were fitted using a two-parameter lognormal
(LN2) distribution. Among candidate distributions compared using RMSE, correlation,
bias, and Nash–Sutcliffe efficiency, the (LN2) distribution achieved a good overall fit in
both the pre-dam (NSE = 0.955, r = 0.980) and post-dam (NSE = 0.873, r = 0.952) periods
and closely reproduced the flood-frequency relationships reported by the U.S. Army Corps
of Engineers. Several higher-parameter distributions, notably the four-parameter Kappa
distribution, achieved marginally higher fit statistics; LN2 was still retained for the primary
analysis on grounds of parsimony, comparability with established USACE benchmarks,
and numerical tractability within the Monte Carlo correlation-preservation procedure as
discussed in Appendix A. The lognormal distribution is commonly used in hydrologic
applications because streamflow data are non-negative and typically right-skewed, and
its parsimonious two-parameter form reduces estimation uncertainty relative to more flex-
ible alternatives [34,35]. The fitted distributions indicate a substantial reduction in flood
magnitudes following dam construction. For example, the estimated 100-year flood (1% An-
nual Exceedance Probability, AEP) declined from 51,846 cfs under pre-dam conditions to
21,099 cfs under post-dam conditions (Table 2).

Table 2. Transform method fitted historical distribution using LN2 distribution.

AEP (%) Return Period Pre-Dam Discharge (cfs) Post-Dam Discharge (cfs)

0.2 1 in 500 years 75,083 27,722
1 1 in 100 years 51,846 21,099
2 1 in 50 years 43,178 18,437
4 1 in 25 years 35,232 15,870

10 1 in 10 years 25,716 12,582
20 1 in 5 years 19,142 10,121
50 1 in 2 years 10,882 6674

To preserve the historical relationship between streamflow and precipitation, corre-
lated monthly values were generated using a Cholesky decomposition of the observed
covariance matrix. These monthly values were then aggregated into quarterly indicators
used in the econometric damage models. A total of 1000 Monte Carlo simulations of
51 years each were generated for both the pre-dam and post-dam periods, yielding ap-
proximately 51,000 synthetic years for each regime. This sample size provides sufficient
precision to estimate expected damages and evaluate flood risk under alternative scenarios.

4.3. Valuation of Flood Protection

Flood-related economic losses are estimated through a stochastic Expected Annual
Damage (EAD) framework that links hydrological variability to agricultural production
responses and associated economic outcomes [2,3]. The valuation approach compares EAD
under counterfactual hydrological regimes with and without dam regulation, isolating the
flood protection benefits attributable to flow regulation.

4.3.1. Crop Acreage and Production Response Under Flood Risk

For annual row crops, historical planted acreage series were estimated using ordinary
least squares (OLS) regressions linking acreage decisions to hydrological and climatic
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variables. Observed relationships between acreage and hydrological stressors were used to
infer flood-responsive adjustments in planting behavior. These econometric estimates were
used to project crop-specific planted acreage for a 51-year simulation horizon. A baseline
“normal” acreage level was constructed using a truncated historical mean of the most recent
available observations, excluding extreme low values to mitigate flood-driven downward
bias. The difference between projected planted acreage and this baseline is interpreted as
flood-induced unplanted area. This formulation provides a reduced-form representation of
flood impacts on cropping intensity at the county scale.

For perennial forage systems (alfalfa and other hay), planted acreage is not an ap-
propriate production metric due to multi-year establishment cycles and weak statistical
relationships between planting decisions and hydrological variables. Instead, harvested
acreage is used as the operative variable, and deviations from baseline harvested area are
interpreted as flood-induced production losses.

Pastureland, which is not consistently reported in planted or harvested terms, is con-
structed using a combined FSA and NASS CroplandCROS dataset. Annual pasture area is
defined as the maximum observed value across sources, ensuring conservative land-use
representation. Flood impacts on pasture are monetized using net returns derived from
New Mexico State University enterprise budgets, following a normalized revenue-cost
framework consistent with ERS-style accounting. This disaggregated treatment of acreage
and yield response follows the three-component agricultural flood-damage structure devel-
oped earlier [7].

4.3.2. Baseline Construction and Flood Deviation Measurement

Baseline production systems—including planted area (row crops), harvested share
(row crops), harvested acreage (perennials), yields, and pasture area—are constructed
using a five-year truncated mean based on the most recent available reporting window
for each variable and crop. This smoothing approach reduces short-run volatility while
preserving structural land-use patterns. Flood impacts are identified as deviations from this
baseline under simulated hydrological conditions. These deviations are applied consistently
across land-use categories to generate counterfactual production losses attributable to
flood events.

4.3.3. Price and Cost Valuation

Economic valuation is conducted using normalized price series derived from USDA-
ERS methodologies, supplemented by USDA-NASS observed prices where available. Crop-
specific prices are constructed at the national level and adjusted to New Mexico using
historical price ratios where state-level data permit. For sorghum, national prices are
directly applied due to strong alignment between state and national series in recent years.
Potatoes prices incorporate historical New Mexico-to-U.S. price differentials where data
coverage allows.

Cost of production is estimated using a combination of ERS operating cost and labor
series and extension enterprise budgets. Unplanted cost adjustments follow RMA loss
factor structures for prevent plant acres, applied to operating and labor cost components
when planted acreage falls below baseline. Harvest cost savings associated with reduced
harvested acreage are computed using cost share parameters derived from university
extension budgets for row crops. For alfalfa, other hay, dry beans, and potatoes, historical
averages of harvest cost shares are applied due to data heterogeneity. Pasture costs reflect
maintenance expenditures rather than conventional production costs and are valued using
extension-based grazing return estimates from New Mexico State University. These are
treated as net economic returns per acre rather than yield-based production values.
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4.3.4. Hydrological Stochastic Structure and Scenario Design

Hydrological dependence structures are estimated using correlation matrices and
Cholesky decompositions constructed separately for pre- and post-dam regimes. Quarterly
flow extremes (maximum daily flows) and aggregated precipitation measures are used
to represent joint hydroclimatic variability. This structure is used to generate stochastic
realizations of flood events under alternative hydrological regimes. To isolate riverine
flood effects, precipitation is held constant across dam and no-dam scenarios, ensuring
that differences in outcomes are driven exclusively by changes in river flow dynamics
rather than local rainfall variability. This design choice is well suited to identifying the
marginal effect of reservoir regulation, which is the primary object of this study, but it
necessarily abstracts from compound flood dynamics—the joint or sequential occurrence of
intense local precipitation and elevated river discharge—that can amplify flood damages
beyond what either driver would produce independently. This simplification is particularly
relevant for the San Juan River Basin’s historically largest recorded floods, which were
monsoon-driven (August–October) rather than snowmelt-driven, and for the 1970 Tropical
Storm Norma event, whose runoff originated predominantly below Navajo Dam and
therefore bypassed dam regulation entirely [21,28]. Because the present framework holds
precipitation constant, it does not capture scenarios in which intense monsoonal rainfall
coincides with, or compounds, elevated regulated releases, and the resulting EAD estimates
should be interpreted as reflecting riverine flood risk under average precipitation conditions
rather than compound flood risk under joint extremes.

4.3.5. Expected Annual Damage and Flood Protection Valuation

Expected annual damage is computed as the probabilistic expectation of monetized
agricultural losses across stochastic hydrological realizations. Flood protection benefits
are defined as the reduction in EAD under the regulated (dam) scenario relative to the
unregulated (no-dam counterfactual) scenario. This difference captures the marginal
economic value of flood risk mitigation attributable to hydrological regulation. Formally,
flood protection value is expressed as the stochastic reduction in expected damages arising
from changes in flow distributions, land-use responses, and production losses across crops
and pasture systems.

To provide a physical-normalized interpretation of flood protection efficiency, we also
compute the marginal flood protection value per unit of effective flood storage, defined as:

Flood protection value =
EADpre−dam − EADpost−dam

Reservoir e f f ective f lood storage (acre − f eet)

4.4. Irrigation Water Value

While this study develops a detailed stochastic framework to quantify flood protection
benefits, irrigation water values are not independently re-estimated within the present anal-
ysis. Instead, marginal irrigation water values are drawn from an existing peer-reviewed
agricultural economics study conducted in a directly comparable institutional and climatic
setting. Specifically, we draw upon [36], which applies a calibrated Positive Mathematical
Programming (PMP) model to estimate the shadow price of irrigation water under alterna-
tive water availability scenarios and shortage-sharing institutions across six counties of the
Rio Grande Basin, New Mexico.

The PMP approach used by [36] calibrates a nonlinear optimization model to repli-
cate observed land use and water allocation by crop and county, deriving endogenous
shadow prices—that is, the marginal contribution of an additional acre-foot of water to
farm income—without imposing arbitrary parameter assumptions. This is widely regarded
as a theoretically consistent and empirically grounded method for estimating irrigation
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water value under realistic behavioral and institutional constraints [16,37]. Under a drought
scenario representing 75% of full water supply—a plausible stress condition in semi-arid
systems—[36] reports an equalized shadow price of $68.67 per acre-foot under unrestricted
water trading, with values ranging from $1.73 to $482.91 per acre-foot across crops and
locations under proportional shortage sharing without trading, reflecting substantial het-
erogeneity in the marginal productivity of water across crop types.

Several features of the study [36] support its use as a reference for irrigation water
values in the present analysis. First, the study is set entirely within New Mexico, operating
under the same prior appropriations water law framework and arid climatic conditions
that characterize the San Juan River Basin. Second, the crop mix examined—alfalfa, corn,
wheat, peppers, cotton, and pecans—overlaps substantially with the irrigated agriculture
downstream of Navajo Dam, including the dominant alfalfa and corn production on the
Navajo Indian Irrigation Project (NIIP). Third, the PMP shadow prices are derived under
water scarcity conditions analogous to those faced in the San Juan Basin, where abstraction
constraints and drought exposure create binding limitations on irrigation supply. It should
be noted that the study [36] focuses on the Middle Rio Grande Basin rather than the San
Juan River Basin specifically, and direct estimation of irrigation water values for the NIIP
service area would constitute a valuable refinement. Nevertheless, given the absence of
a publicly available calibrated optimization model for the San Juan Basin, the Rio Grande
Basin shadow prices represent the most methodologically rigorous and geographically
proximate reference currently available in the peer-reviewed literature and are adopted here
as representative estimates of irrigation benefits for comparison with the flood protection
benefits derived from stochastic EAD reduction.

5. Results
The stochastic simulation framework yields an estimated reduction in expected annual

agricultural damages of $366,377 representing the mean annual benefit of flood regulation
attributable to reservoir operations. Additional technical details on the simulation structure
and distributional fitting appear in Appendix A. This value reflects avoided losses from
reductions in harvested area and yield impacts across cropping systems under regulated
flow conditions. To facilitate comparison with alternative water uses, the estimated re-
duction in expected annual damage is normalized by reservoir storage capacity relevant
to flood control. For Navajo Dam, flood control storage is 273,000 acre-feet [38]. Unlike
total or active storage, this measure reflects the portion of reservoir capacity specifically
allocated to flood attenuation and is therefore most appropriate for valuing flood protection
benefits. Based on this assumption, the marginal value of flood protection is estimated as
$1.34/acre-foot. This estimate represents the economic value of flood damage reduction
per unit of stored water and provides a consistent basis for comparison with irrigation
water values expressed in similar units.

Table 3 summarizes the estimated annual agricultural flood losses avoided by Navajo
Dam, disaggregated by crop. Perennial forage and row crops account for the large majority
of avoided damages: alfalfa and corn together represent 78.1% of the total avoided loss
($149,779 and $136,264 per year, respectively), consistent with their dominant share of
irrigated acreage in San Juan County and their comparatively high value per acre relative
to lower-acreage crops such as sorghum and dry beans. Losses avoided for potatoes,
dry beans, other hay, wheat, sorghum, and pasture are comparatively minor, together
accounting for the remaining 21.9% of total avoided damages. This distribution reflects
both the relative economic value of each crop and its exposure to flood-driven acreage and
yield losses under the unregulated counterfactual.
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Table 3. Estimated agricultural flood losses avoided by Navajo Dam by crop.

Crop Annual Average Avoided Losses ($/Year) Share of Total Avoided Losses (%)

Alfalfa 149,779 40.9
Corn 136,264 37.2
Potatoes 31,403 8.6
Dry beans 24,634 6.7
Other hay 12,070 3.3
Wheat 9017 2.5
Sorghum 2984 0.8
Pasture 227 0.1

Total 366,377 100

The underlying econometric relationships linking hydrological conditions to acreage
and yield outcomes (Appendix A, Tables A1–A3) indicate that prior-period river flow
and precipitation variables are statistically significant determinants of planted acreage
for several crops—notably corn and wheat, where lagged flow terms enter with negative
and statistically significant coefficients, consistent with the expectation that elevated flood-
season flows reduce subsequent planted acreage.

Results from [36] indicate that the marginal economic value of irrigation water varies
substantially depending on water availability and the institutional arrangements governing
its allocation. Under a representative drought scenario—defined as 75% of full water
supply—and assuming unrestricted reallocation across crops and locations, the shadow
price of irrigation water converges to approximately $68.67 per acre-foot across all crops
and counties. This equilibrium value reflects the marginal productivity of water when
it is allocated to its highest-valued uses across the system under conditions of scarcity
and represents the theoretically efficient benchmark against which alternative water uses
can be assessed. Under more institutionally constrained allocation regimes—specifically,
proportional shortage sharing without any water trading—shadow prices exhibit substan-
tial heterogeneity, ranging from $1.73 per acre-foot for low-value crops such as wheat to
$482.91 per acre-foot for high-value specialty crops such as onions. This wide range reflects
the economic inefficiency introduced by rigid allocation rules, under which water cannot
freely move toward its most productive uses. These extremes are therefore not adopted
as comparison benchmarks, as they reflect crop-specific and institutionally constrained
outcomes rather than a system-wide measure of irrigation water value.

For the purposes of this study, the equilibrium shadow price of $68.67 per acre-foot
is adopted as a representative estimate of irrigation water value against which the flood
protection benefits derived from stochastic EAD reduction are compared. Two important
qualifications attend this comparison. First, as noted in the methodology, the study mod-
els the Middle Rio Grande Basin rather than the San Juan River Basin specifically [36],
and direct estimation of irrigation shadow prices for the NIIP service area would consti-
tute a refinement beyond the scope of the present study. Second, the shadow price of
$68.67 per acre-foot represents the marginal value of water consumed in irrigation, whereas
the flood protection value estimated in this study is expressed per acre-foot of reservoir
storage capacity. These are conceptually distinct units—one reflects the productivity of
a flow of water applied to crops, the other the economic benefit attributable to a unit of
physical storage that modifies downstream flood risk. The comparison is therefore indica-
tive of relative magnitudes rather than a precise unit-for-unit equivalence and should be
interpreted accordingly.
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6. Discussion
6.1. Significance and Implications of Secondary Reservoir Function Valuation

The contrast between the estimated flood protection value of $1.34 per acre-foot of
storage and the irrigation shadow value of $68.67 per acre-foot is economically informative
and consistent with the operational priorities of Navajo Dam, where irrigation supply
is the primary authorized purpose and flood control a secondary function. In arid and
water-scarce basins, irrigation water generates continuous and directly observable market
returns, reflecting the high marginal productivity of water in agricultural production. By
contrast, flood protection is a risk-reducing service whose value is realized through avoided
damages and only materializes when flows exceed damage thresholds. As a result, its
annualized marginal value is expected to be lower under average hydrologic conditions.

The finding that flood protection value is an order of magnitude smaller than irri-
gation shadow value here is consistent with, and helps explain, prior observations that
flood control benefits in multipurpose reservoirs are frequently undercounted relative to
consumptive-use benefits [1]. It also parallels [4], who found that irrigation reservoirs
in Japan can generate measurable flood damage reduction even where flood control is
not a primary design objective, though their study quantified physical damage reduction
rather than a fully monetized, storage-normalized value; the present study extends this
line of work by expressing the benefit in the same $/acre-foot unit used for irrigation
valuation, enabling direct comparison. The result contrasts with [6], who documented
substantial flood wave attenuation (45–80%) in multipurpose European reservoirs where
flood control operating rules were more explicitly engineered; the comparatively modest
marginal value estimated here likely reflects the fact that Navajo Dam’s flood-control allo-
cation (273,000 acre-feet) is a relatively small share of total storage and that its operating
rules are not primarily optimized for flood attenuation. Similarly, [5] found flood risk
reduction to be an economically substantial component of integrated water management
in the Netherlands, but in a system where flood control—rather than irrigation—was the
dominant reservoir function. More broadly, recent U.S. evidence on the marginal value
of natural flood-regulating storage—for example, [39,40], who estimate that wetland loss
since 1985 has increased U.S. flood insurance claims by $10.1 billion—reinforces that risk-
reduction services of this kind are systematically undervalued in conventional appraisal,
even though their marginal value varies widely with system-specific storage allocation and
operating priorities.

This difference should not be interpreted as evidence that flood protection is of limited
importance. Rather, the estimated flood protection value represents a conservative lower-
bound measure for two reasons. First, it includes only direct agricultural damages within
the study area and excludes other potentially significant losses, including damages to
infrastructure, residential and commercial property, transportation networks, and broader
regional economic activity. Second, flood protection benefits are episodic, probabilistic,
and highly state-dependent, increasing disproportionately during low-probability, high-
consequence flood events.

Because flood protection and irrigation represent fundamentally different benefit
streams—one based on avoided losses and the other on ongoing production returns—their
marginal values are not fully comparable. The comparison is therefore best interpreted
as an indication of the relative order of magnitude of these two reservoir services rather
than as a sufficient basis for storage reallocation decisions. A comprehensive assessment of
multipurpose reservoir operations would require incorporating the full range of avoided
damages, risk reduction benefits, and non-market values associated with flood control,
many of which remain difficult to quantify [1,16].
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The results have important implications for reservoir valuation and infrastructure
planning. Although expressing both irrigation and flood protection benefits in dollars per
acre-foot provides a useful common metric, decisions regarding multipurpose reservoirs
should not rely solely on average marginal values. In regulated systems such as Navajo
Dam, storage allocations must balance consumptive water use with risk-reduction functions
whose economic value becomes most apparent during rare but high-consequence flood
events. This suggests that the economic justification for flood control depends not only
on average annual avoided damages but also on its contribution to reducing exposure to
extreme events and enhancing regional resilience.

6.2. Limitations and Assumptions

Several limitations should be considered when interpreting the results. First, the
estimation of flood protection benefits is restricted to agricultural damages and does not
include impacts on infrastructure, residential property, transportation systems, or indirect
economic effects. As a result, the reported values likely underestimate the total economic
benefits of flood control.

Second, irrigation water values are adopted from existing study rather than estimated
within the same modeling framework. Although these values are theoretically consistent
and widely used, differences in model structure, spatial scale, and institutional assumptions
may affect direct comparability.

Third, the stochastic framework assumes stationary hydrological relationships within
each regime (pre-dam and post-dam) and holds precipitation constant across scenarios to
isolate the marginal effect of river regulation. This assumption is a simplification given well-
documented, ongoing climate variability and aridification trends across the Colorado River
Basin, including declining snowpack, earlier snowmelt timing, and multi-decadal drought
conditions that have altered both the mean and variance of streamflow over the post-dam
period [30]. A stationary-regime assumption of this kind is standard in flood-frequency
practice and is appropriate for isolating the marginal contribution of dam regulation
itself—the object of interest in this study—but it does not capture potential shifts in flood
risk driven by climate change within the post-dam period, nor compound effects arising
from the interaction of a changing climate with reservoir operations. Recent complementary
work demonstrates that, in agricultural systems, the timing of a flood relative to crop
phenological stage can be a stronger determinant of economic loss than flood magnitude
alone [8]. While the present EAD framework aggregates damages across crop-years without
an explicit sub-annual phenological dimension, incorporating an FHI/FSI-type structure
represents a promising extension for refining the seasonal timing of avoided damages
attributable to Navajo Dam’s flood-control operations—particularly relevant given the
monsoon-driven timing of the basin’s largest historical floods discussed above.

7. Conclusions, Policy Implications and Future Research
This study addresses an important gap in the economic evaluation of reservoir systems

by providing a stochastic valuation of flood protection benefits in an irrigation-dominated
setting. By comparing regulated and unregulated flow conditions in the San Juan River
Basin, the analysis estimates expected annual avoided agricultural damages attributable
to reservoir operations. These avoided damages are subsequently normalized by storage
capacity to derive a unit value of flood protection expressed in dollars per acre-foot. In
contrast to approaches that treat irrigation and flood control as competing objectives,
this study conceptualizes them as joint and complementary services generated by the
same storage infrastructure. Empirically, the results demonstrate that while irrigation
benefits dominate in marginal value terms in semi-arid systems, flood protection provides
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measurable—albeit smaller—economic benefits through risk reduction. More broadly, the
study contributes to the literature by integrating stochastic flood risk valuation with water
resource economics, highlighting the importance of incorporating secondary and risk-based
benefits into infrastructure appraisal.

The contribution of this study is threefold. First, it quantifies flood protection as
a co-benefit of reservoir storage in a system primarily designed for irrigation and water
supply. Second, it applies a stochastic valuation framework based on expected annual
damage, thereby capturing the full distribution of flood risk rather than relying on dis-
crete return periods. Third, it expresses flood risk reduction in a unit economic metric
enabling direct comparison with other water uses and facilitating integrated evaluation of
reservoir functions.

The findings have several implications for water resource policy and infrastructure
planning. First, in water-scarce basins, decision-making frameworks that prioritize con-
sumptive uses based solely on marginal productivity may undervalue risk-reduction
services such as flood protection. While these services may exhibit lower average annual
values, they play a critical role in reducing exposure to extreme events and ensuring system
resilience. Second, expressing multiple reservoir benefits in comparable units provides
a transparent basis for evaluating trade-offs in reservoir operation, particularly under
competing demands for water allocation. Third, the results underscore the importance of
adopting multi-objective planning approaches that explicitly recognize both production-
oriented and risk-mitigating functions of storage infrastructure, especially in regulated
systems such as those influenced by the Navajo Dam.

Several avenues for future research emerge from this analysis. Expanding the valuation
framework to include additional damage categories—such as infrastructure, residential
property, and indirect economic impacts—would provide a more comprehensive estimate
of flood protection benefits. Incorporating dynamic reservoir operation rules and seasonal
storage constraints could further refine the linkage between storage and flood mitigation
capacity. In addition, integrating irrigation and flood protection valuation within a unified
hydro-economic optimization model would improve internal consistency and allow for
endogenous representation of trade-offs across reservoir functions. Finally, extending the
stochastic framework to account for non-stationary climate conditions and compound
flood drivers would enhance its relevance for long-term infrastructure planning under
climate uncertainty.
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Appendix A. OLS Regression Results
The econometric models reported in Tables A1–A3 are intended as reduced-form

approximations of the relationship between hydrological conditions and agricultural pro-
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duction outcomes at the county scale, rather than as structural behavioral models of
farm-level decision-making. Several specifications yield modest R2 values—which reflects
the considerable influence of factors beyond hydrological variability on cropping patterns
in a semi-arid irrigated system. Management decisions, input availability, market condi-
tions, crop rotation practices, and tribal agricultural policy all shape observed land use in
ways that are not fully captured by streamflow and precipitation regressors alone. This is
a recognized challenge in county-level agricultural damage modeling, where data sparsity,
aggregation across heterogeneous farms, and the confounding of climatic and institutional
drivers routinely constrain the explanatory power of econometric damage functions [2,41].
The low sample sizes for sorghum and dry beans yield, driven by limited historical report-
ing, further limit the precision of those individual estimates. Importantly, low R2 does
not indicate model misspecification or bias in the estimated direction of the hydrological
effect; it indicates that flood-related hydrological variables explain only a portion of total
production variance, which is precisely what one would expect in a system where irrigation
infrastructure moderates the relationship between river conditions and farm outcomes.
The estimated coefficients are therefore used conservatively: they generate projections of
flood-induced deviations from baseline production that are, if anything, likely to understate
the true hydrological sensitivity of agricultural output, since attenuation of the statistical
signal by non-hydrological noise biases the damage estimates toward zero. Taken together,
the models represent a transparent, data-constrained effort to ground the stochastic dam-
age framework in empirically observed production relationships, and the resulting EAD
estimates should be interpreted as lower-bound approximations consistent with this scope.

In all equations, B0 represents the intercept term, B1 through Bn denote the esti-
mated parameters, and e is the error term. The river flow variables R1 through R4 capture
maximum river flows for each calendar quarter (R1 = January–March, R2 = April–June,
R3 = July–September, R4 = October–December), while P1 through P4 represent average pre-
cipitation for the same periods (P1 = January–March, P2 = April–June, P3 = July–September,
P4 = October–December). Drought indicators control varying degrees of drought severity,
and a linear time trend accounts for technological progress and other temporal effects
(D1 = mild, D2 = bad, D3 = worse). These drought indicator variables were created us-
ing an ad hoc approach by considering the combination of the annual Palmer Drought
Severity Index and residual differences when using a simple linear time trend historically.
Trend = Time trend.

Table A1. Estimates of planted area determinants (standards errors are in parenthesis).

Corn pricet−1 Wheat pricet−1 R2 P2

Corn planted area 4686.8 **
(1772.5)

−2118.9
(1382.1)

−0.853 *
(0.434)

135.9
(135.91)

Observations 19
R-Squared 0.5269

Dry beans pricet−1 R2 P2

Dry beans planted area 90.66
(188.65)

−0.135
(0.374)

191.21
(123.87)

Observations 17
R-Squared 0.1562

R3t−1 R4t−1 P3t−1 P4t−1

Wheat planted area −0.155 **
(0.337)

−0.865
(0.524)

93.708
(66.01)

1.604 **
(82.72)

Observations 44
R-Squared 0.1025
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Table A1. Cont.

Corn pricet−1 Wheat pricet−1 R2 P2

R2 P2

Sorghum planted area −0.065
(0.2265)

40.387
(107.34)

Observations 5
R-Squared 0.1014

Potato pricet−1 R1 R2 P1 P2

Potato planted area 177.51
(137.97)

−0.108
(0.300)

−0.020
(0.158)

−3.831
(41.608)

19.124
(39.074)

Observations 34
R-Squared 0.1145

Note: * p < 0.1; ** p < 0.05.

Table A2. Estimates of crop yield determinants (standards errors are in parenthesis).

R1 R2 R3 P1 P2 P3 Trend

Corn yield −0.0007
(0.00113)

−0.0031 *
(0.0019)

0.8802 *
(0.4796)

0.2818
(0.3237)

1.709 ****
(0.2197)

Observations 33
R-Squared 0.7904

Dry beans yield −0.00016
(0.00015)

−0.15899
(0.07828)

0.02415
(0.05205)

Observations 12
R-Squared 0.5135

Wheat yield −0.00327
(0.00385)

0.001313
(0.001701)

−0.0003
(0.001957)

0.183282
(0.579476)

0.487964
(0.585078)

0.197816
(0.372082)

0.8314 *
(0.29887)

Observations 36
R-Squared 0.3589

Sorghum yield −0.06352
(0.226544)

40.3872
(107.3423)

Observations 5
R-Squared 0.1014

Potato yield −0.10017
(0.283603)

−0.2452
(0.434902)

70.6509
(80.0136)

3.58805
(78.31009)

Observations 18
R-Squared 0.1134

Alfalfa yield −0.0000021
(0.0000312)

−0.000115 *
(0.0000506)

0.001467
(0.012235)

0.017473
(0.009701)

Observations 37
R-Squared 0.1701

Other hay yield −0.00016
(0.000151)

−0.15899 *
(0.078285)

0.02415
(0.052025)

Observations 12
R-Squared 0.5153

Note: * p < 0.1; **** p < 0.001.

Table A3. Estimates of harvested share determinants (standards errors are in parenthesis).

R2 R3 R4 P2 P3 P4

Corn harvested
share

−0.000028
(0.000025)

−0.000004
(0.000033)

0.007499
(0.004831)

0.001112
(0.005423)

Observations 25
R-Squared 0.1151
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Table A3. Cont.

R2 R3 R4 P2 P3 P4

Wheat harvested
share

−0.00000025
(0.000001)

−0.00000005
(0.000017)

0.006078
(0.005105)

−0.006634 *
(0.003588)

Observations 29
R-Squared 0.1783

Potato harvested
share

−0.0000003
(0.0000003)

−0.000615
(0.000603)

Observations 18
R-Squared 0.1343

R2 R3 R4 P2 P3
Alfalfa harvested
area

−0.10885
(0.23009)

−0.13054
(0.347440)

52.07291
(90.23987)

−19.0078
(67.70446)

Observations 45
R-Squared 0.0202

Other hay
harvested area

−0.06483
(0.102805)

−0.16361
(0.156418)

25.28401
(45.85988)

−12.4108
(30.92792)

Observations 36
R-Squared 0.0836

Pasture area −2.530
(26.8816)

14006.32
(8568.801)

−8407.354
(6372.290)

Observations 16
R-Squared 0.2840

Note: * p < 0.1.
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13, 198. [CrossRef]

41. Monteleone, B.; Giusti, R.; Magnini, A.; Arosio, M.; Domeneghetti, A.; Borzì, I.; Petruccelli, N.; Castellarin, A.; Bonaccorso, B.;
Martina, M.L.V. Estimations of Crop Losses Due to Flood Using Multiple Sources of Information and Models: The Case Study of
the Panaro River. Water 2023, 15, 1980. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/w18141666

https://doi.org/10.3390/w13020198
https://doi.org/10.3390/w15111980
https://doi.org/10.3390/w18141666

	Introduction 
	Reservoirs as Multi-Functional Assets 
	Study Objectives 

	Conceptual Background and Literature Review 
	Theoretical Foundation and Literature Review 
	Research Gaps 

	Study Area 
	The Basin 
	Flow and Flood Dynamics 
	Agriculture and Irrigation Projects 

	Materials and Methods 
	Data Acquisition 
	Hydrology 
	Valuation of Flood Protection 
	Crop Acreage and Production Response Under Flood Risk 
	Baseline Construction and Flood Deviation Measurement 
	Price and Cost Valuation 
	Hydrological Stochastic Structure and Scenario Design 
	Expected Annual Damage and Flood Protection Valuation 

	Irrigation Water Value 

	Results 
	Discussion 
	Significance and Implications of Secondary Reservoir Function Valuation 
	Limitations and Assumptions 

	Conclusions, Policy Implications and Future Research 
	Appendix A
	References

