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Abstract: Frequent droughts, seasonal precipitation, and growing agricultural water demand in
the Yakima River Basin (YRB), located in Washington State, increase the challenges of optimizing
water provision for agricultural producers. Increasing water storage through managed aquifer
recharge (MAR) can potentially relief water stress from single and multi-year droughts. In this
study, we developed an aggregated water resources management tool using a System Dynamics
(SD) framework for the YRB and evaluated the MAR implementation strategy and the effectiveness
of MAR in alleviating drought impacts on irrigation reliability. The SD model allocates available
water resources to meet instream target flows, hydropower demands, and irrigation demand, based
on system operation rules, irrigation scheduling, water rights, and MAR adoption. Our findings
suggest that the adopted infiltration area for MAR is one of the main factors that determines the
amount of water withdrawn and infiltrated to the groundwater system. The implementation time
frame is also critical in accumulating MAR entitlements for single-year and multi-year droughts
mitigation. In addition, adoption behaviors drive a positive feedback that MAR effectiveness on
drought mitigation will encourage more MAR adoptions in the long run. MAR serves as a promising
option for water storage management and a long-term strategy for MAR implementation can improve
system resilience to unexpected droughts.

Keywords: droughts; food-energy-water nexus; irrigation reliability; management aquifer recharge;
system dynamics modeling; water resources management

1. Introduction

Satisfying water resource demands across food, energy, and water (FEW) systems is a
growing concern due to rapid socio-economic development and population growth [1–4].
On the other hand, water supply is vulnerable due to climate uncertainty and variability
at different temporal and spatial scales. The increasing frequency of extreme climatic
events [5,6], such as floods and droughts, and the shifting seasonality [7], bring unexpected
problems to sectors like agriculture whose production depends heavily on the quantity and
timing of water supply [8]. Seasonal shifts in the hydrologic cycle and reduced dry-season
water availability [9] generate extra challenges to water allocation in snow-dominated
regions like the Pacific Northwest (USA). Facing increased water scarcity, undesirable
trade-offs must often be made when inadequate water availability causes failure to satisfy
demand due to competing needs by domestic and industrial, irrigation, fire preparedness,
and natural systems [10–12]. Integrated water resources management is needed to allocate
water strategically in space and time to achieve synergies in the long term [13].

Demand and supply management in FEW systems coping with water scarcity re-
cently has considered increased storage capacity options [14,15], such as increased surface
reservoir capacity and managed aquifer recharge. Increasing storage capacities in supply
management of reservoirs, however, occasionally fails to satisfy all water demands during
drought due to limited storage space and conflicts among multiple objectives [16], such
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as environmental impacts [17] and cost–benefit ratios [18]. Managed aquifer recharge
(MAR) intentionally stores extra water in the subsurface, rather than releasing it down-
stream, and expands adaptive capacity, sustains groundwater levels [19], and can recover
streamflow [20–22].

Various techniques may be used to either recharge water (e.g., infiltration basin
and well injection) or intercept water (e.g., runoff harvesting), depending on location
conditions [23]. With regard to the cost and simplicity, there is increasing interest in
spreading water on agricultural land for infiltration with water delivered by existing canals
during winter or fallow periods [24]. Hydrogeological conditions, site-specific objectives,
and sociological norms are the main factors for MAR design and implementation [20].
Specifically for Washington state with legal procedures to regulate MAR [25], there is yet
to be operational MAR at the level of irrigation districts or cities. A framework is needed
that can evaluate MAR scenarios in anticipation of future climate variability. Identifying
MAR strategies based on interconnections, drivers, and metrics within the context of the
FEW nexus [26] can help minimize water management failures stemming from limited
understanding of system behavior [27–29].

A promising framework for the evaluation of MAR is system dynamics (SD) model-
ing [21,30–32] because of its ability to encompass interconnectivity of system components
and how systems change over time in response to perturbations in climate, human behavior,
and adaptations. SD modeling uses “stocks and flows” to represent non-linear dynamics
of complex systems and enhances our understandings of dynamic behaviors by capturing
feedback processes, time delays, and factors of dynamic complexity [33]. SD modeling
has been applied to a variety of disciplines including policy-making [34], resource man-
agement [31,35], economic systems [36], socio-ecological systems [37], and in business [38]
while incorporating socioeconomic and environmental impacts [39–43]. The transparent
structure and incorporation-oriented features of SD modeling [40] make it a great tool for
solving MAR related questions. Whether it is proposing solutions through optimizing
resources [44] or conducting scenario discovery in collaborations with stakeholders [35],
SD modeling has been proven to be a useful tool to assist with decision-making.

A few examples of SD modeling for evaluation of MAR have emerged in the literature.
Ryu et al. [32] used SD modeling to compare five alternative MAR management plans
to identify the impact of hydroclimate variability on surface-water and groundwater
interactions in the Eastern Snake Plain Aquifer. Niazi et al. [45] developed a spatial SD
model to evaluate the hydrologic and economic outcomes from different aquifer storage
and recovery options to assist decision-making. Gibson and Campana [21] identified
groundwater recharge zones in the Yakima River Basin and compared surface water capture
for groundwater storage for two drought years and a wet year using SD framework. These
efforts provided site-specific recommendations that can promote collaborative groundwater
expansion [35].

Improved FEW system management requires integration of physical and ecologi-
cal system dynamics and human decision-making, preferably using mixed-method ap-
proaches [4] combining quantitative and qualitative methods. While physically-based
modeling for earth systems is well established, incorporating human dimensions such
as adoption of new innovations is a strength of SD modeling [32]. Human behavior
within socioeconomic systems drives demand and supply cycles in the short-term and
in the long-term. As a result, solutions are often counterintuitive for a complex system
due to feedback and delay [46]. Integrated approaches, therefore, are particularly useful
in assessing potential consequences under future scenarios for complex system like the
FEW [47].

In this paper, the objective was to evaluate the effectiveness of MAR as a water storage
management practice under different drought conditions in a FEW system. We developed
an integrated SD model as an adaptive water resource management tool that focuses on
causalities, delays, and feedbacks in the FEW context. An interdisciplinary conceptual map
was first created to define the FEW nexus for this work. Second, we selected the Yakima
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River Basin (YRB) as a case study because this region heavily depends on agricultural
production, while water resources have been the most severe issue for stakeholders. Based
on available data from various resources [48,49], we developed the SD model combining
the conceptual map and YRB characteristics. Third, MAR scenarios, including adoption-
diffusion based on norms, advertising, and popularity, were assessed for their effectiveness
in improving water scarcity during drought events. Lastly, drivers and feedbacks centered
on MAR were evaluated to inform the long-term strategies in MAR design.

2. Study Area
2.1. Yakima River Basin Description

The Yakima River Basin (YRB) is located in south-central Washington with elevations
ranging from 2494 m in the Cascades to 104 m in the Yakima River delta. The YRB is
bounded by headwaters on the upper eastern slope of the Cascade Range and an arid
lower basin with approximately 2500 mm and 150 mm annual precipitation on average,
respectively. About 75% of the precipitation occurs during October to March, and the
majority falls as snow during winter and early spring. The highly uneven distribution of
precipitation spatially and temporally results in annual streamflow peaks that vary from
approximately 340 m3/s around May to 30 m3/s around October. The hydrogeologic units
consist of low transmitting layers at the upper YRB and permeable alluvial aquifers at the
lower YRB [50]. Precipitation-induced groundwater recharge at the lower YRB is limited
during the summer, and its seasonal patterns are closely related to irrigation diversion and
pumping activities [51].

Five reservoirs (Keechelus, Kachess, Cle Elum, Tieton/Rimrock Dam, Bumping
Lake) are located along the tributaries of the Yakima and Naches rivers before they join
above Parker station, which is the control point for specific water management decisions
(Figure 1). These reservoirs provide water storage for irrigation, flood control, and instream
flow requirements. Incoming streamflow is stored in the reservoirs while meeting down-
stream environmental flow requirements during the winter until late June when storage
releases begin. Two hydropower plants, Roza and Chandler, operated by U.S. Bureau of
Reclamation (USBR), are primarily used to supply energy for pumping and power station
service. Power subordinations for these two power plants occur when there is reduced
power generation to improve the fishery flow and maintain an 11.3 m3/s (400 cfs) target
flow in the Yakima River below the Roza dam [52]. Part of the water withdrawal from the
Yakima River above Parker station to the Roza irrigation canal is delivered to the Roza
power plant for hydroelectricity generation, where the used water will return to the Yakima
River above Parker station. Chandler hydropower withdrawal is at the Prosser Diversion
Dam, which is downstream of Parker station [53].

Irrigation districts encompass over 2000 km2 in the lower semiarid to arid part of
the YRB including Kittitas, Tieton, Wapato, Roza, Sunnyside, and Kennewick. More than
50% of irrigated land are cropped with fruit trees and alfalfa [54]. Irrigation seasons are
typically from mid-March to mid-October, when about 45% of water diverted for irrigation
eventually returns back to the river or recharges groundwater over a span of time [55].
Irrigation water demand takes up more than 60% of annual unregulated flows (4.2 × 109 m3,
on average) in the YRB [52]. Surface water rights (non-proratable and proratable) constrain
the amount of surface water delivered to water users. When prorationing happens during
drought years, junior (i.e., proratable) water right holders will receive the same percentage
of their entitlements. Groundwater rights in the YRB consist of 2575 certificates, 299 permits,
and 16,600 claims for withdrawal of 0.38 × 109 m3 of water [56], 80% of which are used for
irrigation of 525 km2.
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Figure 1. Locations of reservoirs, irrigation districts, Roza hydropower plant, and control point
(Parker station) in the Yakima River Basin.

2.2. Historical Droughts

Since 1979, ten droughts have caused prorationing in the YRB, resulting in millions
of dollars of economic losses in agriculture. Hydrological drought, a term for negative
anomalies in a water system above and below ground, is driven by abnormal precipitation
and temperature [57]. In snow-dominated regions like the YRB, early or late snowmelt
and low snowfall play an important role in the occurrence of droughts during the growing
season. We applied threshold levels [58] to identify the severity and duration of droughts
in water resources management. Threshold levels are based on the flow duration curve
over a 30-day moving window [59]. The daily threshold is the 80th percentile on that curve.

Volume deficits between streamflow and the threshold level were used to understand
drought characteristics for scenario analysis in this study. This resulted in the selection
of six drought years (1992, 1993, 1994, 2001, 2005, and 2015) (Figure 2). The period of
1992–1994 is a multi-year drought on record [52] with the characteristic that the water
system had not fully recovered from the previous drought before the next drought started.
The droughts of 1992 and 1994 were more severe than the drought of 1993 according to
proration rate data, and both these droughts started in mid-May with long lasting water
deficit conditions. During the 1992 flood season, peak reservoir storage was more than 90%
of its capacity and reached the minimum storage level [60] due to insufficient streamflow,
which was caused by early snowmelt and a warm winter.

Single year droughts in 2001, 2005, and 2015 have distinguishing features (Figure 2).
For the 2001 and 2005 droughts, the winter precipitation was below average and there
was an abnormally low snowpack due to high temperatures during a few critical winter
precipitation events. This resulted in low streamflow during spring and summer [61] when
reservoirs only filled up to 64% and 82% of maximum capacity, respectively, compared to
the average peak storage of 95% according to historical reservoir storage data [62]. The
first of April snow water equivalent for 2015 was similarly low as 2001 and 2005 but due to
different factors [63]. The average winter temperature and average winter precipitation for
2015 were both greater than in 2001 and 2005. In addition, the 2015 drought simultaneously
experienced above normal winter runoff, due to high spring temperatures that caused
early melting of the snowpack, and warm conditions that persisted into summer with
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very high temperatures [63]. Consequently, even though reservoirs were filled up to 100%
by June 2015, lack of enough reservoir storage, less summer streamflow, and extreme
evapotranspiration (ET) led to the ‘extreme drought status’ at the end of August.
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3. Methods

The methodology section consists of three main parts: (1) model description; (2)
model validation; and (3) scenario analysis design. The first part describes each subsector
(i.e., water, energy, food, water rights, MAR and its adoption) in the integrated system in
simplified diagrams including assumptions, theories, drivers, endogenous and exogeneous
variables, and interactions of major components. The second part focuses on methods used
to train and validate the model. The third part explains scenario designs for when (MAR
implementation time), where (infiltration areas and rate), and how (adoption diffusion)
MAR can help reduce the impacts of single and multi-year droughts on irrigation systems.

3.1. Integrated System Structure

Integrated water management system structure is the integration of water system op-
eration to meet the demand of water conservation measures for instream flows, temporary
hydropower water withdrawal, and irrigation scheduling considering surface water and
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groundwater rights, and MAR (Figure 3). The change of variables is driven by exogenous
factors (e.g., natural inflow to the water system, water entitlements) and balanced with en-
dogenous dynamics (e.g., dynamics between supply and demand). This section describes
major assumptions, methodologies, causalities, and feedbacks within each sub structure
through use of Causal Loop Diagrams (CLDs). The SD model of an integrated YRB system
was constructed associated with the CLDs for evaluation of management strategies using
Stella (ISEE Systems, Inc., Lebanon, NH, USA). The SD model structure can be found in
Appendix A.
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3.1.1. Integrated Water Systems

In the integrated water management system, all manageable surface water storage
(i.e., reservoirs) in the YRB was aggregated into one ‘water system storage’ fed by upstream
natural flows (no regulation, no irrigation impact) (Figure 4). Integrated water system
operation serves the function of reservoir operation, where Parker station was used as the
operational point for water allocation. Water system storage changed from year to year
due to climate variability. A storage goal curve (GC) period from 1979 to 2015 represented
daily storage and release of water during the flood season as well as during the crop
growing season. Storage thresholds were the maximum of 1.31 × 109 m3 and minimum of
0.09 × 109 m3 equal to the actual reservoir status [52].

Water supply operation was prioritized in the following order: target instream flows,
hydropower generation, and irrigation. The target instream flows were mandated by
Congress through the Yakima River Basin Water Enhancement Project (YRBWEP) under
Title XII of the Act of 31 October 1994 [49] (referred to as Title XII target flow). Title XII
target flow for maintaining ecological health in the Yakima River varied depending on the
historical estimated TWSA [64]. Water released below Parker station is required to stay
at or above Title XII target flows throughout the year. The model calculated immediate
return flow as a constant percentage of irrigation water return back to the stream by
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surface, which was assumed at 10% [65]. Overland flow was the excess water in the soil
above saturation (i.e., porosity), which was set at 45% which is an average for silt loam
soils [66,67]. Percolation of infiltrated irrigation water (surface water and groundwater)
was assumed at a soil hydraulic conductivity of 0.17 m/day. A first order exponential delay
(average residence time is assumed as 365 days) was used to generate baseflow based on
the percolation amount [68,69].
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Figure 4. Causal loop diagram for water management system. The ‘+’ sign with the arrow indicates
two variables changing in the same direction, and the ‘−’ sign indicates the opposite direction.
Balancing loops (negative feedback, labeled as ‘B’) balance the system over time, negating the impact
of the disturbance. B1–B5 are five balancing loops that illustrate the effects on irrigation supply.

Irrigation water supply-demand consisted of key cause and effect relationships in
the water management system (Figure 4). Five major balancing (i.e., negative feedback)
loops (labeled as B1, B2, . . . , B5) accommodated various water sources (e.g., surface water,
groundwater) to meet demand while each resource was limited by its entitlements. For
example, in loop B2 (irrigation supply > soil water content > irrigation demand > irrigation
deficit > pumping > irrigation supply), the soil water content would decrease with a
decreasing irrigation supply, leading to an increase in irrigation demand, and thus increased
irrigation deficit. Farmers would then pump more groundwater to supplement the water
deficit and mitigate initial decreased irrigation supply. The balancing loop thus includes a
series of reactions so that water supply meets water demand. However, available water
resources may be limited by water system storage and water entitlements that are available
to junior and senior water right holders on a monthly basis. The system would adjust itself
to stay in a stable supply and demand status unless natural inflow (exogenous driver) is
lower than normal and TWSA will become limited.

3.1.2. Hydropower Water Supply

Hydropower represents the energy sector, which may compete with irrigation water
supply. Chandler power plant was ignored because it diverted water from the Yakima River
below Parker Station, which is different from the Roza power plant. Hydropower flow is
also subordinate to the Title XII target flow so that hydropower reduction can occur during
low flow seasons. In the model, an index of hydropower supply over demand ratio (HSDR)
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was used as a recursive demand control to predict future supply and achieve equilibrium
conditions (Figure 5). For example, over supply at the current time step (HSDR > 1) would
drive the hydropower demand higher for the next time step due to the perceived increase
in hydropower reliability. On the other hand, if supply cannot meet demand (HSDR < 1),
market expectations for hydropower would decrease to avoid the risk of hydropower
shortage. When supply equals demand, the hydropower fraction will stay the same.
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Figure 5. Causal loop diagram of supply and demand feedbacks for hydropower generation. The ‘+’
sign with the arrow indicates two variables changing in the same direction, and the ‘−’ sign indicates
the opposite direction. Reinforcing loops (positive feedback, labeled as ‘R’), enhance the system to
keep growing over time, amplifying the impact of the disturbance, whereas balancing loops (negative
feedback, labeled as ‘B’) balance the system over time, negating the impact of the disturbance.

3.1.3. Irrigation Scheduling

Irrigation demand was decided based on the crop growing stages and the current
available water in the soil system. The irrigation demand structure in the SD model used
an irrigation scheduling algorithm [70]. Orchards and alfalfa make up almost 60% of the
irrigated cropland (about 1100 km2) in the YRB. Therefore, it was assumed that cropland
consisted of 75% high value (e.g., apples) and 25% low value (e.g., alfalfa) crops. Crop
coefficients were determined for four growth stages (initial, development, middle, and late
crop development) according to FAO guidelines [71] and an area weighted crop coefficient
was calculated. Alfalfa was assumed to seed every year including four cutting cycles in
a year starting in early March, with the first cutting cycle of 75 days and the other three
cycles of 45 days. Apple trees were assumed mature (completed root growth) at the initial
stage and the crop coefficient followed the same curve each year. Apples were harvested in
early October.

Plant root growth was a weighted average between a constant rooting depth of ma-
tured apple trees and changing rooting depth with growth of alfalfa. Rooting depth growth
rate was estimated based on the assumed maximum average rooting depth (165 cm) and
growing days to reach that depth for the crop (30 days in the model). At each time step, soil
moisture content (shown in Figure 4) was calculated based on soil water balance consider-
ing water input (i.e., precipitation and irrigation) and water output (i.e., ET, percolation,
return flow, and overland flow). The crop required irrigation when the available soil water
content was below the managed allowable water content. Irrigation demand was the sum
of estimated irrigation loss and the deficit between field capacity amount and current soil
water amount after ET. The balancing loop elucidating the dynamic interactions among
soil moisture content, irrigation demand and irrigation supply is shown in Figure 6.
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Figure 6. Causal loop diagram for irrigation scheduling. The ‘+’ sign with the arrow indicates two
variables changing in the same direction, and the ‘−’ sign indicates the opposite direction. Balancing
loops (negative feedback, labeled as ‘B’) balance the system over time, negating the impact of the
disturbance.

3.1.4. Surface Water Rights and Groundwater Rights

Surface water rights in the YRB are proratable (junior) and non-proratable (senior)
water rights. Irrigation entitlements are assigned monthly (April to October) according to
the 1945 Consent Decree [17], and the unused entitlements will not carry over to the next
month. The proration rate is calculated as a ratio of remaining water supply available for
irrigation (WSAI) for proratable water right holders over the proratable entitlements from
1 April to 30 September [52]. After meeting Title XII target flows and hydropower flow,
the WSAI was calculated every time step, where senior users obtained their entitlements
and the remaining available water went to junior users. During drought years, proratable
entitlements were reduced at equal proportion for all junior users.

Groundwater was another irrigation resource to satisfy surface water rights of senior
and junior users. In the YRB, approximately 0.33 × 109 m3 of groundwater was pumped
for irrigation in 2000, where 0.23 × 109 m3 was for primary water rights and 0.1 × 109 m3

was for standby/reserve water rights. The percent of standby entitlements was issued as a
unit complement of the proration rate (<0.88), whereas primary rights could be used at any
time. In the model, groundwater rights were assigned annually and not carried over to the
next year.

3.1.5. Managed Aquifer Recharge and Regional Adoption

We created the concept of a ‘MAR entitlement’ in this study as a type of water right
when both surface water and groundwater entitlements were exhausted. Excess water from
November to February was stored as MAR by passively increasing the water table through
infiltration and percolation, so that users can use it for irrigation during periods of water
scarcity. The amount of water diverted as MAR was constrained by excess natural inflow
over Title XII flows, a MAR application rate threshold (0.45 m/day), and the available infil-
tration area within irrigation districts. The SD model used an infiltration rate between 0.2
and 0.5 m/day based on representative infiltration ponds and an average vertical hydraulic
conductivity of 1.5 m/day [20]. Lateral groundwater flow was subtracted from percolated
water before it became an official MAR entitlement. MAR entitlement accumulated the
remaining percolated water which the model carried over to the following year.

MAR adoption simulation was developed based on a theoretical innovation diffusion
structure [38,72] by considering effects of word of mouth and advertising on adoption
behavior of irrigation districts as a whole. Once MAR is adopted, it is assumed to be
continued through time, and the infiltration area may be increased over time. MAR
effectiveness and drought stimuli were assumed to have a strong effect on adoption during
and after drought events (Figure 7). MAR effectiveness reflected the level of improvement
in irrigation water supply from previous MAR efforts. Drought conditions that caused a
certain proration rate provided a stimulus to the willingness to adopt MAR. Adoption of
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MAR based on MAR effectiveness and drought stimuli included a time delay factor due to
information (perception) delay. Detailed calculations of MAR adoption can be found in the
Appendix A.1.
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3.2. Model Comparison
3.2.1. Data Sources

Time series data from 1979 to 2015 include climate, streamflow (computed natural
flow and observed flow), reservoir storage, and hydroelectricity. Average precipitation over
the entire YRB was obtained from GridMet [73] (Figure A9 in Appendix A). Potential ET
was calculated with the Hargreaves method [74] using minimum, maximum, and average
temperature at the lower YRB (Figure A10 in Appendix A). Computed natural flows at
Parker station (assuming no regulation or irrigation impacts) from the YRB headwaters
and reservoir releases were obtained from the Yakima Hydromet program [62] (Figure A11
in Appendix A). Headwater flows were used in the SD model as upstream river inflow
before any system operations. Monthly net hydroelectricity generation (in Mega-Watt
hours, MWh) for Roza power plants were collected from the U.S. Energy Information
Administration. Roza irrigation canal daily flow was obtained from Yakima Hydromet and
converted to monthly for correlation with monthly hydroelectricity generation at the Roza
plant. Daily hydroelectricity generation was back calculated from daily canal flow based
on the monthly correlation between canal flow and net hydroelectricity generation.

Data for estimating variables and drivers, such as soil characteristics (soil depth,
saturation moisture content, field capacity, wilting point, infiltration rate, and vertical
hydraulic conductivity), surface water entitlements, groundwater entitlements, agricultural
profiles, Title XII target flow, and hydropower prices, were derived from official reports,
websites, and scientific articles that will be introduced later in the paper. These variables
were important in setting initial conditions and affecting variable behavior in the model.

3.2.2. Capture Behaviors during Drought Events

System behavior responding to droughts during 1979–2015 was evaluated by pro-
ration rate, irrigation reliability, and water conflict level to show the model’s ability to
capture causalities derived from the real system. Drought severity was inversely related
to the proration rate, where the lower the proration rate, the more severe the drought
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is. Proration rate for junior water users was the aggregated surface water amount deliv-
ered to proratable water rights holders divided by proratable irrigation entitlements from
1 April to 31 September. Proration rate represents security of surface water supply to the
proratable water right holders.

Proration Rate =
surface water delivered to proratable water right holders

proratable irrigation entitlements
. (1)

Irrigation reliability is an index for the total water supply and demand condition
considering surface water and groundwater. The irrigation reliability was calculated at a
daily time step based on the concept of volumetric reliability [75,76].

Irrigation Reliability =
water delivered for irrigation
water demand for irrigation

. (2)

3.2.3. Model Comparison to Observed Data

Model development was guided by using observed total reservoir storage from 1979
to 1999 and by staying within a realistic range of the observed values. Simulated daily
streamflow after water system operation was compared to observed daily streamflow data
from 2000 to 2015 at Parker station. Goodness-of-fit of simulated to observed streamflow
data was assessed using the Nash-Sutcliff Efficiency (NSE) coefficient [77].

NSE = 1 − ∑n
i=1(Qobs,i − Qsim,i)

2

∑n
i=1

(
Qobs,i − Qobs

)2 , (3)

where, Qobs and Qsim are the observed and simulated values, respectively; Qobs is the
average of the observed value; n is the number of data points.

3.3. Scenario Analysis Design

The effectiveness of MAR was assessed by the degree of improvement of the irrigation
reliability which depended on how much water MAR can provide, and how much water
is needed. The amount MAR can provide at time t was based on soil properties (e.g.,
infiltration rate f and vertical hydraulic conductivity Kv, see Table 1), dynamic adopted
infiltration area from implementation start time to time t, and the allowed amount of water
withdrawal for MAR infiltration purpose during each MAR active month. Infiltration area
at time period t (Equation (4)) was a function of the infiltration area at full adoption (IAFA),
MAR implementation start time (1 January in year Y), and a system-wide MAR adoption
ratio R (ratio of infiltration area adopted in year t over maximum infiltration area).

IAt
Y = Rt × IAFAY, (4)

where, IAt
Y is the adopted infiltration area at year t if the MAR implementation starts in

year Y (t ≥ Y); Rt is the adoption ratio at time t; IAFAY is the designed infiltration area at
full adoption (R = 1).

Table 1. Parameter values for baseline in single drought analysis and for infiltration sites A and B in multi-year droughts analysis.

MAR Scenario Infiltration Area at Full Adoption
(km2)

Infiltration Rate
(m/day)

Vertical Hydraulic Conductivity
(m/day)

Baseline N/A 0.43 1.52
Site A 2.4 0.21 1.52
Site B 1.2 0.43 1.52

An adoption ratio of 1.0 means the IAFA has been achieved. The concept of IAFA is
to represent the objective of total land area to be used for infiltration for MAR purpose
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within a certain region. It should be noted that the time it takes to achieve the IAFA goal
was not fixed and depends on the adoption rate (km2/year) at each time step since MAR
implementation started. The amount of irrigation water needed from MAR depends on the
drought interval time and drought severity. MAR was evaluated for a single-year drought
and multi-year droughts based on the historical drought occurrence record. Optimization
was performed on the MAR implementation time frame and infiltration area to meet the
irrigation shortfall after surface water diversion and authorized groundwater pumping.

3.3.1. MAR Scenario for Single Drought

Tradeoffs were evaluated between implementation start time and infiltration area
using the MAR scenarios for single-year drought (MAR-SD) under a fixed drought severity.
For this, we chose the 2015 drought, which was the first severe drought since the 2005
drought, as the target single drought (SD) event. In anticipation of water scarcity during
this drought, assuming an MAR implementation start time of 1 January in any year Y
(Y = 2006, 2007, . . . , 2015), an optimum IAFAY value was identified to fully alleviate the
2015 drought for each implementation start year Y, while keeping other parameters at the
baseline value (Table 1). The “optimum IAFAY“ for the 2015 drought implies the minimum
level of expanding the MAR infiltration area so that the growing infiltration area each year
would accumulate just enough MAR entitlement to supplement for the water deficit from
the 2015 drought impact. A higher IAFAY than the optimum IAFAY will result in excessive
available MAR entitlement after 2015 drought alleviation. We estimated the optimum
IAFAY for 2015 drought and also calculated the irrigation reliability in 2015 assuming the
designed IAFA2010 was 50%, 90%, and 100% of the optimum IAFA2010, respectively, to
show the correlation between the MAR implementation time frame and infiltration area.

3.3.2. MAR Scenario for Multi-Year Droughts

Historical multi-year droughts from 1992 to 1994 with recorded proration rates of 58%,
67%, and 37%, respectively, were chosen as targets. Two hypothetical MAR infiltration
sites were created based on a study of groundwater storage and recharge alternatives
in the YRB [20]. Infiltration areas were considered based on aquifer properties, range of
infiltration area, return flow processes, and surficial geology as well as accessibility to
irrigation canal systems [20]. Generally, the surface area of alluvium or unconsolidated
sediments are best for infiltration [20]. To match the model structure for diverting water
from the upper river prior to system operations, two proposed surface recharge regions
above Parker station according to USBR [20] were used as references to create infiltration
sites. Infiltration site A was located in the Kittitas irrigation district and infiltration site B
in the Tieton irrigation district. The surficial aquifer of infiltration site A was alluvium or
unconsolidated sediments on top of a consolidated sedimentary aquifer, whereas it was
mostly consolidated sediments for infiltration site B [50]. Both sites have basalt aquifers
below unconfined gravel. Based on hydrogeological features and available land for the
two infiltration sites [20], infiltration rate, vertical hydraulic conductivity, and infiltration
area were assumed as listed in Table 1.

We designed two MAR implementation scenarios under multi-year drought (MD)
(referred to as MAR-MD1 and MD2) for both Sites A and B, respectively, to find the critical
factors in affecting MAR effectiveness. MAR-MD1 set MAR implementation time in 1990
for both sites and evaluated the improvement of irrigation reliability at each site. MAR-
MD2 offset the water deficit of the entire 1992–1994 multi-year drought by optimizing
MAR implementation time for each site. Changes in MAR entitlements driven by different
infiltration rates and adopted infiltration areas at each site were analyzed under each
MAR scenario.
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4. Results and Discussions
4.1. Model Results

Model simulated streamflow compared well to observed streamflow. Figure 8 shows
both streamflow and system water storage from 2000 to 2005. Simulated streamflow
captured peak flows well but overestimated low flows from August to October except
during drought years 2001 and 2005. The model captured the impact of droughts in 2001
when system water storage was lower than its usual peak storage (early June), dropping
to a lower level in mid-October than in average years. From average monthly analysis,
the simulated streamflow appeared to be higher than observed streamflow from August
to October, which may have affected allocations in the model for environmental flows
(Title IX). This may indicate a seasonal bias in the model due to potential underestimated
water demand. Figure 8 shows the period 2000–2006 for detailed visualization. The NSE
value for daily streamflow in the period 2000–2015 was 0.86. In the following sections, we
analyze the impact of MAR on improving water scarcity in historical SD and MD droughts
based on this base model keeping all parameters the same.
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4.2. Drought Impact

The SD model captured most of the annual proration rates, especially during severe
droughts (proration rate < 0.7) (Figure 9). Various types of hydrological drought can be
caused by climate variability and lead to decreased streamflow, soil water content, and
groundwater levels [57,78]. Each drought type can affect water operations differently.
The runoff patterns within a water year play a key role in temporal distribution of water
resources for agricultural water demand.
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when the implementation start year approaches the 2015 drought. At the least MAR im-
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store the same amount of water as the 2015 water shortage. This is because the initial 
adopted infiltration area, based on the initial adoption ratio (7.9%) and IAFA, started low, 

Figure 9. Simulated and historical proration rate during 1979–2015. The historical proration rate was
from the YRB project report [52].

The most severe water deficit period started when groundwater entitlements were
used up and surface water storage could not keep up with irrigation demand. During
the irrigation season from March to October, surface water is the primary supply source
and groundwater is a backup supply. In all three single drought years simulated by the
model (Figure 10), the earliest surface water prorationing occurred on 25 April (2001),
11 April (2005), and 1 May (2015), while the water deficit, identified by the beginning of
reduced irrigation reliability, started on 10 July (2001), 19 July (2005), and 22 June (2015).
Groundwater supplemented the prorationing amount until the annual primary and standby
groundwater entitlements were used up. As seen from Figure 10, total irrigation demand
increased sharply due to insufficient precipitation and irrigation water infiltrating into
the soil. As a result, irrigation reliability dropped to around 0.2 in early August with
surface water as the only supply resource. Later in the season, limited surface water supply
resulted from low incoming natural flow due to the drought (Figure 2) and depleted system
water storage led to continued low irrigation reliability.
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4.3. MAR Scenario Analysis
4.3.1. How Effective Is MAR to Mitigate a Single Drought?

The IAFA needed to fully alleviate water shortage (optimum IAFAY) during the
2015 drought grows exponentially with a later MAR implementation start time prior
to the drought. Approximately 0.43 × 109 m3 of water was needed to supplement the
water deficit in the 2015 drought. As shown in Figure 11, the optimum IAFAY increased
exponentially when the implementation start year approaches the 2015 drought. At the
least MAR implementation times before the 2015 drought, about 170 km2 MAR area was
required to store the same amount of water as the 2015 water shortage. This is because the
initial adopted infiltration area, based on the initial adoption ratio (7.9%) and IAFA, started
low, and it took time for the MAR infiltration area to reach IAFA. With shorter time to
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accumulate MAR storage, only a larger IAFAY can lead to an appropriate initial infiltration
area to reach the goal. Increasing IAFA improved irrigation reliability (using Y = 2010 as
an example), with the effectiveness being the greatest when 3.29 km2 of IAFA (100% of
optimum IAFA2010) negated the 2015 water shortage. The IAFA at 90% of the optimum
IAFA2010 (2.96 km2) improved irrigation reliability from 0.12 to 0.37 by October. The
effectiveness reduced dramatically when 1.645 km2 of IAFA (50% of optimum IAFA2010)
was implemented.
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4.3.2. Can MAR Mitigate Multi-Year Droughts?

MAR at Site A was more effective than MAR at Site B in improving multi-year
drought conditions. The multi-year droughts led to pumping of the full groundwater
entitlement (0.33 × 109 m3/year) in both 1992 and 1994, which is the sum of primary
water entitlement (0.23 × 109 m3/year) and standby water entitlement (0.1 × 109 m3/year).
In the model simulation, there was no additional irrigation needed for 1993 because the
non-MAR pumping (0.19 × 109 m3) had satisfied the water deficit. For scenario MAR-
MD1 (implementing MAR in 1990 for both sites), Site A had more water infiltrated and
accumulated compared to Site B (Figure 12). While there was water entitlement remaining
after supplying 0.071 × 109 m3 of water to fully alleviate water shortage in 1992 for Site
A, Site B only supplied 0.046 × 109 m3 with zero MAR entitlement left. There is a distinct
difference in recovery speed between the two sites after using the MAR entitlement in
1992, where Site A infiltrated almost twice as much MAR water as Site B in 1994. This
links to the fast-growing MAR infiltration area at Site A which was almost twice as fast
as at Site B. The greater MAR effectiveness at Site A further increased the adoption rate
after each drought. Eventually, MAR at Site A and Site B provided 0.177 × 109 m3 and
0.079 × 109 m3 to support irrigation, respectively, compared to 0.291 × 109 m3 of water
deficit for the 1994 drought after using surface water entitlements, and primary and standby
groundwater entitlements.

In scenario MAR-MD1, a fair amount of MAR stored during the water excess period
can have strong effects on soil water storage, and thus on reducing irrigation demand.
In 1994, irrigation reliability was not improved as much for Site B where total irrigation
demand peaked at almost 100 × 106 m3/day compared to approximately 60 × 106 m3/day
at the highest demand for Site A (Figure 13). Conditions at Site A which provided only
an extra 100 × 106 m3 of MAR water throughout 1994 compared to Site B, show that total
irrigation demand can be decreased dramatically if irrigation supply can consistently meet
the demand. Ideally, with MAR water entitlement being a reliable source for irrigation
during the growing season, soil water content will remain at field capacity to sustain crop
growth. However, if irrigation supply is not adequate at the time of demand, water demand
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will increase cumulatively as soil water content keeps decreasing due to ET and percolation.
In this case, surface water storage could run out sooner due to increased demand as well
as subordination to Title XII target flow and hydropower water withdrawal.
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Based on scenario MAR-MD2, the optimum year to start MAR for Sites A and B was
1988 and 1984, respectively. Despite Site A having a lower infiltration rate and starting
MAR implementation four years later than at Site B, its cumulative MAR entitlement
caught up to the same level as Site B during mid-July in 1994 (Figure 14a). Starting with
less than 0.2 × 106 m2 of adopted infiltration area for both sites, the size of Site A increased
to that of Site B in about two years and reached almost twice Site B at the end of 1994. Site
A’s smaller infiltration rate relative to the daily rate of water diverted to the infiltration
areas neccesitated longer ponding time (Figure A3); however, overall impact of the slower
infiltration rate was negligable when considering cumulative addition to MAR entitlements
on the order of years. In fact, the amount of water diverted to the infiltration area was
the controlling factor, which was determined by the adoption ratio. With more districts
adopting MAR, more water in excess of the Title XII target flow will be diverted from
the river to the extended infiltration area leading to a higher rate of accumulating MAR
entitlements. The dynamic changes of water supply improved by MAR may then alter the
outcomes of agricultural production in the YRB.
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Figure 14. (a) Cumulative MAR water entitlement and adopted infiltration area; (b) instream flow
for Site A scenario and No MAR implementation scenario during water year 1992–1995. Cumulative
MAR pumping shows annual MAR pumping for Site A scenario.

MAR improved instream flow by shifting water temporarilly to maximize its function
(Figure 14b). With an example of optimum MAR for Site A, there are slight decreases
in streamflow from November to February each year, which is the period for diverting
water from the river to the infiltration area. Noticeably, a period of significant increase in
instream flow released by the water system appears from mid-August to the end of October
in drought year 1992, compared to the No MAR implementation scenario. Supplementing
irrigation with MAR water decreased total irrigation demand as a result of increased soil
water content. Thus, excess water originally used as irrigation supply could be released to
the stream to improve ecosystem health.

4.4. Exogenous Drivers and Endogenous Dynamics

Climate variability was a main exogenous driving force for the water system dynamics.
The incoming natural inflow decides TWSA to share among the three demand sectors.
A snow-drought, such as water year 2001 (Figure 2), did not fill the water storage until
mid-March, leading to less than two thirds of the average peak storage. Consequently,
only 37% of proratable entitlements were delivered to prorational water right holders. This
indicates the exogenous drivers disturbed the steady state water supply and caused a
dramatic drop of surface water amount delivered to prorational water right holders, even
when the system was trying to balance water supply with all balancing loops shown in
Figure 4. Other exogenous variables limiting water supply were regulated entitlements for
surface water and groundwater. The exogenous drivers induce corresponding behaviors of
the endogenous dynamics when they become a limitation.

The major endogenous dynamics of water allocation depend on the quantity and
timing of water demand and supply. The right amount of system water storage at the
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right time consistent with total demand will secure the supply for all three sectors. Failing
to meet water demand in the irrigation sector will intensify future demand due to the
cumulative water deficit, when the effect of self-balancing loop “B2” is constrained by
irrigation supply. The mismatch of timing and the quantity of water demand and supply
relies heavily on the uncertainties of the exogenous natural inflow. Most of the water input
to the system in the YRB and western US is during the snowmelt season when irrigation
demand is small. Reservoirs store water and provide buffers that shift the timing of the
water to be consistent with the irrigation season. However, during severe droughts the
system cannot optimally coordinate water with limited water storage capacity. The analysis
of MAR implementation showed that an average withdrawal of 2% of incoming natural
flow since 1979 would have been enough to relief all the water stresses during six major
droughts that occurred during 1980–2015.

The impact of MAR on sustaining irrigation supply is elucidated in the reinforcing
feedback (growing MAR adoption) and balancing feedback (MAR pumping for irrigation
supply) (Figure 15). Increased MAR supply in advance of drought conditions will increase
the confidence in MAR effectiveness, which encourages MAR adoption and leads to a
greater rate of accumulating MAR entitlements in the long term (MAR adoption loop: R).
Meanwhile, lack of water supply results in more MAR water being pumped to increase
irrigation supply (MAR supply loop: B1). The dynamics of these two loops with delayed
response of adoption (double line crossing arrow from “effectiveness of MAR” to “adopting
speed of infiltration areas” in Figure 15) indicate that the impact of MAR on water system
management is more apparent in the long run with adoption of more infiltration areas.
MAR may not be helpful to mitigate a drought in the early stage of implementation unless
more resources in terms of infiltration area and aggressive water withdrawal from the river
for MAR infiltration are considered.
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5. Conclusions

The development of an integrated water management model within the context
of the FEW system focused on gaining insights from causalities and feedbacks in the
system to plan for water shortage. Through system conceptualization, model construction,
performance evaluation, behavior analysis, and scenario analysis, model results provided
new insights regarding exogenous drivers and endogenous dynamics (e.g., feedbacks) for
using MAR in adaptive management.

The implementation of MAR includes a suite of choices including when (MAR im-
plementation time), where (infiltration areas and rate), and how (adoption diffusion) for
decision makers. The water management tool provided the ability to evaluate consequences
of MAR decisions affecting irrigation reliability during historical single-year and multi-year
droughts. Our findings suggest that adopted infiltration area is one of the main factors that
determines the amount of water withdrawn and infiltrated to the groundwater system.
The implementation time is also critical since the ability to store more MAR entitlements is
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a cumulative process with time. Generally, a single-year drought is easier to mitigate than
multi-year droughts with similar severity. Moreover, a severe single-year drought can be
more intense than several mild multi-year droughts. Anticipating the total water deficit
throughout a multi-year period as a whole is critical in designing an effective MAR imple-
mentation framework. When MAR recovery time is limited to the period from November
to February, multi-year droughts may further decrease the water amount exceeding Title
XII target flow available for MAR recovery. The results suggest a long-term management
plan is required to be prepared for unexpected single or multi-year droughts.

From a systems viewpoint, the unique water rights in the YRB as well as the priority
of satisfying target flow constrain available water supply for irrigation. The short-term
interactive dynamics of irrigation demand and supply can be affected by long-term water
resources management. In water management systems, where sharing limited water re-
sources is a fundamental problem, MAR should be considered as an adaptive management
strategy. This study supports long-term decision-making and assists adaptive manage-
ment by providing insights on interactive system behaviors induced by MAR decisions
considering social-economic and ecological influences.
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Appendix A

Appendix A.1. Adoption Rate

The adoption rate (AR) due to MAR implementation and drought stimuli were calcu-
lated as products of potential adopters (PA) in terms of irrigation districts, effectiveness
factor (EF) and scaling factor (SF) (Equation (A1)). Effectiveness factor represents the
impact of an action on driving potential adopters to adopt MAR. Effectiveness factors
for different actions/triggers (e.g., implementing MAR or being affected by drought) are
determined with different methods. For example, EF for implementing MAR used MAR
reliability as an indication, which was determined as a ratio of water supplied by MAR
over water demanded for MAR. EF for drought stimuli was estimated using proration
rate as an indicator, which was calculated in the model based on total water available for
agriculture and entitlements for senior and junior famers. Obviously, these two indica-
tors have different patterns over time. Scaling factors apply different weight on the EF
of different triggers (e.g., MAR and droughts) so that adoption ratio due to each trigger
stays at similar scale. The ratio of potential adopters becoming adopters at each time step
was then calculated as the product of EF and SF, for each trigger. Eventually, adoption
rate (districts/day) was determined by multiplying the ratio (as in EF × SF) with PA
(Equation (A1)). Scale factors for MAR implementation and drought stimuli were assumed
0.005 and 0.0001, respectively. Both EFs for MAR implementation and drought stimuli
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were smoothed by 1st order exponential delay with one-year expectation adjustment time
indicating the information delay process to potential adopters.

AR = EF × IF × PA. (A1)

Appendix A.2. Water Conflicts during Drought

Water for hydropower was considered instream use. However, the water for hy-
dropower generation was diverted first together with irrigation water through a canal that
separates water for irrigation and hydropower right before the Roza power plant. Then,
water used for hydropower generation was released into the Yakima River above Parker
station. The model considered water for hydropower as temporary water withdrawal that
may conflict with irrigation purposes. To capture the degree of competition over water
between irrigation and hydropower during irrigation seasons, the water conflict level was
calculated as the ratio of the number of year-to-date conflict occurrences over the length of
the period starting on 1 January.

number of water conflictsn = ∑i=n
i=1 if

(
hydropower water withdrawali

irrigation diversion deficiti
> 0, 1, 0

)
, (A2)

Water Conflict Leveln =
number of conflictsn
length of the period

, (A3)

where subscript i is the ith day since 1 January; n is the current length of the period, n = 1,
2, 3, . . . , 365 for normal year and 366 for leap year. A conflict occurs, setting the value
at 1 (Equation (A2)), when hydropower water withdrawal caused an irrigation diversion
deficit (only from surface water source).

During 1979–2015, simulated water supply over Title XII flows failed to meet energy
demand only three times during 2001 and 2015 (Figure A1). The hydropower demand
increased 7.4% by the end of 2015 compared to 1979, which potentially threatened water
availability for irrigation during droughts with high water conflict level. As the Roza
power plant produced electricity to support groundwater pumping, the overlap of demand
for hydropower water withdrawal and irrigation further increased the water conflict level.
Comparing years with and without droughts, the conflict level in severe drought years (e.g.,
2015) was more than twice that of normal years, and up to four-fold that of wet years like
2011 and 2012. Conflicts for drought years occurred earlier and more frequently compared
to non-drought years with occasional conflicts in the early season and slightly increased
frequency later in the season.
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The most competition between irrigation and hydropower occurred at the end of the
irrigation season. During the non-irrigation season, instream flow and hydropower water
withdrawal made up 100% of the water allocation, and all the water was used to supply
Title XII target flow for a few days in October 2015 (Figure A2). During the irrigation
season, agricultural water use made up more than 70% of the allocated water, and the
instream flow fraction reduced sharply from about 65% to less than 10%. Based on the
water allocation priority, had the greatest competition for water generally was from July
to October when hydropower water withdrawal severely decreased available water for
irrigation. Overall, the central issue for having an adequate water supply was lack of
system storage to manage water flexibly during high demand (i.e., droughts) while excess
water during the non-irrigation season was wasted.
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