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Research Impact Statement

Impacts from permit-exempt water withdrawals were more severe than dry climate change and 2040 demand growth scenarios

within regions across Virginia.

1 | INTRODUCTION

As of 2015, the United States Geological Survey (USGS) reported annual water withdrawals of 1.2 x 10 m® per day in the United States (U.S.),
with 74% of water originating from surface water withdrawals (Dieter et al., 2018). With a projected U.S. population of over 400 million by
2058 (Vespa et al., 2020), pressure on our freshwater resources, combined with climate change, will affect water availability in all sectors such
as industry, agriculture, municipal and domestic use (He et al., 2017). According to the U.S. Environmental Protection Agency (EPA), water
shortages will likely be experienced in at least 40 states by 2024 (U.S. Government Accountability Office, 2014). Adapting to future conditions
requires a focus on the sustainable management of water resources, addressing challenges such as increased water demands, climate change
impacts, and limitations of existing law. Despite relatively high precipitation resulting in generally adequate freshwater supply, humid regions
within the mid-Atlantic such as Virginia (VA) have experienced droughts regularly, including 1930-1932, 1962-1971, 1985-1988, 1999-
2002, and 2007-2009 (Virginia|Drought.Gov). In the US, droughts result in a loss of nearly 9 billion dollars per year, resulting in long-lasting,
substantial socio-economic impacts (NOAA, 2020). Overall, in the US, droughts result in a loss of nearly $9 billion per year (NOAA, 2020),
leading to substantial socio-economic impacts such as reduced agricultural yields (Reyes & Elias, 2019), increased fire risk (Smith, 2020), and
declines in recreational revenue (Cutler et al., 2017).

Traditionally, water allocation in the Eastern U.S. was made using a riparian water law legal framework. Riparian law gives a riparian landowner
a right to withdraw a reasonable amount of water provided it does not result in the deprivation of other riparian's reasonable use of the water.
Due to inherent ambiguity about reasonable withdrawal amounts, this framework has been criticized for lack of protection for water resources
(Gould, 2002). To manage this ambiguity regarding what is reasonable, many states aimed to define the reasonable use notion with permit-based
water withdrawal structures to bring oversight and predictability to the process of water allocation. Like many states in the U.S., the Virginia
Department of Environmental Quality (VDEQ) requires users to have a Virginia Water Protection (VWP) permit for any activity that involves filling,
draining, withdrawing from or excavation of state surface waters. Surface water withdrawals are defined as removal or diversion of surface water
in Virginia for consumptive or nonconsumptive use, thereby altering the instream flow or hydrologic regime of the surface water (VAC, 2016a).
Through the VWP permitting program, VDEQ manages permitted water withdrawals to promote the long-term sustainability of water supply while
seeking to balance competing beneficial uses such as aquatic life, recreation, and waste assimilative capacity. However, not all VA users must get a
VWP permit for water withdrawals. Such unpermitted withdrawals are not bound by water withdrawal conditions normally associated with a VWP
permit. First, in non-tidal waters (inland areas without tidal influx of water), VWP permits are not required for surface withdrawals below 1 million
gallons (3785 m%ina single month for agricultural use and below 10,000 gallons (37.85 m?3) per day for non-agricultural users. In tidal waters (areas
influenced by tidal fluctuations), the permits are not required for agricultural withdrawals below 60 million gallons (227,124m% in a single month
and below 2 million gallons (7570m?®) per day for other uses (VAC, 2016b). Additionally, grandfathered (Before July 1989) water withdrawals that
were in existence before July 1, 1989, are excluded from the requirement to obtain a permit unless a new § 401 certification is required to increase
a withdrawal (VAC, 2021). Additional exemptions for surface water withdrawal permits are listed in the VAC, 2016b.

Approximately 82% and 77% of the total volume of surface water withdrawn in VA in 2013 and 2017, respectively, was excluded from per-
mitting (VDEQ, 2022). Unpermitted withdrawals are required to implement conservation and water use restrictions, such as during a drought
emergency in accordance with local drought water conservation and contingency plans or the mandatory restrictions listed in the statewide
Drought Assessment and Response Plan (Virginia Drought Assessment and Response Plan, 2003). However, these conservation actions only
have the force of law when part of an Executive Order or within a surface water management area declared as such pursuant to Virginia
Administrative Code (VAC) § 62.1-254, 1992. When located downstream of unpermitted users, permitted users would likely be dependent
on reasonable water withdrawal by unpermitted users during short-term low flows, particularly where a drought emergency is not called. This
situation creates considerable uncertainty regarding the volume of water that exempt users might withdraw under different circumstances,
resulting in challenges for determining water supply availability under additional planning and operational conditions.

Similar permit exemptions also exist in other states across the U.S., where certain users are exempt from having a permit. For exam-
ple, Georgia has no minimum flow requirements for water users withdrawing water before 1988 (Board of Natural Resources, State of
Georgia, 2001). Similarly, South Carolina's 2011 Surface Water Withdrawal Act considered the amount a particular entity could withdraw as
of January 1, 2011, to be exempt from permitting. In Pennsylvania, surface water withdrawals of 100,000 gallons (378 md) per day or more
initiated before November 11, 1995, and consumptive water use of 20,000 gallons (75 m®) per day from any source in place before January 23,
1971, are exempt. Any surface water withdrawals in place before April 1, 1985, are exempt from acquiring a water permit in Mississippi. Similar
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exemptions are found in other states and are listed in Table S1. Water withdrawals below the permitting threshold or reporting threshold are

typically unaccounted water withdrawals in management programs. The unaccounted withdrawals result in high cumulative impacts in highly
populated areas and small watersheds (Palmer & Moltz, 2013). In largely rural settings, these unpermitted uses represent a substantial propor-
tion of total withdrawals, for example, 49% in a Pennsylvania watershed study (Moltz & Palmer, 2012).

The potential impacts of these statutory and regulatory exemptions have the capacity to compound the effects of other long-term water
supply stressors, such as climate change and increasing demand. Growing water scarcity issues are directly associated with increased demand for
water driven by population and economic growth (Boretti & Rosa, 2019). The United Nations estimates that at least 57% of the global population
will live in areas experiencing water scarcity for at least 1 month each year by 2050 (UNESCO World Water Assessment Programme, 2018). VA
is no exception, where the population is expected to increase from 8.6 million in 2020 to 9.8 million in 2040 (Lombard, 2020). Despite decreases
in per capita water use (Larsen, 2015; USGS, 2018), multiple locations in VA are expected to experience growth in water demands (VDEQ, 2022).
Growth in water demand is expected to increase stress on water resources in the region. For instance, limitations in meeting demand are pro-
jected for the Washington DC areas in future demand projections for 2035 and 2040 (Ahmed et al., 2015). Between 2020 and 2040, total
non-power demand is projected to increase by 21%, 14.5 m%/s (332.32 MGD), with 73% coming from surface water (VDEQ, 2022). More than
11.4m%/s (260 MGD) of that 14.5 total projected increase is from public water supplies. While studies have been performed to assess the hy-
drological impacts of climate change (Baran et al., 2019; Sridhar et al., 2019) and increasing demand (Haddeland et al., 2014; Heidari et al., 2021,
Schewe et al., 2014; Vérosmarty et al., 2000), the potential impacts of withdrawals that are exempt from permitting requirements are relatively
unknown. With the increase in population and climate change, the exempt users may potentially withdraw more water to meet demands.

The objective of this study is to quantify the potential impact of permit-exempt water withdrawals on water supply during periods of low
streamflow compared to impacts associated with climate change and increasing demand. To do this, we leverage a dataset of reported water
withdrawals from 1051 surface intakes across VA, 63% of which are exempt from water supply permitting. We evaluate different methods
for estimating the maximum amount of water that a permit-exempt user could withdraw and assess the impact of these claimed withdrawals
using a comprehensive, modular flow model. We quantify the impact of permit-exempt withdrawals in terms of changes to 30- and 90-day low
streamflows as well as average surface flows throughout the year. These impacts are compared to those resulting from projected increases in
water demand across the state and a drying climate change scenario taken from an ensemble of 31 general circulation models (GCMs).

2 | METHODS
2.1 | Studyarea

Virginia provides a representative case study for the mid-Atlantic region. VA receives an average annual rainfall of around 1092mm and
stretches from the Appalachian Mountains in the west to Chesapeake Bay in the east along the Atlantic Coast. The majority of river basins
in VA drain into the Chesapeake Bay, the largest estuary in the U.S. and the focus of extensive restoration efforts since the 1980s. The
topography in VA varies from sea level at the east coast to course rugged mountain valleys with the highest peak of 1746 meters in the west.
This topographic variation plays a vital role in determining the land use, development, and magnitude of streamflows in the region. Land
use in VA is varied, with highly urbanized regions along the 1-95 corridor in the eastern part of the state and agricultural and forested areas
throughout the rest of the state. VA is rich in water resources with 80,500km of non-tidal streams and rivers and 248 publicly owned lakes
(owned lakes and reservoirs that serve multiple uses such as recreation, energy, etc.). Additionally, VA has about 955 km? of tidal and coastal
wetlands, roughly 3269 km? of freshwater wetlands, 193 km of Atlantic Ocean coastline, and upwards of 7251 km? of estuaries (VDEQ, 2018).

This study was conducted for non-tidal portions of the Chesapeake Bay watershed within VA (Figure 1). This study area was chosen
because it has detailed data available on permit-exempt water withdrawals, projections of water demand through 2040, and surface water
runoff projections under multiple climate change scenarios. In addition to our broader analysis, the Dry River segment in VA was selected for
a more detailed exploration of inter-annual flow trends under each scenario. The Dry River is located in the Shenandoah Valley portion of
VA, ultimately flowing into the Shenandoah and Potomac Rivers. It begins in the George Washington National Forest and then flows through

predominantly agricultural land before flowing into the North River near the town of Bridgewater, VA.

2.2 | Datasources
2.21 | Water withdrawal data

All water users who withdraw greater than 37.6 m® (10,000 gallons) in a single month are required to report monthly water withdrawals to
VDEQ. The yearly data reported to VDEQ contains the facility name, facility type, location (latitude-longitude of intake or facility), withdrawal
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FIGURE 1 Study area non-tidal region of Virginia in Chesapeake Bay Watershed.

source, withdrawal amount, and withdrawal capacity of exempt user estimates from multiple data categories. Because the minimum volume
requiring permitting and reporting of water use is 10,000 gallons per day, this excludes many small water users, including domestic wells
used for household drinking water purposes. While a large number of small withdrawals can have a meaningful impact on cumulative water
use (Sangha & Shortridge, 2023), the lack of data on their water withdrawal volumes necessitated that they be excluded from this study. The
reporting categories for facility type include agriculture (livestock, fish farming, and hatcheries), commercial (golf courses, local and federal
installations, hotels, resorts, and correctional centers), irrigation (row crops, vegetables, turfgrass, and ornamental nursery products), mining
(excavation, processing, and removal of bulk products), manufacturing (paper mills, food processors, pharmaceutical companies, furniture),
public water supplies, hydropower, fossil fuel and nuclear power for power generation. Non-exempt users must report withdrawals from all
intakes, which are points from which water is extracted from either surface water or groundwater bodies. These withdrawal data are stored in
the VDEQ's VAHydro, a comprehensive web-based platform that links water resource data with analytical and program administration tools.
VAHydro includes over 1.3 million records of monthly water withdrawals from both surface and groundwater dating back to 1982. Because
withdrawal data are stored as a monthly total, these monthly values are disaggregated to daily withdrawals by dividing the monthly total by
the number of days in the month to use within water resource models applied within Virginia. While VAHydro is a dynamic, regularly updated
system, this analysis used the withdrawal data as prepared for the 2020 Virginia State Water Resources Plan in December of 2019.

2.2.2 | Permit exemption data

Of the 1051 intakes reported in VAHydro, 84 of them are permitted, 662 are exempt from obtaining a permit because they were in place
before 1989, and 305 are small withdrawals (<1 million gallons (3785m®) per month for agricultural withdrawals and below 300,000 gallons
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(1135m°) per month for non-agricultural users) which do not meet the permitting threshold. Each owner or operator of a surface water with-

drawal system, whether permanent or temporary and subject to the specified exclusion criteria, is mandated to submit essential information
to DEQ. For permanent systems, this comprises the intake structure's estimated maximum capacity, the existing intake structure's location,
and any other data deemed necessary by the department. For temporary systems engaged in agricultural withdrawal, the submission should
include the maximum annual surface water withdrawal data for the past 10years. The timeframe for providing this information is within 1year
from the receipt of DEQ's request, and updates must be promptly supplied in case of any changes to the maximum capacity of the intake
structure. The VAHydro system includes data on potential claimed volumes for permit-exempt users from seven different permit-exempt data
categories, which are sourced from both required and voluntary reporting by users, as outlined in the VWP regulations (9VAC25-210-310)
and VDEQ outreach:

e Requests for Information (RFI) withdrawals: Amendments in 2007 required exempt surface water users in Virginia to report withdrawals to
VDEQ through RFls, including information such as the estimated maximum capacity of the intake structure and the location of the existing
intake structure and 10-year maximums for agricultural uses.

o Intake capacity: The estimated maximum physical flow capacity of the intake structure in place as of July 1, 1989, as reported by the facility
in reply to the 2007-2008 RFI.

e Virginia Department of Health (VDH) pumping capacity: The maximum physical capacity (in MGD) of the water pumping mechanism re-
ported in VDH Waterworks Operations permits issued for the facility.

e Withdrawals before July 1, 1989, monthly and yearly: The maximum annual and monthly water withdrawal reported before July 1, 1989.

o Safe yields 1985 and 2005: The highest water withdrawal amount during a Drought of Record, calculated as the lowest single-day flow oc-
curring every 30years (1Q30). Safe yield volumes were determined in 1985 and 2005, representing the 1Q30 volume based on USGS gage

records.

A key challenge in estimating the impact of permit exemptions on water supply is uncertainty in the volume of water to which a permit-
exempt user could claim a right to use. Not all permit-exempt users have withdrawal capacity of exempt users from all the data categories
above; for instance, almost all permit exempt intakes have an associated pre-1989 withdrawal value but only 68 have a safe yield value. If an
intake reported more than one exemption amount (e.g., both VDH pumping capacity and Intake capacity), the maximum exemption volume
was selected from the permit-exempt data categories for use in flow modeling. All permit exempt data categories were to represent exempt

withdrawals for modeling purposes.

2.3 | Simulation model

This study uses the VAHydro-model, a comprehensive, modular hydrological model used for water supply planning and permitting in VA.
VAHydro is a multifaceted framework designed to establish interconnections among several specialized modules of water management. These
modules encompass critical areas such as water withdrawal permitting, water supply planning, water withdrawal reporting, groundwater well
registration, and drought monitoring and modeling for both surface water and groundwater dynamics. This model simulates river flows based
on runoff generated by the Chesapeake Bay Watershed Model (CBWM) of the Chesapeake Bay Modeling System (CBMS). The fundamental
hydrological response units in CBWM are land-river segments formed by the overlapping regions of land and river segments. Land segments are
formed based on county lines, and river segments are derived from large rivers with a mean annual flow greater than 100cfs. For each land and
river segment, the CBWM uses rainfall, land use, and estimated evapotranspiration to generate infiltration, runoff, groundwater flow, interflow,
and storage at an hourly timestep (Brogan et al., 2021); the resulting flow values are then calibrated across 272 USGS gages. Each river segment
in the CBWM within Virginia has a corresponding feature in the VAHydro system. VAHydro-model takes hourly rainfall, evapotranspiration,
and runoff from the calibrated CBWM as an input. VAHydro-model converts the overall unit runoff for each land use to the overall volume of
runoff in each land-river segment. Runoff is either routed via the Muskingum method in the channel or by the Modified Plus method through an
impoundment using a user-defined stage-storage-discharge relationship (Brogan, 2018; Hildebrand, 2020). Each river segment in the VAHydro-
model is linked to local withdrawal facilities and surface water intakes. It should be noted that groundwater withdrawals and hydrology are
modeled in a separate component (VAHydro-GW), which simulates groundwater dynamics in the heavily utilized coastal plain aquifer underly-
ing the Eastern Virginia and Eastern Shore Groundwater Management Zones. Thus, this study does not consider issues such as the impact of
groundwater pumping and interactions between surface and groundwater. However, 90% of water withdrawals in the state are from surface
water sources, and the majority of groundwater withdrawals are from eastern parts of the state outside of our study area (JLARC, 2016).
VAHydro-model uses data from the linked parameters such as channel characteristics, withdrawals, discharges, land use data, runoff for
each land-river segment, precipitation, and evaporation time series to simulate flows at daily timestep. Different methodologies are used in the
VAHydro-model to estimate the consumptive use fractions to measure return flow to the streams. For the municipal sector, the consumptive

95UB017 SUOWWIOD 9AIE81D 9|qeal|dde ay) Aq pausencb afe sopiLe YO ‘8sn Jo Se|n Joj Aeiq 1T 8uluo A8]I/M UO (SUONIPUOD-pUe-SWLB)/W0D A8 | 1M ATelq 1 jBU1|UO//SANY) SUONIPUOD pue SWwie | 841 89S *[6Z0Z/0T/7T] Uo Aiqiauliuo AB[IM ‘00ZET 889T-2SL T/TTTT OT/I0pAwod Ao Im Arelqpuljuoy/:sdny Wwoi) pepeojumod ‘€ ‘v20¢ ‘889T2S.T



ﬂﬁ: WATER RESOURCES J AW R A SANCRA T A

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

use fractions are estimated by the winter base rate method and standard transmission loss of 10%. This method is often used in regions where
water consumption activities are minimal during winter months (Li et al., 2017). The consumptive use fraction is based on the winter base
method for VA. Other consumptive use factors were derived from literature based on facility type to estimate the amount of water used, such
as O for Aquaculture, 1 for Agriculture and Irrigation, 0.1 for Industrial and Commercial, with O representing all water returned to the stream,
and 1 means no water returned to the stream (McCarthy et al., 2022).

The flow is returned to the stream by subtracting the consumptive use from the withdrawals at the next downstream river segment or to
the known outfall location (Figure 2). VAHydro-model also captures inter-basin transfers where return flows occur in a different watershed
from their associated withdrawal. Consumptive use fractions remain constant over the years for a given scenario and may result in overes-
timation of consumption in wet years and underestimation of withdrawal in drought years especially in the areas of no low-flow withdrawal
restrictions. VAHydro-model is then used to simulate surface water flows at daily timestep under different user-defined scenarios with respect
to withdrawals (current, prospective water withdrawal permits, 2040 demands, exempt users withdrawals) and flows (climate change scenar-
ios). VAHydro-model climate change scenarios were run only for non-tidal streams in VA that drain into the Chesapeake Bay.

2.4 | Scenario simulations and flow analysis

This study compares a base scenario representing current conditions with three alternative scenarios that represent long-term stressors
to water supply: climate change, predicted 2040 demands, and exempt withdrawals. The hydrological model flow outputs temporally span
from January 1, 1990, to December 31, 2000. The base scenario represents current precipitation and temperature conditions, uses current
2020 water demands as submitted by local and regional water supply plans and simulates the withdrawal amounts in recent years for permit-
exempt users. This scenario was used as a baseline for comparison with the three other scenarios. For the future 2040 demand scenario, 2040
demands submitted by local planning entities were used with current meteorological conditions. The climate change scenario used 2040 water
demands and the 10th percentile of temperature and precipitation from representative concentration pathway (RCP) 4.5, representing drier
climatic conditions predicted by the GCMs of the 31-member ensemble obtained from the Chesapeake Bay Program (CBP). Thus, this scenario
included the combined effects of a potentially dryer climate and higher future demands. Finally, in the exempt users scenario, maximum water
allocation amounts were used with current meteorological conditions. The following sections describe each of these scenarios, along with the

process used for comparing their impacts, in more detail.

241 | Exempt users scenario

The exempt user scenario examined the water resources impact of each permit-exempt intake withdrawing its maximum possible withdrawal
capacity of exempt user. The user-reported withdrawal data contained a combination of withdrawal limits originating at the intake or facility level.
Each record in the exemption database was determined and annotated as a facility limit or an intake level derived limit. It was ensured that all
intakes were maximized, but if they have an intake level limit, it is not exceeded. The exempt demands in this simulation frequently exceeded avail-
able streamflow. The VAHydro stream simulation was updated to keep the hydrological balance for any time withdrawals exceeded channel flow.

User reported

CBM runoff withdrawal
data
VA HYDRO
[ ‘ Flow \
withdrawn

Consumptive
use fraction

[ Daily flow per river segment ]

FIGURE 2 Conceptual overview of VAHydro modeling process. CBM, Chesapeake Bay Modeling.
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In such cases, stream withdrawals were set equal to river segment inflow during that time step. For modeling purposes, small intakes with with-
drawal volumes less than the permitting threshold were simulated using current withdrawal volumes in the 2020 Virginia State Water Resources
Plan, as shown in Figure S1. For permitted intakes, withdrawal volumes were based on the maximum permitted withdrawal volume based on either

a VWP permit or 401 certifications (federal permit issued for an intake resulting in a pollutant discharge into U.S. waters) (Figure S1).

2.4.2 | Future demand projections

The 2040 demand scenario was used to analyze the impacts of the expected demand increase on VA water resources by 2040. Projections for
2040 demands are submitted to VDEQ by local and regional planning entities in the state. These entities are required by law to include future
water demand in the regional water supply plan for a minimum of 30 to a maximum of 50years into the future. The population projections in
the local planning areas are developed using the U.S. Census Bureau, Bureau of Economic Analysis, VA Employment Commission, and local
or regional sources. The demand increase for a particular intake was based on individual intake demand projections for 2040. Consumption
amount was based on facility type and assumed to be the same for future projections. The demand projections were provided by localities in
local and regional water supply plans submitted to VDEQ between 2011 and 2013. Some demand projections were updated in 2018 as part
of the water supply plan review and included newly developed or updated water demand projection information from a variety of localities,
water users, and stakeholders.

2.4.3 | Climate change projections

Climate change projections used in the study were obtained from the CBP. The CBP has conducted ongoing research on climate change
impacts in the Chesapeake Bay watershed since 1983 (e.g., Najjar et al., 2010; Pyke et al., 2008). This study used runoff projections developed
by the CBP to ensure that projections were based on rigorous and current methodologies. Projections were based on the CMIP5 climate
model ensemble using the RCP 4.5. RCPs describe concentrations of greenhouse gases resulting from different human responses to climate
change. RCP 4.5 is a stabilization scenario that considers the climate policies that are invoked to limit emissions and radiative forcing (Thomson
et al., 2011; van Vuuren et al., 2011). Research indicates that RCPs 2.6, 4.5, and 8.5 show similar trajectories around the year 2055, aligning
with the climate scenario range of 2040-2070 examined in this study (Tebaldi et al., 2021). In the RCP 4.5 scenario, emissions reach their
highest point around 2040 and then begin to decrease, providing a moderate pathway for studying the effects in a scenario of medium
intensity. CBP uses an ensemble of 31 downscaled GCMs to represent future climatic conditions for temperature and precipitation over the
2040-2070 timespan. This ensemble projects changes in temperature ranging from +0.9 to +3.2°C and changes in precipitation ranging from
-1.3% to +20.1% across VA by midcentury. The climate change scenario used 10th percentile of temperature and precipitation from CBP's
31-member GCM ensemble for RCP 4.5. This scenario of RCP 4.5 entails a change in annual temperature and precipitation of 1 to 1.25°C and
-11% to -7%, respectively, from the base scenario in VA. This reflects the potential for drier conditions within RCP 4.5 and helps study the
impacts on water resources and the occurrence of low-flow conditions.

2.4.4 | Scenario analysis and comparison

These three alternative scenarios were each simulated independently from each other to assess the relative impact that each stressor would
have during low-flow periods when meeting water demands is challenging. Thus, they are not meant to represent a view of what is likely to
occur in the future, which would likely entail some combination of the three stressors included in our evaluation, as well as others. Instead, our
analysis aims to quantify the relative sensitivity of water supply to each of these stressors and suggest which should be prioritized for additional
research or planning interventions. Scenarios are aimed to represent a plausible trajectory of future demand changes, acknowledging that
climate change and changing water demand are intertwined challenges.

Assessment of low flows is crucial for drought studies, water supply system management, estimation of safe water withdrawals, and evalu-
ation of the stream's waste assimilation capacity (Ceylan & Lall, 2017; Smakhtin, 2001). The impact on low flows was evaluated at a daily time-
step using 30-day low flow (L30) and 90-day low flow (L90) metrics and plotted at the river segment scale. L30 and L90 are calculated as the
minimum 30-day rolling average and 90-day rolling average flow, respectively, over the simulation period. L30 and L90 flows help to indicate
the short- and long-term resilience of water resources, respectively (Khalig et al., 2008; Smakhtin, 2001). Reduction in L30 flows would likely
impact users without access to reservoir or storage water, but the reduction in L0 flows would be detrimental for all users. The percentage
difference for 30-day low flows and 90-day low flows was calculated between the base and each scenario using Equation (1), where the flow
Change Scenario equals the L30 or L90 flow value calculated for that scenario,
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Percentage Change = x 100. 1)

Flowg,ee

In addition to the statewide low flow analysis, a single river segment (Dry River) was used for a more detailed investigation into the impact
that each scenario had on temporal characteristics of the flow regime across the full year. The reduction in daily flows was examined by visu-
alizing differences in flow duration curves (FDCs). Average monthly flows were calculated for each scenario to quantify the seasonal impact
of permit exemptions relative to climate change and demand growth. These impacts were quantified by percentage and absolute difference.
The percentage difference quantified the change in flow relative to initial flows in a base scenario using Equation (1). In addition to percentage
change, the absolute difference in flows quantified the actual size of reduction in flows between two scenarios calculated at a monthly time
step (Equation 2). Geographic patterns in flows change under different scenarios were calculated at the river segment scale and plotted using

Tmap package in R (Tennekes, 2018),

Absolute change = Flowcpange — Flowg,ge. (2)

3 | RESULTS
3.1 | Statewide exempt users data

A total of 662 exempt intakes reported a cumulative withdrawal rate of 710m? per second, which corresponds to approximately 16.2 billion
gallons per day. The highest number of exemptions were based on pre-1989 monthly withdrawals, and intake capacity accounted for the
highest volume of exempt withdrawals. The mean was higher for all the permit-exempt data categories than the median, indicating higher
withdrawals accumulated by few intakes (Table 1).

It was found that 118 out of the total 133 counties and independent cities in Virginia have permit-exempt water withdrawals, underscoring
the widespread nature of these exemptions (Figure 3a). In VA, exempt withdrawals constitute 76% of total withdrawals in each of the 133
counties and independent cities (Figure 3b). The largest numbers of exemptions are used for irrigation, but these only account for a small
volume of total exempt water use. The largest volumes of exempt water withdrawals stem from the municipal and manufacturing sectors.
Table S3 summarizes the exemption amounts among the different water use sectors of agriculture, commercial, industrial, energy, irrigation,

manufacturing, mining, and municipal. In Table S3, fossil power represents a subset of energy withdrawals.

3.2 | Statewide L30 and L90 results

Reductions in flows were observed in multiple land-river segments in Virginia under different scenarios, including climate change, exempt

users, and 2040 demands, exhibiting varying geographical patterns (Figure 4). Findings show 41% of land-river segments in VA experience

TABLE 1 Summary of exempt users data availability and limits by permit exempt data categories.

Requests for Pre-July 1989-

Safe yield Safe yield information withdrawals Pre-July 1989- Intake VDH pumping
1985 2005 withdrawals monthly withdrawals yearly capacity capacity
Total reporting 68 57 153 568 570 237 134
intakes®
Number of 17 14 132 303 7 133 56
exemptions used
for modeling®
Min (m®/s) 9.1E-02 6.2E-02 3.0E-05 1.0E-04 2.0E-05 2.0E-05 9.0E-03
Mean (m®/s) 2.063 3.755 1.914 0.370 0.024 1.735 0.481
1st Quantile (m%/s) 0.140 0.193 0.001 0.003 0.003 0.033 0.088
Median (m%/s) 0.442 0.458 0.004 0.010 0.008 0.076 0.176
3rd Quantile (m®/s) 4.073 1.201 0.044 0.039 0.032 0.263 0.439
Max (m/s) 9.943 19.530 173.700 41.850 0.089 87.600 3.590
Total volume of 35.07 52.57 252.63 112.18 0.17 230.74 26.91

exemptions (m®/s)

*Total reported intakes are the number of intakes reporting to VDEQ. One intake may report exemption for more than one data source.
PFor modeling, the highest exemption amount from the multiple permit exempt data categories was selected and marked as “Number of exemptions.”
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FIGURE 3 Sum of county-level exempt withdrawals (m®/s) in Virginia(a) and percentage of total withdrawals in each county exempt from
permitting (b).

some reduction in L30 flows for the 2040 Demand Scenario, while 96% and 74% of VA land river segments experienced some reduction in
L30 flows under the climate change and exempt users scenarios, respectively (Figure 4). Similarly, for 90-day low flows, 42%, 99%, and 70% of
the VA's land-river segments experienced a reduction under the 2040 demands, climate change, and exempt users scenarios (Figure 4). Water
withdrawals are projected to decline, resulting in a relative decrease in 30- and 90-day low flows for 27 river segments. Geographically, the
climate change scenario results in widespread declines in 30- and 90-day low flows, whereas the impacts from permit exemptions and 2040
demands are more localized (Figure 4b,e).

Figure 5a,b show density plots of the percentage change in L30 and L90 flows in the 2040 demand, climate change, and permit exemption
scenarios relative to the base scenario across the 127 land-river segments included in the simulation. The distribution of changes under the
2040 demand scenario ranges from -52% to +26% and has a mean change of -1.5%. However, the majority of land-river segments experience
only minor changes in 30-day flow under this scenario, with 88% of land-river segments falling between -10% and +10% (Figure 5a). In the
climate change scenario, the percentage change in L30 flows varied from -74% to +15%, but most (96%) were negative, and the mean change
was -30%. However, in exempt users scenarios, the percentage difference in L30 flows varies between -100% in L30 flows on the lower end
and +34% on the higher end. Therefore, while the mean change in flow under the permit exempt scenario (-23%) was not as severe as the
climate change scenario, the impact in certain locations was far more severe.

Similar trends were observed for L90 flows (Figure 5b), with the 2040 demand scenario mostly resulting in minor changes, the climate
change scenario resulting in widespread declines, and the permit exemption scenario resulting in a lower average change but a wider range of
impacts across land-river segments. However, the range of changes to L90 flows under the climate change and permit exemption scenarios
was narrower than the corresponding range of changes to L30 flows. For 2040 demands, changes ranged from -41% to 24%, while changes
in the climate change and exempt users scenarios ranged from -52% to 0% and -97% to +18% respectively for L90 flows. The magnitude of
the percentage change was highest in the exempt users scenario, with 18% and 11% of the land-river segments experiencing more than -50%
reduction in L30 and 90 flows as compared to 9.0% and 0.78% of land river segments under climate change scenario and 0.78% and 0% of land
river segments in the 2040 demand scenario.

3.3 | Dry River case study

While the statewide results focused on impacts specifically to L30 and L90 flows, the three scenarios evaluated are likely to result in impacts
across the range of flows experienced. To understand these impacts, the Dry River was used as a case study and FDCs were plotted for each
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FIGURE 4 Percentage difference in 30-day low flows between baseline and (a) 2040 demand scenario, (b) climate change scenario, and
(c) exempt users' scenario and for 90-day low flows between baseline and (d) 2040 demand scenario, (e) climate change scenario, and (f)
exempt users' scenario.

of the three scenarios (Figure 6). A decline in flows was observed in all three scenarios. Dry River segment observed a L90 flow reduction of
18%, 33%, and 44% in the 2040 demand, climate change, and exempt users scenarios, respectively. This compares to mean reduction in L90
flow across all segments statewide of -1.1%, -27% and -15% in the 2040 demand, climate change and exempt users scenario, respectively. A
significant drop in flow was observed at extreme high flow events (exceedance probability of 0% to 1%) in the climate change scenario from
the base scenario. The reduction in flow for these extreme events was minimal for the 2040 demand scenario and small for the exempt users
scenario. Similar reductions were observed under all three scenarios for high flow (exceedance probability between 1% and 10%). However, for
medium flows (exceedance probability between 10% and 70%), the flow declined for both climate change and exempt users. For low flows with
probability exceedance between 70% and 100%, the reduction in flows was highest for the exempt users scenario, falling below the flows in
the climate change scenario. Similarly, in extreme drought events (probability exceedance between 95% and 99%), exempt users scenarios saw
the highest reduction in flows. Overall, the 2040 demand scenario primarily impacted low flows, whereas, in the climate change scenario, a
higher reduction was observed throughout the flow regime. The exempt users scenario impacted medium to low flows and impacts surpassed
the climate change scenario at low and extreme drought conditions.

To understand seasonal impacts on flow under each scenario, the percentage and absolute changes to average flow in each calendar year
were compared (Figure 7). On the monthly time step, the most severe flow reductions in terms of percentage changes were observed from
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FIGURE 5 Probability density plot for percentage change in 30-day low flows (a) and 90-day low flows (b) under different scenarios
across different river segments.

River segment: Dry River
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FIGURE 6 Dryriver flow duration curve under different scenarios (a) Base vs 2040 Demand (b) Base vs Climate Change (c) Base vs
Exempt Users.

July to November for all three scenarios (Figure 7a). However, the late summer and early fall is the period when flows across VA are lowest, so
these large percentage changes do not necessarily lead to large declines in the absolute volume of streamflow. Declines in absolute flow were
greatest in the winter months under the climate change scenario and the winter and spring under the permit exemption scenario while being
consistent across the year for the 2040 demand scenario (Figure 7b).
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FIGURE 7 Percentage difference (a) and absolute difference (b) in monthly flows under each scenario for dry river segment.

4 | DISCUSSION

The examination of the user-reported exempt users dataset showed the scale of the exempt users in VA. This initial examination of exempt
users indicated a high prevalence of such users across the state. The user-reported data showed that high exemption amounts exist in VA
counties with at least some exemptions in 121 of 133 total counties and independent cities in VA. These exemptions also span over all permit-
exempt data categories (Table S2) and water use categories (Table S3) and represent a large portion of water used overall. This poses a signifi-
cant challenge to water resource planning in the state, as it encompasses diverse water use sectors. Focusing solely on one sector would not
suffice to effectively address the issue of exempt water users (Shortridge & DiCarlo, 2020; VDEQ, 2018). Many other states have exemptions
to their permit requirements similar to, or even more lenient than, those that exist in VA, and may not have the benefit of reporting regulation
such as VAC (1990). These observations suggest the potential for a similar existence of the widespread and high amount of exempt with-
drawals. Local demographics also drive the exemption amounts. The exemptions were high in urban areas (Fairfax County, Loudoun County
outside Washington DC, Richmond City), possibly due to rapid urbanization in both areas with high exemption amounts for the municipal and
manufacturing sectors (Figure 3a). With future development projections, these areas pose a challenge to water security because as demands
increase due to population or climatic factors, such areas would likely exploit a higher fraction of their allotted exemption amounts. At the time
of water shortages, such users would find themselves at an advantage to withdraw water while other permitted users faced more stringent
restrictions.

The impact on low flows was examined using 30- and 90-day low flows. The impact on 30-day low flows under these scenarios suggests
acute stresses to water resources. This analysis helps inform water resource planning by identifying land-river segments at high risk of future
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alteration due to exempt users, potentially surpassing the impacts of climate change in certain locations. The impact of climate change was
more widespread across the counties, indicating the combined impact of meteorological and land-use changes expected in VA. On the other
hand, the exempt use impact was more intense at the specific locations with higher exemptions. Similarly, results were observed for 90-day
low flows with widespread impacts in the climate change scenario, and localized but high impacts were observed for the exempt users sce-
nario. The 30- and 90-day low flows take into account some storm runoff and snowmelt; therefore, the reduction in 30- and 90-day low flows
indicates a higher impact during drought and low flow conditions (Holmstrom, 1980; Nasri & Modarres, 2019). In addition to water quantity,
the impacts of low flows have been found to have significant implications for water quality. For instance, during a 30-day low-flow period,
oxygen depletion has been observed in a severely infested section of a river (Effler et al., 1998). Such low-flow conditions play a crucial role
in shaping the biotic composition, structure, and function of aquatic, wetland, and riparian ecosystems (Richter et al., 1996; Sangha, Lamba,
Kumar, Srivastava, et al., 2020). Similarly, the 2040 demand scenario shows high reductions in flows in certain potential areas of high-water
demand, while other locations where demand is projected to decrease see flow increases. This analysis shows the rules for current inclusion
and exclusion for permit allocations have a vital role in water management. This points toward a potential need for geographically specific
management requirements such as surface water management areas as in VAC, 1992. Such management practices for specifically designated
areas already exist for identification of critical source areas, Best Management Practices and Total Maximum Daily Loads implementation
under Section 303(d) of the Clean Water Act (Borah et al., 2006). Implementation of geographically specific management approaches could be
appropriate in the areas specifically under water stress due to permit exemptions and projected increases in demand.

In general, the reductions in 30-day low flows became more severe with an increasing volume of exempt withdrawals (Figure 8). However,
there were some notable exceptions to this general pattern. For example, the Mechums River segment has a large increase in withdrawals,
from 0.002m%/s (0.054MGD) in the base scenario to 1.5m%/s (35 MGD) in the exempt scenario, but no decline in L30 flows (Figure 8b). The
Mechums River segment is located at the confluence of South Fork of Rivanna River. Therefore, the large increase in exempt withdrawals is
accommodated by the high flows in the segment without impacts on L30 and L90 flows. On the other hand, some river segments were highly
impacted even with a small increase in exempt withdrawals from base withdrawals. For instance, the North Anna River above Little River saw
a reduction of 99% in L30 flows with only a minor increase in exempt withdrawal (134% exempt of base withdrawals). This was potentially
due to flow impacts from the North Anna Dam upstream and demonstrates that exempt users in small volume when combined with permitted

users may result in high impacts on L30 flows.
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FIGURE 8 Change inlow flow volumes (L30) in each river segment as a function of exempt withdrawal volume, presented as (a) a
percentage change relative to base scenario and (b) an absolute change relative to the base scenario. A value of 100 in (a) indicates permit
exempt scenario withdrawals are equal to base scenario withdrawals. Blue dots represent individual river segments discussed in the text.
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FDCs for the Dry River (Figure 6) show a reduction in flows across the hydrograph under the climate change scenario. However, the impact
of exempt users surpassed the impact of climate change scenarios at low flow events. This affirms the notion that exempt users who don't
need to adhere to any withdrawal restriction at the time of low flows pose a potential stress to the water supply at low flows. The percentage
difference in flows and absolute difference in flows were high during the fall and winter for the climate change and exempt users scenarios
and relatively smaller for 2040 demands (Figure 7). Under climate change scenarios, the flows were highly impacted in few months (December
to March). In contrast, exempt users and 2040 demand growth impacts were observed throughout the year, interestingly close to climate
change scenarios during summer months (April to July). Seasonality was observed in percentage differences with more difference in follows
during August to November indicating the relative difference in the scenarios was higher in these months. If the extent of irrigated agriculture
increases in the areas east of Mississippi, as some expect that it will (e.g., Walton, 2014), water demand in summer months may increase, result-
ing in higher impacts on low flows. This also indicates the need for management practices for inter-annual variability of flows and short-term
droughts occurring within the year, especially during summer months at the time of high-water demand.

This study effectively shows that water resource stresses posed by permit exempt withdrawals are equal or greater to those from demand
growth and climate change in many locations, suggesting a need for a prospective water planning that addresses these challenges, even in
humid climates like VA. This study also emphasizes the need for water management policy beyond the streams' qualitative and quantitative
aspects. The water management policies have been traditionally limited to professionals qualified in engineering, agriculture, and the hydro-
logical sciences (Rey et al., 2019). However, in addition to policy amendments, this study advocates broadening community participation and
awareness among users. The flow reductions resulting from demand growth and exempt users scenarios are highly influenced by user behav-
ior. Adopting conservation practices and responsiveness among the users could result in a better understanding of users and influence user
behavior at the time of water shortages to mitigate the impacts of low flows.

One of the key assumptions of this study was the full exploitation of the allocated exempt volume for water withdrawals by the users. In
this study, the maximum withdrawal capacity of exempt users among the permit-exempt data categories was used to model the implications of
permit-exempt withdrawals on VA's water resources. It is important to note that the maximum exempt volume does not represent the feasible
maximum withdrawal volume at every given facility today or in the short term. The maximum withdrawal capacity of exempt users is, in part,
a hypothetical volume caused by vagueness in the statute and represents entitlements that have been communicated to DEQ by various with-
drawing facilities. Several of the permit exempt data categories come from VDH Waterworks Operation Permits, which determine maximum
permitted waterworks capacity. Full realization of that withdrawal volume in practice may require additional capital investment in upgrading
elements of the system, other than the intake, which may currently limit their ability to withdraw this maximum volume. Using the maximum
exempt value serves as a useful upper endpoint for a ranging exercise to evaluate the potential water resources management implications of
this unsettled legal question. However, even assigning minimum volume among permit-exempt data categories as the withdrawal capacity of
exempt users results in withdrawals of over 222 m® per second; higher than the 2040 non-power demands (5 billion gallons per day; Table S2).
Although the impact of minimum exempt water withdrawals was not examined here, the data suggest there is still potential for strain on
water resources. Even if permit-exempt users only withdrew the smallest allowable amount, the cumulative effect could impact water supply.
Further analysis is needed to quantify the risks at lower withdrawal volumes.

Many states require new water permits to be justified assuming whole allotted water as “used” (Sheer, 2010), but this may not always hap-
pen in practice. In the short term, exempt over-allocated users may not result in a gap between water demand and water supply but remains
a red flag for potential conflict (Owen, 2014; Sangha, Lamba, & Kumar, 2020). However, due to the limited temporal extent of the model sim-
ulation, there is possibility for more extreme drought years which are not captured in this analysis. Therefore, extreme droughts could have a
higher impact than depicted in this study. While this study focused on meteorological and user-reported data, future studies should consider
the user behavior under various meteorological conditions. Additional research could quantify the cumulative impact of demand growth, ex-
empt users and climate change. Analyses such as this can help highlight regions most at risk for water supply challenges stemming from permit
exemptions, particularly if this information is presented in interactive tools or applications.

5 | CONCLUSION

Virginia, traditionally a well-off state in terms of water resources, has experienced increased pressure on its water resources over the recent
years. This study uses VA as a representative case study for the Mid-Atlantic to assess the security of water resources in VA. This study acts
as a stress test for increasing demands, low rainfall, and permit exemption statute using three scenarios reflecting future 2040 demands, “dry”
future climate change, and exempt users. The study introduces the challenges posed by exempt users unrestricted by permit for making with-
drawals at the time of low flows. The highest volume among various user-reported permit exempt data categories was selected for modeling
purposes. While not analyzed in this study, this suggests that exempt users would potentially stress water resources even if they were to
withdraw the lowest withdrawal capacity of exempt user from the permit-exempt data categories. The minimum volume reported by different
permit-exempt user categories exceeded the 2040 non-power demands. If these users were to withdraw at the lowest capacity allowed by
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their exempt status, it could potentially stress water resources. Additionally, no single permit exempt data category contained the maximum
exempt value for all facilities for exempt withdrawals, indicating a need for policy-driven management practices rather than a narrow focus
on a single permit exempt data category. It was found that exempt users exist in 121 of 133 counties and independent cities in VA, totaling
710m%/s (16.2 billion gallons per day) of exemptions. To put this number into context, these exemptions total more than twice the projected
2040 demands (including power intakes) and more than eight times 2040 non-power demands. Similar regulatory exemptions for permitting
exist in many other states such as Maryland, Connecticut, Georgia, Mississippi, South Carolina, Pennsylvania and more. It was determined that
the uncertainty generated by the volume of water used by exempt users under different circumstances poses significant water supply planning
and sustainability challenges. The unrestricted exempt withdrawals surpassed the impacts of dry climate change for low flows, indicating that
the exempt users would highly impact the low flows if allowed to withdraw water at the exemption amounts. This study affirms the need for

comprehensive water resource management policy and planning that addresses permit exemptions to mitigate low flows, even in humid states.

AUTHOR CONTRIBUTIONS

Laljeet Sangha: Data curation; formal analysis; investigation; methodology; visualization; writing - original draft. Daniel Hildebrand: Data
curation; formal analysis; visualization; writing - review and editing. Durelle Scott: Conceptualization; funding acquisition; project administra-
tion; supervision; writing - review and editing. Julie Shortridge: Conceptualization; funding acquisition; methodology; project administration;

supervision; writing - review and editing.

ACKNOWLEDGMENTS

The authors thank the Chesapeake Bay Program for providing data on climate change projections and undergraduate researchers Kevin
D'Andrea and Emma Aguero in Hydrologic Analysis Research Program, Biological Systems Engineering at Virginia Tech, for their assistance in
model setup. This work was financially supported by the Virginia Department of Environmental Quality; this support is gratefully acknowl-
edged. The opinions expressed in this paper are those of the authors and not those of the Virginia Department of Environmental Quality. The
presentation of material employed in this publication does not imply the expression of any opinion on the part of the Virginia Department of
Environmental Quality concerning water supply planning or permitting.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data and codes used in this study are publicly available through GitHub at https://github.com/laljeet/JAWRA-Exempt-Users-Manuscript.

ORCID

Laljeet Sangha "= https://orcid.org/0000-0002-0986-1785
Durelle Scott "= https://orcid.org/0000-0002-5792-789X
Julie Shortridge “* https://orcid.org/0000-0003-1612-5740

REFERENCES

Ahmed, S.N., K.R. Bencala, and C.L. Schultz. 2015. “Washington Metropolitan Area Water Supply Study: Demand and Resource Availability Forecast
for the Year 2040.” The Section for Cooperative Water Supply Operations on the Potomac, Interstate Commission on the Potomac River Basin.
https://www.potomacriver.org/wp-content/uploads/2015/02/ICPRB10-01.pdf.

Baran, A.A., G.E. Moglen, and A.N. Godrej. 2019. “Quantifying Hydrological Impacts of Climate Change Uncertainties on a Watershed in Northern
Virginia.” Journal of Hydrologic Engineering 24(5): 05019030. https://doi.org/10.1061/(ASCE)HE.1943-5584.0001823.

Board of Natural Resources, State of Georgia. 2001. “Water Issues White Paper.” https://epd.georgia.gov/document/document/water-issues-white
-paper-published-dnr-board-may-2001/download.

Borah, D.K., G. Yagow, A. Saleh, P.L. Barnes, W. Rosenthal, E.C. Krug, and L.M. Hauck. 2006. “Sediment and Nutrient Modeling for TMDL Development
and Implementation.” Transactions of the American Society of Agricultural and Biological Engineers 49(4): 967-86.

Boretti, A., and L. Rosa. 2019. “Reassessing the Projections of the World Water Development Report.” npj Clean Water 2: 1-6. https://doi.org/10.1038/
s41545-019-0039-9.

Brogan, C., R. Burgholzer, T. Keys, J. Kleiner, J. Shortridge, and D. Scott. 2021. The Cumulative Role of Impoundments in Streamflow Alteration. Journal
of the American Water Resources Association 58(1): 119-133. https://doi.org/10.1111/1752-1688.12979

Brogan, C.O. 2018. “A Dam Conundrum: The Role of Impoundments in Stream Flow Alteration.” Thesis, Virginia Tech. https://vtechworks.lib.vt.edu/
handle/10919/85005.

Ceylan, G., and U. Lall. 2017. “Low Streamflow Trends in the United States.” Turkish Journal of Water Science & Management, 1(1): 71-89. https://doi.
org/10.31807/tjwsm.297225

95UB017 SUOWWIOD 9AIE81D 9|qeal|dde ay) Aq pausencb afe sopiLe YO ‘8sn Jo Se|n Joj Aeiq 1T 8uluo A8]I/M UO (SUONIPUOD-pUe-SWLB)/W0D A8 | 1M ATelq 1 jBU1|UO//SANY) SUONIPUOD pue SWwie | 841 89S *[6Z0Z/0T/7T] Uo Aiqiauliuo AB[IM ‘00ZET 889T-2SL T/TTTT OT/I0pAwod Ao Im Arelqpuljuoy/:sdny Wwoi) pepeojumod ‘€ ‘v20¢ ‘889T2S.T


https://github.com/laljeet/JAWRA-Exempt-Users-Manuscript
https://orcid.org/0000-0002-0986-1785
https://orcid.org/0000-0002-0986-1785
https://orcid.org/0000-0002-5792-789X
https://orcid.org/0000-0002-5792-789X
https://orcid.org/0000-0003-1612-5740
https://orcid.org/0000-0003-1612-5740
https://www.potomacriver.org/wp-content/uploads/2015/02/ICPRB10-01.pdf
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001823
https://epd.georgia.gov/document/document/water-issues-white-paper-published-dnr-board-may-2001/download
https://epd.georgia.gov/document/document/water-issues-white-paper-published-dnr-board-may-2001/download
https://doi.org/10.1038/s41545-019-0039-9
https://doi.org/10.1038/s41545-019-0039-9
https://doi.org/10.1111/1752-1688.12979
https://vtechworks.lib.vt.edu/handle/10919/85005
https://vtechworks.lib.vt.edu/handle/10919/85005
https://doi.org/10.31807/tjwsm.297225
https://doi.org/10.31807/tjwsm.297225

K‘—&;: WATER RESOURCES J AW R A SANCRA T A

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

Cutler, A., Cynthia West, Joe Meade, Sue Spear, Michael Hand, Jordan Smith, Rebecca Rasch, Scott Fitzwilliams, Rick Cables, and Nancy Brunswick.
2017. “A Synopsis of Presentations from the March 2017 Effects of Drought on Recreation and Wilderness Webinar.” USDA. https://www.clima
tehubs.usda.gov/sites/default/files/droughtrecreationwilderness20180320with508.pdf.

Dieter, C.A., M.A. Maupin, R.R. Caldwell, M.A. Harris, T.l. Ivahnenko, J.K. Lovelace, A. Barber, and K.S. Linsey. 2018. “Estimated Use of Water in the
United States in 2015.” U.S. Geological Survey.

Effler, S.W., S.R. Boone, C. Siegfried, and S.L. Ashby. 1998. “Dynamics of Zebra Mussel Oxygen Demand in Seneca River, New York.” Environmental
Science & Technology 32: 807-12.

Gould, G.A. 2002. “A Westerner Looks at Eastern Water Law: Reconsideration of Prior Appropriation in the East.” In The Ben J. Altheimer Symposium—
Water Rights in the Twenty-First Century: The Challenges Move East: Essay, Vol 25, 89-122. University of Arkansas at Little Rock Law Review. https://
lawrepository.ualr.edu/lawreview/vol25/iss1/3

Haddeland, 1., J. Heinke, H. Biemans, S. Eisner, M. Florke, N. Hanasaki, M. Konzmann, et al. 2014. “Global Water Resources Affected by Human
Interventions and Climate Change.” Proceedings of the National Academy of Sciences of the United States of America 111: 3251-56.

He, X., Y. Wada, N. Wanders, and J. Sheffield. 2017. “Intensification of Hydrological Drought in California by Human Water Management.” Geophysical
Research Letters 44: 1777-85.

Heidari, H., M. Arabi, and T. Warziniack. 2021. “Vulnerability to Water Shortage under Current and Future Water Supply-Demand Conditions across
U.S. River Basins.” Earth's Future 9: e2021EF002278. https://doi.org/10.1029/2021EF002278.

Hildebrand, D.S. 2020. “Meteorological Impacts on Streamflow: Analyzing Anthropogenic Climate Change's Effect on Runoff and Streamflow
Magnitudes in Virginia's Chesapeake Bay Watershed.” Thesis, Virginia Tech. https://vtechworks.lib.vt.edu/handle/10919/99490.

Holmstrom, B.K. 1980. “Low-Flow Characteristics of Streams in the Menominee-Oconto-Peshtigo River Basin, Wisconsin.” U.S. Geological Survey
Water Resources Investigations Open-File Report 80-749.

Joint Legislative Audit and Review Commission (JLARC). 2016. “Effectiveness of Virginia's Water Resource Planning and Management.” https://jlarc.
virginia.gov/pdfs/reports/Rpt486.pdf.

Khalig, M.N., T.B.M.J. Ouarda, P. Gachon, and L. Sushama. 2008. “Temporal Evolution of Low-Flow Regimes in Canadian Rivers.” Water Resources
Research 44: W08436. https://doi.org/10.1029/2007WR006132.

Larsen, K. 2015. “Why Is Water Usage Declining across the United States?” https://www.greenbiz.com/article/why-water-usage-declining-across-
united-states-0.

Li, Y., Z. Tang, C. Liu, and A. Kilic. 2017. “Estimation and Investigation of Consumptive Water Use in Residential Area—Case Cities in Nebraska, U.S.A.”
Sustainable Cities and Society 35: 637-44.

Lombard, H. 2020. “Virginia Population Estimates.” University of Virginia Weldon Cooper Center, Demographics Research Group. https://demographi
cs.coopercenter.org/virginia-population-estimates.

McCarthy, M., C. Brogan, J. Shortridge, R. Burgholzer, J. Kleiner, and D. Scott. 2022. “Estimating Facility-Level Monthly Water Consumption of
Commercial, Industrial, Municipal, and Thermoelectric Users in Virginia.” Journal of the American Water Resources Association 58: 1358-76. https://
doi.org/10.1111/1752-1688.13037.

Moltz, H., and J. Palmer. 2012. Critical Area Resource Plan Marsh and Rock Creek Watersheds Adams County, Pennsylvania. Pennsylvania Department of
Environmental Protection ICPRB Report No. ICPRB-12-2.

Najjar, R.G., C.R. Pyke, M.B. Adams, D. Breitburg, C. Hershner, M. Kemp, R. Howarth, et al. 2010. “Potential Climate-Change Impacts on the Chesapeake
Bay.” Estuarine, Coastal and Shelf Science 86: 1-20.

Nasri, M., and R. Modarres. 2019. “Hydrologic Drought Change Detection.” Natural Hazards Review 20: 04018022.

NOAA. 2020. “The High Cost of Drought.” Drought.Gov. https://www.drought.gov/news/high-cost-drought.

Owen, D. 2014. “Overallocation, Conflict, and Water Transfers.” Environmental Research Letters 9(9): 091005. https://doi.org/10.1088/1748-9326/9/
9/091005.

Palmer, J., and H.L.N. Moltz. 2013. “Potomac Basin Water Withdrawals: Evaluation of State Water Withdrawal Data Collection and Recommendations
for Aligning Efforts.” ICPRB Report No. 13-8. 66 p.

Pyke, C., R. Najjar, M.B. Adams, D. Breitburg, C. Hershner, M. Kemp, R. Howarth, et al. 2008. “Climate Change and the Chesapeake Bay: State-of-the-
Science Review and Recommendations.” https://www.chesapeake.org/stac/Pubs/climchangereport.pdf.

Rey, D., C.D. Pérez-Blanco, A. Escriva-Bou, C. Girard, and T.I.E. Veldkamp. 2019. “Role of Economic Instruments in Water Allocation Reform: Lessons
from Europe.” International Journal of Water Resources Development 35: 206-39. https://doi.org/10.1080/07900627.2017.1422702.

Reyes, J.J., and E. Elias. 2019. “Spatio-Temporal Variation of Crop Loss in the United States from 2001 to 2016.” Environmental Research Letters 14:
074017. https://doi.org/10.1088/1748-9326/ablac9.

Richter, B.D., J.V. Baumgartner, J. Powell, and D. Braun. 1996. “A Method for Assessing Hydrologic Alteration within Ecosystems.” Conservation Biology
10: 1163-74. https://www.jstor.org/stable/2387152.

Sangha, L., J. Lamba, and H. Kumar. 2020. “Effect of ENSO-Based Upstream Water Withdrawals for Irrigation on Downstream Water Withdrawals.”
Hydrology Research 51(4): 602-20. https://doi.org/10.2166/nh.2020.156.

Sangha, L., J. Lamba, H. Kumar, P. Srivastava, M. Dougherty, and R. Prasad. 2020. “An Innovative Approach to Rainwater Harvesting for Irrigation Based
on El Nifio Southern Oscillation Forecasts.” Journal of Soil and Water Conservation 75(5): 565-78. https://doi.org/10.2489/jswc.2020.00085.
Sangha, L., and J. Shortridge. 2023. “Quantification of Unreported Water Use for Supplemental Crop Irrigation in Humid Climates Using Publicly

Available Agricultural Data.” Agricultural Water Management 287: 108402. https://doi.org/10.1016/j.agwat.2023.108402.

Schewe, J., J. Heinke, D. Gerten, |. Haddeland, N.W. Arnell, D.B. Clark, R. Dankers, et al. 2014. “Multimodel Assessment of Water Scarcity under Climate
Change.” Proceedings of the National Academy of Sciences of the United States of America 111: 3245-50. https://doi.org/10.1073/pnas.1222460110.

Sheer, D.P. 2010. “Dysfunctional Water Management: Causes and Solutions.” Journal of Water Resources Planning and Management 136: 1-4. https://doi.
org/10.1061/(ASCE)WR.1943-5452.0000014.

Shortridge, J., and M.F. DiCarlo. 2020. “Characterizing Trends, Variability, and Statistical Drivers of Multisectoral Water Withdrawals for Statewide
Planning.” Journal of Water Resources Planning and Management 146: 04020002. https://doi.org/10.1061/(ASCE)WR.1943-5452.0001214.

Smakhtin, V.U. 2001. “Low Flow Hydrology: A Review.” Journal of Hydrology 240: 147-86. https://doi.org/10.1016/5S0022-1694(00)00340-8.

Smith, A. 2020. “2010-2019: A Landmark Decade of U.S. Billion-Dollar Weather and Climate Disasters.” NOAA Climate.gov. http://www.climate.gov/
news-features/blogs/beyond-data/2010-2019-landmark-decade-us-billion-dollar-weather-and-climate.

95UB017 SUOWWIOD 9AIE81D 9|qeal|dde ay) Aq pausencb afe sopiLe YO ‘8sn Jo Se|n Joj Aeiq 1T 8uluo A8]I/M UO (SUONIPUOD-pUe-SWLB)/W0D A8 | 1M ATelq 1 jBU1|UO//SANY) SUONIPUOD pue SWwie | 841 89S *[6Z0Z/0T/7T] Uo Aiqiauliuo AB[IM ‘00ZET 889T-2SL T/TTTT OT/I0pAwod Ao Im Arelqpuljuoy/:sdny Wwoi) pepeojumod ‘€ ‘v20¢ ‘889T2S.T


https://www.climatehubs.usda.gov/sites/default/files/droughtrecreationwilderness2018o320with508.pdf
https://www.climatehubs.usda.gov/sites/default/files/droughtrecreationwilderness2018o320with508.pdf
https://lawrepository.ualr.edu/lawreview/vol25/iss1/3
https://lawrepository.ualr.edu/lawreview/vol25/iss1/3
https://doi.org/10.1029/2021EF002278
https://vtechworks.lib.vt.edu/handle/10919/99490
https://jlarc.virginia.gov/pdfs/reports/Rpt486.pdf
https://jlarc.virginia.gov/pdfs/reports/Rpt486.pdf
https://doi.org/10.1029/2007WR006132
https://www.greenbiz.com/article/why-water-usage-declining-across-united-states-0
https://www.greenbiz.com/article/why-water-usage-declining-across-united-states-0
https://demographics.coopercenter.org/virginia-population-estimates
https://demographics.coopercenter.org/virginia-population-estimates
https://doi.org/10.1111/1752-1688.13037
https://doi.org/10.1111/1752-1688.13037
https://www.drought.gov/news/high-cost-drought
https://doi.org/10.1088/1748-9326/9/9/091005
https://doi.org/10.1088/1748-9326/9/9/091005
https://www.chesapeake.org/stac/Pubs/climchangereport.pdf
https://doi.org/10.1080/07900627.2017.1422702
https://doi.org/10.1088/1748-9326/ab1ac9
https://www.jstor.org/stable/2387152
https://doi.org/10.2166/nh.2020.156
https://doi.org/10.2489/jswc.2020.00085
https://doi.org/10.1016/j.agwat.2023.108402
https://doi.org/10.1073/pnas.1222460110
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000014
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000014
https://doi.org/10.1061/(ASCE)WR.1943-5452.0001214
https://doi.org/10.1016/S0022-1694(00)00340-8
http://www.climate.gov/news-features/blogs/beyond-data/2010-2019-landmark-decade-us-billion-dollar-weather-and-climate
http://www.climate.gov/news-features/blogs/beyond-data/2010-2019-landmark-decade-us-billion-dollar-weather-and-climate

EVALUATION OF SURFACE WATER SUPPLY IMPACTS FROM PERMIT EXEMPTIONS: A

COMPARISON WITH CLIMATE CHANGE AND DEMAND GROWTH 783
g s J AW R Al™
X

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

Sridhar, V., P. Modi, M.M. Billah, P. Valayamkunnath, and J.L. Goodall. 2019. “Precipitation Extremes and Flood Frequency in a Changing Climate in
Southeastern Virginia.” Journal of the American Water Resources Association 55: 780-99. https://doi.org/10.1111/1752-1688.12764.

Tebaldi, C., K. Debeire, V. Eyring, E. Fischer, J. Fyfe, P. Friedlingstein, et al. 2021. “Climate Model Projections from the Scenario Model Intercomparison
Project (ScenarioMIP) of CMIP6."” Earth System Dynamics Discussions 12(1): 253-93. https://doi.org/10.5194/esd-12-253-2021.

Tennekes, M. 2018. “Tmap: Thematic Maps in R.” Journal of Statistical Software 84: 1-39. https://doi.org/10.18637/jss.v084.i06.

Thomson, A.M., K.V. Calvin, S.J. Smith, G.P. Kyle, A. Volke, P. Patel, S. Delgado-Arias, et al. 2011. “RCP4.5: A Pathway for Stabilization of Radiative
Forcing by 2100.” Climatic Change 109: 77-94. https://doi.org/10.1007/s10584-011-0151-4.

U.S. Government Accountability Office (GAO). 2014. “Freshwater: Supply Concerns Continue, and Uncertainties Complicate Planning.” Report to
Congressional Requesters. https://www.gao.gov/products/GAO-14-430.

UNESCO World Water Assessment Programme. 2018. “UN-Water. The United Nations World Water Development Report 2018: Nature-Based
Solutions for Water.” https://www.unwater.org/publications/world-water-development-report-2018.

USGS. 2018. “Water Use Across the United States Declines to Levels Not Seen Since 1970.” https://www.usgs.gov/news/national-news-release/water
-use-across-united-states-declines-levels-not-seen-1970.

van Vuuren, D.P,, J. Edmonds, M. Kainuma, K. Riahi, A. Thomson, K. Hibbard, G.C. Hurtt, et al. 2011. “The Representative Concentration Pathways: An
Overview.” Climatic Change 109: 5-31. https://doi.org/10.1007/s10584-011-0148-z.

Vespa, J., L. Medina, and D.M. Armstrong. 2020. “Demographic Turning Points for the United States: Population Projections for 2020 to 2060."
Population Estimates and Projections, Current Population Reports, P25-1144. Issued March 2018. Revised February 2020.Drought.gov, Virginia.
https://www.drought.gov/states/virginia.

Virginia Administrative Code (VAC). 1990. “9VAC25-220-30. 9VAC25-200-30. Applicability and exemptions.” https://law.lis.virginia.gov/admincode/
title9/agency25/chapter200/section30/.

Virginia Administrative Code (VAC). 1992. “9VAC25-220 Chapter 220. Surface Water Management Area Regulation.” https://law.lis.virginia.gov/admin
code/title9/agency25/chapter220/.

Virginia Administrative Code (VAC). 2016a. “9VAC25-210-300. Definitions for Surface Water Withdrawals.” https://law.lis.virginia.gov/admincode/
title9/agency25/chapter210/section300/.

Virginia Administrative Code (VAC). 2016b. “9VAC25-210-310. Exclusions from Permits for Surface Water Withdrawals.” https://law.lis.virginia.gov/
admincode/title9/agency25/chapter210/section310/.

Virginia Administrative Code (VAC). 2021. “§ 62.1-44.15:22. Water Withdrawals and Preservation of Instream Flow.”. https://law.lis.virginia.gov/vacod
eupdates/title62.1/section62.1-44.15:22/.

Virginia Department of Environmental Quality (VDEQ). 2018. “Status of Virginia's Water Resources: A Report on Virginia's Water Resources
Management Activities.” Commonwealth of Virginia. https://rga.lis.virginia.gov/Published/2018/RD347.

Virginia Department of Environmental Quality (VDEQ). 2022. “Virginia State Water Resources Plan.” https://www.deq.virginia.gov/water/water-quant
ity/water-supply-planning/virginia-water-resources-plan.

Virginia Drought Assessment and Response Plan. 2003. "Virginia Drought Response Technical Advisory Committee". https://www.vdh.virginia.gov/
content/uploads/sites/14/2016/04/VirginiaDroughtResponsePlan.pdf.

Voérosmarty, C.J., P. Green, J. Salisbury, and R.B. Lammers. 2000. “Global Water Resources: Vulnerability from Climate Change and Population Growth.”
Science 289: 284-88. https://doi.org/10.1126/science.289.5477.284.

Walton, B. 2014. “U.S. Irrigation Pushed Eastward by Drought and Financial Risks.” Circle of Blue. https://www.circleofblue.org/2014/world/u-s-irrig
ation-pushed-eastward-drought-financial-risks/.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Supporting Information section at the end of this article.

How to cite this article: Sangha, Laljeet, Daniel Hildebrand, Durelle Scott and Julie Shortridge. 2024. “Evaluation of Surface Water
Supply Impacts From Permit Exemptions: A Comparison With Climate Change and Demand Growth.” JAWRA Journal of the American
Water Resources Association 60 (3): 767-783. https://doi.org/10.1111/1752-1688.13200.

95UB017 SUOWWIOD 9AIE81D 9|qeal|dde ay) Aq pausencb afe sopiLe YO ‘8sn Jo Se|n Joj Aeiq 1T 8uluo A8]I/M UO (SUONIPUOD-pUe-SWLB)/W0D A8 | 1M ATelq 1 jBU1|UO//SANY) SUONIPUOD pue SWwie | 841 89S *[6Z0Z/0T/7T] Uo Aiqiauliuo AB[IM ‘00ZET 889T-2SL T/TTTT OT/I0pAwod Ao Im Arelqpuljuoy/:sdny Wwoi) pepeojumod ‘€ ‘v20¢ ‘889T2S.T


https://doi.org/10.1111/1752-1688.12764
https://doi.org/10.5194/esd-12-253-2021
https://doi.org/10.18637/jss.v084.i06
https://doi.org/10.1007/s10584-011-0151-4
https://www.gao.gov/products/GAO-14-430
https://www.unwater.org/publications/world-water-development-report-2018
https://www.usgs.gov/news/national-news-release/water-use-across-united-states-declines-levels-not-seen-1970
https://www.usgs.gov/news/national-news-release/water-use-across-united-states-declines-levels-not-seen-1970
https://doi.org/10.1007/s10584-011-0148-z
https://www.drought.gov/states/virginia
https://law.lis.virginia.gov/admincode/title9/agency25/chapter200/section30/
https://law.lis.virginia.gov/admincode/title9/agency25/chapter200/section30/
https://law.lis.virginia.gov/admincode/title9/agency25/chapter220/
https://law.lis.virginia.gov/admincode/title9/agency25/chapter220/
https://law.lis.virginia.gov/admincode/title9/agency25/chapter210/section300/
https://law.lis.virginia.gov/admincode/title9/agency25/chapter210/section300/
https://law.lis.virginia.gov/admincode/title9/agency25/chapter210/section310/
https://law.lis.virginia.gov/admincode/title9/agency25/chapter210/section310/
https://law.lis.virginia.gov/vacodeupdates/title62.1/section62.1-44.15:22/
https://law.lis.virginia.gov/vacodeupdates/title62.1/section62.1-44.15:22/
https://rga.lis.virginia.gov/Published/2018/RD347
https://www.deq.virginia.gov/water/water-quantity/water-supply-planning/virginia-water-resources-plan
https://www.deq.virginia.gov/water/water-quantity/water-supply-planning/virginia-water-resources-plan
https://www.vdh.virginia.gov/content/uploads/sites/14/2016/04/VirginiaDroughtResponsePlan.pdf
https://www.vdh.virginia.gov/content/uploads/sites/14/2016/04/VirginiaDroughtResponsePlan.pdf
https://doi.org/10.1126/science.289.5477.284
https://www.circleofblue.org/2014/world/u-s-irrigation-pushed-eastward-drought-financial-risks/
https://www.circleofblue.org/2014/world/u-s-irrigation-pushed-eastward-drought-financial-risks/
https://doi.org/10.1111/1752-1688.13200

	Evaluation of surface water supply impacts from permit exemptions: A comparison with climate change and demand growth
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study area
	2.2|Data sources
	2.2.1|Water withdrawal data
	2.2.2|Permit exemption data

	2.3|Simulation model
	2.4|Scenario simulations and flow analysis
	2.4.1|Exempt users scenario
	2.4.2|Future demand projections
	2.4.3|Climate change projections
	2.4.4|Scenario analysis and comparison


	3|RESULTS
	3.1|Statewide exempt users data
	3.2|Statewide L30 and L90 results
	3.3|Dry River case study

	4|DISCUSSION
	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


