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Simulated Effects of Sea-Level Rise on the Shallow, Fresh
Groundwater System of Assateague Island, Maryland

and Virginia

By Brandon J. Fleming, Jeff P. Raffensperger, Phillip J. Goodling, and John P. Masterson

Abstract

The U.S. Geological Survey, in cooperation with the
National Park Service, developed a three-dimensional
groundwater-flow model for Assateague Island in eastern
Maryland and Virginia to assess the effects of sea-level rise on
the groundwater system. Sea-level rise is expected to increase
the altitude of the water table in barrier island aquifer systems,
possibly leading to adverse effects to ecosystems on the barrier
islands. The potential effects of sea-level rise were evaluated
by simulating groundwater conditions under sea-level-rise
scenarios of 20 centimeters (cm), 40 cm, and 60 cm. Results
show that as sea level rises, low-lying areas of the island
originally represented as receiving freshwater recharge in the
baseline scenario are inundated by saltwater. This change from
freshwater recharge to saltwater decreases the overall amount
of freshwater recharging the system. As the water table rises
in response to the higher sea levels, freshwater flow out of the
system changes, with more freshwater leaving as submarine
groundwater discharge and less freshwater leaving as seeps
and evapotranspiration. At the current land-surface altitude,
as much as 50 percent of the island may be inundated with a
60-cm rise in sea level, and the low-lying marshes may change
from freshwater to saltwater.

Groundwater levels at 32 wells were monitored for as
long as 12 months between October 2014 and September 2015
on Assateague Island. Results from objective classification
analysis of 14 shallow monitoring wells show two dominant
processes affecting groundwater levels in two different settings
on the island. On the western side of the island, between the
primary dune and the inland bays, water levels clearly respond
to precipitation events. This side of the island is more pro-
tected from ocean tides and typically is more vegetated than
the eastern side. On the eastern side of the island, between
the Atlantic Ocean and the primary dune, water levels clearly
respond to tidal events. Specific conductance was measured
at four wells, two on the western part of the island and two
on the eastern part of the island. Specific conductance val-
ues in the two wells west of the primary dune show episodic
decreases, coinciding with precipitation events. Specific
conductance values in the two wells on the eastern side of

the primary dune show episodic increases, coinciding with
high-tide events. These high frequency monitoring data are
intended to aid in designing a monitoring network that can
document both short-term and long-term hydrologic processes
on Assateague Island National Seashore.

This study uses a modeling approach consistent with
models developed for Gateway National Recreation Area,
Sandy Hook Unit (New Jersey) and Fire Island National
Seashore (New York). Combined, these models are meant to
improve the regional capabilities for predicting climate-change
effects on barrier islands and provide resource managers with
a common set of tools for adaptation and mitigation of poten-
tially adverse effects of sea-level rise.

Introduction

Assateague Island is a barrier island complex on the
Atlantic coast of Maryland and Virginia (fig. 1). Assateague
Island National Seashore, managed by the National Park
Service (NPS), was established in 1965 and covers most
of Assateague Island within Maryland. The Maryland
Department of Natural Resources manages a 3-kilometer
(km) long area known as Assateague State Park. The Virginia
section of the island is managed by the U.S. Fish and Wildlife
Service as Chincoteague National Wildlife Refuge (Schupp,
2013). The island is surrounded by the Atlantic Ocean to the
east and by Sinepuxent and Chincoteague Bays to the west.
Assateague Island is characterized by low topographic relief
with a mean altitude of about 2 meters (m) and maximum
dune altitude of about 15 m above mean sea level (as defined
by the North American Vertical Datum of 1988). The effect
of climate change and sea-level rise on Assateague Island is
expected to include changes in erosion rates, island morphol-
ogy, marsh health, and groundwater flow.

The areas within Assateague Island that are consid-
ered to be most vulnerable to sea-level rise are those with
the highest occurrence of overwash and the highest rates of
shoreline change (Pendleton and others, 2004; Schupp, 2013).
However, in addition to increased erosion and surface inunda-
tion from rising sea level, the groundwater-flow system can be
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Figure 1.

Locations of Assateague Island National Seashore, Maryland and Virginia (the current study area); Sandy Hook

Gateway National Recreation Area, New Jersey; and Fire Island National Seashore, New York.

substantially affected by increased water-table altitude, subsur-
face flooding of low-lying areas, and the potential for saltwa-
ter intrusion (Masterson and Garabedian, 2007; Masterson
and others, 2014). Understanding how sea-level rise may
affect groundwater hydrology in shallow, unconfined coastal
systems such as Assateague Island is important for assessing
the potential effects of sea-level rise on the sustainability of
federally listed endangered species, such as piping plovers. To
address these concerns, the U.S. Geological Survey (USGS)
in cooperation with the NPS conducted a study to improve the
understanding of sea-level rise and climate change on barrier
island groundwater systems in the northeastern United States.
This study is one of three investigations conducted at national
seashore barrier island systems in the Northeast using similar
modeling approaches. The companion investigations are at

Sandy Hook Gateway National Recreation Area in New Jersey
and Fire Island National Seashore in New York. These three
studies were developed to improve NPS resource manag-

ers’ ability to adapt and mitigate potentially adverse effects

of sea-level rise on the national seashores in the northeastern
United States.

Purpose and Scope

This report describes the potential response of the
groundwater system on Assateague Island, Maryland and
Virginia, to increases in sea level of up to 60 centimeters
(cm). The report includes discussions of (1) the groundwa-
ter response (specifically the depth to the water table) to



sea-level-rise scenarios of 20 cm, 40 cm, and 60 cm using a
newly developed groundwater-flow model, (2) the possibil-
ity of groundwater response to future changes in recharge,
and (3) the potential water level and water quality monitoring
strategies available to meet NPS resource managers’ needs.
Groundwater level and specific conductance data are sum-
marized in appendix 1. Water-level and specific conductance
data are available through the U.S. Geological Survey (USGS)
National Water Information System (NWIS) database (USGS,
2017). The groundwater-flow model development, calibration,
sensitivity analysis, and goodness of fit is described in appen-
dix 2 and in Fleming and Raffensperger (2021).

Background and Previous Investigations

Several studies describe the hydrology near
Assateague Island. Dillow and others (2002) describe the
groundwater-flow paths in the surficial aquifer that dis-
charge to Chincoteague and Sinepuxent Bays. Nitrate loads
from groundwater to the inland bays were estimated by
Dillow and Greene (1999). For the nearby Virginia Eastern
Shore, Richardson (1994) developed a three-dimensional
groundwater-flow model using the SHARP code (Essaid,
1990) to represent variable-density groundwater flow. Later,
Sanford and others (2009) simulated the same area of the
Virginia Eastern Shore using the coupled groundwater flow
and mass transport code SEAWAT (Langevin and others,
2003) to represent variable-density groundwater flow. A
regional model of the Delmarva Peninsula (Sanford and oth-
ers, 2012) was developed to estimate groundwater travel times
to discharging streams.

The potential effects of sea-level rise on coastal ground-
water systems have been evaluated in various studies on the
east coast of the United States and elsewhere. Langevin and
Zygnerski (2013) evaluated the effects of sea-level rise in
southeastern Florida. For Cape Cod, Massachusetts, Masterson
and Garabedian (2007) and Walter and others (2016) devel-
oped or expanded groundwater-flow models with sea-level-
rise scenarios. For Fire Island, New York, Schubert (2010)
analyzed the shallow groundwater-flow system. Gingerich and
others (2017) used the SUTRA code (Voss and Provost, 2002)
to model variable-density groundwater flow for a Pacific
Island atoll. Michael and others (2013) evaluated the global
effects of sea-level rise on coastal groundwater systems and
identified two types of coastal aquifer settings: recharge lim-
ited and topography limited.

For Assateague Island, a groundwater-flow model was
developed previously (Masterson and others, 2013) and used
to explore the effects of sea-level rise (Masterson and others,
2014). Banks and others (2012) describe the installation of
a groundwater-monitoring network, and Fienen and others
(2013) applied Bayesian networks to extract results from
groundwater-flow models to provide information for deci-
sion support. A hydrogeomorphic map (Krantz, 2009) was
developed to understand the relation between morphology
and hydrology on Assateague Island. Various approaches
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have been taken to describe coastal groundwater systems.

This study is a companion study to the Sandy Hook, N.J., and
Fire Island, N.Y., studies, designed using the same modeling
approaches and sea-level scenarios to provide resource manag-
ers with a common set of tools for determining ways in which
to adapt to the potentially adverse effects of sea-level rise.

Hydrogeologic Framework

The study area is underlain by a series of confined and
unconfined aquifers collectively known as the Northern
Atlantic Coastal Plain aquifer system (Trapp and Horn, 1997).
The regional confined aquifer system in the study area is
generally overlain by younger sediments ranging in age from
Tertiary to Quaternary. These sediments were deposited in
a variety of environments, including alluvial, tidal marsh,
back barrier, and marine marginal, and form an unconfined,
surficial aquifer. The groundwater hydrology of Assateague
Island is controlled largely by the landforms of the island
(Krantz, 2009).

The water table in the shallow, unconfined aquifer system
generally follows the local topography, and water levels can
range from land surface to as deep as 15 m below land surface
(bls). However, the water table often is less than 1 m bls
(Dillow and others, 2002). The only surface-water features
on the island are a limited number of groundwater-fed ponds,
which represent surface-water expressions of the water table.
As aresult, the groundwater hydrology, including the distribu-
tion of fresh and brackish water in the shallow aquifer, and
the geometry of the fresh groundwater lens beneath the island,
affects the distribution of plant communities and habitat for
a diverse community of invertebrate and vertebrate wildlife
(Krantz, 2009).

Simulation of the Shallow
Groundwater-Flow System

Groundwater flow on Assateague Island was simu-
lated to evaluate the effects of sea-level rise and changes
in recharge on the depth to freshwater below the land sur-
face, changes in freshwater discharge, and the depth of the
freshwater/saltwater interface. The conceptual model used
to design the groundwater-flow model is described in the
section “Conceptual Model.” and a detailed description of the
groundwater-flow model is given in appendix 2. The USGS
groundwater modeling code MODFLOW-NWT (Niswonger
and others, 2011) with the Seawater Intrusion (SWI2) Package
(Bakker and others, 2013) is used to simulate variable-density
flow. The model is based on a previous groundwater-flow
model developed for Assateague Island (Masterson and oth-
ers, 2013) and shares the same extent as the earlier model.
The model domain includes parts of the mainland west of
Chincoteague and Sinepuxent Bays, and Sinepuxent Neck in
the northern extent of the model (fig. 2).
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Conceptual Model

The conceptual model describes the geometry of the
system and boundary conditions that control the movement
of groundwater. It synthesizes available information about
the groundwater-flow system, including the hydrogeologic
framework, hydraulic properties, recharge, evapotranspira-
tion, and the nature of the freshwater/saltwater interface. This
conceptual model forms the basis for the construction of the
numerical groundwater-flow model.

The model includes an unconfined barrier island aquifer
system on top of the layered Coastal Plain aquifer system. The
bottom of the barrier island aquifer is considered an imperme-
able clay confining unit (Richardson, 1994). Recharge and
evapotranspiration vary spatially, depending on the ground
cover and vegetation on the island surface. Saline surface-
water bodies are represented as head-dependent flux bound-
aries. A wave-overheight boundary, representing mounding
of groundwater near the shoreline caused by wave runup
and tidal infiltration and seepage (tidal pumping) is included
along the Atlantic Ocean coastline. The lateral boundaries
were simulated as no-flow boundary conditions that extend
beyond the maximum limit of the freshwater system on
Assateague Island.

Baseline Scenario

A simulation produced using the calibrated hydraulic
properties and initial boundary conditions is referred to as
the baseline scenario. The baseline scenario uses a sea-level
boundary equal to the 1983-2001 mean sea level at Ocean
City, Md. (—0.109 m, NAVD 88; National Oceanic and
Atmospheric Administration, 2016) and calibrated model
parameters described in appendix 2. The baseline scenario
model estimates water-table altitude, depth to water below
land surface, and the position of the 50-percent freshwater/
saltwater interface. Results from subsequent scenarios with
different boundary conditions representing sea-level stages are
compared to the baseline scenario as difference maps.

Recharge and Discharge Areas

Flow into the fresh groundwater system occurs in areas
assigned as recharge and along the Atlantic coast because of
the wave-overheight boundary. Flow out of the fresh ground-
water system occurs as evapotranspiration from vegetation,
seeps (discharge to the land surface), or submarine groundwa-
ter discharge. Groundwater discharge as evapotranspiration
(ET; fig. 3) occurs where the water table is above the estimated
extinction depth for ET, the depth at which the roots of the
vegetation group reach below land surface to take up fresh-
water. For the baseline scenario, coastal inflows and recharge
contribute water into the system, whereas evapotranspiration
and surface seeps are discharges. (table 1).

Depth to Water

Much of the land area of Assateague Island is less than
1 m above sea level (asl), especially along the bay side. In
these areas, the water table is between 0 and 1 m asl (fig. 4).
Most of the island has a water table within 1 m of land surface,
with the exception of the primary dune complex, which spans
the entire ocean side of the island (fig. 4). The primary dune,
which is the topographic high, separates the vegetated and
non-vegetated parts of the island. Depth to water can be as
much as 6 m along the dune, whereas the water table is above
land surface at several enclosed depressions. The highest
water-table altitudes, 1 m or more asl, coincide with higher
altitudes near the primary dune and topographic high on the
southern part of Assateague Island (fig. 5). Overall, water-table
altitudes range from 0 to about 3 m asl on the island.

Freshwater/Saltwater Interface

The altitude of the freshwater/saltwater interface for the
baseline scenario is shown in figure 6. The numerical model-
ing code used to simulate steady-state groundwater flow on
Assateague Island, MODFLOW-NWT (Niswonger and others,
2011) with SWI2 (Saltwater Intrusion) package (Bakker and
others, 2013), simulates the freshwater/saltwater transition
zone as a sharp interface with a concentration of 50-percent
seawater. The aquifer contains freshwater to the base of the
aquifer in much of the island. Areas along the bay have an
interface position approximately —10 m or less below the
North American Vertical Datum of 1988 (NAVD 88).

Steady-State Simulation for Scenarios of
Sea-Level Rise and Varying Recharge

The baseline scenario model was used as a starting point
to develop sea-level-rise scenarios. The altitude of the saline
water bodies was increased by 20 cm, 40 cm, and 60 cm for
three different sea-level-rise scenarios to be consistent with the
companion studies as Sandy Hook, N.J., and Fire Island, N.Y.
Land-surface cells at altitudes less than the respective sea-
level boundary for each scenario were reassigned as saline-
water-body boundary conditions. Associated land-surface
model boundary conditions, including drains, recharge, and
evapotranspiration, were turned off for those “inundated” cells
for each sea-level-rise scenario. Each sea-level-rise model
run was allowed to run for 100 years, a period sufficient for a
steady state to be achieved.

Recharge and Discharge Areas

The sea-level-rise scenarios cause many low-lying areas
that receive recharge in the baseline scenario to be inundated
and therefore converted to saltwater. Inundation reduces the
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Table 1. Simulated flow rates to model boundaries for the baseline scenario, 20-, 40-, and 60-centimeter sea-level-rise scenarios, and increased and decreased recharge
scenarios, Assateague Island, Maryland and Virginia.

[em, centimeter; SLR, sea-level rise; m3/d, cubic meters per day; GW, groundwater; ET, evapotranspiration|

60-cm SLR and

Recharge Recharge recharae
Boundary condition Baseline 20-cm SLR 40-cm SLR 60-cm SLR decreased by increased by . g
increased by
10 percent 10 percent
10 percent
Flow into groundwater-flow model from boundary [negative indicated flow out of the fresh groundwater system] (in m3/d)
Recharge 4,801,157,632 4,025,190,400 3,508,828,416 3,049,707,776 4,321,041,408 5,281,274,368 3,354,679,296
GW discharge to seeps —2,880,596,224 —1,819,698,560 —1,407,593,600 —1,029,743,936 —2,635,861,504 —3,149,794,816 —1,189,886,720
G\gif;tsi‘;iarge (0 CVApOLrans- 5 376,050,560  —1,713,842,304  —1,411,811,584 ~1,060,658,176  —2,146,323,584  —2,479,760,128  —1,132,049,408
GW submarine discharge 400,879,616 —493,502,464 —691,023,872 -960,323,584 461,053,952 342,552,576 —1,033,932,800
Percentage of recharge discharging to seeps, ET, and submarine groundwater boundaries (may not equal 100 percent because of rounding errors)
Seeps —0.60 —0.45 —0.40 -0.34 —0.61 —0.60 —0.35
Evapotranspiration —0.48 —-0.43 —0.40 -0.35 —0.50 —0.47 -0.34
Submarine groundwater 0.08 -0.12 -0.20 ~0.31 0.1 0.06 ~0.31

discharge

Total flow in and out of groundwater-flow models for each sea level rise scenario

In
Out

Head dependent boundary
difference

37,901,275,136
37,500,395,520

400,879,616

46,451,863,552 46,671,962,112 46,715,252,736 37,907,197,952 37,894,627,328 46,712,492,032
46,945,366,016 47,362,985,984 47,675,576,320 37,446,144,000 37,552,074,752 47,746,424,832

—493,502,464 —691,023,872 -960,323,584 461,053,952 342,552,576 —1,033,932,800
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Figure 3. Distribution of evapotranspiration for the baseline scenario for sections A-D, Assateague Island, Maryland

and Virginia. (<, less than; note the different scales)

land area that receives recharge and the total volume of fresh-
water recharge (table 1). The inundation from the sea-level-
rise scenarios reduces the number of model cells assigned to
account for seepage and evapotranspiration, and with succes-
sively higher sea-level positions, the groundwater discharge
to seeps and evapotranspiration decreases. At the current
land-surface altitude, as much as 50 percent of the island may
be inundated with a 60-cm rise in sea level, and the low-lying
marshes may change from freshwater to saltwater. In addi-
tion to the change in island geometry caused by inundation
(table 2), the sea-level-rise scenarios cause a rise in the water
table on the rest of the island. This higher water table affects
groundwater discharge in the existing areas assigned as seeps
and through changes in ET (fig. 7) and submarine groundwater
discharge. As the sea level rises, submarine groundwater dis-
charge increases, whereas changes in discharge by seeps and
evapotranspiration vary locally.

Changes in recharge of £10 percent to the baseline sce-
nario were evaluated. The reduced recharge scenario lowered
the water table, resulting in decreased discharge to seeps
and evapotranspiration, and decreased output to submarine

groundwater. In contrast, the increased recharge scenario
slightly increased the water table, increasing discharge to
seeps and evapotranspiration, and decreasing the input from
submarine groundwater. The final scenario was 60-cm sea-
level rise with an increase of 10 percent in recharge. These
results are slightly different from the 60-cm sea-level-rise sce-
nario in that the increased recharge caused a slight increase in
discharge to seeps, evapotranspiration, and submarine ground-
water discharge (table 1).

Depth to Water

For the simulation of a 20-cm sea-level rise, the changes
in water-table altitude are typically less than 10 cm and occur
in areas of the low altitude, marshy, back-bay parts of the
island (fig. 84). For the 40-cm sea-level-rise scenario, the
increase in water-table altitude encroaches inland from the
back bay, with maximum water-table altitudes increasing by as
much as 40 cm (fig. 8B). For the 60-cm sea-level-rise simula-
tion, the water-table altitude changes encroach further inland
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Figure 4. Water-table distribution for the baseline scenario of sections A-D, Assateague Island, Maryland and Virginia.

(<, less than; note the different scales)

from the bay side, with the maximum water table increasing
by as much as 50 cm (fig. 8C). On the northern, narrowest part
of the island, 60 cm of sea-level rise is predicted to increase
the water table across the island’s entire width. Large areas on
the southern part of the island near Toms Cove show changes
of between 30 cm and 50 cm. At dunes and other higher topo-
graphic features, the increased water-table altitude is still well
below land surface. However, in lower topographic areas, the
water table enters the capture zone for vegetation root systems
or discharges to the land surface.

Freshwater/Saltwater Interface

Changes to the altitude of the 50-percent freshwater/
saltwater interface are localized, with most of the changes
occurring in the southern part of the island (fig. 9). These low-
lying areas are affected by inundation, and the freshwater lens
present in the baseline scenario is not present in the 60-cm
sea-level-rise scenario. Similarly, but to a lesser extent on the

northern part of the island, low-lying areas on the bay side are
inundated, and parts of the freshwater lens are gone under the
60-cm sea-level-rise scenario.

Results from the sea-level-rise scenarios show an increase
in the altitude of the water table, inundation of low-lying
areas, and an increase in discharge from seeps and evapo-
transpiration in non-inundated areas. Boundary conditions
change over the low-lying areas of the island in the sea-level-
rise scenarios. Inundated areas are converted from recharge,
evapotranspiration, and drains with freshwater inputs to speci-
fied head with a saltwater source. This decreases the overall
flow of freshwater into the model from recharge (fig. 10). In
successive sea-level-rise scenarios the subsequent flow out of
the model as evapotranspiration and seeps decreases (table 1)
whereas freshwater flow to submarine groundwater discharge
increases. Changes in recharge of +£10 percent have minor
effects on the results of the model.

On the Atlantic coast of North America, groundwater
systems of many barrier islands are topographically limited
(Michael and others, 2013) in response to sea-level rise. This
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means that as the water table rises, it approaches the land
surface and leaves by direct discharge, evapotranspiration,

or extraction if wells are present. Barrier islands are dynamic
systems, undergoing erosion and deposition in complex ways.
In a topographically limited setting like Assateague Island,
morphological processes may be an important factor in deter-
mining the fate of the fresh groundwater systems in the face of
sea-level rise.

Limitations of Analysis

This study uses steady-state groundwater-flow models to
evaluate the long-term effects of sea-level rise on the ground-
water system of Assateague Island, Maryland and Virginia.
This approach does not account for the potential transient
effects that may be associated with long-term sea-level rise,
such as increased high tidal events. Although this study does
explore the effects of changes in long-term recharge to the
system, individual precipitation events are not explored.
Seasonal variations in hydrology are not accounted for in the

sea-level-rise assessment. Groundwater observation data do
show the transient response to these hydrologic processes,
which may deserve further study.

The shape of the island is assumed constant for this study.
Predicting geomorphological adaptation to sea-level rise is
beyond the scope of this study, but the authors acknowledge
changes in island morphology may be an important factor
when evaluating long-term groundwater response to sea-
level rise in a topographically limited system like Assateague
Island. Because of the extensive area of the study that is less
than 60 cm above current (2019) sea level, inundation of those
areas affects the overall water budget of the island. In this
study, a sharp interface approach was used to simulate variable
density groundwater conditions. This approach allowed for a
refined spatial discretization of the island, and finer resolution
of the water table, at the expense of representing the freshwa-
ter/saltwater interface as a transition zone from freshwater to
seawater. This approach is consistent with the modeling efforts
on Fire Island, N.Y., (Misut and Dressler, 2021) and Sandy
Hook, N.J., (Carleton and others, 2021) and is intended to
provide comparable results between national seashores.
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Long-term Monitoring to Assess Water
Resources

Continuous water levels in 32 wells were recorded at
6-minute intervals from October 1, 2014, to September 30,
2015. At four wells, specific conductance was recorded at
6-minute intervals for the same period. The purpose of col-
lecting these high-frequency data was to observe ground-
water response to hydrologic processes in different parts
of the aquifer system, determine processes of interest for
future monitoring, and identify wells that provide the most
information regarding those hydrologic processes of interest.
Seasonal and episodic variations in aquifer condition driven
by precipitation, tides, and evapotranspiration vary spatially
on Assateague Island. To evaluate similar transient water-table
responses at various temporal scales, correlation analysis was
applied to a groundwater-level time series at 14 shallow wells.
Correlation coefficients for each combination of wells are used
as input to a clustering algorithm to objectively group wells
that respond in a similar fashion to hydrologic processes on
the island.

Table 2. Simulated area of land inundated by sea-level rise,
Assateague Island, Maryland and Virginia.

[SLR, sea-level rise; km?, square kilometer; NA, not applicable;
cm, centimeter]

SLR senario _ Simulated area of Percent t_)f island
inundated land (km?) land area inundated
Baseline NA NA
20 cm 22.34 24.6
40 cm 35.18 38.7
60 cm 45.04 49.6

Groundwater Levels

Shallow wells with 12 months of high frequency water
levels were used for an objective classification analysis. Time
series were pre-processed for analysis by interpolating data
missing as a result of equipment maintenance and resampling
at the original data collection interval of 6 minutes. Pearson
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12 Simulated Effects of Sea-Level Rise on the Groundwater System of Assateague Island

A A
0 T T 150 T T T 300 T T T 45.0
25 175 325 475
50 20.0 35.0 50.0
715+ 225 375 52.5
10.0 - 25.0 40.0 55.0
125 - 215 425 515
15.0 1 1 30.0 L 1 1 45,0 L 1 1 60.0
B A
0 T T 15.0 T T 30.0 T T 45.0
25 175 325 475
4
7] 5.0 20.0 35.0 50.0
[«
£
o
=
= 15} 225 375 525
@
o
=
=
2100 - 25.0 40.0 55.0
a
125 - 215 425 51.5
15.0 ! ! 30.0 L ! ! 45,0 L ! ! 60.0
cC A
0 T T 15.0 7 T T 300 T T 45.0
25 175 325 4715
50 20.0 35.0 50.0
15 225 375 52.5
10.0 - 25.0 40.0 55.0
125 - 215 425 51.5
15.0 1 1 30.0 L 1 1 (e 1 1 60.0
25 715 15 10.0 12.5 715 10.00 12.5 5.0

Distance, in kilometers

EXPLANATION

Change in water-table
altitude, in meters

0to<0.1
0.1t0<0.2
0.2t0<0.3
0.3t0<0.4
0.41t0<10.3

Figure 8. Change in water-table altitude for A, 20, B, 40, and C, 60 centimeters of sea-level rise, sections A-D, Assateague Island,

Maryland and Virginia. (<, less than; note the different scales)



2.5

5.0

15

10.0

12.5

15.0

2.5

5.0

15

Distance, in kilometers

12.5

15.0

2.5

5.0

15

10.0

12.5

15.0

Long-term Monitoring to Assess Water Resources 13

T T 15.0 B. T T 30.0 c. T T 45.0 b T
175 4 325F 475 -
200 - 4 35.0F 50.0 -
225 4 315F 52,5
250 - < 400 55.0
215 4 425 57.5 -
L L 30.0 4 L L 450 L L L 60.0 1
T T 15.0 B| T T 30.0 c| T T 45.0 b T
175 4 325k 475 -
200 - 4 350 500
225 +4 3751 525
250 - - 400 55.0 -
215 4 425 575
L L 30.0 -1 L L 450 L L L 60.0 L
T T 15.0 B. T T 30.0 c. T T 45.0 b T
175 4 325k 475 -
200 - 4 35.0F 50.0 |-
225 +4 375 52.5 -
250 - <4 400 55.0 -
215 4 425 575
L L 30.0 - L L 450 L L L 60.0 L
25 15 15 10.0 125 15 10.00 125 5.0 15

Distance, in kilometers

EXPLANATION

Change in 50-percent
freshwater-saltwate
interface, in meters

0to<2.0
2.0to<4.0
4.0to0 <6.0
6.0t0 8.0
8.0 to <30.0

Figure 9. Changes in the 50-percent freshwater/saltwater interface altitude for A, 20, B, 40, and C, 60 centimeters of sea-level rise,

sections A-D, Assateague Island, Maryland and Virginia. (<, less than; note the different scales)



14 Simulated Effects of Sea-Level Rise on the Groundwater System of Assateague Island

A Recharge: 4.80 km® per day
Evapotranspiration: -48%

Seeps:—60% » *
Baseline | SRS i

IM| Recharge: 4.03 km? per day

25% more inundated Evapotranspiration: —43%

than baseline scenario

Seeps: —45% il o &
Baseline + 20 cm Lt ——

c |M| Recharge: 4.03 km® per day

0 .
38.7% more |nundateq Evapotranspiration: -43%
than baseline scenario

Seeps: —40%
Baseline + 40 cm |

D | Inundation |
49.6% more inundated | I

than baseline scenario Evapotranspiration: -35%
Seeps: -34%

Recharge: 3.05 km® per day

Baseline + 60 cm

Figure 10. Schematic diagrams showing the change in simulated fluxes under A, baseline conditions, and
B, 20, C, 40, and D, 60 centimeters of sea-level rise, Assateague Island, Maryland and Virginia. (%, percent;
kms3, cubic kilometer; cm, centimeter]



correlation coefficients were computed for each combination
of wells, and a hierarchical agglomerative clustering algorithm
was applied using Ward’s minimum variance method (Ward,
1963). The results of the cluster analysis group wells with two
distinct response patterns. The locations of the well groups
are important to understanding the different aquifer response
observed in each group. Figure 11 shows that wells in group

1 are located on the vegetated bay side of the primary dune,
and wells in group 2 are on the unvegetated ocean side. Wells
in group 1 (fig. 124) appear to respond strongly to precipita-
tion events, whereas wells in group 2 (fig. 12B8) respond more
strongly to tidal events.

Water Quality

Specific conductance time series data were collected at
four wells between October 1, 2014, and September 30, 2015.
Two wells are in group 1 (precipitation response), and two
are in group 2 (tidal response). The group 1 specific conduc-
tance time series shows freshening conditions corresponding
to precipitation events (fig. 134). Wells in group 2 on the
northern part of the island show distinct increases in specific
conductance with high tide events (fig. 13B), possibly caused
by overwash events. Overwash events are more evident from
October through March.

Summary and Conclusions

Projected rates of sea-level rise near Assateague Island,
Maryland and Virginia, are some of the highest on the east
coast of the United States. Simulated results of sea-level rise
show groundwater inundation, saltwater intrusion, and surface
inundation of large parts of Assateague Island. The fresh
groundwater system, on which many species of plants and
animals are dependent, is susceptible to adverse effects of sea-
level rise. Assateague Island is not unique in this regard; many
barrier island complexes, which host important habitats and
ecosystems along the east coast, are also susceptible to adverse
effects of sea-level rise.

The U.S. Geological Survey is working with State
and other Federal agencies to improve the understanding of
climate change on coastal ecosystems, including the effects
on groundwater flow; to develop capabilities for predicting
potential climate-change effects; and to provide the tools for
adaptation and mitigation of potentially adverse effects. As
part of that effort, the U.S. Geological Survey, in coopera-
tion with the National Parks Service, conducted a study of the
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Assateague Island groundwater system, in coordination with
similar modeling efforts on Fire Island, New York, and the
Sandy Hook section of Gateway National Recreation Area

in New Jersey. Combined, these models aim to improve the
regional capabilities for predicting climate-change effects on
barrier islands and provide resource managers with a common
set of tools for the adaptation and mitigation of potentially
adverse effects of sea-level rise.

On Assateague Island, the calibrated three-dimensional
groundwater-flow model was used to simulate a baseline
scenario and sea-level-rise scenarios of 20 centimeters (cm),
40 cm, and 60 cm. Scenarios where recharge is modified
+10 percent also were evaluated. Results show that at greater
stages of sea-level rise, low-lying areas of the island originally
represented as receiving freshwater recharge in the baseline
scenario are inundated by saltwater. This inundation of the
island decreases the overall amount of freshwater recharging
the system. As the water table rises in response to the higher
sea levels, freshwater flow out of the system changes, with
more freshwater leaving as submarine groundwater discharge
and less freshwater leaving as seeps and evapotranspiration. At
the current (2019) land-surface altitude, as much as 50 percent
of the island may be inundated with a 60-cm rise in sea level,
and the low-lying marshes may change from freshwater to
saltwater.

Water levels and water quality were monitored in a
network of wells installed in 2010 (Banks and others, 2012).
Results from objective classification analysis of 14 shallow
monitoring wells show two dominant processes affecting
groundwater levels in two different settings on the island. On
the western side of the island, between the primary dune and
the inland bays, water levels respond strongly to precipitation
events. This side of the island is more protected from ocean
tides and typically is more vegetated than the eastern side. The
western side of the island is most likely to be inundated as sea
levels rise because of the extremely low topographic relief.
On the eastern side of the island, between the Atlantic Ocean
and the primary dune, water levels strongly respond to tidal
events. Specific conductance was measured at four wells, two
on the western side of the island and two on the eastern side
of the island. Specific conductance values for the two wells
west of the primary dune show episodic decreases, coinciding
with precipitation events. Specific conductance values for the
two wells on the eastern side of the primary dune show epi-
sodic increases, coinciding with high tide events. These high
frequency monitoring data are intended to aid in designing a
monitoring network that can document both short-term and
long-term hydrologic processes on Assateague Island National
Seashore.
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Appendix1. Water Level and Specific Conductance Data

Continuous water levels combined with specific conduc-  specific conductance was recorded continuously. Hydrographs
tance monitoring can provide information on the responsive- of water levels from well pairs and individual wells, and
ness of the shallow aquifer to precipitation, tides, and other chemographs of specific conductance for the four wells are

hydrologic processes. Water levels were measured in 32 wells ~ presented in figures.
at 6-minute intervals for up to 12 months, from October 1,
2014, to September 30, 2015 (fig. 1.1; table 1.1). In four wells,

Table 1.1. Description of wells used in study, Assateague Island, Maryland and Virginia.

[Sensor data refers to the type of continuous data that were collected. USGS, U.S. Geological Survey; latitude and longitude are reported in degrees, minutes,
and seconds; ft, foot; NAVD 88, North American Vertical Datum of 1988; --, no data; WL, water level; SC, specific conductance]

Land-surface Well pair Well

USGS site number Station name Latitude Longitude elevation ) dep_tl_l depth S::ts:r
(ft NAVD 88) identifier (ft)

380457075122301 WO Ff 11 38°04'57.7” 75°1223.8” 3.15 Deep 52.5 WL
380457075122302 WO Ff12 38°04'57.7” 75°1223.8” 3.18 Shallow 12.1 WL; SC
380512075125401 WO Ef 36 38°05'12.4” 75°12'54.4” 2.02 Deep 50.8 WL
380512075125402 WO Ef37 38°05'12.4” 75°12'54.4” 1.97 Shallow 11.7 WL; SC
380730075110401 WO Ef30 38°07'30.5” 75°11'04.3” 3.52 Deep 52.4 WL
380730075110402 WO Ef 31 38°07'30.5” 75°11'04.3” 3.62 Shallow 11.7 WL
380731075105601 WO Ef28 38°07'31.4” 75°10'56.2” 4.42 Deep 52 WL
380731075105602 WO Ef29 38°07'31.4” 75°10'56.2” 4.44 Shallow 12.8 WL
380731075111101 WO Ef32 38°07'31.0” 75°11'11.5” 2.32 Deep 52.7 WL
380731075111102 WO Ef 33 38°07'31.56” 75°11'11.26” 2.06 Shallow 9.9 WL
380734075111301 WO Ef 34 38°07'34.17 75°11'13.8” 3.33 Deep 51.7 WL
380734075111302 WO Ef35 38°07'34.1” 75°11'13.8” 3.63 Shallow 11.8 WL
380837075112201 WO Ef26 38°08'34” 75°11'17” 5.33 Deep 100 WL
380837075112202 WO Ef27 38°08'34” 75°11'17” 5.44 Shallow 35 WL
381155075091801 WO Dg 33 38°11'55.67” 75°09'19.30” 4.66 Deep 51.9 WL
381155075091802 WO Dg 34 38°11'55.6” 75°09'18.8” 4.28 Shallow 11.4 WL
381157075092901 WO Dg 35 38°11'57.1” 75°09'29.1” 1.45 Deep 51.9 WL
381157075092902 WO Dg 36 38°11'57.17 75°0929.1” 1.68 Shallow 9.4 WL
381427075081102 WO Dg 21 38°14'28.3” 75°08'10.8” 4.94 -- 310 WL
381428075081401 WO Dg 23 38°14'28.3” 75°08'10.9” 4.45 Deep 85 WL
381428075081402 WO Dg 24 38°1428.3” 75°08'10.9” 4.26 Shallow 35 WL
381428075081403 WO Dg 25 38°14'28.3” 75°08'10.8” 4.28 -- 15 WL
381450075075401 WO Dg 27 38°14'50.6” 75°07'54.0” 2.83 Deep 22 WL
381450075075402 WO Dg 28 38°14'50.6” 75°07'54.0” 3.00 Shallow 12.1 WL
381452075075901 WO Dg 29 38°14'52.23” 75°07'58.93” 5.71 Deep 52.2 WL
381452075075902 WO Dg 30 38°14'52.0” 75°07'59.0” 5.88 Shallow 16.8 WL
381452075080101 WO Dg 31 38°14'52.9” 75°08'01.7” 7.45 Deep 52.7 WL
381452075080102 WO Dg 32 38°14'52.9” 75°08'01.7” 6.73 Shallow 12.4 WL
381804075063401 WO Cg 104 38°18'04.8” 75°06'34.2” 4.87 Deep 51.3 WL
381804075063402 WO Cg 103 38°18'04.81” 75°06'34.24” 491 Shallow 12.4 WL; SC
381805075063501 WO Cg 102 38°18'05.4” 75°06'35.5” 10.39 Deep 57.4 WL

381805075063502 WO Cg 101 38°18'05.4” 75°06'35.5” 10.24 Shallow 17 WL; SC
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Figure 1.1.

Locations of monitoring wells, tide gage, and precipitation gage at Ocean City Municipal

Airport, Assateague Island and vicinity, Maryland and Virginia. (NOAA, National Oceanic and Atmospheric

Administration)



Wells

The monitoring wells used in the study are listed in
table 1.1. Wells that are part of a pair are designated as deep or
shallow wells. Of the 32 monitoring wells used in this study,
26 were installed as 13 well pairs in five east-west trending
transects (Banks and others, 2012). These well pairs have a
shallow well screened approximately 10 feet (ft) below land
surface and a deep well screened approximately 45-55 ft
below land surface (Banks and others, 2012).

The other six wells in the study were installed as part of
an effort to quantify the nutrient fluxes to the Chincoteague
and Sinupuxent Bays (Dillow and others, 2002). Four (2 pairs)
of these six wells are deeper than the well pairs installed by
Banks and others (2012), with the shallow wells finished
at 35 ft below land surface and the deep wells finished at
85 and 100 ft below land surface. One well from this study
(381427075081102) accesses the deep Manokin aquifer, and
one well (381428075081403) is finished in the shallow surfi-
cial aquifer.

Precipitation and Sea-level
Observations

Hourly mean sea-level altitudes recorded at National
Oceanic and Atmospheric Administration (NOAA) station
8570283 from October 1, 2014, to September 30, 2015, are
displayed in figure 1.2, (NOAA, 2017). Although these data
are the closest sea-level observations to Assateague Island,
they do not necessarily represent the fluctuations in sea level
observed within Sinepuxent and Chincoteague Bays, which
are expected to experience a dampened and delayed tidal
response. Daily precipitation data shown in figure 1.2 were
collected at Ocean City Municipal Airport (Station identi-
fier: GHCND:USW00093786) and accessed via the Global
Historical Climatology Network (Menne and others, 2012).
Recorded precipitation is evenly distributed seasonally, though
the expected recharge from this precipitation will vary depend-
ing on the rainfall rate, antecedent soil moisture, evapotranspi-
ration rate, topography, and other factors.
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Continuous Water-Level Monitoring

Continuous water-level monitoring can provide informa-
tion on the responsiveness of different parts of the shallow
aquifer to precipitation, tidal cycles, and seasonal recharge
variation. In the 32 wells listed in table 1.1, water levels
were collected at 6-minute intervals using the CTD-DIVER
Water Level Logger. Barometric measurements, made with
the BARO-DIVER Water Level Logger, were made at five
locations across Assateague Island, and these data were used
to correct for atmospheric pressure variations. Manual water-
level measurements were obtained monthly at all wells. Water
levels were quality assured according to methods described
in Cunningham and Schalk, (2011). In figure 1.34-Q, the
daily mean water-table altitudes for October 1, 2014, to
September 30, 2015, are displayed for well pairs. The water-
level data are available through the U.S. Geological Survey
(USGS) National Water Information System (NWIS) database
(USGS, 2017).

The manner in which groundwater levels respond to
recharge events provides qualitative data on the sensitivity of
the aquifer to changes in recharge. For most well pairs, shal-
low wells finished more than 20 ft deep are generally more
responsive to precipitation than deeper wells. In these shallow
wells, there is a quick rise in groundwater level coincident
with observed precipitation and a gradual decrease over sev-
eral days to weeks during periods without substantial recharge.

Deep wells and wells near the Atlantic shoreline are more
responsive to changes in the tides, which is consistent with
the 7 weeks of data collected by Banks and others (2012). For
precipitation-affected wells, the greatest groundwater levels
were observed from January to March, which can be attrib-
uted to decreased evapotranspiration during these months.
The deepest well monitored in this study (381427075081102;
310 ft deep) displays a strong seasonal trend likely affected by
seasonal withdrawals in nearby Ocean City, Md.

For most of the well pairs, the water level in the shal-
low well is consistently higher than that in the deep well,
indicating downward groundwater movement for most of the
observation period. One notable deviation from this pattern
is for wells 381155075091801 and 381155075091802, where
a substantial rise in water-level altitude from late February to
early March 2015 caused an apparent head gradient reversal

(fig. 1.3H).
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Figure 1.3. Daily mean water-table altitudes in, A-@, 32 monitoring wells, Assateague Island, Maryland
and Virginia. Deep and shallow wells are co-located to form a well pair and are plotted on the same axes

in figure 1.3A-0. For a well pair, the last two digits of the 15-digit U.S. Geological Survey well identification
number identifies a well as deep (01) or shallow (02). Figure 1.3P displays water-table altitudes for a shallow
well, and figure 1.30 displays water-table altitudes for a deep well accessing the regional aquifer.
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Continuous Specific Conductance
Monitoring

The continuous specific conductance monitoring in
this study allows for the evaluation of transient and seasonal
changes in dissolved ion content in the shallow aquifer.
Specific conductance is an established proxy for dissolved
salt content, with seawater approaching 50,000 microsiemens
per centimeter at 25 degrees Celsius (1uS/cm). For this study,
four shallow monitoring wells (12—17 ft below land surface)
along two sections across the island were monitored continu-
ously. These wells are identified in table 1.1, and the data for
these wells are available on the USGS NWIS database (USGS,
2017). Specific conductance was measured every 6 minutes
by a Van Essen CTD Diver conductance probe. A water
temperature correction was applied to report the data in uS/
cm at 25 °C. Manual measurements of specific conductance
were made July 13 and 15, 2015, following well evacuation
and purging; these data were used to confirm that the specific
conductance data observed by the well sensor was representa-
tive of aquifer conditions. In some deep wells, the continuous

Mar.

Apr.  May June

2015

July  Aug. Sept.

Date

specific conductance observations changed following well
purging, indicating well stratification or other factors are
affecting the representativeness of the specific conductance
observations. These data were excluded from the following
analysis.

In figure 1.4, daily mean specific conductance values are
shown for the 2014—15 period. The two wells in the southern
part of the island have specific conductance concentrations of
less than 1,800 uS/cm and do not respond to high sea-level
events. Well 380457075122302 (fig. 1.44) is closer to the
Atlantic side of the island and has higher specific conduc-
tance, but groundwater is still relatively fresh and consistent
throughout the year. From October 2014 to February 2015,
the specific conductance shows stepwise decreases coincident
with precipitation, indicating aquifer recharge and freshening.
Both southern wells are on a narrow island section behind a
high Atlantic Ocean facing dune, which may be preventing
storm overwash or saline deposition.

The two northern monitoring wells (381804075063402
and 381805045063502) had greater specific conductance con-
centrations than the two southern monitoring wells. Several
episodic increases in specific conductance lasting several days
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during October 2014—February 2015 were observed to be
coincident with peaks in sea level. Well 381804075063402,
which experienced the highest specific conductance approach-
ing one-half the concentration for that of seawater, is closest to
the Atlantic shoreline and resides in a low-lying land-surface
depression 4.91 ft above sea level (asl). The other northern
well (381805045063502) is more inland and at a higher land-
surface altitude (10.24 ft asl). The observed peaks in specific
conductance may be the result of storm overwash events. A
seasonal variation in specific conductance is observed only

in well 381804075063402, which likely decreases in spe-
cific conductance in the winter and spring 2015 because of
decreased evapotranspiration.
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Appendix 2. Model Development

Development of the
Groundwater-Flow Model

A steady-state three-dimensional groundwater-flow
model was developed to simulate the groundwater system of
Assateague Island National Seashore. The coastal model used
in this analysis was developed using the Seawater Intrusion
SWI2 Package (Bakker and others, 2013), a MODFLOW
package capable of simulating a dynamic saltwater interface
position. SWI2 allows three-dimensional vertically integrated
variable-density groundwater flow with MODFLOW-NWT
(Niswonger and others, 2011) through the addition of pseudo-
source terms to the groundwater flow equation. Vertical
and horizontal movement of a defined isodensity surface is
calculated separately using a combination of flows calculated
through the solution of the groundwater flow equation and
a simple algorithm to track the front end of the freshwater/
saltwater interface (Bakker and others, 2013; Walter and oth-
ers, 2016).

This model is based on a previous groundwater-flow
model developed for Assateague Island (Masterson and
others, 2013) that used the U.S. Geological Survey (USGS)
computer program SEAWAT (Langevin and others, 2008) to
simulate the groundwater-flow system. The previous model
simulates variable-density groundwater flow by coupling the
groundwater-flow code MODFLOW-2000 (Harbaugh and
others, 2000) and the solute transport code MT3D (Zheng and
Wang, 1999). Dispersive solute transport simulations require
relatively fine discretization, resulting in a large number of
grid cells, which can reach computational limitations of some
desktop computers. Numerical simulations using the SWI12
package require far fewer cells than solute transport simula-
tions (Bakker and others, 2013) because they can represent
three-dimensional vertically integrated variable-density flow
without the need to discretize the aquifer vertically. In the
case of Assateague Island National Seashore, reducing the
number of layers in the model allows for a finer horizontal
grid spacing, thus improving the spatial discretization of the
groundwater-flow model while staying within computational
limits of a desktop computer.

The USGS computer program UCODE 2014 (Poeter
and others, 2005; Poeter and others, 2014) was used to
estimate model parameters, perform sensitivity analysis,
and calibrate the model to measured water levels from wells
and estimated water levels from detailed vegetation commu-
nity surveys (Sneddon and others, 2017).
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Model Discretization

The finite-difference model grid consists of uniformly
spaced model cells that are 25 meters (m) on a side. The grid
consists of 2,480 rows and 600 columns that extend from the
Ocean City inlet in Maryland to Toms Cove, Virginia. The
upper left corner of the model domain is at x = 485,048 m and
y =4,246,162 m (UTM zone 18) and is rotated —28 degrees.
This model shares the same extent as the earlier model
(Masterson and others, 2013), and the model grid includes
parts of the mainland west of Chincoteague and Sinepuxent
Bays, but the active model domain includes only an area
around the barrier island approximately 3,000 m to the
west into Chincoteague and Sinepuxent Bays and 2,000 m
to the east into the Atlantic Ocean. Included in the active
model domain is Sinepuxent Neck in the northern extent of
the model.

The model has 1 layer that extends from land surface to
a maximum depth of 30 m below the North American Vertical
Datum of 1988 (NAVD 88), coincident with the top of the
Upper Chesapeake confining unit, which separates the surficial
aquifer from the underlying confined aquifers of the North
Atlantic Coastal Plain. The top of the model grid was defined
by using the central node of each 25 m by 25 m model cell
to extract an altitude from a merged topographic-bathymetric
digital surface constructed for the study area by Masterson and
others (2013). Extracting altitudes with the refined model grid
produces four times the spatial resolution of the island topog-
raphy than the previous groundwater-flow model.

Boundary Conditions

Boundary conditions control the movement of water in
a groundwater-flow model and can be thought of as a series
of water sources and sinks. In the case of Assateague Island,
there are sources and sinks of freshwater (recharge, evapo-
transpiration, surface seepage) and saltwater (saline water bod-
ies) that in combination with the model hydraulic properties
determine the position of the water table and the freshwater/
saltwater interface. Initial values of these boundary conditions
were taken from Masterson and others (2013) and modified in
this study through the model calibration process.

Recharge

Recharge occurs as direct percolation of infiltrat-
ing precipitation. Recharge to the groundwater system was
simulated using the recharge package (RCH) of MODFLOW-
NWT. Recharge values were assigned to five zones across the
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island on the basis of vegetation and groundcover (fig. 2.1).
The range of recharge values is similar to the values used in
Masterson and others (2013).

Evapotranspiration

Evapotranspiration from groundwater is simulated explic-
itly as a head-dependent flux boundary condition using the
EVT package. The required inputs for the EVT package are
evapotranspiration rate, extinction depth, and surface altitude.
A maximum evapotranspiration rate was assigned uniformly
to each land-surface cell across the model. The extinction
depth was assigned to five zones on the basis of vegetation and
ground cover coincident with the five recharge zones (fig. 2.1).
The evapotranspiration flux decreased linearly with depth and
with a decrease in water-table altitude, whereas the water level
was above the extinction depth in a cell.

Freshwater/Saltwater Interface

The ultimate position of the freshwater/saltwater interface
was determined by the model; however, the model required
an initial position of the freshwater/saltwater interface, just as

it required an initial head distribution. This initial freshwater/
saltwater interface position was calculated using the Ghyben-
Herzberg relation (Ghyben, 1889; Herzberg, 1901) and the
final head solution extrapolated from Masterson and oth-

ers (2013).

General-Head Boundaries

Head-dependent flux boundaries were used to represent
the saltwater bodies surrounding Assateague Island, including
the Atlantic Ocean, Chincoteague Bay, and Sinepuxent Bay.
The following equation was used to calculate the freshwa-
ter equivalent head altitudes for the coastal and inland bay
general-head boundaries on the basis of the depth of open salt-
water and the estimated density of back bay or ocean water:

hjw = _01091’1’1 + (p.vw_ pfw) *Depthsw’ (1)
where
hy,  is the equivalent freshwater altitude
(NAVD 88);
—0.109 m is the 1981-2000 mean sea level at Ocean

City, Md., inlet (NAVD 88);
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P 1s the estimated density of saltwater at a given
location;
ps  1s the density of freshwater; and
Depth,, is the depth of open saltwater at a given

location.

Surface Seepage

A seepage face boundary was assigned to each land-
surface cell of the model using the DRN (drain) package in
MODFLOW-NWT (Niswonger and others, 2011). In this
approach, all cells are represented as drains, which remove
water from the aquifer at a rate proportional to the differ-
ence between the head in the aquifer and some fixed head
or altitude, called the drain altitude (the altitude assigned to
each DRN cell is the same as land surface), as long as the
head in the aquifer is above that altitude (Harbaugh, 2005).
If, however, the aquifer head falls below the drain altitude,
the drain has no effect on head in the aquifer. The constant of
proportionality is called the drain conductance. When using
the drain approach, it is assumed that there are no losing cells
in the model domain.
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Hydraulic Properties

The hydraulic properties of an aquifer system at steady
state govern the transmission of groundwater. Hydraulic
properties input into the model include horizontal hydraulic
conductivity. The determination of hydraulic properties was
based on previous investigations of Assateague Island (Banks
and others, 2012; Dillow and others, 2002; Krantz, 2009) and
synthesized in Masterson and others (2013). Initial hydrau-
lic properties for the 1-layer model developed in this study
were derived by calculating the mean conductivity used in
Masterson and others (2013), as determined by parameter
estimation. The harmonic mean was used to calculate the new
initial horizontal conductivity. Hydraulic conductivity was
subdivided into zones (fig. 2.2) along the north-south axis
to separate coarser, more permeable beach sediments on the
ocean side from finer, less permeable sediments on the bay
side and was based on the zonation of layer 1 of the previ-
ous model (Masterson and others, 2013). The final hydraulic
conductivity properties as determined by parameter estimation
are discussed in more detail in the section “Model Calibration
and Sensitivity Analysis Approach.”
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Model Calibration and Sensitivity
Analysis Approach

Model calibration involves the adjustment of model
inputs so that the differences between simulated and mea-
sured quantities (errors) are minimized with respect to an
objective function. During calibration, model input such as
system geometry and hydraulic properties, initial and bound-
ary conditions, and stresses are changed so that model output
matches related measured values. Many of the model inputs
that are changed can be characterized using what are referred
to as “parameters” (Hill and Tiedeman, 2007). The measured
values are referred to as “observations” or “observed val-
ues.” Effective use of system information and observations
to constrain a model is likely to produce a model that more
accurately represents the simulated system and produces more
accurate model predictions, compared to a modeling proce-
dure that uses these types of data less effectively. This section
of the report describes the calibration method, the treatment of
observations, and sensitivity analysis methods.

Prior to the development of objective parameter estima-
tion (Cooley and others, 1986; Hill and others, 2000; Hill and
Tiedeman, 2007; Poeter and Hill, 1997; Poeter and others,
2005), sensitivity analysis was an exercise conducted after
trial-and-error model calibration by examining the effect of
variations in model inputs on the simulation output or errors.
With these recent developments, parameters often are esti-
mated only after using starting values to evaluate model fit
and perform a sensitivity analysis to identify insensitive and
correlated parameters. Fit-independent statistics are calculated
using sensitivities and do not use the residual in the calculation
of the statistic. These statistics were calculated during calibra-
tion of the Assateague model and provided important guidance
for model development and calibration. Finally, the nonlin-
ear least-squares regression method used by UCODE 2014
involves calculation of perturbation sensitivities in estimating
objective and optimal parameter values. The methods used to
calculate sensitivities and fit-independent statistics are pre-
sented at the end of this section.

Nonlinear Least-Squares Regression Method

The match of observed to simulated values is one of
the most important indicators of how well a model repre-
sents an actual system. Objective functions measure this fit
by quantitatively comparing simulated and observed values.
The simulated and observed values include easily measur-
able system-dependent variables such as hydraulic head and
stream base-flow contributions. Model calibration efforts
mainly involve attempting to construct a model that produces
the “best fit” to observed heads and flows. When the objective
function is defined as the sum of squared differences between
simulated and observed heads and flows, the goal of the cali-
bration is to find the set of model parameters that makes this

sum as small as possible without overfitting. Methods such as
regression provide a rigorous mathematical framework within
which optimal parameter values that produce the best fit given
the constructed model can be identified. The resulting param-
eter values are said to be optimal, optimized, or estimated by
the regression (Hill and Tiedeman, 2007).

Using hydraulic heads and flows as the observations,
the weighted least-squares objective function (see Hill and
Tiedeman, 2007), S(b), can be expressed as

2

2 NQ
X0y, ~ Y, ®] @)
J=

NH
Sh) = th,, [yh, 7y/h,(b)]
i=1

where
b is a vector containing values of each of the
NP parameters being estimated;
NP is the number of estimated parameters;
NH  is the number of hydraulic-head observations;
NQ s the number of flow observations;
Vi, is the ith observed hydraulic head being
matched by the regression;
V() is the simulated hydraulic head that
corresponds to the ith observed hydraulic
head (a function of b);
Yy, is the jth observed flow being matched by the
regression;
y’q/(b) is the simulated flow that corresponds to the

jth observed flow (a function of b);
;, is the weight for the ith head observation; and

i

w, is the weight for the jth flow observation.

In theory, the objective function can be used to produce
a model that accurately represents a system and provides reli-
able measures of model uncertainty only if three conditions
are met. Two of these conditions relate to true errors, which
equal the unknown amounts by which an observation differs
from the value in the actual system. The conditions are (1) rel-
evant processes, system geometry, and so forth are adequately
represented and simulated; (2) true errors of the observations
are random and have a mean of zero; and (3) weighted true
errors are independent, which means that the weighting needs
to be proportional to the inverse of the variance-covariance
matrix on the true observation errors (Hill and Tiedeman,
2007). The true errors are unknown and therefore cannot be
analyzed. Instead, weighted residuals are investigated, and the
characteristics of the true errors are inferred. Mathematically,
conditions 2 and 3 can be represented as

Ee) = 0, 3)

w; x 1/o?, (4)



(for a diagonal weight matrix; see Hill and Tiedeman,
2007, p. 28-31)where
E  is the expected value or mean;
E is a vector of true errors;
Q is the weight matrix; and
o? is the variance of the true error of
observation i.

Weighting performs two related functions. First, weight-
ing is needed to produce weighted residuals that have the
same units so that they can be squared and summed using
equation 4. Second, weighting is needed to reduce the effect
of observations that are less accurate relative to those that
are more accurate. Hence the weights are proportional to the
variance, which is a measure of the accuracy of the observa-
tion. This is referred to as error-based weighting. The inverse
variance error-based weighting scheme provided by equation 4
allows the incorporation of variables originating from differ-
ent types of groundwater-flow processes into the model so that
their different measurement accuracies are accounted for.

For this modeling study, weighting was important
because measured water-level observations and estimates of
depth to water based on vegetation type were used, which
have different errors, or variances, associated with them.

For many observations, errors are typically thought to be
proportional to the true value so that

y = ytruc(l + 8) = ytruc +yth8, (5)

where
y isthe vector of observations; and
yte  is the vector of true, unknown values.

Therefore, one appropriate weighting strategy can be
achieved by specifying the coefficient of variation as the sta-
tistic from which the weight is calculated and using observed
or simulated values to estimate y"™. The variance is then cal-
culated as [(c.v.) X a]?, where c.v. is the coefficient of variation
and a is the observed or simulated value. The standard devia-
tion equals [(c.v) X a]. UCODE 2014 supports using either
observations or simulated values to calculate weights (Poeter
and others, 2005).

Error-based weighting provides a way for data-error
analysis to be formally included in model development. An
approach that is consistent with is to define the weighting in
an attempt to achieve the stricter requirement that

w; = /o2 (6)

Setting the weights to be equal to, rather than propor-
tional to, the observation error variance results in some very
useful properties and is one approach used by UCODE 2014.

UCODE 2014 was used to estimate the optimal param-
eter values. Parameters are estimated using nonlinear regres-
sion: the weighted least-squares objective function (eq. 2)
is minimized with respect to the parameter values using a
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modified Gauss-Newton method or a double-dogleg tech-
nique (Poeter and others, 2005; Poeter and others, 2014).
Sensitivities needed for the method are calculated by

UCODE 2014 using a forward- or central-difference perturba-
tion technique.

Residuals and Weighted Residuals

Residuals were calculated as
[y,- - y’,-(b)] . (7

They represent the deviation between observed and simulated
values. For a diagonal weight matrix, weighted residuals are
calculated as

w}? [Yi - y’i(b)] (8)

and are dimensionless. Weighted residuals represent the fit
of the regression in the context of the expected accuracy of
the observations. Observations expected to be less accurate
are de-emphasized when weighted residuals are considered;
observations expected to be more accurate are emphasized.
The approach used to weight the observations is described in
the next section.

Observations Used in Model Calibration

Observations provide information about model con-
struction and parameter definition (parameterization) as
well as the value of model parameters (Hill and Tiedeman,
2007). Successful model calibration is often dependent on
multiple observation types; water levels (hydraulic head),
base flow to streams, apparent groundwater ages, and solute
concentrations have all been used to calibrate models (Hill
and Tiedeman, 2007; Sanford and others, 2004). Two types
of observations are used to calibrate the groundwater-flow
model of Assateague Island National Seashore—water levels
from selected wells and estimates of depth to water based on
vegetation data (fig. 2.3).

Monthly water levels were measured in 14 shallow wells
from October 2014 to September 2015 to account for seasonal
variability, and an average annual water level was calculated.
The altitude of the freshwater was inferred from a vegetation
survey that mapped individual vegetation communities for the
entire island. Each vegetation community’s preferences for the
salinity and depth of water below the root zone was used to
identify freshwater communities with varying depth to water
settings. These observation altitudes are less precise than
manually measured water levels from wells but provide 70
additional observation points to calibrate the model.
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Figure 2.3.

Locations of vegetation and well calibration points, Assateague Island, Maryland and Virginia.



Water Levels and Associated Errors

The water levels used in calibrating the model were
retrieved from the U.S. Geological Survey National Water
Information System database. Groundwater levels for 14 wells
were used for model calibration. No effort was made to reduce
spatial clustering of the observations. For each well, the mean
monthly water level for water year 2015 (October 2014 to
September 2015) was used as the head observation, and the
variance was calculated for use in error-based weighting.

Errors that contribute the most uncertainty in water-level
observations are associated with potential inaccuracies in the
altitude and location given for a well, fluctuations introduced
by variations in climate or any other nonsimulated transient
stress, and measurement of a water level (Faunt and others,
2004; San Juan and others, 2004). These errors were estimated
from available information and were used to quantify the
uncertainty of a water-level observation. Because of the lack
of accurate measurements of the location (which may be an
area rather than a point) and altitude of the vegetation-based
estimates, a constant variance of 12.5 m was assumed.

Well-altitude error directly affects the calculation of
the water level as referenced to a common datum. The error
associated with the potential inaccuracy in well altitude was
computed from the altitude accuracy code given in the USGS
Ground-Water Site-Inventory (GWSI) System, expressed as a
plus/minus (%) range related directly to the method by which
the altitude was determined. The range defined by the alti-
tude accuracy code is assumed to represent, with 95-percent
confidence (two standard deviations)!, the true well-altitude
uncertainty. Assuming that the head observation represents
the mean value and that the error is normally distributed, the
uncertainty of the head observation, with respect to the well-
altitude error, can be expressed as a standard deviation by the
following equation

o, = AAC/1.96, 9)

where
o, I1sthe standard deviation; and
AAC  is the value of the GWSI altitude accuracy
code; in m.

The standard deviation for well-altitude error ranges from
0.0016 t0 0.0156 m.

Well-location errors can cause a discrepancy between
observed and simulated water levels. The magnitude of this
discrepancy depends directly on the hydraulic gradient at
the well—the steeper the gradient, the greater the discrep-
ancy. Well-location error was calculated as the product of the
distance determined from the coordinate accuracy code values

IThroughout this section, 1.96 is used as the approximate value of the 97.5
percentile point of the normal distribution; 95 percent of the area under a
normal curve lies within roughly 1.96 standard deviations of the mean, and
this number is therefore used in the construction of approximate 95-percent
confidence intervals.
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given in GWSI and the hydraulic gradient estimated for a
given well location. The hydraulic gradient at an individual
well could not be estimated from available information and so
was set to 0.001 for all wells. The range defined by the value
of the coordinate accuracy code is assumed to represent, with
95-percent confidence (or two standard deviations), the true
error in the head observation as related to well-location uncer-
tainty. Assuming that the head observation represents the mean
value and that the error is normally distributed, the uncertainty
of the head observation, with respect to the well-location error,
can be expressed as a standard deviation calculated by the fol-
lowing equation:

0. = (CAC/1.96) x HG, (10)
where
0, 1s the standard deviation;
CAC  is the value of the GWSI coordinate accuracy
code, in m; and
HG is the hydraulic gradient (assumed to

be 0.001).

Using this equation, the standard deviation associated
with well-location error ranges from 0.0002 to 0.158 m.

Nonsimulated transient errors result from uncertainty in
the magnitude of water-level response caused by stresses not
simulated in the flow model and are typically associated with
seasonal and long-term climate changes. Seasonal water-level
fluctuations of nearly several feet have been measured in
shallow wells in the model region. The variation caused by
seasonal variations over water year 2015 was used to repre-
sent the nonsimulated transient error. The long-term climatic
response in the water-level record is much more difficult to
discern and commonly is masked by pumping effects. Long-
term climatic response is unknown but is believed to be
relatively small throughout the region (less than 0.3 m). The
potential error associated with long-term climate response
at a well was not calculated independently but was instead
accounted for by adding 0.3 m to the seasonal fluctuation
assigned to each well (San Juan and others, 2004). The range
defined by this value is assumed to represent, with 95-percent
confidence (or two standard deviations), the true error in the
head observation as related to nonsimulated transient uncer-
tainty. Assuming that the head observation represents the mean
value and that the error is normally distributed, the uncertainty
of the head observation attributed to nonsimulated transient
error can be expressed as a standard deviation calculated by
the following equation:

Cpan = SF+LTC/4), (11)
where
Cnan 1S the standard deviation;
SF s the seasonal fluctuation as defined by
water-level measurements, in m; and
LTC s the long-term climate trend defined
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as 0.3 m.

The standard deviation in head error observed at the 14
wells owing to non-simulated, transient effects ranges from
0.36 to 1.04 m.

In addition to errors associated with well altitude and
location, and non-simulated transient fluctuations, measure-
ment errors also can result from inaccuracies in the instru-
ments used to measure depth to water. In this case, measure-
ment accuracy depends primarily on the device being used
to make the measurement. Most water-level measurements
were made by USGS Maryland-Delaware-D.C. Water Science
Center personnel using either a steel tape or an electric
tape, both with an accuracy of £0.01 foot (ft; 0.003048 m).
Assuming that the head observation represents the mean value
and that the error is normally distributed, the uncertainty of the
head observation, with respect to the measurement-accuracy
error, can be expressed as a standard deviation calculated by
the following equation:

Opeas = 0.003048/1.96 = 0.0016,

meas

(12)

where
On,ees 18 the standard deviation; and
0.003048 is the assumed accuracy of steel and electric
tapes, in m.

The standard deviation for measurement error at all 14
wells is 0.0016 m.

Finally, the head variances owing to all errors can be
summed and the standard deviation of head observation error
() calculated as

(13)

Oy = (0-311 + O-lzoc + O-t%'an + O-r%leas) 1/2’

UCODE 2005 allows for the errors to be input as a
scaled standard deviation, scaled variance, or a scaled coef-
ficient of variation, or by directly entering the weight or the
square root of the weight. For the Assateague model, the head
variances were included in the observation file for heads.
Weights were calculated as the square root of the inverse vari-
ance and used to weight observations, simulated values, and
residuals (table 2.1).



Table 2.1. Vegetation-based water-level observation estimates and water levels from observation wells used to calibrate the groundwater-flow model, with associated errors
(variance), weights, and weighted observations, Assateague Island, Maryland and Virginia.

[USGS, U.S. Geological Survey; observation name, text title given to observations in the UCODE 2005 and MODFLOW-NWT input files (names must begin with a letter); m asl, meters above sea level; m?,
square meters; m, meters; n/a, not applicable; observation types: BIB, Barrier Island Bog; CLPWF, Coastal Loblolly Pine Wetland Forest; FRDS, Forked Rush Dune Swale; SPSP, Schoenoplectus pungens (=

Scirpus pungens); SRMBSF, Southern Red Maple - Blackgum Swamp Forest; WRM, Western Reed Marsh; WSS, Wax-myrtle Shrub Swamp]

USGS Station Observation Observation Observed/estimated i Sta!'da."d Variance  Weight  SQRT(Weight) WEight?d
site number name name type water level Statistic  deviation (m2) (1/m2) (1/m) observation
(m asl) (m) (m)
n/a n/a veg 101 BIB 0.80 VAR n/a 12.50 0.08 0.28 0.23
n/a n/a veg 103 FRDS 1.12 VAR n/a 12.50 0.08 0.28 0.32
n/a n/a veg 118 WSS 0.70 VAR n/a 12.50 0.08 0.28 0.20
n/a n/a veg 12 WSS 0.89 VAR n/a 12.50 0.08 0.28 0.25
n/a n/a veg 124 WSS 0.94 VAR n/a 12.50 0.08 0.28 0.27
n/a n/a veg 125 WSS 1.14 VAR n/a 12.50 0.08 0.28 0.32
n/a n/a veg 128 WRM 0.53 VAR n/a 12.50 0.08 0.28 0.15
n/a n/a veg 129 WSS 0.86 VAR n/a 12.50 0.08 0.28 0.24
n/a n/a veg 132 SPSP 0.92 VAR n/a 12.50 0.08 0.28 0.26
n/a n/a veg 134 WRM 0.66 VAR n/a 12.50 0.08 0.28 0.19
n/a n/a veg 138 WSS 0.93 VAR n/a 12.50 0.08 0.28 0.26
n/a n/a veg 139 WSS 1.27 VAR n/a 12.50 0.08 0.28 0.36
n/a n/a veg 143 BIB 0.87 VAR n/a 12.50 0.08 0.28 0.24
n/a n/a veg 146 WSS 0.39 VAR n/a 12.50 0.08 0.28 0.11
n/a n/a veg 165 BIB 1.00 VAR n/a 12.50 0.08 0.28 0.28
n/a n/a veg 166 BIB 0.64 VAR n/a 12.50 0.08 0.28 0.18
n/a n/a veg 167 BIB 0.70 VAR n/a 12.50 0.08 0.28 0.20
n/a n/a veg 169 BIB 1.13 VAR n/a 12.50 0.08 0.28 0.32
n/a n/a veg 170 SRMBSF 0.49 VAR n/a 12.50 0.08 0.28 0.14
n/a n/a veg 178 SRMBSF 0.71 VAR n/a 12.50 0.08 0.28 0.20
n/a n/a veg 181 WRM 0.64 VAR n/a 12.50 0.08 0.28 0.18
n/a n/a veg 183 WSS 1.47 VAR n/a 12.50 0.08 0.28 0.42
n/a n/a veg 189 WRM 0.45 VAR n/a 12.50 0.08 0.28 0.13
n/a n/a veg 190 BIB 0.87 VAR n/a 12.50 0.08 0.28 0.25
n/a n/a veg 191 SPSP 1.06 VAR n/a 12.50 0.08 0.28 0.30
n/a n/a veg 193 CLPWF 0.53 VAR n/a 12.50 0.08 0.28 0.15
n/a n/a veg 203 WSS 0.58 VAR n/a 12.50 0.08 0.28 0.16
n/a n/a veg 211 BIB 0.38 VAR n/a 12.50 0.08 0.28 0.11
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Table 2.1. Vegetation-based water-level observation estimates and water levels from observation wells used to calibrate the groundwater-flow model, with associated errors
(variance), weights, and weighted observations, Assateague Island, Maryland and Virginia.—Continued

[USGS, U.S. Geological Survey; observation name, text title given to observations in the UCODE_2005 and MODFLOW-NWT input files (names must begin with a letter); m asl, meters above sea level; m?,
square meters; m, meters; n/a, not applicable; observation types: BIB, Barrier Island Bog; CLPWF, Coastal Loblolly Pine Wetland Forest; FRDS, Forked Rush Dune Swale; SPSP, Schoenoplectus pungens (=

Scirpus pungens); SRMBSF, Southern Red Maple - Blackgum Swamp Forest; WRM, Western Reed Marsh; WSS, Wax-myrtle Shrub Swamp]

USGS Station Observation Observation Observed/estimated .. Sta'.ld?rd Variance  Weight = SQRT(Weight) Weightt_ad
site number name name type water level Statistic  deviation (m2) (1/m2) (1/m) observation
(m asl) (m) (m)
n/a n/a veg 224 SPSP 0.90 VAR n/a 12.50 0.08 0.28 0.25
n/a n/a veg 244 SPSP 0.95 VAR n/a 12.50 0.08 0.28 0.27
n/a n/a veg 251 WSS 0.77 VAR n/a 12.50 0.08 0.28 0.22
n/a n/a veg 252 FRDS 1.23 VAR n/a 12.50 0.08 0.28 0.35
n/a n/a veg 261 SPSP 1.18 VAR n/a 12.50 0.08 0.28 0.33
n/a n/a veg 268 CLPWF 0.41 VAR n/a 12.50 0.08 0.28 0.12
n/a n/a veg 269 CLPWF 0.44 VAR n/a 12.50 0.08 0.28 0.12
n/a n/a veg 270 WSS 0.63 VAR n/a 12.50 0.08 0.28 0.18
n/a n/a veg 273 SRMBSF 1.12 VAR n/a 12.50 0.08 0.28 0.32
n/a n/a veg 278 CLPWF 0.53 VAR n/a 12.50 0.08 0.28 0.15
n/a n/a veg 280 CLPWF 0.77 VAR n/a 12.50 0.08 0.28 0.22
n/a n/a veg 282 SRMBSF 0.61 VAR n/a 12.50 0.08 0.28 0.17
n/a n/a veg 285 CLPWF 1.11 VAR n/a 12.50 0.08 0.28 0.31
n/a n/a veg 288 WSS 0.65 VAR n/a 12.50 0.08 0.28 0.18
n/a n/a veg_292 WSS 0.63 VAR n/a 12.50 0.08 0.28 0.18
n/a n/a veg 303 BIB 0.58 VAR n/a 12.50 0.08 0.28 0.16
n/a n/a veg 310 BIB 1.12 VAR n/a 12.50 0.08 0.28 0.32
n/a n/a veg 313 WSS 1.30 VAR n/a 12.50 0.08 0.28 0.37
n/a n/a veg 314 WRM 0.37 VAR n/a 12.50 0.08 0.28 0.10
n/a n/a veg_316 WSS 0.59 VAR n/a 12.50 0.08 0.28 0.17
n/a n/a veg 319 WSS 0.92 VAR n/a 12.50 0.08 0.28 0.26
n/a n/a veg_ 335 WSS 0.64 VAR n/a 12.50 0.08 0.28 0.18
n/a n/a veg_39 SPSP 0.83 VAR n/a 12.50 0.08 0.28 0.23
n/a n/a veg 50 WSS 0.41 VAR n/a 12.50 0.08 0.28 0.12
n/a n/a veg 53 CLPWF 0.47 VAR n/a 12.50 0.08 0.28 0.13
n/a n/a veg_54 WRM 0.48 VAR n/a 12.50 0.08 0.28 0.14
n/a n/a veg 57 WSS 0.45 VAR n/a 12.50 0.08 0.28 0.13
n/a n/a veg 61 WSS 1.13 VAR n/a 12.50 0.08 0.28 0.32
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Table 2.1.

(variance), weights, and weighted observations, Assateague Island, Maryland and Virginia.—Continued

Vegetation-based water-level observation estimates and water levels from observation wells used to calibrate the groundwater-flow model, with associated errors

[USGS, U.S. Geological Survey; observation name, text title given to observations in the UCODE_2005 and MODFLOW-NWT input files (names must begin with a letter); m asl, meters above sea level; m?,
square meters; m, meters; n/a, not applicable; observation types: BIB, Barrier Island Bog; CLPWF, Coastal Loblolly Pine Wetland Forest; FRDS, Forked Rush Dune Swale; SPSP, Schoenoplectus pungens (=

Scirpus pungens); SRMBSF, Southern Red Maple - Blackgum Swamp Forest; WRM, Western Reed Marsh; WSS, Wax-myrtle Shrub Swamp]

USGS Station Observation Observation Observed/estimated L. Sta'.ld?rd Variance  Weight = SQRT(Weight) Weightt_ad
site number name name type water level Statistic  deviation (m2) (1/m2) (1/m) observation
(masl) (m) (m)
n/a n/a veg 62 WSS 0.30 VAR n/a 12.50 0.08 0.28 0.09
n/a n/a veg 64 SPSP 1.22 VAR n/a 12.50 0.08 0.28 0.34
n/a n/a veg 66 WSS 0.75 VAR n/a 12.50 0.08 0.28 0.21
n/a n/a veg 68 WSS 0.57 VAR n/a 12.50 0.08 0.28 0.16
n/a n/a veg 69 WSS 0.79 VAR n/a 12.50 0.08 0.28 0.22
n/a n/a veg 73 WRM 0.61 VAR n/a 12.50 0.08 0.28 0.17
n/a n/a veg 79 WRM 0.80 VAR n/a 12.50 0.08 0.28 0.23
n/a n/a veg 83 WRM 0.43 VAR n/a 12.50 0.08 0.28 0.12
n/a n/a veg 84 CLPWF 0.64 VAR n/a 12.50 0.08 0.28 0.18
n/a n/a veg 87 WSS 0.96 VAR n/a 12.50 0.08 0.28 0.27
n/a n/a veg 88 WSS 0.54 VAR n/a 12.50 0.08 0.28 0.15
n/a n/a veg 92 BIB 1.04 VAR n/a 12.50 0.08 0.28 0.29
n/a n/a veg 96 SPSP 1.42 VAR n/a 12.50 0.08 0.28 0.40
n/a n/a veg 97 FRDS 0.77 VAR n/a 12.50 0.08 0.28 0.22
381805075063502 WO Cg 101 WOCgl01 Head 0.94 VAR 1.04 1.08 0.92 0.96 0.91
381804075063402 WO Cg 103 WOCg103 Head 0.98 VAR 0.78 0.61 1.65 1.28 1.26
381452075080102 WO Dg 32 WODg27 Head —0.26 VAR 1.04 1.08 0.93 0.96 -0.25
381452075075902 WO Dg 30 WODg28 Head -0.17 VAR 1.05 1.10 0.91 0.95 —-0.16
381450075075402 WO Dg 28 WODg30 Head 0.74 VAR 0.66 0.44 2.27 1.51 1.11
381450075075401 WO Dg 27 WODg32 Head 1.52 VAR 0.36 0.13 7.62 2.76 4.19
381157075092902 WO Dg 36 WODg34 Head 0.73 VAR 0.81 0.65 1.54 1.24 0.90
381155075091802 WO Dg 34 WODg36 Head 0.32 VAR 0.47 0.23 4.44 2.11 0.67
380734075111302 WO Ef 35 WOEf29 Head 0.90 VAR 0.69 0.47 2.11 1.45 1.31
380731075111102 WO Ef33 WOE(f31 Head 0.59 VAR 0.67 0.45 2.21 1.49 0.87
380731075105602 WO Ef29 WOEf33 Head 0.36 VAR 0.68 0.46 2.15 1.47 0.53
380730075110402 WO Ef 31 WOEf35 Head 0.30 VAR 0.54 0.29 3.41 1.85 0.55
380512075125402 WO Ef37 WOEf37 Head 0.12 VAR 0.79 0.63 1.58 1.26 0.15
380457075122302 WO Ff 12 WOFf12 Head 0.45 VAR 0.77 0.59 1.69 1.30 0.59
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Model Parameters

In current usage, a parameter is a single value assigned to
a variable used in the finite-difference groundwater-flow equa-
tion at one or more model cells. The definition of a parameter
specifies which variable is being defined and the cells to which
the parameter applies. For example, a parameter might define
the aquifer hydraulic conductivity for a group of cells in a
model layer, or a parameter might define the riverbed conduc-
tance for one or more reaches of a river.

When parameters are used, the data value for a cell is
calculated as the product of the dimensionless scalar parameter
value, which might apply to many cells, and a starting value
for the hydraulic property or other model input that is defined
for that cell. In the Assateague model, parameters are defined
for both list and layer data. List data refer to any type of data
for which values are specified in some subset of the grid cells.
The only packages that are parameterized in the model using
list data are the drain package, for which the drain hydraulic
conductance is parameterized as parameter type DRN, and the
general-head boundary package, which is parameterized as
parameter type GHB. A single parameter was established for
each (DRN 1 and GHB 1).

Each MODFLOW package that incorporates layer data
may have any number of types of data to be defined. The input
instructions for a package indicate which data types can be
defined using parameters. Each data type is given a specific
name that must be included as part of the input data that
defines a parameter of that type. Packages that use parameter
values for layer data in the Assateague model include the
Upwind-Weighting (UPW) package of MODFLOW-NWT,
the recharge package (parameter type RCH), and the evapo-
transpiration package (parameter type EVT). The parameters
are defined in the respective package files. For layer data,
parameter multipliers are defined using multiplier arrays. In
this case, each multiplier array contains values for every cell
in a layer, and the values can be individually referenced using
a row and column index. There can be a different multiplier
array for every layer to which the parameter applies, and these
are identified when the parameter is defined.

To allow only some of the cells of a layer to be associated
with a layer parameter, a capability called zonation is used.
Like multiplier arrays, each zone array is named and contains
values for every cell in a layer. Values in a zone array are
integers. There can be a different zone array for every layer to
which the parameter applies. When a parameter is defined, the
zone array and one or more integer zone values are specified
to denote which zone each cell in the array is located in. The
parameter applies to cells at which the value of the zone array

matches any one of the specified zone values; that is, the data
value at a cell is the product of the multiplier array at the cell
and the parameter value only if the value of the zone array
matches one of the zone values specified for the parameter.
Zonation for recharge, evapotranspiration, and hydraulic con-
ductivity are shown in figures 2.1 and 2.2.

A complete list of parameters defined for the model is
given in table 2.2. Not all model parameters were adjusted
during model calibration. Initial sensitivity analyses of all
model parameters were conducted to determine which were
unlikely to be optimally estimated. Sensitivity analysis is
described in the next section.

Table 2.2. Description of defined model parameters.

[Parameter identifier, text title given to parameters in the UCODE_2005
and MODFLOW-NWT input files]

Parameter

identifier Description

HK 1 Horizontal hydraulic conductivity of zone 1

HK 2 Horizontal hydraulic conductivity of zone 2

HK 3 Horizontal hydraulic conductivity of zone 3

HK 4 Horizontal hydraulic conductivity of zone 4
HK 5 Horizontal hydraulic conductivity of zone 5

HK 6 Horizontal hydraulic conductivity of zone 6
VK 1 Vertical hydraulic conductivity of zone 1

VK 2 Vertical hydraulic conductivity of zone 2

VK 3 Vertical hydraulic conductivity of zone 3

VK 4 Vertical hydraulic conductivity of zone 4

VK 5 Vertical hydraulic conductivity of zone 5

VK 6 Vertical hydraulic conductivity of zone 6

GHB 1 General-head boundary conductance

DRN 1 Drain conductance for drain cells

RCH_1 Maximum recharge specified in layer 1

RCH 2 Maximum recharge specified in layer 2

RCH 3 Maximum recharge specified in layer 3

RCH_4 Maximum recharge specified in layer 4

RCH 5 Maximum recharge specified in layer 5

EVT 1 Maximum rate of evapotranspiration for layer 1
EVT 2 Maximum rate of evapotranspiration for layer 2
EVT 3 Maximum rate of evapotranspiration for layer 3
EVT 4 Maximum rate of evapotranspiration for layer 4
EVT 5 Maximum rate of evapotranspiration for layer 5




Sensitivity Analysis

Sensitivities are calculated as the derivatives of simulated
water-level values with respect to the model parameters

(@)
ob;
where the terms have been defined previously. Sensitivities
can be used to determine the importance of observations to
the estimation of parameter values. Observations are likely to
be valuable in estimating a parameter if the simulated values
change substantially given a small change in model parameter
value. Observations contribute little to the estimation of a
parameter if the simulated values change very little, even with
a large change in parameter value (Hill and Tiedeman, 2007).
Fit-independent statistics are calculated using sensitivities
and do not use the residual in the calculation of the statistic.
The sensitivity analysis focused on identifying parameter
values that could be estimated by regression and identifying
key observations that supported each parameter. As part of this
analysis, two statistics were evaluated: dimensionless scaled
sensitivity and composite scaled sensitivity.

; (14)

b

Dimensionless Scaled Sensitivity

When a diagonal weight matrix is used, dimensionless
scaled sensitivities (dss) are calculated as

oy,
dss; = <0b,> b|i?, (15)
77y
where
V'; is a simulated value associated with the ith
observation;
b; is the jth estimated parameter;
b is a vector containing the parameter values at
which the sensitivities are evaluated; and
w;  1is the weight on the ith observation.

Dimensionless scaled sensitivities can be used to (1)
compare the importance of different observations to the esti-
mation of a single parameter b; and (2) compare the impor-
tance of different parameters to the calculation of a single
simulated value .
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Composite Scaled Sensitivity

The analysis of overall model parameter sensitivity may
be evaluated using composite scaled sensitivities (css). They
are calculated for each parameter using dss and may be calcu-
lated for some or all observations. The css (dimensionless) for
the jth parameter calculated for ND observations is

ND 12
css; = 2[(dssij)2‘ /ND] .
b

=1

(16)

The css indicates the magnitude to which a change in the
value of the parameter causes a change in the simulated water-
level observations. Highly sensitive parameters, therefore,
exert greater control over the simulated water levels, whereas
relatively insensitive parameters have less control over the
simulated water levels. Composite scaled sensitivities reflect
the total amount of information provided by the observations
in the estimation of one parameter and therefore indicate the
importance of observations as a whole to a single parameter.

Model Evaluation

The calibrated Assateague model was evaluated to assess
the likely accuracy of simulated results. An advantage of using
nonlinear regression to calibrate the model is that a substan-
tial methodology exists for model evaluation that facilitates a
better understanding of model strengths and weaknesses, and
provides opportunity for future investigation of model param-
eter and model prediction uncertainty (D’Agnese and others,
1999; Faunt and others, 2004; Fienen and others, 2010; Hill
and Tiedeman, 2007).

Parameter Values and Model Fit

In objective parameter estimation using nonlinear regres-
sion, the classical problem of model calibration is inverted, so
that the observations are used to guide determination of the
values of the variables in the governing equations. This entails
an iterative process, not unlike traditional trial-and-error cali-
bration, in which fit-independent statistics are used to guide
the choice of parameters to be estimated; parameter estimates
and model fit are then evaluated, alternate models are pos-
sibly considered, and the process is repeated until reasonable
parameter estimates result.

The procedure for arriving at the final parameter values
involved multiple sensitivity analysis and parameter estima-
tion simulations. Model fit was evaluated after each set of
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Table 2.3.

Final parameter values and fit-independent statistics.

[Parameter identifiers, text titles given to parameters in the UCODE 2005 and MODFLOW-NWT input files, are
defined in table 2.2. Observation names are provided in table 2.1. css, composite scaled sensitivity; dss, dimensionless

scaled sensitivity]

Ffararr.le.ter Value css Largest dss for _()bservation
identifier the parameter with largest dss
HK 2 0.499 4.03E-02 -0.316 veg 39
HK 5 0.001 7.42E-02 —0.526 veg 125
RCH 2 1.644 6.82E—02 0.323 veg 39
RCH 3 1.326 1.31E-02 0.113 veg 285
RCH 4 0.990 9.52E-01 3.613 veg 273
RCH 5 0.403 0.10 0.494 WODg28

simulations by examining residuals (the differences between
observed values and simulated values) and weighted residu-
als. An initial set of model runs was conducted to calculate
sensitivities and fit-independent statistics (css and dss) for all
24 model parameters (table 2.2). For many reasons, relatively
few parameters could be reliably estimated. Composite scaled
sensitivities were very low for most parameters.

The final parameter values for the Assateague model are
provided in table 2.3, along with associated fit-independent
statistics. For all zones and parameters not shown in table 2.3,
parameters were held fixed at their initial values and not
adjusted during the regression, effectively excluding them
from the calibration procedure. Parameters were omitted from
the calibration because they had either low css values, indicat-
ing little effect on simulated heads at observation sites, or one
or more high pcc values that would indicate a strong correla-
tion to parameters included in the regression and the potential
for producing biased regression coefficients.

The final calibrated model produced a set of unweighted
(fig. 2.44) and weighted simulated water levels that were then
compared to the weighted mean observed and estimated water
levels (fig. 2.4B, table 2.4). Plots of weighted simulated and
weighted observed water levels indicate that the values match
reasonably closely, indicating that the dominant physical pro-
cesses governing groundwater flow are largely accounted for
and that little structural model error remains in the flow model.
The root mean square error for water levels for the unweighted
and weighted residuals was 0.27 m and 0.28 m, respectively.

Examination of the weighted residuals is of greater inter-
est because one goal of parameter estimation using nonlinear
regression is to produce weighted residuals that are well
behaved, with a mean near zero, a minimal standard devia-
tion, a distribution that can reasonably be considered normal,
homoscedastic behavior characterized by a constant variance
that does not depend on the magnitude of the observation,
and negligible spatial bias. The weighted residuals for water-
level observations are given in table 2.4. The distribution of

the error in the simulated water-level observations does not
show any bias with respect to the unweighted simulated values
(fig. 2.5) or position in space (fig. 2.6).

Sensitivity Analysis Results

The calibration procedure calculates a css (Hill, 1998;
Hill and Tiedeman, 2007) (eq. 16) for each parameter that is
estimated. These sensitivities can be used in a comparative
manner, in which larger values indicate parameters for which
the observations provide more information. The calculated css
for the six parameters estimated by the calibrated model are
shown in figure 2.7. Parameters not shown in figure 2.7 were
not estimated and either had substantially smaller css values or
were excluded owing to high correlation with another param-
eter. The highest css value is for the recharge rate to layer 4
(RCH_4).

Another way of evaluating the relative importance of dif-
ferent model parameters is by examining the degree of confi-
dence in an estimated parameter value based on its 95-percent
linear confidence interval. These intervals are calculated
partly on the basis of the sensitivity of the parameter (Hill and
Tiedeman, 2007) and indicate a range of values within which
the parameter value could be set and still give similar simu-
lated values. The confidence intervals and coefficients of vari-
ation for the six estimated parameters are given in table 2.5.
The parameters that were reliably estimated have relatively
small confidence intervals and coefficients of variation.

Dimensionless scaled sensitivity values can be used
to compare the importance of different observations to the
estimation of a single parameter. One important outcome of an
analysis of dss values is that it provides useful information on
the value of continued monitoring. A large dss value indicates
an observation that provides substantial information in esti-
mating one or more parameters (eq. 15). Many of the monitor-
ing wells used in calibration of the Assateague model are part
of an ongoing monitoring network. Although there may be



other benefits to the monitoring, an assessment of dss values
enables evaluation of wells that might not be providing valu-
able information for regional flow analysis. It may be benefi-
cial in some instances to modify or discontinue monitoring at
those sites in favor of monitoring other existing or new sites.
Dimensionless scaled sensitivity values for the 84 observa-
tions and 6 estimated parameters are provided in table 2.6. The
conclusion from this analysis is that vegetation observation
locations could be locations where it would be useful to have
an actual observation. Observations with the largest absolute
dss values provide important information about parameters.

There may be some benefit to continued monitoring at
the wells with low dss values that is not readily apparent from
this analysis of model sensitivity. Moreover, recent evalua-
tions of data worth have focused on specific predictions rather
than a more general calibration (Dausman and others, 2010;
Fienen and others, 2010). All these wells have been logged
for specific conductance and other parameters, providing
additional beneficial data. Finally, low dss values might be
associated with the weight assigned to the observation at the
well, and an alternative interpretation is that additional effort
could be placed on improving the accuracy of the information
on the well and measurements at the well in order to increase
its weight.

Model Limitations and Suggestions for
Additional Work

The goal of this modeling study was to develop a
groundwater-flow model capable of being accurate at scales
relevant to current and future studies regarding the effects of
sea-level rise at Assateague Island National Seashore, focusing
on changes to the depth to the water table with implications
for ecosystem health. A groundwater-flow model is a tool for
simulating and testing a conceptual understanding of a real
system. Because groundwater-flow systems are inherently
complex, simplifying assumptions were made in developing
this model (Anderson and Woessner, 1992). Models solve
for average conditions within each cell during a time step,
the parameters for which are interpolated or extrapolated
from measurements or ancillary estimates and (or) estimated
during calibration. In light of this, the intent in developing
the groundwater-flow model for Assateague Island was not
to reproduce every detail of the natural system, but rather to
capture its general characteristics.

All models are based on a limited amount of data and are
therefore simplifications of the actual system. Model limita-
tions result from uncertainty in four aspects of the model,
including inadequacies or inaccuracies in (1) conceptualization
of the flow system; (2) model discretization and heterogeneity;
(3) the method or methods used to estimate model param-
eters, sensitivity, and uncertainty; and (4) observations used
to calibrate the model. It is important to understand how these
uncertainties limit the use of the model.
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The accuracy of a groundwater-flow model depends on
the accuracy of the conceptual model. Three simplifications
were invoked to make the problem tractable, given avail-
able data.

1. The system was modeled as being at steady state or as
representing a long-term average condition, neglect-
ing transient effects such as daily tides, seasonality
of recharge and other stresses, and short-term effects
from storms.

2. Net recharge is modeled as the difference between
recharge (spatially variable based on land cover) and
evapotranspiration (similarly spatially variable but with
an extinction depth). Future improvements to the model
might include application of the Unsaturated-Zone Flow
(UZF) package (Niswonger and others, 2006) in place of
the recharge and evapotranspiration packages to improve
simulation of the water table.

3. The conceptual model simplifies the hydrogeologic sys-
tem vertically (one layer) and employs a sharp interface
method (SWI2) to represent the effects of variations in
fluid density on groundwater flow and movement of the
freshwater/saltwater interface.

Limitations result from the method used to estimate
model parameters, sensitivity, and uncertainty (Fienen and
others, 2010; Hill, 1998; Hill and Tiedeman, 2007; Poeter and
others, 2005). Parameter estimation and sensitivity analysis
rely heavily on observations. Prior information was used only
indirectly, as a guide in establishing initial parameter values,
especially for parameters that were not estimated by regres-
sion. In this case, the calibrated model provided by Masterson
and others (2013) could be considered prior information and
was important in calibrating the final model.

Another limitation of a regression-based calibration
approach includes potential nonlinearities in the error surface
defined by the sum of squared weighted residuals that can
cause the regression to converge to a sub-optimal parameter
set. Extreme nonlinearity can produce a model that simulates
inaccurate water levels and base flows.

Observations of hydraulic head (water level) constrain
model calibration through parameter estimation, and their
level of accuracy creates additional uncertainty affecting
model limitations. The quality of the water-level observations
was used directly in error-based weighting of the regression,
but the errors were composed of multiple components, some
of which were estimates. Spatial clustering of observations
and the need to select a single water level at a location that
may have nested wells (owing to the lack of explicit layering
in the model) may have adversely affected parameter estima-
tion and provided an additional source of uncertainty that
limits model applicability.



Table 2.4. Observed and simulated water levels, with calculated residuals, and weighted observed, weighted simulated, and calculated weighted residuals.

[Observation name, text title given to observations in the UCODE 2005 and MODFLOW-NWT input files (names must begin with a letter); m, meters; m asl, meters above sea level; m?, square meters; obser-
vation types: BIB, Barrier Island Bog; CLPWF, Coastal Loblolly Pine Wetland Forest; FRDS, Forked Rush Dune Swale; SPSP, Schoenoplectus pungens (= Scirpus pungens); SRMBSF Southern Red Maple -
Blackgum Swamp Forest; WRM, Western Reed Marsh; WSS, Wax-myrtle Shrub Swamp]

(4

Observation Observation Observed/estimated ws;Teurlf;::I Residual ‘:)\:)23:‘\;[:: ::I:I:?I:’:Zﬂ Wei_ghted
name type water level (m asl) (m asl) (m) water level (m) water level (m) residual

veg 101 BIB 0.80 0.80 -4.83E-03 1.51 1.52 -9.13E-03
veg 103 FRDS 1.12 1.02 9.57E-02 2.12 1.94 1.81E-01
veg 118 WSS 0.70 0.70 -2.84E-03 1.32 1.33 -5.37E-03
veg 12 WSS 0.89 0.82 6.58E-02 1.68 1.56 1.24E-01
veg 124 WSS 0.94 0.95 -5.22E-03 1.78 1.79 -9.87E-03
veg 125 WSS 1.14 1.10 4.37E-02 2.15 2.07 8.26E-02
veg 128 WRM 0.53 0.49 3.85E-02 1.00 0.93 7.27E-02
veg 129 WSS 0.86 0.80 5.94E-02 1.63 1.51 1.12E-01
veg 132 SPSP 0.92 0.92 -1.72E-03 1.74 1.74 -3.25E-03
veg 134 WRM 0.66 0.62 3.54E-02 1.25 1.18 6.68E-02
veg 138 WSS 0.93 0.93 -2.36E-03 1.76 1.76 -4.45E-03
veg 139 WSS 1.27 1.23 4.37E-02 2.40 2.32 8.26E-02
veg 143 BIB 0.87 0.87 -1.31E-03 1.64 1.65 -2.47E-03
veg 146 WSS 0.39 0.35 3.51E-02 0.74 0.67 6.64E-02
veg 165 BIB 1.00 1.00 -1.90E-03 1.89 1.89 -3.59E-03
veg 166 BIB 0.64 0.64 -7.13E-04 1.21 1.21 -1.35E-03
veg 167 BIB 0.70 0.70 -3.11E-03 1.32 1.33 -5.87E-03
veg 169 BIB 1.13 1.14 -5.39E-03 2.14 2.15 -1.02E-02
veg 170 SRMBSF 0.49 0.45 3.98E-02 0.93 0.85 7.53E-02
veg 178 SRMBSF 0.71 0.67 3.85E-02 1.34 1.27 7.28E-02
veg 181 WRM 0.64 0.61 2.91E-02 1.21 1.15 5.49E-02
veg 183 WSS 1.47 1.43 4.29E-02 2.78 2.70 8.10E-02
veg 189 WRM 0.45 0.41 4.02E-02 0.85 0.77 7.60E-02
veg 190 BIB 0.87 0.88 -7.51E-03 1.64 1.66 -1.42E-02
veg 191 SPSP 1.06 1.02 3.77E-02 2.00 1.93 7.13E-02
veg 193 CLPWF 0.53 0.54 -5.51E-03 1.00 1.01 -1.04E-02
veg 203 WSS 0.58 0.58 -1.95E-03 1.10 1.10 -3.68E-03
veg 211 BIB 0.38 0.38 -2.51E-03 0.72 0.72 -4.75E-03

veg_224 SPSP 0.90 0.90 -4.84E-03 1.70 1.71 -9.15E-03
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Table 2.4. Observed and simulated water levels, with calculated residuals, and weighted observed, weighted simulated, and calculated weighted residuals.—Continued

[Observation name, text title given to observations in the UCODE 2005 and MODFLOW-NWT input files (names must begin with a letter); m, meters; m asl, meters above sea level; m?, square meters; obser-
vation types: BIB, Barrier Island Bog; CLPWF, Coastal Loblolly Pine Wetland Forest; FRDS, Forked Rush Dune Swale; SPSP, Schoenoplectus pungens (= Scirpus pungens); SRMBSF Southern Red Maple -
Blackgum Swamp Forest; WRM, Western Reed Marsh; WSS, Wax-myrtle Shrub Swamp]

Observation Observation Observed/estimated vi:iTeurlft:::l Residual :\::'3:‘::: Z:’:lluglgizﬂ Wei_ghted
name type water level (m asl) (m asl) (m) water level (m) water level (m) residual

veg 244 SPSP 0.95 0.95 -3.93E-03 1.80 1.80 -7.43E-03
veg 251 WSS 0.77 0.77 1.82E-03 1.46 1.45 3.45E-03
veg 252 FRDS 1.23 1.09 1.37E-01 2.32 2.07 2.58E-01
veg 261 SPSP 1.18 1.18 -8.49E-04 2.23 2.23 -1.60E-03
veg 268 CLPWF 0.41 0.39 2.11E-02 0.77 0.73 3.99E-02
veg 269 CLPWF 0.44 0.40 4.27E-02 0.83 0.75 8.07E-02
veg 270 WSS 0.63 0.59 3.75E-02 1.19 1.12 7.08E-02
veg 273 SRMBSF 1.12 1.08 3.96E-02 2.12 2.04 7.49E-02
veg 278 CLPWF 0.53 0.49 3.85E-02 1.00 0.93 7.27E-02
veg 280 CLPWF 0.77 0.78 -5.01E-03 1.46 1.46 -9.47E-03
veg 282 SRMBSF 0.61 0.57 4.27E-02 1.15 1.07 8.07E-02
veg 285 CLPWF 1.11 0.82 2.91E-01 2.10 1.55 5.50E-01
veg 288 WSS 0.65 0.65 -4.67E-03 1.23 1.24 -8.82E-03
veg 292 WSS 0.63 0.64 -6.70E-03 1.19 1.20 -1.27E-02
veg 303 BIB 0.58 0.54 3.72E-02 1.10 1.03 7.02E-02
veg 310 BIB 1.12 1.09 3.47E-02 2.12 2.05 6.55E-02
veg 313 WSS 1.30 1.30 -4.34E-03 2.46 2.46 -8.20E-03
veg 314 WRM 0.37 0.33 3.92E-02 0.70 0.63 7.41E-02
veg 316 WSS 0.59 0.58 1.40E-02 1.11 1.09 2.65E-02
veg 319 WSS 0.92 0.88 3.77E-02 1.74 1.67 7.12E-02
veg 335 WSS 0.64 0.60 3.50E-02 1.21 1.14 6.62E-02
veg 39 SPSP 0.83 0.63 2.05E-01 1.57 1.18 3.87E-01
veg 50 WSS 0.41 0.40 1.02E-02 0.77 0.76 1.93E-02
veg 53 CLPWF 0.47 0.42 5.47E-02 0.89 0.78 1.03E-01
veg 54 WRM 0.48 0.48 -1.91E-03 0.91 0.91 -3.61E-03
veg 57 WSS 0.45 0.45 -3.67E-03 0.85 0.86 -6.93E-03
veg 61 WSS 1.13 0.78 3.48E-01 2.14 1.48 6.59E-01
veg 62 WSS 0.30 0.26 3.63E-02 0.57 0.50 6.85E-02
veg 64 SPSP 1.22 1.22 -1.58E-03 2.31 2.31 -2.99E-03
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Table 2.4. Observed and simulated water levels, with calculated residuals, and weighted observed, weighted simulated, and calculated weighted residuals.—Continued

[Observation name, text title given to observations in the UCODE 2005 and MODFLOW-NWT input files (names must begin with a letter); m, meters; m asl, meters above sea level; m?, square meters; obser-
vation types: BIB, Barrier Island Bog; CLPWF, Coastal Loblolly Pine Wetland Forest; FRDS, Forked Rush Dune Swale; SPSP, Schoenoplectus pungens (= Scirpus pungens); SRMBSF Southern Red Maple -
Blackgum Swamp Forest; WRM, Western Reed Marsh; WSS, Wax-myrtle Shrub Swamp]

4]

Observation Observation Observed/estimated Simulated Residual Weighted V!Ieighted Weighted
name type water level (m asl) water level (m) observed simulated residual
(m asl) water level (m) water level (m)

veg 66 WSS 0.75 0.75 -3.80E-03 1.42 1.42 -7.18E-03
veg 68 WSS 0.57 0.53 3.55E-02 1.08 1.01 6.71E-02
veg 69 WSS 0.79 0.75 4.02E-02 1.49 1.42 7.59E-02
veg 73 WRM 0.61 0.57 4.40E-02 1.15 1.07 8.32E-02
veg 79 WRM 0.80 0.76 4.18E-02 1.51 1.43 7.90E-02
veg 83 WRM 0.43 0.43 -3.10E-04 0.81 0.81 -5.85E-04
veg 84 CLPWF 0.64 0.63 6.77E-03 1.21 1.20 1.28E-02
veg 87 WSS 0.96 0.70 2.61E-01 1.81 1.32 4.93E-01
veg 88 WSS 0.54 0.54 -4.40E-03 1.02 1.03 -8.32E-03
veg 92 BIB 1.04 1.05 -5.70E-03 1.97 1.98 -1.08E-02
veg 96 SPSP 1.42 0.98 4.42E-01 2.68 1.85 8.34E-01
veg 97 FRDS 0.77 0.78 -1.07E-02 1.46 1.48 -2.02E-02
WOCgl101 Head 0.94 1.20 -2.65E-01 0.96 1.23 -2.70E-01
WOCgl103 Head 0.98 1.17 -1.86E-01 0.87 1.03 -1.65E-01
WODg27 Head -0.26 0.92 -1.18E+00 -0.27 0.94 -1.21E+00
WODg28 Head -0.17 0.92 -1.09E+00 -0.17 0.95 -1.12E+00
WODg30 Head 0.74 0.96 -2.15E-01 0.60 0.78 -1.75E-01
WODg32 Head 1.52 0.54 9.84E-01 0.91 0.32 5.92E-01
WODg34 Head 0.73 1.00 -2.71E-01 0.66 0.90 -2.43E-01
WODg36 Head 0.32 0.66 -3.37E-01 0.22 0.45 -2.32E-01
WOEf29 Head 0.90 0.83 7.06E-02 0.75 0.69 5.86E-02
WOEf31 Head 0.59 0.98 -3.90E-01 0.48 0.80 -3.20E-01
WOEf33 Head 0.36 0.92 -5.63E-01 0.30 0.76 -4.64E-01
WOEf35 Head 0.30 0.86 -5.56E-01 0.22 0.63 -4.09E-01
WOEf37 Head 0.12 0.78 -6.64E-01 0.11 0.70 -5.92E-01

WOFf12 Head 0.45 1.19 -7.36E-01 0.39 1.04 -6.45E-01
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Figure 2.4. A, Simulated versus observed parameter values and B, weighted simulated versus weighted observed parameter values
for the calibrated model, by observation type. (Observation types are defined in table 2.4.)
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simulation, by observation type. (Observation types are defined in table 2.4)

In addition to the 14 observed water levels, 70 depth
to water estimates, based on vegetation type, were used to
calibrate the model. These represent a subset of estimates and
were selected as being representative of wetland areas. It was
deemed that these estimates were more accurate than those not
selected as they represent a water table in close proximity to
the land surface.

A critical limitation of any model is resolution. For the
Assateague Island model, resolution was refined in compari-
son with the model published by Masterson and others (2013),
from 50-m cells to 25-m cells. However, in any discretized
model, values must be assigned to discrete areas or volumes
that represent an average over that area or volume. For exam-
ple, the land-surface altitude assigned to the node (the centroid
of the cell) represents an average over the 625-square-meter
cell area. Three-dimensional properties (horizontal hydraulic
conductivity) represent averages over the entire cell volume,
keeping in mind that the model consists of a single layer.

Finally, observed water levels and vegetation-based water-
level estimates were assigned to the centroid of the cell. The
observed water levels may have been measured at a different
vertical point. The vegetation-based estimates were provided
as surface point data. Points contained within a cell were
assigned to the centroid, regardless of actual extent or location
of the vegetation type.

The performance, utility, detail, and accuracy of the
Assateague Island groundwater-flow model could be improved
in several ways. These improvements can be classified in one
of two ways: as limitations to address or as potential enhance-
ments. In terms of limitations, the model could benefit from
additional hydrogeologic and observational data. The dss
values (table 2.6) can provide some guidance on the relative
value of the existing observations to model calibration. There
are other statistical methods available as well that can provide
guidance by indicating additional monitoring locations, such
as those described by Tonkin and others, (2007).
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Figure 2.6. Magnitude and distribution of model residuals from observations of water levels in wells and water
levels estimated using vegetation type. Residuals are presented in standard deviations from the mean weighted
residual. Symbol color indicates residual sign and size indicates relative magnitude. (<, less than; >, greater than)
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Composite scaled sensitivities for the six estimated model parameters. (Parameter identifiers are defined in table 2.2)

Table 25. Optimal values, confidence intervals, and coefficients of variation for the estimated
model parameters.

[Parameter identifiers are defined in table 2.2. m/d, meters per day; m/y, meters per year]

Parameter Optimal Lower confidence Upper confidence Coefficient of
identifier value interval limit interval limit variation

Horizontal hydraulic conductivity (m/d)

HK 2 0.499 -0.48 1.47 0.98

HK 5 0.001 —0.01 0.01 4.77
Recharge (m/y)

RCH 2 1.644 —0.15 343 0.55

RCH 3 1.326 =5.16 7.81 2.45

RCH 4 0.990 0.92 1.06 0.04

RCH_5 0.403 0.14 0.67 0.33
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Table 2.6. Dimensionless scaled sensitivity (dss) values for all water-level observations or estimates for the six model parameters, with

maximum absolute values, by parameter and observation type. Water-level observations or estimates in shaded rows have maximum

dss absolute values of less than 10 percent of the greatest maximum (3.6135) and therefore provide relatively little information in support

of model parameter estimates.

[Observation name, text title given to observations in the UCODE_2005 and MODFLOW-NWT input files (names must begin with a letter); observation type,
indicator of whether observations are vegetation-based estimates (Veg), or measured (WL); |Max|, maximum absolute value]

Observation

Observation

dss values by parameter

name type HK 2 HK_5 RCH 2 RCH_3 RCH_4 RCH_5 Max]
Veg_101 R 0 0.0005 0 0 0 0.0062 0.0062
Veg 103 . 0 0.0066 0 0 0 0.0885 0.0885
Veg 118 Veg 0 ~0.0002 0 0.0011 0.0001 0 0.0011
Veg 12 eu ~0.0583 0 0.1067 0.0001 0 0.0029 0.1067
Veg 124 e 0 0 0.0003 0 0 0.0020 0.0020
Veg 125 Veg 0 0.5263 0.0028 0 3.4593 0.0001 3.4593
Veg 128 e 0 ~0.0008 0.1097 0 0 0 0.1097
Veg 129 e 0 0.0025 0.0386 0.0375 0 0.0160 0.0386
Veg 132 Veg 0 0 0 0 0 0.0051 0.0051
Veoliad eu 0 0.0015 0.1097 0 0 0 0.1097
Veg 138 e 0 ~0.0001 0.0002 0 0 0.0018 0.0018
Veg_139 Veg 0 ~0.0398 0.1096 0 0 0 0.1096
Veg_143 Veu 0 0.0002 0.0001 0 0 0.0025 0.0025
Veg_146 . 0 0.0048 0.1097 0 0 0 0.1097
Veg_165 e 0 0 0 0 0 0.0006 0.0006
Veg_166 er 0 0.0002 0 0 0 0.0006 0.0006
Veg_167 . 0 0.0001 0 0 0 0.0006 0.0006
Veg_ 169 e 0 ~0.0001 0 0 0 0.0006 0.0006
Veg_170 en 0 0.0345 0.1095 0 0 0 0.1095
Veg 178 e 0 0.0104 0.1095 0 0 0.0002 0.1095
Veg 181 Veg 0 ~0.0404 0 0.0001 3.4783 0 3.4783
Veg_183 e 0 0.0577 0.1093 0 0.0038 0 0.1093
Veg 189 e 0 0.0235 0.1097 0 0 0 0.1097
Veg_ 190 e 0 0.0002 0 0 0 0.0006 0.0006
Veg_191 en 0 0.0055 0.0001 0 0 0.1583 0.1583
Veg 193 e 0 0.0002 0 0 0 0.0006 0.0006
Veg 203 Veg 0 ~0.0001 0 0.0011 0 0 0.0011
Veg 211 en 0 0.0002 0 0 0 0.0006 0.0006
Veg 224 e 0 0 0 0 0 0.0112 0.0112
Veg 244 Ve 0 0 0.0033 0.0001 0 0.0018 0.0033
Veg 251 Veg 0 0.0240 0 0 26576 0 2.6576
Veg 252 e 0 0 0.0073 0.0038 0.0001 0.3417 0.3417
Veg_261 Veg 0 0 0 0.0011 0 0 0.0011
Veg 268 Veg 0 0.0248 0.0054 0 3.4943 0 3.4943
Veg 269 e 0 0.0027 0.1097 0 0 0 0.1097
Veg_270 Veg 0 ~0.0047 0.1093 0 0 0 0.1093
Veg 273 Veg 0 0.3768 0.0001 0 3.6135 0 3.6135
Veg 278 e 0 ~0.0079 0.1095 0 0 0 0.1095
Veg_280 e 0 0.0002 0.0001 0.0060 0 0.0007 0.0060
Veg 282 Sen 0 0.0161 0.1091 0 0.0164 0 0.1091
Veg 285 e 0 0.0016 0.0011 0.1134 0 0.0589 0.1134
Veg 288 Veg 0 0 0.0012 0 0 0 0.0012
Veg 292 e 0 0 0 0 0 0.0006 0.0006
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Table 2.6. Dimensionless scaled sensitivity (dss) values for all water-level observations or estimates for the six model parameters, with
maximum absolute values, by parameter and observation type. Water-level observations or estimates in shaded rows have maximum
dss absolute values of less than 10 percent of the greatest maximum (3.6135) and therefore provide relatively little information in support
of model parameter estimates.—Continued

[Observation name, text title given to observations in the UCODE_2005 and MODFLOW-NWT input files (names must begin with a letter); observation type,
indicator of whether observations are vegetation-based estimates (Veg), or measured (WL); |[Max|, maximum absolute value]

Observation Observation dss values by parameter Max]
name type HK_2 HK_5 RCH_2 RCH_3 RCH_4 RCH_5
Veg 303 Veg 0 0.0230 0.1095 0 0 0 0.1095
Veg 310 Veg 0 0.0117 0.1094 0 0 0 0.1094
Veg 313 Veg 0 —0.0001 0 0.0011 0 0 0.0011
Veg 314 Veg 0 0.0121 0.1095 0 0 0 0.1095
Veg 316 Veg 0 0.1361 0.0044 0 2.8547 0.0046 2.8547
Veg 319 Veg 0 —0.0357 0.1096 0 0 0 0.1096
Veg 335 Veg 0 —0.0046 0.1097 0 0 0 0.1097
Veg 39 Veg —0.3157 0 0.3233 0 0 0.0531 0.3233
Veg 50 Veg —0.0113 0 0.0001 0 0 0.0825 0.0825
Veg 53 Veg —0.0635 0 0.0807 0 0 0.0348 0.0807
Veg_54 Veg 0 0 0 0 0 0.0006 0.0006
Veg 57 Veg 0.0003 0 0.0004 0 0 0.0015 0.0015
Veg 61 Veg —0.0004 0 0.0005 0 0.0002 0.1013 0.1013
Veg_62 Veg 0 0 0.1097 0 0 0 0.1097
Veg_64 Veg 0 0 0 0 0 0.0006 0.0006
Veg 66 Veg 0 0 0 0 0 0.0006 0.0006
Veg 68 Veg 0 0.0143 0.1093 0 0 0 0.1093
Veg 69 Veg 0 —0.0115 0.1096 0 0 0.0003 0.1096
Veg 73 Veg 0 —0.0016 0.1097 0 0 0 0.1097
Veg 79 Veg 0 0.0088 0.1097 0 0 0 0.1097
Veg 83 Veg 0 0.0001 0 0 0 0.0006 0.0006
Veg 84 Veg 0 0.0859 0.0022 0 3.1369 0 3.1369
Veg 87 Veg 0 —0.0003 0.0017 0 0 0.1247 0.1247
Veg 88 Veg 0 0 0 0 0 0.0006 0.0006
Veg 92 Veg 0 0 0 0 0 0.0006 0.0006
Veg 96 Veg 0 0.0001 0 0 0 0.2027 0.2027
Veg 97 Veg 0 0.0001 0 0 0 0.0025 0.0025
WOCgl101 WL —0.0319 0 0.0003 0 0 0.2932 0.2932
WOCgl103 WL —0.0202 0 0.0002 0 0 0.2618 0.2618
WODg27 WL —0.0609 0 0.0047 0 0 0.4919 0.4919
WODg28 WL —0.0612 0 0.0047 0 0 0.4945 0.4945
WODg30 WL —0.1277 0 0.0060 0 0 0.1533 0.1533
WODg32 WL —0.0640 0 0.0104 0 0 0.0599 0.0640
WODg34 WL 0 0.0003 0 0 0 0.0730 0.0730
WODg36 WL 0 0 0 0 0 0.0002 0.0002
WOER29 WL 0 0 0 0 0 0.0007 0.0007
WOEf31 WL 0 0.0003 0 0 0 0.0002 0.0003
WOE(f33 WL 0 0 0 0 0 0.0002 0.0002
WOEf35 WL 0 0 0 0 0 0.0002 0.0002
WOEf37 WL 0 0.0752 0 0 1.3114 0 1.3114
WOFf12 WL 0 0 0.0505 0 0 0 0.0505
|[Max| 0.3157 0.5263 0.3233 0.1134 3.6135 0.4945
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