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Potential Effects of Sea-Level Rise on the Depth to
Saturated Sediments of the Sagamore and Monomoy Flow
Lenses on Cape Cod, Massachusetts

By Donald A. Walter, Timothy D. McCobb, John P. Masterson, and Michael N. Fienen

Abstract

In 2014, the U.S. Geological Survey, in cooperation
with the Association to Preserve Cape Cod, the Cape
Cod Commission, and the Massachusetts Environmental
Trust, began an evaluation of the potential effects of sea-
level rise on water table altitudes and depths to water on
central and western Cape Cod, Massachusetts. Increases
in atmospheric and oceanic temperatures arising, in part,
from the release of greenhouse gases likely will result in
higher sea levels globally. Increasing water table altitudes in
shallow, unconfined coastal aquifer systems could adversely
affect infrastructure—roads, utilities, basements, and septic
systems—particularly in low-lying urbanized areas. The
Sagamore and Monomoy flow lenses on Cape Cod are the
largest and most populous of the six flow lenses that comprise
the region’s aquifer system, the Cape Cod glacial aquifer.
The potential effects of sea-level rise on water table altitude
and depths to water were evaluated by use of numerical
models of the region. The Sagamore and Monomoy flow
lenses have a number of large surface water drainages that
receive a substantial amount of groundwater discharge,
47 and 29 percent of the total, respectively. The median
increase in the simulated water table altitude following a
6-foot sea-level rise across both flow lenses was 2.11 feet,
or 35 percent when expressed as a percentage of the total
sea-level rise. The response is nearly the same as the sea-level
rise (6 feet) in some coastal areas and less than 0.1 foot near
some large inland streams. Median water table responses
differ substantially between the Sagamore and Monomoy
flow lenses—at 29 and 49 percent, respectively—because
larger surface water discharge on the Sagamore flow lens
results in increased dampening of the water table response
than in the Monomoy flow lens. Surface waters dampen water
table altitude increases because streams are fixed-altitude
boundaries that cause hydraulic gradients and streamflow
to increase as sea-level rises, partially fixing the local water
table altitude.

The region has a generally thick vadose zone with a mean
of about 38 feet; areas with depths to water of 5 feet or less,
as estimated from light detection and ranging (lidar) data from

2011 and simulated water table altitudes, currently [2011]
occur over about 24.9 square miles, or about 8.4 percent of
the total land area of the Sagamore and Monomoy flow lenses,
generally in low-lying coastal areas and inland near ponds and
streams. Excluding potentially submerged areas, an additional
4.5, 9.8, and 15.9 square miles would have shallow depths

to water (5 feet or less) for projected sea-level rises of 2, 4,
and 6 feet above levels in 2011. The additional areas with
shallow depths to water generally occur in the same areas as
the areas with current [2011] depths to water of 5 feet or less:
low-lying coastal areas and near inland surface water features.
Additional areas with shallow depths to water for the largest
sea-level rise prediction (6 feet) account for about 5.7 percent
of the total land area, excluding areas likely to be inundated
by seawater. The numerous surface water drainages will
dampen the response of the water table to sea-level rise. This
dampening, combined with the region’s thick vadose zone,
likely will mitigate the potential for groundwater inundation
in most areas. The potential does exist for groundwater
inundation in some areas, but the effects of sea-level rise on
depths to water and infrastructure likely will not be substantial
on a regional level.

Introduction

Coastal areas worldwide are susceptible to the adverse
effects of rising sea levels that result from increasing global
temperatures. Potential critical effects of sea-level rise include
surface water inundation of low-lying areas near saltwater
bodies and, when coupled with more frequent storms, an
increase in coastal flooding resulting from higher storm surges.
Sea-level rise also will affect coastal groundwater systems.
These effects, while not as manifest as coastal inundation
and storm surge, likely will have significant long-term
economic and social implications. About half (47 percent) of
the U.S. population will live in coastal communities by 2020
(National Oceanic and Atmospheric Administration, National
Weather Service, 2015b), a large part of which relies on
coastal aquifers for potable water. Potential effects on these
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aquifer systems include an increase in water table altitudes,
streamflow, and potential saltwater intrusion. Increases in
water table altitude and the converse decrease in the distance
between the water table and land surface are referred to as
groundwater inundation and, like surface water inundation,
can adversely affect infrastructure in coastal areas (Flood and
Cahoon, 2011). Saltwater intrusion also can affect water-
supply wells in some coastal areas (Werner and Simmons,
2009; Langevin and Zygnerski, 2013).

Cape Cod is a developing coastal region in southeastern
Massachusetts (fig. 1) where the population more than doubled
between 1970 and 2010 (Cape Cod Commission, 2012); the
region’s communities rely on an underlying unconfined coastal
aquifer for potable water. The Cape Cod aquifer is bounded
laterally by saltwater bodies, and sea level is the base level
for the aquifer. As a result, water table altitudes likely will
increase as sea-level rises, and depths to water could decrease
below thresholds critical for infrastructure in some areas; types
of infrastructure that could be affected include basements,
roads, septic systems, sewer lines, and utilities. The complex
response of the water table to sea-level rise and resultant
changes in depths to water are a function of several factors,
including land surface altitude, surface water drainages,
coastal geometry, and the position of the freshwater/saltwater
interface. Sea-level rise and resulting groundwater inundation
has been identified as having potential effects on infrastructure
in urbanized areas (Bjerklie and others, 2012) and on natural
ecosystems (Masterson and others, 2013).

In 2014, the U.S. Geological Survey (USGS), in coop-
eration with the Association to Preserve Cape Cod (APCC),
the Cape Cod Commission (CCC), and the Massachusetts
Environmental Trust, began an evaluation of the potential
effects of sea-level rise on water table altitudes and depths to
water on central and western Cape Cod, the most populous
and urbanized parts of the region. The investigation included
analyses of land surface altitudes for the region as determined
from light detection and ranging (lidar) data from 2011 and
development of a set of numerical models capable of simulat-
ing the response of the Cape Cod aquifer—water table alti-
tudes, streamflow, and the position of the freshwater/saltwater
interface—to changes in sea level. Coincident land surface
and simulated water table altitudes were combined to estimate
depths to water for sea levels in 2011 and a range of possible
future sea levels and to identify areas where potential ground-
water inundation and risks to infrastructure are greatest.

Purpose and Scope

This report discusses the potential effects of sea-level rise
on the vertical separation between land surface and the water
table on central and western Cape Cod. The report presents
information on estimates of sea-level rise and the rationale
for the set of sea-level rise scenarios used in this analysis.

The report also discusses the regional hydrogeology of the
region and the potential effects of sea-level rise on water table

altitudes and depths to water as wells as the factors that can
affect the water table response to rising sea level. The analy-
sis uses USGS lidar data from 2011 in conjunction with a set
groundwater-flow models; this report includes documentation
of these analytical methods and numerical models. The pro-
cessing of detailed (1-meter [m]-resolution) lidar data to define
a seamless mosaic of land surface across the study area and

to delineate coastline geometry in 2011 and projected to 2100
also is discussed. The report also documents modifications of
an existing two-dimensional (2D) regional model capable of
simulating the freshwater/saltwater interface and development
and calibration of a new, three-dimensional (3D) numerical
model capable of simulating water levels and streamflows. The
discussion includes comparisons between observed hydrologic
conditions and hydrologic conditions simulated by the 3D
model, and structural changes to the 3D model to facilitate the
simulation of the hydrologic system at different sea levels.

The response of the water table to rising sea levels are
presented, and the depths to water for sea level in 2011 and sea
levels at 2, 4, and 6 feet (ft) above 2011 sea levels projected
to occur by 2100 are reported and discussed. The complex
interaction between streams and land surface and the water
table and the resulting effects on the water table response are
presented. Areas where surface waters may dampen increases
in water table altitude are identified. Depths to water for cur-
rent and future sea levels are summarized in histograms. An
expanded analysis is presented for a regional response, and
detailed maps identify areas where shallow depths to water are
more likely to occur. Limitations of and assumptions inherent
in the analysis are discussed. Errors in predictions of water
table altitude and those associated with upscaled land surface
altitudes, as determined from lidar data, are presented and
compared. Examples of changing coastal landforms and poten-
tial violations of the assumption of static coastal landforms are
presented. The potential effects of changing coastal landforms
on the hydrologic system, particularly near back-barrier
coastal ponds, and its implications are discussed.

Hydrogeology

Cape Cod is underlain by unconsolidated sediments
that generally are highly permeable and nearly 1,000 ft thick
in some areas. The region receives substantial rainfall, and
the unconsolidated sediments compose the sole source of
potable water for the region’s communities. The Cape Cod
aquifer is unconfined and consists of six separate flow lenses:
Sagamore, Monomoy, Nauset, Chequesset, Pamet, and Pilgrim
(fig. 1). Each flow lens represents a distinct aquifer system
that is hydraulically separate from adjacent flow lenses.
The Sagamore and Monomoy flow lenses on western and
central Cape Cod, respectively, are the two largest (fig. 1).
The geologic history and hydrology of Cape Cod have been
documented in numerous publications, including LeBlanc and
others (1986), Oldale (1992), Uchupi and others (1996), and
Masterson and others (1997a). The glacial sediments, which
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4 Potential Effects of Sea-Level Rise at the Sagamore and Monomoy Flow Lenses on Cape Cod, Massachusetts

consist of clay, gravel, sand, and silt and are underlain by
crystalline bedrock, were deposited 15,000 to 16,000 years
ago within and near the margins of retreating continental ice
sheets (Oldale, 1992; Uchupi and others, 1996). The altitude
of the bedrock surface underlying the glacial sediments
ranges from about 50 ft below the National Geodetic Vertical
Datum of 1929 (NGVD 29) near the Cape Cod Canal to more
than 500 ft below NGVD 29 beneath the central part of the
Monomoy flow lens (Fairchild and others, 2012; Byron Stone,
U.S. Geological Survey, written commun., 1997]).

The surficial geology of Cape Cod is characterized by
broad, gently sloping outwash plains and hummocky terrain
associated with glacial moraines and ice-contact deposits
(fig. 2; Stone and DiGiacomo-Cohen, 2009). Land surface alti-
tude exceeds 200 ft near the Cape Cod Canal and is less than
50 ft over broad areas in south-central Cape Cod (fig. 24).
Outwash sediments, which compose most of the glacial sedi-
ments underlying Cape Cod, were deposited in fluvial and
lacustrine depositional environments associated with progla-
cial lake deltas analogous to those seen in present-day fluvial
deltas (Oldale, 1992). Moraines were deposited in low-energy
environments at the margins of the ice sheets and generally
are finer grained and less sorted than outwash sediments;
ice-contact deposits were deposited within high-energy fluvial
environments beneath and inside the ice sheets and generally
are coarser grained than outwash deposits.

Outwash sediments generally become finer grained
with depth and to the south with increasing distance from
sediment sources (fig. 2B; Masterson and others, 1997a).
These deposits are broadly divided into three depositional
units: coarse-grained sand and gravel deposited in meltwater
streams (topset beds), fine- to medium-grained sands deposited
in near shore lacustrine environments (foreset beds), and
fine-grained sand and silt deposited in offshore lacustrine
environments (bottomset beds; Masterson and others (1997a;
fig. 2B). Geologic contacts generally are absent laterally
within depositional units, and grain size trends are gradational.
Numerous kettle holes occur within the outwash plain; these
collapse structures were formed by the melting of buried
blocks of remnant glacial ice and the subsequent collapse of
the overlying sediments; many kettle holes now contain ponds.

The unconsolidated glacial sediments underlying Cape
Cod compose an unconfined aquifer system that is bounded
above by a free-surface water table and laterally by salt water:
Cape Cod Bay to the north, the Cape Cod Canal to the north-
west, Buzzards Bay to the west, Nantucket Sound to the south,
and the Atlantic Ocean to the east (fig. 1). The Sagamore flow
lens is the largest and westernmost of the six hydraulically
distinct freshwater flow lenses that underlie Cape Cod (fig. 1);
the flow lens is hydraulically separated at its northwestern
extent from mainland Massachusetts by the Cape Cod Canal
and from the adjacent Monomoy flow lens at its eastern extent
by the Bass River (fig. 1). The adjacent Monomoy flow lens
extends from the Bass River at its westernmost extent to
Town Cove, which separates it from the adjacent Nauset flow
lens (fig. 1). The aquifer is bounded below in most areas by

impermeable bedrock rather than the freshwater/saltwater
interface; the altitude of the interface that would represent a
hydrostatic balance between freshwater and saltwater (Drabbe
and Ghyben, 1888; Herzberg, 1901) generally is much deeper
than the bedrock surface in most areas. The lower boundary
of the aquifer in areas near the coast is a sharp freshwater/
saltwater interface (LeBlanc and others, 1986), representing
a general mass balance between the less dense freshwater and
the more dense saltwater. Recharge from precipitation is the
sole source of water to the aquifer. About 45 inches per year
(in/yr; 1,143 millimeters per year [mm/yr]) of precipitation
falls on Cape Cod; slightly more than half of the precipitation
recharges the aquifer across the water table (LeBlanc and oth-
ers, 1986); the remainder is lost to evapotranspiration. Surface
runoff is negligible owing to the sandy soils and low topo-
graphic relief of the area.

Water table altitudes exceed 65 ft above NGVD 29 in
the northwestern part of the Sagamore flow lens (fig. 14)
and 30 ft above NGVD 29 in the north-central Monomoy
flow lens. Groundwater flows radially from these regional
groundwater divides toward natural discharge locations
in streams, coastal estuaries, and the ocean (fig. 1). Most
groundwater flows through shallow sediments and discharges
to streams and estuaries; groundwater recharging the aquifer
near groundwater divides flows deep into the aquifer and
discharges offshore to the ocean (fig. 1B). Water table contours
and groundwater-flow patterns are strongly affected locally
by ponds and streams. Kettle-hole ponds are in hydraulic
connection to the aquifer; groundwater-flow paths converge
upgradient of the ponds, where groundwater discharges into
the ponds, and diverge in downgradient areas, where pond
water recharges the aquifer. Some ponds have surface water
outlets that drain into freshwater streams. Streams generally
are areas of groundwater discharge (gaining streams) and
receive water from the aquifer. Some stream reaches may
lose water to the aquifer (losing streams), particularly in areas
downgradient from pond outflows; however, these generally
are limited in extent.

Climate Change and Sea-Level Rise

The release of anthropogenic compounds into the
atmosphere, primarily from fossil-fuel emissions, likely
has caused an anomalous increase in mean atmospheric and
oceanic temperatures since the mid-20th century; the rate of
warming likely will increase through the 21st century and
beyond (Pachauri and Meyer, 2014). Adverse societal effects
of global warming include changes in precipitation patterns
and droughts, diminished crop production, an increase in the
frequency and intensity of coastal storms, and an increase in
global mean sea level. The latter results from thermal expan-
sion of the ocean and, more significantly, from the loss of gla-
cial ice and melting of the Greenland and Antarctic ice sheets
(Williams and Hall, 1993). The observed rate of ice loss has
been increasing since the early 1990s and likely will continue



Introduction

5

A
70°40° W 70°30' W 70°20' W 70°10' W 70°W
I I I I &%
C Cod EASTHAM PLAIN s Postglacial
ape Cod Ba DEPOSITS (Qnd deposits
P Y DENNIS (Qnd) P
OUTWASH (G50} ape Cod Cunal DEPOSIT (0nd
0 / SANDWICH SANDWICH =
c MORAINE MORAINE = 7
1°4630° N (sm) CAPE COD BAY g
N LAKE DEPOSITS (Qlu) %‘
=)
()
S
S
S
BUZZARDS .
BAY g NAUSET
GROUND ICE-CONTACT
MORAINE HARWICH OUTWASH DEPOSITS (Qnd)
el (Qgm) BARNSTABLE PLAIN PLAIN DEPOQSITS (Qhw) —
DEPOSITS (Qbn) EXPLANATION
S ound Land-surface altitude, in feet above National
Ncmmcket Geodetic Vertical Datum of 1929
X NANTUCKET 200
) FALMOUTH ¢ ICE-CONTACT 150
BUZZARDS BAY | 0o\ cp DEPOSIT (Qnd) 100
MORAINE (Qbm) 50
DEPOSIT (QFd)
Vineyard Sound | | | 7
Base from U.S. Geological Survey and Massachusetts 0 5 10 MILES Geology mapped by Stone and
Office of Geographic Information digital data I : | : | DiGiacomo-Cohen, 2009
0 5 10 KILOMETERS
B
c 0 500 10,000 FEET ¢
FEET { : 1 : |
400 7 0 1,500 3,000 METERS —
= =
g W . &8 B T B 3 = Y|
e 3 52 25 S 2 N glz 5
5200 |2 g V [~ &8 5 s Y zz =z 8 S L
= @ < & & NS NE] z|lz z|z S
25 S = / L = Bl Zls sig zlz 2E | 223 <
= — SlE S &8 @ |3 Zl5 2|12 Eg8 | 2lES8lE L
2E 0 H E/&Z:///’WW_ B = 2% 25 mj\gégg g
= =+ 2
® 3 0 N \ ; 4 el =
55 I g -
2> | . , 1
£.2 100 — ' lzfzkzoszzo--- L7 N —
£ IS \ /
g X / P
S 300 ; . -
= -"J‘~\ J
400 — \ ~Ho_f -
500 ANSS SE

VERTICAL SCALE GREATLY EXAGGERATED

Delta topset beds
Proximal—Sand, coarse; and gravel
Mid—Sand, medium; and gravel
Distal—Sand, fine; and gravel

Delta foreset beds
Proximal—Sand, medium to coarse
Mid—Sand, fine to medium
1 Distal—Sand, fine; some silt

Delta bottomset beds

Proximal—Sand, fine; some silt
Mid—Sand, very fine; some silt
Distal—Sand, very fine; silt and clay

Lake-bottom beds

Proximal—Silt and clay; and very fine sand

Distal—Silt and clay

EXPLANATION

[ Moraine—Sand, silt, clay, scattered gravel;
unsorted matrix; discontinuous
lenses of sorted sand, silt, and gravel

[ Till—Sand, silt, clay, and scattered gravel;
unsorted matrix, compact

E=J Bedrock
Geologic contact—Dashed where inferred

Modified from Masterson and others (1997a)

Z(z . .
[ Bendinsection
gl
@ o

1

4 Water table

Test boring site

Water table

Figure 2. A, Surficial geology in central and western Cape Cod, Massachusetts. B, Geologic cross section through western Cape Cod,

Massachusetts; location of cross section shown

in figure 2A.
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to increase through the 21st century (Pachauri and Meyer,
2014). Global mean sea level increased by an average rate of
about 0.06 to 0.07 inches per year (in/yr [1.5 to 1.9 mm/yr])
from 1901 to 2010; sea-level rise in the latter part of the period
(after 1990) averaged 0.11 to 0.14 in/yr (2.8 to 3.6 mm/yr),
indicating that rates of sea-level rise are increasing.

Projections of future sea-level rise vary greatly owing to
a number of factors, including differing emission and warm-
ing projections, oceanic circulation patterns, and ice-sheet
dynamics. Evaluation of emission scenarios and the resulting
global temperature increases yielded a range of predicted sea-
level rise between about 1.5 and 2.5 ft (0.45 and 0.75 m) by
2100 (Pachauri and Meyer, 2014); the mean of these sea-level
rise predictions was about 2 ft. Most predictions do not fully
account for ice-sheet dynamics, but highly nonlinear, cata-
strophic processes, such as grounding-line migration of the
Greenland ice sheet from basal meltwater or collapse of the
West Antarctic ice sheet, would increase sea level well above
these predictions. Evidence of ice-sheet instability in the
Antarctic (Parizek and others, 2013; Favier and others, 2014)
and increased ice velocities from basal meltwater in Greenland
(Phillips and others, 2013) have been reported.

Projections of sea-level rise used for estimation of soci-
etal impacts and adaptive planning vary globally and in the
United States range from about 4.9 ft (1.5 m; U.S. Army Corps
of Engineers, 2011) to 6.6 ft (2 m; Paris and others, 2012) by
2100. A comprehensive analysis of sea-level rise prediction
probability suggests that the near-upper limit (95th percen-
tile) of predicted sea-level rise, including consideration of
ice-sheet dynamics, is about 5.9 ft (1.9 m) by 2100 (Jevrejeva
and others, 2014). Sea-level rises over broad regions may be
several times smaller or larger than the global mean (Pachauri
and Meyer, 2014). Changing salinities from meltwater could
disrupt and slow ocean currents, contributing to additional sea-
level rise in some areas. Disruption of the Gulf stream likely
will lead to higher than average sea level along parts of the
eastern United States, from the mid-Atlantic to the Northeast
(Ezer and others, 2013) and there is evidence of accelerated
sea-level rise in the northeastern Unites States and eastern
Canada as of 2011 (Boon, 2012).The mean rate of sea-level
rise on Cape Cod from 1901 to 2002 exceeded the upper end
of the global range for roughly the same period, about
2 mm/yr (Masterson, 2004), suggesting that sea-level rise gen-
erally could be greater on Cape Cod than most other regions.

The base level of shallow, unconfined aquifers, such as
those underlying Cape Cod, is sea level. The altitude of the
water table and of the freshwater/saltwater interface increase
as sea level increases at hydrologic boundaries (fig. 3).
Hydraulic gradients at boundaries, discharge rates, and the
thickness of the freshwater aquifer generally remain the same
if recharge into the system remains the same and there are no
surface water outlets or a thin vadose zone, but the presence
of surface water outlets can cause a thinning of the freshwater
flow lens (Masterson and Garabedian, 2007). Streambeds have
a fixed altitude, so hydraulic gradients increase near surface
water outlets as the water table rises in response to rising sea

level. As a result, streamflow increases, and the increased
outflow from the aquifer is balanced locally by upward move-
ment of the freshwater/saltwater interface (fig. 3). New areas
of groundwater seepage also may form at land surface in arecas
with a thin unsaturated zone.

Land surface is a fixed altitude, so the separation distance
between land surface and the water table—referred to here
as depth to water—decreases by the same amount as the
water table altitude increases. Decreases in depths to water
can adversely affect infrastructure, such as basements, buried
utilities, roads, and septic systems (fig. 3). The increase
in water table altitude (and decrease in depth to water)
would generally be equal to sea-level rise in a hypothetical
unconfined aquifer bounded on all sides by the ocean, with
no surface water outlets, and a land surface above the water
table in all areas (Masterson and Garabedian, 2007). Many
coastal aquifers, including those underlying Cape Cod, are
far more complex systems and include ponds, streams, and
potential areas of land surface seepage. These features are
expected to result in a more complex and nonlinear water
table response to sea-level rise and a possible dampening of
water table increases. Therefore, a detailed analysis of reliable
land surface altitude data and process models capable of
representing the groundwater system under different sea level
regimes is required.

Methods of Analysis

Evaluating changes in depths to water in response to
rising sea level requires defining two independent surfaces:
a fixed land surface and a water table for each sea level to be
evaluated. A detailed rendering of the land surface for central
and western Cape Cod was developed from lidar data from
2011. Water table altitude was estimated for different sea
levels by use of a three-dimensional (3D) groundwater-flow
model implicitly linked to a two-dimensional (2D) model
capable of simulating the regional freshwater/saltwater inter-
face; the linkage was done by incorporating the position of
fresh/salt water interface computed from the 2D model into
the 3D model. The 3D groundwater-flow model was calibrated
to observations of water table altitude and streamflow. The 3D
calibrated model was modified to represent sea levels of 2, 4,
and 6 ft above the 2011 sea level and simulate water table alti-
tudes corresponding to those sea levels. The simulated future
water tables were used in conjunction with the lidar-derived
land surface to evaluate changes in depths to water in response
to the higher sea levels. The spatial resolutions of the lidar
data and the discretization of the 3D groundwater-flow model
differ substantially, at 3.28 ft (1 m) and 400 ft, respectively. A
resolution of 100 ft was used for the depth-to-water analysis,
referred to as the analytical scale, by upscaling lidar data using
spatial averaging and downscaling model-calculated water
table altitudes by interpolation to that common resolution.
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Figure 3. An unconfined coastal aquifer system, similar to the aquifer underlying Cape Cod, Massachusetts, A, at static
conditions and B, after elevation of the sea level.

The analytical steps for evaluating depths to water for a
given sea level are as follows:

Coastline geometry determined from 1-m-resolution
lidar was used to modify the geometry of hydrologic
boundaries in the 2D numerical model.

Specified heads at the boundaries were modified to rep-
resent the new sea level and a new freshwater/saltwater
interface was simulated.

This interface position, simulated at a 100-ft resolution,
was spatially averaged to 400 ft and incorporated into
the 3D groundwater-flow model as a no-flow boundary.

Hydrologic boundaries of the groundwater-flow model
were modified using the same lidar-derived coastal
geometry and the new sea level.

The groundwater-flow model configured for a given
sea level was used to simulate the new water table for
that sea level.

The model-calculated water table altitudes, at a dis-
cretization of 400 ft, were linearly interpolated to a
resolution of 100 ft, the same as the spatially averaged
lidar land surface altitudes.

The two surfaces of the model-calculated water table
altitudes and the spatially averaged lidar land surface
altitudes were used to determine depths to water for the
sea level of interest.

Depths to water were estimated for the 2011 sea level
and for sea levels 2, 4, and 6 ft above the 2011 sea
level.
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Comparisons of these depths to water to evaluate the effects
of sea-level rises exclude areas predicted to be inundated

by sea water following a sea level 6 ft above the 2011 sea
level for consistency. The numerical models used in the
analysis are available in a model archive upon request. The
archive contains input and output files for the coastal and 3D
groundwater-flow models and the executable files needed to
run the models. The archive also contains georeferenced files
that can be used to display the 3D groundwater-flow-model
finite-difference grid as well as the hydrologic data—water
levels and streamflow sites—used in calibration of the 3D
groundwater-flow model.

Data Compilation and Analysis

Three sets of data were compiled and analyzed as part of
this investigation: climate and land-use data, hydrologic data
(water levels and streamflows) from wells and gaging stations,
and estimates of land surface derived from lidar data. Water
levels and streamflow for use in calibration of the groundwa-
ter-flow model were obtained from the USGS National Water
Information System database (http://waterdata.usgs.gov/nwis)
and data collected from other sources. Precipitation data were
obtained from the National Oceanic and Atmospheric Admin-
istration (NOAA) weather station at the Hyannis, Barnstable
Municipal—Boardman Airport in Hyannis, Mass. (KHYA;
National Oceanic and Atmospheric Administration, 2012).
Land-use data were obtained from the Massachusetts Office
of Geographic Information (2012), and soil characteristics
were obtained from the National Conservation Resources
Service (U.S. Department of Agriculture, Natural Conserva-
tion Resources Service, 1998, 2013). Land surface altitude
data were collected by the USGS lidar program for the
Northeastern United States in 2011 (U.S. Geological Survey,
2015) and obtained from the Massachusetts Office of Geo-
graphic Information (2014). Bathymetry in offshore areas
was compiled from the National Oceanic and Atmospheric
Administration at a scale of 98.4 ft (30-m; National Oceanic
and Atmospheric Administration, 2015a). Water-use data were
compiled from local water suppliers for 2010, and the distri-
bution of return flow was obtained from the Massachusetts
Department of Environmental Protection Massachusetts Estu-
aries Project (Tom Cambareri, Cape Cod Commission, written
commun., 2012).

Lidar Data

Discrete-return lidar uses reflected pulses of laser light to
determine distance from the light source to the illuminated tar-
get. The USGS uses aerial deployment to collect lidar data for
detailed mapping of land-surface altitude over broad regions.
Lidar data were collected for the northeastern United States
from New York to Maine in winter to spring 2011. Lidar data
were used in this analysis for three purposes: determination
of coastal geometries for 2011 sea level and sea levels of 2,

4, and 6 ft above 2011 levels, definition of boundary altitudes
at hydrologic boundaries for simulating water table responses
to sea-level rise, and determination of depths to water using
simulated water table altitudes.

The Cape Cod region is represented by 565 individual
uniform lidar tiles (fig. 44), in digital raster form, each
of which consists of 1,500 by 1,500 data points (cells)
with a spatial resolution of 3.28 ft (1 m) for a total of
2.25 million points for each tile (fig. 48). The total number
of data points for the lidar tiles that encompass central and
western Cape Cod exceeds 1 billion, making use of the lidar
data at the original 1-m scale intractable. The depth-to-water
analysis is at a uniform spatial scale of 100 ft, and the area
of interest extends from the Cape Cod Canal to Town Cove
(fig. 5). The analytical grid has the same extent and resolution
(100 ft) as the existing 2D regional model of the Sagamore
and Monomoy flow lenses and is coincident with the coarser,
400-ft grid of the 3D groundwater-flow model developed as
part of this analysis. The size of the 100-ft analytical grid—
about 3.2 million cells—is sufficient to represent depths
to water in detail yet still tractable for data analysis given
geoprocessing limitations of current technology.

The 1-m lidar data were upscaled to the analytical scale
of 100 ft by spatial averaging within each cell in the analyti-
cal grid (fig. 4C). Individual data points within each lidar tile
were converted to Cartesian coordinates in the same projec-
tion as the analytical grid, and the Cartesian position of each
point within the grid was computed. Away from coastal areas
where parts of some tiles contain no data, there were typically
929 individual data points within each 100-ft cell (fig. 4C) in
the analytical grid. The mean, maximum, minimum, range,
and standard deviation of data-point populations for each
cell were computed and used to define seamless mosaics
of land surface altitude and spatial variability at the 100-ft
resolution (fig. 5).

Minimum and maximum values for lidar data points
within the population of individual 100-ft cells ranged
between 0 and 70 ft and averaged 8.8 ft across the study area;
variability within cells generally correlated to the region’s
surficial geology (fig. 64). Large variability occurs within the
hummocky terrain associated with glacial moraines, and small
variability occurs within outwash plains. Individual lidar val-
ues within representative 100-ft cells ranged from 2.1 ft in the
Mashpee outwash plain to 49.5 ft the Buzzards Bay moraine
(fig. 6B). The distribution of individual values within the cells
differs substantially (fig. 6C). Large variability also occurs
near surface features such as erosional channels and kettle
holes (fig. 6B). Variability of the lidar data within the larger
analytical grid cells potentially introduces a scale-dependent
source of uncertainty in predictions of depths to water that are
computed using upscaled land surface altitudes.

Coastline geometries were defined from 1-m lidar data
by selecting values greater than the sea level of interest:

0 ft relative to the North American Vertical Datum of 1988
(NAVD 88) for the 2011 coastline and 2, 4, and 6 ft above
NAVD 88 for future sea levels. Areas with lidar values
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analysis blocks for A, central and western Cape Cod and B, Falmouth and Bourne, Massachusetts. C, Histogram of lidar values within
100-ft analysis blocks from the Buzzards Bay moraine and the Mashpee outwash on western Cape Cod.—Continued

between 0 ft and a given future sea level were assumed to

be inundated by sea water at that sea level. The land area

of Sagamore and Monomoy flow lenses on western and
central Cape Cod, respectively, defined as lidar altitudes
greater than 0 ft relative to NAVD 88, excluding ponds and
coastal marshes, is about 299 square miles (mi?). Future

land areas, defined as land surface altitude greater than 2, 4,
and 6 ft above NGVD 88 were about 290, 280, and 268 mi?,
respectively. About 9, 19, and 31 mi? of land area above sea
level in 2011 would be inundated in the three sea-level rise
scenarios of 2, 4, and 6 ft, respectively. Estimates of land area
in 2011 and, therefore, the areal extent of seawater inundation
are derived by selecting lidar data points greater than 0 ft
relative to NAVD 88 but have some uncertainty in low-lying
coastal areas. Estimates of land area and seawater inundation
in these low-lying coastal areas may include those for large

areas of tidal flats and salt marshes, such as Nauset Marsh,
Great Marshes, and the northern part of Pleasant Bay (fig. 5);
therefore, the areal extent of seawater inundation of dry land
would be expected to be lower than these estimates.
Coastline geometry and the areas of seawater inundation
differ substantially depending on local coastal topography.
Land surface along the northern coast of central and western
Cape Cod, adjacent to Cape Cod Bay, generally is higher and
gradients steeper than along the southern shore, Nantucket
Sound (fig. 5). Extensive areas of seawater inundation along
the eastern and northern coasts occur primarily in marginal
coastal terrain—tidal flats and salt marshes. In areas where
there are steep erosional bluffs, such as around Brewster,
Mass., along the northeastern coast of the Monomoy flow lens,
coastline geometries are essentially the same, showing very
little seawater inundation with increasing sea levels (fig. 74).
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In areas along the southern shore of Cape Cod, primarily in
low-lying coastal areas and along estuaries and tidal rivers,
coastline geometry changes considerably, showing extensive
areas of potential seawater inundation with increasing sea
levels. Seawater inundation near Waquoit Bay at Falmouth,
Mass., in the southwestern part of the Sagamore flow lens
(fig. 7B) occurs as areally extensive seawater inundation near
beaches and low-lying coastal areas and as landward migration
of the head of the tide of freshwater rivers. As an example, the
head of the tide of the Quashnet River, the largest freshwater
stream on Cape Cod, migrated landward by about 4,370 ft
when sea level was modeled to increase by 6 ft from the 2011
sea level.

This approach assumes coastal landforms are static and
does not account for coastal processes; this is often referred
to as the “bathtub” assumption. Erosion and deposition and
coastal-marsh accretion likely will alter coastal landforms very
close to the coast, such as barrier beaches, coastal bluffs, and
salt marshes. Salt-marsh accretion rates in the late Holocene
were on the order of about 0.75 foot per century (Shaw and
Ceman, 1999; Chmura and others, 2001), which would be
an additional 0.67 ft between 2011 and 2100. Accretion rates
generally are small, compared with rates of sea-level rise used
in this analysis, on the order of 2 to 6 ft by 2100, and were not
considered when delineating the coastal geometries.

Erosion and deposition from marine and aeolian pro-
cesses can greatly alter, often catastrophically, coastal land-
forms over small time scales. Barrier beaches, bars, and spits
such as South Beach and Sandy Neck (fig. 5), are particularly
susceptible to these processes and can be considered dynamic
landforms (Lentz and others, 2014). The delineation of future
coastline geometries and estimates of seawater inundation may
be locally inaccurate in these dynamic near-coastal areas. As
an example, South Beach in Chatham, Mass., was extensively
breached on April 16, 2007, by storm-driven tidal flood-
ing, resulting in a coastal geometry that differs considerably
from that observed in aerial photographs from 2005 (fig. 84).
Other differences in landforms between aerial photographs
from 2005 and lidar data from 2011 were observed at several
locations along barrier beaches, bars, and spits. It is likely that
estimating coastal geometries arising from sea-level rise over
decadal time scales in these dynamic coastal areas is subject
to greater uncertainty than estimates in more stable coastal
areas. A sea level 6 ft above the sea level in 2011 in the same
area results in a narrowing of the barrier island and inundation
of salt marshes, but the nearby mainland has a steep topogra-
phy, and the coastal geometry changes very little at sea levels
greater than those in 2011 (fig. 84). Coastal processes can alter
landforms, particularly in dynamic settings, but as of 2015
there were insufficient data available to predict these effects
across the study area at the required spatial extent and resolu-
tion to inform a regional analysis of sea-level rise effects.

Although the assumption of static landforms may not
be valid in some dynamic coastal areas, it is not considered a
significant limitation to this depth-to-water analysis for several
reasons: these dynamic coastal areas comprise a very small

part of the region’s land mass (Sandy Neck, Nauset Beach,
and locales along the southern shore), erosion and seawater
inundation are far greater threats to these areas than is long-
term groundwater inundation, and most of these areas are
undeveloped or have limited infrastructure.

Back-barrier marshes and ponds are fresh or brackish
waters that are at or below sea level and are separated from
the sea by barrier bars or have constricted connections to the
sea. They occur in a number of locations on Cape Cod, and
higher sea levels from those in 2011 likely will result in the
formation of additional back-barrier water features (fig. 5).
Coastal erosion and breaching of the barrier bars could greatly
alter the hydrologic setting of these features and the response
of the local groundwater flow system to sea-level rise. These
features often extend inland and can be near developed areas,
particularly along the southern shore. The hydrologic char-
acteristics of barrier bars could affect an analysis of sea-level
rise and depth to water. Stewarts Creek along the south-central
coast (fig. 5) is an example of a back-barrier marsh (fig. 8).
The altitude of the marsh ranges from 0.1 to about 1.5 ft and
is separated from Nantucket Sound by a barrier bar with a
limited hydraulic connection though a culvert; it is defined
as a freshwater feature for the sea level in 2011 (fig. 8B).
Much of the lower part of the creek was modelled to be below
sea level following a 6-ft sea-level rise, but a narrow barrier
bar between the creek and Nantucket Sound still remained
(fig. 8B). The future hydrologic setting of the creek is a
function of changes in the barrier bar, resulting from coastal
erosion or deposition. The creek could remain a freshwater or
brackish water feature if the bar remains or aggrades or could
become a saltwater estuary if the bar is removed or breached.
The change in hydrologic setting would affect the local posi-
tion of the freshwater/saltwater interface and water-table
altitudes and the response of the system to sea-level rise. The
assumption of static landforms may not be valid in these cases,
and analysis of depths to water could be affected.

Hydrologic Data

Observations of water levels and streamflow obtained
from several sites—38 long-term wells, 563 partial-
record wells, 26 pond stages, 2 continuous streamgages,
and 48 partial-record streamflow sites—were used in
the calibration of the groundwater-flow model (fig. 94).
Precipitation and, as a result, water levels and streamflows
on Cape Cod vary greatly over multiyear and monthly
times scales (fig. 9B). The effect of rising sea levels on the
groundwater system is simulated over decadal time scales; to
this end, long-term average hydrologic conditions, derived
from the large volume of hydrologic data, were estimated and
used in calibration of the new steady-state numerical model.
Data from different sources and with different periods of
record were grouped according to their assumed reliability as
observations of steady-state hydrologic conditions.
Water-level observations were compiled from a number
of sources, including the USGS, the CCC, the APCC, local
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water suppliers, and U.S. Department of Defense contrac-
tors on Joint Base Cape Cod (JBCC; formerly the Massa-
chusetts Military Reservation). A total of 5,626 water-level
measurements (monitoring wells and ponds) were compiled
from various sources; many of the monitoring wells are in
or near the JBCC on the Sagamore flow lens. The altitudes
of the well screens vary, and the screen altitudes represent
most vertical parts of the aquifer. Kettle ponds on Cape Cod
are surface expressions of the water table; water levels have
been measured at 109 ponds on the Sagamore and Monomoy
flow lenses and were included in the calibration.

This analysis assumes steady-state conditions; calibration
of the numerical model requires observations that generally
represent long-term average hydrologic conditions. A total
of 38 wells within the study area have been measured
monthly by the Cape Cod Commission and have monthly
or continuous measurements that extend back more than
30 years (referred to as “long-term wells”); an additional
2,478 wells have intermittent measurements that extend back
more than 10 years (referred to as “partial-record sites”).
Water-level measurements for each partial-record site were
compared with measurements at the long-term wells during
the corresponding period of record. The mean water level in
a partial-record well was included as a calibration target if
the same partial period at each long-term well had a mean
that was within 20 percent of one standard deviation of the
mean for the entire period of record for the long-term well.
As an example, long-term well MA—-SDW 253 has a mean
water level of 61.3 ft and a standard deviation of 1.9 ft over
its 50-year period of record (1963-2012); the mean water
level for partial-record well 27MW0023 A over its 21-year
period of record (1998-2008) is 55.52 ft (fig. 104). The mean
water level in well MA-SDW 253 during the partial-record
period of well 27MWO0023A is 61.05 ft, which differs from
the full-record mean by 0.24 ft, or about 12.6 percent of one
standard deviation. The mean departure from the average of
all 38 long-term wells for the same period is 14.9 percent of
one standard deviation; therefore, the mean water level at site
27MWO0023A is considered near average, and the observation
is a suitable steady-state calibration target. This process was
used to identify an additional 563 partial-record wells and 26
ponds whose records were suitable steady-state water-level
observations (fig. 94).

Sources of streamflow data include the USGS, the MEP,
and data collected as part of remedial investigations near the
JBCC. The data included streamflow from two continuous
streamflow sites: the Quashnet River on the Sagamore flow
lens (period of record from 1988 to present) and the Herring
River on the Monomoy flow lens (period of record from 1966
to 1988; fig. 9). Data also were compiled from partial-record
sites. The suitability of mean partial-record streamflows for
use as observations of steady-state conditions was determined
by comparison with the long-term record at the Quashnet
River, which had a mean of 17.41 cubic feet per second (ft/s)
and a standard deviation of 5.7 ft*/s during its 14-year period
of record (fig. 10B). The mean streamflow at a partial record

site is assumed to be suitable as a steady-state calibration
target if the mean streamflow at the Quashnet River during
the partial-record period differed by less than 30 percent of
one standard deviation of the full Quashnet River record (or
about 1.7 ft¥/s). Many of the measurements were collected in
May 2002 as part of synoptic measurements, when hydrologic
conditions were determined to be near average (Walter and
Whealan, 2005). In addition, average long-term streamflow
for sites with greater than 5 nonzero measurements were
estimated by correlating the partial records to the full period
of record for the Quashnet River. The Streamflow Record-
Extension Facilitator (SREF) program (Granato, 2009) was
used to extend limited data from 10 partial-record sites,
including the Backus River, Coonamesset River, and Mill
Creek. The SREF program implements the maintenance of
variance extension methods (MOVE.1 and MOVE.3; Hirsch,
1982). A total of 48 partial record streamflow sites were
determined to be suitable for inclusion as observations of
long-term streamflow.

A regional groundwater divide in the northern part
of the Sagamore flow lens (fig. 14) represents the highest
water table altitude in the aquifer, from which hydraulic
gradients are radially outward. A number of contaminant
plumes emanating from surrounding sources on the JBCC
define a radial pattern of advective transport from which
the approximate location of the divide can be inferred
(Environmental Chemical Corporation, 2007). The inferred
location of the divide is included in the inverse calibration
regression as an observation. The residual is the distance, in
feet, between the observed and simulated coordinates of the
divide. The simulated coordinates of the divide are calculated
by polynomial interpolation of the 26 highest simulated
heads within a 1-ft subgrid; the 1-ft grid allows for the divide
location to approximate a continuous function during the
model calibration.

Climate and Land Use Data

The climate of Cape Cod is typified by warm, often
humid, summers and cold winters (Peel and others, 2007) and
is moderated by the proximity to ocean waters as compared
with interior parts of the northeastern United States. Pre-
cipitation at the KHYA monitoring site in Hyannis averaged
43.4 inches per year (in/yr; 1,102.36 mm/yr) between 1949
and 2013 (fig. 9B). Recharge from precipitation is the sole
source of water to the Cape Cod aquifer and has been esti-
mated using several methods, including groundwater model
calibration, water balance approaches using various methods
to estimate evapotranspiration, and age dating techniques
(LeBlanc and others, 1986; Barlow and Hess, 1993; Solomon
and others, 1995; Masterson and others, 1997b; Massey and
others, 2000).

Aquifer recharge is a function of climatological condi-
tions (precipitation and temperature) and landscape charac-
teristics (land use, soil properties, and vegetation land use).
Variations in these factors affect the rates and distribution
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of recharge. The Soil-Water Balance (SWB) model (West-
enbroek and others, 2010) accounts for processes that take
place as water moves through unsaturated soils and sediments
to the water table and is based on a modified version of the
Thornthwaite-Mather methodology (Thornthwaite and Mather,
1957). The method incorporates land slope, soil properties,
and climate data and produces a spatially distributed recharge
grid using commonly available geographic information system
(GIS) data layers in combination with tabular climate data.
The SWB model was used to estimate the spatial dis-
tribution of recharge on Cape Cod averaged from 1949 to
2012. Daily precipitation and temperature values at the KHYA
weather station in Hyannis were compiled for 1949 to 2012
(National Oceanic and Atmospheric Administration, 2012)
as part of that effort. A variety of spatial data—distribution
of 13 classes of 2005 land use for Cape Cod (Massachusetts
Office of Geographic Information, 2012), NRCS hydrologic
soil groups classified by the ability of water to enter and pass
through the soil (U.S. Department of Agriculture, Natural
Conservation Service, 2013), and NRCS water capacity (a
measure of water held in soil that is available for use by
plants; U.S. Department of Agriculture, Natural Conservation
Service, 1998)—also were compiled and used with climate
data to estimate the spatial distribution of recharge by use of
the SWB model. The SWB-estimated recharge rate on the
Sagamore and Monomoy flow lenses averaged from 1949 to
2012 was about 19.3 in/yr (490.22 mm/yr) and varied from
0 in/yr (0 mm/yr) over surface-water bodies and large imper-
meable surfaces to more than 23 in/yr (584.2 mm/yr) over
the moraine areas and southern parts of the outwash plains
(fig. 11). The recharge rate onto surface waters was specified
to be 16 in/yr (406.4 mm/yr), generally representing the differ-
ence between precipitation and pan evaporation. The SWB-
estimated recharge values generally were lower than previ-
ously published recharge estimates for the study area, although
the SWB method provides spatial variability that can be scaled
to expected mean values as part of model calibration.

Simulation of the Freshwater/Saltwater
Interface

Regional models have been previously published for
a number of coastal aquifers in southeastern Massachusetts
(fig. 12), including separate models of the Sagamore and
Monomoy flow lenses on Cape Cod (Walter and Whealan,
2005), a single model of the other four Cape Cod flow lenses
(Lower Cape Cod aquifer; Masterson, 2004), and a single
model for the Plymouth-Carver aquifer on the mainland
adjacent to Cape Cod (Masterson and others, 2009).The
extents of models developed to facilitate analysis of sea-
level rise (fig. 12) include parts of all four existing models
of southeastern Massachusetts: models of the Sagamore and
Monomoy flow lenses (Walter and Whealan, 2005) a model
of the Lower Cape Cod aquifer system (Masterson, 2004),
and a model of the Plymouth-Carver aquifer (Masterson and

others, 2009). These models provide information relevant

to the development of the new groundwater-flow model,
including initial aquifer properties, reasonable approximations
of current water table altitudes, and the geometry of
hydrologic boundaries. Two separate but implicitly linked
numerical models that use the USGS numerical modeling code
MODFLOW (Harbaugh, 2005) and include the Sagamore

and Monomoy flow lenses were used for this analysis: a

2D model capable of simulating the 3D position of the
freshwater/saltwater interface (referred to in this report as the
coastal model) and a 3D groundwater-flow model capable of
simulating the hydrologic system and its response to sea-
level rise (referred to in this report as the groundwater-flow
model). The two models are implicitly linked by a common
freshwater/saltwater interface. The 2D coastal model was not
calibrated, but since aquifer properties, recharge and hydraulic
stresses were derived from previously calibrated model, it

is assumed that the simulated fresh/saltwater interface is
considered a reasonable regional-scale representation of the
actual interface.

The Cape Cod aquifer is underlain in coastal areas by
a dynamic freshwater/saltwater interface that represents a
hydraulic balance between fresh groundwater and dense saline
groundwater. The interface generally is observed to be sharp
(LeBlanc and others, 1986) and would be expected to change
in response to sea-level rise. The coastal model used in this
analysis was developed as a test case for the SWI2 Package
(Bakker and others, 2013): a MODFLOW package capable of
simulating a dynamic interface position. SWI2 allows three-
dimensional vertically integrated variable-density groundwater
flow with MODFLOW-2005 through the addition of pseudo-
source terms to the groundwater flow equation. Vertical and
horizontal movement of defined density surface is calculated
separately using a combination of fluxes calculated through
solution of the groundwater flow equation and a simple tip and
toe tracking algorithm (Bakker and others, 2013).

The coastal model represents both the Sagamore and
Monomoy flow lenses and extends from west of the Cape Cod
Canal to beyond Town Cove to the east (fig. 13). The model
grid consists of 1 layer, 1,384 rows, and 2,272 columns and
has a uniform horizontal discretization of 100 ft. The total
simulation time was 100 years discretized into 7,300 time
steps with a uniform length 5 days. A uniform porosity of 0.2
was used in the simulation. Hydraulic conductivity values
were derived from the previously published calibrated regional
models encompassed by the model (fig. 12; Masterson, 2004;
Walter and Whealan, 2005; Masterson and others, 2009). The
hydraulic conductivities in each cell are equivalent to the
thickness-averaged hydraulic conductivity of the correspond-
ing layers in the existing 3D models, resulting in an equivalent
transmissivity. Recharge, pumping, and return-flow stresses
also were derived from values in previously calibrated models
and, in the Sagamore and Monomoy flow lenses, represented
pumping rates in 2003 (Walter and Whealan, 2005); these
were similar to the 2010 pumping rates simulated in the 3D
groundwater flow model. Pumping stresses generally are a
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Figure 12. Extent of previously published models of coastal aquifers for southeastern Massachusetts and new model for

central and western Cape Cod, Mass. JBCC, Joint Base Cape Cod.

small component of the hydrologic budget—about 5 percent—
so small differences in simulated pumping in the 2D and 3D
models are not likely to have a large effect on the positon of
the fresh/saltwater interface.

The bottom of the model is a seamless bedrock surface
interpolated from data collected on western Cape Cod
(Fairchild and others, 2012) and, to the east, a bedrock surface
derived from unpublished data (Byron D. Stone, U.S. Geo-
logical Survey, written commun., 1997) previously used in
regional models of the Sagamore and Monomoy flow lenses
(Walter and Whealan, 2005). The top of the model is land

surface derived from 10-m digital elevation model data and
30-m bathymetry in offshore areas. Estuaries and open coastal
waters were represented as head-dependent flux boundaries by
use of the General Head Boundary package for MODFLOW
(McDonald and Harbaugh, 1988); freshwater-equivalent heads
calculated from bathymetry were specified at these boundar-
ies. Streams, salt marshes, and surface-drained wetlands were
represented by use of the Drain package for MODFLOW
(McDonald and Harbaugh, 1988). The simulated interface
position was shown to be sensitive to leakances specified at
coastal boundaries; leakances were adjusted by trial and error
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Figure 13. The extent of a two-dimensional coastal model, hydrologic boundaries, bedrock altitudes, and areas of the aquifer underlain by
saline groundwater in 2011 as simulated by the model for central and western Cape Cod, Massachusetts.

until a reasonable fit to the observed interface altitude was
reached at 19 locations near the JBCC and other locations on
central and western Cape Cod (LeBlanc and others, 1986).
Because of high recharge rates, shallow bedrock (100 to
300 ft below land surface), and high water table altitudes
(more than 60 ft), most fresh groundwater in the Sagamore
and Monomoy flow lenses is underlain by bedrock (fig. 14).
Bedrock altitudes are much shallower than the theoretical
position of the freshwater/saltwater interface based on a den-
sity ratio of 1:40 and a hydrostatic balance between freshwater
and saltwater (Drabbe and Ghyben, 1888; Herzberg, 1901).
This hydraulic condition likely would limit the potential for
lateral saltwater intrusion into the aquifer. Fresh ground-
water is underlain by saline groundwater in coastal areas,

particularly along the southern and eastern shores (fig. 14).
Broad areas of the aquifer are underlain by an interface near
large coastal water bodies, such as Great Marshes, Bass River,
Pleasant Bay, and Nauset Marsh (figs. 13 and 14). Nantucket
Sound has a complex coastal morphology with numerous
freshwater streams and tidal rivers that extend inland; the
discharge of groundwater into these features results in a shal-
low freshwater/saltwater interface (fig. 14) and the presence of
saline groundwater at depth beneath freshwater as far inland
from the coast as 3 miles (fig. 13).

The 2D coastal model was modified for use in this
analysis by altering hydrologic boundaries to better represent
the detailed coastal geometry estimated from 1-m lidar data.
A number of changes to the boundaries also were made by
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step-wise visual inspection of georeferenced aerial photo-
graphs to identify and correct anomalies. Specified boundary
heads were corrected for wetlands and streams using lidar
data; lidar spatially averaged over the 100-ft model cell was
specified in wetlands, and minimum values within the 100-ft
model cell were specified in streams. The position of the fresh-
water/saltwater interface was calculated using these modified
hydrologic boundaries and incorporated into the 3D ground-
water-flow model as a no-flow boundary. Similar modifica-
tions were made using coastal geometries for sea levels 2, 4,
and 6 ft above the sea level in 2011. Boundary heads in coastal
waters for each of the future sea levels were specified as the
freshwater-equivalent head calculated using the new sea level
and bathymetry in offshore areas or spatially averaged lidar

in newly submerged areas. The interface position for each sea
level was simulated and incorporated into the corresponding
version of the groundwater-flow model to simulate the water
table response to the each future sea level.

Simulation of the Hydrologic System in 2011

A 3D numerical steady-state groundwater-flow model of
the Sagamore and Monomoy flow lenses, the groundwater-
flow model, was developed that incorporates data from
existing regional models of coastal aquifer systems in
southeastern Massachusetts by using the finite-difference
modeling program MODFLOW-2005 (Harbaugh, 2005). The
model is capable of simulating water levels and streamflows
as well as the response of the hydrologic system to natural
and anthropogenic stresses, including sea-level rise. Finite-
difference models represent an aquifer system as discrete,
interconnected blocks (or cells) of aquifer, with intrinsic
properties and boundary conditions representing surface water
features, wells, or recharge. The model output includes, for
each model cell, head in the cell and flow terms between the
cell and all neighboring cells. This information can be used to
evaluate the effects of changing stresses, including sea-level
rise, on water levels, streamflows, and hydraulic gradients.

Model Design

The model used in this analysis incorporates information
from existing calibrated models of the Sagamore and Mono-
moy flow lenses (Walter and Whealan, 2005). These models
use a diverse set of geophysical, hydrologic, lithologic, and
water-quality data collected within the study area during the
past 30 years. Two separate regional models of the Sagamore
and Monomoy flow lenses (Walter and Whealan, 2005) had
been developed to simulate the response of the hydrologic
system to pumping and return flow under both steady-state
and transient conditions; the models also had been used to
develop recharge areas to wells and natural receptors (Walter
and others, 2004). The models incorporated zonation based
on a depositional model of Cape Cod (Masterson and others,
1997a); aquifer properties, boundary leakances, and recharge
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were adjusted by trial and error to match steady-state observa-
tions of heads and streamflows. The model developed as part
of this effort builds on these existing models, includes more
recent lithologic and geophysical data collected within and
near the JBCC, and represents the first comprehensive model
of the Sagamore and Monomoy flow lenses. The parameters of
this latest model are detailed in the following sections.

Model Grid and Boundaries

The model grid extends from Cape Cod Canal to
Town Cove and east to the Atlantic Ocean and consists
of 346 rows, 568 columns, and 25 layers with a uniform
horizontal discretization of 400 ft (fig. 154); there are a total
70,885 active cells in the top layer of the model. The grid is
coincident with existing regional models of the Sagamore
and Monomoy flow lenses (fig. 12) and has the same extent
as and is coincident with the fine-scale, discretized grid of
the coastal model (fig. 13). The top of the model is the land
surface derived from lidar data and bathymetry in offshore
areas (fig. 5) and is simulated as unconfined. The bottom
of that layer was set to be an altitude 15 ft below an initial
approximation of the water table derived from existing
regional models. Cells in layer 1 with thicknesses of less than
5 ft following truncation by the freshwater/saltwater interface
were specified as inactive to remove stranded offshore cells.
Layers 2 through 18 were equally divided from the bottom
of layer 1 and 200 ft below NAVD 88 (fig. 158 and C). A
smoothing algorithm was used to minimize large changes in
model layer altitudes near surface water bodies; the algorithm
iteratively lowered the cell bottoms until neighboring cells
overlapped vertically by at least 50 percent. Layers 19 through
25 have uniform tops and bottoms and extend to the bottom of
the aquifer; the tops of layers 19 through 25 are 200, 230, 260,
290, 330, 370, and 420 ft below NAVD 88, respectively. The
bottom of the aquifer is defined as a composite of bedrock and
the simulated freshwater/saltwater interface from the coastal
model (fig. 15B).

Surface water features are represented as head-dependent
flux boundaries (fig. 154). Coastal water bodies, including
estuaries and open coastal waters, are represented using the
General Head Boundary (GHB) package for MODFLOW
(McDonald and Harbaugh, 1988); salt marshes and fresh
surface waters, which include streams, wetlands connected
to streams, and pond outlets, are represented (fig. 154) using
the Drain (DRN) package for MODFLOW (Harbaugh and
others, 2000). Coastal boundaries were determined using the
coastal geometry as determined from lidar data from 2011.
The boundaries were modified by visual inspection of aerial
photographs to address anomalies and ensure consistency
between simulated boundaries and actual conditions. Streams
and wetland boundaries were determined by 1:24,000-scale
hydrography followed by visual inspection of aerial photo-
graphs. Altitudes in saltwater boundaries were determined
using freshwater-equivalent heads determined from bathy-
metric data. Boundary altitudes in saltwater and freshwater
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marshes were derived from lidar data spatially averaged within
each 400-ft boundary cell; the boundary altitudes of streams
were specified as the minimum lidar value within each 400-ft
boundary cell.

Boundary leakances differed by boundary type and were
equivalent to values obtained from the existing calibrated
models for each type of boundary: 0.1, 0.2 and 1 foot per day
[ft/d] for estuaries, open coastal waters, and streams, respec-
tively. An additional set of hydrologic boundaries represented
potential seeps at land surface, which would occur in areas
where the water table potentially exceeded land surface. These
features were represented as drains and were assigned to areas
where the initial approximation of the water table, derived
from existing calibrated models, was within 6 ft of land
surface. The boundary altitude was specified as the spatially
averaged lidar data within the 400-ft model cell.

Ponds, which are hydraulically important in the Cape
Cod aquifer system, are represented as areas with essentially
infinite horizontal and vertical hydraulic conductivities of
100,000 and 10,000 ft/d, respectively. This modeling method
allows the ponds to respond to changes in hydraulic stresses
and reasonably creates the hydraulic gradients observed
upgradient and downgradient of flow-through ponds. The
horizontal leakance between pond and aquifer was implicitly
represented using the Horizontal-Flow Barrier package for
MODFLOW (Hsieh and Freckleton, 1993), which allowed for
a specified resistance to flow between adjacent model cells.
Some ponds drain through surface-water outlets to streams.
These pond outlets were represented as drains within the pond
that have an essentially infinite leakance term and an altitude
corresponding to the pond-surface altitude. The area of interest
extends from the Cape Cod Canal eastward to Town Cove;
however, the active model was extended to include parts of
the adjacent Plymouth-Carver and Lower Cape Cod aquifers
(fig. 12) to allow for these two hydrologic boundaries to be
fully represented as dynamic features. The upgradient extents
of the active parts of the Plymouth-Carver and Lower Cape
Cod aquifers are represented as a specified head boundary; the
heads were obtained from the two existing regional models
(Masterson, 2004; Masterson and others, 2009).

Aquifer Properties

Horizontal and vertical hydraulic conductivity were
derived from the existing regional models. Hydraulic conduc-
tivity was computed for each cell as the thickness-weighted
average of hydraulic conductivities in the layer or layers of
the corresponding regional model within each new model cell.
This approach resulted in an essentially identical transmis-
sivity for the full aquifer thickness of the new model and the
corresponding existing model. The parts of the active model
west of the Cape Cod Canal and east of Town Cove, outside of
the area of interest, were specified as the thickness-weighted
average of hydraulic conductivity over the full thickness of the
corresponding model (Masterson, 2004; Masterson and others,
2009). Hydraulic conductivity within the region of the model
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that represents the Sagamore and Monomoy flow lenses was
obtained from existing models of the two flow lenses. Hydrau-
lic conductivity ranged from about 10 ft/d, representing silty
sediments primarily in deep parts of the simulated aquifer, to
about 350 ft/d, representing coarse sand and gravel in outwash
and ice-contact deposits (fig. 2).

Hydraulic Stresses

The spatial variability of recharge arising from vegeta-
tion, soil type, and water capacity were computed using the
SWB model (fig. 11). The areally averaged mean value of
21.9 in/yr (556.3 mm/yr) was used to normalize the estimated
values in individual cells to multipliers of that mean value.
These multipliers represented the variability of recharge
within the modeled area and were applied to a parameter rep-
resenting areally averaged recharge; this recharge parameter
was adjusted during model calibration. The initial estimate
of areally averaged natural recharge onto aquifer sediments
was 27.5 in/yr (698.5 mm/yr) based on results of the calibra-
tion of the Sagamore and Monomoy flow lenses in Walter and
Whealan (2005).

About 140 wells in 2010 withdrew water from the
two flow lenses (fig. 16). Groundwater withdrawals from
85 production wells on the Sagamore flow lens were compiled
as part of a national resources damage assessment (NRDA)
project investigating water availability on western Cape Cod
(Shira McWaters, Tata and Howard, Inc., written commun.,
2013). Groundwater withdrawals for communities on the
Monomoy flow lens (about 55 wells) were obtained from
the Massachusetts Department of Conservation (Joe Cerutti,
Massachusetts Department of Environmental Protection,
written commun. 2014). About 19.7 and 8.5 million gallons
per day of water were withdrawn from the Sagamore and
Monomoy flow lenses, respectively. About 85 percent of this
water was returned to the aquifer as discharged wastewater;
the remainder is assumed to be consumptive loss. Most
wastewater entered the aquifer as septic-system return flow
in unsewered areas (fig. 16) and was distributed in the model
using parcel-scale water-use data obtained from the MEP
(Massachusetts Estuaries Project, unpub. data. Parcels were
mapped to the model grid, and return flow in each cell was
computed as the area-weighted mean of the parcel-scale
return flow rate and was simulated as enhanced recharge.

The remaining wastewater entered the aquifer at eight large
wastewater treatment facilities (fig. 16) and also was simulated
as enhanced recharge. Natural recharge and wastewater

return flow were represented in the model by use of the RCH
package for MODFLOW (McDonald and Harbaugh, 1988).

Model Calibration

The 3D regional model of the Sagamore and Monomoy
flow lenses (fig. 15) was calibrated by adjusting model input
parameters—hydraulic conductivity, boundary leakances,
and recharge—to match observed long-term water levels,
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streamflows, and a regional groundwater divide. Previously
published models of groundwater in the region have used a
trial and error approach whereby parameters are manually
adjusted until an acceptable fit to observations is achieved
(Masterson and Barlow, 1994; Masterson and others, 1997b;
Walter and Whealan, 2005). This approach can be used to
produce calibrated models that reasonably match observed
hydrologic conditions; however, the resulting parameters are
highly nonunique, and the match to observed conditions does
not represent a statistical best fit. Inverse calibration methods
use nonlinear regression to estimate parameters that best

fit observed hydrologic conditions. It should be noted that
while inversely calibrated models produce a statistical best
fit to observations of hydrologic conditions, the estimated
parameters are a function of the location and types of
observations, weights applied to those observations and the
prior information on aquifer properties used in the regression.

Inverse calibration methods determine the model
parameters that best fit a given set of observations using an
iterative form of Gauss-Levenberg-Marquardt nonlinear
regression to minimize an objective function (Levenberg,
1944; Marquardt, 1963). The objective function formulates the
weighted fit between observations and simulated equivalents
and can include prior information on aquifer characteristics.
Two sets of tasks are required to utilize inverse calibration
methods in model calibration: definition of model parameters
that can be adjusted between regression iterations and
conversion of observations to a form for which simulated
equivalents can be computed from the model. In this analysis,
the inverse calibration modeling software package PEST
(Doherty, 2010) was used to calibrate the regional model
of the Sagamore and Monomoy flow lenses. The software
package allows for the use of highly parameterized model
inputs and has a large degree of flexibility in defining
observations as derived quantities.

The calibration period (1995-2000) generally is con-
sistent with that for pumping stresses and return flow. This
period generally predates the initiation of large-scale plume
remediation at the JBCC and encompasses collection of water
level and streamflow data. These groundwater withdrawal
rates were used previously in the calibration of groundwater
models of the Sagamore and Monomoy flow lenses (Walter
and Whealan, 2005) and generally were similar by town to the
2010 pumping stresses used in this analysis.

Model Parameterization

Model inputs were expressed as parameters to facilitate
an inverse calibration of model characteristics to observed
steady-state hydrologic conditions. Three types of model
parameters were included in the inverse calibration: recharge,
boundary leakances, and hydraulic conductivity (horizontal
and vertical). Initial parameters are derived from and are
consistent with values in existing calibrated models of the
Sagamore and Monomoy flow lenses (Walter and Whealan,
2005). The parameters were assigned upper and lower
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constraints that reflected a range of values that would be
considered reasonable based on prior understanding of the
system.

Recharge and Boundaries Leakances

Natural recharge is represented by two parameters:
recharge onto aquifer sediments and onto pond surfaces. Pond
recharge is specified as 16 in/yr (406.4 mm/yr), represent-
ing the difference between precipitation and pan evapora-
tion for Cape Cod (Walter and Whealan, 2005) and was not
varied during calibration; no recharge is specified for streams
and wetlands. Recharge onto aquifer sediments is the only
recharge parameter included in the inverse calibration regres-
sion. Multipliers of recharge, derived by normalizing values
in individual cells—computed using the SWB method—to
the average value of 19.3 in/yr (490.22 mm/yr), are used to
spatially distribute recharge based on land use and soil charac-
teristics. The parameter value applied to the multipliers, which
represents the average recharge rate, was initially adjusted
from 19.3 to 27.5 in/yr (490.22 to 698.5 mm/yr) to better
reflect effective recharge rates for the Cape Cod aquifer based
on the calibration of the model in Walter and Whealan (2005).
An upper constraint of 30 in/yr (762 mm/yr), considered to be
the upper limit of annual-average recharge, was assigned to
the natural recharge parameter.

Leakances at boundaries refer to the vertical resistance to
flow within surface water bottom sediments and are a func-
tion of both vertical hydraulic conductivity and the thickness
of the bottom sediments; leakance at boundaries is therefore
a lumped parameter. The vertical hydraulic conductivity of
freshwater boundaries (including salt marshes) was specified
to be 1 ft/d. The coastal boundaries of open coastal waters
and inland estuaries are represented as general-head boundar-
ies in the regional model and had specified leakance of 0.2
and 0.1 ft/d, respectively. The leakance between ponds and
the aquifer, represented implicitly as horizontal flow barri-
ers, initially was specified to be 30 ft/d. These initial leakance
values are similar to those obtained from calibrated models of
the system from Walter and Whealan (2005). Leakances are
not well understood and the leakance parameters were allowed
to change during model calibration. Boundary leakances are
a function of both hydraulic conductivity and bed thickness,
both of which are poorly understood; this knowledge gap is
reflected in the broad range of assumed reasonable values—
upper and lower constraints of 0.01 and 100 ft/d, respectively.

Hydraulic Conductivity

Horizontal and vertical hydraulic conductivity parameters
were defined using a combination of zones and pilot-point
parameters. Parameter complexity using only zones of
piecewise constancy and Gauss-Levenberg-Marquardt
nonlinear regression generally is limited by the need for a
given problem to be invertible for a solution to be achieved.
Overly complex parameterization schemes can result in
highly correlated or insensitive parameters that can limit the
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ability to achieve a reasonable solution or an acceptable fit to
observations. The use of pilot points allows parameters to be
represented at discrete points and regions between each pilot-
point parameter to be defined by kriging (Oliver and Webster,
1990) using the estimated values at the points (Doherty,
2003). This approach, when combined with singular value
decomposition (SVD; Doherty and Hunt, 2010), can allow for
complex and gradational hydraulic conductivity fields and,
often, an improved fit to observations. The method also allows
for the use of regularization to balance prior information

on hydraulic conductivity with fit to observations, which
allows for the preservation of geologic knowledge and can
minimize overfitting to observations that can arise in highly
parameterized models.

The simulated aquifer system was zoned using recently
updated and digitized geologic quadrangles for central and
western Cape Cod (fig. 24; Stone and DiGiacomo-Cohen,
2009). This broad zonation represents a reasonable limit of
prior geologic knowledge at a regional scale; no arbitrary
zones were defined within the surficial geology zones. There
are two minor differences between the mapped surficial
units (fig. 2) and their representation in the regional model
(fig. 174). The Buzzards Bay ground moraine (Qgm) geologic
unit, which consists of small, disconnected entities within
the broad Buzzards Bay outwash plain (fig. 2), was included
as part of the surrounding outwash plain (fig. 174) and the
extensive Glacial Lake Cape Cod deposits (fig. 2) were sepa-
rated into distinct eastern and western parts (fig. 174). The
active model areas to the west of the Cape Cod Canal and to
the east of Town Cove, which are outside the area of interest,
were excluded from the calibration (fig. 174), and the initial
hydraulic conductivity was not changed.

The pilot-point network consists of 635 pairs of hori-
zontal and vertical hydraulic conductivity parameters within
the 12 aquifer zones (fig. 174). The pilot points are defined at
regular interval of 4,000 ft across the Sagamore and Mono-
moy flow lenses. Only pilot-points within a zone are used to
generate, by kriging, the hydraulic conductivity fields within
that zone. The pilot points are applied to three separate verti-
cal groups: group 1 contains layers 1 to 6, group 2 contains
layers 7 to 15, and group 3 contains layers 16 to 25 (fig. 17B).
The aquifer extent decreases monotonically with depth, and
the number of pilot-points decreases with depth as the lateral
extent of the zones decreases (fig. 17B). There are 635, 531,
and 377 pairs of pilot-point parameters in groups 1, 2, and 3,
respectively, and a total of 1,543 separate pilot-point param-

eters pairs (a total of 3,086 hydraulic conductivity parameters).

Only the top layer of each vertical group has pilot points
defined. The hydraulic conductivity field is estimated by
kriging for the top layer of each group following perturbation
of a pilot point; the resultant fields are then copied into the
lower layers of each group prior to input into the model. This
simplification was possible owing to the monotonic decrease
in the lateral extent of the aquifer with depth as defined by the
bedrock and the surfaces of the freshwater/saltwater interface
(fig. 17B).

Initial values of hydraulic conductivity were computed
from the hydraulic conductivity fields derived from existing
models and mapped to the new model grid. The thickness-
weighted mean horizontal hydraulic conductivity of the layers
within each of the three vertical parameter groups (fig. 17B) at
each row and column containing a pilot point were assigned
to be the initial value of hydraulic conductivity for that pilot
point; geometric means were used for computing the initial
values of vertical hydraulic conductivity. Upper and lower
constraints of 10 and 350 ft/d, respectively, were assigned to
horizontal hydraulic conductivity, and constraints of 1 and
100 ft/d, respectively, were assigned for vertical hydraulic
conductivity in all three vertical groups. The use of inverse
calibration techniques allow for different types of prior
geologic knowledge to be incorporated into model calibra-
tion as a balance between existing knowledge and model fit
to observations. The glacial sediments underlying Cape Cod
generally become finer with depth (fig. 2B). Lower constraints
were used to enforce this grain-size pattern during calibration
of alternate models and test the balance between adherences to
the depositional model and fit to observations.

Observations and Weighting

Observations of long-term average (steady-state) heads,
streamflows, and a regional groundwater divide were used to
formulate the objective function used in the inverse calibra-
tion of the groundwater-flow model. The objective function
includes individual terms for each observation that are each
equal to the square of the difference between the observed
quantity and the simulated equivalent multiplied by the weight
of the observation; the weight is the inverse of an estimate of
error associated with the observation. Weighting reflects the
confidence in the observation and, to a degree, the importance
of the observation. Weighting can represent physically based
errors associated with the measurement; however, such esti-
mates are often difficult to quantify. The use of a diverse set
of observations with differing units can complicate weighting
schemes based strictly on estimates of error. This is further
exacerbated by differing numbers of observations of different
groups because a larger number of observations—even with
relatively small values of misfit—can overwhelm the objec-
tive function such that groups with more observations or larger
units can have disproportionate influence on the regression.
It is also difficult to quantify the error incurred by modeling
assumptions and structure (Doherty and Welter, 2010).

An alternative is to use a relative weighting scheme
whereby a more qualitative measure of the importance of
a set of observations, as indicated by the part of the objec-
tive function a given group of observations contributes to the
total value, can be used to order weights to reflect the user’s
confidence in individual groups. Initial weights are set based
strictly on assumption of error, but they can be adjusted to
trade off the desired influence of specific groups based on the
factors mentioned above. This level of subjectivity impor-
tantly improves the results provided there is disclosure of the
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assumptions made (Fienen, 2013). The use of relative weight-
ing requires that observations be grouped in a way that reflects
similar units and confidence in the value of the observation.
The inverse calibration in this study used a relative-weighting
scheme owing to the diverse set of observation types, the
difficulty in assigning physically based measures of error to
inferred observations, and difficulty in quantifying the degree
to which steady-state observations match true average condi-
tions. The development of a reasonable weighting scheme is a
subjective, knowledge based process that often involves evalu-
ation of several alternatives.

Observations of water levels and streamflows were dif-
ferentiated by confidence in the degree to which the obser-
vations represented long-term hydrologic conditions. This
resulted in four observation groups. Long-term water levels
in 47 wells and ponds with records longer than 30 years were
a representative group that was weighted highly. Average
water levels from 582 wells with partial records were con-
sidered less reliable measures of steady-state conditions and
were assigned weights that were substantially lower (about
12.5 times) than weights for long-term water levels. The total
of 15 highly weighted streamflows included two sites with
continuous records—the Quashnet River and Herring River
sites—and partial-record measurements collected in May 2002
as part of near-average synoptic measurements (Walter and
Whealan, 2005). Some additional partial-record sites with
numerous measurements during periods determined to be near
average were included with highly weighted observations. The
remaining streamflow observations were considered to be less
reliable indicators of long-term average hydrologic conditions
and were given lower weights in formulation of the objective
function. These included sites with a limited period of record,
anomalous streamflow values, or the possible influence of
unknown pond outflows or pumping on the measurements.

The weighting of observations is a reflection of con-
fidence in different observations, and different weighting
schemes affect the results of an inverse calibration. A total of
six observation groups were included in the objective func-
tion: high weighted wells, two groups of low weighted wells
(data from the USGS and from other sources), high weighted
streams, low weighted streams, and the location of a regional
groundwater divide. The weights, computed as their contribu-
tion to the initial objective function, were 57, 28, 5, 5, 3, and
2 percent, respectively.

Model Fit to Observations

A Gauss-Levenberg-Marquardt nonlinear regression is a
gradient-based technique that minimizes the weighted misfit
between observations and model-calculated equivalents. The
nonlinearity of the system requires an iterative approach to
minimization. Observation sensitivities with respect to each
parameter are computed by perturbing (by 1 percent) indi-
vidual parameters and evaluating the change in simulated
equivalents for each observation; this process requires a model
run for each parameter and results in a matrix of sensitivities,

referred to as a Jacobian matrix. The Jacobian matrix is com-
puted initially and updated between successive iterations to
guide the nonlinear regression. Exploratory runs between each
iteration are performed to determine the local objective func-
tion gradient, update parameter values, and lower the value of
the objective function. This process is repeated until updated
parameters change by less than specified closure criteria

(1 percent) and the regression is considered to be complete.

SVD is used to improve stability in regressions with
a large number of parameters by suppressing variability
of insensitive parameters based on a user-defined range of
eigenvalues (analogous to sensitivities) from SVD performed
on the weighted Jacobian matrix (Doherty and Hunt, 2010).

In addition, the singular-value decomposition (SVD)-based
parameter estimation methodology SVD Assist (SVDA)

of PEST (Tonkin and Doherty, 2005) is used to more
efficiently manage model run times by reducing the number
of parameters to fewer linear combinations of parameters,
referred to as superparameters. Application of SVDA assumes
that the model generally is linear and that a full Jacobian
matrix does not need to be computed for each successive
iteration of the regression.

The inverse calibration uses regularization to balance the
fit to observations with prior geologic knowledge of the aqui-
fer, primarily in the form of initial hydraulic conductivities.
Regularization allows for the inclusion of existing information
as a penalty term in the objective function. As the fit to obser-
vations improves and that component of the objective function
decreases, departures from initial parameter values increase
the value of the penalty term and offset the total decrease.
Regularization can enforce either smoothness between param-
eters or the initial value of the parameter. The latter, referred
to as preferred value regularization, is used in the calibration
in this report. The initial parameter values are assumed to
represent existing knowledge of the general distribution of
hydraulic conductivity as derived from previously calibrated
models (Walter and Whealen, 2005). The variable in PEST
that controls the relative importance of the two components is
PHIMLIM, a value equal to the number of observations was
used in the regression based on previous research into the opti-
mal use of the PHIMLM variable (Fienen and others, 2009).

The conceptual model of the system differs substantially
in some ways from the models of the Sagamore and Monomoy
flow lenses of Walter and Whealan (2005). Bedrock altitude,
representation of the freshwater/saltwater interface, hydrologic
boundaries, recharge distribution, and land surface altitude
were improved in the new model. As a result, the absolute
mean differences between observed and simulated heads and
streamflows were about 4.2 and 2.5 ft*/s, respectively, indicat-
ing that the initial parameter values did not match the new set
of observations sufficiently well.

Inverse calibration regressions were repeated for four
model variants for which differing sets of constraints on
horizontal hydraulic conductivity were specified, represent-
ing existing geologic knowledge in the form of a depositional
model in which grain size decreases with depth (fig. 2B). For



the four model variants (1-4), the lower constraints on hori-
zontal hydraulic conductivity parameters in vertical group 1
were 100, 70, 30, and 10 ft/d, representing decreasing freedom
in estimated parameters. Hydraulic conductivity parameters
in vertical group 2 had lower constraints of 50, 30, 20, and
10 ft/d. The lower constraint on horizontal hydraulic conduc-
tivity for vertical group 3 was 10 ft/d, and the lower constraint
on vertical hydraulic conductivity for all four model variants
was 1 ft/d. The four calibrated models represent increasing
geologic constraint as indicated by a smaller range of allow-
able parameter values; variant 1 has the largest range of allow-
able parameter values and the smallest constraint and variant
4 has the smallest range of allowable parameter values and
largest constraint (fig. 18).

The inverse calibration regressions improved model fit
substantially in all cases. Model fit, as quantified by abso-
lute mean residuals between observations and simulated
equivalents (fig. 18), was dependent on the degree to which
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vertical grain-size patterns were enforced using low hydrau-
lic conductivity constraints. The fit to observations varied
among the four regressions and differed for observations with
different weights. Highly weighted observations have the
largest contribution to the objective function and effect on the
regression; so, as could be expected, these observations show
the largest differences in absolute mean residuals for the four
different constraints (fig. 18). Absolute mean residuals for
water levels for highly weighted wells increased from 0.30 to
1.88 ft (indicating less fit) with increasing lower constraints on
hydraulic conductivity, representing less freedom in estimated
parameters. Residuals for streamflow for highly weighted
streams increased from 0.29 to 1.59 ft*/s over the same range
of constraints. It should be noted that the largest head residual
was still only about 2.6 percent of the total head difference
though the system (about 70 ft) indicating that all regressions
yielded models that can be considered calibrated with respect
to water levels.
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Figure 18. Absolute mean residuals for head and streamflow observation groups for four model variants with increasing

geologic constraints.
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The regression with a lower constraint of 10 ft/d in all
vertical groups and the most freedom for estimated parameters
had the best fit to observed heads and streamflows (fig. 18).
Observed and simulated water levels generally were in close
agreement (fig. 194). The absolute mean residual for the long-
term wells was 0.30 ft; absolute mean residuals for the remain-
ing groups—partial-record wells measured by the USGS and
JBCC—were 0.84 and 0.68 ft, respectively. The residuals
for the long-term wells had a mean of about 0.01 ft with no
discernible trends with respect to simulated values (fig. 19B).
Partial-record wells (from the USGS and JBCC) also had
mean residuals near zero (0.04 and 0.10 ft, respectively) with
no trends with respect to simulated equivalents (fig. 198),
indicating little model bias. Simulated streamflow at 15 loca-
tions where measurements were considered representative
of long-term average conditions were in close agreement
(fig. 20). The absolute mean residual at these highly weighted
observations was about 0.29 ft¥/s. The observed and simulated
streamflows at sites with continuous records—the Quashnet
River and Herring River—were 0.11 and 0.48 {t*/s, respec-
tively. The absolute mean residual at 23 additional sites where
measurements were assigned lower weights in the objective
function than the highly weighted observations was about
1.59 ft¥/s. The observed and simulated location of the regional
groundwater divide on the Sagamore flow lens, as defined by
mapped contaminant plumes, differed by 322 ft, which was
within the dimensions of one model cell.

The inverse calibration regression with a lower con-
straint of 10 ft/d in all vertical groups was used in this analysis
because hydraulic conductivity parameters were within the
range of reasonable values, the improved fit to observed heads
was most appropriate to predictions of depths to water, and
it was the only regression that yielded an estimated recharge
rate (28.7 in/yr; 728.98 mm/yr) that was less than the upper
reasonable range of 30 in/yr (762 mm/yr). The mean horizon-
tal hydraulic conductivity for model layers within the three
vertical parameter groups (groups 1, 2, and 3 with increasing
depth) were 134, 61, and 22 ft/d; all values were within the
range of values considered reasonable for unconsolidated gla-
cial sediments (10 to 350 ft/d). Vertical hydraulic conductivity
values were estimated independently from horizontal conduc-
tivity and averaged 38, 10, and 3 ft/d for the three parameter
groups; the resulting mean vertical anisotropy ratios were
about 5.7, 8.2, and 12.4. The calibrated values for boundary
leakances were similar to the initial values (between 0.1 ft/d
for estuarine sediments and 1 ft/d for streambeds), reflecting
the low sensitivities of the simulated equivalents to heads and
flows to these parameters. The estimated parameter values—
hydraulic conductivity, leakance, and recharge—were incorpo-
rated into modified versions of the model to facilitate simula-
tion of the effects of sea-level rise on the hydrologic system.

Simulation of Sea-Level Rise

Estimates of sea-level rise of 2, 4, and 6 ft were used
in this analysis to evaluate the response of the water table to
elevated sea levels and the resulting changes in depth to water
on central and western Cape Cod. A sea-level rise of 2 ft is
generally equivalent to the mean of estimates from the Inter-
governmental Panel on Climate Change (Pachauri and Meyer,
2014) and may represent a low estimate in many regions of
the globe, particularly areas such as the northeastern United
States. A sea-level rise of 6 ft generally is equivalent to the
upper limit (95th percentile) of a population of predictions
more fully accounting for ice-sheet dynamics. A sea-level rise
of 4 ft is an intermediate value between the two end-member
projections. The timing of sea-level rise is unknown, and the
values of 2 and 4 ft can be considered either as intermediate
sea levels prior to the upper value of 6 ft by 2100 or as alter-
nate, lower projections of sea level by 2100.

The modifications for each sea-level-rise scenario
(2, 4, and 6 ft above 2011 levels) include changes in model
boundaries to reflect coastal geometries—derived from lidar
data—consistent with each increased sea level and incorpora-
tion of the freshwater/saltwater interface positions computed
for that sea level using the coastal model, as described in the
“Simulation of Regional Freshwater/Saltwater Interface” sec-
tion of this report. Changes in boundary conditions in areas
where seawater inundation is likely, such as near Waquoit Bay,
include conversion of fresh and salt marshes and dry land to
coastal waters (estuaries or open coastal waters) and conver-
sion of freshwater streams to tidal rivers (fig. 21). Boundary
altitudes representing the new base level of the aquifer are
specified as the freshwater-equivalent heads computed from
the elevated sea levels and lidar data. Recharge, pumping,
and return-flow stresses were not changed for the three sea-
level rise scenarios, only the geometry of fresh and salt water
boundaries and the position of the fresh/salt water interface.

The top of the model is land surface derived from lidar
data, and the top model layer is simulated as unconfined. The
same draped layering scheme is used for all models used to
simulate elevated sea levels (fig. 22). The dynamic freshwater/
saltwater interface, derived from the simulated interface for
each sea level, is assumed to be sharp and is incorporated into
the model as a no-flow boundary. Model grids are identical
in areas where the aquifer is underlain by bedrock for all sea-
level rise scenarios, but differ where the aquifer is underlain
by the simulated freshwater/saltwater interface (fig. 22).
The altitude of the freshwater/saltwater interface generally
increases and the aquifer thins as sea levels rise. Using the
interface position to truncate the model grid results in the
conversion of active model cells at depth to inactive cells. The
simulated interface altitude at an example location (row 150,
column 419) on the Monomoy flow lens was 388 ft below
NAVD 88 for sea level in 2011 (fig. 22). The interface position
for sea levels 2, 4, and 6 ft above the sea level in 2011 were
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Figure 20. Observed and simulated streamflows for highly weighted observations for calibrated model of central and
western Cape Cod, Massachusetts. The Quashnet River #1 and Herring River #1 sites are long-term monitoring streamgages.

336, 275, and 225 ft below NAVD 88, respectively. The bot-
tom of the active model (the bedrock surface) at the example
location for the sea level in 2011 is in layer 24; the bottom

of the active model for sea levels 2, 4, and 6 ft above the sea
level in 2011 were layers 23, 21, and 19, respectively (fig. 22).

Effects of Sea-Level Rise on Water
Table Altitudes and Depths to Water

The simulated water table (fig. 234) on the Sagamore
and Monomoy flow lenses ranges from about 69 ft to less
than 1 ft for “current” conditions (groundwater withdrawals in
2010 and sea level in 2011). The highest water table altitude

(about 69 ft) is in the north-central part of the Sagamore flow
lens. Hydraulic gradients generally are larger near streams
and along the northern shore, adjacent to Cape Cod Bay, and
smaller along the southern shore where the aquifer system
is drained by large streams. Hydraulic gradients are radially
outward from the highest level of the water table; and an east-
west groundwater divide extends east to the Bass River. The
highest water altitude (about 31 ft) on the Monomoy flow lens
is to the northeast of Long Pond. The water table also has a
second high level (30 ft) in the northwestern part of the flow
lens; hydraulic gradients are radially outward from these two
distinct divides.

A total of about 626 ft*/s of natural recharge enters
the aquifer system of central and western Cape Cod: about
448 ft’/s on the Sagamore flow lens and about 182 ft*/s on the
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Figure 21. Coastal geometry estimated from 1-meter light detection and ranging (lidar) data assuming static coastal
landforms and simulated hydrologic boundaries for A, sea level in 2011 and B, sea level 6 feet above 2011 sea level in
Falmouth on Cape Cod, Massachusetts. The head of tide is for the tidal current. Location of area shown in figure 5.
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Figure 23. A, Simulated water table for current conditions and B, graph showing general hydrologic budget for the Sagamore and
Monomoy flow lenses, central and western Cape Cod, Massachusetts.
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Monomoy flow lens (fig. 23B). Water discharges naturally into
surface drainages, including streams, pond outlets, and drained
wetlands near streams; salt marshes and adjacent seeps; and
coastal waters, including estuaries, tidal rivers, and the ocean.
About 41, 21, and 31 percent of recharged water for both flow
lenses discharges to these three drainages, respectively. About
7 percent of recharged water is withdrawn from wells, but
most of that (85 percent) reenters the aquifer as return flow.

Groundwater discharge among the three types of drain-
ages differs in proportion to the inflows for the two flow
lenses. About 28 and 38 percent of recharged water discharges
into coastal waters on the Sagamore and Monomoy flow
lenses, respectively. Salt marshes and land surface seeps on the
two flow lenses receive 19 and 25 percent of recharged water
on the Sagamore and Monomoy flow lenses, respectively. The
two flow lenses have differing hydrography (fig. 234); the
Sagamore flow lens has several large ponds with outflows and
streams, including the largest stream on Cape Cod (Quash-
net River), whereas the Monomoy flow lens has fewer large
surface water features and one major drainage system (Her-
ring River). A total of 47 and 29 percent of recharged water
discharges into surface drainage systems in the Sagamore and
Monomoy flow lenses, respectively (fig. 23B). The complex
interaction between groundwater and surface water would
have a substantial effect on the response of the regional water
table to a rise in sea level.

Increases in sea level result in inundation of emergent
land by seawater and a corresponding decrease in land area
(table 14). About 26.4 mi? of land would be inundated by
seawater following a 6-ft rise in sea level, or about 8.8 percent
of the land area in 2011 (table 1B). About 17.1 and 9.3 mi? of
emergent land (or about 8.1 and 10.7 percent of the total land
area) would be inundated on the Sagamore and Monomoy
flow lenses, respectively, following a 6-ft rise in sea level
(table 1B). These estimates assume coastal landform are static
and do not account for erosional or depositional processes and
include marginal coastal land for 2011 sea level. Increases in
sea level also result in more freshwater discharge to freshwater
receptors. This arises from increases in hydraulic gradients
near existing streams and wetlands as well as discharge of
freshwater into newly-formed wetlands and seeps resulting
from higher water tables. About 306 ft*/s of water discharges
to existing wetland, streams, and seeps for 2011 sea level,
or about 49 percent of the total groundwater discharge in the
Sagamore and Monomoy flow lenses. The total amount of
groundwater discharge to existing or newly-formed wetlands,
streams, and seeps increased by about 85.2 ft¥/s, following a
6-foot rise sea level. Freshwater discharge on the Sagamore
and Monomoy flow lenses following a 6-foot increase in sea
level increased by about 50.4 and 24.9 ft*/s, respectively.
Groundwater discharge to freshwater receptors represented
a larger proportion of total groundwater discharge—about
61 percent—for a sea level 6 feet higher than in 2011. The
proportional increase in streamflow following a rise in sea
level indicates that surface-water features likely dampen the
response of the water table to rising sea levels.

Table 1. Response of land area, water table altitudes, and
depths to water for the Sagamore and Monomoy flow lenses to
sea-level rises of 2, 4, and 6 feet above 2011 levels.

[--, zero]
Sea-level rise, Sagamore and
in feet Monomoy_ lenses, Sagamore Monomoy
combined
A. Land area, in square miles
0 3252 228.8 96.4
2 321.0 226.3 94.7
4 311.4 220.4 90.9
6 298.8 211.7 87.1
B. Surface inundation, in square miles
0 — - -
2 42 2.5 1.7
4 13.9 8.4 5.5
6 26.4 17.1 9.3
C. Median water-table response, in feet

0 — - -
2 0.62 0.51 0.91
4 1.39 1.12 2.00
6 2.11 1.72 291

D. Median water-table response, as fraction of sea-level rise
0 - - -
2 0.31 0.25 0.46
4 0.35 0.28 0.50
6 0.35 0.29 0.49

E. Depth to water less than 5 feet, in square miles

0 24.9 15.6 9.3
2 30.2 19.0 11.1
4 325 20.6 12.0
6 32.0 20.5 11.4

F. Depth to water less than 5 feet excluding areas inundated for a
6-foot sea-level rise, in square miles

0 16.1 10.1 6.0
2 20.6 13.1 7.5
4 25.9 16.5 9.4
6 32.0 20.5 11.4

Change in Water Table Altitudes

The response of water table altitude to sea-level rise in
an aquifer surrounded by saltwater is similar to the increase
in sea-level altitude in a hypothetical aquifer with no surface
water outlets and a land surface above the new water table
(Masterson and Garabedian, 2007). Surface water drain-
ages (including streams, drained wetlands, and pond outlets),
which are common in most coastal aquifers, represent a
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fixed boundary altitude that can dampen the local water table
response. Local hydraulic gradients and streamflow increase
as water table altitude increases (fig. 3) and the response of
the water-table altitude to sea-level rise becomes nonlinear.
The aquifer system underlying the Sagamore and Monomoy
flow lenses includes numerous surface water features that
affect water table altitudes and hydraulic gradients, including
streams, ponds with outlets, drained freshwater wetlands, and
potential land surface seeps (fig. 234). These features likely
would dampen the response of the water table to sea-level rise
as would any new surface water features that would be created
when a rising water table intercepts land surface in areas with
a thin vadose zone. This indicates that applying a linear offset
to evaluate the potential effect of sea-level rise on depths to
water would overestimate the effects in complex systems in
areas with surface water features or a locally thin vadose zone.

The simulated response of water table altitude to a sea
level 6 ft above that of 2011 on the Sagamore and Mono-
moy flow lenses varies spatially from nearly 6 ft to less than
0.1 ft (fig. 24). The median response over the Sagamore and
Monomoy flow lenses is about 0.62, 1.39, and 2.11 ft for sea-
level rises of 2, 4, and 6 ft, respectively, above sea levels in
2011 (table 1C). The median water table responses, expressed
as a percentage of sea-level rise, are about 31 percent for a
sea-level rise of 2 ft and 35 percent for sea-level rises of 4
and 6 ft (table 1D), indicating a large dampening of the effect
of sea-level rise on the water table. The water table rises by
more than 5 ft in about 14 percent of the total land area after
a 6-ft sea-level rise and by less than 1 ft in about 29 percent
of the land area Increases in water table altitude are largest
near the coast where the increase is nearly equal to sea-level
rise in some areas. The response is strongly associated with
the location of surface water features, such as drained ponds
and streams, that act as controls on the water table and where
the response is smallest (fig. 24). The smallest responses (less
than 0.1 ft) are in an area where the outlet from Johns Pond
drains into the Quashnet River, the largest river on Cape Cod
(fig. 24), suggesting that the influence of these large surface
water features essentially causes the local water table to main-
tain the same altitude despite a 6-ft rise in sea level.

The water table response differs substantially between
the Sagamore and Monomoy flow lenses (fig. 24). The
median change in water table altitude for the Sagamore and
Monomoy flow lenses was 1.72 and 2.91 ft, respectively, for
a sea-level rise of 6 ft above the sea level in 2011 (table 10).
This change represents responses of about 29 and 49 percent
of the 6-ft rise in sea level (table 1D). The fractions of the
total land area where the water table response exceeded
5 ft after a 6-ft rise in sea level were 12 and 18 percent
for the Sagamore and Monomoy flow lenses, respectively.
The Sagamore flow lens has more and larger surface water
features than does the Monomoy flow lens; the portion of
recharged water discharging into surface water drainages
was 47 and 29 percent for the Sagamore and Monomoy
flow lenses, respectively (fig. 23B). The ratio of the median
fractional response to sea-level rise between the Sagamore and

Monomoy flow lenses (about 0.62) is essentially the inverse of
the ratio of streamflow discharge (about 0.61). The area where
the water table response was less than 1 ft (or 16 percent of the
total sea-level rise) is 36 percent of the total on the Sagamore
flow lens, almost twice the 17 percent of the total land area on
the Monomoy flow lens (fig. 24), indicating the importance of
surface water features in dampening the effects of sea-level
rise on the water table altitude and the limitation of linear
corrections in real systems.

Change in Depth to Water

Dampening of the water table response to sea-level rise
will limit groundwater inundation and the potential adverse
effects of sea-level rise on infrastructure, though the response
is also a function of land surface. A depth to water, defined
as the vertical separation between the water table and land
surface, of 5 ft was chosen to represent a threshold for shallow
depths to water in this analysis. The glacial terrain of Cape
Cod exceeds an altitude of 300 ft and can exceed 50 ft in some
areas near the coast; high land surface altitudes in coastal areas
generally are more prevalent along the shore of Cape Cod
Bay, near moraine and ice contact deposits (fig. 24), but also
occur in limited areas along the southern shore. The depth to
water in 2011 ranged from essentially 0 to 239 ft and averaged
38 ft across both flow lenses. The mean depth to water on the
Sagamore and Monomoy flow lenses is about 43 and 28 ft,
respectively.

The thick vadose zone limits areas of shallow depths to
water (5 ft or less) to about 24.9 mi? (or about 8.4 percent of
the total) of emergent land area, excluding salt marshes and
surface waters for sea levels in 2011 (table 1E). About 12.0
and 15.9 percent of the total land area on the Sagamore and
Monomoy flow lenses, respectively, has depths to water of 5 ft
or less. Increases in sea level will cause water table altitudes
to increase and depths to water to decrease; the change will
be a function of the amount of sea-level rise and complex
groundwater/surface water interactions. Land areas with
shallow depths to water for sea levels 2, 4, and 6 ft above
sea levels in 2011 are 30.2, 32.5, and 32.0 mi?, respectively
(table 1E). These represent 10.1, 11.1, and 11.7 percent of the
total land area (excluding salt marshes and marginal coastal
land), respectively (fig. 25). Many areas with shallow depths
to water for sea levels in 2011 and intermediate sea-level rises
of 2 and 4 ft above the sea levels in 2011 are in areas likely to
be submerged for larger sea-level rises. About 16.1 mi?® of land
area that will be emergent following a 6-foot rise in sea level
(5.4 percent) has depths to water of 5 ft or less for sea levels in
2011 (table 1F); this excludes areas expected to be submerged
following a 6-ft sea-level rise and an assumption of static land-
forms (fig. 5). Shallow depths to water for the same land area
(excluding areas submerged following a 6-ft sea-level rise) for
sea levels 2, 4, and 6 ft above the sea level in 2011 are 20.6,
25.9, and 32.0 mi?, respectively (table 1F). Depths to water
are greater in interior parts of the aquifer where responses are
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Effects of Sea-Level Rise on Water Table Altitudes and Depths to Water
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dampened by surface waters (fig. 5), resulting in a similar dis-
tribution of depths to water for values greater than 5 ft for sea
levels in 2011 and for future sea-level rises (fig. 25).

Shallow depths to water are primarily near the coast
or adjacent to streams, wetlands, and ponds (fig. 26) where
increases in gradients and streamflow dampen the response of
the water table to sea-level rise (fig. 24). These areas include
kettle holes and erosional channels and generally have steep
topographic gradients (fig. 5), suggesting that depths to water
increase greatly away from the surface waters. The differ-
ence in the distribution of depths to water for different sea
levels is largest for areas categorized as shallow (5 ft or less;
fig. 25) because shallow depths to water generally are near
the coast where the water table response is greatest (fig. 26).
The area underlain by shallow depths to water (5 ft or less)
does not change substantially on a regional scale following
a 6-ft rise in sea level. The area underlain by shallow depths
to water in land areas emergent following a 6-foot rise in sea
level likely will increase by about 15.8 mi? (about 5.3 percent
of total land area), following a 6-ft sea-level rise. Most of the
additional land area with shallow depths to water is near the
coast (fig. 26), particularly in low-lying coastal areas, such
as Falmouth, Mashpee, and Bourne (fig. 274) or Harwich
(fig. 27B) where effects of sea-level rise on a local scale may
be more substantial. The area underlain by shallow depths to
water generally does not increase substantially in inland areas
(fig. 27B).

Limitations of Analysis and Discussion

Evaluating the potential effects of sea-level rise on depths
to water in coastal aquifers requires understanding two sets
of surfaces: land surface and current and future water tables.
Limitations to the analysis, as described here, include those
associated with estimation of land surface from lidar data and
errors associated with model-calculated water tables. There
also are limitations associated with the numerical models used
to evaluate the response of the system to sea-level rise and
the simplifying assumptions inherent in the conceptual model
underlying those numerical models.

Limitations of these numerical models to accurately
simulate the response of a system to changing hydrologic
stresses include the assumption of steady-state conditions,
the representation of hydrologic boundaries and the distribu-
tion of recharge, model discretization, the fit of simulated and
observed conditions, and the accuracy of aquifer properties
estimated from model calibration. The assumption of steady-
state conditions is considered reasonable here because sea
level likely will change over decadal time scales, whereas
water table altitudes change over small, monthly or annual
time scales in response to time-varying recharge (Walter and
Whealan, 2005). The implicit representation of streams and
coastal waters as head-dependent flux boundaries is also con-
sidered reasonable as these hydrologic features generally are

areas of groundwater discharge where the volume of discharge
is proportional to hydrologic gradients at those features. The
discretization of the model was determined to be the minimum
cell size needed to reasonably represent the hydrologic system
yet result in a tractable model size. The model in this report
represents uniform aquifer properties and simulates an average
hydrologic condition within each model cell. The discretiza-
tion of the groundwater flow model (400 ft) is considered
reasonable for the regional-scale analysis of sea-level rise.
Aquifer properties and the rate of natural recharge as estimated
from calibration to observed hydrologic conditions are con-
sidered reasonable based on existing knowledge of the system
and there generally is close agreement between observed water
levels and streamflows and the simulated equivalents.

Land surface was estimated by spatially averaging 1-m
lidar data at an upscaled resolution of 100 ft. Simulated water
tables for sea levels in 2011 and in the future were determined
from numerical models at a resolution of 400 ft. The simu-
lated water tables were downscaled by linear interpolation
to a resolution of 100 ft, coincident with the estimated land
surface. Depths to water were computed at a 100-ft spatial
resolution as the difference between the upscaled land surface
and interpolated water tables. Uncertainties in both surfaces
contribute to uncertainty in the estimated depths to water. The
lidar data generally are accurate to within less than (<) 5 to
<20 cm (Heidemann, 2014) so it is assumed that the lidar data
are accurate compared with other sources of potential uncer-
tainty in this analysis. Spatially averaging lidar data at a 100-ft
resolution and using mean values to estimate depth to water is
one source of uncertainty. The variability of individual lidar
points within 100-ft analytical cells had an average standard
deviation of about 2.1 ft; the standard deviation ranged from
essentially 0 to 32 ft. The variability generally was greatest
within moraine and ice-contact deposits and smallest in out-
wash deposits (fig. 28).

The accuracy of the simulated water table can be partially
inferred from the fit to observations as represented by the
mean absolute residual between observed long-term water
levels and their simulated equivalents. The mean absolute
residuals for highly weighted water-level observations range
from less than 0.05 ft at several wells to 2.51 ft near Town
Cove (at the easternmost extent of the Monomoy flow lens;
fig. 28). The mean absolute residual is about 0.3 ft, which
is substantially smaller than the mean standard deviation
(2.2 ft) of lidar at a 100-ft spatial scale. The size of the mean
absolute residual provides one qualitative measure of the
relative importance of uncertainties in estimated land surface
and simulated water tables in estimating depths to water and
indicates that variability within the 100-ft analytical cells
likely is a larger potential source of uncertainty in estimating
depths to water than is uncertainty associated with the fit
between observed and simulated water table. This analysis
does not address all aspects of uncertainty associated with the
water table.
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Figure 27. Depth to water resulting from a sea level 6 feet above sea levels in 2011 and areas with depths to water less than
or equal to 5 feet for sea levels in 2011 and 6 feet above sea levels in 2011 for A, parts of Falmouth, Mashpee, and Bourne and
B, Harwich on Cape Cod, Massachusetts. Locations of areas shown in figure 26.
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The use of mean land surface altitude within the 100-ft
cells yields an average depth to water at that resolution. The
use of minimum land surface to compute depths to water
yields the minimum depth to water within the 100-ft spatial
resolution, and comparing areas of shallow depth to water (5 ft
or less) estimated using mean and minimum land surface is
an indicator of the effect of land surface variability on model
predictions of shallow depths to water. The mean difference
between mean and minimum lidar values within the 100-ft
cells ranged from essentially 0 to about 60 ft (fig. 29) and
averaged about 4.4 ft across the Sagamore and Monomoy
flow lenses. The difference generally is larger in moraines and
smaller in outwash deposits and, similar to standard deviation,
generally is associated with surficial geology.

The total area that was underlain by shallow depths
to water in 2011 as computed from mean land surface was
about 24.9 mi’. The same area computed using minimum land
surface was substantially larger, about 46.4 mi?, suggesting
that predictions of shallow depths to water will differ by use
of mean or minimum lidar data. The use of minimum land
surface altitude to define areas with shallow depths to water
would increase that area by about 7 percent of emergent land
area (excluding ponds and salt marshes) on the Sagamore and
Monomoy flow lenses. Additional areas where depths to water
would be considered as shallow when using minimum land
surface generally are near areas where depths to water are con-
sidered shallow using mean land surface. These generally are
near surface waters in inland areas (fig. 294) and in low-lying
areas near the coast (fig. 29B).

The assumption of static coastal landforms determines,
in part, the conceptual model of hydrologic boundaries in
the Cape Cod aquifer system and could affect the predicted
response of water table altitude and depths to water to sea-
level rise. The assumption of static landforms likely is not
valid in dynamic coastal areas, such as barrier beaches
(fig. 84). These areas represent a small part of the region and
generally have limited infrastructure so this limitation is not
considered as important for this analysis. Barrier bars that
separate areas at or below sea level from the sea could have
a greater effect on the simulated response of the water table
to sea-level rise and occur in numerous locations, including
developed areas. These can be freshwater or brackish water

features (ponds and wetlands) if the barrier bar is intact or can
become saltwater estuaries if the bar is breached or removed
by erosion. Conversion of a freshwater wetland to an estuary
would likely cause changes to the freshwater/saltwater
interface, local water table altitudes, and the response of the
system to sea-level rise.

The lower part of Stewarts Creek along the southern
shore of Cape Cod (fig. 5) was above sea level in 2011 and
was separated from Nantucket Sound by a barrier bar (fig. 8B).
The bar narrows but is intact following a 6-ft sea-level rise
(assuming static coastal landforms). It is possible that the
bar separating the creek from the ocean will be breached or
removed through coastal erosion, and seawater will inundate
about 4,000 ft of the lower part of the creek, forming an estu-
ary (fig. 8B). The elevated saltwater head in the estuary would
likely cause the freshwater/saltwater interface to deepen; the
altitude of the interface would likely change by about 140 ft
beneath the estuary to less than 10 ft within about 2,000 ft
east and west of the estuary (fig. 304). The change in the
interface is dampened to the north because the freshwater
aquifer is truncated by bedrock. Changes in head and inter-
face altitudes are similar, with a density ratio of between 30
and 37, approaching the density ratio (40) between saltwater
and freshwater (fig. 304). The water table changes by about
3.5 ft beneath the estuary and by more than 0.5 ft within about
2,700 ft of the estuary (fig. 30B). Water table altitudes increase
by more than about 1 ft within about 1,200 ft of the estuary,
indicating that the effects of seawater inundation of low-lying
back barrier areas generally are local in scale.

There are similar back-barrier features in a number
of locations on the Sagamore and Monomoy flow lenses,
particularly along the southern and western shores (fig. 5).

A comparison of two simulated water tables wherein these
features are represented as freshwater and saltwater features
indicates that conversion of back-barrier freshwater features
to estuaries increases the area with shallow depths to water

(5 ft or less) by about 0.4 mi?, or an additional 1 percent of
the total land area. This suggests that the potential effect of
the conversion of fresh surface waters to estuaries, while
potentially substantial in areas adjacent to the new estuaries, is
not substantial at a regional scale.
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Differences between mean and minimum 1-meter light detection and ranging (lidar) values within 100-foot (ft) analysis

blocks and areas with depth to water less than or equal to 5 ft for sea levels in 2011 and 6 ft above sea levels in 2011 for A, parts of

Falmouth, Mashpee, and Bourne and B, Harwich on Cape Cod, Massachusetts. Locations of areas shown in figure 28.
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Summary

The release of anthropogenic compounds into the atmo-
sphere has caused an increase in atmospheric and oceanic tem-
peratures since the mid-20th century. This warming likely will
result in a rise in sea level that could be as high as 6 feet (ft)
by 2100, depending on emission scenarios, geographic region,
and the dynamics of ice-sheet melting. An elevated sea level
will likely result in seawater inundation of low-lying coastal
areas and affect coastal aquifer systems, including possible
saltwater intrusion, increased streamflows, and groundwater
inundation. The latter could adversely affect infrastructure—
basements, buried utilities, roads, and septic systems—in areas
away from the coast. Cape Cod is a developed coastal area
in southeastern Massachusetts. The underlying unconfined
aquifer, which is the sole source of water to the region’s com-
munities, is surrounded on all sides by saltwater bodies and is
therefore susceptible to the adverse effects of sea-level rise,
particularly potential groundwater inundation of the region’s
infrastructure.

In 2015, the U.S. Geological Survey, in cooperation
with the Association to Preserve Cape Cod, the Cape Cod
Commission, and the Massachusetts Environmental Trust,
completed an analysis of the potential effects of sea-level
rise on the vertical separation between land surface and the
water table—referred to as depth to water—on the Sagamore
and Monomoy flow lenses on central and western Cape Cod.
The Sagamore and Monomoy flow lenses are the largest
and most populous of the six flow lenses that comprise
the Cape Cod aquifer system. Light detection and ranging
(lidar) data were used to estimate land surface altitudes and
coastal geometries for sea level in 2011 and sea levels 2, 4,
and 6 ft above the levels in 2011. Water table altitudes were
determined for different sea levels using two sets of implicitly
linked numerical models: an existing two-dimensional model
modified to simulate the position of the freshwater/saltwater
interface and a newly calibrated three-dimensional model
capable of simulating the response of the hydrologic system
to sea-level rise. The analysis in this report was done at a
common resolution of 100 ft by spatially averaging 1-meter
lidar data and interpolating water table altitudes, simulated at a
resolution of 400 ft, to the common resolution.

Significant findings of the investigation are summarized
as follows:

» About 626 cubic feet per second of recharge enters the
aquifer at the water table. Simulated water table alti-
tudes exceed 69 ft on the Sagamore flow lens and 31 ft
on the Monomoy flow lens; hydraulic gradients are
radially outward form these regional divides to wells
and freshwater and saltwater receptors. Surface water
features include drained ponds, streams, and wetlands.
A substantial amount of water (about 41 percent of
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recharged water) discharges into these large receptors.
About 21 percent of groundwater also leaves the aqui-
fer at freshwater seeps and coastal marshes. There are
more surface water drainages and more water leaves
the aquifer at surface water drainages on the Sagamore
flow lens than on the Monomoy flow lens: about 47
and 29 percent, respectively.

» The median response of the water table following a 6-ft
sea-level rise, expressed as a percentage of the amount
of sea-level rise, is an increase in simulated water table
altitude of about 35 percent (or 2.11 ft) and is strongly
affected by the presence of surface water drainages.
The response is nearly the same as the sea-level rise
near the coast and less than 1 percent of sea-level
rise in some areas near large ponds and streams. The
response is greater on the Monomoy flow lens because
there are fewer surface water features to dampen
the response and a smaller percentage of recharged
discharges into surface water drainages. The presence
of more surface water drainages on the Sagamore flow
lens results in a more dampened response: about a
29 percent increase in water table altitude compared
with a 49 percent increase on the Monomoy flow lens.

* Land surface altitude exceeds 300 and 50 ft in north-
ern parts of the Sagamore and Monomoy flow lenses,
respectively, and the depth to water averages about
38 ft across both flow lenses. About 24.9 square miles
(mi?) of the two flow lenses, or about 8.4 percent of
the total land area, in 2011 had shallow depths to
water, defined as 5 ft or less. Shallow depths to water
generally are in low-lying coastal areas or near surface
waters (streams and ponds) in inland areas. The area
underlain by shallow depths to water increases by
about 15.9 mi?, or an additional 5.6 percent of total
land area, following a 6-ft rise in sea level. These addi-
tional areas also are in low-lying coastal areas and near
ponds and streams.

Shallow depths to water (5 ft or less) in 2011 were in a
small part of the Sagamore and Monomoy flow lenses. The
presence of streams, drained ponds and wetlands, and seeps
likely will dampen the response of the water table and mitigate
the effects of sea-level rise. The results of this analysis suggest
that the potential for shallow depths to water and groundwater
inundation are substantial in some low-lying coastal areas and
near ponds and streams; however, the effects of sea-level rise
on depths to water likely will not be regionally substantial
owing to the region’s thick vadose zone and the dampening of
the water table response by surface water features. The results
in this report indicate that infrastructure (basements, roads,
septic systems, and utilities) likely would be affected in arcas
near the coast but not regionally.
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