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ABSTRACT
THE EFFECT OF EVAPOTRANSPIRATION ON THE GROUNDWATER DOME AND
PAST DROUGHT CONDITIONS AT CAPE HENRY, VIRGINIA
Bryce Omar Shoup
Old Dominion University, 2019
Director: Dr. G. Richard Whittecar

First Landing State Park, located in Virginia Beach, is a cuspate foreland developed from
a succession of erosional and progradational events forming a series of dunes and interdunal
swales. Low-lying swales dominate the southern portion of the park forming many wetlands, but
the northern portion of the park has fewer wetlands. An asymmetric groundwater dome has been
observed on Cape Henry, cresting north of the geographic center of the cuspate foreland. The
purpose of this study was to determine if the wetlands that dominate the southern portion of the
park are the major driver of the asymmetric groundwater dome and to determine if historic
drought conditions have been dry enough to desiccate the wetlands within the park.
Using the White Method, the actual evapotranspiration (AET) rates were calculated for
the two major vegetation groups, namely ponded wetlands and upland dunes, located on Cape
Henry. A higher evapotranspiration (ET) rate was calculated for the wetland setting. A finite
difference groundwater flow model called Wetbud was used to determine if the difference in
evapotranspiration rates was large enough to shift the groundwater dome. Crop coefficients (Kc)
were estimated using the AET rates calculated by the White’s Method and the potential
evapotranspiration (PET) rates calculated by the Penman-Monteith method. These coefficients
and ET rates were input into the Advanced (i.e., MODFLOW-based) model constructed in
Wetbud. The modeling results suggest that the difference in ET between the two vegetation
groups plays an important role in the formation of the asymmetric groundwater dome. However,

because the White’s Method may underpredict the water loss from the wetlands, the ET
differences may not be the only driver. Other factors could include lateral surface flow between
the wetlands and surface runoff, both of which have not been accounted for in the model.
Effective Monthly Recharge (Wem), a method to construct synthetic hydrographs, was used with
a historic temperature record (1896-2018) from Cape Henry to infer the length and frequency of
droughts at Cape Henry. Results from Wem indicate that seasonal droughts occur frequently at
Cape Henry along with less frequent multiyear drought periods.
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CHAPTER 1
INTRODUCTION
Overview
The goals of this study were to gain a better understanding of the hydrologic controls on
seasonal fluctuations of the groundwater surface and to determine the differing effect of major
vegetation groups on evapotranspiration at Cape Henry, Virginia. Cape Henry is an area in the
northeastern most part of Virginia Beach which includes First Landing State Park and Fort Story
military base. First Landing State Park covers an area of 2888 acres that contains stable dunes
alternating with peat-filled swales forming depressional wetlands. The park is a unique
ecosystem dominated by bald cypress/swamp tupelo swamps and upland maritime forests, with
precipitation being the dominant water source and evapotranspiration being the main loss. To
better understand the seasonal groundwater fluctuation, evapotranspiration rates were calculated
for the ponded/cypress and mixed/upland vegetation setting, aiming to better manage the park in
periods of drought. In addition, the Effective Monthly Recharge indexes were calculated and
calibrated with the data on water table fluctuations during this study period. This calibration
made it possible to use the local temperature record from 1896 to present to reconstruct the water
table heights, which in turn were used to estimate the periodicity and length of historic droughts.
Location and Geologic Setting
The Cape Henry beach ridge complex in northern Virginia Beach, a cuspate foreland, is a
mostly forested “island” with limited development. It is bordered to the north and east by the
Atlantic Ocean and Chesapeake Bay and to the south and west by Lynnhaven Inlet and Broad
Bay. First Landing State Park occupies most of the complex, with Fort Story military base at the
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most northern portion of the beach ridge plain (Figure 1). The limited development across the
Cape Henry area consists of barracks and office buildings at Fort Story, U.S 60, several roads
and buildings within First Landing, a boat ramp and parking lot at Broad Bay, and residential
homes and businesses at each end of the cape complex.
The Cape Henry complex, particularly First Landing State Park, contains a series of
arcuate beach ridges topped with dunes, with freshwater peat-filled swales located between the
dune ridges, that formed over the past 4000-5000 years north of the Diamond Springs scarp,
south of which lie older Pleistocene deposits including the Tabb Formation (Fisher, 1967; Hatch
et al., 1985; Mixon et al., 1989; Allen et al., 2012 ). Along the shoreline sits a series of recently
active dunes that are the smallest dunes on Cape Henry; many of the larger stabilized dunes lie
inland 500 m or more from the shore (Latrobe, 1798; Whittecar and Johnson, 1990). The N-S
section of this massive dune line, now stabilized by vegetation, formed an eolian “precipitation
ridge” next to the dense forests on their landward side. This “precipitation ridge” formed when
eolian-blown sand lost energy and was deposited next to the dense forest. (Cooper, 1958).
Cape Henry was formed from a series of erosional and depositional events that caused the
progradation of the cape northward into the Chesapeake Bay while maintaining its location,
shape, and form (Fisher, 1967; Whittecar et al., 1982; Whittecar and Johnson, 1990). Through
each erosional and depositional sequence, a series of nine distinct ridge groups formed with the
oldest set of dunes nearest Broad Bay and younger ones closer to the Chesapeake Bay (Fisher,
1967; Whittecar et al., 1982; Whittecar and Johnson, 1990; Allen et al., 2012) (Figure 2). With
progressive eustatic sea level rise, each new ridge group forming next to and atop the older
partially eroded sequence should cause new ridge groups to be slightly higher in elevation
compared to the older ridges (Allen et al., 2012).
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Oyler (1984) studied the stratigraphy at Cape Henry and found eight stratigraphic units,
some of which are shown in Figure 3. The oldest unit, thought to be of late Pliocene age, consists
of a sandy mud that was found throughout the study site at approximately -26 to -24 m. Above
are two units (E and F) of Pleistocene age that consist of a fining-upwards sequence of sands and
gravels capped by mud thought to be a fluvial valley fill. Both these units are found throughout
the site at approximately -24 to -21 m. Unit D, above the fluvial sediments, are early Holocene
deposits consisting of a coarsening upwards mud-to-fine sand found throughout the study area at
approximately -21 to -1 m. This package represents the offshore and nearshore sediments
deposited in front of prograding beach ridges. The near-surface units (A and B) are coarse sands
deposited during the Holocene in the surf zone (B) and beach, and the dunes with finer sands that
cap them (Whittecar and Johnson, 1990).

Fig. 1. Aerial image of Cape Henry, Virginia. The forested area with dune ridges is First Landing State Park and
north of the park is Fort Story. South of Broad Bay is the Diamond Springs scarp, the eroded northern edge of the
Pleistocene Tabb Formation (Mixon et al., 1987). In the inset, the star marks the location of Cape Henry on a map of
Virginia (image from Google Earth).
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Fig. 2. Map showing nine distinct ridge groups in the study area, each formed from separate erosional-thendepositional events. In the inset, ridges are labeled A-H; D is the oldest Holocene ridge group at Cape Henry and I is
the youngest. (From Fisher, 1967)
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Fig. 3. Cross-section of Cape Henry from Broad Bay (A) to the Chesapeake Bay (A’). Layers A-F are Quaternary
fluvial and prograding beach ridge deposits that overlie Tertiary deposits. (From Whittecar and Johnson (1990), after
Oyler (1984)).

Background and Previous Studies
Barrier Islands and Groundwater Domes
Barrier islands can be low, narrow strips of land overwashed by sufficiently frequent
storm surges that they contain no freshwater. However, many barrier islands are large enough to
contain a sufficient amount of freshwater to support ponds, lakes, and human habitation
(Anderson et al., 2000; Rheinhardt and Faser, 2001). Precipitation that infiltrates wide barrier
islands accumulate as a lens of fresh groundwater surrounded by saltwater (Guswa and LeBlanc,
1985; Röper et al., 2012). The freshwater-saltwater interface is the zone of mixing that marks the
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bottom of the freshwater dome (Guswa and Leblanc, 1985). These groundwater domes usually
form with the highest water table elevations at the center of the island and a decreasing elevation
closer to the edges on the island (Fetter, 2001). The extent and height of the groundwater dome is
dependent on hydraulic conductivity, groundwater recharge (precipitation minus
evapotranspiration), and the location of surface saltwater intrusion (Fetter, 2001; Röper et al.,
2013). On a wider barrier island, freshwater lenses typically grow upward and inundate the lowlying swales between the beach ridges, forming depressional wetlands that are precipitation-fed
and lose water by evapotranspiration (Rheinhardt and Faser, 2001; Stroh et al., 2008;
Richardson, 2013).
Wetland Water Budgets
Wetland hydrology is maintained by a series of inputs and outputs which can be
expressed as a mass balance and determine the amount of water in the wetland (Brinson, 1993).
A water budget (Eq. (1)) presented by Mitsch and Gosselink (2000) is:
∆V/∆t = Pn + Si + Gi – [ET + So + Go ] ± 𝑇
where:

(1)

∆V/∆t =

change in volume of water storage in a defined area over time

Pn

=

net precipitation

Si

=

surface-water inflow

Gi

=

groundwater inflow

ET

=

evapotranspiration

So

=

surface-water outflows

Go

=

groundwater outflows

T

=

tidal inflow (+) or outflow(-)
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The groundwater and evapotranspiration (ET) components of the water budget are
relatively difficult to quantify, but they can be a significant part of the budget depending on the
hydrogeomorphic class, so it is important to properly and accurately quantify these components
(Brinson, 1993). For a depressional wetland the groundwater component in fine-grained soils is
not a significant source or sink and water levels are mainly driven by ET and precipitation (Stroh
et al., 2008). However in with coarse-grained soils landscapes such as at Cape Henry,
depressions may hold through-flow wetlands that are parts of a larger groundwater-driven
system. In these settings both ET and groundwater flow are significant.
Evapotranspiration
Correctly determining the ET is an important factor in evaluating the water budget. There
are two types of ET, potential ET and actual ET. Potential evapotranspiration (PET) assumes
there is an infinite supply of groundwater to replace water lost to the atmosphere. Two common
methods to calculate PET are the Thornthwaite (1948) equation and the FAO Penman-Monteith
equation (Jensen et al., 1990). The Thornthwaite method uses only temperature to calculate the
ET; the FAO Penman-Monteith method uses temperature, solar radiation, relative humidity, and
wind speed (Chaubey and Ward, 2006). Actual evapotranspiration (AET) is limited by the
amount of water that is currently in the system, unlike PET which does not consider water
availability to be a limiting factor (Rana and Katerji, 2000). One method to measure AET is
White’s Method (White, 1932) which uses the daily fluctuations of groundwater levels in
transducer-equipped monitoring wells within the study site. This method assumes that: (1) the
rebound of water levels overnight reflects a constant groundwater seepage from upslope, and (2)
ET is a consistent loss throughout the day, except from midnight to 4 AM when there is no ET
loss and groundwater is able to recharge the water table (White, 1932). The assumption that “ET
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at night is negligible” is based principally on the lack of solar energy to cause ET loss as well as
the high relative humidity in the wetland; if water is at the surface there is a very small
temperature difference between the air and water, and very minor wind speeds at the surface of
the wetland that might cause a large loss of water to ET (Heimburg, 1976).
Previous Hydrogeologic Modeling at Cape Henry
In order to assess the long-term hydrologic variability in a habitat that supports a stateendangered species of turtle, Deirochelpys reticularia, Whittecar and Johnson (1990) investigated
the shape of the groundwater dome and how frequently drought periods desiccated interdune
ponds in First Landing/Seashore State Park. They determined that the groundwater dome was not
centered in the middle of the cape but slightly to the north of the center. They concluded that this
asymmetry was caused by higher ET rates from the numerous wetlands in the southern and
central portion of the park (Figure 4). They used a steady-state PLASM model to evaluate the
shape of the groundwater dome and an early version of Effective Monthly Recharge equations to
determine frequency of drought conditions. Effective Monthly Recharge (Wem) is a method to
create synthetic hydrographs of water elevation height based on historic weather data (Whittecar
and Lawrence, 1999; Whittecar et al., 2017). Using the weather data that spanned back to 1896,
they found that Cape Henry has had several extended drought conditions that lasted at least a few
years.
Previous authors (Heath, 1988; Doss, 1993; Anderson et al., 2000) studied prograding
beach ridge complexes in Lake Michigan and Cape Hatteras; all authors found asymmetric
groundwater divides associated with their study areas. Doss (1993) studying at Lake Michigan
concluded that the main driver controlling the groundwater divide was ET from the
minerotrophic wetlands in the swales, and that topography had little to no influence on where the
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divide was located. Heath (1988) studied the groundwater resources on Cape Hatteras and the
Buxton aquifers water yield potential. He found that the highest head values, present in the
southern part of the island, were due to overland flow through the swales in the north part of the
island to Pamlico Sound, and greater ET occurring on the northern part of the island due to the
shallow water table. Anderson et al. (2000) studied the Buxton aquifer and determined that the
local and regional hydrogeology plays an important role in determining highest head values on a
barrier island. Sediment cores and ground penetrating radar suggest a low permeability unit
beneath the southern part of the island, which contributed to the high head values on the southern
part of Buxton Island.

Fig. 4. From Whittecar and Johnson (1990) a water table contour map displaying the strong asymmetry that occurs
on Cape Henry.
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Wetbud: Wetland Water Budget Modeling Software
Wetbud is a water budget modeling software that has been developed for Wetland
Science and Solutions Inc., by researchers at Virginia Tech, Old Dominion University, and the
University of Kentucky. Wetbud was designed primarily for toe-slope wetlands but has been
adapted to model conditions at other types of wetlands with varying degrees of success (Dobbs,
2013; Stone, 2017; Hiza, 2017; Dobbs and Whittecar personal communication, 2018).
There are two model options in Wetbud, the Basic model and Advanced model, each of
which serves a specific study purpose (Stone et al., 2017). The Basic model calculates
hydrographs for statistically wet, normal, and dry years. In addition, it can calculate the water
budget for a custom period. Site-specific inputs for the Basic model include drainage area, curve
number, and wetland area. On the other hand, the Advanced model does three-dimensional
numerical simulations using MODFLOW algorithms (Harbaugh, 2005), with inputs including
topography, vegetation, and stratigraphy. Besides modeling the groundwater budget, Wetbud can
also be used to calculate the Wem to generate synthetic hydrographs to determine water levels in
wells using historical weather data. As the Wetbud model went through development, several
water budgets for different areas have been assessed using the Basic scenario (Dobbs, 2013;
McLeod, 2013; Hiza, 2017), whereas only one budget was calculated using the Advanced model
(Stone, 2017).
The study by Stone (2017) investigated the effects of the expansion of a wetland in
Northern Virginia at Huntley Meadows Park. The Basic and Advanced models were created to
determine the effects of a vegetation change within the wetland. The observed heads were
compared to the values predicted by the Basic model to determine how well Wetbud could
handle a complex site. To determine the effect of ET change caused by wetland expansion and
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vegetation dynamics, several Advanced models were parameterized to calculate the water budget
and examine the changes of water volume within the wetland (Stone, 2017). Although Stone et
al. (2017) has well explained the structure and functions of Wetbud, the software package will
likely be evolving based upon test results by researchers at Old Dominion University and
Virginia Tech.
Statement of the Problem
The two important factors that are often poorly understood in wetland water budgets are
groundwater flow and ET, the two major components of the large wetland system at the Cape
Henry beach ridge complex. Advances in technology (e.g., transducers) and in modeling (e.g.,
Wetbud) permit clearer and more exact answers of questions about the persistence of wildlife
habitat across the Cape Henry area than were available during previous studies.
Goal and Objectives
The hypotheses for this study are: (1) the areal patterns of different ET rates from the
wetlands and uplands (dunes) can cause the observed asymmetry in the groundwater dome, and
(2) the severity of historic droughts have been sufficient to dewater the ponds in the middle of
the study area. To test these hypotheses it was necessary to determine the spatial extent of the
wetlands, determine the hydraulic properties of the soils, measure and monitor water table
elevations, calculate the AET rates from the major vegetation groups, use the Wem calculations
to develop a synthetic groundwater hydrograph from the historic weather records, and use the
Wetbud’s Advanced Model to model groundwater flow through the system.
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CHAPTER 2
METHODS
A variety of methods were used in this study to test the two hypotheses proposed, namely
wetland and soils mapping to determine where wetlands were located on the Cape, monitoring
groundwater fluctuations to construct a water table map to determine if there was a shift in the
groundwater dome, determining specific properties about the soils to apply to modeling efforts,
using a variety of methods to calculate ET to determine if the vegetation can cause major shifts
in the groundwater, and using Wetbud to model the groundwater head heights. The following
sections explain each of these methods in more detail.
Wetland Mapping and Distribution
Wetland Location and Soils Mapping:
To begin to understand the shift in the water table dome and the effect of ET, wetland
locations were determined by using National Wetlands Inventory (NWI) maps, by collecting
soils data from the National Resources Conservation Service (NRCS) Web Soil Survey (WSS),
by collecting soil data from boreholes, and by using ecosystem maps provided by First Landing
State Park. NWI maps show wetland boundaries demarked by differences in vegetation groups
interpreted from aerial photography at 1:24,000 scale (U.S. Fish and Wildlife Service Ecological
Services, 2016). Soil maps from NRCS (1:15,800) give more detailed resolution of wetland
boundaries. The two main soils at Cape Henry are a Histosol, which is an organic soil present in
wetlands, and an Entisol, a recently deposited sand that has little soil development which is
present on uplands in the study region. The stark distinction between these hydrologically
distinct materials acts as a good indicator differentiating the wetland locations from uplands. To
confirm soils information gathered from WSS, boreholes were taken at each well location as
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wells were installed. An ecosystem map generated by the First Landing State Park staff provided
greater detail of critical wetland plant communities (e.g., locations of communities of
phyreatophytic trees with high water demands). The map describes each of the seven ecosystems
within the park by identifying the landscape setting, and the primary, and secondary vegetation
found within that area. This combination of different map sources allowed definition of
hydrologically-distinct landscape elements.
Hydrologic Investigation
Well Installation and Groundwater Monitoring
To monitor the shape and fluctuations of the groundwater dome, 12 wells were
constructed and installed throughout First Landing State Park using the procedure set forth by
Lapham et al. (1997) (Figure 5). To determine the effect of vegetation-specific ET on the water
table, six of the twelve wells were installed in two vegetation groups with the specific intent to
calculate AET rates. The ecosystem map provided by First Landing State Park noted the
vegetation in each setting. One group was a wetland setting dominated by swamp tupelo (Nyssa
biflora), red maple (Acer rubrum), sweet gum (Liquidambar styraciflua), bald cypress
(Taxodium distichum), and water tupelo (Nyssa aquatica). The other, drier setting was on sand
ridges dominated by live oak (Quercus virginiana), loblolly pine (Pinus taeda), water oak
(Quercus nigra), southern red oak (Quercus falcata), sand hickory (Carya pallida), and
American beech (Fagus grandifolia), with understory vegetation of American holly (Ilex opaca),
common sweetleaf (Symplocos tinctoria), red maple (Acer rubrum), and red bay (Persea
palustris). Two of the upland wells used for ET measurements were installed during a previous
study (Whittecar and Johnson, 1990) and were reused for this study. An additional well was
installed on a low sand ridge near a pond edge where the highest elevation of the groundwater

14
dome was thought to occur in the park, based on maps in Whittecar and Johnson (1990), for the
purpose of observing seasonal shifts and fluctuations. In addition, because this well was installed
in an upland setting, it served as an additional well to calculate AET rates. Wells used in the
Whittecar and Johnson (1990) study installed within the Fort Story Army base were not available
for the present study due to problems with acquiring access.

Fig. 5. Well construction diagram (after Lapham et al., 1997). Wells installed in peat had a coarse sand filter pack.
Wells installed in uplands used local sand as a filter pack.

All wells were installed using a 7.5 cm bucket auger. On the sandy uplands the hole was
advanced into the saturated zone as far as possible until the hole collapsed. For the ponded
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setting the well holes were bored through leaf litter, peat, and sand until the holes began to
collapse. Bored hole depths ranged from 0.5 m to 1.4 m. The wells were constructed from 2”
PVC riser and PVC slotted well screen. Well screen was used from the bottom of the well to the
ground surface and above the ground surface was a PVC riser. Wells that were installed in the
ponded settings required a sand filter pack around the well because they were installed in an
organic soil.
Seven wells contained Solinst Levelogger or Levelogger Jr. pressure transducers (Model
3001) to monitor water levels every hour (±3 to 6 mm depending on type) (Figure 6). A dry well
was installed to monitor the barometric pressure affecting the wells across the region following
McLaughlin and Cohen (2011). That signal was subtracted from the transducer record to extract
the water level. From 5/23/2017 to 7/17/2017 the dry well inexplicably became inundated which
affected the barologger readings. Comparing barologger data and barometric data from Naval
Air Station Oceana (9 km to the south), it was determined that using data from Oceana would be
an acceptable substitution. Along with the Levelogger readings, head values (± 0.01 ft) were
collected during multiple site visits using a Slope Indicator Co. water level meter to verify and
calibrate the Levelogger readings. Five additional wells installed throughout the park allowed
construction of a groundwater contour map to determine the shape of the groundwater dome in
the state park (Figure 6).
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Fig. 6. Monitoring well locations throughout Cape Henry. Black octagons are upland (UP1, UP2, and UP3) wells,
green circles are ponded (P1, P2, and P3) wells, red squares (WT) are annual depth to water measurement wells to
aid in the construction of the water table contour map, the orange triangle is the water dome (WD) well, and the blue
pentagon is the deep USGS well. The dry well used for the barologger is next to well UP2.

Using the latitude and longitude collected at each well with a hand-held GPS receiver and
LiDAR (Supplemental Vertical Accuracy for forest of (±16 cm)) gathered by the ODU GIS Lab
from (USGS Norfolk), the elevation of each well top (top of casing) was derived using ground
elevation from the LiDAR at each well location and adding the amount of riser at each well.
Head values were calibrated using the Depth to Water measurements taken by the water level
meter and using the top of casing measurements derived from the LiDAR.
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Determining Specific Yield and Hydraulic Conductivity
In order to calculate the AET rates using the White method, specific yield (Sy) was
determined for all seven wells that contained transducers. These estimations were based on water
table fluctuations that occurred in response to precipitation events, with the goal of quantifying
the drainable porosity, 𝑛𝑑 (Eq. (2)), a similar measure to specific yield (Weiler et al., 2006).
Williams (1978) used the ratio of the precipitation over the rise in the water table:
𝑛𝑑 = (𝑃𝑒 /∆𝑊𝑇) × 100
where:

nd

=

drainable porosity (percent)

Pe

=

precipitation event total (L)

ΔWT

=

rise in water table (L)

(2)

There are two necessary criteria for this method: the water table needs to be within one meter of
the ground surface and the precipitation event needs to occur within 24 hours of the groundwater
spike (Williams, 1978; Healy and Cook, 2002; Loheide et al., 2005).
Williams’ (1978) method works well when the groundwater is at least several centimeters
below the ground surface elevation, but in this study several of the wells were inundated for 8-12
months of the year. In previous studies of inundated wetlands and circular ponds the specific
yield was considered 1.0, but this assumption leads to an overestimation of the AET
(McLaughlin and Cohen, 2014). A noncylindrical pond geometry will have a specific yield that
is lower than 1.0 due to the sediment within the depressional wetland (Hill and Neary, 2007). A
method, known as Composite Specific Yield, developed by Carlson Mazur et al. (2014) tries to
account for the specific yield of both the soil and the overlying water for each month when
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calculating the AET (Figure 7). This adjustment was made by accounting for the entire water
column in the well then determining the amounts of water below and above the ground surface
(Eq. (3)). Studying a seasonally-flooded depressional wetland with this method, Hill and Neary
(2007) found Sy values ranging from 0.43-0.99 with the lowest values occurring during the
lowest water levels.

Fig. 7. An example of the methodology used in determining the Sy for the ponded setting for different months with
different average water heights. 𝐷𝑠 = depth of the soil the well penetrates 𝐷𝑤 =depth of the water. During nongrowing-season months more ponding will typically occur due to less ET; use of the Carlson Mazur et al. (2016)
method during ponding generates a higher Sy.

To calculate the drainable porosity of the soil, water levels from months when the water
table was below the ground surface were used. For wells Ponded 2 and Ponded 3 there were no
or few occasions when the water table was below the ground surface when a rainstorm occurred,
so the drainable porosity for Ponded 1 was used for all ponded wells. Using the value 1.0 for the
specific yield of water, the composite specific yield for each month was calculated following
Carlson Mazur et al. (2014):
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𝑆𝑦𝑐 =𝑆𝑦𝑤 (𝐷

𝐷𝑤

𝑤

𝑆𝑦𝑐

=

)+ 𝑆𝑦𝑠 (𝐷
+𝐷

𝐷𝑠

𝑤 +𝐷𝑠

𝑠

)

(3)

Composite specific yield

𝑆𝑦𝑤 =

Specific yield of standing water

𝑆𝑦𝑠

=

Specific yield of sediments

𝐷𝑤

=

Water depth

𝐷𝑠

=

Depth of soil surface (screen length)

Constructing a model in Wetbud requires values for hydraulic conductivity (K). Slug
tests were conducted on two wells at Cape Henry to determine the hydraulic conductivity of the
sand. There are two methods to calculate hydraulic conductivity dependent on where the water
table is located in reference to the screened portion of the well. If the water table is within the
screened portion Bouwer and Rice (1976) is used; if the water table is above the screened
portion, Hvorslev (1951) is used. Wells installed at Cape Henry have screen from the bottom of
the borehole to the ground surface elevation. Because of this the water table is always within the
screened interval, so Bouwer and Rice (1976) (Eq. (4)) was used for all wells.

𝐾=
where:

𝑅
𝑟𝑐2 ln( 𝑒 ) 1
𝑅

2𝐿𝑒

𝑡

𝐻

ln( 𝐻𝑜 )
𝑡

(4)

K

=

hydraulic conductivity (m s-1)

rc

=

radius of the well casing (m)

Re

=

effective radial distance over which head is dissipated (m)

R

=

radius of the gravel envelope (m)

Le

=

length of the screen or open section of the well (m)

t

=

time since H = Ho (s)

Ho

=

drawdown at time t = 0 (m)

Ht

=

drawdown at time t = t (m)
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The effective radial distance (Re) is a measure that is difficult to obtain and is different for every
well. Instead of determining the effective radial distance Bouwer (1989) developed two methods
to estimate ln(Re/R), a dimensionless ratio. One method works if the water column within the
well was equal to the thickness to the saturated aquifer thickness (h) (Eq. (5)). For this study no
wells penetrated the entire aquifer thickness, so the second method was used.
𝑅

ln ( 𝑅𝑒) = [
where:

1.1
𝐿
ln( 𝑤 )
𝑅

+

(ℎ−𝐿𝑤 )
]
𝑅
𝐿𝑒
𝑅

𝐴+𝐵 ln[

]−1

(5)

Re

=

effective radial distance over which head is dissipated (m)

R

=

radius of the gravel envelope (m)

Lw

=

water table in the to the bottom of the well screen (m)

h

=

saturated thickness of the aquifer (m)

A, B =

dimensionless numbers

A and B are dimensionless numbers that can be found on a chart from Bouwer (1989) by
𝐿

calculating 𝑒, plotting it on the X-axis, and finding where it lies on the A and B line.
𝑟𝑐

Weather Data Collection
Weather data were needed to run the Wetbud models, to calculate the PET, and for the
Wem calculations. Typically for each weather station at least 30 years of weather data are
preferred. A daily weather record was constructed for Cape Henry in Wetbud from 1945 to the
end of the study date using three weather stations, Cape Henry, Oceana Naval Air Station, and
Norfolk International Airport. Daily weather data from 2006 until 2018 included minimum
temperature, maximum temperature, temperature, and wind speed were gathered from Cape
Henry using the NOAA NCDC website. Daily dew point and precipitation were collected from
the Oceana Weather station (approximately 9 km south) from 2006 until 2018, and all weather
data were collected from Oceana from 1945 to 2006. Any dates that were missing information
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were gathered from the next closest weather station, Norfolk International Airport,
approximately 15 km west of Cape Henry. In addition to the weather and precipitation data, solar
data were needed to calculate Penman ET values. Solar information was collected from the
RAWS station located in Back Bay, Virginia from 1997 to the end of the study. Additional solar
data were collected from the National Solar Radiation Data Base from 1961 to 1997 from
Norfolk, VA.
Evapotranspiration
Evapotranspiration is a major loss of water for all types of wetlands and is dependent on
the vegetation type and properties of the soil. For this study ET was calculated using two PET
methods, Penman-Monteith and Thornthwaite, and one AET, White’s Method (White, 1932).
The two PET methods rely on the use of meteorological data collected from a nearby weather
station. However metrological data used for the PET methods do not reflect changes in the
vegetation composition, plant life stage, and the antecedent soil moisture (Carlson Mazur et al.,
2014). Groundwater ET, the ET that is calculated using White’s Method, is the groundwater that
is lost through direct uptake of water through vegetation and the direct evaporation of water from
the water table (Zhang et al., 2016).
Wetbud performed the two sets of PET calculations. Weather information imported into
Wetbud was used in a Basic model to calculate the Thornthwaite and Penman-Monteith PET
estimates. Calculated PET values were exported into Excel files for later use.
Calculating AET rates was done using the Davis and DeWiest (1966) version of White’s
Method (Eq. (6)):
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∆𝑠

∆𝑠

𝑞 = 𝑆𝑦(∆𝑡1 ± ∆𝑡2 )
1

where:

2

q

=

ET (L T-1)

Sy

=

specific yield (unitless)

(6)

(∆s1/∆t1) =

average daily response rate (L T-1)

(∆s2/∆t2) =

long term decline rate (L T-1)

Loheide (2008) and Zhang et al. (2016) found the best AET rates come from a period of
recovery from 00:00 to 06:00. Loheide (2008) found water uptake can occur for several hours
after sunset so it is best to avoid times directly after sunset and Zhang et al. (2016) determined
that averaging recovery values for a period of two days improved AET estimates (Figure 8).
Crop coefficients (Kc) have mainly been developed in the agricultural sector to have a set
of values that can be used for specific crops to calculate ET in a wide range of conditions and
areas. Kc values are adjustments needed to raise or lower weather-based PET values (e.g.
Penman-Monteith) to reflect how ET differs between plant groups (Allen et al., 1998). By
developing a set of Kc for two vegetation settings in this study these values will be able to be
applied to other settings that have the same vegetation groups.
Allen et al. (2005) presented this formula for calculating Kc (Eq. (7)):
𝐾𝑐 =
where:

𝐴𝐸𝑇
𝑃𝐸𝑇

Kc

=

crop coefficient

AET

=

actual ET

PET

=

potential ET

(7)

For the present study, Kc values were calculated for the upland and ponded settings,
averaged over monthly time periods. These values were applied to each month of the
groundwater flow model.
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Fig. 8. Example graph showing hydrograph elements used to calculate the White Method following Davis and
DeWiest (1966). Hydrograph taken from UP2 well calculating AET for 8/4/2017. AET rate was found to be 4.4
mm/day. The vertical grey bars mark the time (00:00-06:00) when the slope for recharge was calculated.

Groundwater Modeling
Effective Monthly Recharge (Wem)
Effective Monthly Recharge is a way to be able to estimate past head values for years
when no head data was collected. The method developed by Whittecar et al. (2017) requires past
weather and temperature data to calculate PET using either Thornthwaite or Penman-Monteith,
to construct a synthetic hydrograph of groundwater fluctuations for that historic period. The
Wem equation is a time-weighted sum of the recharge which considers two variables to calibrate
the model. The calibration process involves using a decay factor (D) and a certain number of
months (N) to get a regression equation relating observed and estimated hydraulic heads.
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Historic monthly temperature records from 1896 to 1990 were collected from Whittecar
and Johnson (1990). From 1990 to present, monthly averages of weather data were input into
Wetbud along with the start-of-the-month head values measured during the present study. The N
and D values calculated by Wetbud were applied to the analysis of historic weather data to
construct synthetic hydrographs for 1896 to 2018.
Groundwater Modeling
The purpose of the modeling at the Cape Henry area was to determine if the system
could be accurately modeled using Wetbud, to determine the effect of the differing ET rates for
each vegetation setting, and to determine if the vegetation ET had a role in the development of
the asymmetric groundwater dome.
There are two models types in Wetbud, the Basic and the Advanced model. The Basic
model treats the system like a single open pool, with a set hydraulic conductivity and specific
yield of the surrounding aquifer that sums the inputs and outputs to create a water budget. This
type of model typically works best on a system with groundwater fluxes and that has water
surfaces that drop below ground elevation (Stone, 2017). Cape Henry is a series of interdunal
wetlands that are difficult to model using this “bathtub” approach. In addition, there are no
groundwater fluxes into the area and the water elevation rarely drops below the ground surface in
the wetlands, so it was determined not to create a Basic model for this study, but instead to create
an Advanced model. The Advanced model is a three-dimensional, finite difference numerical
model. The benefit of using the Advanced model for this study is the ability to apply different
time step solvers in MODFLOW to each ET zone.
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For this model it was important to capture most of the Cape to correctly model all the
vegetation groups’ ET to determine if the difference between the ponded setting and the upland
setting was large enough to be the cause of the asymmetric groundwater dome. To reduce the
grid size a large portion of the west side of the Cape was removed. The largest seasonal
fluctuations occur near the apex of the groundwater dome, so precipitation and
evapotranspiration on the more distant western portion of the area would not affect water levels
in the middle of the study area.
For this study, smaller cells would have been more ideal to capture subtle changes in
topography, soil, and vegetation changes, but the sheer size of Cape Henry limited the grid sizes
to 125 m x 125 m. Using ArcMap and the LiDAR, the study site area was clipped, then a mean
aggregation technique was used to convert 1 m square cells to 125 m square cells. The
aggregated cells were exported to a text file that was uploaded into Wetbud. This uploaded file
defined the grid for the model. True elevations had to be adjusted to set the elevation of each cell
in the grid. Since Cape Henry is surrounded by ocean the area around the Cape has an of
elevation 0 m. Because MODFLOW/Wetbud does not accept 0 m as an elevation, an arbitrary
100 m was added to all cells to represent sea level. The elevation does not have an effect on how
the model runs because the cells surrounding the Cape were a constant head boundary set at 100
m to represent the ocean and no-flow boundary conditions were applied to all cells beyond the
study area and the constant head boundary. Lastly, the thickness of the aquifer was set to 15 m
based off borehole logs from Oyler (1984) and the freshwater-saltwater interface was modeled
by halving the aquifer thickness (7.5 m) in all cells that bordered constant head cells. Any depths
below 7.5 m at the freshwater-saltwater interface cells and 15 m at all other cells acted as an
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aquitard and allowed no flow downward. When these conditions are applied the arbitrary
elevation for sea level (100.0 m) has no effect on the model
For each cell in the Wetbud/MODFLOW grid, the proportion of wetland-to-upland was
determined so that an accurate AET rate could be applied. This ratio was determined in ArcMap
by overlaying the aggregated LiDAR over a site map with the soils digitized from the Soil
Survey Geographic Database (SSURGO). From that map each cell was examined and given a
percentage of the wetland as either 0% (all sand), 1-25%, 25-50%, 50-75%, 75-99%, or 100%
(all wetland). These proportions served as an area-weighted estimate of wetlands in each cell.
The benefit of modeling Cape Henry using the Advanced model is the ability to use
multiple time step solvers for a single model. Each time step solver had an input for date, time
step solver length, precipitation, and ET. For this model a daily time step was used and daily
precipitation and ET values were collected or calculated from the Cape Henry weather station
created in Wetbud from 6/1/2017-6/1/2018. This transient method was able to construct synthetic
hydrographs on a daily time scale to compare to real-world hydrographs to understand how well
the model replicated the study area. Using the AET rates, an area-weighted estimate of the
wetlands, and the Kc a time step solver was created for a 0%, 1-25% wetland, 25-50% wetland,
50-75% wetland, 75-99% wetland, 100% wetland. This was done by using the upland and
wetland Kc for each month, multiplying each Kc by 0.25, 0.50, or 0.75 depending on the
percentage each type of area (upland or wetland) per cell, and summing the two values.
Model calibration was done from 6/1/2017-6/1/2018 using wells UP1, UP2, UP3, and
WD. Model calibration was evaluated by finding the smallest Root Mean Square Error (Eq. (8))
and the highest Nash-Suticliffe Efficiency values (NSE) (Eq. (9)). The RMSE is the average
error associated with an individual point from the model and NSE tests the model’s efficiency.
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Values of 1 for NSE are a perfect match between modeled head and observed head and as NSE
values get smaller the model is less of a match (Nash and Sutcliffe, 1970). To find the RMSE the
following formula was used from Barnston (1992).
𝑁
RMSE= [Σ𝑖=1
(𝑄𝑚𝑖 − 𝑄𝑜𝑖 )2 /N]1/2

where:

RMSE

=

Root Mean Square Error (L)

𝑄𝑚

=

modeled head (L)

𝑄𝑜

=

observed head (L)

N

=

number of calculated residuals

(8)

To determine NSE for the model the formula following Nash and Sutcliffe (1970) was used.
NSE= 1-

where:

𝑡
𝑇 2
∑𝑇
𝑡=1(𝑄𝑜 −𝑄𝑚 )
𝑡 ̅̅̅̅ 2
∑𝑇
𝑡=1(𝑄𝑜 −𝑄𝑜 )

(9)

NSE

=

Nash-Sutcliffe Efficiency value (dimensionless)

𝑄𝑚

=

modeled discharge (rate), at a given time, t (L)

𝑄𝑜

=

observed discharge (rate), at a given time, t (L)
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CHAPTER 3
RESULTS AND DISCUSSION
Wetland Mapping and Distribution
Wetland and Soil Maps
The National Wetlands Inventory (NWI) maps identified the entire southern portion of
First Landing State Park as a continuous wetland, with few if any wetland areas occurring along
the residential portions of the cape and Fort Story (Figure 9). The NWI maps identified three
types of wetland occurring within the Cape Henry complex, Freshwater Forested/Shrub
Wetlands (2112 Acres), Estuarine and Marine Wetlands (156 acres), and Freshwater Emergent
Wetlands (5 acres). The 1:40,000 scale of the map used by NWI limits the ability to do a finer
scale mapping of wetlands occurring within the park but gives a good first approximation on
where wetlands occur. For example, it is clear from walking through the park that the southern
portion is not entirely a wetland but is instead a setting dominated by wetlands with linear sand
dunes and ridges occurring throughout.
To better constrain the wetland locations, soils maps developed by the National
Resources Conservation Service, accessed with Web Soil Survey (WSS), were used to identify
soils in the study area. WSS maps identified the occurrence of 18 different soil types including
sandy soils, peat soils, psamments, urban land, and loams with the sand and peat soils being the
dominant soil types. Variations of sand soils occur throughout 41% percent of the cape complex
and variations of peat soils cover 44%. The two most frequent sand soils are the Fripp and
Newhan series; both soils are excessively drained soils that can be very deep, and were deposited
by wind or wave action. The most frequent peat unit is the Pamlico series, which is described as
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a very poorly drained soil that is composed of decomposed organic material underlain by sand
(https://soilseries.sc.egov.usda.gov).
Compared to the NWI maps, WSS’s map scale of 1:15,800 provided better resolution on
the location of wetlands and dunes occurring throughout the park. Even though the southern
portion of First Landing State Park is dominated by interdunal swales, the WSS map shows that
dunes occur much more frequently than the NWI maps (Figure 10). On the map of the dominant
soils digitized in ArcMap, the soil bodies display pronounced linear trends indicating dune ridges
with sandy soils; the dunes are separated by low swales where the peat soils form.

Fig 9. National Wetlands Inventory map for Cape Henry, Virginia area. The map indicates a significant portion of
the wetlands (green) are located on the southern portion of the study area. (After National Wetlands Inventory,
acquired 2017.)
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Fig. 10. Web Soil Survey soils digitized in ArcMap. Green color indicates peat soils, yellow is sand soils, black is
urban land, pink is loams, tan is psamments, and brown is a silt. (After NRCS maps posted on Web Soil Survey,
acquired 2017).

The ecosystem map provided by workers at First Landing State park again added better
resolution to the wetland mapping within First Landing State Park (Figure 11). The ecosystems
or zones were categorized as Beach, Developed, Interdune Swale/Pond, Maritime Dune
Grassland, Maritime Dune Woodland, Maritime Swamp, Maritime Upland Forest, Non-Riverine
Flatwood/Swamp, Tidal Mesohaline/Polyhaline Marsh, and Water. With each zone a thorough
description of vegetation was listed for both overstory and understory vegetation. When wells
were installed, this map ensured the correct vegetation group was monitored for AET
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calculations. In order to efficiently apply Kc values to the model the four vegetation zones in
wetlands were grouped separately from the three upland vegetation zones.
All three maps used together provided a detailed description of wetland location, wetland
type, vegetation, and soils. From the maps it was determined the highest concentration of
wetlands occur in the southern portion of the park.

Fig. 11. Ecosystem map by First Landing State Park Staff Members (2016). This higher resolution map notes
wetland and upland locations with greater detail. Across most of the study area the dark green represents uplands,
the light blue represents fresh non-tidal wetlands, and the yellow represents brackish tidal wetlands. Zones modeled
as uplands: Maritime Dune Grassland, Maritime dune Woodland, and Maritime Upland Forest; zones modeled as
wetlands: Interdune Swale/Pond, Maritime Swamp, Non-Riverine Flatwood/Swamp, and Tidal
Mesohaline/Polyhaline Marsh.
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Soils and Stratigraphy
As each well was installed, sediments were analyzed for key or noteworthy properties.
For all the upland wells, the best-developed soil profiles consisted of a thin layer of leaf litter and
an organic-stained sand layer (O and A horizons) followed by a pale-yellow fine to medium sand
(E horizon). Some pale orange to brown oxidation and mottling was present in the sandy B
horizons sediments in the upper 0.60 m; all of these features are typical of Psamments, young
soils formed in dune sands. In the swales the ponded wetland sediments consisted of leaf litter
and debris underlain by a fibrous peat, the lower part of which had degraded into a sapric peat,
underlain by sandy sediment, a sequence typical of the Pamlico Series. Sand sediments were not
collected here because the boreholes collapsed before sediment could be retrieved. All samples
observed indicate the ridges are dune features as proposed by previous authors (Fisher, 1967;
Whittecar and Johnson, 1990; Allen et al., 2012).
Hydrologic Investigation
Groundwater Monitoring
Groundwater monitoring occurred at UP1, UP2, and WD from 3/3/2017-6/9/2018, at UP3
from 4/15/2017-6/9/2018, and at P1, P2, and P3 from 4/28/2017-6/9/2018 (Figure 12-16).
Monitoring of a 19.51 m (64’) deep USGS well ran from 7/14/2017-6/9/2018.

Fig. 12. Hourly hydrographs from upland sites well Upland 1 (blue) and well Upland 2 (orange). Vertical bars represent precipitation events.
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Fig. 13 Hourly hydrographs from well Upland 3 (orange) and well Water Dome (blue). Vertical bars represent precipitation events.
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Fig. 14. Hourly hydrograph from well Ponded 1. Vertical bars represent precipitation and the flat horizontal bar
represents ground surface.

Fig. 15. Hourly hydrograph from well Ponded 2. Vertical bars represent precipitation and the flat horizontal bar
represents ground surface.
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Fig. 16. Hourly hydrograph from well Ponded 3. Vertical bars represent precipitation and the flat horizontal bar
represents ground surface.

All upland wells were installed in a fine-to-medium sand and all showed similar
fluctuations in the water table in response to precipitation events. Well UP2 was the farthest
upland well from any swales and this well showed the greatest fluctuation after precipitation
events, with water levels changing as much as 30 cm after large rainfall events. UP3 shared a
similar topographic position as UP2 and shared characteristics in the hydrographs but only
showed fluctuations up to 20 cm. UP1 was a well installed by Whittecar and Johnson (1990) in a
depression surrounded by large dunes and a road on one side. It also showed similar magnitude
of fluctuations at UP2 and UP3. The most usable hydrographs to calculate AET rates for the
upland settings came from UP2 and UP3.
All ponded wells showed the same amplitudes of fluctuations in response to precipitation
events. P3 had less drawdown during the 2017 summer compared to both P1 and P2, but had
greater drawdown or less response to precipitation events for 2018. Ponded wells typically had a
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smaller response to precipitation events compared to the upland wells. This difference is thought
to be due to the large storage capabilities of the ponds. Also, compared to the upland wells, the
wells in peats had a much weaker diurnal ET signal associated with their hydrographs. This
difference is thought to occur because upland wells were installed much deeper within the
rooting zone of the mature forest vegetation while the ponded wells tended to be shallow within
the rooting zone of shrub-scrub and perhaps cypress vegetation. In addition, soils with a higher
Sy tend to show muted diurnal signals compared to soils with lower Sy values (Loheide et al.,
2005).
A groundwater contour map was constructed based on depth to water values collected
using a Slope Indicator Co. water level meter from all wells on 3/28/2018 (Figure 17). The
contour map for this study shows a water table dome that is slightly asymmetric with the crest
shifted north from the geographic center of the cape complex. Figure 17 shows a dome far less
asymmetric than the dome mapped by Whittecar and Johnson (1990) (Figure 4). This difference
is thought to occur because of the limited spatial placement of the wells used in this study;
Whittecar and Johnson’s (1990) map included head values from wells located within Fort Story
which imparted a stronger asymmetry to the water table. Compared to the dome shape expected
if recharge were uniform across the cape complex (Figure 18), the dome in Figure 17 has a more
pronounced ridge along the western and eastern sides of its crest.
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Fig. 17. Water table contour map from 3/28/2018. Contours are meters above sea level. Groundwater dome can be
seen slightly shifted northward from the geographic center of the cape complex.
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Fig. 18. PLASM result from Whittecar and Johnson (1990) applying a uniform recharge value across the entire
aquifer

All the wells installed for this study are no deeper than 1.5 m and during the entire study
period these shallow wells lacked any tidal or oceanic influence. This finding supports the
observation of Odum and Harvey (1988) who showed that interdunal wetlands are non-tidal
systems that lack any oceanic influence. However, the 19.5 m (63’) deep well that USGS
constructed near the 64th St. entrance to the park did show a tidal signal in the hydrograph
(Figure 19).
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The USGS well sits between tidal water bodies with different tidal signals- the Atlantic
Ocean (700 m distant) and Broad Bay estuary (400 m distant). In order to estimate which tidal
water body is driving the signal in the USGS well, two NOAA tidal stations near the USGS well
were chosen for comparison with the well hydrograph. The well is located between the
oceanfront and a tidal creek; the creek tides crest approximately 2 hours after the oceanfront
tides. The two stations chosen were the Virginia Beach station, located on the ocean side of the
cape complex approximately 6.5 km south of the USGS well, and the Broad Bay station, located
the Lynnhaven River tidal system 6.5 km northwest of the USGS well. The tidal variations in the
hydrograph follow the Virginia Beach signal with approximately a 12-hour delay; the lag of the
hydrograph after the Broad Bay signal is roughly 10 hours (Figure 20). In addition, there is not a
dual-tide signal seen in the hydrograph indicating only one source influences the well.
The tidal lag equation from Fetter (2001) (Eq. (10)) was used.
𝑡𝐿 = 𝑥√𝑡0 𝑆/4𝜋𝑇
where:

𝑡𝐿

=

tidal lag (T)

x

=

distance inland from coast (L)

𝑡0

=

time from high tide to low tide (T)

S

=

storativity (unitless)

T

=

transmissivity (L2 T-1)

(10)

The Fetter equation predicts that the USGS well would have a tidal lag of 12 hours if the
tide was driven from the ocean side. If the tides in the bayside creeks were the driving force, the
well should have a lag of 7 hours. The storativity value was chosen based off an average value
for an unconfined aquifer and transmissivity was based on a 15 m aquifer composed of a coarse
sand.

41
If these estimates of aquifer characteristics are correct, then these calculations suggest the USGS
well fluctuations arise because of strong stratigraphic connections with the oceanic tidal waters.
Of note, hydraulic head values found at the USGS well are lower than the surrounding
head values found at the shallow wells. The lower hydraulic head values associated with the
deeper well and higher head values found at shallow wells indicates the hydraulic gradient is
downward creating a downward flow of groundwater.

Fig. 19. Well DW hydrograph displaying the oceanic tidal signal seen in the hydrograph from 7/25/2107-7/27/2017.

Fig. 20. Predicted high tides and low tides from Virginia Beach (black dots) and Broad Bay (blue dots) plotted with the hydrograph signal (red).
Vertical red dotted line indicates a high tide seen in the hydrograph. Predicted tide heights connected by dotted lines show approximate tide levels
through time. Virginia Beach signal precedes Broad Bay by 2 hours and the hydrograph signal by ~ 12 hours. The Broad Bay signal precedes the
hydrograph signal by ~10 hours.
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Hydraulic Properties of Sediments
For this study it was necessary to quantify the hydraulic conductivity (K) and the specific
yield (Sy) of the sediment. Both values are used as an input for the Advanced model in Wetbud
and the Sy is needed to calculate the AET.
To determine the hydraulic conductivity of the sand, two upland wells were used for slug
tests, UP3 and WD. Ponding occurring at wells P1, P2, and P3 did not allow slug tests to be
conducted during this study period. Three trials using the Bouwer and Rice (1976) method were
performed at each of the two wells (Table 1). WD had an average K value of 1.32 𝑥 10−5 ± 2.58
𝑥 10−6 m/s and UP3 had an average K value of 6.95 𝑥 10−5 ± 4.49 𝑥 10−5 m/s.
Values from the slug tests are lower than those listed with NRCS soil data (Web Soil
Survey) which give an average K of 1.41 𝑥 10−4 m/s, but they are still within range for K values
for fine-medium K sand (Heath, 1983). The K value calculated served as a starting point when
calibration was conducted on the Wetbud Advanced model. Schulze‐Makuch et al. (1999) found
that the measured hydraulic conductivity values typically increase with the scale of the
measurement, and that increase occurs in this study, too. The K values that worked for the
Advanced model were closer to the NRCS values than values calculated from the slug test.
Table 1
Slug test results from well WD and UP3

Well
ID

Trial 1 K

Trial 2 K

Trial 3 K

Avg. K

2 Standard
Error

(m/sec)

(m/sec)

(m/sec)

(m/sec)

WD

1.60 X 10−5

1.28 X 10−5

1.09 X 10−5

1.32 X 10−5

7.62 X 10−6

UP3

2.65 X 10−5

6.60 X 10−5

1.16 X 10−4

6.95 X 10−5

2.59 X 10−5
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Specific yield values were calculated for all wells that contained transducers. Wells UP1,
UP2, UP3, and WD were installed in sand that had a range of specific yield values from 20%37% (Table 2). All of these values fall within range of either a medium or coarse sand.
Loehide et al. (2005) determined that Sy for a sandy soil could range from 0-37% if the
water table was within one meter of ground elevation. If the water table was approximately a
meter deep then higher Sy values often occur; if the water table is closer to the surface, lower Sy
values occur. Overall, values from wells that were used in the Cape Henry study to determine the
Sy of sand all fall within the range noted by Loehide et al. (2005).
Calculations of Sy for the ponded wells incorporated the average amount of water ponded
at the well during that month and the specific yield of the peat calculated at P1. During months
with higher water levels the Sy values were larger because the Sy of water is 1 and the Sy for the
ponded wells was determined based off a weighted averaged calculation of water above ground
and water in well (screen length). P1 was the only ponded well that was dry for an extended time
with enough precipitation events to calculate the Sy of the peat soil; that value was 43% (Table
2). Morris and Johnson (1967) found an average peat value of 44% which is comparable to the
value found in this study. This value was used in the calculation for monthly Sy values of P2 and
P3. Sy values for all ponded wells ranged from 44.1-57.3% depending on water level. Sy values
for P1, P2, and P3 can be seen in tables 3-5.
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Table 2
Specific Yield Results

±𝟐𝑺𝑬

Well

Avg. Sy

UP1

37.60

5.39

UP2

19.86

2.05

UP3

33.19

3.43

WD

32.40

3.86

P1

43.45

3.61
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Table 3
Monthly Specific Yield Results for P1

Date

Soil Sy

Avg. Water
above Ground
Surface (cm)

% of month
water level
above ground
Surface

Sy

4/2017

43.45

14.85

100

51.94

5/2017

43.45

15.50

100

52.22

6/2017

43.45

12.73

100

50.87

7/2017

43.45

1.28

25.57

44.20

8/2017

43.45

2.41

34.4

44.49

9/2017

43.45

3.33

59.44

45.17

10/2017

43.45

2.93

7.53

44.13

11/2017

43.45

1.06

63.61

44.36

12/2017

43.45

4.99

75.27

46.21

1/2018

43.45

5.59

100

47.26

2/2018

43.45

9.94

100

49.57

3/2018

43.45

11.41

100

50.29

4/2018

43.45

11.44

100

50.32

5/2018

43.45

10.76

100

49.97

6/2018

43.45

11.27

100

50.23
AVG= 48.08
±2SE= 0.79
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Table 4
Monthly Specific Yield Results for P2

Date

Soil Sy

Avg. Water
above Ground
Surface (cm)

% of month
water level
above ground
Surface

Sy

4/2017

43.45

25.82

100

56.17

5/2017

43.45

28.91

100

57.26

6/2017

43.45

25.48

100

55.96

7/2017

43.45

8.52

98.12

48.51

8/2017

43.45

10.67

86.83

48.89

9/2017

43.45

14.84

100

51.67

10/2017

43.45

8.23

100

48.50

11/2017

43.45

13.58

100

51.11

12/2017

43.45

15.74

100

52.08

1/2018

43.45

17.34

100

52.78

2/2018

43.45

22.71

100

54.99

3/2018

43.45

24.30

100

55.58

4/2018

43.45

23.75

100

55.39

5/2018

43.45

24.47

100

55.64

6/2018

43.45

26.28

100

55.86
AVG= 53.36
±2SE= 0.79
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Table 5
Monthly Specific Yield Results for P3

Date

Soil Sy

Avg. Water
above Ground
Surface (cm)

% of month
water level
above ground
Surface

Sy

4/2017

43.45

26.30

100

56.04

5/2017

43.45

28.33

100

56.75

6/2017

43.45

26.45

100

56.05

7/2017

43.45

13.67

100

50.93

8/2017

43.45

14.85

100

51.40

9/2017

43.45

17.32

100

52.52

10/2017

43.45

12.18

100

50.28

11/2017

43.45

14.93

100

51.53

12/2017

43.45

16.33

100

52.13

1/2018

43.45

17.48

100

52.62

2/2018

43.45

19.74

100

53.55

3/2018

43.45

21.06

100

54.06

4/2018

43.45

20.57

100

53.88

5/2018

43.45

20.31

100

53.76

6/2018

43.45

22.08

100

54.46
AVG= 53.33
±2SE=0.50
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Evapotranspiration Calculations and Crop Coefficients
From the ecosystem map (Figure 11) it was determined that there were two major settings
at First Landing State Park, the upland areas and interdunal swales/wetlands. Wells were
installed to calculate AET rates in those two vegetation groups. AET rates were determined
using the Davis and DeWeist (1966) equation for all seven wells that contained pressure
transducers taking hourly water level measurements. Upland rates were calculated from 3/20176/2018 and ponded rates were calculated from 5/2017-6/2018. For a day to be selected for AET
calculations there had to be no discernible precipitation in a three-day period and the hydrograph
had to show a clear diurnal signal (Stone, 2017). AET rates were calculated for each acceptable
day. Values calculated for each setting were averaged for each month. Daily upland rates varied
from 0.48 mm/day-5.25 mm/day and daily ponded well rates varied from 0.85 mm/day-6.45
mm/day.
Once all AET rates were calculated and plotted (Figure 21), monthly Kc were calculated
by dividing those AET rates with the Penman-Monteith PET rates calculated from the Cape
Henry weather station data. Kc values ranged from 0.22-0.82 for the upland well and 0.33-2.02
for the ponded wells (Figure 22). For each vegetation setting, the AET and Kc values were
averaged per month so one number could be applied to each grouping (Tables 6 and 7). For the
entire study period the ponded setting had a greater AET compared to upland setting (Figure 21).
For the upland setting there were no months when the AET rate was equal or greater to the PET
rate. Unlike the upland setting the ponded setting had 5 months when the AET rate was greater
than the PET rate.
Previous values of AET rates and Kc reported by Shoup and Whittecar (2017) for this
study area were higher than these values for several reasons. These values were initially
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calculated from multiple six hour periods - 18:00-00:00, 19:00-01:00, 20:00-02:00, 21:00-03:00,
22:00-04:00, 23:00-05:00, and 00:00-06:00 and the highest value during each night was selected
in hopes of capturing the nightly recharge when it was the greatest. Another contributing factor
affecting the preliminary results in Shoup and Whittecar (2017) would have been a single value
for ponded Sy was used instead of the weighted monthly average method which better captures
the changing Sy values based off of water height in the wetlands. Kc values were reported higher
in Shoup and Whittecar (2017) due to lower values of Penman-Monteith collected from the Back
Bay RAWS station used in initial calculations in comparison to the values calculated using the
site-specific weather collected and values of Penman-Monteith calculated by Wetbud.
Very few AET rates that used the White method for cypress/swamp tupelo trees were
found in the literature for comparison. Ewel and Smith (1992) published rates for a ponded
cypress tree setting located in central Florida and the rates for the current study were found to be
1.13 to 6.28 times greater than the Ewel and Smith (1992) study. The current study’s upland
setting was found to compare well with other settings dominated by pine and oaks in humid
temperate climates. Vincke and Thiry (2008) found that rates of a pine stand in a sandy soil
located in a humid temperate climate varied from 0.7 to 7.5 mm/day. Fan et al. (2016) found
rates in a subtropical pine plantation with sandy soils ranged from 0.3 to 4.6 mm/day.
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Fig. 21. Ponded and upland AET rates plotted with averaged Penman-Monteith values. Ponded is the solid line,
upland is the small dash line, and Penman-Monteith is the dot dash line.

Fig. 22. Ponded and upland Kc. Ponded is the solid line and Upland is the small dash line.
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Table 6
Average monthly AET rates (mm/day)

Month

Upland

# of
Days

Ponded

# of
Days

3/2017

1.33±0.41

13

NA

0

4/2017

1.22±0.55

6

NA

0

5/2017

2.41±0.65

10

2.95±0.44

5

6/2017

4.01±0.22

31

5.77±0.54

22

7/2017

3.81±1.01

14

4.39±0.36

17

8/2017

4.13±0.17

19

5.72±0.70

17

9/2017

2.15±0.18

19

3.44±0.28

13

10/2017

2.49±0.27

38

2.64±0.21

25

11/2017

1.76±0.19

23

2.31±1.25

10

12/2017

1.50±0.37

19

2.51±2.43

7

1/2018

1.33±0.85

2

2.16±0.66

5

2/2018

2.10±0.42

3

4.78±0.82

3

3/2018

2.21±0.46

11

2.37±0.36

7

4/2018

1.91±0.36

13

2.63±0.77

11

5/2018

2.72±0.19

20

3.24±0.06

16

6/2018

3.24±0.65

11

3.86±0.57

6
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Table 7
Average Monthly Kc rates

Month

Upland

# of Days

Ponded

# of Days

3/2017

0.22

13

NA

0

4/2017

0.22

6

NA

0

5/2017

0.38

10

0.40

5

6/2017

0.71

31

0.93

22

7/2017

0.67

14

0.77

17

8/2017

0.81

19

1.13

17

9/2017

0.54

19

0.82

13

10/2017

0.73

38

0.77

25

11/2017

0.79

23

1.01

10

12/2017

0.82

19

1.33

7

1/2018

0.78

1

1.35

5

2/2018

0.75

3

2.02

3

3/2018

0.82

11

0.98

7

4/2018

0.50

13

0.70

11

5/2018

0.48

20

0.58

16

6/2018

0.62

11

0.75

6
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Groundwater Modeling
Effective Monthly Recharge (Wem) Calibration
Effective Monthly Recharge was calibrated using well WD from 3/3/2017 until 5/1/2018.
Well WD was chosen to calibrate Wem because it monitored the highest water tables within the
study area and was expected to show the greatest fluctuations. To calibrate Wem, a series of
monthly recharge values are needed, calculated as precipitation minus ET. Both Thornthwaite
and Penman-Monteith PET methods were used to calculate recharge. Thornthwaite records
covered 1896-2018 and Penman-Monteith, 1973-2018. The purposes of using both methods was
to determine which method provided the best Wem calibration and to create two historical
synthetic hydrographs for comparison with each other and with results from Whittecar and
Johnson (1990).
To calibrate Wem, two variables, N and D, are used in the calibration process. N is the
number of months the equation takes into consideration and D is a decay factor ranging from
0.50 to 0.99. Calibration consists of finding the combination of N-and-D that produces the
highest 𝑅 2 value for regressions of monthly head height vs. monthly Wem values (Table 8). For
weather and head data from the calibration period both methods showed high 𝑅 2 values (>0.8),
high Nash Sutcliffe Efficiency values (>0.8), and very low Root Mean Square Error (<3 cm).
Synthetic hydrographs were constructed for historic periods using the N-and-D values that
generated the best coefficients of regression (𝑅 2 ) (Figure 23 and 24). Using the line equation
produced from the calibration procedure and Wem value in place of x, head values for the
synthetic hydrographs were calculated (Figures 25-27). To remove the short-term fluctuations a
24-month running average was applied to the Thornthwaite results to understand the long-term
trends (Figure 28).
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Table 8. Variables used for calibrations of Effective Monthly Recharge

N

Penman-Monteith

9

0.85

0.828

0.8117

2.4

Y=0.0096*X+2.1918

14

0.70

0.816

0.8099

2.5

Y=0.0094*X+2.0964

Thornthwaite

D

𝑹𝟐

ET Method

NSE

RMSE
(cm)

Equation of Lines

Fig. 23. Calibration of Penman-based Wem using monthly average water levels from well WD.

56

Fig. 24. Calibration of Thornthwaite-based Wem using monthly average water levels from well WD.

From the current study, the 1896-2018 monthly hydrograph indicates intense dry periods
with water levels almost 30 cm below ground surface and periods that were relatively stable with
high water levels. Whittecar and Johnson (1990) found the mid-to-late 1980s was a period of
drought conditions that dried the ponds out in the southern portion of the park. This period was
used as a benchmark to determine other time periods when the drought conditions were dry
enough to lower water levels in the swales below the ground surface.
According to Figure 26, a period from 1902-1916 was a time when drought conditions
prevailed but only during a few years ponds were able to dry out. After that time 1917-1940
water levels were relatively high and stable but a few dry years throughout that period were dry
enough to desiccate the ponds. During the late 40’s and early 50’s there was a significant period
of drought conditions that lasted for 10 years; such conditions reoccurred in the late 60’s. From
the 60’s onward drought has occurred much more frequently than during the first half of the
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century. Droughts dry enough to desiccate ponds seasonally appear every couple of years with
some lasting for multi-year periods.
Comparison of the Thornthwaite and Penman-Monteith synthetic hydrographs from
1973-2018 shows very little difference between the two hydrographs (Figure 25 & 27). The
Penman-Monteith-based constructed hydrograph shows an average higher head and larger water
level fluctuations in response to a wet month compared to the Thornthwaite hydrograph. With
little difference between the two hydrographs either method of calculating PET is a suitable
choice, depending on the weather data available for the location.
The Whittecar and Johnson (1990) Thornthwaite-constructed synthetic hydrograph was
compared to the hydrograph determined in this study. The Wem method used in Whittecar and
Johnson (1990) to construct a synthetic hydrograph differed slightly from the updated version
used in Whittecar et al. (2017). The 1990 model used N and D values of 12 and 0.92, whereas
the present study’s calibration suggested values of 9 and 0.85 for Penman-Monteith and 14 and
0.70 for Thornthwaite. A number of changes incorporated with the newer version may account
for the differences. The original method used a curve-fitting technique and not the linear
regression used in this study. In addition, Whittecar and Johnson (1990) used an interception
value to calculate recharge and an unexplained “ET reduction factor”. Lastly, the values
calculated in Whittecar and Johnson (1990) show the general trends and do not give actual head
values. Comparison of the Whittecar and Johnson (1990) results and the hydrograph generated in
this study shows that the general pattern between the hydrographs were the same. Periods of
drought and stable conditions occurred during the same years for both hydrographs.
From the Wem hydrographs yearly water fluctuations can vary significantly. From one
season to the next head heights can change up to 0.50 m and year-to-year variation for the same
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month can be as great as 0.43 m. With large head fluctuations and drought conditions Cape
Henry wetlands can dry out from month to month and large rain events are able to cause enough
recharge to cause ponding in the wetlands. Cape Henry can is an extremely dynamic system that
can change rapidly from large precipitation events.
Wetbud Advanced Model
In both Whittecar and Johnson (1990) and the present study, water table contour maps
revealed that Cape Henry has an asymmetric dome with head values higher near the northern
side of the cape complex. To determine if ET had a significant role in the groundwater dome
shift an Advanced model was constructed in Wetbud and Kc for each vegetation group were
applied to the model.
This model consisted of a single layer, 15 m thick, representing the sand aquifer with one
hydraulic conductivity (K), specific yield (Sy), and specific storage (Ss) value applied to the
entire area. The other soil types played a minor role and for a model of this size and it was
determined best to leave the minor soils out (e.g. silt and urban land). Peat was not included in
this model due to its minor thickness compared to the overall sand aquifer thickness. Calibration
of the model was done using the hydraulic heads in four upland wells from 6/1/2017-6/1/2018.
To calibrate the model minor adjustments to hydraulic conductivity, specific yield values,
specific storage values, and ET extinction depth were made systematically until model results
best fit the observed data (Figures 29-32). Final values for hydraulic conductivity, specific yield,
specific storage and ET extinction depth were 9.9E-04 m/s, 0.33, 1.125E-02 and 2.5 m,
respectively.

Fig. 25. Synthetic hydrograph constructed from Wem using Penman-Monteith ET data from 1973-2018 for well WD. The grey box indicates a
drought period that occurred in the 1980’s according to Whittecar and Johnson (1990).
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Fig. 26. Synthetic hydrograph constructed from Wem analyses using Thornthwaite ET data from 1897-1957 for well WD. The grey box
indicates a drought period that occurred in the 1980’s according to Whittecar and Johnson (1990).

60

Fig. 27. Synthetic hydrograph constructed from Wem analyses using Thornthwaite ET data from 1958-2018 for well WD. The grey box indicates
a drought period that occurred in the 1980’s according to Whittecar and Johnson (1990).

61

Fig. 28. Synthetic hydrograph constructed from 24-month running average Wem using Thornthwaite ET data from 1897-2018 for well WD.
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Once the model was calibrated the RMSE and NSE were calculated for the upland wells.
Values of the RMSE ranged from 12 cm up to 29 cm. The best fit calibration was found at well
UP2 and the biggest error at well WD. NSE values were very low, ranging from -46 to -0.58,
which indicates the mean values of the observed data will act as a better predictor than the model
results (Krause et al., 2005; Jain and Sudheer, 2008). Plots were created for each calibration well
to visually inspect the hydrographs to determine if the trends seen in the real-world data was
correctly modeled. The model hydrographs do a good job modeling the data for the first six
months, but after that there is an intense drawdown period occurring at all the wells seen in the
model results. Possible reasons for this intense drawdown period seen in the model results could
be the lack of surface flow and through flow between wetlands that might occur and was not
included in this model.
Following calibration, a sensitivity analysis was conducted on the hydraulic conductivity
and specific storage to ensure the best values were chosen. Better RMSE and NSE values were
obtained when a higher specific storage value was used, but the responses seen to rainfall were
muted in comparison to the hydrographs. It was decided to choose a value that got good RMSE
and NSE values while still showing the same magnitude of fluctuation in response to rainfall.
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Fig. 29. Calibration of well UP1 data against modeled results.

Fig. 30. Calibration of well UP2 data against modeled results.
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Fig. 31. Calibration of well UP3 data against modeled results.

Fig. 32. Calibration of well WD data against modeled results.

After calibration, the spatial distribution of head values across the entire island was
examined to determine if the higher Kc for the ponded wetland setting shifted the groundwater
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dome to an asymmetric pattern as seen in contour maps. A comparison of a plan view and a cross
section view of the Cape was done during the same time step of the transient model for two
scenarios: (1) assume all ET loss occurred uniformly from both uplands and ponded wetlands at
rates derived from the Penman formulae; and (2) assume ET loss in these two vegetation groups
occurred at (Penman) rates reduced or increased by the monthly Kc value. The time step selected
was chosen because it was a time step near the end of the model run and there were high heads
associated with that time step. The results are shown in figures 33-34 and 35-36. Both the
Penman-only and the Kc-altered versions of the produce show an asymmetric dome, but the
model run with Kc-altered rates the dome is shifted farther north. The Kc-altered version fits the
water table contour map constructed for this study (Figure 17) better than the Penman-only
model. Notably, however, neither version captures the asymmetry seen in the Whittecar and
Johnson (1990) water table contour map (Figure 4).
To determine if the model could accurately reflect the shift seen in Whittecar and
Johnson (1990) contour map (Figure 4) the same recharge values used from that study were used
in a third revision of the model per Whittecar and Johnson (1990). Unlike the two previous
model runs that were transient this model was run as a steady-state model. Values with grid cells
containing 0% (all sand) and 1-25% wetlands were given full recharge values (+0.006 m/d),
while 25-50%, 50-75%, 75-99% and 100% wetlands were given no recharge (PPT-ET=0)(0
m/d). Wetbud does not use a recharge rate value but uses a method which subtracts ET from
precipitation to calculate recharge. To represent recharge values using Wetbud, one ET grid zone
was created that had constant loss during all time steps (0 m/d), and two precipitation zones were
created that were constant through all time steps (0 m/d and 0.006 m/d). Using this method the
precipitation rate is acting as the recharge rate since there is no water lost to ET. The ET grid
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zone was applied over the entire model, 0.006 m/d precipitation zone was applied to any cell that
had a wetland area less than 25%, and the 0 m/d precipitation zone was applied to any cell that
contained more than 25% wetland.
Results from the model (Figures 37 and 38) more closely resemble the asymmetric dome
shown by the Whittecar and Johnson (1990) water table contour map than the contour map
generated in the present study. The map from Whittecar and Johnson (1990) differs because it
has an additional well with a large hydraulic head, located in the military base, not used in the
present study. The in-park data used for Figure 17 do not disagree with the 1990’s map contours.
It is very possible that the Whittecar and Johnson (1990) map is the more accurate representation
of the water table on Cape Henry. If so then the White Method may underpredict the water loss
from the wetlands.
Another possibility is that a factor governing the groundwater flow is not being
represented in the model. For example, Anderson et al. (2000) found that a small lowpermeability lens altered the shape of the water table across the Cape Hatteras barrier complex.
Throughout much of the Cape Henry area, Whittecar and Johnson (1990) noted the presence of a
coarse sand zone (see Figure 3), unmodeled in the present study, that may allow faster flow
through the subsurface and lower the groundwater table. Future work may resolve this problem.
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Fig 33. Head values at time step 350 using uncorrected Penman ET for all cells (no adjustments for wetlands).
Highest heads denoted by black contour line. The black line marks transect used in Figure 34.

Fig 34. Cross section from the middle of Cape Henry of groundwater dome using uniform uncorrected Penman,
values of ET at all cells. Black: topography, red: hydraulic head
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Fig 35. Head values at time step 350 using Kc-altered Penman for all cells (greater ET in the wetlands). Highest
heads denoted by black contour line. Black line marks transect used in Figure 36.

`Fig 36. Cross section from the middle of Cape Henry of groundwater dome using Kc-altered Penman values that
distinguish uplands and wetlands. Black: topography, red: hydraulic head
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Fig 37. Head values at using Whittecar and Johnson (1990) method for calculating recharge for cells (assumes ET
equals precipitation in all wetlands). Highest heads denoted by black contour line. Black line marks transect used in
Figure 38.

Fig. 38. Cross section from middle of Cape Henry showing ground water dome using recharge pattern from
Whittecar and Johnson (1990). Blue: topography, red: hydraulic head
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CHAPTER 4
DISCUSSION AND CONCLUSION
This study proposed that variations in ET throughout Cape Henry were large enough to
cause a shift in groundwater to develop an asymmetrical dome. A variety of methods were used
to first test if the dome was asymmetric and then determine if the variations in ET between the
two dominant vegetation groups were large enough to be the cause the shift. Methodologies
included wetland mapping, determining the hydraulic properties of the sediment, groundwater
monitoring, calculation of AET rates, and groundwater modeling using Wem and Wetbud.
Using a variety of mapping techniques from the NWI, WSS, and an ecosystem map,
wetlands were found concentrated in the southern part of Cape Henry. These wetlands developed
in swales between linear dune features that were noted in the soils and ecosystem map, but not
seen using the NWI’s map. Use of the stark differences in the soil, a histosol and a recently
developed entisol, provided a good delineation between the uplands and the wetlands.
A water table contour map showed highest head values in First Landing State Park were
found at well WD located north of the park on Shore Drive. The location of well WD is north of
the center of the island and the fact that highest head values occur there, or perhaps farther north
in Fort Story, indicates the dome is shifted northward than what is ideally expected on a uniform
barrier island. This shift is opposite of what Ruppel and Kruse (2000) described happening on
barrier islands. They describe highest head values are typically found on the lagoon side because
of higher mean sea level on the ocean side pushing the freshwater-saltwater interface more
landward causing the shift in groundwater. Doss (1993) mentioned greater ET rates could be
driving the shifting groundwater divide, and that indeed was found to be the driving force
occurring at Cape Henry. In comparison to the water table contour map produced in Whittecar
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and Johnson (1990) the dome mapped in the present study is less asymmetric and less elongated
in the east-west direction. This difference may stem from the lack of well data from sites in Fort
Story during this study.
Diurnal water table fluctuations found in the hydrographs were used to calculate the AET
rates. Using these daily occurring fluctuations to calculate AET, higher rates of AET were
calculated for the wetland settings compared to the upland setting. These higher rates of AET
were thought to occur in part due to the ponding that occurs for 8-12 months of the year which
would increase surface evaporation along with the transpiration lost by the surrounding
vegetation. By using Penman-calculated PET and the AET, Kc were calculated for both the
upland and ponded setting and applied to the Wetbud Advanced model. From Kc values it was
seen that ponded AET rates were higher than Penman for five months out of the study period
while upland settings were never greater than Penman.
Wem calculated by both Penman and Thornthwaite was shown to have high 𝑅 2 values,
low RMSE, and high NSE. This result gave high confidence to use Thornthwaite values from
temperature data gathered from 1896 to create a synthetic hydrograph and to use Penman data
starting in 1973. From the hydrographs and using the mid-1980’s as a reference dry period, it
appears that periods of drought and low water level have occurred for months (often) and yearly
(occasionally) throughout the last century. The synthetic hydrographs indicate water fluctuations
as great as 0.5 m were seen seasonally. This high level of water fluctuations show much of the
ponded wetlands extent can dry out or become inundated annually due to the variability in
recharge. Because bald cypress propagation needs to have dry ground for seed germination, and
because some animals (e.g. chicken turtle) suffer greater predation during drought, the
propensity and timing of droughts may have significant management implications for the park.
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Three Wetbud models were run. The first used Penman-Monteith-calculated PET, the
second used Penman-Monteith rates altered by the Kc values calculated in this study, and the
third applied larger ET values from Whittecar and Johnson (1990). Using Penman-Monteith ET
rates a slight shift in the groundwater dome can be seen in the model output. When the Kc values
were applied to the groundwater model the plan view did exhibit a slightly larger shift of the
groundwater dome to the north, more so than the Penman-Monteith run, but the results were not
as dramatic as the 1990 water table contour map from Whittecar and Johnson (1990). Whittecar
and Johnson (1990) speculated that ET rates in the wetland areas were as large or larger than
precipitation rates; when those reduced recharge rates were applied to the calibrated model the
observed 1990 shift in the groundwater dome was correctly modeled. ET is thought to be the
cause of the groundwater dome shift but was not seen as clearly in the Kc model results;
potentially those calculated AET rates could be underpredicting what amount of water the
wetlands were actually losing. Future studies might examine the effect of shallow aquifer
variations not modeled in the present study.
Calibration of the Advanced Wetbud model proved rather difficult to get the best values.
Using the final calibration the lowest RMSE was 12 cm and the largest was 29 cm. The highest
NSE was -0.58 and the lowest was -46. The RMSE values are large, but for the resolution of the
model they are acceptable. The modeled hydrographs tend to fit the real world data better during
the first half of the model run, but during the second half of the model large drawdowns occur
raising the RMSE value. Overall the trends in the modeled hydrographs correctly modeled the
trends seen in the real hydrographs. Potentially surface flow between different interdunal ponds,
not modeled in this study, may be a significant factor altering short-term water level fluctuations.
To improve the model results future workers might create a higher resolution model with grid
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cells of 15 m x 15 m to better model vegetation changes, topography, and hydraulic
conductivities.
From the current understanding of Cape Henry it can be seen that ET can be a driving
force controlling groundwater movement and position. From the Whittecar and Johnson (1990)
contour map it was thought that using the White method to calculate AET is underpredicting the
water loss from the wetlands. When no recharge was applied to any cells that contained wetlands
in the model a dramatic shift in the water occurred which was a good representation of the water
table elevations from Whittecar and Johnson (1990). Further work could be done by installing
more wells in the ponded areas and using an evaporation pan to understand how much of the
groundwater shift is due to evaporation versus transpiration from the vegetation.
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APPENDIX A
WELL REPORTS AND BOREHOLE LOGS
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APPENDIX B
SPECIFIC YIELD DATA
Sy values for UP1
Ppt. (cm)

∆h (cm)

3/14/2017

4.24

10.70

39.60

3/31/2017

4.42

19.97

22.13

4/7/2017

0.53

0.87

61.10

5/6/2017

4.83

13.79

28.19

5/13/2017

2.08

8.61

24.19

5/23/2017

1.85

4.90

37.81

6/6/2017

2.79

5.57

50.17

Date

Sy

Avg=37.50
±2SE=5.39
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Date

Ppt. (cm)

Sy values for UP2
∆h (cm)

Sy

3/14/2017

4.24

21.33

19.88

3/31/2017

4.42

31.65

13.97

4/7/2017

0.53

2.56

20.82

4/18/2017

1.14

4.83

23.65

5/6/2017

4.83

26.49

18.22

5/13/2017

2.08

11.06

18.80

5/20/2017

0.20

2.42

8.40

5/23/2017

1.85

6.55

28.29

6/6/2017

2.79

10.45

26.75
Avg=19.86
±2SE=2.05

Date

Ppt. (cm)

Sy values for UP3
∆h (cm)

Sy

4/18/2017

1.14

2.85

40.13

5/2/2017

1.27

6.10

20.81

5/6/2017

4.83

16.00

30.15

5/13/2017

2.08

5.88

35.41

5/23/2017

1.85

4.87

37.99

6/6/2017

2.79

6.26

44.62
Avg=34.85
±2SE=3.43
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Date

Ppt. (cm)

Sy values for WD
∆h (cm)

Sy

4/18/2017

1.14

3.30

34.61

4/22/2017

1.85

4.65

39.87

4/28/2017

0.94

4.09

22.98

5/2/2017

1.27

5.37

23.63

5/22/2017

1.85

4.53

40.91
Avg=32.40
±2SE=3.86

Date

Sy for P1 during dry months
Ppt. (cm)
∆h (cm)

Sy

7/6/2017

0.67

1.99

33.67

7/9/2017

0.84

1.25

67.20

7/15/2017

1.81

3.58

50.56

7/30/2017

1.18

2.96

39.86

8/8/2017

0.77

2.46

31.30

8/13/2017

2.36

6.60

35.76

8/19/2017

0.36

1.02

35.29

9/26/2017

0.42

1.06

39.62

10/29/2017

2.32

4.15

55.90

11/8/2017

0.59

1.30

45.38
Avg=43.45
±2SE=3.61
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APPENDIX C
ADVANCED MODEL SETUP

Fig. C-1. Model area of Cape Henry represented by the grid including LiDAR aggregation from 1 m to 125 m cells.
Blank grid cells were modeled as Constant Head boundaries or No-Flow boundaries.
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Fig. C-2. Constant head boundary applied to all runs used in the Advanced Scenario.
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Fig. C-3. No-flow boundary applied to all runs in the Advanced Scenario.
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Fig. C-4. Monitoring points applied to all runs in the Advanced Scenario.
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Fig. C-5. ET zones represented in models run based off of area of wetland/upland ratio in each grid cell.
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APPENDIX D
SENSITIVITY ANALYSIS

Model Run
Well

RMSE

NSE

UP1

16.35

-3.77

UP2

12.08

-0.58

UP3

15.81

-4.59

WD

28.85

-64.20

50% Decrease in Specific Storage
Well

RMSE

NSE

UP1

16.39

-3.80

UP2

12.88

-0.79

UP3

18.42

-6.59

WD

32.82

-60.07

95
50% Decrease in Hydraulic Conductivity
Well

RMSE

NSE

UP1

61.01

-65.45

UP2

44.67

-20.55

UP3

84.08

-157.06

WD

65.93

-245.50

25% Decrease in Specific Storage
Well

RMSE

NSE

UP1

16.33

-3.76

UP2

12.45

-0.67

UP3

16.99

-5.45

WD

30.72

-52.50

96
25% Decrease in Hydraulic Conductivity
Well

RMSE

NSE

UP1

30.44

-15.54

UP2

17.47

-2.30

UP3

34.47

-25.56

WD

18.11

-17.60

25% Increase in Specific Storage
Well

RMSE

NSE

UP1

16.44

-3.83

UP2

11.76

-0.49

UP3

14.84

-3.92

WD

27.19

-40.92

97

25% Increase in Hydraulic Conductivity
Well

RMSE

NSE

UP1

14.32

-2.66

UP2

20.34

-3.47

UP3

32.19

-22.17

WD

50.91

-145.97

50% Increase in Specific Storage
Well

RMSE

NSE

UP1

16.57

-3.91

UP2

11.48

-0.42

UP3

14.06

-3.42

WD

25.07

-36.45

98

50% Increase in Hydraulic Conductivity
Well

RMSE

NSE

UP1

18.83

-5.33

UP2

27.90

-7.41

UP3

50.17

-55.28

WD

69.37

-271.89
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