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Cover. Aerial view of Long Island Sound and adjacent areas of New York, Connecticut, and Rhode
Island, with the study area outlined in white. Map imagery copyright 2024 Esri and its licensors. Inset
graph shows simulated monthly loads of groundwater-transported total dissolved nitrogen at the
12-digit hydrologic unit code (HUC12) outlets, by source; modified from figure 168 in this report.
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Mass
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Vertical coordinate information is referenced to the North American Vertical Datum of

1988 (NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.

Supplemental Information

Nitrogen loads are reported in kilograms of nitrogen per day (kg-N/d) or kilograms of nitrogen
per year (kg-N/yr). Nitrogen yields are reported in kilograms of nitrogen per square kilometer
per day ([kg-N/km?]/d), and nitrogen yield residuals are reported in kilograms of nitrogen per

square kilometer per year ([kg-N/km2]/yr).

A water year (WY) is the 12-month period from October 1 through September 30 of the following
year and is designated by the calendar year in which it ends.
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Simulated Mean Monthly Groundwater-Transported
Nitrogen Loads in Watersheds on the North Shore of

Long Island Sound, 1993-2022

By Janet R. Barclay, Madeleine J. Holland, and John R. Mullaney

Abstract

Elevated nitrogen loads are pervasive in the Long Island
Sound, an estuary that receives freshwater and nutrients from
both surface-water and groundwater discharge. Surface-
water nitrogen loads to the Long Island Sound are relatively
well characterized, but less is known about groundwater-
transported nitrogen loads. Prior work on the northern shore
of Long Island Sound (Connecticut and areas of New York
and Rhode Island) suggested that groundwater travel times
are relatively short (median less than 2 years) and that
decade-long nutrient legacies are not widespread. Because
the travel times are short, groundwater flow and nutrient
loads likely vary substantially between months. In the cur-
rent study, the U.S. Geological Survey, in cooperation with
the U.S. Environmental Protection Agency’s Long Island
Sound Study and the Connecticut Department of Energy and
Environmental Protection, developed a set of models to better
characterize spatial and temporal patterns of groundwater-
transported nitrogen loading from atmospheric deposition,
septic systems, and fertilizers within the study area. The
models provide an estimate, with uncertainty, of groundwater-
transported nitrogen loads in the study area, filling a key gap
in the nitrogen budget for Long Island Sound. The models also
highlight the spatial and temporal variation in nitrogen loading
throughout the study area.

The modeling workflow involved four models. (1) A soil-
water-balance model was developed by using the Soil-Water-
Balance software to simulate groundwater recharge across the
study area for water years 2005 through 2022. The simulated
mean monthly recharge from the soil-water-balance model
was used as input into a groundwater-flow model. (2) The
groundwater-flow model was developed by using the MOD-
FLOW 6 software and data for water years 1993 through 2022
and simulates average monthly hydrologic conditions. The
groundwater-flow model was calibrated by using the Iterative
Ensemble Smoother method within the PEST++ software. The
Iterative Ensemble Smoother method generates an ensemble
of sets of parameter values, with each set producing reason-
able simulated hydrologic parameter values. (3) An ensemble
of MODPATH particle-tracking simulations were run to

generate particle flow paths and travel times, with each simu-
lation using a different set of the flow model parameters. (4) A
nitrogen load model uses the MODPATH simulation outputs to
track nitrogen from the land surface through multiple attenua-
tion zones until it discharges into fresh or saline surface water.
As with the groundwater-flow model, the nitrogen model
simulated average monthly groundwater-transported nitrogen
loads for water years 1993 through 2022. One novel aspect of
the nitrogen load model is that the nitrogen attenuation param-
eters were calibrated to observed nitrogen loads.

Across the ensemble of simulated nitrogen loads, the
median study-area-wide monthly simulated nitrogen loads
from the aquifer to Long Island Sound throughout the year
ranged from 900 to 18,600 kilograms of nitrogen per day, with
a median load of 5,100 kilograms of nitrogen per day. The
simulated loads were based on average monthly conditions for
water years 1993 through 2022. Loads were highest during
the winter and early spring and lowest during the late summer.
However, simulated travel times for groundwater and nitrogen
loads discharged to Long Island Sound during summer were
longer than travel times for groundwater and loads discharged
during the winter, indicating that, on average, groundwater
discharged during summer traveled along different, and longer,
flow paths, than groundwater discharged during winter. This
indicates that summer loads would respond more slowly to
changes in nitrogen inputs at the water table than winter loads.
Over the entire study area, approximately 15 percent of the
simulated load is from atmospheric deposition sources, 30
to 40 percent is from fertilizer, and 50 to 60 percent is from
septic systems.

The final analysis of the study involved simulating the
change in groundwater-transported nitrogen load in response
to upgrading septic systems or reducing fertilizing inputs to
areas of turf grass. Both management interventions reduced
the groundwater-transported nitrogen load, and reductions
were greater in areas with greater loads from septic systems or
turf-grass fertilizers. The delay between management actions
and substantial reductions in groundwater-transported nitrogen
loads varied seasonally; loads during the late summer months
remained elevated longer than the winter loads.
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Introduction

In aquatic ecosystems, nitrogen in excess of what is
needed to support aquatic life can have negative conse-
quences. These consequences can include fish kills, harm-
ful algal blooms, and hypoxia (Jessen and others, 2015;
Smith, 2003). In the Long Island Sound, an estuary between
Long Island, New York, and Connecticut (fig. 1), excess
nitrogen from wastewater treatment facilities, septic systems,
and agricultural and turf-grass fertilizer has been pervasive
(Long Island Sound Study [LISS], 2015). Nitrogen inputs
to Long Island Sound originating from large point sources,
such as wastewater treatment facilities, have been well
characterized, and concerted efforts have reduced the loads
from these sources in recent years (Connecticut Department
of Energy and Environmental Protection [CT DEEP], 2019;
LISS, 2015; Mullaney, 2016; New York State Department of
Environmental Conservation and Connecticut Department
of Energy and Environmental Protection, 2000). Nitrogen
from sources dispersed across the landscape, referred to
as “nonpoint sources,” is less well characterized, though it
has been estimated to contribute as much as 70 percent of
the nitrogen load to Long Island Sound from Connecticut
(CT DEEP, 2019). A substantial fraction of the nonpoint-
source nitrogen may be transported through the groundwater
system from its sources to either a freshwater stream or river
or to coastal waters (Divers and others, 2013). Better charac-
terizing the spatial and temporal patterns of groundwater flow
and groundwater-transported nitrogen loading within the Long
Island Sound watershed is essential to management efforts
aimed at reducing nitrogen inputs to the Long Island Sound.

To better understand the shallow groundwater flow sys-
tem and groundwater-transported nitrogen on the north shore
of Long Island Sound, the U.S. Geological Survey (USGS),
in cooperation with the U.S. Environmental Protection
Agency’s (EPA’s) LISS and the CT DEEP, began a study
in 2020 to characterize monthly patterns of groundwater flow
and groundwater-transported nitrogen in watersheds draining
into the Long Island Sound along the Connecticut coast and
adjacent areas of New York and Rhode Island (fig. 1). This
study is a followup to a prior study that characterized long-
term average groundwater-flow conditions across the north
shore of Long Island Sound using a steady-state groundwater-
flow model and developed a demonstration model of ground-
water transport of nitrogen within one subwatershed (Barclay
and Mullaney, 2021a). The prior study is referred to as the
“phase 1 study” in the remainder of this report. In the current
study, a groundwater-flow model of average monthly condi-
tions was developed as a tool for understanding monthly
patterns of groundwater flow and nitrogen loading. The
demonstration model of nitrogen transport from the phase 1
study was updated and extended across the entire study
area for use as a tool for understanding monthly patterns of
nitrogen loading from groundwater-transported nitrogen to
surface water in the 12-digit hydrologic unit code (HUC12)
watersheds (Hydrologic Unit Code no. 12) (Seaber and

others, 1987) within the study area (fig. 2). The nitrogen load
model was used in this analysis to characterize the effects of
septic system upgrades or reductions in turf-grass fertilizer use
on groundwater-transported nitrogen loads. In the future, these
models could be used to simulate changes in hydrologic condi-
tions or nitrogen loads in response to nitrogen management
activities, changing climate, or increases in sea level.

Purpose and Scope

The purpose of this report is to document the analysis
of monthly groundwater-transported nitrogen loads from
watersheds on the north shore of Long Island Sound. This
report includes documentation of four models used in that
analysis: a daily soil-water-balance (SWB) model, a numeri-
cal groundwater-flow model, a particle-tracking model, and a
nitrogen load model. The report describes (1) the development
and calibration of the models, (2) simulated groundwater-
transported nitrogen loads in each watershed, and (3) esti-
mated nitrogen loads under a range of management scenarios
focused on reducing fertilizer use on turf grass and upgrad-
ing residential septic systems. The report is accompanied by
three data releases: (1) Barclay and Holland (2024) contains
aggregated model outputs, supplemental figures, and boundary
shapefiles; (2) Holland and Barclay (2024) contains the input
and output files for the SWB model, as well as postprocessing
scripts and some aggregated outputs; and (3) Barclay and oth-
ers (2024) contains the input and output files for the numerical
flow, particle-tracking, and nitrogen load models, as well as
calibration files and postprocessing scripts.

Prior Investigations

In the phase 1 study, the USGS, in cooperation with
the EPA’s LISS and the CT DEEP, developed a steady-state
groundwater-flow model for watersheds draining into the Long
Island Sound along the Connecticut coast and adjacent areas
of New York and Rhode Island (fig. 1). The model was used as
a framework for understanding groundwater discharge to sur-
face water in the HUC12 watersheds (Seaber and others, 1987)
within the study area and to a subset of coastal embayments
along the north shore of Long Island Sound. An additional
analysis was conducted to demonstrate the use of the model
for quantifying spatial patterns of nitrogen loading and attenu-
ation; the Niantic River watershed in eastern Connecticut was
the geographic focus of this pilot study. These models, subse-
quently referred to as the “phase 1 models,” were documented
and published in 2021 (Barclay and Mullaney, 2021a, b, c).

Many other investigations of nitrogen loading to and
cycling within Long Island Sound included groundwater-
transported nitrogen, but none explicitly quantified the
contributions of groundwater-transported nitrogen from the
north shore of Long Island Sound. Some investigations have
focused on quantifying the total nitrogen load from rivers
(Mullaney, 2013, 2023; Mullaney and others, 2002) and to
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areas of New York and Rhode Island). In some locations along the coast, multiple disconnected subbasins have been assigned to the
same HUC12 watershed. The map number name and areal extent of each HUC12 watershed are provided in a companion data release
(Table1_HUCS.csv in Barclay and Holland, 2024). CT DEEP, Connecticut Department of Energy and Environmental Protection.

coastal embayments (Vaudrey and others, 2016a). These stud-
ies included nitrogen transported to the rivers and embayments
through surface processes such as runoff as well as through
groundwater transport. Vlahos and others (2020) calculated
seasonal nitrogen budgets for the entire Long Island Sound,
including contributions from groundwater. Trends in the

total nitrogen loads in rivers were quantified by two studies
(Mullaney, 2016; Trench and others, 2012). Within the Niantic
River watershed, Mullaney (2015) quantified the effects of
converting septic systems to sanitary sewers on groundwater
nitrogen concentrations.

Notable Changes From Phase 1 Models

The current study builds upon and extends the phase 1
models. Notable changes include the following:

* The study area was expanded slightly to include small
watersheds that drain to the study area and larger near-
shore islands (fig. 1).

* The groundwater model software was upgraded from

MODFLOW-NWT (Niswonger and others, 2011) to
MODFLOW 6 (Hughes and others, 2017; Langevin
and others, 2017, 2021) to incorporate recent advances
in groundwater modeling. Throughout this report,
MODFLOW refers to MODFLOW 6.

* The temporal resolution was refined to simulate aver-

age monthly conditions because in the phase 1 models,
the median simulated travel time was less than 2 years,
suggesting that seasonal patterns of flow and transport
may be important.

* A monthly soil-water-balance model was developed for

the study to better simulate groundwater recharge, a
key input to the groundwater-flow model. This model
was developed by using the Soil-Water-Balance soft-
ware (Westenbroek and others, 2018).



* Streams and rivers within the study area were rep-
resented by using the Streamflow-Routing package
(Niswonger and Prudic, 2005) within MODFLOW,
which simulated bidirectional flow between the
river and the aquifer, rather than the Drain package
(Harbaugh, 2005), which does not simulate flow from
the river into the aquifer.

» Urban drains were added to better simulate the flow of
water into storm drains and leaky urban infrastructure
such as sewers.

» Septic return flows and private well withdrawals for
seasonal residents were added to the model. In some
coastal areas, water use by seasonal residents may
drive a substantial fraction of the water budget.

 Nitrogen attenuation varied by season (in some zones),
groundwater travel time, surficial geology, and river
distance, and the model parameters were calibrated to
fit measured loads within the study area. The phase 1
nitrogen model used literature values and did not
account for seasonal variation in attenuation rates,
groundwater travel time, or attenuation within the river
corridor.

Data Compilation and Analysis

Meteorologic, lithologic, soil, surface-flow-routing,
hydrologic, land-cover, water-use, and nitrogen data were
used as model inputs or calibration observations in the
models. Lithologic, land-use, and water-use data were
compiled for the previously developed groundwater model
(Barclay and Mullaney, 2021a) and, except as noted in the
report subsections that follow, were not recompiled for this
study. Meteorologic, lithologic, land-use, water-use, and soil
data were used as inputs to the models. The hydrologic and
nitrogen data were used as observations in the model calibra-
tion process.

Meteorologic Data

The daily meteorological data required by this study’s
SWB model included daily precipitation, daily maximum
temperature, and daily minimum temperature. These data were
obtained from Oak Ridge National Laboratory’s (ORNL’s)
Daymet Version 4 dataset (Thornton and others, 2022) for
October 2003 through September 2022 at a 1-kilometer (km)
spatial resolution. These data provided gridded estimates of
daily weather patterns across North America by interpolating
ground-based meteorological observations using an inverse-
distance weighting technique.

Data Compilation and Analysis 5

Lithologic Data

Lithologic data were used as compiled for the prior
model (Barclay and Mullaney, 2021a), except that the number
of classes of surficial material lithology were reduced from
eight to seven. Glacial deposits classified in the prior model as
“stratified glacial deposits—intermediate hydraulic conductiv-
ity,” which were mapped only for Connecticut and identified
as “Stacked Coarse Deposits Overlying Fine Deposits” in
Stone and others (1992), were reclassified as “stratified glacial
deposits—high hydraulic conductivity” in the uppermost
model layer and “stratified glacial deposits—Ilow hydraulic
conductivity” in any lower surficial material layers.

Soil Data

Two types of soil data—hydrologic soil group (HSG)
and available water capacity (AWC)—were used in the
SWB model. Maps showing the distribution of hydrologic
soil groups and available water capacity within the study
area are provided in a companion data release (figs. 1 and 2
in Barclay and Holland, 2024). Grids of both datasets were
obtained through the Natural Resources Conservation Service
(NRCS) Soil Survey Geographic Database (SSURGO; Soil
Survey Staff, 2022). Soil data were downloaded by using the
NRCS Soil Data Development Toolbox for ArcGIS. HSG can
have a value of A, A/D, B, B/D, C, C/D or D based on the
infiltration capacity of the soil (Cronshey and others, 1986).
Soils in group B, which are characterized by infiltration rates
between 0.38 to 0.76 centimeter (cm) per hour, were most
common across the study area (table 1). For soils assigned to
a dual hydrologic group (A/D, B/D, and C/D), the first letter
corresponds to the drained condition and the second letter
corresponds to the undrained condition. In this study, dual
hydrologic soil groups are assumed to behave like D soils, so
the parameters values specified for A/D, B/D, C/D, and D are
identical, effectively lumping the dual hydrologic groups in
with the D group. The distinction between soil groups in the
input HSG grid remains in place to allow for possible future
calibration efforts that differentiate between D soils and dual
hydrologic groups. AWC is the maximum amount of plant-
available water that is contained in the soil horizon. In this
study, AWC was averaged across the top 100 cm of soil and
converted to a dimensionless fraction of water depth per soil
thickness. The SWB software ultimately calculated the total
available water capacity by multiplying AWC by the specified
root zone depth for each grid cell. The root zone depth was a
calibrated parameter.

Surface-Flow-Routing Data

The SWB model uses topography-based flow direction
data to enable flow routing. The D8 flow direction, in which
flow from each cell is routed in one of eight horizontal direc-
tions to its steepest downslope neighbor, was derived from
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Table 1.
New York and Rhode Island).

Distribution of hydrologic soil groups across the north shore of Long Island Sound (coastal Connecticut and adjacent areas of

[Distribution based on the Soil Survey Geographic Database (SSURGO; Soil Survey Staff, 2022)]

Hydrologic soil group Description Percent of study area
A High infiltration rates and low runoff potential 8.63
A/D Wet soils (group D) that, if drained, would have high infiltration rates 1.34
B Moderate infiltration rates and moderately low runoff potential 42.8
B/D Wet soils (group D) that, if drained, would have moderate infiltration rates 8.13
C Moderately low infiltration rates and moderately high runoff potential 13.8
C/D Wet soils (group D) that, if drained, would have moderately low infiltration rates 7.61
D Low infiltration rates and high runoff potential 17.7

the National Elevation Dataset (Gesch and others, 2002). In
the SWB software settings, the downhill routing method was
selected; this method allows runoff from one or more cells to
become runon to downslope cells.

Hydrologic Data

Hydrologic data were used in the calibration of the SWB
and groundwater-flow models. In the SWB model, the daily
streamflow at 14 gages was used to calibrate the annual rate
of recharge to the aquifer. For the groundwater-flow model,
five groups of hydrologic data were used in the calibration:
(1) mean monthly groundwater levels and (2) the annual range
in monthly groundwater levels from 66 wells (USGS, 2024);
(3) mean monthly streamflows during base-flow conditions
(referred to as “mean monthly base-flow data”) and (4) the
annual range in mean monthly streamflows during base-flow
conditions from 14 gages (USGS, 2024); and (5) land-surface
altitude—the water table is below the land surface in terres-
trial cells and therefore the shallowest simulated groundwater
levels should also be below the land surface. The first and
fifth groups—monthly groundwater levels and the water-table
altitude relative to the land surface—provide information
about water levels on a monthly time step. The mean monthly
base-flow data (group 3) provide information about the quanti-
ties of water recharged and discharged from the groundwater
system. The annual range in monthly groundwater levels and
the annual range in base flow provide information about the
intra-annual variation in hydrologic conditions.

Base Flow

Flow records for 14 streamgages at sites unaffected by
water withdrawals, such as groundwater pumping, surface-
water diversions, and regulation, were selected for the base-
flow observations. The locations, site numbers, and other
information about the streamgages are provided in a compan-
ion data release (Table2 Gages.csv and fig. 3 in Barclay and
Holland, 2024). The 14 streamgages selected include those

within the study area designated as “Ref” in the Geospatial
Attributes of Gages for Evaluating Streamflow, version 11
(GAGES 1II) dataset (Falcone, 2011) and two additional
streamgages (USGS sites 01208873 and 012035055). For
each gage, daily streamflow was used to determine annual
recharge, mean monthly base flow, and the standard deviation
in monthly base flow; the mean annual range in monthly base
flow and the standard deviation in annual range in monthly
base flow were also calculated. The annual recharge was used
to calibrate the SWB model; the mean monthly base flow,

the standard deviation in monthly base flow, the mean annual
range in monthly base flow, and the standard deviation in
annual range in monthly base flow were used to calibrate the
groundwater-flow model.

Annual Recharge

Annual recharge observations were calculated by using
available streamflow measurements from water years (WYs)
2005 through 2022 (USGS, 2024). Annual recharge at each
streamgage was calculated by using the RORA algorithm
(Rutledge, 1998), as implemented in the DVstats package in
the statistical software R (Lorenz, 2017; R Core Team, 2021).
The RORA algorithm was selected because it focuses on iden-
tifying groundwater recharge, the primary input to the ground-
water system. Streamflow data for all gages are available in
the National Water Information System (USGS, 2024).

Mean Monthly Base Flow and Annual Base-Flow Range

Mean monthly base-flow observations were calcu-
lated by using available streamflow data from WYs 1993
through 2022 (USGS, 2024). Mean monthly base flow at each
streamgage was calculated by using two algorithms, PART
(Rutledge, 1998) and BFI (Gustard and others, 1992), as
implemented in the DVstats package in the statistical soft-
ware R (Lorenz, 2017; R Core Team, 2021). The PART and
BFT algorithms were selected for two reasons. First, in contrast
to RORA, which was used for calibrating the simulated
groundwater recharge, PART and BFI focus on base flow,
discharge from the groundwater system to streams. Base flow



is typically less than recharge because of well withdrawals and
evapotranspiration (Barlow and others, 2015; Rutledge, 1998),
both of which are explicitly represented in the groundwater-
flow model. Also, PART and BFI use different approaches to
determine the percentage of streamflow originating as base
flow rather than stormflow. PART and BFI calculate daily
mean base flow from daily mean streamflow. The daily mean
base flow was aggregated to mean monthly base flow, and
then the average of PART- and BFI-estimated mean monthly
base flow was used to calculate the mean monthly value of
base flow for each gage. Interannual variation in base flow
was estimated by adding and subtracting the standard devia-
tion in base flow for all days of each month over all years.

The annual range in mean monthly base flow for each gage
was calculated by subtracting the smallest monthly value

from the largest. Interannual variation in the annual range was
estimated by adding and subtracting the standard deviation in
annual range across all years (fig. 3). Streamflow data for all
gages are available in the National Water Information System
(USGS, 2024).

Mean Monthly Groundwater Levels and Annual
Groundwater-Level Ranges

Groundwater wells were selected on the basis of their
period of record and number of measurements: water levels
in all wells used in the analysis had been measured on 50 or
more different days during WY's 1993 through 2022. To avoid
overrepresentation of month-year combinations that had many
measurements, available water-level data from WYs 1993
through 2022 were aggregated first by year and month (for
example, January 2021), then month (for example, January),
for a final total of at most 12 observations from each well.
In total, water levels from 66 wells were used for model
calibration. The locations, site numbers, and other informa-
tion about the wells are provided in a companion data release
(Table3 Wells.csv and fig. 4 in Barclay and Holland, 2024).
The annual range in water levels for each well was calculated
by subtracting the smallest monthly value from the largest. For
the purposes of model calibration, uncertainty in the ground-
water levels was estimated as the sum of three values: (1) the
magnitude of the difference in land-surface altitude at the well
and the mean land-surface altitude for the model cell, (2) the
standard deviation in measured water levels by month, and
(3) 0.3048 meter (m) (1 foot [ft]) as an estimate of measure-
ment error (fig. 4). Water-level data for all wells are available
in the National Water Information System (USGS, 2024).
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Land-Cover Data

Land-cover data were used in three of the models in
this study, but the models use different versions of the land-
cover databases to more closely match the average condi-
tions during the modeling period. The SWB model simulates
WY 2005 through 2022 and uses the 2019 National Land
Cover Database (NLCD2019) (Dewitz and U.S. Geological
Survey, 2021). The groundwater-flow and nitrogen load
models were developed using hydrologic and nitrogen data
from WYs 1993 through 2022 and use the 2011 National Land
Cover Database (NLCD2011) (Homer and others, 2015). In
all three models, land cover is a static layer; it was assumed
that land cover does not change significantly during the
model period.

Based on NLCD2019, the most common land-cover
class in the study domain was “Deciduous Forest,” and over
one-half of the study area was classified as some type of
forest (either “Deciduous Forest,” “Evergreen Forest,” or
“Mixed Forest). The next most common land-cover class was
“Developed, Open Space,” and nearly one-third of the study
area was classified as some level of developed land (either
“Developed, Open Space”; “Developed, Low Intensity”;
“Developed, Medium Intensity”; or “Developed, High
Intensity”) (table 2). Maps showing the distribution of land
cover within the study area are provided in a companion data
release (fig. 5 in Barclay and Holland, 2024).

In the SWB model, the land-cover input layer consists of
14 classifications across the study area at a 30-m resolution.
The “Open Water” National Land Cover Database (NLCD)
classification is excluded because the SWB software does not
calculate a water balance for ponded areas. Land cover is resa-
mpled to the model resolution within the model code by using
a majority resampling technique.

In the groundwater-flow model, land cover was used
to create land-cover- and surficial-geology-based zones of
groundwater evapotranspiration. Four land-cover groups were
identified: open space (NLCD classification of “Developed,
Open Space”), forest (NLCD classifications of “Deciduous
Forest,” “Evergreen Forest,” and “Mixed Forest™), shrubs/
grassland (NLCD classifications of “Shrub/Scrub,”
“Grassland/Herbaceous,” “Pasture/Hay”) and wetlands
(NLCD classifications of “Woody Wetland” or “Emergent
Herbaceous Wetlands™). Groundwater evapotranspiration was
not simulated in areas with other land-cover classifications.

In the nitrogen load model, land cover was used to esti-
mate nitrogen inputs from fertilizer and rates of attenuation of
nitrogen from atmospheric deposition. Agricultural land was
identified by classifications of “Pasture/Hay” or “Cultivated
Crops.” Areas of turf grass were identified by areas that were
classified as “Developed, Open Space” and not also classified
as “Impervious.”
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A. Beaver River near Usquepaug, Rhode Island (01117468)
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B. Indian River near Clinton, Connecticut (01195100)
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Figure 3. Graphs showing mean monthly base flow and interannual variation for two representative streamgages based on
streamflow data from water years 1993 through 2022 (Barclay and Holland, 2024). A, Beaver River near Usquepaug, Rhode Island.

B, Indian River near Clinton, Connecticut. Interannual variation was estimated by using the standard deviation in base flow for all days
in each month.



Data Compilation and Analysis 9

A. CT-MB 35 (413554072270201)
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Figure 4. Graphs showing monthly water levels with associated interannual variation for two representative wells in Connecticut.

A, well CT-MB 35 and B, well CT-NHV 201. Interannual variation was estimated using the standard deviation in groundwater levels for
all measurements in each month. Altitude is in meters relative to the North American Vertical Datum of 1988 (NAVD 88). Aggregated
water-level data for monitoring wells are available in Barclay and Holland (2024). Raw water-level data for monitoring wells are
available in the National Water Information System (U.S. Geological Survey, 2024).
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Table 2. Distribution of land cover in the study area in
Connecticut and adjacent areas of New York and Rhode Island.

[Distribution based on the 2019 National Land Cover Database (Dewitz and
U.S. Geological Survey, 2021)]

Land-cover L Percent of

code Description study area
21 Developed, open space 11.13
22 Developed, low intensity 8.86
23 Developed, medium intensity 7.29
24 Developed, high intensity 2.89
31 Barren land 0.40
41 Deciduous forest 43.99
42 Evergreen forest 1.23
43 Mixed forest 8.86
52 Shrub/scrub 0.46
71 Grassland/herbaceous 1.13
81 Pasture/hay 3.35
82 Cultivated crops 0.90
90 Woody wetlands 8.46
95 Emergent herbaceous wetlands 1.04

Water-Use Data

Water use was estimated for public water-supply wells,
industrial wells, private residential wells, and septic return
flows. The compilation of water-use data was as described in
Barclay and Mullaney (2021a), with the following exceptions:

* Private well withdrawals (fig. 6 in Barclay and
Holland, 2024) and septic return flows for seasonal res-
idents were added to the model. The increase in popu-
lation due to seasonal residents was estimated from
census data (U.S. Census Bureau, 2010) as described
in appendix 1. Rates of groundwater withdrawals
and septic return flows were calculated by using a
per capita use rate of 0.18 cubic meter per day (m3/d)
(Dieter and others, 2018), a consumptive-use fraction
of 0.15 (Shaffer and Runkle, 2007), and public water
and sewer service maps, as described in Barclay and
Mullaney (2021a). Seasonal residents were assumed to
be present during the months of June, July, and August;
rates were set to zero during all other months.

» New reporting requirements for water diversions
in Connecticut began in 2020, which generated a
more detailed and updated dataset of groundwater-
withdrawal locations and rates than was avail-
able previously. This dataset was used to estimate
groundwater-withdrawal rates from public water-
supply and industrial wells. Industrial withdrawals
were not included previously due to lack of data and a
presumed small magnitude compared to public water-

supply withdrawals. Withdrawal rates aggregated
to the model cell are available in Barclay and oth-
ers (2024).

In addition, the following datasets were updated to
include newly available data:

» Sewer service areas within Connecticut
(CT DEEP, 2022)

» Groundwater-withdrawal sites and rates for New
York (Division of Water—Bureau of Water Resource
Management, 2022)

Due to data-availability limitations, water-use rates did
not vary throughout the year or modeling period in most
instances. The two exceptions were (1) the inclusion of sum-
mer private well withdrawals and septic return flows due to
seasonal residents and (2) monthly varying groundwater-
withdrawal rates for public water-supply and industrial supply
wells in Connecticut.

Nitrogen Data

Observed nitrogen loads and yields from streams dur-
ing base-flow conditions were compiled from the National
Water Information System (USGS, 2024) and Barclay and
others (2023) for 60 USGS water-quality monitoring stations
throughout the study area and used in the calibration of the
nitrogen load model (Table5_ObservedNitrogenLoads.csv in
Barclay and Holland, 2024). The observed loads and yields,
as well as a map showing the locations of the monitoring
stations, are provided in a companion data release (fig. 7
and Table5 ObservedNitrogenLoads.csv in Barclay and
Holland, 2024). Selected sites had one or more measurements
of total dissolved nitrogen (TDN) and were free from the influ-
ence of upstream wastewater treatment plants (EPA, 2021),
mapped diversions (CT DEEP, 2005) or dams with storage
of at least 100 acre-feet (U.S. Army Corps of Engineers and
Federal Emergency Management Agency, 2019). The avail-
able observed loads and yields were filtered to those collected
under base-flow conditions. Ninety of the observed loads were
collected as part of a project that sampled only during base-
flow conditions (Barclay and others, 2023); all observations
from that study were used. For the remaining 293 observed
loads, base-flow conditions were determined as follows:

* For stations with colocated streamflow gages, base-
flow conditions for each day were determined by
using the PART and BFI algorithms that were used to
calculate the observed streamflow; selected sites had a
minimum base-flow threshold of 75 percent.

* For stations without colocated streamflow gages,
base-flow conditions were determined by using gages
within the same six-digit hydrologic unit code (HUC6)
watershed. If 75 percent of the gages within the HUC6
watershed had base-flow contributions of 75 percent or



greater and none of the gages had base-flow contribu-
tions of 50 percent or less, then the station was deter-
mined to be at base-flow conditions on that day.

Loads were computed as the product of the TDN concen-
tration and the streamflow at the time when the sample was
collected; yields were computed as the quotient of the load
divided by the watershed area. For most samples used in this
study, TDN was calculated from concentration measurements
of different forms of nitrogen rather than measured analyti-
cally. If the available TDN value was censored, then TDN
was computed either as the sum of filtered Kjeldahl nitrogen
(ammonia and organic nitrogen) and half the censored limit of
filtered nitrate plus nitrite-nitrogen concentration or as the sum
of half the censored limit of filtered Kjeldehl nitrogen plus the
filtered nitrate plus nitrite-nitrogen concentration, depending
upon which component was censored. For each site, the mean
monthly nitrogen load and nitrogen yield were calculated by
using all available base-flow nitrogen load and yield data, even
if the data consisted of only one measurement. Most sites did
not have observed nitrogen loads and yields for every month.

Some of the water samples used in calculating observed
nitrogen loads exceeded the allowed holding time prior to
laboratory analysis. The extended holding times affected only
data collected during 2022 and primarily affected data from
the short-term sites because many of those sites only had data
from 2022. The effects of extended storage of natural water
samples prior to laboratory analysis are not well understood,
but the implications for the model are discussed in the section
below on the limitations of the nitrogen model.

Data Compilation and Analysis 1"

Sites were divided into two groups: sites with samples
from 10 or more different months over 5 or more years were
classified as “long-term” sites, and the remaining sites were
classified as “short-term” sites. Across the five long-term sites,
the number of observed nitrogen loads ranged from 20 to 78,
with a median of 53. Nitrogen yields at the long-term sites
ranged from 0.01 kilograms of nitrogen per square kilome-
ter per day (kg-N/km?/d) to 3.07 kg-N/km?/d, with a median
of 0.44 kg-N/km?/d. Long-term sites were weighted more
heavily in the calibration because they were more representa-
tive of long-term conditions. Across the 56 short-term sites,
the number of observed nitrogen loads ranged from 1 to 12,
with 42 sites having 2 observed loads. Seventy percent of the
short-term observed loads were from April, June, or July, and
65 percent were collected during 2022. The temporal bias
was a result of a data-collection initiative to better understand
spatial patterns in nitrogen loads under base-flow condi-
tions, although over a limited temporal extent (Barclay and
others, 2023). Nitrogen yields at the short-term sites ranged
from 0.03 kg-N/km?/d to 5.25 kg-N/km?/d, with a median of
0.52 kg-N/km?/d.

The model was calibrated to the yields to minimize the
influence of watershed size and maximize the influence of
attenuation rates and processes. In addition, the annual ranges
in the nitrogen load and nitrogen yield were calculated for
each site by subtracting the smallest monthly load or yield
from the largest. Compiled loads are available in Barclay and
Holland (2024, Table5 ObservedNitrogenLoads.csv). Mean
monthly nitrogen loads and associated variation for two sta-
tions with long-term nitrogen are shown in figure 5.
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A. Sasco Brook near Southport, Connecticut (01208950)
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Figure 5. Graphs showing mean monthly nitrogen loads with associated interannual variation for two long-term water-quality
monitoring stations in Connecticut. A, Sasco Brook near Southport, Connecticut. B, Salmon River near East Hampton, Conn. Interannual
variation was estimated using the standard deviation in observed nitrogen loads for all measurements in each month. Aggregated data
for monitoring states are available in Barclay and Holland (2024). Raw data for monitoring stations are available in the National Water
Information System (U.S. Geological Survey, 2024).



Soil-Water-Balance Model
Development

Potential groundwater recharge was estimated for the
northern shore of Long Island Sound by using the SWB
model software, version 2.0 (Westenbroek and others, 2018).
The SWB model uses a modified Thornthwaite-Mather soil-
water-balance approach (Thornthwaite, 1948; Thornthwaite
and Mather, 1957) to calculate water-balance components of
the soil zone, including net infiltration out of the root zone.

In areas where groundwater is close to land surface, such as

in the northeastern United States, net infiltration out of the
root zone may be assumed to become groundwater recharge
(Westenbroek and others, 2018). In the remainder of the
report, “net infiltration out of the root zone” is referred to as
“net infiltration.” For consistency with conventions for SWB
and MODFLOW software, “net infiltration” is used in this
report in reference to SWB and “recharge” is used in refer-
ence to MODFLOW. The model uses readily available gridded
data, including land cover (Dewitz and USGS, 2021), soil
properties (Soil Survey Staff, 2022), and daily meteorological
data (Thornton and others, 2022), to produce spatially variable
gridded estimates of groundwater recharge across the active
model domain at a daily time step. The model was run from
WYs 2004 through 2022, which includes a year for the model
to properly initialize the state of soil moisture for the first year
of the desired simulation (WY 2005). The SWB model covers
the same active model domain as the groundwater model and
has the same horizontal model resolution. However, the SWB
model code does not support the rotated projection used in

the groundwater model; because of this, reprojection of SWB
output was required before it could be used in the ground-
water model. The horizontal model resolution was 152.4 m
(500 ft), resulting in 1,008 rows and 1,224 columns. Out of the
1,233,792 model grid cells, 405,908 were active and the rest
were inactive.

Estimates of net infiltration calculated by the SWB model
were calibrated to estimates of groundwater recharge calcu-
lated from streamflow values by using the RORA recession-
curve displacement method (Rutledge, 1998). Recharge rates
were further calibrated as part of the calibration process for
the groundwater-flow model (described in “Calibration of the
Numerical Model” below). A complete archive of model input
and output files for the SWB model is available in Holland and
Barclay (2024).

Design of the Soil-Water-Balance Model

The SWB model calculates net infiltration based on
input meteorological data, soil data, land-cover data, and a
parameter lookup table. The individual components of the
water balance are calculated according to user-activated
modules for grid cells in the model domain. Precipitation is
partitioned into runoff and an initial abstraction term by using
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the U.S. Department of Agriculture (USDA) NRCS curve
number method (Cronshey and others, 1986). Potential evapo-
transpiration is estimated by the Hargreaves-Samani method
(Hargreaves and Samani, 1985), and actual evapotranspira-
tion and soil moisture are estimated by the Thornthwaite-
Mather method (Thornthwaite and Mather, 1957). Snowmelt
is estimated by a temperature-index method (Dripps and
Bradbury, 2007). Soil moisture is updated at a daily time step
as the difference between each grid cell’s sources (precipita-
tion, runon, snowmelt) and sinks (interception, runoff, and
evapotranspiration):

0,= 0, + precipitation + runon + snowmelt —

interception — runoff — ET, )
where
0,  isthe soil moisture on the current simulation
day, in inches,
0.1,  1s the soil moisture on the previous simulation
day, in inches, and
ET  isthe actual evapotranspiration, in inches.

Where soil moisture exceeds a specified total available
water capacity for a grid cell, infiltration is assumed to take
place. The total available water capacity is calculated on the
basis of the AWC and the maximum rooting depth, a cali-
brated parameter. A daily limit on net infiltration is specified
by the maximum net infiltration parameter (table 3). This limit
prevents the model from calculating unreasonably high net
infiltration values. Flow routing was enabled in this model, so
any amount of infiltration in excess of the specified maxi-
mum net infiltration for each grid cell was routed to the next
downslope cell as runon.

Input Datasets

The SWB model requires tabular and gridded input data-
sets in addition to a control file that specifies the model grid,
which modules to activate, and the paths to input datasets.
Input datasets include (1) daily meteorological data, (2) land
cover, (3) hydrologic soil groups, (4) available water capac-
ity, (5) surface-water flow direction, and (6) a parameter
lookup table. Meteorologic, soil, and flow-routing data were
compiled as described above in the “Data Compilation and
Analysis” section.

The SWB model requires soil and land-use parameter
values in a parameter lookup table that controls how the SWB
software assigns these characteristic values to the hydrologic
system. Parameter values include maximum net infiltration,
curve number, root zone depth, growing season start and end
dates, and precipitation interception storage. These param-
eters are a function of land cover and hydrologic soil group
(Table6. SWB_Parameters.csv in Barclay and Holland, 2024).
The maximum net infiltration parameter indicates the
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Table 3. Calibrated maximum net infiltration values specified by the soil-water-balance lookup table, by land cover and hydrologic soil

group, for use by the soil-water-balance model for the study area in Connecticut and adjacent areas of New York and Rhode Island.

[Hydrologic soil groups are described in table 1. Maximum net infiltration is given in inches per day]

Hydrologic soil group

Land cover
A A/D B B/D c C/D D
Developed, open space 3.000 0.504 1.800 0.504 0.996 0.504 0.504
Developed, low intensity 3.000 0.504 1.800 0.504 0.996 0.504 0.504
Developed, medium intensity 3.000 0.504 1.800 0.504 0.996 0.504 0.504
Developed, high intensity 0.060 0.010 0.030 0.010 0.010 0.010 0.010
Barren land (rock/sand/clay) 3.600 2.400 3.600 2.400 3.300 2.400 2.400
Deciduous forest 7.200 2.400 4.200 2.400 3.300 2.400 2.400
Evergreen forest 7.200 2.400 4.200 2.400 3.300 2.400 2.400
Mixed forest 7.200 2.400 4.200 2.400 3.300 2.400 2.400
Shrub/scrub 7.200 2.400 4.200 2.400 3.300 2.400 2.400
Grassland/herbaceous 7.200 2.400 4.200 2.400 3.300 2.400 2.400
Pasture/hay 7.200 2.400 4.200 2.400 3.300 2.400 2.400
Cultivated crops 7.200 2.400 4.200 2.400 3.300 2.400 2.400
Woody wetlands 2.400 0.400 2.400 0.400 1.200 0.600 0.600
Emergent herbaceous wetlands 2.400 0.400 2.400 0.400 1.200 0.400 0.400

maximum allowable daily infiltration rate, with calibrated val-
ues ranging from 0.03 to 18.3 centimeters per day. Calculated
net infiltration greater than the maximum net infiltration rate is
considered “rejected net infiltration” and is routed to the next
downslope grid cell. The curve number parameter is used in
the curve number method (Cronshey and others, 1986) to par-
tition precipitation into runoff and an initial abstraction term.
The curve number is dimensionless and, after calibration,
ranged from 31.50 to 100.00. Root zone depth, the maximum
depth of plant roots, is used to calculate total available water
capacity and, after calibration, ranged from 0.12 to 1.1 m. The
start and end of the growing season were set to the 133rd and
268th days of the year. Interception refers to the amount of
precipitation that is intercepted by trees and plants and was

set at 0.08 cm during the growing season and 0.00 cm during
the nongrowing season. Initial parameter values were taken
from a published SWB model for Long Island (Finkelstein and
others, 2022), but some parameter values were adjusted during
model calibration.

Calibration of the Soil-Water-Balance Model

Because the estimated values of net infiltration (that
is, recharge) are further adjusted during calibration of the
groundwater-flow model, a simple calibration approach focus-
ing on just three parameter sets—curve number, maximum net
infiltration, and root zone depth—was selected for the SWB
model. In this approach, SWB-modeled net infiltration is
aggregated to an annual time step and compared to estimates
of groundwater recharge aggregated to an annual time step.

Groundwater recharge was calculated from streamflow values
by using the RORA recession-curve displacement method
(Rutledge, 1998) for 14 basins across the study area (Table2
Gages.csv and fig. 3 in Barclay and Holland, 2024).

An automated calibration was done to scale each of three
SWB parameter sets successively (curve number, maximum
net infiltration, and root zone depth, in that order) by an
optimal multiplier. The remaining model parameters were not
calibrated. A series of SWB model runs were done in which
one of eight multipliers (0.8, 0.85, 0.9, 0.95, 1.05, 1.1, 1.15,
and 1.2) was applied to a parameter set. For each calibration
run, a run error was calculated:

runerror = Y, ¥ (sim; = obs))?, 2)
where
i is the calibration basin,

j  1s the water year of the simulation,

sim is the annual, basin-averaged, SWB-simulated
net infiltration value, and

obs s the annual RORA recharge value at the
calibration gage.

The run error is the sum of the residual sum of squares
across all calibration basins. By quantifying the fit between
simulated net infiltration and RORA estimated recharge,
each successive parameter adjustment was evaluated. The
multiplier corresponding to the lowest run error was carried



on to the next step of calibration. This equated to a total of
24 model runs plus one base run to which the calibration runs
were compared.

A base run was completed by using these initial param-
eter values, and a base run error was calculated. For the first
round of calibration runs, multipliers were applied to all
curve number parameters to create eight lookup tables. Curve
numbers were not permitted to exceed 100. The eight SWB
model runs were executed in parallel on the USGS Denali
Supercomputer (Falgout and others, 2019), and a run error
was calculated for each simulation. The eight run errors in
addition to the run error for the base model were compared.
The parameter lookup table corresponding to the model run
with the lowest run error was advanced to the next round of
calibration, and the lowest run error became the new base
model run error. This procedure was applied to the parameter
set for maximum net infiltration followed by the parameter set
for root zone depth. Additional manual adjustments were made
after the automated calibration to fine-tune parameter values
and balance the residuals across the calibration basins.

Model calibration reduced the run error by 7 percent,
and the final simulated net infiltration values agreed well
with recharge estimated by the RORA method (fig. 6). The
coefficient of determination (R2) for the simulated annual
net infiltration in comparison to estimated RORA recharge
values is 0.69. The Nash-Sutcliffe efficiency (Nash and
Sutcliffe, 1970) for this model is 0.65. The Shapiro-Wilk test
of normality indicates that the residuals follow a normal dis-
tribution at the 0=0.05 level (p=0.057, so we do not reject the
null hypothesis of normality), with a Shapiro-Wilk test statistic
0f 0.99. Model residuals were greater for years with higher
net infiltration.

Additional calibration runs, including runs that sampled a
wider parameter space, would likely result in a further reduc-
tion in run error, but the parameter space was limited to plus or
minus 20 percent of the original parameter value as to not pro-
duce unreasonable parameter values. Furthermore, calibration
efforts were limited so not to “overfit” the SWB model. The
14 calibration basins made up only 8.4 percent of the study
area, and RORA recharge is only an estimation of recharge,
not a true observation (Rutledge, 1998).

Simulation of Net Infiltration

Following calibration, the SWB model was run for
WYs 2005 through 2022 to simulate potential groundwater net
infiltration rates; WY 2004 was used to initialize soil-moisture
values. It was assumed that recharge for this period of time
was a reasonable representation of recharge during the entire
study period of 1993 through 2022 because the recharge was
further adjusted during the groundwater model calibration.
Mean monthly net infiltration estimates were used as recharge
inputs into the groundwater-flow model.
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On an annual basis, simulated net infiltration is highly
dependent on precipitation, with annual spikes in precipitation
mirrored by spikes in recharge (fig. 7). Annual mean precipi-
tation averaged across the study area ranged from 105.7 cm
(WY 2016) to 181.8 cm (WY 2006), with a mean of 135.8 cm
across the period of analysis. Annual mean simulated net infil-
tration across the study area ranged from 33.3 cm (WY 2016)
to 77.2 ecm (WY 2006), with a mean of 52.3 cm across the
period of analysis. On a monthly basis, simulated net infiltra-
tion was affected by the seasonal cycle of evapotranspiration,
with recharge peaking in the winter months when evapotrans-
piration is at its lowest and falling in the summer when evapo-
transpiration is at its highest (fig. 8). Spatially, for the 18 years
modeled, annual simulated net infiltration varied substantially
from less than 1 cm to more than 150 cm (fig. 9), with the
lowest rates occurring in highly urbanized areas.

Of the seven hydrologic soil groups, group A soils (sands
and sandy loams with low runoff potential) have the highest
annual net infiltration rates, and type D (clayey soils with high
runoff potential) and the dual hydrologic soil groups (A/D,
B/D, and C/D, which have the same properties as type D soils)
have the lowest annual net infiltration rates. Net infiltration did
not vary substantially between vegetated land covers. Graphs
of net infiltration by hydrologic soil group and land cover are
provided in a companion data release (figs. 8 and 9 in Barclay
and Holland, 2024).

The lowest net infiltration values fell under the
“Developed, High Intensity” land-cover classification because
of the high curve numbers paired with the low maximum net
infiltration parameter values assigned to these cells. These
model grid cells are along the urban Connecticut coast, includ-
ing near the cities of Bridgeport, Norwalk, and Stamford,
as well as in New York in Westchester and Bronx Counties
(counties not shown on any figure). In many of these areas,
impervious surfaces cover 50 percent or more of the model
grid cell. This SWB model does not account for groundwa-
ter recharge via managed recharge projects such as infiltra-
tion basins that are common in developed areas. As a result,
net infiltration may be an underestimation of recharge in
these areas.

Limitations of Soil-Water-Balance Model Net
Infiltration Estimates

This SWB model provides temporally and spatially vari-
able gridded estimates of groundwater recharge that are key
inputs to the groundwater-flow model; however, there are sev-
eral limitations to the approach of using these data as recharge
estimates. The limitations are related to input datasets, to
inherent limitations in the SWB model code, and to the use of
simulated potential net infiltration as groundwater recharge in
the groundwater-flow model.

It was assumed that input datasets, including hydrologic
soil type, available water capacity, and land cover, did not
change throughout the simulation period. This is a reasonable
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Figure 6. Graphs showing soil-water-balance (SWB) model calibration results (Holland and Barclay, 2024). A, Simulated net infiltration
and recharge estimated by the RORA method. B, Model residuals and recharge estimated by the RORA method. Data points represent
annual recharge for water years 2005 to 2022 for 14 streamflow monitoring stations in Connecticut and Rhode Island.
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Figure 7. Graph showing annual totals of the major water-balance components from water years 2005 through 2022 across the study

area in Connecticut and adjacent areas of New York and Rhode Island (Holland and Barclay, 2024). A water year is the 12-month period
from October 1 through September 30 of the following year and is designated by the calendar year in which it ends.

assumption for a 15-year simulation in this region. Additional
uncertainty was introduced for parts of the study area where
input data are not available. Within the SSRURGO database,
missing values were present for both AWC and HSG. The
most problematic area was SSURGO survey area NY 199
(Westchester County, N.Y.), where map units designated in
SSURGO as “Urban land” did not have an associated AWC
or HSG. Missing values across the arca were estimated
by using the values of adjacent pixels at the data’s native
30-m resolution.

Several limitations were introduced by the SWB model
code. The SWB code has no mechanism for infiltration
rejection via saturation excess, and, as a result, in areas with

a shallow water table, such as wetlands, the SWB model is
expected to perform poorly. Furthermore, the SWB software
does not calculate recharge for surface-water features, such
as lakes and ponds. Wetlands, classified as either “Woody
Wetland” or “Emergent Herbaceous Wetland,” were included
in this model and make up 9.5 percent of the study area,
whereas “Open Water” land-cover model cells were excluded
from the SWB model entirely. In addition, the SWB model
does not account for direct infiltration of streamflow loss
through streambeds to aquifers or other processes that provide
point-source recharge (Westenbroek and others, 2018).
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Numerical Groundwater-Flow Model

A monthly dynamic-equilibrium numerical groundwater-
flow model was developed to simulate monthly groundwater
levels, fluxes, and budgets in the study area. A complete
archive of model input and output files is available in Barclay
and others (2024).

Design of the Numerical Model

The numerical groundwater-flow model was developed
by using MODFLOW 6 (referred to simply as MODFLOW in
this report) (Hughes and others, 2017; Langevin and others,
2017, 2021) and the FloPy package (Bakker and others, 2016)
within Python. Input data were extracted and model files were
compiled by using variations of the GenMod 1.0 Jupyter note-
books (Starn and Carlson, 2018).

Spatial Extent and Horizontal Model Grid

The active model domain covers the northern shore
of Long Island Sound, extending from the East River
in New York on the west side to Narragansett Bay in
Rhode Island on the east side. The southern boundary extends
1 km into the sound beyond the coast. The northern boundary
extends to HUC12 watershed boundaries and was expanded
slightly beyond the boundary used by Barclay and Mullaney
(2021a) (fig. 1); groundwater was assumed not to flow across
the northern boundary. The model uses a horizontal discreti-
zation of square grid cells, each of which is 152.4 m (500 ft)
per side. This discretization results in a grid of 709 rows and
1,491 columns. Although the model consists of a total of
1,007,119 cells in each of 4 layers, only 411,986 are active in
each layer, resulting in a total of 1,647,944 active cells across
the entire model domain.



20 Simulated Mean Monthly Groundwater-Transported Nitrogen Loads, North Shore of Long Island Sound, 1993-2022

Vertical Layering

The model uses a vertical discretization of four lay-
ers. The top of the model was set on the basis of mean
land-surface altitude within each cell (U.S. Environmental
Protection Agency and U.S. Geological Survey, 2012) and a
preliminary simulation of the annual high water-table altitude
without groundwater pumping. The top of the model was set
at the land-surface altitude where (1) fresh or saline surface
water was present, (2) the land-surface altitude was less than
10 meters, or (3) the simulated annual high water-table alti-
tude was close to the land surface as indicated by either (a) a
simulated high water-table altitude less than 5 m below the
land surface or (b) the land surface being less than 20 percent
higher than the simulated annual high water table. In all other
cells, the top of the model was set to the simulated annual
high water-table altitude plus a buffer of the maximum of 5 m
or 20 percent of the annual high water-table altitude. This
approach to setting the top of the model smoothed the model
top and improved model convergence while ensuring that the
model top was at or above the high water table altitude and at
or below the land surface altitude.

Cell thickness and geologic unit varied spatially and by
layer. The combined thickness of layers 1 through 3 was the
greater of (1) the difference between the top of the model
(as described in the previous paragraph) and the top of the
bedrock and (2) 4.57 m (15 ft). The top of the bedrock was
calculated by using land-surface altitude (U.S. Environmental
Protection Agency and U.S. Geological Survey, 2012) and two
datasets of surficial material thickness (Long Island Sound
Resource Center and U.S. Geological Survey, 2004; Yager and
others, 2018), as described in Barclay and Mullaney (2021a).
A minimum thickness of 4.57 m (15 ft) was selected to facili-
tate model convergence. The combined thickness was distrib-
uted equally among the three layers. The thickness of layer 4
was set to 30.48 m (100 ft). The geologic unit for layers 1
through 3 was assigned on the basis of the cell altitude and the
top of bedrock, as described in Barclay and Mullaney (2021a);
layer 4 always represented bedrock.

Temporal Extent

The model is a monthly, dynamic-equilibrium model,
meaning it simulates average conditions for each month
of the year. The model begins with a steady-state period to
establish average conditions and ends with a steady-state
period to enable tracking of particles with long transit times.
In between, the model has five identical annual cycles of
twelve stress periods. Each stress period within an annual
cycle represents one month in a water year (October through
September). Each stress period is separated into three equal-
length time steps. These 5 cycles of 12 stress periods represent
average monthly conditions based on observed data from
WYs 1993 through 2022. In total, the simulation includes
62 stress periods.

Hydraulic Boundaries

Within the model, all surface waterbodies except lakes
are represented by head-dependent flux boundaries. This
means that the flow between the aquifer and surface water
varies on the basis of the hydraulic head within the aquifer,
the water level in the surface waterbody, and user-defined
sediment properties. MODFLOW provides multiple options
for simulating head-dependent flux boundaries. In this model,
flow between the aquifer and the river network was simulated
by using the Streamflow-Routing package (SFR) (Niswonger
and Prudic, 2005); flow from the aquifer to other freshwater
waterbodies, such as wetlands, was simulated by using the
Drain package (DRN) (Langevin and others, 2017, 2021);
and flow across the marine (saline) boundary was simu-
lated by using the General-Head Boundary package (GHB)
(Harbaugh, 2005). As in the phase 1 model, lakes were simu-
lated as areas of high hydraulic conductivity (3,048 meters
per day [m/d] in the upper layer). Development of the DRN
and GHB boundaries is described in Barclay and Mullaney
(2021a) except as noted below; development of SFR inputs is
described below. Urban drains were added by using the DRN
package to represent the effects of storm drains and urban
infrastructure on groundwater levels.

Simulation of River Boundaries

In the phase 1 model, all freshwater boundaries were
represented with the DRN package. The DRN package is the
simplest package to implement, but it does not account for
recharge to the groundwater system from the river network. In
this study, the river network boundaries were upgraded to the
SFR package. The SFR package tracks streamflow and uses
the surface inflows from upstream and channel geometry, in
addition to the groundwater head in the aquifer, to determine
both the magnitude and direction of flow between the aquifer
and a river reach.

Inputs for the SFR package were compiled by using
SFRMaker (Leaf and others, 2021) within Python. Stream
locations, altitudes, and streambed slopes were extracted from
the National Hydrography Dataset Plus (NHDPlus) dataset
(U.S. Environmental Protection Agency and U.S. Geological
Survey, 2012). SFRMaker estimates stream widths from the
cumulative length of upstream river reaches, also known as
the arbolate sum, using a power law relationship. Default
values of 1.0 m for the thickness of the streambed and 0.037
for Manning’s roughness coefficient were used. The hydraulic
conductivity of the streambed was assumed to be the same as
that of the adjacent aquifer and, therefore, was adjusted as part
of the calibration process.

Surface inflows across the study area boundary were
estimated for five reaches that cross the study boundary
(table 4). The rest of the study area boundary was assumed
to be a no-flow boundary. For each reach that crossed the
study area boundary, a nearby streamgage was identified
and the estimated monthly base flow in the boundary reach
was calculated as the product of the monthly base flow at
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Table 4. U.S. Geological Survey streamgages, drainage areas, and estimated base flow used to estimate surface inflows to selected

model reaches in Connecticut.

[Drainage area is in square kilometers. Base flow is in cubic meters per day. Data for streamgages are available in the National Water Information System
(U.S. Geological Survey, 2024). COMID, National Hydrography Dataset Plus, version 2, common identifier; USGS, U.S. Geological Survey; CT, Connecticut]

Drainage USGS Drainage Ratio of COMID eslt\?l::l:led
COMID area, station USGS station name area, USGS and USGS station Period of analysis
COMID number station drainage areas base flow
g in COMID
6148885 1,450 01125500 QUINEBAUG RIVER AT 850 1.71 1,739,445  October 1, 1995, to
PUTNAM, CT September 30, 2021
6148885 1,450 01127000 QUINEBAUG RIVER AT 1,847 0.79 1,746,468  October 1, 1992, to
JEWETT CITY, CT September 30, 2021
6163181 1,039 01122500 SHETUCKET RIVER NEAR 1,046 0.99 1,169,743  October 1, 1992, to
WILLIMANTIC, CT September 30, 2021
7713698 2,571 01200500 HOUSATONIC RIVER AT 2,580 1.00 3,020,544  October 1, 1992, to

GAYLORDSVILLE, CT

September 30, 2021

the nearby streamgage and the ratio of the drainage areas of
the boundary reach and the streamgage. One boundary reach
(NHDPlus version 2 common identifier 6148885) is between
two streamgages, and for this reach the average of the esti-
mated flow calculated from each gage was used. A map of the
reaches that cross the study area boundary and the streamgages
used to estimate the inflows is provided in a companion data
release (fig. 10 in Barclay and Holland, 2024).

Simulation of the Marine Boundary

As in the phase 1 models, the overall spatial extent of
the marine boundary was delineated by selecting areas clas-
sified as “Estuarine and Marine Deepwater” or “Estuarine
and Marine Wetlands” in the National Wetlands Inventory
(U.S. Fish and Wildlife Service, 2018). Model cells with
more than 25 percent of their area within the marine boundary
were collectively termed “coastal waters.” Model cells with
more than 50 percent of their area within the marine bound-
ary and land-surface altitude below 0 m were represented by
using the GHB package within MODFLOW. The remaining
coastal waters were represented with the DRN package within
MODFLOW. The altitude of the marine boundary (water-table
altitude) for cells on rivers was set by the river level, as with
the phase 1 models. Cells with a land-surface altitude greater
than 0 m were assumed to contain freshwater, and the remain-
ing coastal water cells were assumed to contain saline waters.
In cells with saline waters, the saltwater head was converted
to an equivalent freshwater head as in the phase 1 models. The
conductance for both GHB and DRN cells was calculated as
the product of the sediment thickness, the boundary-cell area,
the fraction of the cell covered by wetlands as mapped by the
NLCD2011, and the vertical hydraulic conductivity of the wet-
land and nonwetland sediments. Marine-sediment thickness
was assumed to be uniform at 5 m (Befus and others, 2017,

Thompson and others, 2007), and the hydraulic conductiv-
ity was set at 0.18 m/d for nonwetland sediments and to
0.046 m/d for wetland sediments.

Simulation of Urban Drains

Urban areas frequently contain subsurface infrastruc-
ture, such as storm drains, sewer pipes, or subway tunnels,
that have the potential to lower groundwater levels. Detailed
representation of complex urban infrastructure was beyond the
scope of this study, but the DRN package was used to repre-
sent in a simple way the aggregate effects of this infrastructure
on lowering water levels. These urban drains were applied 3 m
below the land surface to all active cells with 50 percent or
more impervious cover that did not contain a river, wetland, or
coastal waters.

Aquifer Properties

The thickness of unconsolidated sediments was estimated
by using two datasets, a national dataset of aquifer character-
istics for the glaciated United States (Yager and others, 2018)
and a dataset of glacial sediment thickness for Connecticut
(Long Island Sound Resource Center and U.S. Geological
Survey, 2004). The national dataset has greater precision;
therefore, it was the primary source. The Connecticut dataset
was used for gap filling and in areas of particularly thick sedi-
ments, which were better represented in the local dataset.

As in the phase 1 model (Barclay and Mullaney, 2021a),
horizontal hydraulic conductivity, vertical anisotropy, and
porosity values were assigned on the basis of surficial or
bedrock geologic unit (Domenico and Schwartz, 1997,
Horton, 2017; Lyford and others, 2007; Masterson and
Granato, 2013; Melvin and others, 1992; New York State
Museum and New York State Geological Survey, 1999;
Rhode Island Geographic Information System [RIGIS], 1989;
Starn and Brown, 2007; Stone and others, 1992, 2005;
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U.S. Geological Survey and others, 2005). Specific yield and
specific storage, two storage parameters that were not needed
in the phase 1 model because it is a steady-state simulation,
were also specified on the basis of surficial or bedrock geo-
logic unit. The same geologic units were used as in the phase 1
model, except that “stratified glacial deposits—intermediate
conductivity” was not used. This unit was previously used
for a layered unit of coarse and fine sediments. In this model,
areas within this unit were classified as “stratified glacial
deposits—high conductivity” in the top model layer, and as
“stratified glacial deposits—low conductivity” in any lower
layers of surficial sediments. The initial horizontal hydraulic
conductivity, vertical anisotropy, and porosity for each unit
were the same as in the phase 1 model (table 5). Horizontal
hydraulic conductivity was adjusted during the calibration
process. Values for specific yield and specific storage were
initially based on literature values (Lyford and others, 2007)
and then adjusted during the calibration process.

Hydraulic Stresses

Within the MODFLOW model, two sources contributed
to groundwater recharge: precipitation and septic return flows.
Groundwater recharge from precipitation was calculated by
using the SWB model described above. Daily rates of recharge
for WY's 2005 to 2022 were aggregated to mean monthly
values for each month for each model cell (twelve values
total per cell). It was assumed that recharge for this period
of time was a reasonable representation of recharge during
the entire study period of 1993 through 2022 because the
recharge was further adjusted during the groundwater model
calibration. The steady-state periods did not include month-to-
month variation and therefore used the mean recharge across
all months. Because of software limitations, the SWB and
MODFLOW grids were not coincident; therefore, the recharge
was resampled from the SWB grid to the MODFLOW grid.
Recharge from precipitation was simulated using the Recharge
(RCH) package with array-based inputs within MODFLOW
(Langevin and others, 2017, 2021), and estimated rates were
adjusted during the model calibration process.

Septic return flows were simulated as additional recharge
in populated areas without public sewer service. Septic return
flow rates were estimated on the basis of population density
(Falcone, 2016; U.S. Census Bureau, 2010), per capita water
use of 0.18 m3/d (Dieter and others, 2018), and a consumptive-
use fraction of 0.15 (Shaffer and Runkle, 2007). The per capita
use estimate was based on the average across all eight coun-
ties in Connecticut; Washington and Westchester Counties
in New York; and Kent and Washington Counties in Rhode
Island. As with recharge from precipitation, septic return
flows were simulated by using the RCH package; however,
list-based inputs were used, and the estimated rates were not
adjusted during the calibration. Because of the incorpora-
tion of water use by seasonal residents, septic return flows
were slightly higher in some areas during the summer months
(June through August) than during the nonsummer months
(September through May).

Groundwater withdrawals for public water supply and
industrial uses were compiled and estimated from multiple
State-level datasets. The vertical locations of the withdrawals
were estimated on the basis of available information, includ-
ing the presence or absence of an aquifer protection area (for
public water-supply wells in Connecticut) and records of the
geologic formation (for wells in Rhode Island). Wells with
aquifer protection areas or unconsolidated geologic forma-
tions were placed in the deepest surficial material layer; all
other wells were assumed to be in the lowest (bedrock) layer.
Withdrawal rates for New York and Rhode Island were avail-
able only as annual aggregations; therefore, constant rates
were used in these States. In Connecticut, monthly withdraw-
als for public water supply and industrial uses were available
starting in 2020; therefore, it was assumed that the 2020 with-
drawal rates applied throughout the study period. Groundwater
withdrawals were simulated using the Well (WEL) package
within MODFLOW (Langevin and others, 2017, 2021).

Populated areas outside of public water-supply service
areas were assumed to be served by private wells. Private well
withdrawal rates were estimated on the basis of population
density and per capita usage rates of 0.18 m3/d (Dieter and
others, 2018). As with the septic return flows, private well
withdrawals in some areas were slightly higher during the
summer months due to seasonal residents (fig. 6 in Barclay
and Holland, 2024). We assumed that private wells were
finished in bedrock; therefore, the withdrawals were from the
deepest (bedrock) layer of the model. Private wells were simu-
lated by using the WEL package within MODFLOW.

Transpiration by vegetation and even evaporation directly
from the aquifer can reduce groundwater levels, particularly
in the summer in areas with near-surface water tables. When
temperatures are high and plants are actively growing, the
groundwater system can lose a substantial amount of water.
Groundwater evapotranspiration was simulated in this model
for four broad land-cover classes—developed open space, for-
est, shrubs and herbaceous vegetation (including pasture and
hay fields), and wetlands. Within each land-cover class, evapo-
transpiration was simulated by three broad sediment classes—
glacial till (thick or thin), stratified glacial sediments of high
conductivity, and all other sediments. Groundwater evapo-
transpiration was not simulated in areas of open water, devel-
oped land other than open space, barren land, or cultivated
crops. Combining the land-cover and sediment classes resulted
in 12 vegetation zones. Groundwater evapotranspiration was
simulated using the Evapotranspiration (EVT) package within
MODFLOW (Langevin and others, 2017, 2021). Within the
EVT package, the maximum rate of evapotranspiration is
simulated when the water table is at the land surface and the
rate decreases linearly to zero at a user-specified extinction
depth. The extinction depth was estimated on the basis of the
vegetation zone, and the maximum rate was estimated on the
basis of the vegetation zone and month of the year. The extinc-
tion depth and maximum rates were adjusted during the model
calibration process.
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Table 5. Geologic units and associated parameters for the numerical groundwater-flow model of the study area in Connecticut and

adjacent areas of New York and Rhode Island.

[For the purposes of estimating porosity and vertical anisotropy, thin glacial till and the underlying bedrock were treated as separate units. For the purpose of cal-
ibrating hydraulic conductivity, thin glacial till and the underlying bedrock were treated as a combined unit. Hydraulic conductivity is in units of meters per day]

Parameter

Geologic unit Porosity Vertical anisotropy Calibra_ted horizor_lt?I
hydraulic conductivity
Alluvium 0.375 4 1.5-80
Artificial fill 0.375 30 0.41-10
Stratified glacial deposits—high conductivity 0.375 4 3.1-34
Stratified glacial deposits—low conductivity 0.375 30 0.0032-0.53
Marsh sediments 0.375 1,000 0.0003-0.44
Thick glacial till 0.25 10 0.03-0.3
Thin glacial till 0.275 10 0.15-0.32
Igneous bedrock 0.01 1 0.53-1
Metamorphic bedrock 0.01 1 0.055-0.33
Metamorphic/sedimentary bedrock 0.01 1 0.00068-0.37
Sedimentary bedrock 0.01 1 0.076-0.5
Calibration of the Numerical Model Aquifer Properties

The groundwater-flow model was calibrated by using the
PEST++ suite of calibration software tools (White and oth-
ers, 2020) in parallel on the USGS Hovenweep Supercomputer
(Falgout and others, 2023). Commonly, models are calibrated
with a goal of finding one optimal set of parameter values
that minimizes the discrepancies between observed values
and their simulated equivalents. This focus on a single set of
parameters obscures uncertainty that is inherent in the cali-
bration process. In addition, this traditional calibration can
unintentionally imply that the observed values are known with
certainty. The Iterative Ensemble Smoother module within
PEST++ (PESTPP-IES) instead seeks to explicitly acknowl-
edge the limitations in our ability to simulate and observe
complex real-world processes by identifying an ensemble of
parameter sets that result in simulated values that fit reason-
ably well to an ensemble of observed values. The ensemble of
parameters can then be used to calculate uncertainty bounds
for the parameters and for the simulated values.

Calibrated Parameters for the Numerical Model

Model calibration focused on five aspects of the model:
horizontal hydraulic conductivity, specific yield, specific
storage, recharge from precipitation, and groundwater evapo-
transpiration (Table7 MODFLOW _StaticCalibrationParam-
eters.csv and Table8 MODFLOW _TemporalCalibrationPa-
rameters.csv in Barclay and Holland, 2024).

Static aquifer properties (horizontal hydraulic conduc-
tivity, specific yield, and specific storage) were calibrated by
using 11 geology-based zones (Table7 MODFLOW _ Static-
CalibrationParameters.csv in Barclay and Holland, 2024).
Initial values for hydraulic conductivity were based on the
phase 1 model values (Barclay and Mullaney, 2021a), and
initial values for specific yield and specific storage were
based on literature values (Lyford and others, 2007). The
median calibrated horizontal hydraulic conductivity across
the parameter sets was 0.2 m/d in areas of “thin glacial till”
(67 percent of the study area), 9.63 m/d in areas of “stratified
glacial deposits—high conductivity” (17 percent of the study
area), and 0.23 m/d in areas of “thick glacial till” (9 percent of
the study area). The median calibrated specific yield across the
parameter sets ranged from 0.08 in areas of “thin glacial till”
to 0.31 in areas of “stratified glacial deposits—high conduc-
tivity,” and the median calibrated specific storage across the
parameter sets ranged from 7.0 x 107 in areas of “metamor-
phic/sedimentary bedrock” (1 percent of the study area) to
1.4 x 107* in areas of “thin glacial till.”

Groundwater Recharge

Groundwater recharge, as estimated by the SWB model,
was adjusted at two nested spatial scales for each month
during the model calibration. At the broader spatial scale, a
monthly scalar was used to increase or decrease simulated
recharge across the entire study area. Then, monthly geologic-
zone-based scalars were used to increase or decrease recharge
within each geologic zone. The final recharge to a model cell
is the product of the SWB-estimated recharge to that cell and
the two calibrated scalars (Table§ MODFLOW _Temporal-
CalibrationParameters.csv in Barclay and Holland, 2024).
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Groundwater Evapotranspiration

The extinction depth represents the depth of water, rela-
tive to the land surface, beyond which plants are unable to
access groundwater and evapotranspiration does not occur.
This value was calibrated for each of 12 vegetation zones,
which represent 4 broad types of landcover and 3 groups of
surficial sediments (Table7 MODFLOW _StaticCalibrationPa-
rameters.csv in Barclay and Holland, 2024). The median cali-
brated extinction depth across the parameter sets ranged from
0.54 m in areas of “developed land on glacial till sediments”
(15 percent of the study area) to 5 m in areas of “forested land
on glacial till sediments” (48 percent of the study area). The
maximum evapotranspiration rate was calibrated for each
month for each of the 12 vegetation zones (Table§ MOD-
FLOW_TemporalCalibrationParameters.csv in Barclay and
Holland, 2024). The median calibrated maximum evapotrans-
piration rates across the parameter sets ranged from 0 m/d dur-
ing December in forested areas (55 percent of the study area)
to 13.2 m/d during August in forested areas.

Observations for Numerical Model Calibration

Two primary types of observations—groundwater levels
and streamflow under base-flow conditions were used in the
model calibration. In addition, the land-surface altitude and
the assumption that groundwater evapotranspiration rates
varied smoothly throughout the year were used to constrain
the model.

Groundwater Levels

Groundwater levels, as measured in monitoring wells,
provide information about the water table at specific times
and locations. In this study, water levels in 66 long-term
monitoring wells during WYs 1993 through 2022 were used
to calibrate the model (Table2 Wells.csv and fig. 4 in Barclay
and Holland, 2024). The wells were selected on the basis of
the number of measurements (50 or more measurements).
Individual water-level measurements with measurement
accuracies of 0.3048 m or greater were excluded. The mean
monthly water level was calculated for each well (twelve
values for each well) and compared to the corresponding
simulated water level for that month. In addition, the annual
range in water levels, calculated as the difference between the
maximum and minimum mean monthly level, was calculated
for each well. For wells located in unconsolidated sediments,
the simulated water-table altitude at the location of the well
was compared with the observed water-level altitude in the
well. For wells located in bedrock, the altitude of the well bot-
tom relative to the altitude of the center of the 30.48-m-thick
bedrock layer was used to estimate the simulated water level
in the well by vertically interpolating between the simulated
water table and the hydraulic head in model layer 4. Then
the simulated water level for the well was compared with
the observed water-level altitude. Water-level data for all
wells are available in the National Water Information System
(U.S. Geological Survey, 2024).

Stream Base Flow

Observations of streamflow during base-flow condi-
tions provide important information about flow through the
groundwater system. The combined use of flow (streamflow
under base-flow conditions) and head (groundwater levels)
observations can provide critical constraints on the calibration
of hydrologic parameters, such as the hydraulic conductivity,
specific storage, and evapotranspiration rates. In this study,
mean monthly base flows for 14 streamgages with relatively
minimal streamflow alterations was used to calibrate simu-
lated groundwater discharge (Table2 Gages.csv and fig. 3 in
Barclay and Holland, 2024). Twelve of the 14 streamgages
were classified as “Reference” streamgages in the GAGES 11
dataset (Falcone, 2011), which indicates minimal hydro-
logic disturbance, and two additional streamgages (USGS
site 01208873, Rooster River at Fairfield, Connecticut; USGS
site 012035055, Pootatuck River at Berkshire, Conn.) were
determined to be relatively unaffected by water use and regula-
tion in their drainage areas on the basis of observations during
prior site visits. For each streamgage, mean base flow was cal-
culated by using the PART (Rutledge, 1998) and BFI (Gustard
and others, 1992) algorithms as implemented in the DVstats
package in R (R Core Team, 2021). The mean monthly values
from the longest continuous period of daily mean streamflow
values at each site were used as a calibration observation.

The effects of using gages with different periods of record
was determined to be minimal based on analysis conducted
as part of the phase 1 models (Barclay and Mullaney, 2021a).
The streamflow values, both observed and simulated, were
transformed by the use of logarithmic transformation. This
transformation increased the relative influence of smaller
streamflow values on the model calibration and decreased
the relative influence of larger streamflow values. Without
this transformation, the larger streamflow values would

have dominated the calibration analysis. Streamflow data

for all gages are available in the National Water Information
System (U.S. Geological Survey, 2024). The natural log of the
observed base flow at each streamgage was compared with
the natural log of the total simulated groundwater discharge
upstream from the streamgage location.

Land Surface

In coastal Connecticut and adjacent areas of Rhode Island
and New York, extensive groundwater flooding (groundwater
above the land surface) is relatively uncommon, as the water
table is typically below the land surface. This expectation
that the water table should be below the altitude of the land
surface was leveraged to constrain the calibrated parameters.
Observational points of land-surface altitude, uniformly
spaced 1,524 m (10 model cells) apart on a grid, were used as
observations of the maximum water-table altitude. The grid of
land-surface observations was made coarser than the model
grid to reduce computational resource requirements.



Local Minimum and Maximum

Rates of evapotranspiration are typically higher dur-
ing the growing season and lower during the winter, with
rates changing relatively smoothly from month to month.
Preliminary calibration analyses resulted in anomalous peaks
in the maximum evapotranspiration rate, likely due to limita-
tions in the available hydrologic observations. To constrain
the calibrated values to the expected general pattern without
constraining the specific pattern (for example, to constrain
the values to increase and decrease across the months of the
year without requiring a sinusoidal pattern), an observation
focused on minimums and maximums was added. The new
observation specified that only 1 local minimum and 1 local
maximum occurred. This means that the monthly rates should
be higher than both the preceding and the succeeding month
(a local maximum) for no more than 1 month during the
year and that the monthly rates should be lower than both
the preceding and succeeding month (a local minimum) for
no more than 1 month during the year. The value of the local
minimum/maximum observations did not vary across the
ensemble (sets of parameters that result in simulated values
that fit reasonably well to an ensemble of observed values, as
described previously).

Calibration Results for the Numerical Model

The calibration process involved first generating simu-
lated values for the observations by using each set of param-
eter values from the parameter ensemble (multiple sets of
parameters). Then, each set of simulated values was compared
with a set of observations from the observation ensemble, and
the entire ensemble of parameter values was updated to better
match the observations. To prevent overfitting, the flow model
calibration was terminated after the first parameter-update
cycle. The updated ensemble of parameter values was trimmed
to the better performing sets of parameter values based on the
overall model performance. The final ensemble of parameter
values contained 144 sets of parameter values.

The simulated values of base-flow discharge, annual
range in base-flow discharge, groundwater levels, and annual
range in groundwater levels agreed well with the observed
values (fig. 10). Ninety percent of base-flow discharge obser-
vations had median residuals across all parameter sets between
—20,944 m3/d and 19,841 m3/d, with a median of —186 m3/d.
As indicated by the percent error (fig. 10B), the simulated
base-flow discharge tends to be lower than the observed values
during the nonsummer season and higher than the observed
values during the late summer. Because observed base-flow
discharge is higher during the winter and spring and lower
during the summer, this pattern of seasonal bias also results
in undersimulation of the annual range in base-flow discharge
(fig. 100).

Simulated groundwater levels agree very well with
observed values (fig. 10D). Ninety percent of groundwater-
level observations had median residuals across all parameter
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sets between —9.16 m and 5.80 m, with a median of 0.45 m.
Across all observations and parameter sets, the median
monthly error in groundwater levels ranged from —0.27 m to
0.81 m (fig. 10F) and had a slight tendency to simulate higher
than observed groundwater levels in March and April and
lower than observed groundwater levels in the late summer
and early fall. For most wells, the annual range in groundwater
levels is well simulated (fig. 10F). For a few wells, the simu-
lated range is much larger than the observed range.

With calibration, the median model-wide base-flow
discharge residual across the ensemble decreased from
3,271 m3/d to =329 m?/d, and the median model-wide
groundwater-level residual across the ensemble decreased
from 0.44 m to 0.19 m. The greatest improvement in the
median model-wide base-flow discharge residual occurred
during March, with a decrease from 26,512 m3/d to
2,302 m3/d. The greatest improvement in median groundwater-
level residual occurred in July, with a decrease from 0.44 m
t0 0.02 m.

Simulation of Monthly Groundwater Budgets

Across all seasons, natural recharge from precipitation is
by far the largest source of water to the groundwater system,
with the largest rates of recharge occurring during the winter
months (fig. 114). Across the entire study area, septic return
flows are a small fraction of the groundwater budget, but they
may be locally important in areas with a high concentration of
septic systems. During the cold season of December through
April, the largest fluxes of water out of the groundwater sys-
tem are to wetlands, streams, and rivers. During the summer
growing season, groundwater evapotranspiration becomes the
dominant flux of water out of the groundwater. Groundwater
storage is increasing from November through April and
decreasing from May through October (fig. 115).

Limitations of Groundwater-Flow Analysis

As with all models, the groundwater-flow model
used in this study provides useful information about the
groundwater system and contains necessary simplifications
and assumptions. The phase 1 model report (Barclay and
Mullaney, 2021a) documents some of the effects of these
simplifications on model predictions. In particular, that report
addresses the effects of (1) assuming steady-state condi-
tions; (2) estimating water use; (3) complex urban water
dynamics; (4) heterogeneity in and lack of information about
aquifer properties such as hydraulic conductivity, porosity,
and the thickness of unconsolidated sediments; and (5) model
grid resolution. The updates in the current study reduce the
assumptions for two of those simplifications: the assumption
of steady-state conditions and estimated water use.
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Figure 10. Graphs showing A, observed and simulated base-flow discharge, B, monthly percent bias in simulated base-flow discharge,
C, observed and simulated annual range in base-flow discharge, D, observed and simulated groundwater levels, £, monthly mean error
in groundwater levels, and F, observed and simulated annual range in groundwater levels, north shore of Long Island Sound (coastal
Connecticut and adjacent areas of New York and Rhode Island) (Barclay and others, 2024). Note that vertical axes on B and E are
truncated to improve visibility. NAVD 88, North American Vertical Datum of 1988.
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C. Annual range in base-flow discharge
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Figure 11. Graphs showing A, simulated monthly groundwater budget fluxes and B, monthly changes in groundwater storage.
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Water-Use Estimates

In the phase 1 models, public water-supply withdrawals
for Connecticut were only available for higher yield wells.
Smaller public water-supply withdrawals were estimated on
the basis of per capita usage. Industrial withdrawals were
not included due to a lack of data. For the current study,
reported water withdrawals in Connecticut in 2020 were used
to provide more accurate withdrawal rates and estimates of
public water-supply withdrawals. Industrial withdrawals were
also added for Connecticut. Because the reported withdrawal
data were only available for 2020, it required the assumption
that those withdrawals were representative of the entire study
period. The region experienced a drought in 2020 (Lombard
and others, 2020), which may have affected the reported with-
drawal rates; however, the errors introduced by the drought are
likely less than the errors from the previous coarse estimates.
Water-withdrawal data continue to be collected in Connecticut,
and future models can incorporate the expanded data.

Because the phase 1 models were steady state, private
well withdrawals and septic return flows from seasonal resi-
dents were not included. These withdrawals and return flows
were estimated for this study on the basis of census data and
assumptions about the length of residency and household size
(app. 1). Seasonal private well withdrawals and septic return
flows are a small component of the water budget in most
watersheds, with seasonal private wells withdrawing less than
2 percent of the natural recharge during August, when natural
recharge rates are lowest and seasonal private well withdraw-
als are highest, in 110 of the 115 HUC12 watersheds in this
study area. Seasonal private wells withdrawal more than
10 percent of the natural recharge during August in only one
HUCI12 watershed, Ninigret Pond-Frontal Block Island Sound
(HUC12 010900050403; map number 107 in fig. 2). Because
seasonal residences tend to be clustered along the shorelines
of inland waters and Long Island Sound, seasonal private well
withdrawals and septic return flows likely have larger effects
on local water availability in these areas.

Temporal Dynamics

The phase 1 models were steady-state models, mean-
ing that they represent long-term average conditions. The
groundwater-flow model for this study represents average
monthly conditions, which allows it to be used for understand-
ing seasonal patterns in groundwater flow and transport. The
model is not able to simulate long-term trends, interannual pat-
terns, or specific events, such as the 2020 drought (Lombard
and others, 2020) or Hurricane Irene in August 2011 (McCal-
lum and others, 2012).

Spatial Discretization

The groundwater-flow model is a regional model and,
as such, is robust for simulating broad regional patterns in
groundwater flow. Local-scale heterogeneity in geologic and

hydrologic properties is not represented, and neither local-
scale patterns in groundwater levels nor groundwater dis-
charge from very small catchments were evaluated. Therefore,
the simulated values from this regional model should not be
used as the basis for detailed, local-scale analysis; the model
can, however, be used to identify local areas that may warrant
further investigation. Two settings where further investiga-
tion may be needed are urban areas and upland areas with
glacial till sediments. Representing the complex modifications
to the hydrologic and geologic setting, such as artificial fill,
subsurface infrastructure, and storm sewers, that are common
in urban areas was beyond the scope of this study. Similarly,
representing preferential flow paths and fine-scale variations
in topography and sediment thickness that control local-scale
groundwater flow in upland areas with glacial till was beyond
the scope of this study.

Development of the Particle-Tracking
Model

Groundwater-flow models can simulate the spatial and
temporal patterns in hydraulic head and the flow of water
into and out of each cell, but they are unable to simulate the
path that water follows from the land surface to the point
of discharge. Particle-tracking models, such as MODPATH
(Pollock, 2016, 2017), are needed for this. MODPATH tracks
hypothetical particles of water through the model domain,
recording the starting and ending location, the starting and
ending time, and, if desired, the specific path traveled.

For this study, a MODPATH model was used to calculate
travel times through the aquifer and to connect recharge and
discharge cells for the purpose of simulating nitrogen trans-
port. A total of 69 million particles were distributed across the
model domain throughout the year, proportionally to the rate
of groundwater recharge. Particles were distributed in a grid
formation in the uppermost nondry grid layer. Porosity values
were based on geologic material (Lyford and others, 2007).
To account for uncertainty in the porosity, the porosity values
were multiplied by normally distributed random factors with
amean of 1 and a standard deviation of 0.1. Particles were
released monthly during year two of the simulation, tracked
in the forward direction, and allowed to pass through weak
sinks.! Particles remaining in the model at the end of the
final monthly stress period were tracked in a steady-state
stress period to a maximum of 100 years. This limit was set
to reduce computational requirements and was sufficient for
more than 99.5 percent of particles to exit the model domain.
A complete archive of model input and output files is available
in Barclay and others (2024).

Weak sinks occur in model cells where some, but not all, water flowing
into the cell leaves the study area. For example, a well with a pumping rate
less than the flux of water into the cell would be a weak sink.



Nitrogen Load Model

The nitrogen load model calculates groundwater-
transported nitrogen loads and travel times throughout the
study area on the basis of the approach developed by Valiela
and others (1997), modified by Vaudrey and others (2016a, b),
and tested within the Niantic River watersheds as part of the
phase 1 models (Barclay and Mullaney, 2021a). Nitrogen
inputs were estimated by using land-cover and land-use data,
as well as national datasets of atmospheric deposition, and
nitrogen removal rates were calibrated. Recharge locations,
discharge locations, and travel times were based on the start-
ing and ending locations and travel times of the particles from
the particle-tracking model. Particles that exited the model
through wells, groundwater evapotranspiration, or urban
drains were treated as sinks of nitrogen; nitrogen associated
with these particles was not included in the calculations of
surface-water loads. A complete archive of input and output
files for the nitrogen load model is available in Barclay and
others (2024).

Nitrogen Inputs

The nitrogen model accounts for nitrogen from three
sources: atmospheric deposition, agricultural and lawn fertil-
izer, and septic systems. Although nitrogen inputs to the land
surface vary throughout the year, the many unknowns and
variability of unsaturated zone travel times made simulating
temporal variability in water-table inputs beyond the scope of
the present study.

Atmospheric Deposition

Annual inputs of nitrogen from atmospheric deposition
were estimated by using wet and dry deposition maps from
the National Atmospheric Deposition Program (National
Atmospheric Deposition Program, 2019), the same method
used in Barclay and Mullaney (2021a). Wet deposition inputs
were reduced by 23 percent and dry deposition inputs were
reduced by 11.5 percent to account for nitrogen that is trans-
ported by surface processes and does not enter the groundwa-
ter system. These values were calculated during the phase 1
analysis under the assumptions that (1) wet deposition parti-
tions between surface runoff and groundwater recharge with
the same proportions that precipitation does and that (2) the
fraction of deposition transported by surface runoff is smaller
for dry deposition than for wet deposition. Streamflow data
from two streamgages within the study area (01127500, Yantic
River at Yantic, Conn.; 01194500, East Branch Eightmile
River near North Lyme, Conn.) were used to estimate the
fraction of precipitation that contributes to surface runoff and
recharge.

Nitrogen Load Model 3

Fertilizer

Annual nitrogen inputs from fertilizer were estimated
from land-cover data and typical application rates accord-
ing to the same basic method used in Barclay and Mullaney
(2021a). Briefly, in agricultural areas, as identified by the
NLCD (Homer and others, 2015), an annual application rate
of 86 kilograms of nitrogen per hectare per year (kg-N/ha/yr)
(Vaudrey and others, 2016b) was used. The dataset used to
identify areas of grass in the prior study did not cover this
study area; therefore, areas of grass were identified as areas
classified by the NLCD as “Developed, Open Space” and not
“Impervious Cover.” In these areas, an annual application rate
of 67.6 kg-N/ha/yr (Vaudrey and others, 2016b) was used.
Fertilizer inputs to each model cell were scaled by the fraction
of the model cell with agricultural or grass land cover. It was
assumed that some fertilizer was removed through surface
processes; therefore, the fertilizer inputs were reduced by
11.5 percent, the same reduction applied to dry deposition.

Septic Systems

Nitrogen inputs from private septic systems were esti-
mated for both year-round and seasonal residents. Inputs from
year-round residents were estimated on the basis of maps
of public sewer service (CT DEEP, 2022; New York City
Department of Environmental Protection, 2017; RIGIS, 2012;
Westchester County Department of Planning, 2015), popula-
tion density maps (Falcone, 2016), and per resident nitro-
gen inputs of 4.8 kilograms of nitrogen per year (kg-N/yr)
(Vaudrey and others, 2016b). Septic inputs for year-round resi-
dents were assumed to be constant throughout the year. Inputs
from seasonal residents were estimated similarly, except
that the seasonal population density map was developed as
described in appendix 1. Seasonal residents were assumed
to be present during the summer months of June, July, and
August. Nonresidential septic systems were not included in
this simulation to prevent double-counting of septic nitrogen
for residents using private septic systems.

Nitrogen Attenuation

Nitrogen attenuation, or removal through plant uptake
or reactive processes, was simulated using removal fractions
that were applied sequentially as the nitrogen passed through
five zones between the land surface and the watershed outlet
(fig. 12). Removal rates within each zone varied by nitrogen
source, land cover, soil type, surficial geology, groundwater
travel time, distance, and (or) month.
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A. General nitrogen attenuation process
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Figure 12. Schematics of the sequential nitrogen attenuation calculations shown A, in general, and B, with an example for a particle
with nitrogen inputs from fertilizer. Schematic A shows zones 1 through 4 and schematic B only shows zones 1 and 4. g-N, grams of

nitrogen. Figure modified from Barclay and Mullaney (2021a).

Zone 1: Plant and Soil Zone (Atmospheric
Deposition and Fertilizer Nitrogen) or Septic
Tanks (Septic Nitrogen)

The conceptual definition of the first attenuation zone
varied by nitrogen source. For nitrogen from atmospheric
deposition and fertilizers, it represented plant uptake and soil
attenuation. For atmospheric deposition, the removal rate var-
ied by land cover, with rates ranging from 31 percent for high-
intensity developed land to 75 percent for wetlands (Valiela
and others, 1997; Vaudrey and others, 2016b). The rates are
available in Barclay and Holland (2024, Table11 Nitrogen
NonCalibratedParameters.csv). The removal rate for fertilizer
was 38 percent (Valiela and others, 1997). For nitrogen from
septic systems, the first attenuation zone represented removal
within the septic tank, and a uniform removal rate of 5 percent
was used (Valiela and others, 1997).

Zone 2: Vadose Zone (Atmospheric Deposition
and Fertilizer Nitrogen) or Septic Drainage Field
and Plume (Septic Nitrogen)

For atmospheric deposition- and fertilizer-sourced nitro-
gen, the attenuation rate in the vadose zone varied by surficial
geology. Surficial geology also controlled the attenuation rate
in the groundwater discharge zone (zone 4, described below);
to account for differences between the vadose zone and the
groundwater discharge zone, a calibrated scaling factor was
used to adjust all the vadose zone attenuation rates up or
down. Initial rates were set to 15 percent for all surficial geol-
ogy types and were adjusted during the calibration process.

For septic systems, the vadose zone represents both the
leaching field and the plume above the water table. In the
phase 1 pilot study (Barclay and Mullaney, 2021a) and in
Vaudrey and others (2016a, b) the leaching field and plume
were treated as separate zones, each with the same rate. For
consistency with the other sources, they are treated as a single
zone within this model, with rates adjusted from those in
Vaudrey and others (2016b) to be equivalent to the two-zone
approach. Vadose zone removal rates for septic nitrogen
ranged from 2 percent for sand to 94 percent for sandy clay
(Vaudrey and others, 2016b) and were not calibrated.



Zone 3: Aquifer

Nitrogen attenuation in shallow groundwater is highly
influenced by the residence time of water in the aquifer
(Hinkle and Tesoriero, 2014); residence time is equivalent to
the travel time of groundwater from its point of entry at the
water table to its point of discharge. To account for this in the
model, attenuation within the aquifer was simulated as first-
order decay, rather than as a static fraction as in Vaudrey and
others (2016a).

With first-order decay, the change in concentration with
time is a function of a rate constant and the concentration at
that point in time. In this model, the nitrogen is tracked by
MODPATH particle; therefore, concentration is expressed as
kilograms of nitrogen per particle:

dlA]
7 klAl, 3)
where
[4] is the concentration of nitrogen in kilograms
per MODPATH particle;

k  is arate constant, with units per year; and
t  istime, in years.

After the concentration of nitrogen ([4]) is integrated
over time and the equation is rearranged, the nitrogen con-
centration at end of the flow path through the aquifer can be
expressed as a function of the concentration at the begin-
ning of the flow path through the aquifer and a dimension-
less removal fraction that is a function of the groundwater
travel time:

[Aend] = [AStar[]*(e_kth/)’ (4)
where
[4,,.] is the nitrogen concentration exiting the
aquifer, in kilograms of nitrogen per
MODPATH particle;
[A,..  isthe nitrogen concentration entering the

aquifer, in kilograms of nitrogen per
MODPATH particle;

e is Euler’s number, approximately 2.718,
dimensionless;

k  is arate constant, with units per year; and

w15 the groundwater travel time, in years.
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Zone 4: Groundwater Discharge Zone

Attenuation rates also were allowed to vary by type of
surficial geology at the point of discharge to surface water. In
the groundwater discharge zone, the rates also varied by time
of year. The attenuation rates specified for surficial geol-
ogy were the same as those used for the vadose zone. Initial
rates were 15 percent for all surficial geology types and were
adjusted during the calibration process. The rates were modi-
fied by calibrated monthly attenuation factors that ranged
from 0 to 1 to account for differing rates of biological activity
throughout the year.

Zone 5: River Channel

Although the river channel is not part of the groundwater
system, nitrogen removal in the river channel was estimated to
facilitate comparison of the simulated loads and surface-water
observations. Within the river channel, attenuation was simu-
lated as first-order removal as a function of the downstream
river distance between the discharge location and the observa-
tion site or the watershed outlet:

[A(-’nd] = [Amm]*(e 7k[rum/)’ (5)

where

[4,,.] is the nitrogen concentration at the point
of interest, in kilograms of nitrogen per
discharge location;

[4 is the nitrogen concentration at the
groundwater discharge point, in kilograms

of nitrogen per discharge location;

start]

e is Euler’s number, approximately 2.718,
dimensionless;

k  is arate constant, with units per
kilometer; and

is the downstream river distance from the
discharge point to the point of interest, in
kilometers.

total

The rate constant for removal in the river channel varied
by month of the year to account for increased biological activ-
ity during the warmer months.

Calibration of the Nitrogen Load Model

The nitrogen model was calibrated by using the
Iterative Ensemble Smoother module within PEST++, the
same approach used with the groundwater-flow model. This
approach allows for explicit representation of uncertainty
in observed and simulated nitrogen loads, as well as in
model parameters.
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Calibrated Parameters for the Nitrogen Load
Model

The nitrogen model calibration focused on the nitrogen
removal rates. Annual nitrogen inputs were not calibrated
because the calibration process could not constrain both inputs
and attenuation rates, and it was assumed that the inputs were
known with less uncertainty than the attenuation rates.

Attenuation Parameters

Nitrogen attenuation rates varied by nitrogen source, land
cover, soil type, surficial geology, groundwater travel time,
distance, and (or) month. Many of the nitrogen attenuation
rates were calibrated (Table9 Nitrogen StaticCalibrationPa-
rameters.csv and Table10 Nitrogen TemporalCalibrationPa-
rameters.csv in Barclay and Holland, 2024); soil zone removal
rates for nitrogen from atmospheric deposition or fertilizer
and attenuation in the tank, leaching field, and plume for
septic nitrogen were not calibrated (Tablel1 Nitrogen Non-
CalibratedParameters.csv in Barclay and Holland, 2024).
Noncalibrated attenuation rates were based on rates used
by Barclay and Mullaney (2021a) and Vaudrey and oth-
ers (2016a).

Observations for Nitrogen Load Model
Calibration

Three groups of observations were used to guide the
model calibration process. Monthly nitrogen yields at short-
and long-term stream data-collection sites provide snapshots
of time-varying nitrogen outputs from watersheds with differ-
ent characteristics. The annual ranges in nitrogen loads and
nitrogen yields from long-term sites highlight the difference
between the largest and smallest load during the year and
help constrain the simulated monthly patterns. Finally, it was
assumed that the inputs and attenuation rates varied smoothly
through the year, without large spikes. This expectation was
used as an additional type of observation.

Nitrogen Loads and Yields

Nitrogen loads and yields were compiled for 60 stream
data-collection sites across the study area, as noted in
“Nitrogen Data” above. Nitrogen yields for both short- and
long-term sites and the annual range in nitrogen loads and
yields at long-term sites were used in the calibration process.
Except for annual ranges in nitrogen loads at long-term sites,
nitrogen yields, rather than loads, were used in the calibration
because loads are strongly correlated with watershed drainage

area, which can obscure variations in the underlying processes.

Uncertainty in the nitrogen yields was estimated by
using the interannual variation at the long-term sites. Across
all long-term sites and months, the mean monthly nitrogen
yield was correlated with the standard deviation in monthly

nitrogen yield (Pearson’s product-moment correlation = 0.92).
A regression equation was developed with the mean and stan-
dard deviations in monthly nitrogen yields at long-term sites
and used to estimate the standard deviation at the short-term
sites; these estimates assume that the observed values at the
short-term sites were representative of the mean monthly yield
at that site. The ensemble of nitrogen yield observations was
generated as a normal distribution of values for each obser-
vation; the distribution uses the mean observed value as the
mean and the estimated standard deviation. The ensemble of
annual ranges in nitrogen yields was generated as a normal
distribution using the mean annual range as the mean and

10 percent of the mean as the standard deviation. Ten percent
was selected as a conservative estimate of both uncertainty
and interannual variation in the observed nitrogen yields.

Holdout Observations

To better evaluate the ability of the nitrogen model to
accurately simulate nitrogen loads, some of the nitrogen load
observations were withheld from the calibration dataset. These
“holdout” observations then provide an indication of model
accuracy at new times or places. All observations were with-
held from one site (USGS monitoring site 01208960, Sasco
Brook at Southport, Conn.); this was a spatial holdout. All
observations from January through March of 2012 and June
through September of 2022 were withheld; this was a tempo-
ral holdout.

Local Minimum and Maximum

The monthly attenuation factors were expected to vary
relatively smoothly from month to month. Preliminary calibra-
tion analyses resulted in anomalous peaks, likely due to limita-
tions in the available observations. To constrain the calibrated
values to the expected general pattern without constraining
the specific pattern (for example, to constrain the values to
increase and decrease across the months of the year without
requiring a sinusoidal pattern), an observation was added
specifying that only 1 local minimum and 1 local maximum
occurred. This means that the calibrated monthly rates should
be higher than both the preceding and the succeeding month
(a local maximum) for no more than 1 month and that the
calibrated monthly rates should be lower than both the preced-
ing and succeeding month (a local minimum) for no more than
1 month. This observation was applied to the monthly attenu-
ation factors. The value of the local minimum and maximum
observations did not vary across the ensemble.

Calibration Results for the Nitrogen Load Model

As with the groundwater-flow model calibration, the
nitrogen model calibration process involved generating simu-
lated values for the observations by using the initial parameter
ensemble, comparing the simulated values with the observa-
tion ensemble, and updating the entire ensemble of parameter



values. To prevent overfitting, the nitrogen model calibration
was terminated after the first parameter-update cycle. The
updated ensemble of parameter values was trimmed to the
better performing sets of parameter values based on the overall
model performance. The final ensemble of parameter values
contained 238 sets of parameter values.

With calibration, the median model-wide nitrogen
yield residual across the ensemble for long-term observa-
tion sites decreased from 0.87 kilograms of nitrogen per
square kilometer per year (kg-N/km?/yr) to 0.02 kg-N/km?/yr,
and the median model-wide nitrogen yield residual across
the ensemble for short-term observation sites decreased
from 1.2 kg-N/km?/yr to —0.23 kg-N/km?/yr. The great-
est improvement in the median model-wide nitrogen yield
residual for long-term observation sites was during January,
with a decrease from 4.05 kg-N/km?/yr to 0.28 kg-N/km?/yr.
The greatest improvement in the median model-wide nitro-
gen yield residual for short-term observation sites was also
during January, with a decrease from 2.85 kg-N/km?/yr to
0.13 kg-N/km?/yr.

Comparison of Observations and Simulated Equivalents

The simulated values of nitrogen yields agreed well with
the observed values (fig. 13). Ninety percent of nitrogen yield
observations in long-term sites had median residuals across all
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parameter sets between —1.16 and 0.76 kg-N/km?/yr, with a
median of 0.03 kg-N/km?/yr; similarly, 90 percent of nitrogen
yield observations in short-term sites had median residuals
across all parameter sets between —1.52 and 0.61 kg-N/km?/yr,
with a median of —0.29 kg-N/km?/yr. Among holdout observa-
tions that were not used in calibrating the model, 90 percent
of holdout nitrogen yield observations from long-term sites
had median residuals across all parameter sets between 0.03
and 2.2 kg-N/km?/yr, with a median of 0.39 kg-N/km?/yr;
similarly, 90 percent of holdout nitrogen yield observations
from short-term sites had median residuals across all param-
eter sets between 0.00 and 1.88 kg-N/km?/yr, with a median of
0.13 kg-N/km?/yr. The magnitude of simulated nitrogen yield
residuals increased with increasing yields, but there was not a
bias to overpredicting or underpredicting the yields (fig. 14).
Nitrogen loads, which were not part of the model
calibration, were also well simulated (fig. 15). Ninety per-
cent of nitrogen load observations in long-term sites had
median residuals across all parameter sets between —0.54
and 305 kg-N/yr, with a median of 10.1 kg-N/yr; similarly,
90 percent of nitrogen load observations in short-term sites
had median residuals across all parameter sets between —0.70
and 50.0 kg-N/yr, with a median of 4.58 kg-N/yr.
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Figure 13. Graphs showing observed and simulated total dissolved nitrogen yield, north shore of Long Island Sound (coastal Connecticut and adjacent areas of New York and

Rhode Island). A, Long-term calibration observations. B, Long-term holdout observations. C, Short-term calibration observations. D, Short-term holdout observations (Barclay
and others, 2024).
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Figure 14. Graph showing residuals of simulated nitrogen yields compared to mean monthly observed yields, north shore of Long Island Sound (coastal Connecticut and
adjacent areas of New York and Rhode Island). Points indicate the median and error bars indicate the 90-percent confidence interval based on 238 model runs (Barclay and
others, 2024).
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Figure 15. Graphs showing observed and simulated total dissolved nitrogen load, north shore of Long Island Sound (coastal Connecticut and adjacent areas of New York and

Rhode Island). A, Long-term calibration observations. B, Long-term holdout observations. C, Short-term calibration observations. D, Short-term holdout observations (Barclay
and others, 2024).
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Simulation of Monthly Nitrogen Loads

Across the ensemble of simulated nitrogen loads, the
median study-area-wide monthly simulated groundwater-
transported nitrogen loads discharging to streams and Long
Island Sound throughout the year ranged from 900 to 18,600
kilograms of nitrogen per day (kg-N/d), with a median load
of 5,100 kg-N/d (fig. 164). Loads of groundwater-transported
nitrogen that were discharged directly to coastal waters ranged
from 50.0 to 89.7 kg-N/d, with a median of 61.9 kg-N/d; loads
discharged to streams and rivers downstream from the major
tributary gages (Mullaney, 2023) ranged from 645 to 8,612 kg-
N/d, with a median of 2,696 kg-N/d; and loads discharged to
streams and rivers upstream from the major tributary gages
ranged from 206 to 9,787 kg-N/d, with a median of 2,371 kg-
N/d. Loads were highest during the winter and early spring
and lowest during the late summer (fig. 164). Groundwater
travel times were longest during the late summer (fig. 17)
because some areas did not contribute to summer discharge
and because groundwater flowed slowly from the remaining
areas, likely as a result of low groundwater levels that led to
decreased groundwater-level gradients (fig. 12 in Barclay and

A. All sources
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Holland, 2024). This seasonal pattern in groundwater travel
times indicates that summer loads respond more slowly to
changes in nitrogen inputs than winter loads. Over the entire
study area, approximately 15 percent of the simulated load at
the HUC12 outlets is from atmospheric deposition sources, 30
to 40 percent is from fertilizer, and 50 to 60 percent is from
septic systems (fig. 16B).

Overall nitrogen removal rates between the land surface
and discharge to surface water were higher in watersheds
where the surficial geology was dominated by “thin glacial
till” than where dominated by “stratified glacial sediments—
high conductivity.” The most abundant surficial sediment type
in each watershed was either “thin glacial till” or “stratified
glacial sediments—high conductivity.” Within watersheds
dominated by “thin glacial till,” overall nitrogen removal rates
ranged from 92.0 to 96.4 percent for nitrogen from atmo-
spheric deposition, from 84.5 to 92.3 percent for nitrogen from
fertilizer, and from 58.0 to 61.7 percent for nitrogen from sep-
tic systems (fig. 18). Within watersheds dominated by “strati-
fied glacial sediments—high conductivity,” overall nitrogen
removal rates ranged from 78.8 to 88.5 percent for nitrogen
from atmospheric deposition, from 57.1 to 76.4 percent for
nitrogen from fertilizer, and from 26.9 to 34.6 percent for
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Figure 16. Graphs showing simulated monthly groundwater-transported total dissolved nitrogen load at the 12-digit hydrologic unit
code (HUC12) outlets A, from all sources and B, by source, north shore of Long Island Sound (coastal Connecticut and adjacent areas of
New York and Rhode Island) based on 238 model runs (Barclay and Holland, 2024; Barclay and others, 2024).
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Figure 17. Graph showing simulated groundwater-transported nitrogen travel time by month of discharge, north shore of Long Island

Sound (coastal Connecticut and adjacent areas of New York and Rhode Island) based on 238 model runs (Barclay and Holland, 2024;

Barclay and others, 2024).

nitrogen from septic systems. Rates do not include attenuation
in the river channel (zone 5) because calculations of river-
channel removal are dependent upon the downstream point of
interest, such as a watershed outlet, surface-water monitoring
station, or Long Island Sound. Removal rates are higher for
nitrogen from atmospheric deposition and fertilizer sources
than for nitrogen from septic systems because the estimates of
atmospheric deposition and fertilizer nitrogen include removal
by plants, whereas the septic system nitrogen is ideally dis-
charged below the rooting zone of plants.

Nitrogen yields varied substantially across the study area.
The median annual yield of groundwater-transported nitrogen
from all sources by HUC12 watershed across the ensemble of
model runs ranged from less than 5 kg-N/km?/yr to more than
900 kg-N/km?/yr, with a median yield of 268 kg-N/km?/yr
(fig. 19). At the monthly timescale, yields were similarly
variable (fig. 20; Table12 Simulated Annual Nitrogen
Loads Yields by HUC.csv in Barclay and Holland, 2024).
Median monthly yields were lowest in August, ranging
from less than 0.01 kg-N/km?/d to 0.49 kg-N/km?/d, with a
median of 0.058 kg-N/km?/d across all the HUC12 water-
sheds. Median monthly yields were highest in March, ranging
from 0.025 kg-N/km?/d to 6.4 kg-N/km?/d, with a median of
1.9 kg-N/km?/d across all the HUC12 watersheds.

Yields were correlated with mean monthly recharge
across the study area (rho=0.68, r<0.05), the density of resi-
dents using septic systems (rho=0.22, <0.05), and the extent
of coarse stratified sediment (rho=0.35, 7<0.05). Yields were

inversely correlated with the extent of glacial till (rho=—0.32,
r<0.05). In areas without septic systems, the yields were also
correlated with the extent of turf-grass land cover (rtho=0.38,
r<0.05) and the extent of agricultural land cover (rho=0.33,
r<0.05). These correlations are indicative of the processes
controlling the simulated yields. Groundwater recharge and
sediment properties affect rates of nitrogen transport through
the subsurface. The density of residents using septic systems
and the extent of turf-grass or agricultural land cover are asso-
ciated with nitrogen inputs. Sediment properties are associated
with rates of nitrogen attenuation.

The relative importance of the different nitrogen sources
varied substantially across the study area (fig. 20). For
example, in Susquetonscut Brook (HUC12 011000030102;
map number 83 in fig. 2), fertilizer sources dominate the
groundwater nitrogen load. In contrast, in Falls River
(HUC12 010802050904; map number 71 in fig. 2), the
groundwater nitrogen load is dominated by septic system
sources. In other areas, such as the outlet of the Shepaug River
(HUC12 011000050703; map number 25 in fig. 2) or the
Weekeepeemee River (HUC12 011000050902; map num-
ber 29 in fig. 2), the magnitudes of the fertilizer and septic
system contributions to the groundwater nitrogen load are
similar. In most HUC12 watersheds, either septic systems or
both septic systems and fertilizers were the major sources of
nitrogen to the annual groundwater-transported nitrogen load
(fig. 21). In this study, major sources were defined as those
that contributed 33 percent or more of the annual load.
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on 238 model runs (Barclay and Holland, 2024).
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Figure 21.

Map showing major sources of groundwater-transported nitrogen, by 12-digit hydrologic unit code watersheds, north

shore of Long Island Sound (coastal Connecticut and adjacent areas of New York and Rhode Island). Major sources contribute
33 percent or more of the annual groundwater nitrogen load based on 238 model runs (Barclay and Holland, 2024). CT DEEP,

Connecticut Department of Energy and Environmental Protection.

Comparisons With Other Studies

Using a regression analysis, Mullaney and Schwarz
(2013) estimated annual nitrogen loads from unmonitored
areas of Connecticut. That study estimated an annual load
of 2.6 million kg-N/yr from sources other than wastewater
treatment plants; for comparison, the current study estimated
1.8 million kg-N/yr for a similar area (fig. 22). One important
difference between the studies is that Mullaney and Schwarz
did not distinguish between surface and subsurface trans-
port, whereas the current study included only groundwater-
transported sources and would be expected to be lower.

Multiple studies have estimated tributary-transported
nitrogen loads based on measured stream discharge and
nitrogen concentration at USGS gages (Mullaney, 2016, 2023;
Mullaney and others, 2002; Mullaney and Schwarz, 2013;

Trench and others, 2012). Two of those gages (USGS
site 01195100, Indian River near Clinton, Conn., and USGS
site 01208950 Sasco Brook near Southport, Conn.) are within
the study area for this project and provide useful comparisons.
The most recent estimates of nitrogen loads at Indian River
and Sasco Brook (Mullaney, 2023) are similar to the loads
estimated by this study (fig. 23). As with the load estimates for
unmonitored areas, the loads estimated by Mullaney (2023)
do not distinguish between nitrogen that reaches the stream
by surface and subsurface transport and would therefore be
expected to be larger than the loads estimated by this study.
Current estimates of nitrogen loads to Long Island Sound
from Connecticut are based on estimates from 17 selected
tributaries (Mullaney, 2023). The total estimated nitrogen
load from these tributaries, in combination with the results
from this study, can indicate the relative importance of



Simulation of Monthly Nitrogen Loads 45

A 73.5°W 73.0°W 72.5°W 72.0°W
MN7°N — ! ! ! ! —
g
N — CONNECTICUT <
n
I
a
415°N — g—
14N |— —
413°N — —
41.2°N — —
411°N — 1ndsouﬂd 5 10 15 20KILOMETERS | —
Isle!
Lon® 0 5  10MLES
41.0°N — —
I I I
B
4,000,000 EXPLANATION
- Mullaney and Schwarz (2013)
@ This study
90-percent confidence range
S 3,000000 - .
=
£ Median annual nitrogen load
ES)
(%]
€
o
[=2) I ——————————
=]
= 2,000,000 .
=
=
©
k=)
o
3]
(=2}
o
£
S 1,000,000 i
o
c
<
0+ _

Mullaney and Schwarz (2013) This study
Source of load estimate

Figure 22. A, Map and B, graph comparing prior work estimating loads in unmonitored areas of the watershed by Mullaney and
Schwarz (2013) with the estimates from this study (Barclay and others, 2024). Shading and hash marks on the map indicate the area
included in the corresponding bars on the graph.



46 Simulated Mean Monthly Groundwater-Transported Nitrogen Loads, North Shore of Long Island Sound, 1993-2022

50
=
i}
=y
o
o
(4]
(=2}
e
=30
s
w
IS
o
[=2]
=}
=
= 2
=
©
o
o
(5]
g
§ 10
0
250
- 200
©
o
>
o
o
(5]
(=2}
o
£ 150
o
kS
w
IS
o
(=2}
o
= 100
RS
=
©
i=)
o
(4]
g
= 50
=
0

A. Indian River near Clinton, Connecticut (01195100)
T T T T T T T T T T T T
i L L L L L L L L L L L L
B. Sasco Brook near Southport, Connecticut (01208950)
T T T T T T T T T T T T
i L L L L L L L L L L L L
Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept.
Month

EXPLANATION

Load source and description—Line
is median; shading is 90-percent
confidence interval

Groundwater-transported load
(this study)

- Mullaney (2023)

Figure 23. A, B, Graphs showing simulated monthly nitrogen loads, with uncertainty, from this study (Barclay and others, 2024) and
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by Mullaney (2023) include both surface and subsurface (groundwater) transport of nitrogen; the loads compiled for this study include
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this study is shown, and therefore the values should be less than what are shown in figure 16 for the whole study area.



groundwater-transported loads from coastal areas as compared
to the load from the selected tributaries. Based on the most
recent estimates (Mullaney, 2023), the load from the selected
tributaries is 4 to 23 times larger, depending upon the month,
than the groundwater-transported load from coastal areas, indi-
cating that groundwater-transported nitrogen in coastal areas is
a relatively small component of the overall Long Island Sound
nitrogen budget (fig. 24). Because the selected tributaries dis-
charge to Long Island Sound at discrete points, in many areas
of the shoreline of Long Island Sound, particularly in embay-
ments and coves that do not readily mix with Long Island
Sound, groundwater-transported nitrogen is likely a larger
component of the local load.

Limitations of Nitrogen Transport Analysis

The nitrogen load model was developed and calibrated
by using measured nitrogen loads and yields in surface water
under base-flow conditions. Observations of surface-water
nitrogen loads are more abundant than direct measures of
nitrogen flux in groundwater, and they provide an aggregated
perspective of groundwater-transported nitrogen loads that
may be more representative of regional patterns than direct
measures of groundwater nitrogen flux. Groundwater aqui-
fers have complex porosity patterns and are temporally and
spatially heterogeneous. This creates challenges in determin-
ing how representative an observation of nitrogen flux from a
monitoring well within the aquifer is of broader regional pat-
terns. Direct measurements of nitrogen loading in discharging
groundwater present similar challenges; preferential flow paths
and heterogeneous conditions create substantial variations in
measured nitrogen loads over tens of meters (Moore and oth-
ers, 2023). Because measurements of surface-water nitrogen
loads aggregate nitrogen from the entire watershed of the
measurement point, the challenges of aquifer heterogeneity are
avoided, but new challenges and assumptions are introduced.

Determining Base-Flow Conditions

Stream discharge is commonly conceptualized as having
two components: quickflow, which increases and decreases
quickly in response to storms, and base flow, which changes
more slowly and sustains streamflow during the periods
between storms. Base-flow separation techniques, such as
RORA (Rutledge, 1998), PART (Rutledge, 1998) or BFI
(Gustard and others, 1992), can be used to estimate the frac-
tions of streamflow from quickflow and base flow. In this
study, it was assumed that surface-water nitrogen loads under
base-flow conditions (defined in this study as when the stream-
flow was 75 percent or more base flow) were groundwater-
transported nitrogen loads. Often, base flow is assumed to be
predominantly sourced from groundwater, but other processes
that store water and slowly release it, such as reservoirs,
snowpack, or wetlands, also contribute to base flow. None of
the observation locations are below large reservoirs. In most
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years, the snowpack in the study area is not substantial but
does contribute some water, and wetlands are abundant in
some parts of the study area. In addition, base-flow separation
techniques can only be applied to time series of streamflow;
they cannot be used at sites lacking continuous streamflow
measurements. Most of the nitrogen observation sites used
in this study do not have continuous streamflow monitor-
ing equipment. At these sites, the determination of base-flow
conditions was made on the basis of nearby streamflow gages,
which introduced additional uncertainty in the classification.
Errors in the classification of an observation as being
collected under base-flow conditions or in the assumption
that observed surface-water nitrogen loads were groundwater
transported would result in larger observed groundwater-
transported nitrogen loads than the actual groundwater-
transported nitrogen loads because non-groundwater-
transported nitrogen would be attributed to groundwater
discharge. This error would likely have two effects. First,
observed loads that are biased high would push the model,
through the calibration process, to match those loads, result-
ing in simulated nitrogen loads that are higher than the actual
loads. Second, even after calibration, the simulated loads may
not match the erroneously high observed loads, resulting in
greater errors between the simulated and observed groundwa-
ter nitrogen loads.

Calibrating to Outlet Loads

Observations of streamflow nitrogen loads aggregate
nitrogen from the entire watershed of the sampling point. This
prevents the challenges of determining the representative-
ness of a sample from an individual well, but it allows for the
comparison only of outputs. Each nitrogen observation site
aggregates nitrogen from a different combination of nitro-
gen sources and hydrogeologic conditions, which provides
some resolution to the attenuation rates along the flow path
but provides no comparison observations of nitrogen loads
along the flow paths between the land surface and the surface-
water sampling point. This means that though the simulated
nitrogen loads are robust, and, given the estimated nitrogen
inputs, the aggregated attenuation rates are robust, the specific
attenuation rates for each zone and geologic context are much
more uncertain.

Data-Availability and -Quality Limitations

Because the nitrogen load model is dependent upon
observations of streamflow nitrogen loads for calibration,
it is limited by the availability and quality of available
nitrogen load observations. Because of the filtering criteria
needed to determine that observations were representative
of groundwater-transported nitrogen, only five sites were
available with long-term data for representing monthly pat-
terns. Nitrogen load observations were collected at 45 sites
across the study area in support of this modeling effort, but
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Figure 24. A, Map of simulation coverage indicating source areas for groundwater discharging (1) directly to coastal waters, (2)
upstream from the selected tributary gages, and (3) downstream from the selected tributary gages and B, graph of simulated monthly
nitrogen loads from selected tributaries from Mullaney (2023) and simulated groundwater-transported nitrogen loads for coastal
Connecticut from this study (Barclay and Holland, 2024). The loads compiled by Mullaney (2023) include both surface and subsurface

(groundwater) transport of nitrogen; the loads compiled for this study include only groundwater-transported nitrogen. Colors on the map
indicate the source areas for the loads on the graph.
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delays in sample analysis increased the uncertainty in those
observations (Barclay and others, 2023; Table5 Observ-
edNitrogenLoads.csv in Barclay and Holland, 2024). The
extended holding times primarily affected the short-term site
observations because (1) most of the affected samples were
at short-term sites and (2) in most cases the only data at the
short-term sites were affected, whereas long-term sites had
multiple years of data. The good model calibration to data
from the long-term sites, which were not so much affected
by the holding time exceedances, lends confidence to the
quality of the nitrogen data overall. Simulated groundwater-
transported nitrogen loads in watersheds distant from or with
conditions different from those of the observation sites have
greater uncertainty than those closer or more similar to the
calibration observations.

May  June July  Aug. Sept

Nitrogen Management Scenarios

To guide management of groundwater-transported nitro-
gen, two sets of scenarios were simulated. The first focused on
upgrades to septic systems and the second on nitrogen inputs
from turf-grass fertilizer. In both cases, a gradient of inputs
(due to upgrades to septic systems or changes in fertilizer
use) was simulated. Because decisions about septic system
upgrades or fertilizer use are typically made by individual
landowners or residents, changes to existing inputs were ran-
domly distributed across the model domain.
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Septic System Upgrades

With traditional septic systems, typically 20 percent or
less (Oakley and others, 2010; Valiela and others, 1997) of
the nitrogen is removed in the tank and leach field. Enhanced
systems, which are designed to remove nitrogen through deni-
trification, can remove more than 70 percent of the nitrogen
inputs (Oakley and others, 2010). In this study, it was assumed
that all septic systems were traditional systems. In this set
of scenarios, for each of five levels of adoption (0 percent,
25 percent, 50 percent, 75 percent, and 100 percent), randomly
selected subsets of model cells with septic systems within each
HUCI12 watershed were upgraded to enhanced systems with
removal rates of 70 percent in the tank. For example, in the
50-percent scenario, 50 percent of the residents with septic
systems in each HUC12 watershed upgraded their system.
Each scenario was tested by using 50 different sets of model
parameters from the final ensemble of 238 parameter sets.
Uncertainty is represented as 50- and 90-percent confidence
bands around the median of the 50 model runs.

Reduced Turf-Grass Fertilizer Applications

In this set of scenarios, fertilizer applications to turf
grass were reduced by up to 100. For each of five levels of
adoption (0 percent, 25 percent, 50 percent, 75 percent, and

A. Septic system upgrades

100 percent), a randomly selected subset of model cells within
each HUC12 watershed with turf-grass fertilizer applications
had decreased fertilizer inputs. For each scenario, fertilizer
inputs were reduced by the same percentage in all selected
cells, with reductions of 25 percent, 50 percent, 75 percent,
and 100 percent. In total, 20 scenarios were tested. Each sce-
nario was tested by using 50 different sets of model parameters
from the final ensemble of 238 parameter sets. Uncertainty is
represented as 50-percent confidence bands around the median
of the 50 model runs.

Nitrogen Load Reductions From Management

Reducing nitrogen inputs to the groundwater system,
either by upgrading septic systems or reducing fertilizer
application rates, reduces nitrogen in discharging groundwater
once the groundwater reaches a new steady-state condition
(fig. 25). Because the number of septic systems and the current
fertilizer application rates vary by basin, the magnitude of the
reduction primarily depends upon how many septic systems
are upgraded (fig. 26) or the extent and degree of reductions
in fertilizer applications (fig. 27), and the total number of
septic systems or the extent of turf grass within the watershed.
Surficial geology is a secondary control on the magnitude of
the reduction; reductions are slightly greater in watersheds
dominated by coarse stratified sediments than by glacial till

B. Turf-grass fertilizer application reductions
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Figure 25. Graphs showing simulated groundwater-transported nitrogen load from A, septic systems and B, fertilizers with different

management scenarios (Barclay and Holland, 2024; Barclay and others, 2024). Fertilizer loads include nitrogen from both agricultural
and turf-grass fertilizer, but the simulated management scenarios focused only on reductions in turf-grass fertilizer. Agricultural inputs
were left unchanged. Results are based on 50 model runs for each scenario.



42.0°N

415°N

41.0°N

42.0°N

41.5°N

41.0°N

0 percent of systems upgraded

B.

25 percent of systems upgraded

C. 50 percent of systems upgraded

4=

B
i 1:&) A

75 percent of systems upgraded

100 percent of systems upgraded

74°W 73°W 72°W

"M‘jy )m |

%

10 10

EXPLANATION
Reduction in groundwater-transported nitrogen load,
in kilograms of nitrogen per year

750
500

250
0

20 KILOMETERS

0 5 10MILES

74°W

73°W 72°W

74°W

73°W

72°W

Figure 26. Maps showing reduction in nitrogen load in response to upgrading septic systems in watersheds on the north shore of Long Island Sound (coastal Connecticut

and adjacent areas of New York and Rhode Island) (Barclay and Holland, 2024). Scenarios are A, 0 percent, B, 25 percent, C, 50 percent, [, 75 percent, and E, 100 percent of
systems upgraded. Results are based on the median load reduction over 50 model runs for each scenario.

sol1euaag juawabeuely uaboniy

1S



Percent reduction in fertilizer application rate
0 25 50

75

100

25

50

75

100

Percent of turf-grass with reduced fertilizer applications

420°N 7 I I T I I T I I T I I T I I
415°N —+ —HF —H+ —+ —
41.0°N -+ —HF -+ -+ —
l l l l l l l l l l l l l l l
AZ0°N | | | | | | | | | | | | | |
415N — - - - ;" -1 "’ —
41.0°N — — — — —
l l l l l l l l l l l l l l l
420°N | | | | | | | | | | | | | |
415N — - —r i" - {“ -1 f’ -
b b
41.0°N — — a4 » 4 » —
l l l l l l l l l l l l l l l
420°N I I T I I T I I T I I T I I
415N —+ —H "’ —H f’ - ' -
! t A
410N |- —HF 4 » & » 4 » .
l l l l l l l l l l l l l l l
74°W 73°W 72°W 74°W 73°W 72°W 74°W 73°W 72°W 74°W 73°W 72°W 74°W 73°W 72°W
EXPLANATION
Reduction in groundwater-transported nitrogen load,
in kilograms of nitrogen per year
600
400
200
0
Figure 27. Maps showing reduction in nitrogen load in response to reducing fertilizer application to turf grass in watersheds on the north shore of Long Island Sound (coastal

Connecticut and adjacent areas of New York and Rhode Island) (Barclay and Holland, 2024). Results are based on the median load reduction over 50 model runs for each

scenario.

2202-£661 ‘punos puejs| buoT jo aioys yuop ‘speoq uaboi papodsuel) -1ajempunoln Ajyuopy ueapy pajyejnuisg



because of lower attenuation, and therefore greater base loads,
in coarse stratified sediments than in glacial till (fig. 18).
Uncertainty in the resulting nitrogen loads under the different
scenarios is primarily due to uncertainty in the nitrogen model
parameters, as well as uncertainty in the groundwater-flow
model parameters and randomness in where the management
actions were implemented.

Multiple factors control the delay between when manage-
ment actions are implemented and when changes in the result-
ing groundwater-transported nitrogen load to downstream
waters will be evident. Important factors include nitrogen
storage in unsaturated upland soils and riparian sediments
and transport delays through groundwater system (Ascott and
others, 2021; Meals and others, 2010; Van Meter and oth-

ers, 2016). This study only considers the delay due to transport

through the shallow groundwater system; storage in the soil
and surface-water network are not quantified.

A. Septic system upgrades
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Because groundwater travel times vary throughout the
year (fig. 17), the groundwater-transport component of the
delay between management actions and decreased nitrogen
loads varies throughout the year (fig. 28). At all times of year,
the groundwater load to surface waters responds relatively
quickly to decreases in the inputs to the water table, with
almost 50 percent of the overall decrease after 1 year. The
response is slower in the late summer than in the late winter,
however. For example, only 38 percent of the reduction in
August septic loads occurs in the first year, as compared to
97 percent of the reduction in December loads. Spatial varia-
tion in the response time is also substantial, with coastal areas
tending to have longer times to reduced loads than inland areas
(fig. 29).

B. Turf-grass fertilizer reductions
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Figure 28. Graphs showing timeline of simulated nitrogen load reductions by month for A, upgrading 50 percent of septic systems
and B, reducing fertilizer application by 50 percent to 50 percent of land with turf grass (Barclay and Holland, 2024; Barclay and others,
2024). Lines show the median and are based on 50 model runs for each scenario.
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Figure 29. Maps showing time to reduce August nitrogen loads by 75 percent of the final reductions of loads from A, septic
systems and B, fertilizers with different management scenarios (Barclay and Holland, 2024). Fertilizer loads include nitrogen from
both agricultural and turf-grass fertilizer, but the simulated management scenarios focused only on reductions in turf-grass fertilizer.
Agricultural inputs were left unchanged. Results are based on 50 model runs for each scenario. CT DEEP, Connecticut Department of
Energy and Environmental Protection.
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Figure 29.—Continued

Summary

Elevated nitrogen loads are pervasive in the Long Island
Sound, a saltwater estuary that receives freshwater and
nutrients from both surface-water and groundwater discharge.
Surface-water nitrogen loads to the Long Island Sound
are relatively well characterized, but less is known about
groundwater-transported nitrogen loads. Prior work on the
northern shore of Long Island Sound (Connecticut and areas
of New York and Rhode Island) suggested that groundwater
travel times are relatively short (median less than 2 years)
and that decade-long nutrient legacies are not widespread.
Because the travel times are short, groundwater discharge and
nutrient loads likely vary substantially between months. In
the current study, the U.S. Geological Survey, in cooperation

with the U.S. Environmental Protection Agency’s Long Island
Sound Study and the Connecticut Department of Energy and
Environmental Protection, developed a soil-water-balance
model and a monthly MODFLOW groundwater-flow model
coupled with a nitrogen transport simulation to better charac-
terize spatial and temporal patterns of groundwater-transported
nitrogen loading from atmospheric deposition, septic systems,
and fertilizers within the study area.

The modeling workflow involved four models. (1) A
soil-water-balance model was developed using the Soil-Water-
Balance (SWB) software to simulate groundwater recharge
across the study area for water years 2005 through 2022. The
SWB model was calibrated to annual base flow at 14 stream-
flow gages within the study area with a simple grid-search
approach. The simulated recharge from the SWB model was
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used as an input into the groundwater-flow model. (2) The
groundwater-flow model was developed by using the MOD-
FLOW 6 software and simulates average monthly hydro-
logic conditions for water years 1993 through 2022. The
groundwater-flow model was calibrated by using the Iterative
Ensemble Smoother method within the PEST++ software. The
Iterative Ensemble Smoother method generates an ensemble of
sets of parameter values, with each set producing reasonable
simulated values. The groundwater-flow model was calibrated
by using mean monthly base-flow discharge at 14 streamflow
gages and mean monthly groundwater levels from 66 monitor-
ing wells in the study area. (3) Next an ensemble of MOD-
PATH particle-tracking simulations were run to generate par-
ticle flow paths and travel times, with each simulation using

a different set of the flow model parameters. (4) Finally, a
nitrogen load model uses the MODPATH simulation outputs to
track nitrogen from the land surface through multiple attenua-
tion zones until it discharges into fresh or saline surface water.
As with the groundwater-flow model, the nitrogen model
simulated average monthly groundwater-transported nitrogen
loads for water years 1993 through 2022. The nitrogen model
was calibrated with the Iterative Ensemble Smoother option
within the PEST++ software by using observed nitrogen loads
at 60 locations in the study area.

The annual mean net infiltration simulated by the SWB
model ranged from 33.3 centimeters (water year 2016) to
77.2 centimeters (water year 2006), with a mean of 52.3 cen-
timeters. After further refinement in the calibration of the
groundwater-flow model, the estimated mean annual recharge
ranged from 47 centimeters to 64 centimeters, with a median
of 55 centimeters, across all model parameter sets.

Across all seasons, natural recharge from precipitation
is the largest source of water to the groundwater system, and
the largest rates of natural recharge are during the winter
months. Across the entire study area, septic return flows are
a small fraction of the groundwater budget, but they may be
locally important in areas with a high concentration of septic
systems. During the cold season of December through April,
the largest fluxes of water out of the groundwater system are
to wetlands, streams, and rivers. During the summer growing
season, groundwater evapotranspiration becomes the dominant
flux of water out of the groundwater. Groundwater storage
increases from November through April and decreases from
May through October.

Across the ensemble of simulated nitrogen loads, the
median study-area-wide monthly simulated nitrogen loads
throughout the year ranged from 900 to 18,600 kilograms of
nitrogen per day, with a median load of 5,100 kilograms of
nitrogen per day. Loads were highest during the winter and
early spring and lowest during the late summer. Groundwater
travel times were longer during the late summer. This indicates
that summer loads respond more slowly to changes in nitrogen
inputs than winter loads. Over the entire study area, approxi-
mately 15 percent of the simulated load is from atmospheric
deposition sources, 30 to 40 percent is from fertilizer, and 50
to 60 percent is from septic systems.

The final analysis of the study involved simulating the
change in groundwater-transported nitrogen load in response
to (1) upgrading septic systems or (2) reducing fertilizer inputs
to areas of turf grass. Both management interventions reduced
the groundwater-transported nitrogen load, and reductions
were greater in areas with greater loads from septic systems
or turf-grass fertilizers. The decrease in loads was steeper
with septic upgrades than with turf-grass fertilizer reductions.
This is because the starting load from septic systems is greater
than the starting load from fertilizer (fig. 16), and only some
of the fertilizer load is from turf-grass fertilizer. The delay
between management actions and substantial reductions in
groundwater-transported nitrogen loads varied seasonally;
loads during the late summer months remained elevated longer
than the winter loads. For example, only 48 percent of the
reduction in August fertilizer loads occurred in the first year,
as compared to 95 percent of the reduction in February loads.
Spatial variation in the response time was also substantial,
with coastal areas tending to have longer times to reduced
loads than inland areas.
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Appendix 1.

Across the study area and in particular along the coast,
there is an influx of seasonal residents during the summer
months, which has important implications for nitrogen loads
and water use in the region. To account for the increase in
population due to seasonal residents, additional nitrogen inputs
and return flows from private septic systems and withdraw-
als from private wells were estimated by using a raster of
additional seasonal population created with census block data
collected during the 2010 decennial U.S. census (U.S. Census
Bureau, 2010). The method of calculating additional seasonal
population is based on a method used by CDM Smith (2020)
to estimate nitrogen loads from septic systems across the north
shore of Long Island Sound.

1. The average year-round population per housing unit for
each census block was calculated by dividing the block
population by the number of housing units per block.

2. The population per seasonal unit for each census block
was assumed to be twice the average year-round popula-
tion per housing unit calculated in step 1, or at least four
people per seasonal housing unit (CDM Smith, 2020).

3. The number of vacant housing units classified as “For
seasonal, recreational, or occasional use” from census
table H5 (U.S. Census Bureau, 2010) was taken to be
the number of seasonally occupied units. Additional
seasonal population for each census block was estimated
by multiplying the number of seasonally occupied units
per block by the population per seasonal unit estimated
in step 2.
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Estimation of Seasonal Population

4. Additional seasonal population per census block was
divided by census block area to calculate additional
seasonal population density. The block-level additional
seasonal population density was then converted to a
60-meter raster to match the resolution of the year-round
population density map (Falcone, 2016).

5. Seasonal residents were assumed to be present during
the summer months of June, July, and August.
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