
RESEARCH ARTICLE
10.1002/2014WR016039

Untangling the effects of urban development on subsurface
storage in Baltimore
Aditi S. Bhaskar1,2, Claire Welty1, Reed M. Maxwell3, and Andrew J. Miller4

1Department of Chemical, Biochemical and Environmental Engineering and Center for Urban Environmental Research
and Education, University of Maryland, Baltimore County, Maryland, USA, 2Eastern Geographic Science Center, U.S.
Geological Survey, Reston, Virginia, USA, 3Colorado School of Mines and ReNUWIt, Urban Water Engineering Research
Center, Department of Geology and Geological Engineering, Golden, Colorado, USA, 4Department of Geography and
Environmental Systems and Center for Urban Environmental Research and Education, University of Maryland, Baltimore
County, Maryland, USA

Abstract The impact of urban development on surface flow has been studied extensively over the last
half century, but effects on groundwater systems are still poorly understood. Previous studies of the influ-
ence of urban development on subsurface storage have not revealed any consistent pattern, with results
showing increases, decreases, and negligible change in groundwater levels. In this paper, we investigated
the effects of four key features that impact subsurface storage in urban landscapes. These include reduced
vegetative cover, impervious surface cover, infiltration and inflow (I&I) of groundwater and storm water into
wastewater pipes, and other anthropogenic recharge and discharge fluxes including water supply pipe leak-
age and well and reservoir withdrawals. We applied the integrated groundwater-surface water-land surface
model ParFlow.CLM to the Baltimore metropolitan area. We compared the base case (all four features) to
simulations in which an individual urban feature was removed. For the Baltimore region, the effect of infil-
tration of groundwater into wastewater pipes had the greatest effect on subsurface storage (I&I decreased
subsurface storage 11.1% relative to precipitation minus evapotranspiration after 1 year), followed by the
impact of water supply pipe leakage and lawn irrigation (combined anthropogenic discharges and
recharges led to a 7.4% decrease) and reduced vegetation (1.9% increase). Impervious surface cover led to a
small increase in subsurface storage (0.56% increase) associated with decreased groundwater discharge as
base flow. The change in subsurface storage due to infiltration of groundwater into wastewater pipes was
largest despite the smaller spatial extent of surface flux modifications, compared to other features.

1. Introduction

The percentage of people living in urban areas globally was 30% in 1950, 54% in 2014, and is expected to
grow to 66% in 2050 [United Nations, 2014]. The accelerating migration of human populations to densely
settled areas has led to profound alteration of urban hydrologic systems. Urban streamflow is flashier, with
shorter lag times between precipitation and peak flow, increased peak flows, increased stormflow volumes,
and decreased recession times [Leopold, 1968; Lull and Sopper, 1969; Rose and Peters, 2001; Beighley and
Moglen, 2002]. The impacts of these hydrologic alterations can be far-reaching, from increased flooding and
channel incision, to decreased capacity to process contaminants and degradation of urban aquatic habitat
[Paul and Meyer, 2001; Pickett et al., 2001; Walsh et al., 2005]. The well-documented impacts of urban devel-
opment on hydrologic systems have been mostly focused on surface water systems, whereas there has
been little focus on groundwater systems [Kaushal and Belt, 2012; Hamel et al., 2013].

Previous studies of the effects of urbanization on base flow or groundwater recharge have reported a vari-
ety of effects [Meyer, 2005; Price, 2011]. Observed decreases in groundwater recharge or base flow with
urban development have been attributed to factors such as reduced infiltration due to connected impervi-
ous surfaces [Ku et al., 1992; Konrad et al., 2005; Hardison et al., 2009], increased groundwater withdrawals
[Roach et al., 2008], export of locally supplied water to wastewater treatment plants [Pluhowski and Spinello,
1978; Simmons and Reynolds, 1982], or infiltration of groundwater into wastewater collection systems. Other
studies have observed increases in groundwater recharge or base flow with urbanization that is credited to
water supply pipe leakage [Lerner, 2002], reduced evapotranspiration, focused recharge of storm water
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infiltration [Ku et al., 1992; Appleyard, 1995; Stephens et al., 2012; Hogan et al., 2013], recovery from industrial
groundwater pumping [V�azquez-Su~n�e et al., 2005], or discharge of wastewater from imported or confined
water supply [Burns et al., 2005; Townsend-Small et al., 2013]. Where a range of these features was present
and the increases and decreases nearly balanced out, or the effects on urban development were small com-
pared to predevelopment recharge, little effect was observed from urban development on groundwater
recharge or base flow [Ferguson and Suckling, 1990; Barringer et al., 1994; Yang et al., 1999; Kim et al., 2001;
Trowsdale and Lerner, 2003; Brandes et al., 2005; Meyer, 2005; Roy et al., 2005]. The effect of any given city on
groundwater levels will likely vary over time as the city develops [Kennedy et al., 2007].

Urban development can impact groundwater flow systems even where overall water levels remain relatively
constant. Although Trowsdale and Lerner [2003] found the increase in groundwater withdrawals to be bal-
anced by recharge from leaking water mains with development in Nottingham, England, the groundwater
flow system shifted from being dominated by regional flow to numerous local systems controlling flow
paths. Changes in the spatial distribution of recharge and discharge resulting from urban development,
even without changes in magnitude, could alter fate and transport of contaminants in the subsurface and
groundwater-surface water interactions.

Both increases and decreases in subsurface storage from urban development may lead to negative conse-
quences. Falling water tables may lead to reductions in water availability or land subsidence. An associated
decline in base flow can affect the survival of aquatic biota and diminish the connection between the
stream channel and riparian vegetation, in turn reducing biogeochemical processing [Groffman et al., 2002].
Rising water tables can lead to deleterious effects on urban infrastructure, such as structural property dam-
age, flooding of underground structures (basements, tunnels, and parking structures), groundwater leakage
into wastewater pipes, vegetation damage from oversaturation, and pollutant mobilization [G€obel et al.,
2004; V�azquez-Su~n�e et al., 2005].

The conversion of land to urban use and need for improved management of urban hydrologic systems is
ongoing, yet typically our understanding of urban groundwater is incomplete. The most commonly
assumed effect of urbanization on the subsurface, reduced groundwater recharge, is based almost entirely
on the most visible aspect of urban development, impervious surface coverage. As discussed above, previ-
ous studies have found evidence that contradicts this understanding, including increases in groundwater
recharge and base flow with urban development. This suggests that evaluating a single aspect of urbaniza-
tion may be too simplistic to explain observed effects of cities on groundwater systems. The effect on
groundwater is commonly attributable to the combination of many different characteristics of urban devel-
opment, with varied impacts on groundwater recharge. In hydrologic monitoring of streamflow or ground-
water levels, all impacts of urban development are usually observed in aggregate and therefore individual
contributions cannot easily be discerned.

The objective of this paper is to evaluate the effects of individual features of urban development on subsur-
face storage, by isolating the impact of each aspect on the whole system. We use the Baltimore, Maryland,
USA metropolitan region as a case study, where the water balance has been found to be significantly
altered by anthropogenic discharges and recharges [Bhaskar and Welty, 2012]. We develop a methodology
to process and synthesize numerous urban discharge and recharge fluxes into an integrated hydrologic
model. The urban features assessed for effects on subsurface storage are as follows, indicated in Figure 1:

1. reduced urban evapotranspiration;

2. urban hardscapes;

3. net infiltration of groundwater into wastewater pipes; and

4. all other anthropogenic recharges and discharges (municipal and private well withdrawals, surface reser-
voir withdrawals, water supply pipe leakage, and lawn irrigation).

To achieve this objective, we implement and analyze the results from an integrated groundwater-surface
water-land surface hydrologic model. This is one of the first applications of a three-dimensional, coupled
hydrologic model to an entire metropolitan region. We therefore have presented a methodology for the
synthesis of disparate urban and hydrogeologic data sets to incorporate these data into distributed hydro-
logic models. We compare the subsurface storage resulting from each scenario to isolate the effects of the
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features listed above. We explore the challenges and limitations related to gridding an urban hydrologic
model for application to a regional scale. We find that in the Baltimore region, impervious surface cover is a
smaller factor in altering subsurface storage than is infiltration of groundwater into wastewater pipes, water
supply pipe leakage, and reduced vegetative cover. Infiltration of groundwater into the wastewater system
and leakage out of water supply pipes had the largest effects on subsurface storage. Our work demon-
strates the necessity of considering multiple aspects of urban development on groundwater, beyond solely
the effects of impervious surface cover that are most often cited by other authors.

2. Methods

We used the model ParFlow as a tool to achieve our research objectives. ParFlow is a three-dimensional,
finite-difference, parallel hydrologic flow model developed by Lawrence Livermore National Laboratory and
Colorado School of Mines [Ashby and Falgout, 1996; Jones and Woodward, 2001; Kollet and Maxwell, 2006,
2008]. It couples surface flow and variably saturated subsurface flow using the continuous variable of pres-
sure head. ParFlow has also been coupled with a number of other models, including the land surface model
CoLM [Dai et al., 2001, 2003; Maxwell and Miller, 2005] (Common Land Model referred to as ParFlow.CLM),
allowing interaction between subsurface soil moisture and simulated evapotranspiration.

We focused on the Baltimore metropolitan area with a 13,216 km2 model domain that includes Baltimore
City and the five surrounding counties to the west of the Chesapeake Bay (Figure 2). The region is underlain
by the Piedmont and Atlantic Coastal Plain physiographic provinces. Baltimore City has a population of
620,961 [United States Census Bureau, 2010], and receives an average precipitation of 1060 mm/yr. The
hydrology of the metropolitan area is well characterized by a dense network of hydrologic instrumentation
and data collection.

2.1. Model Geometry, Boundary Conditions, Meteorological Forcing, and Land Surface Input Data
Because the regional model covers a large area, we used a horizontal grid cell discretization of 500 m 3

500 m. A vertical discretization of 5 m was chosen to capture regional unsaturated flow dynamics. Although
the vertical grid resolution is 5 m, storage is filled continuously and is not dependent on this vertical

Figure 1. Model input data required for surface-subsurface flow models (gray boxes) and input data specific to urban areas (white boxes).
The arrows indicate data sources for the urban and hydrogeologic data sets needed. Numbers indicate urban data sets altered for scenar-
ios, where 1 indicates the vegetated city scenario, 2 indicates the pervious city scenario, 3 indicates the no-I&I scenario, and 4 indicates the
no-anthropogenic-discharge-or-recharge scenario. Modified from Figure 6.1 in Welty et al. [2007].
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resolution. Since lateral flow depends on storage, changes in fluxes are smoothly varying. The maximum
domain thickness was 1080 m, with subsurface thickness ranging from 200 m in the Piedmont physio-
graphic province to 745 m in the Atlantic Coastal Plain. The resulting total number of active grid cells was
2,869,549. In order to minimize simulation times with this number of model grid cells, parallel simulations
were carried out. Most of the simulations were conducted using 324 processors on the National Institute of
Computational Sciences (NICS) Kraken system.

Because of the large extent of the model domain in comparison with the development footprint of the met-
ropolitan area, no-flow boundary conditions were applied to the lateral subsurface and bottom boundaries.
Water exits the domain laterally from the top layer. An overland flow boundary condition was applied to
the surface that allowed surface flow to exit the domain based on topographic slope. Surface slopes derived

Figure 2. Map showing extent of model domain, stream gages and monitoring well locations, impervious surface coverage, physiographic provinces, and location within the Chesa-
peake Bay watershed.
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from topographic data were required to define the land surface geometry and for use in the model over-
land flow component. We resampled a 30 m National Elevation Dataset (NED) Digital Elevation Model
(DEM) (http://ned.usgs.gov) for the 500 m grid cells. Topographic data thus obtained required further
manipulation to ensure smooth surface drainage and removal of pits, especially since the model domain
had some flat and complicated topography, as is often the case for urban areas. ParFlow uses four-
directional overland flow surface drainage. We used a global slopes enforcing method to ensure hydrologic
connection and smooth drainage for four-directional overland flow [Barnes et al., 2012a, 2012b].

Precipitation and evapotranspiration boundary condition fluxes at the surface are handled by the coupling
between ParFlow and the land surface model CoLM [Maxwell and Miller, 2005]. CoLM requires hourly mete-
orological forcing data (Table 1). Spatially variable meteorological forcing from NLDAS 1/8th degree grids
was bilinearly interpolated to 500 m model grids. Other input data to CoLM included land cover, where
urban areas were combined together and mapped to the bare soil land cover vegetation properties in
CoLM. The standard ParFlow.CLM time step of 1 h was used.

2.2. Processing and Synthesis of Material Properties and Urban Flux Input Data
Application of integrated hydrologic models to urban areas involves the integration of hydrogeologic prop-
erties as well as urban flux data. Our overall methods for data synthesis are described in this section, with
the detailed sources, manipulation, and citations summarized in Table 1.

2.2.1. Subsurface and Surface Material Properties
2.2.1.1. Fractured Rock and Saprolite
The Piedmont consists of fractured crystalline rock overlain by soil and saprolite; the Atlantic Coastal Plain is
composed of semiconsolidated and unconsolidated sediments that dip toward the Atlantic Ocean and
thicken seaward (Figure 3), overlying saprolite and bedrock. We used specific capacity data to estimate frac-
tured bedrock hydraulic conductivity (K) in the Piedmont. Because specific-capacity-derived hydraulic con-
ductivity provides only sparse information for the deeper parts of the model domain, the average specific-
capacity-derived hydraulic conductivity value (3 3 1025 m/s) of the top 20 m was used as the hydraulic
conductivity of the top of the bedrock.

Well casings are required for boreholes drilled through soil and saprolite, whereas the borehole portion in
fractured rock is typically left as an open hole [Daniel et al., 1997; Low et al., 2002]. The well casing informa-
tion provided by the Maryland Department of the Environment well database was used to estimate the
combined soil and saprolite thickness in the Piedmont. Depth-averaged and depth-profile point observa-
tions of saprolite hydraulic conductivity were used to define hydraulic conductivity as a function of saprolite
thickness.

2.2.1.2. Atlantic Coastal Plain Aquifers and Confining Units
For the Atlantic Coastal Plain, we used aquifer and confining unit altitudes derived from borehole analyses.
The hydraulic conductivity values for Coastal Plain aquifers and confining units were based on results from
previous pumping tests conducted in wells screened in various aquifers. The hydraulic conductivities of the
dipping aquifers and confining units, along with the hydraulic conductivity decreasing exponentially with
depth in the Piedmont bedrock are illustrated in a three-dimensional view of the model domain (Figure 3a).

2.2.1.3. Soil Properties
The National Resources Conservation Service (NRCS) Soil Survey Geographic (SSURGO) data set provides sat-
urated hydraulic conductivity (K) values at fine spatial scales (http://websoilsurvey.nrcs.usda.gov/). SSURGO
‘‘map units’’ are characterized by representative saturated hydraulic conductivity in the dominant soil com-
ponent for layers up to about 3 m below land surface. One approach to upscaling SSURGO data is to use
geostatistical analysis [Journel and Huijbregts, 1978; Deutsch and Journel, 1998] to calculate experimental var-
iograms of ln(K) from SSURGO data and incorporate best fit variogram parameters into theoretical expres-
sions to calculate an effective hydraulic conductivity tensor at the scale of a chosen larger spatial unit. This
methodology has been applied previously to sand and gravel aquifers [e.g., Sudicky, 1986; Hess et al., 1992;
Sudicky et al., 2010].

To upscale SSURGO data using geostatistical analysis, we calculated the horizontal correlation scale, vertical
correlation scale, sill for both directions, and a nugget for the horizontal variogram by fitting a negative
exponential variogram model to experimental variograms of SSURGO map unit data using nonlinear least
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Table 1. Summary of Data Sources and Manipulations Used for Urban Groundwater Model in Baltimore, MD

Required
Input

Raw Data
Type/Scale

Manipulation Required for Model
Gridding

Citation of Data
Source or Procedure

Meteorological
forcing data
for CoLM

Hourly data at
1/8th degree grids

Interpolated to 500 m
model grids

North American Land Data Assimilation
System Phase 2 (NLDAS-2) primary
forcing data (FORA0125) (available
online at NASA Goddard Earth Scien-
ces Data and Information Services
Center Mirador, http://mirador.gsfc.
nasa.gov/)

Land cover
for CoLM

1/240 degrees Resolution was converted
from original to our
grid resolution by
evaluating the dominant
land cover type in each
grid cell and assigning
that land cover
type to the cell

MODIS (Moderate Resolution Imaging
Spectroradiometer) Land Cover Type
1 2007 using the International
Geosphere-Biosphere Programme
(IGBP) classification (Oak Ridge
National Laboratory Distributed Active
Archive Center, Oak Ridge, Tennessee,
available online at http://webmap.
ornl.gov/wcsdown/wcsdown.jsp?dg_
id510004_31)

Topography NED DEM (30 m) Resampled to
model gridding

http://ned.usgs.gov

Hydraulic Conductivity (K)
Fractured
bedrock

Specific capacity
data from Maryland
Department of the
Environment
well database

Estimated median K
using 575 specific
capacity values from
wells less than 20 m
deep using method
of Theis et al. [1963].
Averaged and used
as the shallowest
bedrock K value
(3 3 1025 m/s)

D. Swatzbaugh
(MDE, personal
communication, 2008)

Previously
constrained exponential
decrease with depth
using modeling
(0.004 1/m)

Used one exponential
decay constant
throughout domain

Saar and Manga [2004]

Saprolite Bulk observations
of saprolite K
(depth-averaged) and
depth-profile observa-
tions of saprolite K

Where saprolite
thickness was
one model grid cell
vertically, a bulk K value
was used (1026 m/s)

Amoozegar et al. [1991], Nutter and Otton
[1969], O’Brien and Buol [1984],
Rasmussen et al. [2000], Schoeneberger
and Amoozegar [1990], Simpson
[1986], and Vepraskas and Williams
[1995]For multiple saprolite cells,

the top-most cell repre-
sented the low K value
(1027 m/s) and below a
linear increase with depth
to shallowest bedrock K
was used

Soil SSURGO map unit polygons
(4000–40,000 m2) with
‘‘representative’’ hydraulic
conductivity value

Used variogram analysis
of fine-scale K data to
determine
geostatistical parameters.
Upscaled data by
inserting geostatistical
parameters in theoretical
expressions for effective
hydraulic conductivity tensor

http://soildatamart.nrcs.usda.gov/
USDGSM.aspx
Deutsch and Journel [1998]
Gelhar and Axness [1983, equation (59)]

Used STATSGO2 units
as averaging domains

NRCS STATSGO2 (http://websoilsurvey.
nrcs.usda.gov/)

Aquifers and
confining
units

Values from pump
tests conducted i
n wells screened in
various aquifers

The hydraulic conductivity
was assigned as:
3.5 3 1024 m/s in
the surficial aquifer

Andreasen and Fewster [2001]

1.4 3 1024 m/s in the Magothy
aquifer

Andreasen and Fleck [1996]

2.1 3 1024 m/s in the Upper
Patapsco aquifer

Achmad [1991]

7.4 3 1024 m/s in the Lower
Patapsco aquifer

Andreasen [1999]
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Table 1. (continued)

Required
Input

Raw Data
Type/Scale

Manipulation Required for Model
Gridding

Citation of Data
Source or Procedure

2.5 3 1024 m/s in the Patuxent
aquifer

Andreasen [1999]

2.5 3 10210 m/s in the Magothy-
Patapsco confining unit

Mack and Mandle [1977]

2.1 3 10211 m/s in the Patapsco
confining unit

Mack and Mandle [1977]

1.8 3 10211 m/s in the Arundel Clay
confining unit

Impervious
surfaces

NLCD 2006 (30 m) Resampled to model gridding Fry et al. [2011]
Average observational value

of K from infiltration tests
of fractured roads

1027 m/s assumed for all impervious
grid cells (cells with impervious per-

centage exceeding 50%)

Wiles and Sharp [2008]

Porosity
Fractured
bedrock

Point observational values Assumed 1% for all fractured rock
grid cells

Heath [1984] and Stewart [1962]

Saprolite Point observational values Assumed 40% for all saprolite grid
cells

Stewart [1962], Heath [1984], Kretzschmar
et al. [1995], and Driese et al. [2001]

Aquifers and
confining
units

Point observational and ref-
erence values

Assumed constant values for aqui-
fers (40%) and confining units
(50%)

Chapelle [1986], Fleck and Vroblesky
[1996], Freeze and Cherry [1979], and
McFarland [1997]

Soil Reference value Assumed 40% for all soil grid cells
because of the relatively small
range in hydraulic conductivities
for soil grid cells

Freeze and Cherry [1979]

Impervious
surfaces

Point observational values
of 0.5–6% void ratio

Assumed 5% porosity for all impervi-
ous grid cells

Liu and Guo [2003]

Soil and sapro-
lite thickness

Well casing length from the
MDE well database

Averaged and interpolated well cas-
ing lengths; discarded lengths of
40 ft as that was the default value
for missing data in the database

D. Swatzbaugh (MDE, personal commu-
nication, 2008)

Aquifer
geometry

Aquifer elevations in Mary-
land Coastal Plain Aquifer
Information System,
MCPAIS

Translated to model horizontal
gridding by resampling and to
model vertical gridding using
stairstep approximations

J. Raffensperger (USGS, personal com-
munication, 2012)

Lawn watering
rates

Fine-scale (0.63 m) land
cover; municipal water
service boundaries; lawn
irrigation industry
standards

Calculated grass/shrub area per
model grid cell and assumed 25%
of the lawn area to be irrigated at
a rate of one inch (25.4 mm) per
week for four months of the year
within municipal water service
boundaries

University of Vermont Spatial Analysis
Laboratory land cover data (http://
128.118.47.34/chesapeakeview/Meta-
dataDisplay.aspx?file5Landcover_
2007_4county_baltmetro.
xml&dataset53152) Claessens et al.
[2006], Law et al. [2004], and Milesi
et al. [2005]

Water supply
pipe leakage

GIS layers of regional water
supply pipes; overall
water distribution system
leakage

Distributed leakage equally per unit
pipe length

McCord [2009]

Residential well
water
demand

Number of households
served by private wells;
information on consump-
tive
water use per household;
well depth in MDE well
database

Summed number of residential wells
in each model grid cell

Kenny et al. [2009], US Census Bureau
[2007], D. Swatzbaugh (MDE, personal
communication, 2008); http://www.
mdp.state.md.us/OurProducts/Proper-
tyMapProducts/MDPropertyViewProd-
ucts.shtml

Private wells were assigned a depth
of 72 m, with the screened por-
tion starting at a depth of 58 m
below land surface (Atlantic
Coastal Plain) or 15 m below land
surface (Piedmont) based on
average well depth and screening
from well database

Infiltration and
inflow

I&I values of sewersheds in
Baltimore County and
Baltimore City

Converted design storm I&I value to
annual value.

Espinosa and Wyatt [2007], D. Bayer (Bal-
timore County Bureau of Engineering,
personal communication, 2012), and
C. A. Espinosa (KCI Technologies, per-
sonal communication, 2010)

Converted sewershed I&I values to
area-weighted values in model
grid cells

Municipal well
pumping
rates

Municipal well locations,
depths, screened inter-
vals, and pumping rates

Assumed temporally constant well
pumping by using average pump-
ing rate. Where data on screened
or open well lengths were incom-
plete or unknown, the value was
based on a representative length

J. Glass (Westminster Department of
Public Works, personal communica-
tion, 2012), D. Nott, (Manchester
Department of Public Works, personal
communication, 2012), J. Barrington,
(Freedom Bureau of Utilities, personal
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squares. The fit of the exponential model to the experimental variograms revealed a clear anisotropy struc-
ture in saturated ln(K), with calculated horizontal correlation lengths on the order of meters to tens of
meters and vertical correlation lengths on the order of centimeters. We incorporated the best fit variogram
parameters into the theory of Gelhar and Axness [1983, equation (59)] to calculate an effective hydraulic
conductivity tensor at the scale of a NRCS STATSGO2 unit. The soil hydraulic conductivities calculated are
shown in Figure 3b.

2.2.1.4. Impervious Surfaces
Urban hardscapes such as roads, parking lots, and buildings are characterized by a range of finite perme-
abilities and therefore should not be thought of as being completely impervious to water, although this is
commonly assumed to be the case. We applied the average observational K value of 1027 m/s from infiltra-
tion tests of fractured roads [Wiles and Sharp, 2008] to surfaces designated as ‘‘impervious’’ or hard surfaces.

2.2.2. Urban Water Fluxes
As demonstrated above, application of a coupled groundwater-surface water model to any area requires
intensive data processing. The challenge is compounded when applying such a model to an urbanized
area, where there are numerous anthropogenically caused recharge and discharge fluxes (Figure 1). Here
we present our methodology for discovering and processing urban input data sets, estimating fluxes from
available data, and synthesizing data into our hydrologic model.

2.2.2.1. Lawn Irrigation
Irrigation of lawns and gardens using public water supply can provide anthropogenic recharge to the
subsurface. Using fine-scale lawn coverage, we calculated the area of lawn in each model grid cell
within the municipal water service area (Figure 4a). We assumed 25% of the lawn area to be irrigated
at a rate of one inch (25.4 mm) per week for 4 months of the year [Law et al., 2004; Milesi et al., 2005;
Claessens et al., 2006]; this volume is less than 7% of the overall residential water use in Baltimore City.
We modeled the water applied over the 4 month irrigation period as being distributed uniformly over
the year to be consistent with our representation of wells as having constant recharge or discharge
rates during the same period of time. The estimated lawn irrigation ranged from 1024 to 102 mm/yr/
model grid cell.

2.2.2.2. Water Supply Pipe Leakage
Water supply pipes are pressurized and deteriorate over time, leading to leakage of between 5% and 60%
of their flow [Garcia-Fresca and Sharp, 2005]. The total amount of flow in the Baltimore water system is
204.7 MGD, and 23% of this water becomes leakage [McCord, 2009; Bhaskar and Welty, 2012]. We used

Table 1. (continued)

Required
Input

Raw Data
Type/Scale

Manipulation Required for Model
Gridding

Citation of Data
Source or Procedure

in the area. Where the total well
depth was not provided, nearest
available well-depths were used

communications, 2012), F. Schaeffer
(New Windsor Town Manager, perso-
nal communication, 2012), K. Henry
(Anne Arundel County Department of
Public Works, personal communica-
tion, 2012), J. Caudil (Bel Air Public
Works, personal communication,
2012), Andreasen [2007], Harford
County Department of Public Works
[2007],and Carroll County Government
[2009]

Reservoir
withdrawals

Reservoir withdrawals and
reservoir locations

Assumed temporally constant reser-
voir withdrawal by using average
reservoir withdrawal

Carroll County Land Use, Planning, and
Development [2011], G. Charshee (Bal-
timore Metropolitan Council, personal
communication, 2010), Department of
Public Works and Bureau of Water &
Wastewater [2006], Harford County
Department of Public Works [2007],
and Howard County Council [2008]
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Figure 3. (a) Three-dimensional model domain showing hydraulic conductivity in m/h, where dipping Atlantic Coastal Plain aquifers and
confining units form alternating high and low hydraulic conductivity layers and fractured bedrock hydraulic conductivity decreases expo-
nentially with depth in the Piedmont. Vertical scale is exaggerated by 50 times horizontal scale. (b) Spatial distribution of upscaled soil
SSURGO (http://soildatamart.nrcs.usda.gov/USDGSM.aspx) vertical hydraulic conductivity (m/s).
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spatial data sets of regional water supply pipes to calculate the total length of pipe in each model grid cell
(Figure 4b). Since information on leak locations was unknown but the overall leakage rate in the system
was known, we distributed the leakage in proportion to water supply pipe density. Calculated pipe leakage
ranged from 1022 to 290 mm/yr/model grid cell. Pipe leakage was implemented as an injection at surface
model grid cells.

2.2.2.3. Residential Private Wells
In areas outside public water supply systems, consumptive use from residential private wells constitutes
a groundwater withdrawal. Total annual water use per person on residential private water was esti-
mated from USGS Water Use Reports [Kenny et al., 2009]. The average household size in each county
from the US Census [United States Census Bureau, 2007] was used to convert water use per person
(approximately 80 gallons/person/d) to water use per household. The percentage of total water use per
residential well that is consumptive has been estimated to be 18% [DeSimone, 2004] because aside
from summer irrigation use, most water is returned to the subsurface via septic disposal. The number of
private wells in each model grid cell was assumed to be all residential properties outside of municipal
service areas and was identified using the state tax assessment system, MdProperty View (http://www.
mdp.state.md.us/OurProducts/PropertyMapProducts/MDPropertyViewProducts.shtml). The consumptive
use per household multiplied by the number of private wells in each model grid cell provided an esti-
mate of private consumptive well use (Figure 4c). The estimated consumptive use by private wells
ranged from 0 to 125 mm/yr/model grid cell.

2.2.2.4. Infiltration and Inflow
The dominant direction of leakage into or out of wastewater pipes depends on the position of the water
table relative to the wastewater pipes. In cities where exfiltration out of wastewater pipes is significant, con-
taminant flux balances [Yang et al., 1999; Eiswirth, 2001; Eiswirth et al., 2004; Musolff et al., 2010] or applica-
tion of Darcy’s law to sewer defects [Morris et al., 2007] have been used as methods to quantify leakage
rates. In other cities, groundwater infiltrating into wastewater pipes forms an important groundwater dis-
charge [Kim et al., 2001; Wolf et al., 2007; Rodriguez et al., 2008; Bhaskar and Welty, 2012]. This infiltration
and inflow (I&I) of groundwater and storm water into the wastewater system occurs via cracks and
improper connections [American Public Works Association, 1971; Heaney et al., 2000].

Information on net I&I (infiltration minus exfiltration) in area sewersheds was provided by local waste-
water utility I&I studies based on comprehensive flow monitoring. Infiltration during dry days was pro-
vided in units of millions of gallons per day (MGD) per year, and rainfall-derived I&I (RDII) was provided
either in MGD per inch of rainfall or in some cases per design storm. We made an assumption that RDII
scales linearly with precipitation to calculate RDII on an annual basis. I&I was reported as millions of gal-
lons per day (MGD) per sewershed. We converted volumetric flow rate (MGD) to flux units (mm/yr) by
dividing by sewershed area and making appropriate unit conversions. In areas within the Baltimore
wastewater system where I&I data were not available (38% of the region), we assumed the average
respective Baltimore City or County area-weighted average I&I rate. I&I was represented in model inputs
as distributed near-surface withdrawals. ParFlow is currently not capable of modeling wastewater pipe
flow and therefore two-way feedbacks between groundwater levels and I&I were not included here. Fig-
ure 4d shows the total I&I (during both stormflow and base flow periods) in each sewershed. Unlike most
other cities developed in the same period, Baltimore has separate storm water and wastewater systems;
however, Figure 4d shows that because of infrastructure deterioration, storm water does enter the waste-
water system.

2.2.2.5. Municipal Public Wells and Reservoir Withdrawals
Municipal well data (discharge values and well lengths) were in some cases available in local govern-
ment reports or were provided through communication with local government. Average reservoir
withdrawals were also typically available from county reports or through communication with local
agencies, and were included as withdrawals at the land surface at the location of the reservoir. Table
2 shows the total withdrawal of each type of net recharge or discharge represented in the model. The
surface water reservoir withdrawal was the largest total withdrawal type in this region, followed by
infiltration of groundwater into the wastewater system. Residential well pumping constituted the
smallest total flux.
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2.3. Model Initialization
Model initialization requires an assumed starting water table depth at every surface grid cell, followed by a spin-
up period in order to reach an equilibrium state consistent with model inputs and boundary conditions. We
started by placing the water table 10 m below the land surface everywhere, similar to the initial condition used
by Ajami et al. [2014]. We used homogeneous hydrogeologic properties (e.g., hydraulic conductivity of 5.556 3

1025 m/s and total porosity of 0.4), without including the input data discussed in section 2.3. We ran the model
for 11 months without precipitation input to allow the water table to equilibrate based on topography, with the
result that the water table became shallower in the valleys and deeper at higher elevations relative to the initial
condition of constant depth below land surface. Following this step, coupling with the Common Land Model

Figure 4. (a) Fraction of 500 m 3 500 m model grid cell composed of grass/shrub based on the resampling of the University of Vermont
Spatial Analysis Laboratory classification (http://128.118.47.34/chesapeakeview/MetadataDisplay.aspx?file5Landcover_2007_4county_balt-
metro.xml&dataset53152). (b) Total length of water supply pipes (m) in each model grid cell within the Baltimore water service area. (c)
Number of residential private wells in each model grid cell outside of the municipal water service area derived using MdPropertyView
2009 (http://www.mdp.state.md.us/OurProducts/PropertyMapProducts/MDPropertyViewProducts.shtml). (d) Baltimore County and Balti-
more City infiltration and inflow of groundwater and storm water into wastewater pipes (combined for wet and dry weather) in each sew-
ershed (mm/yr).
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along with associated meteorological forcing was introduced.
This period featured transient spin-up, an initialization procedure
in which multiple years of forcing were applied. During this
period, the water table equilibrated based on meteorological and
topographic forcing. The aim of the transient spin-up was to
reach a dynamic equilibrium where subsurface storage
responded primarily to meteorological conditions and was not
affected by the initial state. The spin-up time period using Par-
Flow.CLM was 1 October 2000 to 31 December 2006.

2.4. Model Calibration of Manning’s n
Using the final output from the initialization time period as an
initial condition, 1 January 2007 to 31 December 2007 was run
with the hydrogeologic and urban model inputs included
(described in section 2.3). This model run was used as a cali-

bration period for Manning’s n, the roughness coefficient relating pressure head (a model output) to volu-
metric streamflow through Manning’s equation. Because of the large horizontal grid resolution (500 m),
stream cells had much greater width and much shallower depth than would occur in a real stream draining
a watershed of comparable size. Therefore there is no physical relation between field estimates and the
modeled Manning’s n value, which should be considered a fitted parameter. No other parameters were cali-
brated because our purpose was not to force observed and modeled streamflow or water table elevations
to match at specific locations. The iterative calibration procedure for Manning’s n using records at 78 USGS
stream gages is described in Appendix A.

2.5. Model Development to Isolate Effects of Different Urban Features
The base case simulation consisted of the initialized water table, hydrogeologic and urban model inputs,
and calibrated Manning’s n value as described above. The base case simulation was carried out for the
period 1 January 2007 to 31 December 2007, and was run as a separate simulation after the calibration run
over the same time period. Modeled streamflow and water levels in wells were compared to observed val-
ues over the base case time period. This length of time was used in order to compare growing season and
dormant months. In order to isolate the effects of individual urban features, we simulated other scenarios
having only one modification from the base case. These scenarios do not represent possible policy out-
comes. Rather they are used to explore the sensitivity of the hydrologic system to aspects of urban features.
The four scenarios that were compared to the base case are:

1. Vegetated City Scenario: The areas represented as urban land cover (areas greater than 70% impervious
surface cover) were converted to the land cover type of natural vegetation mosaic in the Common Land
Model for calculation of evapotranspiration.

2. Pervious City Scenario: The impervious (hardscaped) surface cover in urban areas was removed and back-
ground soil hydraulic conductivities were used instead.

3. No-I&I Scenario: The infiltration and inflow (I&I) of groundwater and storm water into wastewater pipes
was removed.

4. No-Anthropogenic-Discharge-or-Recharge: All anthropogenic discharges or recharges were removed,
including infiltration into wastewater pipes, reservoir withdrawals, municipal and private well with-
drawals, water supply pipe leakage, and lawn irrigation. Since these fluxes were represented as well injec-
tions or withdrawals in ParFlow, requiring that the total porosity of these grid cells be set equal to 1 in
the base case, in this last scenario the wells were still included (keeping the total porosity the same as the
base case), but the fluxes were reduced to zero.

These scenarios were run for the same time period as the base case (beginning 1 January 2007) and using
the same initial conditions for both ParFlow and CoLM. They were also simulated through 31 December
2007 using the same meteorological forcing as the base case. With the same initial conditions, boundary
conditions, and only one change in the representation of urban features, the impact of each of these fea-
tures was effectively isolated.

Table 2. Anthropogenic Discharge and Recharge
Fluxes Summed Over the Entire Model Domain
(mm/d), Derived by Normalizing Each Volumetric
Flux by the Model Surface Area

Anthropogenic Discharge or
Recharge

Total Discharge
Flux (mm/d)a

Lawn irrigation 20.01
Water supply pipe leakage 20.02
Surface water reservoirs 0.11
Residential wells 0.002
Municipal wells 0.02
Infiltration and inflow

(I&I) into wastewater pipes
0.08

aPositive discharge values indicate loss and
negative values indicate recharge.
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3. Results

3.1. Initialization
During the transient spin-up period, 1 October 2000 to 31 December 2006, we evaluated model outputs to
ensure a dynamic equilibrium was reached. Figure 5a shows simulated total subsurface storage over the
spin-up time period. Total subsurface storage was calculated by summing the volume of water over all cells
in the domain subsurface for each day. Precipitation in 2002 was 5% lower than average, and this was
reflected in the draining of subsurface storage over this year. Subsequently, subsurface storage recovered
as precipitation volumes returned to higher values. During the spin-up period, base flow followed the
expected seasonal pattern with smaller values in the summer, higher values in winter, and peaks in stream-
flow corresponding to storm events.

The difference in subsurface storage between a given day and the previous day is shown in Figure 5b. The
change in subsurface storage was negative on most days, meaning subsurface storage decreased from the
previous day due to the lack of precipitation inflow and continued evapotranspiration and stream outflow.
During precipitation events there were large increases in subsurface storage, leading to positive values of
change in subsurface storage. There was also a seasonal cycle of change in subsurface storage during dry
days (shown by the lower part of the curve in Figure 5b). The daily change in subsurface storage during dry
days was most negative during summer when evapotranspiration was higher, removing more water from
storage. The change in subsurface storage during dry days was largest (less negative and closer to zero) in
the winter when evapotranspiration was smaller. These plots of model output during spin-up show that
there was no consistent upward or downward trend in these data and therefore the system could be
assumed to have reached a dynamic equilibrium.

3.2. Model Comparison With Observed Data
The next step was to calibrate Manning’s n and compare modeled output with observations. The calibrated
Manning’s n coefficient was 1.2 3 1027 h (m21/3). The calibration procedure ensured that the mean mod-
eled versus mean observed streamflow over the calibration time period was fit by a 1:1 line. As a result of
the Manning’s n calibration, during the base case simulation in 2007 the cumulative mean modeled stream-
flow was 101% of the cumulative mean observed streamflow. Well hydrographs are not shown because
most wells that had records over this time period were measured monthly and the six measurements did
not change substantially over this period.

3.3. Isolation of Urban Features in Model Scenarios
The base case water balance is shown in Figure 6. Subsurface storage decreased gradually during periods
without precipitation, and increased sharply after precipitation events, as expected. Change in storage was
well matched by inflows minus outflows (precipitation-streamflow-evapotranspiration-urban withdrawals),
as would be expected based on mass balance. Figure 7 shows the percent difference in subsurface storage
between each model scenario and the base case compared to the difference between precipitation and
evapotranspiration. The difference between precipitation and evapotranspiration (P-ET) over the 1 year sim-
ulation period can be considered the water available for natural recharge. The same relative magnitudes of
scenario results were observed when comparing changes in subsurface storage to the total volume of sub-
surface storage, but since the total volume of subsurface storage is so large (on the order of 1017 m3), even
large changes over 1 year had little effect on the total volume.

The pervious city scenario had a decrease in subsurface storage compared to the base case. The change in
subsurface storage was negative, meaning that subsurface storage in the pervious city scenario was lower
than that in the base case, and was associated with higher base flows than the base case. However, the
magnitude of the percentage increase in subsurface storage was small (0.56%) compared to the magnitude
of difference in the other scenarios. The vegetated city scenario generally had less subsurface storage com-
pared to the base case (21.9% less than the base case compared to P-ET) due to the increased evapotrans-
piration with increased vegetation. However, there was a period in early fall (12 August 2007 to 5 October
2007) where the subsurface storage of vegetated city became greater than that of the base case.

The no-I&I scenario had subsurface storage that increased at a constant rate compared to the base case,
and was 11.1% greater after 1 year relative to P-ET. The no-anthropogenic-discharge-or-recharge scenario
showed a smaller subsurface storage than the no-I&I scenario, and had subsurface storage 7.4% greater
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than the base case as compared to P-ET. This means the total recharge removed (lawn irrigation and pipe
leakage) was outweighed by the net effect of water exported through leakage into wastewater pipes, but
was still larger than the total discharge removed (e.g., due to private and municipal well withdrawals). Fig-
ure 7 as discussed above presents a spatially summed view of temporal changes in subsurface storage for
each of the scenarios. Another way to examine the scenarios is to look at spatial changes due to the differ-
ences among scenarios at one point in time.

Figure 8 presents the spatial difference in pressure head at the land surface between the scenario value and
the base case at 31 December 2007. The depth to water is related to pressure head at the land surface.
Depth to water, while more intuitive to interpret than pressure head, does not show much variation even
over 1 year of simulation and therefore is not shown. This is because the vertical grid discretization was
5 m, and therefore only depth to water changes in multiples of 5 m can be discerned. Positive values in Fig-
ure 8 indicated that the pressure head was greater in the designated scenario, whereas negative values
indicated pressure head was greater in the base case.

Figure 8a demonstrates that the base case was characterized by greater pressure head in the more populated
areas as compared to the vegetated city scenario. This behavior is consistent with the decrease in subsurface
storage seen in the vegetated city scenario (Figure 7), which results from greater evapotranspiration with the
transformation from bare soil to natural vegetation mosaic land cover. Figure 8b shows that the pressure

Figure 5. (a) Simulated subsurface storage summed over the model domain during the spin-up time period (black) and daily precipitation forc-
ing over the same time period (blue). (b) Simulated daily change in subsurface storage during the spin-up time period (black) where positive
values indicate an increase in subsurface storage compared to the previous day, as well as daily precipitation forcing (blue). Both subsurface
storage and change in subsurface storage volumetric units (m3) were converted to length units (mm) by dividing by the model surface area.
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head decreases in the pervious city scenario, which is also consistent with Figure 7. Figure 8c shows the
changes in pressure head between the no-I&I scenario and base case. This scenario led to the largest positive
change in subsurface storage over time as depicted in Figure 7. Figure 8c shows that this increase in pressure
head is concentrated primarily within Baltimore City and Baltimore County. This is the area in which I&I values
were included, and therefore these are the areas where the removal of I&I led to increases in pressure head.

Figure 8d presents the spatial difference in pressure head between the no-anthropogenic-discharge-or-
recharge scenario and the base case. The pattern of positive pressure head in Baltimore City and County is
similar to that shown in Figure 8c, which is presumed to result from removed I&I discharge. The removed
recharge leads to the negative values (decreases in pressure head in the scenario as compared to the base
case) in other parts of Howard and Anne Arundel Counties. These areas are served by public water where
additional recharge is provided by lawn irrigation and leaking water supply pipes.

The portion of the land surface area that changed in surface pressure head by more than 25 cm between
the scenario and the base case varied among the urban features. For the vegetated city scenario, this land

Figure 6. Base case daily water balance from 1 January 2007 to 31 December 2007. (a) Simulated subsurface storage in mm (volumetric
subsurface water storage in m3 divided by surface area of domain multiplied by 1000) and model forcing precipitation; (b) simulated
streamflow; (c) simulated evapotranspiration; and (d) model mass balance, where change in total model storage is compared to inflows
minus outflows (precipitation-evapotranspiration-streamflow-anthropogenic withdrawals).
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surface area was 0.26% of the
surface area of the domain
(13,216 km2), 0.92% for the
pervious city scenario, 1.48%
for the no-I&I scenario, and
1.26% for the no-
anthropogenic-discharge-or-
recharge scenario. This can be
compared to the original
amount of land surface area of
the model where the input
data were altered by the sce-
nario. For the vegetated city
scenario, 21% of the land cover
in the model was changed
from urban to natural vegeta-
tion mosaic. In the pervious
city scenario, 4.2% of the land
surface was changed from

impervious surface hydraulic conductivity to soil hydraulic conductivity. In the no-I&I scenario, I&I fluxes
were removed from grid cells making up 6.6% of the surface area of the model domain. The no-
anthropogenic-discharge-or-recharge scenario removed fluxes applied at 43% of model surface area.

4. Discussion

4.1. Model Development
The method of model initialization required long simulation times, but this approach prevented the arbitrary
initial condition from having undue influence on model results. This was done by providing a buffer period
during model spin-up (shown in Figure 5) when the model state moved away from the initial condition and
toward a dynamic equilibrium with meteorological forcing. The synthesis of urban and hydrogeologic input
data required a large amount of data collection and processing, as well as a number of assumptions to derive
required information from incomplete data. ParFlow is a complex, parallel, integrated hydrologic model, and
the combination of material properties required for all applications and the urban discharge and recharge
fluxes required incorporation of numerous heterogeneous data sets. This combination of urban fluxes
included in an integrated model is unique and involved calibration of Manning’s n. A formal calibration of
multiple parameters of this complex model involving millions of model grid cells was infeasible, and would
not have furthered our goal of understanding the impact of individual features of urban development.

No single value of Manning’s n was ideally suited for all periods of simulation. During drier conditions, cali-
bration of Manning’s n led to a smaller value, whereas calibration during wetter periods resulted in a higher
value. During low base flow periods, stream stage dropped considerably, requiring a smaller Manning’s n
value to increase the volumetric streamflow to be closer to the observed condition. The values of Manning’s
n that resulted from different calibration periods indicated that the contrast in stream stage between aver-
age and low base flows was greater in the model than in observed streamflow.

In addition to limitations in applying one Manning’s n value over different streamflow conditions, there are
also limitations in applying a single n value to all streams in the model domain. Different basin sizes and
therefore channel sizes would be expected to have different hydraulic radii and different water flow depths.
There is no clear way to calibrate Manning’s n for individual basins because the basins are nested within each
other. Although we were not aiming to reproduce individual hydrographs and there were limitations in the
streamflow representation resulting from the model resolution (section 4.2), we did want to ensure that there
was a good correspondence between modeled and observed streamflow in terms of the aggregated volume.
That the cumulative mean modeled streamflow at all the stream gages is 101% of that observed is an indica-
tion that the aggregate volume of surface runoff is being well represented. Calibration of Manning’s n to mul-
tiple observed records over space and time is an issue that should be explored in future research.

Figure 7. Percent difference between base-case subsurface storage and subsurface storage
for each scenario compared to precipitation minus evapotranspiration summed over the
simulation period (1 January 2007 to 31 December 2007).
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Unlike streamflow, depth to water table had no calibration performed. The relationship between observed
and modeled water table depth shifted during different time periods. The simulated time period was drier
than average, and the model dried to a greater extent as compared to well observations. This is particularly
the case in the Piedmont as the elevations are higher and therefore the depths to water table in both the
model and in observations were deeper; this may be related to representations of hydraulic conductivity,
which were based on the best, albeit sparse available data.

4.2. Limitations
Small stream systems periodically became unsaturated during dry periods in the summer of 2007 in the
model. This behavior did not occur in the observed flow record during this period. Based on previous expe-
rience with ParFlow, this seems to be primarily related to the model grid resolution [Kollet and Maxwell,
2008; Ferguson and Maxwell, 2010]. The 500 m model grid size defined the width of all streams. To maintain
the volumetric streamflow for stream widths sometimes 500 times larger than observed, the modeled
stream stage was necessarily much smaller than observed. Owing to the ease with which the resulting small
depth (a thin film of water) is evaporated compared to deeper observed channel flow, this resulting geome-
try of streams was not conducive to the streams staying saturated and flowing throughout the simulation.
The result was in many cases that positive pressure heads could not be maintained at low-flow conditions.
In these cases, saturation dropped just below 100%, pressure head became slightly negative, and the
stream ceased to be fully connected and flowing. Given current computational limitations even using paral-
lel processing, this is a model design issue (for finite-difference methods requiring constant grid spacing)
that could be addressed by focusing on smaller model domains where model grid size approaches the size
of actual stream channels or through the development of upscaled equations and parameters to relate
small-scale hydrologic and urban behavior to larger-scale model representation.

Figure 8. Difference maps of land surface pressure head (m) for each scenario minus base-case land surface pressure head (m) at 31 Decem-
ber 2007. (a) Vegetated city scenario. (b) Pervious city scenario. (c) No-I&I scenario. (d) No-anthropogenic-discharge-or-recharge scenario.
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Another limitation having to do with model resolution is that this model does not represent rerouting of sur-
face flow that can result from storm water management. The effect of storm drains can be represented by
directly connecting impervious surfaces with streams in ParFlow [Barnes et al., 2013], but these methods are
not generally applicable at the scale of the model presented in this paper. Storm drains are numerous and
much smaller than the model resolution, so representing storm drains using 500 m 3 500 m grid cells is not
feasible. The 500 m grid resolution was used in order to represent the entire metropolitan area, ranging from
rural to urban and privately served to publicly served water supply. Without storm drains, impervious surfaces
in our model are only directly connected to streams via other impervious surface grid cells. This is an underes-
timation of the connection of impervious surfaces to streams, and therefore the effect of impervious surfaces
is likely underestimated in our study. For example, precipitation that does not infiltrate at an impervious sur-
face grid cell in the model may flow as surface runoff to a downslope neighboring cell and infiltrate at that
location, whereas in reality the water may take a path directly from the impervious surface through storm
drains to the stream without infiltration in between. In general, the input data sets are subject to limitations
based on the accuracy of data available (magnitude, spatial distribution, and temporal variability of values), as
well as limitations of our method of application (e.g., uniform lawn irrigation rate over the year).

4.3. Urban Features
Our results (Figure 7) show that in the Baltimore metropolitan area, impervious surface coverage is a smaller
factor in changing subsurface storage than is infiltration of groundwater into wastewater pipes, water sup-
ply pipe leakage, and reduced vegetative cover. Increasing the perviousness of the urban area increased
streamflow by 2% (in particular, base flow) as compared to the base case scenario. The increased base flow
in the pervious city scenario led to the counter-intuitive result that subsurface storage was smaller than that
of the base case. The increased base flow follows from increased groundwater discharge to streams with
the removal of impervious surfaces surrounding streams, which may be analogous to what would occur
with increased daylighting of formerly piped urban streams.

As discussed in section 4.2, the urban streamflow response to storms may be under-represented by this
model because of the limited representation of the direct connections (i.e., storm water pipes) between
impervious areas. The effects of impervious surfaces are often thought of in terms of flashy stormflow
response and reduced groundwater recharge. Only rarely is the effect of limiting groundwater exfiltration
to streams considered, but our model results indicate this is a quantifiable impact of impervious surfaces,
although still smaller than the effects of other urban features considered. In particular, I&I and water supply
pipe leakage had the largest effects on subsurface storage.

The vegetated city scenario generally had lower subsurface storage than the base case, except in early fall. The
reversal in early fall is due to feedbacks between subsurface storage, streamflow, and evapotranspiration. Evapo-
transpiration is concentrated around streams in ParFlow.CLM, as those locations are where the water table is
highest and water is most available [Kollet and Maxwell, 2008]. In cases where streamflow decreases, for example,
in the case of low subsurface storage at the end of summer (particularly in the vegetated city scenario), a feed-
back may be set up where the reduced streamflow leads to reduced evapotranspiration, and then overall
increases in subsurface storage at the beginning of fall. This feedback may be intensified due to the model reso-
lution, which may allow for greater ET loss due to the spreading of streamflow over the 500 m model grid.

The effects of urban fluxes on subsurface storage were shown to accumulate over time, although the simu-
lation period was orders of magnitude shorter than that over which cities have been developed. Therefore,
the cumulative effect on subsurface storage over decades of urban fluxes such as infiltration of ground-
water into the wastewater system could lead to depletion of the groundwater reservoir and profound alter-
ation in groundwater flow paths.

We found that changes in subsurface storage are in most cases spatially concentrated in more populated
areas (Figure 8). The spatial extent of alterations in urban features is not necessarily proportional to the
resulting change in pressure head due to those alterations. The no-anthropogenic-discharge-or-recharge
scenario altered fluxes at more surface grid cells than the no-I&I scenario, but resulted in fewer surface
grid cells with a pressure head difference of more than 25 cm from the base case. The change in subsur-
face storage was found to be largest in the no-I&I scenario, although only 6.6% of the surface grid cells
were altered.
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5. Conclusions

Other researchers [Lerner, 2002; Price, 2011] have pointed out that presence of impervious surfaces does not
necessarily lead to decreased base flow and recharge in urban areas. Our work demonstrates the impor-
tance of considering multiple aspects of urban development on groundwater, beyond the effects of imper-
vious surfaces. Major conclusions are as follows:

1. Using the coupled subsurface-surface-land surface hydrologic model, ParFlow.CLM, applied to the Baltimore
metropolitan area, we quantified the individual impact of each of four urban features on subsurface storage.
The features investigated, in order of increasing magnitude of change to subsurface storage, were: removal
of infiltration and inflow (I&I) of groundwater into wastewater pipes (‘‘no-I&I scenario’’); removal of water
supply pipe leakage and other anthropogenic recharge and discharge fluxes; replacement of urban land
cover with vegetative cover (‘‘vegetated city scenario’’); and removal of impervious surface coverage (‘‘pervi-
ous city scenario’’). After 1 year of simulation, removing I&I lead to 11.1% greater total subsurface storage,
removing all anthropogenic fluxes led to 7.4% greater subsurface storage, the vegetated city scenario had a
1.9% decrease in subsurface storage, and the pervious city scenario had a 0.56% decrease in subsurface
storage, all referenced to the base case subsurface storage normalized to precipitation minus
evapotranspiration.

2. The spatial extent and magnitude of the effects of alteration in urban features did not necessarily corre-
spond to the area over which these features were applied. For example, we applied I&I over 6.6% of the
model domain, yet this urban feature was found to have the largest magnitude of effect on total model
subsurface storage. Conversion of urban land cover to vegetative cover applied to 43% of the model
domain led to smaller magnitude changes in land surface pressure head. The vegetated city scenario
resulted in lower pressure heads (less storage) in Baltimore compared to the base case, whereas the no-
I&I scenario resulted in higher pressure heads (greater storage). The pervious city scenario had little
change from the base case, and the no-anthropogenic-discharge-or-recharge had a combination of the
no-I&I scenario increase in pressure head in Baltimore City and County, and a decreased pressure else-
where within the urban region due to the removed recharge from leaking water supply pipes.

3. The relative magnitude of effects of individual features will likely vary according to location, and therefore
the results found here are not directly applicable to other urban regions. Infrastructure condition and cli-
mate will play a role in determining the significance of each feature for other areas. However, this work
points to the importance, particularly in older cities, of considering infrastructure leakage as important fea-
tures of urban systems. I&I fluxes as large as we found can have an adverse impact on wastewater treat-
ment plants by serving as a water table drain, where sewage pipes collect and carry groundwater to
wastewater treatment plants, thereby diluting sewage to be treated. The flux of groundwater into the
wastewater system may simultaneously occur with localized fluxes in the opposite direction, or a temporary
reversal in leakage out of existing cracks in wastewater pipes due to a rainfall event. This discharge of
wastewater into the environment has potentially significant water quality, ecological, and public health con-
sequences. Even apart from any contaminant leakages, declines in water table level can lead to a number
of water quality impacts. Lowered water tables can disconnect the streambed from riparian vegetation on
stream banks and floodplains, which may impede conditions required for denitrification of groundwater
flowing to the stream [Groffman et al., 2002].

4. Application of a coupled groundwater-surface water model to any area requires intensive data process-
ing. The challenge is compounded when applying such a model to an urban region, where there are
numerous anthropogenically caused recharge and discharge fluxes (Figure 1). Model representation of
urban development requires a number of nonstandard and difficult-to-obtain data sets. Few distributed
models of the complete urban water cycle have been developed because a common attitude is that, ‘‘it
[is] extremely difficult to develop a physically based mathematical model that accounts for all of these
[urban] factors’’ [Thomas and Vogel, 2012]. Here we have presented a methodology for discovering and
processing urban input data sets, estimating fluxes from available data, and synthesizing data into an
integrated hydrologic model. In addition to considerations required for any land use type (estimation of
soil, saprolite, fractured bedrock, and sedimentary aquifer hydraulic conductivity values and processing
of surface slopes), addressing aspects specific to urban areas was needed. This included representations
of impervious surfaces, lawn irrigation using public water supply, water supply pipe leakage, residential
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and municipal well pumping, reservoir withdrawals, and infiltration and inflow of groundwater and storm
water into the wastewater system. This methodology is transferrable to other urban areas, although the
data sources, quality, availability, and accessibility will be site-specific.

Recent trends in storm water management have focused on on-site infiltration and storage of storm water
to mitigate the impact of urban development. This is often done through small-scale green infrastructure,
such as bioinfiltration basins, green roofs, pervious pavements, vegetated swales, and rain barrels. One of
the stated goals of this type of infrastructure, sometimes referred to as Low-Impact Development (LID), is to
restore groundwater recharge to near-natural conditions. However, for the goal of restoring groundwater
fluxes to predevelopment conditions, focusing only on impervious surfaces while there are significant infra-
structure leaks (particularly important for retrofits and redevelopment) will not be effective. This method for
watershed management largely ignores the centralized infrastructure of wastewater and water pipes that
may be leaking in or out, and the large impacts this infrastructure may have on subsurface storage and
overall water balance. Infrastructure maintenance should be incorporated into efforts to develop new ways
of managing urban hydrologic systems.

Appendix A: Model Calibration of Manning’s n Coefficient

Using the final output from the initialization time period as an initial condition, 1 January 2007 to 31
December 2007 was run with hydrogeologic and urban model inputs included (described in section 2.2).
This time was used as the calibration period for Manning’s n, the roughness coefficient relating pressure
head (a model output) to volumetric streamflow through Manning’s equation. Because of the large horizon-
tal grid resolution (500 m), stream cells had much greater width and much shallower depth than would
occur in a real stream draining a watershed of comparable size. Therefore, there is no physical relation
between field estimates and the model representation of the Manning’s n value, and Manning’s n should
be considered a fitted parameter. No other parameters were calibrated because our purpose was not to
force observed and modeled streamflow or water table elevations to match at specific locations.

To avoid running many year-long calibration simulations, we developed an alternate calibration procedure
to find the Manning’s n that would best match observed streamflow. Manning’s n is used in two steps in
the application of ParFlow: in the model input files for use in simulation (here called ninput) and in postpro-
cessing for the conversion of ParFlow output pressure head to volumetric streamflow (here called npost). In
order to avoid the lengthy wall-clock time that would be required to simulate 1 year repeatedly to calibrate
the Manning’s n value used for both the simulation and for postprocessing together, the calibration was
done using an iterative procedure for the two steps, described in detail as follows:

1. The calibration period (1 January to 31 December 2007) was run with an arbitrary Manning’s n in the
input file (ninput) 5 3.68 3 1028 h (m21/3).

2. The Manning’s n value used to postprocess calibration period output pressure heads to streamflow (npost)
was found that would minimize the difference between observed and modeled hourly streamflow. This
was done by minimizing the summed the root mean squared error between modeled streamflow and
the streamflow for all USGS stream gages in the domain not having dams directly upstream (78 stream
gages). This npost was found to be 7.45 3 1028 h (m21/3).

3. Since Manning’s n should remain consistent between input values and postprocessing, we found the nin-

put 5 npost that would result in streamflow that was as similar as possible to modeled streamflow in step 2
(which was already calibrated to best match observed streamflow). To find this ninput 5 npost value, we
developed a relationship between the streamflow when varying just npost and the streamflow when vary-
ing ninput and npost.

4. A step-by-step example is given here of how the relationship between ninput 5 npost that results in the
closest streamflow to ninput 5 3.68 3 1028 h (m21/3) and a matched npost was found.

a. The last 5 days of the calibration period were simulated with all the same parameters as the calibration
period, except ninput 5 npost 5 14 3 1028 h (m21/3). The streamflow at the 78 gages for this simulation
is plotted on the y axis of Figure A1a.

b. We found the npost value that, when used during the 5 days of the calibration simulation (which had
ninput 5 3.68 3 1028 h (m21/3)), resulted in the smallest difference between calculated streamflow
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values and the streamflow values found in step 4a. This was done using the nonlinear least squares
optimization algorithm in MATLAB. The npost value that resulted in a minimal difference between
streamflow with ninput 5 3.68 3 1028 h (m21/3) and the streamflow found in step 4a was 8.26 3 1028

h (m21/3)). The streamflow that resulted from using this npost value and the ninput of 3.68 3 1028 h
(m21/3) is plotted on the x axis of Figure A1a. From the close scatter of the points around the 1:1 line
plotted in Figure A1a, it is evident that by holding ninput constant and varying only npost (x axis) we
were able to reproduce streamflow that resulted from varying ninput and npost together (y axis) very
closely, although not exactly.

c. There was one point in the relationship between ninput 5 npost values and the corresponding npost (with
ninput held at 3.68 3 1028 h (m21/3)) that produced nearly the same streamflow. This point (8.26 3 1028

h (m21/3), 14 3 1028 h (m21/3)) was defined by the npost found in step 4b that corresponded to the
ninput 5 npost used in the simulation of step 4a. This pair is plotted as the circled point in Figure A1b.

d. Steps 4a–4c were repeated 12 more times, where each time a different ninput 5 npost value was used in
step 4a (ranging from 2 3 1028 h (m21/3) to 14 3 1028 h (m21/3)). Therefore, a different corresponding
npost value was found in step 4b (and 12 more analogous plots to Figure A1a were created). For each
of these simulation sets, a corresponding ninput 5 npost, npost pair was generated as was found in step 4c.

e. All of these points for ninput 5 npost values ranging from 2 3 1028 h (m21/3) to 14 3 1028 h (m21/3),
and the corresponding npost values, were plotted together in Figure A1b. There was a tight nonlinear
relationship formed by these points; this was fitted by a quadratic equation.

5. The equation from Figure A1b was used to calculate the ninput 5 npost value that would result in the same
streamflow as was found in the original calibration simulation. In particular, the calibration simulation
had ninput set ahead of time as 3.68 3 1028 h (m21/3), and npost was varied, with the value that best
matched observed streamflow found to be 7.45 3 1028 h (m21/3) (step 2). Using the relationship defined
in Figure A1b, with 7.45 3 1028 h (m21/3) as the x axis value, the corresponding y axis value following the
curve is ninput 5 npost 5 11.8 3 1028 h (m21/3). Therefore, we have used the calibration simulation, in
which only npost was varied, to find the Manning’s n value that could be used as both input and postpro-
cessing values to best match observed streamflow. This Manning’s n value (11.8 3 1028 h (m21/3)) was
then used as both the input and postprocessing value for the production simulation starting on 1 January
2007.

Figure A1. (a) Modeled streamflow values at 78 USGS stream gage locations are plotted for two cases that are identical to the calibration
simulation from 27 to 31 December 2007 except for variations in Mannings n. On the y axis, ninput 5 npost 5 14 3 1028 h (m21/3), and on
the x axis ninput 5 3.68 3 1028 h (m21/3), and npost 5 8.26 3 1028 h (m21/3), where npost was determined such that streamflow for the two
cases would fall as close as possible to the 1:1 line. (b) The blue case in Figure A1a defines one blue point at (8.26 3 1028 h (m21/3), 14 3

1028 h (m21/3)) which is circled in the plot. The point pairs defined by 12 more 5 day simulations similar to that shown in Figure A1a define
the other 12 points in Figure A1b, and a quadratic fit is plotted.
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