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Abstract
The hydrological cycle is significantly impacted when
natural land cover is converted to urban land use. Pristine
land cover and urban development have very different
infiltration, evapotranspiration, and runoff rates, affecting
streams and groundwater recharge. Rapid urbanization
globally has resulted in the transformation and
modification of natural land cover such as forested and
grassland to industrial, commercial and residential
developments. In addition, urban areas are served by
potable and waste water systems that supply, treat, and
convey water from source water through infrastructure to
treatment and disposition. Shifting water partitioning
through impervious surface change and the introduction
and mobilization of water into urban environments alters
the water cycle, affects streams and aquifers, and impacts
ecological systems. The research has developed a water
balance model framework to analyze the effect of the built
environment on water partitioning and the consequential
impact on the environment. Results from the application
of the water balance model on two communities in
Alachua county, Florida indicated that hydrological
factors such as infiltration and runoff increase
significantly when land is transformed from an
undeveloped to a developed state with increased
imperviousness. Also affected are water withdrawal
volumes, irrigation water use, and how extracted water is
treated and disposed. Approximately 50% of the
difference between undeveloped and developed
conditions were alleviated with the use of effective
stormwater management practices. The study concluded
that significant changes are observed when land is altered
from its natural state and measures to maintain natural
land cover water flow characteristics in urban areas are
necessary to control this change.

Introduction
Efforts towards addressing global sustainability issues
mostly dwell on energy conservation and efficiency, and
global warming or carbon emission control. Historically,
water scarcity has not been a concern, possibly due to the
notion that water is an abundant resource. The earth’s
surface is about 80% water (United SGS, 2016). Water is
core to human existence and therefore critical for
sustainable development. Water affects human and
ecosystem functioning, environmental health, economic
and social wellbeing, and impacts poverty reduction and
energy security (Kemper & Sadoff, 2006, Connor, 2015).

Water is available on earth as freshwater (surface water
and groundwater), and saline water. Of the earth’s
abundant water reserve, the saline water represents 97%,
leaving 3% as fresh water resources. The majority of the
fresh water available is in glaciers or deep inaccessible
areas in the ground. This then leaves only a small fraction
of water available for human consumption (Gleick &
Palaniappan, 2010; (United States Geological Survey)
USGS, 2016). Therefore, water, as any natural resource,
needs to be protected and well managed in order to ensure
its continuous availability to meet future demands. Hence
water resource availability is an important environmental
and sustainable concern.
Water for potable uses is typically available as either
surface water or aquifers. When water is taken or
withdrawn from its natural location, it often does not
return to its original source. In most instances water is
considered “lost”, that is, water not returned to the source
from which it was withdrawn, causing a deficit at the
source. This is often referred to as consumptive water use,
although the water loss is usually directed to other
locations in various forms, including the atmosphere
(Chabbra. 2011). Thus, the water consumed is not
necessarily lost but relocated and transformed. Water may
be replenished eventually, but in many instances, the rate
of return or replenishment is less than the withdrawal rate.
That is to say more water is being withdrawn from a
source than is being replenished to that source through the
hydrologic cycle. The hydrological cycle functions
through evaporation, rainfall or precipitation, surface
runoff and infiltration, which enables water to progress
through the environment as solid, liquid, or gas.
Continuous withdrawal of water from its natural location
and state will eventually lead to a reduction in water
availability from that source over time. The stock of water
available globally differs from region to region and is
affected by various factors including but not limited to
population, usage rate and management, wastewater
treatment, and governance. As such if water is withdrawn
from one place and ends up in another region, it reduces
the water availability in the region from which it was
withdrawn. Therefore, on a regional basis, depending on
the volume of water available and policies regulating
water distribution, management, quality, maintenance and
human and industrial pollution, the issue of future water
availability and water scarcity can become a major
concern.
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Water can also be a renewable or a non-renewable
resource depending on its flow and stock. Water flow is
considered renewable when the rate of flow from one
stock to another has no effect on its flow or natural
recharge rate. Water availability becomes an issue when
the rate of withdrawal and transfer through human
intervention is not directly proportional to the rate at
which it is being replenished or recharged. On the other
hand, when the stock of water for use is limited in a
particular region, water is considered non-renewable and
becomes a challenge as water withdrawn from this
regional stock will reduce the water available in that
particular region and hence making water unavailable in
that stock (Gleick & Palaniappan. 2010; Chabbra. 2011).
Therefore, although water is available and in abundance
globally, there is still the need to critically assess water
usage, distribution and management and also examine
how human development affects water availability
(United Nations World Water Development Report,
2015).

Problem Statement and Relevance
As long as global population continues to increase, the
need for development to meet the needs of the growing
population will continue to be a priority worldwide.
Increased urbanization has resulted in more impervious
surfaces. With the growing increase in urban settlement,
natural vegetated lands have been converted to
constructed or built surfaces (Shuster et al., 2005; Redfern
et al., 2016). Providing housing, transportation and other
infrastructure results in land use or land cover change. The
built environment includes buildings and open areas
around them such as landscaping (Chabbra, 2011). Water
flow, water distribution, water quality and the
hydrological cycle are impacted by development. The
built environment alters the natural pattern of the
hydrological cycle and water resources causing
irregularities in water supply and can diminish the
available stock. This can be a threat to future water
availability in the long term if not addressed.
In 2002, the United States Environmental Protection
Agency (USEPA) reported that 52% of Ohio’s rivers
assessed were classified as impaired. USEPA attributed
9,167 impaired river miles as a probable result of
development. This included construction activities such
as unspecified urban storm water; land clearing for
development and redevelopment; destabilization of
stream banks due to development; removal of riparian
vegetation; construction of sewer lines; and road, bridge,
and highway construction (Houser & Pruess, 2009;
USEPA, 2012). The USEPA further listed hydrologic
modification, habitat modification, agriculture, and urban
runoff and storm sewers as leading sources of water
resource pollution and alteration. USEPA also
emphasized that this 39% impairment was an increase
over the 1998 inventory, which reported 35% (Houser &
Pruess, 2009; USEPA, 2002).
Florida, in general, presents fairly unique climate and
water circumstances due to its dependency on
groundwater for the majority of potable water use in the
state. The aquifer is productive but also sensitive to

withdrawals and infiltration in parts of the state making
withdrawal and development patterns a challenge
depending on the location.
This study will contribute the following towards
improving the relationship of buildings and their
surroundings relative to water to help achieve a
sustainable environment:
• Provide data in the form of water balance model
to help evaluate water partitioning in the
environment and its effect on water resources.
• Provide data to estimate water input and water
output in a building.
• Establish the relationship between water demand
and supply of water in buildings.
• Establish the role increased impervious surfaces
play in water partitioning, and water use in
buildings.
• Evaluate the relationship between water use in a
pristine environment and in a developed
environment.
The data from this study can be used by developers,
designers, construction professionals, building owners
and residents to help select best practices in designing,
construction of buildings and the efficient use of water in
buildings.

Case Study Areas (Town of Tioga and
Oakmont)
The Town of Tioga and Oakmont are two residential
communities in Alachua County, Florida (see Figure 2).
The two communities are generally similar except one
community uses reclaimed water for landscape irrigation
and the other uses potable water for irrigation.
The Town of Tioga has been developed over the past
thirty years. Properties in this neighborhood were built
beginning in 1986. The development has 18 different
phases, with up to 23 phases in the future. Total land cover
is 279 acres, and the total number of residential units
planned is 537. The Town of Tioga water use is primarily
served by GRU’s Murphree Wellfield and Water
Treatment plant, which extracts water from the upper
Floridan aquifer. Potable water is used for both domestic
uses and irrigation in the Town of Tioga.

Figure 2: Tioga Town Area View and zoning map
Source Alachua County Growth Management
The Oakmont neighborhood is a relatively new
community (see Figure 3). The first phase of Oakmont
started in 2014. Total land cover is 556 acres, and the
total number of residential units planned is 999. The
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development is planned to be completed by 2024.
Oakmont’s potable water use is also primarily served by
Gainesville Regional Utility (GRU’s) Murphree
Wellfield and the upper Floridan aquifer. Potable water is
used for domestic uses in Oakmont. However, Oakmont
has access to reclaimed water from the Kanapaha Water
Reclamation Facility for landscape irrigation. The
reclaimed water offsets potable water extracted from the
upper Floridan aquifer for irrigation.

Figure 3: Oakmont Area View and zoning map
Source Alachua County Growth Management

Methods
In order to assess the impact of the built environment on
water resources, a quantitative approach was used. The
model uses a water balance framework. A water balance
model is a straightforward representation of the
connections and interfaces between climate and site
characteristics using climate data and available
parameters that describe the hydrologic performance of
land areas and regions at several geographical scales.
(Grimmond et al., 1986; Mitchell et al., 2008; Chhabra,
2011; Charalambous et al., 2012; Wu et al., 2015; Erban
et al., 2018).
The water balance model was used to evaluate a case
study of the pre-development and development states of
communities in terms of water withdrawal, runoff,
evapotranspiration, and infiltration volumes (see Figure
1). The water volumes were calculated and compared for
the developed and undeveloped conditions, with
understanding that the closer the developed state was to
the baseline undeveloped state, the better. Ultimately, the
aquifer’s productivity will depend on withdrawal,
recharge, and infiltration rates.
The model framework can be used to establish the
differences between undeveloped and developed
conditions. The model results will establish the type and
intensity of the deviation of water partitioning brought
about by the built environment. The framework can also
be used to model and test alternative design options.
The model framework tracks high-level variables withdrawal, runoff, evapotranspiration (ET), and
infiltration - at the undeveloped state and in various
development stages as the land transitions from pristine
with no water withdrawals to increasingly impervious
with increasing water withdrawals.
Overall runoff, evapotranspiration (ET), and infiltration is
obtained from the water balance model. The model results
estimate the partitioning of water in the environment
given the natural (precipitation) and water infrastructure
(water withdrawal and wastewater treatment) inputs.

Landscape characteristics, climate, precipitation, water
end uses at the parcel level, infrastructure, and disposition
of water after waste water treatment determine the
partitioning into evapotranspiration, runoff, and
infiltration. Understanding and modelling the water
distribution, supply chain, and treatment processes is
necessary to partition the water withdrawal and waste
water treatment end uses and dispositions.
In the case study, US Environmental Protection Agency
(EPA) water cycle partitioning parameters and local
climatic conditions pertaining to the case study areas were
used
to
partition
precipitation
into
runoff,
evapotranspiration, and infiltration at the parcel level
(FSU, 2000; EPA, 2018; Rainmaster, 2018; Weather
Underground, 2018). Runoff was calculated using the
curve number method (Harper & Baker, 2007) and
evapotranspiration was calculated using the Turc method
(Turc, 1961; Dryer, 2009). Average water partitioning
given the percent imperviousness of the landscape has
been developed by the EPA (Harper & Baker, 2007,
California Water & Land Use Partnership. 2018). Both
the partitioning from site-specific local climatic
conditions and the EPA water partitioning coefficients
were used to describe the performance of on-site storm
water management. Storm water management best
practices are measures that manage runoff and improve
water quality. Examples include retention areas,
vegetated filter strips, rain barrels, green roofs, permeable
pavement, bioretention, swales, curb and gutter removal,
constructed wetlands, and sand and organic filters (EPA,
2019). Runoff, evapotranspiration, and infiltration related
to storm water management structures are modeled and
contribute to the total partitioning.
Water used at the parcel level was categorized as potable
water and reclaimed water and the case study included
landscape irrigation from potable and reclaimed water.
Reclaimed water refers to waste water generated from
potable water use that has been treated for reuse.
Reclaimed water is typically used for irrigation.
The same partitioning parameters and climatic conditions
were also applied to potable and reclaimed water applied
to parcels as irrigation that partitions into runoff,
evapotranspiration, and infiltration. The same approach
was used to calculate parameters for undeveloped land in
its natural state. Water partitioning was considered at all
waste water treatment end use and disposition types.
Waste water injected into wells after treatment is
considered infiltration. See Table 1 for a summary of the
model variables.
The resulting model holistically characterizes water
withdrawal, distribution and recharge under given
climatic conditions, how changes occur as water
withdrawal and imperviousness increases, and how the
hydrology or water cycle is impacted. The results from
this study help identify best management practices for
improving recharge or enhancing infiltration and
sustaining the productivity of water sources to meet future
needs.
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Model

• Model development

Site Selection and Data
Aquisition

• Case study site selection and data
collection - includes site spatial data
including parcel data, and water use

Data Analysis

• Using statistical software, spatial
statistics, GIS software, R programing

Model Analysis

• Model results analysis

Figure 1: Research and model development flowchart

Data Sources
Water withdrawal and consumption data was acquired
from the water utility, namely, Gainesville Regional
Utility (GRU). Site information was obtained from the
local governmental agency, the Alachua County Property
office. Site information used in the analysis includes
zoning master plans and Geographical Information
System (GIS) files, including parcels in Alachua County.
Site information such as parcel size, building footprint,
and year built were obtained using GIS.

GRU Water Treatment and Distribution
Processes
The Floridan aquifer is the main source for the majority
of public water systems in Florida. The Floridan underlies
an area of about 100,000 square miles (Johnston & Busch,
1988). Although the Floridan contains both fresh and
brackish water, in most areas it is potable and requires
little treatment before use. In 2000, approximately 3,135
million gallons per day was withdrawn from Floridan
aquifer in Florida (Marella, 2004).

GRU’s process starts with water withdrawn from the
aquifer at the Murphree Wellfield, treated at the Murphree
Water Treatment plant, and distributed through a potable
water piping network to homes and other commercial and
institutional facilities. Potable water is used in homes in
the GRU service area for both domestic use and irrigation.
Waste water is generated, and then conveyed to waste
water treatment plants through a piping network. A water
distribution loss factor of 6.4% was estimated from GRU
data and represents water loss through the distribution
supply chain. The loss was assumed to result in
groundwater infiltration.
GRU operates two waste water treatment plants, both of
which use extensive treatment that generates high quality
reclaimed water. The Oakmont community is connected
to GRU’s Kanapaha Water Reclamation Facility, which
treats wastewater to drinking water quality standards for
re-use. The facility produces an average of 10.7 million
US gallons of reclaimed water per day. The majority of
the reclaimed water (72%) is deep well injected into the
lower Floridan aquifer, which is separated by a clay
confining layer from the upper Floridan in this area of
Florida. Reclaimed water for irrigation is distributed
through a reclaimed water piping network. Irrigation end
uses represent 11% of the reclaimed water flow. The
remainder, 17%, is discharged to surface wetlands,
including an adjoining botanical garden. See Figure 4 for
an overall view of GRU water withdrawal and treatment
flows and processes and Figure 5 for a process diagram of
the natural and GRU processes and flows.
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Figure 4: Overall GRU Water Withdrawal, Distribution
and Supply Flowchart
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Flood
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Figure 5: Process Diagram of Water in the
Environment: Developed Water Supply and Treatment
Processes shown in White; Pre-development Processes
shown in Gray
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Results
Four scenarios were examined in this study, namely, the
Town of Tioga and Oakmont communities with and
without storm water management structures on site.
Results discussed here are the model outputs at three
different geographic scales - all parcels in the community,
an average large parcel, and an average small parcel. The
partitioning parameters are compared at the three scales
in four scenarios.
Results from the case study showed that the majority of
water inflow volume to the sites in these cases is from
precipitation. Therefore, hydrologic partitioning volumes
are primarily impacted by precipitation. However, there is
a significant impact from water withdrawals at the parcel
level.
Compared to the undeveloped state, infiltration and runoff
are greater in both the Town of Tioga and Oakmont cases
in all scenarios. This is caused by increased impervious
surface area, water withdrawals and disposition after
waste water treatment, and additional water applied to the
site as irrigation.
Storm water management structures reduce runoff by
more than 50%. The water directed to storm water
management structures is also partitioned into runoff,
evapotranspiration, and infiltration thereby reducing total
runoff and increasing evapotranspiration and infiltration.
Smaller parcels presented high impervious area
percentages compared to larger parcels and as such had
the highest runoff rate per square foot in all four scenarios.
Under storm water management scenarios, small parcels
exhibited the highest runoff reduction compared to the
without storm water management case. This result
reinforces the importance of parcel- or community-scale
storm water management structures that are designed to
appropriately respond to local climatic and water
conditions. The results also show that although the built
environment
changes
hydrological
partitioning,
decreasing runoff and increasing infiltration with storm
water management structures can potentially increase
aquifer recharge. For example, the GRU injection wells in
this particular study significantly increase aquifer
recharge.
Availability of reclaimed water increases irrigation
intensity in both large and small parcels in this case study.
Irrigation water volume per square foot is greater in
Oakmont where lower cost reclaimed water is available
compared to Town of Tioga, which is served only by
higher cost potable water for irrigation.
The use of reclaimed water in Oakmont reduced the
intensity of potable water used on site compared to Town
of Tioga. This ultimately reduces the volume of water
withdrawn from the aquifer.
Water withdrawal from aquifer adds to the overall water
inflow to site increasing inflow in the developed state
compared to the undeveloped state. This affects the
overall water balance partitioning on site and due to high
evapotranspiration and runoff rates, not all inflows end up
as aquifer recharge, not even when storm water
management structures are in place.

Validation
The water balance model has not yet been validated but
can be validated using empirical data. However, the
model uses components that have been independently
validated. Individual hydrological model components
such as the curve number method for runoff (USDA,
1986; Ponce & Hawkins, 1996; Silveira et al. 2000;
Chatterjee et al. 2001; Harper & Baker, 2007; Hawkins et
al. 2002; Dile et al. 2016) and the Turc method for
evapotranspiration (Turc, 1961; Lu et al. 2005; Salazar et
al. 2006; Bios et al. 2008; Trajkovic & Kolakovic 2009)
have been validated. Infiltration, on the other hand, is
derived from the water balance including runoff,
evapotranspiration, and precipitation and considering the
various water disposition stages and stormwater facilities.

Figure 6: 2018 Water Partitioning Analysis without
Storm water Management System, Town of Tioga

Figure 7: 2018 Water Partitioning Analysis with Storm
water Management System, Town of Tioga

Figure 8: 2018 Water Partitioning Analysis without
Storm water Management System, Oakmont
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Figure 9: 2018 Water Partitioning Analysis with Storm
water Management System, Oakmont

Conclusion
In conclusion, increased imperviousness and water
withdrawal as a result urbanization results in changes to
the water cycle compared to the natural or undeveloped
state. The model results analysis clearly shows the
alteration to the water cycle from pre-development to
developed conditions. Development causes a high runoff
rate from parcels. However, by implementing appropriate
functional storm water management structures, the total
runoff from a developed site as a whole can be addressed
and greatly ameliorated. Overall, evapotranspiration and
infiltration volumes are also increased as a result of
increased water withdrawal, irrigation, and impervious
land cover. In achieving water sustainability in
groundwater-dominant regions, measures to increase
aquifer recharge and reduce aquifer withdrawal are
needed. The design of Low Impact Development (LID)
technologies need to be investigated to focus on
increasing infiltration and aquifer recharge. LID
approaches need to be introduced in existing urban areas
as well as new development.
LID must complement and augment flood control
measures to prevent flooding in heavy, extended rainfall
events. It is also recommended that the use of reclaimed
water on site will be encouraged as the irrigation end use
typically represents the greatest volume of water
withdrawal. Although legitimate concerns remain for
treated waste water reuse, opportunities for using
reclaimed water for irrigation should also be studied and
implemented regionally if possible. In addition, the use of
reclaimed water for non-potable domestic use should also
be studied and considered. Overall, detailed research and
analysis is needed to determine the best measures and best
practices for aquifer recharge and withdrawal. Research is
needed to establish a baseline and set targets against
which aquifer recharge and withdrawal can be measured
to ensure successful long-term water resource
management. This model may be applicable to determine
baselines and targets and whether or not recharge and
withdrawal targets are being achieved.
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Table 1: Model variables and their relationship
Process
AT = Total Area
AI = Impervious Area
AP = Pervious Area
Po = Potable Water
W = Waste water
Rc = Reclaimed water
Pre = Precipitation
PreE = Evapotranspiration from Precipitation
PreR = Runoff from Precipitation
PreI = Infiltration from Precipitation
PreEr = Precipitation Evapotranspiration at Rention pond
PreIr = Precipitation Infiltration at Retention Pond
PreET = Total Evapotranspitation from Precipitation
PreIT = Total Infiltration from Precipitation
PreRT = Actual runoff from Precipitation
Iw = Infiltration from supply chain
Re = Reclaimed water used in building for Irriragion
ReE = Reclaimed Water Evapotranspiration
ReR = Reclaimed Water Runoff
ReI = Reclaimed Water Infiltration
ReEr = Reclaimed Water Evapotranspiration at Retention pond
ReIr =Reclaimed Water Infiltration at Retention Pond
Rre - Actual Runoff on Reclaimed water for irrigation on parcel
Ere = Total Evapotranspiration from Reclaimed Irrigation
Ire = Total Infiltration on Reclaimed Irrigation
IRRp = Potable water used for Irrigation on parcel (in)
IRRpE = Potable Water Evapotranspiration
IRRpR = Potable Water Runoff
IRRpI = Potable Water Infiltration
IRRpEr = Potable Water Irrigation Evapotranspiration at Retention Pond
IRRpIr = Potable Water Irrigation Infiltration at Retention Pond
IRRpET = Total Evapotranspiration Potable Water Irrigation
IRRpRT = Actual Potable water Irrigation runoff
IRRpIT = Total Infiltration from Potable water for Irrigation
Wirr = Waste water that goes to Irrigation (Out)
WirrE = Evapotranspiration on Waste water Irrigation
WirrR = Runoff on Waste water Irrigation
WirrI = Infiltration on Waste water Irrigation
WirrEr = Waste Water Irrigation Evapotranspiration at Retention Pond
WirrIr = Waste water Irrigation Infiltration at Retention Pond
WirrE = Total Evapotranspiration Waste water Irrigation
WirrR - Actual Runoff Waste water irrigation
WirrI = Total Infiltration from Waste water for Irrigation
IW = Injection Well Recharge
WL = Wetlands
WLE = Evapotranspiration at Wetlands
WLR = Runoff at Wetlands
WLI = Infiltration at Wetlands
C value for Pre-Development
C value for Development
C value for Wetlands/Retention ponds

Evaluation

AT - AI
cu. ft
0.936 x Po

AP x 0.57 x Pre
A x Pre x C Value
Pre - PreE - PreR
PreR - PreRT - PreIr
0.5 x PreR
PreE + PreEr
PreI + PreIr
Function of PreR
0.064 x Po
0.18 x Re
A x Re x C Value
Re - ReE - ReR
ReR- Rre - ReIr
0.5 x ReR
Function of ReR
ReE +ReEr
ReI +Re Ir
0.18 x IRRp
A x Po x C Value
IRRp - IRRpE - IRRpR
IRRp - IRRpRT - IRRpIr
0.5 x IRRpR
IRRpE + IRRpEr
Function of IRRpR
IRRpI + IRRpIr
0.112 x W
0.18 x Wirr
A x WirrR x C Value
Wiir - WiirE - WirrR
WirrR - WirrRT - WirrIr
0.5 x WirrR
WirrE +WirrEr
Function of WirrR
WirrI + WirrIr
0.72 x W
0.168 x W
WL - WLR - WLI
0.015 x WL
0.5 x WL
0.006
Function of % Impervious
Function of runoff

Unit
sq. ft.
sq. ft.
sq. ft.
cu. ft.
cu. ft.
ft.
ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
cu. ft.
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