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ABSTRACT

Water budgets are useful frameworks for urban planning, water management, and water
conservation efforts—particularly as urban populations continue to grow. This research
quantifies and compares magnitudes and temporal dynamics of precipitation, inter-basin
transfers (IBTs), and leakage of potable water as inflows within the South River Watershed
(SRW), an urbanized watershed located near Atlanta, GA USA. Monthly and annual
precipitation totals derived from local gauge networks and from the PRISM model showed good
agreement, with a long-term spatial average of 1407 mm for the watershed. Annually,
precipitation was the dominant inflow into the watershed at 88%, the net IBT of potable water
was 165 mm, or 10% of inflows, while leakage was 30 mm or 2%. Dividing leakage volume by
whole-watershed area belies the reality that those inflows are very localized. Over land areas

where the leakage can conceivably occur, it may represent 48-96% of total inflow.
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INTRODUCTION

Rising populations strain water supply and infrastructure resulting in urban water scarcity
(Dinar 1998; Tavernia et al., 2013; Li et al., 2014; McDonald et al., 2014; Opalinski et al., 2019;
Pincetl et al., 2019). Population growth has concentrated human demand for potable water
resulting in alteration of hydrologic processes within urbanized regions. Urban population
growth within the United States increased by 12% for the period 2000 to 2010, with more than
82% of the overall population living within these urban areas (Census Bureau 2022). Previous
studies confirm that as populations in metropolitan regions continue to grow, the total municipal
water demand increases in parallel (Falkenmark and Widstrand 1992; Postel et al., 1996;
McDonald et al., 2011a; 2011b).

Municipal water utilized by urban dwellers often exceeds the supply available from local
surface and ground water bodies. When this occurs, cities may look elsewhere to supplement the
water deficit. When the potable water delivered to consumers is extracted from an aquifer or
surface-water body that exists outside the topographic boundaries of that watershed, it is referred
to as an inter-basin transfer (IBT) of water (Schroeder et al., 2011; ORSANC 2014; Zhuang
2016; Dickson and Dzombak 2017). Examples of this can be seen globally, from the largest
man-made water distribution infrastructure from water abundant southern China to water
deficient northern China (Li et al., 2016), to smaller transfers in Australia, to the complex
movement of water within the U.S. (Snaddon 1999). Inter-basin transfers may result in
significant alterations to hydrologic processes in both the donor and recipient watersheds (Cole
etal., 2011; Zhuang 2016; Purvis and Dinar 2020). Within recipient basins, the precise
hydrological impacts depend on how the IBT is distributed. For example, an IBT of water routed

to the residents within the recipient watershed through infrastructure would make its way into the



sanitary-sewer system. Following treatment at a wastewater treatment facility, this water
distribution would primarily influence flow within the waterbody that receives the treated water
(e.g., as shown in Diem et al., 2017).

Researchers have found that leakage from man-made water infrastructure (Lerner 1990,
Lerner and Barrett 1996; Lerner 2002; EPA 2015; Hevesi and Johnson 2016; Cao et al., 2019;
Yang et al., 2020), irrigation (Taylor et. al., 2013; Hevesi and Johnson 2016), and other
landscape applications integrates portions of the IBT into the hydrologic cycle of watersheds
upstream of the wastewater treatment plant as well. Results indicate a wide variation in
infrastructure leakage from city to city, with works by (Lerner 1986; Lerner 1990) reporting
leakage values ranging from 10-50% of piped flows for cities like Lima, Peru and Hong Kong,
China. Within the United States, Baskar et al. (2012) found that water supply pipe leakage and
irrigation accounted for 14% of the overall watershed inflows for the city of Baltimore
Maryland. The hydrological relevance of these leakages of potable water is likely to vary
depending on the local precipitation regime of any particular metropolitan area.

Urban irrigation can have profound impacts on the hydrologic environment, with work
from Hevesi and Johnson (2016) finding that applied irrigation can account for 56% of the total
recharge in semi-arid environments. While Kokkonen et al. (2018) similarly found that urban
irrigation within two Vancouver B.C. neighborhoods accounted for 56% of the annual water
input. This same study found irrigation offset evaporation losses brought on by land cover
changes, and instead followed an upwards trend of evaporative loss up to a threshold—after
which excess became runoff. Both leakage and irrigation may cause alterations to groundwater
recharge (Lerner, 1986; Lerner 1990; EPA 2015; Lerner 2002), evapotranspiration (Vahmani and

Hogue 2015; Litvak et al., 2017; Kokkonen et al., 2018) and streamflow magnitude (Debbage



and Shepherd 2018). Considering these alternative distributions of potable water, it is relevant to
consider IBTs alongside precipitation as a mechanism of water inflow into the urban hydrologic
cycle. To the extent possible, it is also important to distinguish the hydrological impacts of
unintentional leakages versus intentional outdoor applications, as the options for managing these
two modes of distribution are markedly different.

Although IBTs are widespread among U.S. metropolitan areas (Dickson and Dzombak
2017), their magnitudes are often poorly constrained or completely unknown. Similarly, average
rates of potable water leakage are reported for many U.S. metropolitan areas (EPA 2015), though
additional analysis is required to translate leakage rates to actual volumes, and to contextualize
the importance of these volumes within the water budget for the entire watershed. Such analyses
are rarely reported. This research involves a case study of one watershed within a major
metropolitan region, with the goal of quantifying and contextualizing IBTs and leakage as

components of the overall water balance.

1.1 Urban Water Budgets:

A water budget is an expression of the principle of conservation of mass applied to stocks
and flows of water within a watershed (e.g., Grimmond et al., 1986). Water budget equations
include quantitative variables representing inflows and outflows of water through a specified
land area over a determined period. These budgets consider volumes or stores of water within the
subsurface, surface, and atmosphere of a catchment (Welty 2009). Urban budgets are more
complex than those representing natural watersheds (Graham 1976). Spatial heterogeneity
created through land cover conversions and additional inputs from urban infrastructure

introduces components within water budgets that are not found in natural environments.



Urbanized water budgets include infrastructure components such as piped stormwater, potable
water, and wastewater for either inflows or outflows depending on site specific conditions. These
components differ from natural water budgets that only utilize precipitation and groundwater
flow as inflow components, and runoff, groundwater outflow, and evapotranspiration as
outflows.

The conceptual representation of the water budget and its constituent terms is relatively
uniform among studies that examine watersheds absent major human disturbances, whereas
water budgets for urban watersheds may vary dramatically depending on the array of alternative
flow processes that are recognized or can be reasonably quantified. Equation 1 provides an
example of the former case including precipitation, evaporation, transpiration, and discharge
from streams and rivers.

AS=P—-E—-T—-Q 1)

This differs from Equations 2 and 3, presented by Bhaskar et al. (2012) and Mitchell et
al. (2003), respectively. Equation 2 captures more of the complexities involved within urbanized
landscapes, attempting to quantify I&I, reservoir withdrawals, and lawn irrigation. These
components were determined along with precipitation, evapotranspiration, water supply pipe
leakage, and streamflow.

AS=P+I1+L—ET—Q—-W —I&I (2)

The equation from Mitchell et al. (2003) includes similar components quantifying,
precipitation, imported water, but specifies components like actual evapotranspiration,
stormwater runoff, and wastewater discharges.

AS=(P+1)—(E,+Rs;+R,) (3)



These water budget equations are expected to vary among urban environments due to the
presence or absence of specific flow processes, or the availability of data that may enable
quantification of specific flows. Increasingly detailed conceptualizations of the urban water
budget and enhanced gquantification of components is an important goal in urban hydrology and
watershed management, especially for the hypothetical and retrospective analysis of different

water management mechanisms (e.g., as discussed by Mitchell 2006 and Bach et al. 2014).

1.2 Precipitation:

Precipitation as a component inflow within an urban water budget is a critical part of
studying catchment water balances. Estimations and magnitudes of these precipitation values
vary throughout the U.S.—particularly in urbanized regions. Urbanized regions have been found
to have higher temperatures due to reduced cooling during afternoon and nighttime hours (Oke
1987; Gallo and Owen 1999), increased surface roughness (Changnon 1981), and increased wind
speeds (Balling et al., 1987)—all of which are factors that have been found to alter precipitation.

Occurrences of higher surface temperatures in urban versus rural environments is known
as the urban heat island effect (UHI). In cases with UHI, heat generation from various urban
sources enhances turbulent transport of water vapor into the upper atmosphere and subsequent
precipitation amounts. This results in spatial variation of precipitation estimations, particularly
during localized convective storms. This alteration of surface temperatures has been well
documented in previous works by (Bornstein and LeRoy 1990; Bornstein and Lin 2000; Baik et
al., 2001; Dixon and Mote 2003; Shepard and Burian 2003; Shepard 2005; Diem 2008; Dou et
al., 2014; Niyogi et al., 2017; McLeod et al., 2017) all of which have provided evidence that

urban environments can alter or induce precipitation.



Urban water budgets need accurate data to create representative flows within watersheds
which requires high resolution precipitation estimates. Analyzing spatial and temporal variability
of precipitation in urbanized regions has been a notable source of error in studying hydrologic
processes (Niemczynowicz 1988). Studies estimating precipitation have utilized methodologies
such as rain gauges, pluviographs (Lanza and Stagi 2009), and radar to quantify precipitation
using microwave pulses and response times (Winchell et al., 1998; Jefferson 2019). Previous
research has also utilized modeling programs that take input variables, such as vegetation
characteristics, land cover/ usage, atmospheric conditions, and surface roughness (Shepard et al.,
2010).

No standard method of estimating precipitation has been determined for urban
environments (Karl and Knight 1988) and each methodology has advantages, but all have
associated error. For example, the tipping bucket rain gauge has been found to underestimate or
under-catch the amount of precipitation (Sevruk 1994; Sevruk and Zahlavova 1996), and radar
has biases introduced within the data processing component that must be addressed through bias
adjustment (Steiner et al.,1999). Acknowledging errors associated with these prominent
methodologies is necessary because accurate quantification of precipitation estimates can

influence the overall water budget.

1.3 Municipal Water:

Urban water budgets utilize components that do not appear within natural environments,
particularly the component inflow of municipal water. Municipal water is defined within this
study as the water for public use or domestic purposes (USGS 2021). In 2015 the U.S. had a total
water usage of 322,000 billion gallons per day with the three largest categories of use being

thermoelectric power, irrigation, and public water supply (Dieter et al., 2018). With over half the



global population living within metropolitan areas, (United Nations 2014) understanding trends
of current and future municipal water use is relevant for accurate quantification of inter basin
transfers and other water balance components.

Urban water scarcity has been a growing concern in many metropolitan regions (Dinar
1998; Tavernia et al., 2013; McDonald et al., 2014; Li et al., 2014; Pincetl et al., 2019; Opalinski
et al., 2020). To mitigate these water deficits many cites utilize man-made infrastructure to bring
in water from an outside watershed, often in the form of IBTs. Inventories of IBTs in the U.S.
have been primarily conducted by two different studies Petsch (1985) and Dickson et al. (2017)
which established a total of 2,161 IBTs but do not quantify volumes transferred. Although IBTs
are often measured and quantified by the water-management agencies involved in their
implementation, their impacts on specific flows within the urban water budget are rarely
resolved.

Influences of IBTs can be seen both within the recipient watershed and the donor
watershed (Gupta et al., 2008; Schroeder and Woodcock 2011; Zhuang 2016). Impacts on the
donor watershed include decreased runoff volumes, in-stream flows, lowering of the water table,
degradation of aquatic ecosystems, and even soil salinity (Schroeder and Woodcock 2011;
Zhuang 2016). These negative impacts exhibited by the donor watershed give IBTs the
reputation as a controversial water management practice when used to supplement water
shortages. Recipient basins experience hydrologic alterations from IBTs in a different way.
Examples of this would be when observing water brought into the recipient watershed via the
pipe system. Infrastructure degrades overtime leading to potential leakages into the groundwater
that can range anywhere from 2-5% (Mitchell et al., 2003) to 20-50% (Lerner 1986). This

leakage from pipes or sewer infrastructure can be contributed to size, materials used within



construction, and age of infrastructure (US EPA 2002). This leakage from infrastructure has been
found to contribute to groundwater recharge in urban areas, as well as contributing to the treated
outflows from the sanitary sewer system (Lerner 1986; Barrett et al., 1999; Lerner 1990; Lerner
2002; Welty 2009; Passarello et al., 2012; US EPA 2015). Leakage from infrastructure,
irrigation, and outdoor water use all influence aspects of the water budget—this is seen as what
is thought to be secure inflows percolate into other aspects of the hydrologic cycle. Inter-basin
transfers represent important inflows and outflows from urban watersheds and quantifying the

redistribution of water is crucial for urban water management and water conservation efforts.

1.4 Transboundary Water Disputes:

Watershed boundaries often do not coincide with physical country or state boundaries.
Political contentions over water rights and resources have been increasing as the demand for
water supply intensifies and IBTs become more widespread. An example of this is seen within
the Apalachicola-Chattahoochee-Flint (ACF) basin and the Alabama-Coosa-Tallapoosa (ACT)
basin that supplies water to the states of Georgia, Florida, and Alabama. Alabama and Florida
filed a lawsuit against the state of Georgia to ban the US Army Corps of Engineers (USACE)
from reallocating water from Lake Lanier for water supply in northern Georgia (Missimer et al.
2014). This legal battle continued for several years, as the state of Florida claimed that the over
consumption of water from the ACF basin was leading to the destruction of the oyster industry
(Florida v. Georgia, 2019). The case was ruled in favor of the State of Georgia stating that
Florida had failed to prove to the court that Georgia’s water consumption was unreasonable and
the cause of the declining oyster population (Sherman 2021). Often there are political, economic,
and environmental factors that play a role in water allocation that must be considered. Water

disputes are growing in number as urban water scarcity increases with shifting populations and



climate change (Duan et al., 2019). As these issues arise, it is important to gain a better
understanding of the movement and magnitude of water resources on both urbanized regions as

well as their donor or natural counterparts.

1.5 Research Objectives:

Inter-basin transfers of water are widespread within the U.S. and the associated volumes
of water transferred are likely to increase as the country’s population continues to grow and
migrate towards metropolitan areas. Though well-documented, most IBTs are poorly quantified,
due to the lack of correspondence between jurisdictional boundaries of different water
management authorities and the physical boundaries of actual watersheds. Minimal information
is available regarding the comparative magnitudes of IBTSs, precipitation, and leakage as inflows
within urban watersheds at daily to annual time scales. To address these knowledge gaps, this
research focuses on the following objectives: (1) quantify the IBT of water from the
Chattahoochee River, within the Apalachicola-Chattahoochee-Flint River basin (ACF), to
the South River watershed (SRW) within DeKalb County and the broader Altamaha-
Oconee-Ocmulgee basin (AOO), (2) to quantify whole-watershed precipitation using a
distributed network of rain gauges and an inter-comparison of interpolation and averaging
schemes, and (3) to examine the comparative magnitudes and temporal dynamics of IBTs
and leakage versus natural precipitation as inflows within the water budget for the SRW

and a selection of its tributary basins.

2 STUDY REGION

The SRW is located within the metropolitan region of Atlanta, Georgia (Figure 1), which

lies within the Piedmont physiographic province in the southeastern United States. The Piedmont
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province is characterized by low rolling hills and northeast-southwest trending ridgelines ranging
in elevation from 200-350 meters above sea-level (Heath 1984). Predominant geology of this
area is late Precambrian to Permian aged highly deformed metamorphic crystalline rock with
intrusive igneous bodies (Miller 1990; Golley 2004). The climate of the Georgia Piedmont is
defined as humid sub-tropical distinguished by the hot, humid summers and mild winters (Belda
et al. 2014). Annual precipitation (1951-1980) ranges from 122 to 203 cm, with minimal
seasonal variation across the region (Miller 1990). The first-order streams comprising the
headwaters of the SRW begin at the eastern sub-continental divide of North America. The upper
portion of the SRW is the delineated study area with a watershed outlet defined at the UGSG
gauge [02204070] on Klondike Rd. The upper SRW drains an area of roughly 478 square
kilometers and is positioned within the AOQ basin. However, residents of the SRW obtain their
potable water via an IBT from the ACF basin, a large portion of which is treated and pumped
back into the AOQ basin. That transfer represents the single largest IBT of water from the ACF,
and therefore has relevance to the long-standing legal disputes between GA, AL, and FL

regarding allocations of water from the ACF (Missimer et al., 2014).
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Figure 1: (A) Map showing the location of the study area in relation to the state of Georgia and the southeastern
United States. (B) Digital elevation model of Georgia with black outlines indicating the boundaries of city and
county jurisdictional areas that partially overlap with the boundaries of the South River Watershed. (C) Map of the
South River Watershed including the Hemphill Filtration Plant, the Scott Candler Filtration Plant, and the
aforementioned jurisdictional boundaries. Gray shading shows the % impervious land cover.

Numerous precipitation gauges operate within and around the SRW (Figure 2) and the
seven counties whose boundaries partially overlap with the SRW have municipal water use
records available via open records request. Water audits and water efficiency reports created by
the Georgia Environmental Protection Division (EPD) are also available to aid in quantifying
municipal water use (Georgia EPD 2022). Given that the SRW is geologically and
climatologically representative of the Piedmont region, and given the abundance of available
data, the SRW is an ideal location to analyze and compare complex inflows within an urbanized

watershed.



12

21

% Watershed Centroid
Precipitation
Agency

® CoCoRaH

® GHCN

® USGS
[ South River Watershed Outline

Thiessen Polygons

19

4 2 0 4 8 12 Kilometers N
- — — A

Figure 2: Precipitation station distribution including the Thiessen polygons and centroid used for the watershed-
wide precipitation totals.

3 METHODOLOGY

3.1 Quantifying Precipitation:

Daily precipitation data for 2018-2020 were obtained for 24 rain gauges located within
the SRW or within 10 kilometers of the watershed boundary (Figure 2). Data from 6-inch-
diameter tipping bucket gauges were obtained from the Hartsfield-Jackson Airport and from the
United States Geological Survey (USGS) (Table 1). Other data were obtained from the
Community Collaborative Rain, Hail and Snow Network (CoCoRaH), which uses butyrate
plastic 4-inch-diameter rain gauges with openings the height of 14 inches (Official CoCoRaHS
gauge 2021).

We used data from only those gauges that had less than 10% missing data. Missing data

within the USGS and CoCoRaH gages were filled using averages from the three nearest stations.
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If multiple stations used for calculating the average values were missing data for the observed
time-series, then the missing data were filled using the airport [the Global Historical Climatology
Network daily (GHCNd)] gauge value for that missing time series. Data from CoCoRaH was
intended to be recorded daily, but the 2018-2020 dataset held multiple instances of grouped daily
totals. These multi-day totals were disaggregated into daily totals based on proportions
calculated from rainfall data collected at the airport [the Global Historical Climatology Network
daily (GHCNd)]. Manual data collection for CoCoRaH gauges is recorded daily in the morning
and represents the previous 24-hours of rainfall (COCORAHS 2021).

To account for this the daily totals of precipitation were assigned to the date prior to the
date of collection and recording. There is some potential for error here, as any rainfall that
occurs on the current day prior to collection by the worker will be incorrectly added to the
rainfall total for the previous day. We ultimately intend to compare piped water flows, and
potable water leakage, to precipitation at monthly to annual time scales, rather than daily.

Hence, the possibility of this error type is reduced and relevant only for the morning hours of the
first day of each month prior to the current day recording of rainfall depth. Using the USGS
tipping bucket gauges, we calculated specifically the total rainfall accumulation from midnight
until 7:00 am on the first day of each month during 2018 to 2020. We found that the
precipitation totals during these morning hours of the first day of each month were less than 1%
of the total rainfall depth for the preceding month in 28 out of the 35 months analyzed. Only one
occurrence of rainfall in the early hours of 1/1/2019 accounted for more than 1% of the total
rainfall depth for the preceding month but did not account for more than 3% of the previous
month’s total rainfall. Based on these observations we reason that influence of this error source

on monthly and annual rainfall totals is negligible.
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With no indication of spatial autocorrelation, a term used to describe the tendency for
nearby areas to exhibit similar values of a particular variable (Haining 2001), and a calculated
Moran’s I value of 0.072, it was determined that a comprehensive value for the entire watershed
would be sufficient. Moran’s I is a statistic that measures the ‘spread’ of a variable over a
particular area, a value close to zero represents a random dispersion with no clusters. Watershed-
scale precipitation totals derived from the 24 gauges were estimated using Thiessen polygon
approach, centroid-based (or inverse-distance weighting) approach, as well as the arithmetic
average. The Thiessen polygon approach is a common methodology for distributing precipitation
point estimates over a specified area, by creating polygons centered around the precipitation
station so that one station is within each polygon. The area of each polygon is the weighting
value used in the calculation of weighted mean precipitation totals for the entire SRW (Thiessen,
A.H. 1911). The centroid-based approach uses the inverse of distances from the gauges to the
SRW centroid as weighting values (Figure 2). The weighted mean precipitation totals calculated

by each approach were computed on monthly and annual time scale.



Table 1: Precipitation Gage Information

Map ID: Station ID: Agency: P:t"‘;eﬁ;]ﬂ::a
0 GA-CN-8 CoCoRaHS 98%
1 GA-DK-1 CoCoRaHS 95%
2 GA-DK-2 CoCoRaHS 100%
3 GA-DK-33 CoCoRaHS 100%
4 GA-DK-49 CoCoRaHS 98%
5 GA-FT-24 CoCoRaHS 100%
6 GA-FT-37 CoCoRaHS 99%
7 GA-HY-7 CoCoRaHS 95%
8 USsGSs02203603 UsGS 92%
9 USGS02203655 USGS 99%
10 UsGS02203831 UsGS 99%
11 USGS02203863 USGS 99%
12 USGS02203873 USGS 98%
13 USGS02203900 USGS 99%
14 USGS02203950 USGS 99%
15 USGS02203957 USGS 100%
16 USGS02203960 USGS 99%
17 USGS02204010 USGS 96%
18 USGS02204037 USsGS 90%
19 USGS02204130 USGS 100%
20 USGS02207130 USGS 98%
21 USGS02207160 USGS 99%
22 USGS02336120 USGS 99%
23 USW00013874 GHCNd 100%

Previous studies (e.g., Opalinski et al. 2019; Bhaskar et al., 2012; Mango et al., 2017)

have utilized gridded precipitation estimates from the Parameter-elevation Regressions on

15

Independent Slopes Model (PRISM) for their research. PRISM is a climate analytical model that

utilizes point data, digital elevation models (DEM), and other spatial data to create gridded

estimates of “event-based” climate phenomenon (Daly et al., 1993; Daly et al., 1997; Daly et al.,

2008). Within this study, PRISM data is compared and analyzed against the gauge-based data
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from the USGS, CoCoRaH and GHCNd. Daily 4-k resolution data were acquired for the initial
time series 2018-2020 from the PRISM Climate Group (Figure 3).

Through a simple linear regression model, the relationship between the PRISM data and
the gauge-based data was evaluated. A strong correlation is found between the PRISM data
values and the gauge-based values over the observed study period, as the linear regression model
displayed a slope value of 0.966 and an R? value of 0.959 (Figure 4). As both the slope of the
linear regression model and the associated R? value were close to 1, then it is appropriate to
assume that there is minimal variation between the regression model and the PRISM and gage
values. From the assessment of the PRISM and gage relationship, it was determined that the
PRISM data can be utilized for a longer timer period of analysis with what should be comparable
results to that of the gauge data. Utilizing the PRISM data allows for a more extensive period of
analysis for comparing and assessing inflows within the SRW, that could not be achieved with

gauge-based precipitation data alone.
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Figure 3: Precipitation gage distribution overlain by the PRISM cells used for long-term precipitation comparison.
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Figure 4: Linear Regression model to observe the relationship between the monthly gauge totals and the monthly
totals generated by PRISM for the period 2018-2020. R-squared value and linear equations displayed on graph.

3.2 Quantifying Municipal Water:

3.2.1 Conceptualizing the Inter-Basin Transfer:

Framing an IBT in a similar manner to that of a water budget facilitates in understanding
the complexity of quantifying these transfers. Volumes of water brought into the basin to
distribute to users (Ir1) makes up the primary inflow within Equation 4. Portions of this
conceptualized budget are reported or have estimated values denoted with the subscript (R) and
unknown components are denoted with the subscript (NR). Potential leakage (Lr?), irrigation
(Irrnr), and combined sewer overflow events (CSOnr) all contribute portions of water into the
broader hydrologic system of the AOO basin but quantifying them is difficult as municipalities
often do not specifically measure these flows.

IBT = IRl - LRZ - ITTNR - CSONR - QNR (4)
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Contextualizing the SRW’s IBT, the portion of water brought in from ACF to users
within the AOO is treated and pumped back into the ACF basin through the 3-Rivers Tunnel
(Qnr) (Figure 5). Although water from this IBT is primarily transferred back to the ACF basin,
there are portions of this transfer that remain within the AOO basin. Outflows from the Pole
Bridge and Snapfinger Creek Wastewater Treatment Facilities are reported values that discharge
their treated waters into the South River instead of being transferred back into the ACF basin.
Water distributed from the Hemphill Water Treatment Plant to the East Area of the City of
Atlanta is directed to the Custer Avenue Combined Sewer Control Facility where flows are either
sent to the Intrenchment Creek Facility for water treatment or directly to the South River during
certain precipitation events. Portions of the transferred municipal water are also applied for lawn
irrigation by users within the AOO, which may integrate portions of the transferred water into
the broader hydrologic system, alongside leakage from infrastructure. Quantifying this transfer
of water may seem like a straightforward process but determining the flows that utilize the
transferred water is difficult as not all the water is transferred through the 3-Rivers Tunnel back
into the ACF basin.

Municipal water distributed to users within the SRW represents the largest IBT of water
from the ACF basin into the AOO basin. A representative conceptual model of the transfer of
water between these basins is illustrated within Figure 5. Arrows within Figure 5 represent
component flows that potentially contribute to the net IBT. Green arrows show flows into or out
of a natural water source, blue arrows represent flows of distributed water to users within the
basin, and red arrows represent wastewater flows. Quantification of municipal water volumes

associated with the IBT to users within the SRW is within the described methodology below.
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Figure 5: Transport of water from the Apalachicola-Chattahoochee-Flint River basin to the Altamaha-Ocmulgee-
Oconee River basin. Green arrows represent flows coming to or from a natural source. The red arrows represent
wastewater, and the blue arrows represent the treated water distributed to users within the basin.

3.2.2 Data Collection:

Multiple water management jurisdictions convey water to users within the SRW (Figure
6). Quantification of water conveyed from each jurisdiction was conducted to calculate a
comprehensive value for the entire SRW. Annual audits of water use, water efficiency, and
water loss were collected from the Georgia Department of Natural Resources Environmental
Protection Division (EPD) for the period 2011-2018. Audits are created on an annual basis
through the Water Stewardship Act of 2010 which aimed to develop goals and progress toward
improving water supply efficiency (EPD 2021). Software to complete these audits are from the
American Water Works Association, utilizing Volumes 5 and 6 for Georgia municipalities (EPD
2022). From these audits we were able to extract estimates of the total water distributed to end

users (in million gallons per year) within the jurisdictional areas, Dekalb, Clayton, Henry,
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Rockdale, and Fulton counties, and the cities of Hapeville, Atlanta, and East Point. Distributed
annual volumes of water for each jurisdiction were measured and reported as the amount of
water leaving the respective treatment facility. Missing 2011 water audit values for the City of

Hapeville were filled with 2012 water audit data values.

+ Water Filtration and Treatment Plants

City of Atlanta
EWatershed Boundary
Municipality:

[ clayton

[ DeKalb

[ Fulton

I Henry

[ ]Rockdale 50
I City of Hapeville [ Kilometers
[ city of East Point

Scott Candler Filtrtation Plant

Area
478 Km?

Population

Dekalb

28250 25 5 7.5Kilometers Rockdale

Figure 6: Jurisdictions that make up the South River watershed along with the Hemphill Water Treatment Plant and
the Scott Candler Water Filtration Facility which conveys water to users with their respective regions. Population

value derived from 2019 NLDC data set.
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3.2.3 Spatial Weighting:

With varying jurisdictional, watershed, and census block groups boundaries it was
necessary to develop a methodology that represented the watershed area alone. Dasymetric
mapping is a geospatial technique that utilizes ancillary information to redistribute numerical
data over a specified spatial area to represent the underlying statistical surface (Wright 1936;
Mennis 2003; Petrov 2012). This dasymetric technique was utilized to distribute the volume of
water estimated by the Georgia EPD water audits to each jurisdictional area within the SRW
through areal weighting of the census block group population data. This methodology was
inspired by, though distinct from, that presented by Debbage and Sheppard (2018), where census
block group population data was taken and spatially allocated to flood plain area using National
Land Cover Data. This methodology was altered for the purpose of this research to determine the
percentage of population within the SRW out of the population of the entire jurisdiction through
areal weighting of land area. These percentages or proportional values will be utilized in
conjunction with the Georgia EPD water audit values to estimate the water use across the spatial
area of the SRW.

Seven different water management jurisdictions overlap with the boundary of the SRW
(Figure 6). To distribute the annual water audit data provided by the Georgia EPD to the spatial
area of the SRW, population data was acquired from the Census Bureau’s American Community
Survey for the period 2010-2019, with no data representing the calendar year 2016. Population
data from the Census Bureau are provided as collated total population values for every census
block group. The population density (D;) within each jurisdiction was then calculated as the sum

of population totals from each census block group (P;) divided by the sum of areas represented
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by each census block group within the jurisdiction (A;j) (Equation 5). The total population within

the jurisdiction was calculated as the product of that density and total area.

&

bi=7 (5)

The shapefile representing census block groups within each jurisdiction was then clipped
with the shapefile representing the SRW boundary. This created a clipped area where the census
block group within each jurisdiction overlapped with the SRW. New population densities and
totals were calculated for each of the clipped partial-jurisdictional areas that lie within the SRW
(Pj+srw). The new population totals (for the portion of the jurisdiction lying within the SRW)
was divided by the total population within the whole jurisdictional area (P;). These proportions
were used as spatial allocation factors: they were multiplied by the total water volume distributed
to users within the jurisdiction per year (Wij,q), as presented in the water audit reports, to calculate
the water distributed within the portion of the jurisdiction that also resides within the SRW

(Equation 6) (EPD 2021).

P.
_ Pjisrw
Wiisrw,q = P, X Wiq (6)

3.2.4 Temporal Scaling:

Each of the contributing jurisdictions receives potable water from a different filtration
facility. However, we were only able to obtain estimates of potable water conveyance from the
Scott Candler filtration plant, which serves the DeKalb County jurisdiction. For the purpose of
quantifying the temporal dynamics of potable water distribution to users in the other
jurisdictions, we assume that the temporal patterns recorded at the Scott Candler filtration facility
are representative throughout. We developed temporal allocation factors that are described

below.
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Daily outflow data from the Scott Candler Filtration Plants was obtained through Open
Record Requests to Dekalb County for the period 2011-2020. Measured outflow data from the
plant was reported by the McCrometer Insertion Magnetic Meter - Model 395L that has an
associated accuracy of £0.5% (John Patterson, personal communication, March 31, 2022). The
Scott Candler outflow values were aggregated to a monthly scale by creating monthly allocation
factors. These factors were calculated by taking the total water use for the month (Wsc,m) and

dividing it by the annual total water use that included that month (Wscq) (Equation 7).

_ Wscm
e 7
Witsrwm = Om X Witsrw g 8

These allocation factors (6m) were multiplied by the annual water audit values, collected
from the Georgia EPD that were spatially allocated to the SRW through the areal weighting
dasymetric technique using the census block group population data (Wij+srw,q) to create monthly
water use estimates (Wij+srw,m) (Equation 8). The resulting value represents the volume of water
distributed to users within each jurisdiction within the SRW, in units of cubic meters per month.

The sum of W;, srw m for all jurisdictions j represents total potable water distribution to users

within the SRW each month. Those monthly totals were then summed to yield an annual total.

3.2.5 Water Audit vs Zip-Code Billing Data:

Initial efforts within this research focused on obtaining zip-code based billing data from
each water management department to gain data with a higher resolution than that of the
available data within the Georgia EPD water audits. These values were only successfully
obtained for the City of Atlanta. Due to the limited data availability from the other jurisdictions,
the zip-code water billing data obtained from the City of Atlanta Department of Watershed

Management is used for comparison with that of the Georgia EPD water audit data (Figure 7).
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Evaluating the deviation between the two data sets is relevant as the zip-code based data has a
finer resolution of data, reported as monthly water use totals per user account, versus the Georgia
EPD water audits that report annual water use totals for the entire jurisdiction. Observing the
created linear regression model (Figure 8), the relationship between the City of Atlanta zip-code
based water use data and the Georgia EPD water use data was evaluated to find a moderate
correlation. The coefficient of determination value suggests that there is variation in the data
from the fitted regression trendline, or significant deviation from the mean value. Although this
deviation is present within the data sets, due to the limited data availability from jurisdictional

water providers, the Georgia EPD water audit data was used for determining water conveyed to

users within the SRW.
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Figure 7: City of Atlanta zip-code based water use data comparison against the water use data provided by the
Georgia EPD for the period 2011-2020.
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Figure 8: Liner Regression model to observe the relationship between the City of Atlanta zip-code based water use
data and the water use data provided by the Georgia EPD.

3.3 Quantifying Leakage:

Assumed leakage from the municipal supply system was determined from the Georgia
EPD’s Water Efficiency and Water Loss Audits. The water audits provide an estimated leakage
or ‘real loss’ value for each municipality, for each year’s water audit. Leakage values were
determined by first calculating a proportional real loss value (RLv). This was done by taking the
Georgia EPD’s provided real losses (Rr) and dividing them by the total water supplied to the
entire jurisdiction (Wsepp) (Equation 9). After each real loss value (RLV) was calculated it was
multiplied by each municipality’s individual municipal water use within the SRW (Wj+srw,q).
This created a comprehensive leakage value for the portion of the SRW that overlapped with the
jurisdictional area (Lj+srw) (Equation 10). Data was aggregated to the monthly time scale and all
jurisdictional areas eventually summed for a comprehensive leakage value throughout the SRW.

This methodology does assume a constant leakage throughout the entire portion of the
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jurisdiction within the SRW, when leakage into the subsurface would only occur around

compromised pipe infrastructure.

RL

Ws EPD

= Ry 9)

Rpy X Wjisrw,q = Lj+srw (10)

3.3.1 Estimating Leakage on Different Spatial Scales:

Two alternative approaches were used to calculate the leakage as an area-normalized
depth, which may more realistically contextualize its hydrological significance. Lacking spatial
information about the pipe system that conveys potable water, the first alternative approach
utilized a shapefile that included length and diameter estimates for all pipes within the sanitary
sewer system. The total length of sanitary sewer pipes was multiplied by the average outside
diameter (OD) of the pipes (the average OD was 9 inches), yielding an estimate of the vertically
projected area of the pipe system. This spatial data was available only for DeKalb County, not
the other jurisdictions within the SRW. The vertically projected pipe area was then divided by
the area of Dekalb County overlapping the SRW. That ratio of pipe area to land area was
multiplied by the entire area of the SRW, including the other six jurisdictional areas for which
maps of the pipe system were not available. The determined area was then utilized in dividing
the estimated volume of leakage for the SRW to obtain an area-normalized depth.

The second alternative approach used to calculate leakage as an area-normalized depth
using an obtained roadway shapefile obtained from the Georgia GIS Clearinghouse. This file was
then reduced to the size of the SRW, and a total length of roadway was determined. The total

length of roads within the SRW was then multiplied by a determined roadway average width
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taken from (AASHTO 2001). This calculation yielded a roadway area that was then used to

determine leakage for a more contextualized value.

4 RESULTS

4.1 Precipitation:

Precipitation estimates calculated through the Thiessen polygon approach, centroid-based
(or inverse-distance weighting) approach, and the arithmetic average were relatively similar
(Figure 9, Table 2). An average of all three methodologies was used to estimate precipitation for
the entire spatial area of the SRW for the study period 2018-2020. The average-monthly
precipitation was 132 mm x 61 (uncertainty bounds are one standard deviation, SD). Total-
annual precipitation during 2018, 2019, and 2020 was 1680, 1264, and 1804 mm, respectively
Table 2). The annual precipitation during 2019 is similar to the 30-year average (1986-2015) of
1240 mm recorded at the Panola Mountain Research Watershed (Aulenbach & Peters 2018),
which lies within the broader SRW. Total-annual precipitation during 2018 and 2010 was 416

and 540 mm greater than this long-term average.
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Figure 9: Precipitation estimates calculated via the Thiessen polygon approach, centroid based approach,
arithmetic average, and as generated by PRISM.

Table 2: Annual Precipitation Totals by Methodology (mm)

Centroid Thiessen Polygon Arithmetic Average of PRSIM
Approach Approach Average Methodologies
2018 1669 1677 1694 1680+ 13 sD 1671
2019 1254 1277 1260 1264+ 12sD 1255
2020 1797 1800 1815 1804+ 10 sD 1847

*Note: SD= Standard Deviation

4.2 Municipal Water:

Figures 10 and 11 illustrate that users within Dekalb County and the City of Atlanta

constitute the largest demand for municipal water among the jurisdictions overlapped by the

SRW. On average, users within those jurisdictions receive area-normalized depths of 95 mm +

7.3 SD and 60 mm = 1.6 SD per year, respectively. While Clayton County, Henry County,
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Rockdale County, and the cities of Hapeville and East Point exhibited average-area normalized
depths roughly two orders of magnitude less, ranging from 0.156 mm £ 0.008 SD to 4.161 mm +
0.122 SD per year. DeKalb County and the City of Atlanta make up for 50% and 40% of the
total population of users within the SRW, while the remaining five jurisdictions make up for the
last 10% of the population.

There is minimal seasonal variation in the area-normalized depth of water conveyed to
users within the SRW (Figures 10 and 12). During the three warmest months of the year (June,
July, and August) the average area-normalized depth of water was 12 mm per month. While
during the three coldest months of the year (December, January, and February) the average area-
normalized depth was 10 mm per month. This comparison is slightly skewed as the month of
February has less days than the other observed months, and to account for that an average area-
normalized depth was determined on a daily scale for both three-month periods. The warmest
months exhibited an average area normalized depth of 0.39 mm/ day, while the coldest months

exhibited a similar rate at 0.35 mm/ day.
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Figure 10: Average monthly water use for each contributing jurisdiction to the South River watershed for the time
series 2011-2020. Water use is reported as an area normalized depth in millimeters by dividing by the total area of
the SRW. Error bars represent £ 1
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Figure 11: Average annual water use by consumers within the South River watershed for the time series 2011-2020.
Values were determined through summation of the seven contributing jurisdictions and reported as an area
normalized depth.
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Figure 12: Average monthly water use by consumers within the South River watershed for the time series 2011-
2020. Values were determined through summation of the seven contributing jurisdictions and reported as an area
normalized depth. Error bars represent + 1.

Total municipal water brought into the SRW was calculated through the summation of
the seven contributing jurisdictions. For the entire observed time series (2011-2020) the
estimated water distributed to users within the SRW on an annual basis was, on average, 165 mm
+ 7.6 SD. Calendar year 2015 displayed the lowest level of total water distributed to users at
151.66 mm % 7.6 SD, while 2014, 2019, and 2020 exhibited the highest level of water

distributed, ranging from 173.22 mm + 7.6 SD to 174.43 mm + 7.6 SD (Figure 13).
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Figure 13: Total annual water usage for the South River watershed determined through the summation of the seven
contributing jurisdictions for the years 2011-2020.

4.3 Leakage:

Estimated leakage from pipe infrastructure varied widely on an annual and monthly basis
within the SRW (Figures 14 and 15). Average annual leakage throughout the SRW was
calculated as 31.15 mm with a minimum value observed within the calendar year 2016 of 17.51
+ 8.80 SD. Maximum leakage during this time series was during the calendar year 2019 of 45.39
+ 8.80 SD. Leakage estimates are calculated using the ‘real losses’ provided by the Georgia
EPD, which showed a large variation of potential leakage percentages, and did not seem to

follow any particular trend.
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Figure 14: Total annual leakage for the South River watershed for the time series 2011-2020. Calculated from the
seven contributing water jurisdictions and reported as an area normalized depth.
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Figure 15: Average-monthly leakage of municipal water within the South River watershed (n = 10 years). Monthly
totals include all seven contributing jurisdictions. Error bars represent + 1 standard deviation around the mean.

Quantified volumes of inflows and estimated leakage rates were determined for the SRW
for the 10-year period (2011-2020). Long term PRISM values yielded an average annual
precipitation value of 1407 mm (x 317 SD). Average annual municipal water distributed to users

within the SRW, representative of the IBT from the ACF basin to the AOO basin, was
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determined to be a value of 165 mm (+ 8 SD). The associated leakage from the municipal supply
system was estimated as an average annual value of 30 mm (£ 9 SD). Comparative analysis of
these components found that roughly 88% of the total inflow of water to the SRW was from
precipitation, while municipal water only accounted for 10%, and leakage into the subsurface as
an estimated 2% (Figure 16). When observing the fitted linear relationship between the PRISM
precipitation data to the estimated municipal water conveyed to users within the SRW, there was
minimal correlation shown between the two sets of values. The trend line equation was (y =

—0.0079x + 175.9) with and R2 value of 0.1106—suggesting little correlation.
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Figure 16: Comparative analysis of inflows into the South River watershed for the time series 2011-2020. Values
are reported as area-normalized depth calculated by dividing each volume by the entire area of the SRW.

When divided by the entire area of the SRW to obtain an area-normalized depth, the IBT
of municipal water and associated leakage into the landscape are relatively small in comparison
to precipitation. In particular, leakage might seem like an almost negligible inflow term within
the water budget for the SRW. Of course, the leakage does not occur across the entire watershed

area, it only occurs where the pipes are buried. When normalizing the leakage flow by the
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vertically-projected area of the sewer pipes (as described in methodology section 3.3) produced
an average-annual leakage of 32733 mm + 1507 SD (Figure 17)—a significant increase in the
area-normalized depth than when the flow is divided by the entire area of the SRW (Figure 16).

Alternatively, leakage was also calculated based on roadway area (as described in
methodology section 3.3) the location of most municipal supply lines. Produced results are
considerably greater than if of flows were divided by the entire watershed area, exhibiting an
average area-normalized depth of 1282 mm * 60 SD. Comparison of the vertically projected
roadway area leakage with precipitation shows that on this scale, leakage is on par with the depth
of precipitation that falls within the watershed (Figure 18). Depth of area-normalized leakage

surpasses precipitation in of the four years out of the total ten-year study period (Figure 18).
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Figure 17: Comparative analysis of inflows into the South River watershed for the time series 2011-2020. Values
are reported as area-normalized depth. Precipitation volume was divided by the entire area of the SRW over which
it falls. In this figure, the leakage
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Figure 18: Comparative analysis of precipitation and leakage within the South River watershed for the time series
2011-2020. Precipitation volume was divided by the entire area of the SRW over which it falls. In this figure, the
leakage volumes were divided by t the projected-vertical area of road surfaces within the SRW—that area being
more realistically representative of the surface areas over which this inflow may occur.
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5 DISCUSSION

Water budgets are useful frameworks for water management in urban and suburban
watersheds [e.g., Mitchell et al., 2001; Mitchell et al., 2003; Mitchell 2006; Mitchell et al., 2008;
particularly as continued population growth and water consumption within major metropolitan
areas increases. Accurate conceptualization and quantification of inflows within urban and
suburban watersheds is of foremost importance in water budget analysis. This research illustrates
some of the inherent complexities of the task, which requires understanding of both the political-

jurisdictional and physical environment.

5.1 Spatially Averaged Precipitation within Urban/Suburban Southeastern Watersheds:

Constructed infrastructure within urban watersheds can influence precipitation dynamics
(Freitag and Nyiogi 2018) by altering wind patterns and turbulent heat transport from land to
atmosphere. In the Piedmont physiographic province of the southeastern U.S., additional spatial
variability in rainfall accumulation may result due to localized convective storms. Despite these
alterations, at monthly and annual time series, no systematic spatial patterns in precipitation were
observed at the watershed spatial scale with a Moran’s I value of 0.072. As a measure of spatial
autocorrelation, or how alike values are across a specified area, a Moran’ s I value near zero,
represents a random distribution or no correlation among values. Results are similar to those of
(Zhang et al., 2018) who reported Moran’s I values ranging from 0.003 to 0.292 for a 132-km?
catchment in Southwest England. Authors from that study emphasized the importance of not
only the variation of rainfall values, but also the spatial distribution across the study area
particularly for ‘complex precipitation events’ (Zhang et al., 2018).

Across 100-km? spatial scales within the southeastern Piedmont, our results support the

conclusion that the arithmetic average of discrete precipitation measurements is sufficient to
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calculate monthly and annual totals of precipitation. The calculated totals are not markedly
different than those derived from interpolation schemes that assume an underlying correlation
structure. Our results provide further empirical validation of the utility of PRISM precipitation
estimates for this region.

Results reflect values reported within work by (Daly et al., 2017) which found that in
comparing ground-based rain gauge derived values to that of PRISM derived values at the ~ 4
km spatial scale within the Coweeta basin, located in western North Carolina, that there was a
less than 5% difference between mean annual gridded values for the period 1950-1958. General
trends across the watershed were reflected within both the PRISM derived gridded values and the
ground-based rain gauge values with a southeast-northwestern trend in precipitation and similar
minimum and maximums. Spatial trends were not observed within either the PRISM-derived
precipitation estimates, or the ground-based precipitation estimates for the SRW.

Work by (Prat and Nelson 2014) found similar results across the continuous U.S., on a
daily, seasonal, and annual temporal resolution, where PRISM-derived precipitation estimates,
and ground-based GHCN-D derived precipitation estimates were compared and used as a
baseline against remotely sensed precipitation estimates from 2002-2012. The PRISM derived
precipitation estimates do utilize observations from GHCN-D, but also the National Weather
Service Cooperative Observer Program (COOP), Weather Bureau Army Navy (WBAN) stations,
USGS, USDA NRCS Snow Telemetry (SNOTEL), USDA Forest Service, and other climate
tracking agencies (Daly et al., 2008). Daily precipitation rates for the ground-based GHCN-D
derived values and PRISM derived precipitation values were 2.47 and 2.42-mm day*
respectively. Only a 2-3% difference in average rain rate was observed, regardless of season, and

on an annual temporal scale 4%, suggesting a good agreement between the ground-based
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GHCN-D precipitation values and the estimated PRISM derived precipitation values (Prat and
Nelson 2014). While most comparative studies have reported low error values between ground-
based rain gauge estimations and PRISM derived precipitation estimates, some like (Zhang et al.,
2018) have found that the 4 km resolution PRISM gridded estimates could overpredict by as
much as 30% when compared to annual precipitation derived from the Florida Automated
Weather Network (FAWN) over the years 2011-2015. Data from the FAWN station network was
added to the PRISM analysis in October 2015 (Daly et al., 2013), near the end of the study
period. That coupled with the FAWN network having a spatial density of one station for every
5000 km?, or 34 ground-based gauges, may account for this larger discrepancy between the
FAWN network precipitation estimates and the PRISM derived precipitation estimates. Within
this study, a denser gauge network was available for estimating areal-averaged precipitation on a
smaller spatial scale which allowed for a more accurate depiction of ground-based precipitation
estimation within the SRW. Estimated PRISM derived precipitation estimates did not vary
significantly from the ground-based precipitation estimates—a finding consistent with most
research utilizing PRISM derived data within hydrology.

Works by (Bornstein and Lin 2000; Dixon and Mote 2003; Shepard et al., 2003; Diem
and Mote 2005; Diem 2008) have found that precipitation and surface temperatures around the
Atlanta metropolitan region has experienced alteration due to urban influences. This research did
not find any spatial distribution pattern within the ground-based precipitation data and instead
determined that a spatial average would be sufficient for short term comparison to the PRISM
derived precipitation data and use within the conceptualized water budget. In work from Hewlett
and Hibbert (1967), the more topologically complex terrain of the Coweeta basin, located within

the Blue Ridge physiographic province, was reported as having mean-annual precipitation of
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1829 mm. They did not critically examine spatial variability, although Daly et al. (2017) found a
strong dependence of mean annual precipitation totals on elevation within the Coweeta Basin.
The watershed is located on the leeward side of a mountain range with elevations ranging from
675 to 1592 m from the northeast to the southwestern ridgeline with associated mean annual
precipitation of 1500 mm to 2400 mm (Daly et al., 2017). In localities with complex
topographical changes, it may be argued that a mean annual precipitation value may not be
representative of the whole watershed, but work by Volkmann et al. (2010) found that in a semi-
arid 91-km? catchment located near Tucson Arizona, a sparse but optimized rain gauge network
produced an adequate rainfall estimate for the catchment versus the denser network thought to be
needed. Elevations within the SRW only range from 203m to 339m— a 136m elevation change
versus the 917m elevation change observed within the Coweeta basin. At the observed spatial
scale, the SRW was not considered a steep locality, and the resulting average annual
precipitation values are representative of the overall watershed inflow within this conceptualized

water budget.

5.2 Inter-Basin Transfers Represent Complex Net Fluxes:

To compensate for growing populations many cities have turned to outside sources to
mitigate the difference in needed water supply. With cities like Los Angeles obtaining over 90%
of their water from IBT’s (Ashoori et al. 2015) it is appropriate to address them alongside other
components of urban water budgets to connect and contextualize these flows to the broader
hydrologic cycle. Quantification and tracking of water resources within a water budget
framework holds value for future water management authorities and regulatory policies.

What may be simplified to a singular inflow within a conceptualized water budget, IBTs are

representative of complex net fluxes and multiple constituent flows. The SRW exemplifies this
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complexity as seven different jurisdictions contribute approximately 165 mm of water to users
annually. Quantifying jurisdictional volumes distributed to users proved challenging as water
management authorities vary greatly in their data monitoring and recording practices that are
often dictated by political boundaries rather than physical watershed boundaries. Intricacy of
these transfers are exemplified further within Figure 5, which illustrates that wastewater from the
Atlanta Hartsfield-Jackson Airport and the cities of East Point, Hapeville, and College Park is
pumped into the AOO basin, treated at the South River Reclamation Center, before being
pumped back into the ACF basin. This transfer of water should in theory be a closed loop, but
pipe leakage from aging infrastructure may potentially leak into the subsurface of the broader
hydrologic system a phenomenon documented in works by (e.g., Lerner 1986; Lerner 1990;
Barrett et al., 1999; Lerner 2002).

In the SRW, the volume of leaked potable water ultimately represents a relatively small
inflow in the overall water budget—a qualitative result that may reasonably transfer to other
American metropolitan areas with similar climate. When estimated over the entire watershed
area, the volume of water leaking from the man-made infrastructure only accounts for 2% of the
total inflows. This inflow was lesser than reported by (Bhaskar and Wely 2012) which
determined the sum of supply pipe leakage to be roughly 11-20 mm per month or 14% of the
total watershed inflows for the city of Baltimore Maryland. These area-normalized depths are
calculated by dividing the volume of leakage by the entire watershed area, as is conventionally
done when converting streamflow volume to an area-normalized depth. The latter calculation is
logical because the entire watershed area receives precipitation and can convey some portion of
that precipitation to the stream or river. However, the leakage of potable water does not occur

over the entire watershed area. It occurs only where there are pipes. Dividing the volume of
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leakage by the entire watershed area yields a small area-normalized depth in this case that
potentially belies the relevance of this flow process.

We attempted to characterize the localized hydrological impact of potable-water leakage
by computing two alternative estimates of the area-normalized depth—each invoking an
assumed, approximate area over which the leakage actually happens. When assuming the leakage
occurs only over roadway areas, the localized water depth accounts for 48% of all inflow over
that area (Figure 19). When estimated based on the vertically projected area of sanitary-sewer
pipes (a proxy for the unknown vertically projected area of potable-water pipes), leakage
accounted for 96% of the inflows over that area (Figure 18). Considering the former estimate
conservatively low, these results imply that areas where leakage is occurring are receiving almost
double the volume of water as the remainder of the watershed area.

The multitude of engineered supply lines and drainage networks not only have the
potential to introduce additional water into the sub-surface, but they also create dynamic flow
pathways of macro-pores surrounding the pipped infrastructure known as ‘urban karst” (Kaushal
and Belt 2012). These preferential pathways of high hydraulic conductivity material surrounding
the piped infrastructure, such as gravel or coarse-grained sand, act as megapores for water to
easily move through the sub-surface creating connectivity within the upper portion of urban
headwaters (Meriano et al., 2011; Sharp et al., 2013; Bonneau et al., 2017). Pathways created
around the piped infrastructure alters the way groundwater contributes to streamflow. This
occurs by creating new discharge points versus the ‘natural’ discharge point that would occur
without human infrastructure (Bonneau et al., 2017). Leakage may involve latent, chronic seeps
that contribute water and solutes to these preferential pathways, potentially modulating the

temporal dynamics and chemistry of urban baseflow. Leakage also occurs as episodic,
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catastrophic events that may cause sinkholes and substantial overland flow until the leak is
repaired. Especially in the latter case, leakage can essentially be conceived as an episodic
expansion of the infrastructure-mediated channel network (Kaushal and Belt, 2012). More
research is necessary to accurately quantify how leakage of pressurized potable water can locally

impact the hydrology, solute chemistry, and morphology of urban streams.

6 CONCLUSION

Political-jurisdictional and physical environmental boundaries rarely align within urbanized
settings. This research demonstrates the complexity of quantifying conceptualized inflows within
an urban-suburban water budget framework. Precipitation was quantified through three
interpolation schemes and compared to long-term annual PRISM data. Results demonstrate that
for the studied Piedmont watershed, that an annual average would be sufficient for the 100 km?
spatial scale due to the relatively consistent elevation across the study area. Inter-basin transfers
have been inventoried for the U.S., but few studies have looked at the volumes of water
transferred and the potential impacts that may have on the recipient watershed. Within this
research the transfer of water from the ACF basin to the South River watershed within DeKalb
County and the broader AOO basin was quantified as an area-normalized 95 mm £7.3 SD. This
transfer represents over 58% of the total watershed’s municipal inflows while the city of Atlanta
makes up the other major component, at 36%. Quantifying this transfer and the other
contributing jurisdictions municipal volumes was challenging as water management authorities
vary greatly in their monitoring and data recording practices— which is primarily defined by

political boundaries versus watershed boundaries.
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Aging infrastructure has the potential to impact the broader hydrologic cycle through
leakage, a conceptualized inflow investigated within this research. Analyzed over the entire
watershed are, leakage is a relatively small inflow, but when area-normalized to a more realistic
vertically projected area leakage can account for more than 96% of the total inflows. This
leakage can impact the broader hydrologic system of the localized urban environment, but also
the greater downstream tributaries. Results reported within this study hold significance to water
managements authorities and future water management policies. Population growth and
concentrated movement towards urban centers has impacted the way water flows within cities
and understanding these changes in urban environments is necessary as climate change continues

to alter the world around us.
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