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Abstract Urban growth and development depends on both the local hydrologic conditions
and how water resources are procured and managed. The objective of this study was to assess
the water security of large urban areas based on their physical hydrology, existing water supply
infrastructure, and water management institutions. This study examined 108 large cities
(>750,000 people) in the United States (n = 50) and Africa (n = 58), encompassing a broad
range of hydrologic and socio-economic conditions, including degrees of institutional com-
plexity. Urban water availability was estimated as the volume of water available from local,
natural water sources, as well as water captured via infrastructure such as reservoirs, wellfields,
or water transfers. Urban institutional complexity was assessed based on ability to provide,
regulate and maintain urban water supplies. Over half of the cities in this study rely on
captured water to meet urban demands and maintain high levels of institutional complexity
in doing so. Cities able to adequately supply water from local natural sources (37 %) maintain
significantly lower institutional complexity than cities using water captured from non-local
sources. Cities categorized as water insecure (7 %) had minimal access to either local or
captured water resources and operated using the simplest water institutions. Results suggest
that low local availability drives the urban response for capturing additional water supplies,
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and is both the cause and product of more complex institutional frameworks. Efforts to address
urban water insecurity should focus more attention on meeting not only the physical but
managerial needs of a city.

Keywords Urbanwater .Water supply .Water insecurity . USA . Africa .Water institutions

1 Introduction

Freshwater is fundamental to the well-being of the human population, more than half of which now
resides in urban areas (United Nations, 2014). Not all urban areas are proximal to freshwater
resources, but heavy investment in large-scale hydraulic infrastructure, such as aqueducts, dams,
andwell fields, has allowedmany urban areas to developwater systems for transferring, storing, and
regulating water resources thus overcoming water insecurity issues associated with urban growth
and/or geography (Bettencourt et al., 2007; McDonald et al., 2014; Padowski and Jawitz, 2012).

Despite these infrastructural solutions, urban water insecurity remains a concern for many
cities (Grey and Sadoff, 2007; Jenerette and Larsen, 2006; McDonald et al., 2011; Proença de
Oliveria et al., 2015). Globally, nearly one-quarter of large cities face water stress due to either
physical or economic insecurity (McDonald et al., 2014). Cities also suffer from water security
issues related to institutional challenges associated with acquiring and providing water
(Kiparsky et al., 2013); yet a comprehensive understanding of how urban water is managed
is often missing from large scale availability analyses.

In practice, institutions are difficult to compare, as subjective forces (e.g. cultural paradigms,
management choices, political climate) and local conditions (e.g. aridity, geography, hydrology)
can create profound differences between systems (Blomquist et al., 2004; Meinzen-Dick,
2007). As such, there are frameworks for evaluating water institutions that vary widely in their
approach and focus (e.g., Saleth and Dinar, 2004; Schneider et al., 2015). While assessments of
urban water institutions are not uncommon, only a few studies (e.g., van Leeuwen et al., 2012)
assess the combined hydrological and institutional sustainability of urban water systems, but
rarely perform such analyses at the regional, national or global levels. Rather, previous works
tend to focus either on a limited number of specific systems (e.g., Jacobsen et al., 2012;
Lundqvist et al., 2005; Scholz and Stiftel, 2005), or primarily the hydrological (McDonald
et al., 2014; Showers, 2002) or institutional (Brown et al., 2009; Estache and Kouassi, 2002;
Nafi et al., 2015; Pierce et al., 2011) aspects of urban water.

This work provides a quantitative, integrated assessment of urban water security as a
function of both water availability and water management institutions. Detailed information
on the physical hydrology, hydraulic infrastructure, and institutional characteristics of a diverse
set of large cities was evaluated to compare the different strategies used by urban areas to
obtain and manage water. The richness of this integrated analysis, paired with the broad
geographic distribution of urban areas examined, offers new insight into where and why cities
may face serious water security threats.

2 Urban Water Security

Assessing current and future resource sustainability requires knowledge about resource quantities
(Graedel and Klee, 2002), as well as resource management strategies (Kemper, 2001), especially
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in areas where hydraulic infrastructure may cross multiple watersheds or groundwater basins,
significantly changing the hydrologic dynamics of the basins they tap (Weiskel et al., 2007). In
this study, an urban water typology is used to characterize four types of urban availability based
on the local hydrology and urban hydraulic infrastructure in place. The institutional characteristics
of urban water management systems were assessed using the concept of institutional complexity,
where the level of complexity acts as a proxy for the degree towhich urbanwater institutions have
been able to develop sound and strategic water management practices.

This study examined large cities (>750,000 people) in the United States (n = 50) and Africa
(n = 58) with sufficient availability of hydrologic and urban water management data. Larger
cities were selected because of the relatively higher likelihood of publicly available water
resources and management data. Africa has been the focus of much recent research on water
scarcity (AIDC, 2013; Falkenmark, 1990; Jacobsen et al., 2012; Meigh et al., 1999; Muller,
2007; Showers, 2002; Vörösmarty et al., 2005), which has made available a wide range of data
useful for comparing infrastructural and institutional characteristics related to water insecurity.
The selected cities therefore encompass a wide range of hydrological settings, and span the
global development spectrum. A complete list of cities, availability type, and institutional
complexity scores can be found in Table S-1.

3 Methodology

Urban area boundaries were obtained from the US Census Bureau for US cities and Gridded
Population of the World (GPWv3) database (CIESIN, 2004; USCB, 2009) for sampled
African cities. A 5-km and 10-km buffer was applied to each US and African urban area
boundary, respectively, for the purposes of distinguishing local from captured water. Captured
water, detailed in the following section, refers to the part of the water supply that is considered
exogenous to the urban area. African urban areas were given larger buffers to compensate for
coarser data and informal settlements in the outskirts of urban centers, which may have been
otherwise missed. All references to the urban area boundary (UAB) include these buffers.

3.1 Water Availability

For each of the 108 cities in this study, water availability was calculated as a function of both
hydrologic and hydraulic water sources using the general framework described by Padowski
and Jawitz (2012). Local availability represents a baseline mean annual volume of water, QL,
to which an urban area potentially has access. This type of availability is estimated from
naturally occurring, local sources (i.e., rivers, lakes, aquifers) that intersect or border a UAB
regardless of whether the supply is actually used as a source of urban water. Not all local
water is available for human consumption. Therefore rules for allocating quantities of
water (e.g. environmental flow requirements) were also included, although they do not
account for source water quality. This local availability metric creates a base scale for
assessing water stress. Captured water (hydraulic) availability (QC), represents the annual
mean additional volume of water collected by an urban area from constructed sources
(i.e., reservoirs and wellfields), and/or imported from sources (natural or constructed) outside
the UAB via additional infrastructure. The total volume of water available (QT) is the sum of the
local and captured water availability. As discussed in Padowski and Jawitz (2012), this method
seeks to use best available data, however data gaps and limitations (i.e. assumptions about
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reservoir/groundwater allocations) may affect the accuracy of availability estimates in some
cases, especially where data are sparse.

Awater availability typology (Fig. 1) was conceptualized to categorize the primary ways in
which urban areas use hydraulic infrastructure to meet urban water needs. In this typology,
cities with access to ample volumes of water from nearby, naturally-occurring sources reflect a
natural abundance, or availability of water, and thus would have developed little to no
infrastructure to capture additional supplies. In cities subject to physical scarcity of water,
where local water sources are insufficient to meet a minimum supply requirement, urban needs
would be met through reliance on captured (hydraulic) water collected via storage or long-
distance transfer to create artificial abundance. In such cases, the total availability exceeds the
minimum supply and is comprised of both natural and captured sources. Also identified are
cities with access to sources, either naturally or through capture, that are vastly beyond typical
requirements providing super abundance. Cities subject to physical scarcity without the
capacity to capture sufficient additional water are categorized as water insecure, with neither
natural abundance nor the ability to create adequate water infrastructure to meet urban demands.

Data for US local and captured water availability, including source locations, allocation
rules and available volumes, were the same as those used by Padowski and Jawitz (2012) with
selected updates, as described in Table S-1. Water supply sources for African cities were
compiled using data from the City Water Map (McDonald et al., 2014), Google Earth, and
global and regional water databases, and were supplemented with information from individual
literature sources and water provider websites (Table S-2). Local and captured African river
locations and discharges were taken from estimates of global mean annual river discharge
based on the accumulation of local runoff on a 0.5 × 0.5 degree gridded network (Fekete et al.,
2002). Environmental water demand estimates for African rivers could not be calculated in a
similar fashion to those in the US due to a lack of historical streamflow data and were instead

physical scarcity natural abundance

abundance

super abundance

water
insecure

Total urban water availability

Natural urbanminimum acceptable
water supply

natural 
abundance

water availability

Fig. 1 Urban water availability
typology. This conceptual diagram
identifies four broad categories
representing the different
management strategies urban areas
use to achieve water security. The
total water available is the sum of
local and captured sources (y-axis),
with the 1:1 line of equality
indicating no water available from
captured sources. Increased
distance above this line indicates
larger volumes of water obtained
from captured sources
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assumed to be 25 % of the mean annual discharge. Available groundwater for African cities
was estimated similarly to US cities, but relied on hydrogeological data from regional maps
reporting aquifer area and saturated thickness (MacDonald et al., 2012) The mean annual
volume of water available to African cities from natural lakes and constructed reservoirs was
quantified similarly to those of US cities using data collected from either the GRAnD database
(Lehner et al., 2011) or from water provider websites. Information on alternative water sources
(e.g., desalination) was obtained directly from individual water utility websites or other reports
where available. Informal water supply mechanisms (e.g. water vendors) may be important
components of the urban supply in some cities (Gandy, 2006), but were not represented in this
study due to inadequate data availability.

3.2 Institutional Complexity

Institutional complexity was assessed as a function of 1) delivery capability 2) regulatory
environment and 3) supply source portfolios. Delivery capability represents the functionality
of the urban distribution system as measured by the degree of access provided, the continuity
of water service, the extent to which connections are metered, and amount of unaccounted-for
(non-revenue) water. Systems that only cover a portion of the urban population either spatially
or temporally and are inefficient (e.g. low metering levels, high unaccounted-for water loss)
are categorized as lacking the necessary complexity (e.g., authority, funds, and/or staff)
required to adequately and efficiently distribute water. The regulatory environment includes
the rules by which water supplies are managed, including urban water sharing strategies
and laws or policies in place to actively manage surface and/or groundwater resources at
either the state or national level. Large cities that participate in shared urban water
management were classified as either utilizing urban-urban sharing strategies, where two
or more large cities co-operatively manage sources of water (e.g. shared access to a
reservoir), or urban-rural sharing strategies, where a large city receives water from a
regional provider that also sources water to smaller communities or agricultural systems.
It is assumed that the institutional regulatory environment becomes more complex when
urban areas must co-manage resources or when rules or regulations dictate how water can
be used or accessed (Allen et al., 1999; Bettencourt et al., 2007). The supply source
portfolio reflects the increased management complexity associated with greater diversifi-
cation, including multiple sources that may vary by distance or type. Here, it is assumed
that cities with supplies outside of their jurisdictional control, or with more diverse source
supply portfolios, utilize a more complex set of water management strategies to increase
their water security. Data for assessing delivery capability and regulatory environments in
African cities came from the International Benchmarking Network database (IBNET, 2015), the
United Nations (2012), and additional supporting literature (Table S-2). Information for US cities
was collected primarily from a state-level assessment by Flood (1990), the US Environmental
Protection Agency Community Water Systems Survey (2002) and the American Water Works
Association (2004).

Each of the three categories of institutional complexity was assessed using a set of four
metrics (Table 1). Using a binary scoring system of 0 (absent) or 1 (present), an urban water
supply Institutional Complexity Assessment (ICA) scale was developed as the sum of points
scored across all twelve metrics. Higher ICA scores are assumed to be associated with the
development of more complex institutions – more extensive provisioning using more sources
in a more regulated environment. In this work, the relationship between ICA scores, urban
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water availability and income is evaluated. The individual metrics that comprise the ICA are
also examined by water availability type. Urban per capita gross domestic product (GDP, in
purchasing power parity in 2000) was obtained from the spatially-gridded GEcon database
(Nordhaus et al., 2012), used here as a proxy for the financial capacity of a given urban area.

Note that data availability limits the ICA approach to providing an overview of the
institutional mechanisms by which individual urban areas affect and are affected by water
insecurity, and do not fully encompass all the legal and political nuances of urban water
management. Further, the assumptions required to fill hydrologic data gaps (i.e. reservoir/lake
allocations, environmental demand) can introduce error into availability estimates for a given
city. However, the spectrum of hydrologic conditions and institutional complexity integrated in
this assessment provide a much needed macroscopic view of the array of physical and
socioeconomic challenges faced by urban water managers.

4 Results and Discussion

4.1 Urban Water Availability

The typology of Fig. 1 was evaluated for the 108 urban areas by plotting total water
availability (QT) in liters per capita daily (lpcd) as a function of locally available water (QL)
(Fig. 2). An exponential regression was applied to the log-transformed water availability
estimates. The divergence of the regression from the 1:1 line increased as QL decreased,
indicating that the proportion of total water available represented by captured water increased
in naturally water scarce urban areas and that naturally water-rich urban areas with QL> 10,000
lpcd were unlikely to access captured sources. Based on the regression for the entire sample,
cities with no locally available water are predicted to capture an average of approximately 230
lpcd. Applying a regression by region showed that cities with no locally available water would
seek to capture 640 lpcd in the US and 210 lpcd in Africa. The latter value sits near a minimum

Table 1 The individual metrics that comprise the Institutional Complexity Assessment are based on three
categories (delivery capability, supply source portfolio, and regulatory environment), each with four associated
metrics. The percent of sampled US and African cities meeting each metric is indicated

Complexity Category Assessment Metric US Cities African Cites

Delivery Capacity Percent of non-revenue water (<10 %) 52 % 2 %

Percent of connections metered (>50 %) 94 % 41 %

Population with access to water (>50 %) 100 % 62 %

Continuity of service (>12 h/day) 100 % 59 %

Supply Source Uses captured (distant) sources 40 % 55 %

Uses captured (distant) and local (near) sources 22 % 24 %

Supplies come from more than one source 66 % 79 %

Supplies come from more than one source type 38 % 67 %

Regulatory Complexity Urban-urban strategies (e.g. co-manage urban source) 30 % 0 %

Urban-rural strategies (e.g. regional water provider) 14 % 45 %

Has mechanisms for groundwater management 60 % 47 %

Has mechanisms for surface water management 78 % 62 %
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(150 lpcd) proposed by Gleick (1996) for urban water needs. The difference between the two
regions partially reflects greater aridity for the sampled cities in Africa (there are four times as
many African cities with local water availability <230 lpcd than US cities) but may also
indirectly account for cultural differences in water use (e.g. landscape irrigation).

The standard error of the predicted availability was used to set reasonable upper (QT,u) and
lower boundaries (QT,l) demarcating instances of exceptional urban water availability. As
shown on Fig. 2, cities above (below) the upper (lower) boundary significantly exceed
(fall short of) the annual availability predicted here. Using QT,u and QT,l as quantitative
thresholds, cities were assigned a category in the water availability typology (grouped by
color in Fig. 2). Cities with a natural abundance of water (e.g., Kampala, New Orleans)
are able to secure a mean annual supply from local sources that is adequate for meeting urban
needs (QT = QL and QT > QT,l). This is the second most common typology representing 38 %
and 36 % of African and US cities, respectively.

Naturally drier cities that capture substantial volumes of water to supplement or use in place
of local sources rely on extended systems of infrastructure to obtain water (artificial abun-
dance, QT > QL and QT > QT,l). This represents the most common typology, accounting for
38 % of African cities and 54 % of US cities. To capture additional water, most cities seek
access to one or more surface or groundwater reservoirs, although this approach has geo-
graphical and financial limitations.

Cities that have been able to capture water from sources well beyond the requirements of a
typical city in this sample have found super abundance (QT > QT,u). Similar to cities with
artificial abundance, these areas have extended their supply portfolio to import water from
outside their UAB. Yet, the supply available from these sources is substantial, situating these
cities well above the upper water availability boundary. In this category, 10 % of sampled
African cities and 10 % of sampled US cities face no imminent water availability issues
because of these advantageously large sources.

Finally, cities lying below the lower water availability boundary (QT < QT,l) are categorized
as lacking either the natural abundance or the ability to secure enough additional water through

Fig. 2 Total urban water
availability (QT) is the sum of the
local (QL) and captured (QC)
sources. The thin solid line
represents an exponential
regression with dotted lines
mapping upper and lower
thresholds of exceptional urban
water availability. These thresholds
were used to map the measured
data from 108 cities in Africa and
the US onto the urban availability
typology of Fig. 1: natural (blue),
artificial (light blue) and super
(dark blue) abundance. Cities
below the lower threshold were
categorized as having physical or
institutional water insecurity (red),
with insufficient strategies to deal
with water stress
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infrastructure, and therefore suffer from water insecurity. These eight cities are all African and
are clustered near the lower end the local water availability spectrum.

In this analysis, typologies are demarcated according to mean water availability. However,
water supply variability, such as from droughts, may shift cities from one typology to another.
Further work that accounts for temporal variability in urban water supplies would help identify
which cities may be susceptible to this type of typological shift.

4.2 Institutional Complexity

The relationship between ICA scores and local water availability is evaluated in Fig. 3.
Institutional complexity was found to increase as locally available water decreased in both
African and US cities, reflected in the negative correlation between mean local availability and
institutional complexity (Radj

2 = 0.55, p-value =0.008 and Radj
2 = 0.31, p-value =0.056 for US

and African cities, respectively).
US cities exhibited a higher mean institutional complexity score (6.9 ± 2.2) than African

cities (5.4 ± 2.4), with only US cities displaying the highest levels of complexity (ICA > 10),
and no US cities exhibiting the lowest levels of complexity (ICA < 3) (Fig. 4a). Figure 4b
shows institutional complexity by type of availability. Cities with natural abundance are the
dominant availability types for ICA < 6 (Fig. 4b). These cities occur throughout Sub-Saharan
Africa and the eastern half of the US. African cities with natural abundance tend to be located
around large-volume waterbodies (e.g. Kampala) (Fig. 5a). In the US, cities with natural
abundance sit atop large groundwater resources (e.g. Jacksonville) or are adjacent to major
rivers (e.g. Memphis) or the Great Lakes (e.g. Buffalo) (Fig. 5b). With ample local water, cities
of this typology have had to devote relatively little resources towards capturing additional
water and thus have significantly lower mean ICA scores (4.8 ± 2.0) than those with artificial
or super abundance (Fig. 6a).

In contrast, artificial abundance dominates for ICA > 6 (Fig. 4b). Cities with artificial or
super abundance actively find additional water sources to meet urban demands and in doing so
reflect higher levels of institutional complexity, with mean ICA scores of 7.2 ± 2.2 and
7.5 ± 1.8, respectively (Fig. 6a). Artificial abundance appears in African cities along the

Fig. 3 Cities with lower locally water availability, QL, manifest higher levels of institutional complexity,
represented as a function of water provision capability, supply infrastructure, and the level of regulatory activity.
While cities in both the US (grey circles) and Africa (black triangles) exhibit similar negative relationships
between water availability and institutional complexity, in most cases US cities have access to at least an order of
magnitude more water than African cities with the same ICA score
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Fig. 4 Institutional complexity by
(a) region, where ICA scores are
significantly lower (Welch t-test,
p < 0.005) in African versus US
cities. When examined by (b)
availability type, natural
abundance dominates at lower
levels of institutional complexity,
and artificial abundance is most
prevalent at greater levels of
institutional complexity

Fig. 5 Urban water availability
type and institutional complexity
for cities in (a) Africa and (b) the
US. The size of the city marker
represents the level of institutional
complexity measured
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northern coastlines that utilize desalination (e.g. Algiers, Tunis, Oran), and wherever cities
create or extend infrastructure to capture water (Fig. 5a). In the US, artificial abundance
dominates in the western half of the country (e.g. Tucson, Los Angeles, Dallas) where
groundwater use and large reservoirs designed for over-year (v.s. seasonal) storage are more
common (Fig. 5b). Much of the super abundance found in the US is concentrated in the eastern
half of the country, where substantial hydraulic infrastructure projects in relatively water-rich
areas have boosted water supply availability well beyond other cities in this study.

The mean ICA score for the water insecure cities (4.1 ± 1.8) was the lowest of the four
typologies and was statistically different from scores for artificial and super abundance
(p < 0.001) – but not natural abundance (Fig. 6a). This suggests that while simpler institutional
frameworks may work reasonably well for cities with ample water supplies, low institutional
complexity may be a limiting factor constraining urban water availability in areas of natural water
scarcity. For instance, urban water availability in Muqdisho and Huambo has declined as internal
conflict has caused urban supply networks to collapse. Without a water supply system to collect
and distribute sufficient water sources, residents have had to turn to untreated shallow ground-
water and/or water vendors for supplies. Ibadan, Kumasi, Pointe Noire and Conakry all have
limited local water availability and thus utilize reservoirs or river imports as primary sources.
However, the estimated volume of water captured from these sources is low, indicating that the
water supplymanagement is not keeping upwith demand, even for cities like Ibadan andKumasi,
both of which have relatively high ICA scores (7). In contrast, according to estimated natural
water availability, Benin City and N’Djamena have the smallest water deficit, but appear to lack
adequate supply systems to bring these cities to artificial abundance. Finally, it is important to
remember that while water quantity issues are a major challenge, many cities also suffer from
poor water quality, exacerbated by poor urban sanitation, which only adds to the issues that must
be addressed as these cities adapt to the changing demands of the urban population.
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4.3 Drivers of Water Insecurity

This section examines the relationship between urban GDP, water availability and institutional
complexity, and also assesses the extent to which individual delivery, supply and regulatory
metrics play a role in how water is managed.

4.3.1 Urban GDP

The World Bank (2014) income classification system was used to group urban areas into three
categories: high income (per capita GDP > $12,275), low-income (per capita GDP < $1005),
and mid-level income between these boundaries. Median urban GDP in the sampled US
cities ($42,200) is an order of magnitude larger than that of the sampled African cities
($1500). The majority of African cities are classified as either low (33 %) or mid-level
income cities (60 %), the remaining 7 % are high-income cities. In contrast, US cities are all in
the high income category.

Median GDPs were statistically different for cities with artificial and insecure abundance
(Fig. 6b). In addition, cities with water insecurity have median GDPs close to being statisti-
cally different from natural and super abundant cities, but fail to be significant under the
Bonferroni correction for multiple comparisons (critical p < 0.0083). While not statistically
significantly different, cities with natural and super abundance have median GDPs 2.8 and 7.9
times greater than those with insecure abundance, respectively. This suggests water insecurity
is associated with both low GDP and low ICA scores. A positive relationship (R2 = 0.45) was
found between the log median GDP and ICA score for the sampled African cities, while no
relation was found for US cities.

4.3.2 Individual ICA Metrics

The individual metrics that comprise the ICA are reported by region in Table 1. Delivery
capacity was substantially higher for the sampled US cities than the African cities for each of
the four metrics assessed. All US cities supplied >50 % of their urban population > 12 h of
service per day. In contrast, approximately 60 % of African cities met this capacity. Nearly all
US cities (94 %), but less than half of African cities (41 %), were metering water delivery to
urban residents to enhance cost recovery and encourage demand management. The delivery
metric met by the fewest cities was the requirement that non-revenue water be no more than
10 % of deliveries. Even in the US this is a high standard, with just over half of the US cities
(52 %) sampled meeting this criterion, often owing to leaky, aging water infrastructure. In
African cities, high levels of unaccounted-for water are common and can occur for many
reasons including aging infrastructure and informal connections to the delivery system.

African cities scored higher on supply source complexity than US cities, with more
captured water and a greater number and variety of sources (Table 1). Collectively, nearly
half (45 %) of all sampled cities with lowQL (<10,000 lpcd) had to extend beyond the UAB to
secure water, utilizing 3.0 (interquartile range, IQR = 4.0) sources to meet urban demands, and
reaching 24.4 (IQR = 46.24) km to reach these bodies of water. Note that for these skewed
distributions, median and IQR is reported rather than mean and standard deviation. In contrast,
only 3 % of all sampled cities with high QL (>10,000 lpcd) use water outside of their UAB.
These cities access 4.0 (IQR = 1.0) sources over much shorter distances (4.3 km, IQR = 6.7)
than analogous cities with low QL (<10,000 lpcd), suggesting arid conditions are associated
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with a higher degree of supply source complexity. For example, arid-region Algiers and Tunis
use a combination of surface and/or groundwater and desalination to meet urban demands, a
strategy that takes advantage of the different benefits and sensitivities of each type of source.
Cities that met all four criteria in the supply source category (e.g. Durban, Nairobi, Phoenix-
Mesa, Los Angeles-Long Beach-Santa Ana) maintain water collection systems that control
distant and varied supply portfolios.

Regulatory complexity was difficult to quantify because of relatively sparse data on urban-
level source sharing, regional water supply systems, and in particular, rules for groundwater
and surface water management. The best data on groundwater and surface water management
available for this study occurred at the state-level for US cities and the national level for
African cities. A larger portion of US cities use urban-urban sharing strategies, and have rules
in place for both groundwater and surface water management (Table 1). In contrast, more
African cities use urban-rural sharing strategies, where regional water providers supply water
to a single large city and many smaller towns. The only city in the sample that met all four
regulatory complexity criteria, Phoenix-Mesa, manages supplies under state-defined ground
and surface water management rules, purchases water from a regional water supplier, and also
shares one or more sources with another large city.

5 Conclusions

Cities represent complex systems where the water needed for growth and development
depends on both the local hydrologic conditions and the physical and institutional mechanisms
by which water resources are procured and managed. Many studies have contributed to better
understanding of either the physical hydrologic landscape or the socioeconomic institutions
that guide water management, but work that utilizes both types of knowledge is critical for
supporting an equitable, sustainable future. This work targets this gap by providing a quan-
titative assessment of the relationship between urban water availability and institutional
complexity for large cities in Africa and the US.

The results presented here show that cities are increasingly likely to seek captured water
when local availability falls below 10,000 lpcd. For these cities with relatively low locally
available water, managers must find a way to capture distant sources of water to move from a
state of insecurity to one of artificial abundance. This strategy of artificial abundance is the
most common of the cities studied here, representing 45 % of the sample, however the
investments in institutional complexity required for capturing additional water are significant.
Cities with artificial abundance have significantly higher ICA scores (7.2 ± 2.2) than those
with natural abundance (4.8 ± 2.0) or water insecurity (4.1 ± 1.8). In addition, while urban
GDP alone is not a strong predictor of water security, evidence suggests that low GDP may
be a constraint on developing institutional complexity. Given these findings, the greater
investments required to reach artificial abundance may act as a barrier to development in
cities that are rapidly growing and/or have limited resources to begin with. However, urban
areas with a long history of artificial abundance may also find their past infrastructure
investments and management techniques are inadequate in the face of fully allocated
resources. The results provided here offer a foundation for future work on urban water
sustainability and highlight the need for more rigorous benchmarking and policy-relevant
science on the deeply intertwined connection between urban water security and the greater
human-natural landscape.
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