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a b s t r a c t

In this study, a coupling of surface water (SWAT), groundwater (MODFLOW) and solute transport
(MT3DMS) models was performed to quantify surface-groundwater and quantity-quality interactions
under urban area expansion. The responses of groundwater level, nitrate concentrations (related to
human activities) and chloride concentrations (related to seawater intrusion) to urban area expansion
and corresponding changes in the urban water budget were examined on a macro-scale level. The po-
tentials of non-conventional water resources scenarios, namely desalination, stormwater harvesting and
treated wastewater (TWW) reuse were investigated. In a novel analysis, groundwater improvement and
deterioration under each scenario were defined in spatial-temporal approach. The quality deterioration
cycle index was estimated as the ratio between the amounts of low and high quality recharge compo-
nents within the Gaza Strip boundary predicted for year 2030. The improvement index for groundwater
level (IIL) and the improvement index for groundwater quality (IIQ) were developed for the scenarios as
measures of the effectiveness toward sustainable groundwater planning. Even though the desalination
and TWW reuse scenarios reflect a noticeable improvement in the groundwater level, the desalination
scenario shows a stronger tendency toward sustainable groundwater quality. The stormwater harvesting
scenario shows a slight improvement in both groundwater quality and quantity. This study provides a
‘corridor of options’, which could facilitate future studies focusing on developing a micro-level assess-
ment of the above scenarios.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Urbanwater management worldwide is facing many challenges,
including accelerating population growth and inadequate infra-
structure. Understanding urbanwater sustainability and enhancing
the process of decision making to achieve sustainable development
planning are pressing needs of the 21st century (Childers et al.,
2014). Increasing demands for clean water, combined with chang-
ing land-use practices, population growth, aging infrastructure, and
climate change, pose significant threats to the sustainability of the
water resources. Sustainability needs to be quantified in order to
evaluate the progress made in achieving sustainability over time

and space (Pandey et al., 2011). Sustainable urban water concepts
have been discussed and developed in a variety of ways over a
number of decades (Marlow et al., 2013).

Groundwater is the world’s most extracted raw material.
Depletion of water levels in aquifers, deterioration of groundwater
quality, and salinity intrusion in coastal aquifers caused by urban-
ization processes, industrial discharge and agricultural intensifica-
tion are becoming major concerns across the globe (Pandey et al.,
2011; Wu and Tan, 2012; Barron et al., 2013; Chaudhuri and Ale,
2014). Urbanization processes generally impact on groundwater
through a tendency to increase contaminant loads as a result of
water and wastewater network leakage in parallel with increasing
surface runoff and decreasing percolation of rainfall. The
groundwater-urbanization relation is dynamic and mostly not
linear (Tuinhof et al., 2011). Measures to overcome the associated
problems are time consuming and often more costly than trying to
avoid or reduce the problems by management paying attention to
sustainability.
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In light of the above, urban groundwater challenges move us
toward non-conventional water resources using what we have
learned about the urbanwater system to effectivelymake thewater
environment more sustainable.

The groundwater aquifer is considered as the only water supply
source for all kinds of human usage (domestic, agricultural and
industrial) in the Gaza Strip. The current rate of aquifer abstraction
is unsustainable, and deterioration of the groundwater quality has
been documented inmany parts of the Gaza Strip, mainly caused by
saltwater intrusion and nitrate contamination (CMWU, 2010). In
2014, the estimated total population in the Gaza Strip was 1.76
million (PCBS, 2015). The land area covers 365 km2,making it one of
the most densely populated areas in the world (ca. 4820 in-
habitants/km2). The current status quo of thewater resources in the
Gaza Strip hampers the transition toward sustainability. Significant
changes in the urban water management as well as in the water
resources system are urgently required.

Previous studies (Moe et al., 2001; Mogheir et al., 2005;
Baalousha, 2010; Aish et al., 2010) focused on the evaluation of
the current situation of the water environment of the Gaza Strip
region and mainly considered specific questions or single compo-
nents of the hydrological system. Fig. 1 conceptualizes the rela-
tionship between water resources (water inputs) and the urban
water system in the Gaza Strip, which comprises urban water
budget (vertical and horizontal components), urban hydro-
ecosystem function, climate function, and urban hydro-ecosystem
structure. Not only does this conceptual approach integrate the
human and ecological structures and functions as figured by
Childers et al. (2014), it also reflects synergies and symbiosis be-
tweenwater resources, human decisions, and biophysical processes
on a macro-scale level (the Gaza coastal aquifer domain). Human
decisions related to water management and water use are critical
components of an urban water system. The groundwater as well as
the non-conventional water resources (desalinated water, treated
wastewater, and harvested stormwater) has mutual impacts on the
urban hydro-ecosystem functions. Horizontal urban water

components are dominated by: (1) surface runoff, which could
influence the quantities of the harvested stormwater and (2) water
supply and drainage, which influence the quantities of the treated
wastewater as a non-conventional water resource. Vertical urban
water components include evapotranspiration, groundwater
recharge components and abstracted water from wells, which
strongly influence groundwater replenishment and quality. The
urban hydro-ecosystem structure spatially controls the effects of
the climate function and the urban hydro-ecosystem functions on
the urban water budget components. To overcome the sustain-
ability challenges related to the Gaza coastal aquifer, the non-
conventional water resources have to be considered in the water
resources management agenda.

This study is innovative in the sense that it demonstrates the
strength of using integrated hydrologic modeling in the sustainable
urban water planning process. It provides a complete view of the
urban water system of the Gaza Strip, quantifies the surface and
groundwater interaction with sufficient spatial and temporal de-
tails, exhibits novel indexes related to urban area expansion as well
as sustainability measures, and supports realistic scenarios inferred
from the decision-making agenda. This study provides a ‘corridor of
options’, which could facilitate future studies focusing on devel-
oping a micro-level assessment of the above scenarios and their
trade-offs and synergies among the socio-economic and environ-
mental aspects within the urban water system.

The specific objectives include: (1) provide a complete view of
the urban water budget components (vertical and horizontal)
based on a comprehensive approach including the connection to a
surface water model (Soil and Water Assessment Tool (SWAT)); (2)
develop a 3-D groundwater flow and transport model to investigate
groundwater levels, nitrate concentration, and chloride concen-
tration within the Gaza coastal aquifer; (3) investigate the
groundwater quality deterioration cycle concerning the urban
water system; (4) develop sustainability measures to quantify the
effectiveness trend of non-conventional water resources scenarios,
namely desalination, stormwater harvesting and treated

Fig. 1. Urban water system of the Gaza Strip.
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