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A B S T R A C T   

Surface water bodies connected to the ocean such as estuarine rivers can act as pathways for saltwater intrusion 
(SI, i.e., the displacement of fresh groundwater by saltwater in an aquifer) far inland of the coast, presenting one 
of the earliest risks associated with relative sea level rise (SLR). However, SI vulnerability mapping approaches 
have largely focused on SI from the coast and do not consider estuarine surface water bodies, except for GAL
DIT–SUSI (Kazakis et al., 2019); a weighted indexing approach designed for regional-scale mapping applications 
using a Geographic Information Systems (GIS) framework. However, GALDIT-SUSI is subjective in ranking the 
importance of factors that can contribute to SI and combining these into a vulnerability index. A less subjective 
approach to assessing SI vulnerability than weighted indexing methods involves the use of physically-based 
analytic solutions such as Strack (1976), but these have not been applied in a GIS framework or along estu
aries and rivers previously. Here, these analytic solutions, surface water salinity, and surface water-groundwater 
freshwater head gradients are used in the development of a new SI vulnerability tier system. This new approach 
was applied in the low-lying coastal city of Ōtautahi Christchurch, Aotearoa New Zealand, along 70 km of 
coastal, estuary, and river margins under current sea level and SLR using GIS, then compared to GALDIT–SUSI. 
The main advantage of the SI vulnerability tiers method is that it considers surface water behaviour, e.g., 
increased saltwater encroachment up rivers under SLR, which exposed new areas of the aquifer to saltwater and 
increased SI vulnerability upstream. In contrast, GALDIT-SUSI does not consider surface water conditions and 
accounts for topography and groundwater level as the main SI vulnerability drivers in this application. The SI 
vulnerability tiers proposed here are more theoretically robust than GALDIT-SUSI and provide a physically- 
based, large-scale, relatively low-budget and rapid screening tool to highlight areas most vulnerable to SI 
under current and future conditions for further monitoring and management; a gap of national and international 
relevance.   

1. Introduction 

The protection and sustainable management of fresh groundwater 
resources are imperative to meet current and future freshwater needs 
under increasing anthropogenic and climatic pressures. Saltwater 
intrusion (SI), i.e., the displacement of fresh groundwater by saltwater in 
an aquifer (Jiao & Post, 2019), is a worldwide environmental issue that 
can lead to the contamination or loss of life–sustaining freshwater sup
ply (Werner et al., 2013). Even though research has largely focused on SI 
occurring from the coast (e.g., Beebe et al., 2016; Befus et al., 2020; 
Ketabchi et al., 2016; Werner et al., 2013), surface water bodies hy
drologically connected to the ocean such as canals, ditches, estuaries, 

and rivers can act as crucial conduits that facilitate the movement of 
saltwater upstream of the coast causing shallow aquifer salinization far 
inland (Bhattachan et al., 2018; Hingst et al., 2022; Parker et al., 1955; 
Tully et al., 2019). While SI occurring from the coast salinizes deep 
groundwater first and can cause saltwater upconing into deep water 
supply wells (Werner et al., 2013), SI from surface water bodies can first 
result in shallow groundwater salinization (Lenkopane et al., 2009; 
Werner and Lockington, 2006). 

SI into shallow groundwater can cause stress or death to salt
–intolerant species (Kirwan & Gedan, 2019; Mazhar et al., 2022), impact 
groundwater–dependent ecosystems (Eamus et al., 2016), salinize soils 
(Prathapar et al., 1992), and cause eutrophication in surface water 
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bodies (Weissman & Tully, 2020). In urban areas, shallow groundwater 
salinization can prematurely damage co–existing infrastructure such as 
underground pipes, building and road foundations (Luo et al., 2015) and 
impact wastewater treatment plant operations (Osman et al., 2017). SI 
into the shallow aquifer can also lead to deep groundwater salinization 
under sustained downward hydraulic gradients (e.g., Onodera et al., 
2008). The cascading consequences of SI can significantly influence 
community health, well–being, and livelihoods (Dasgupta et al., 2014; 
Moorhead & Brinson, 1995; Shammi et al., 2019). 

Factors that influence SI from surface water bodies include the 
permeability and heterogeneity of surface water bed and the adjacent 
aquifer, the hydraulic gradient that drives surface water-groundwater 
flow, and surface water salinity (Lenkopane et al., 2009; Shalem et al., 
2015; Webster et al., 1996). Land subsidence and climate change im
pacts including sea level rise (SLR), increased frequency and intensity of 
storms and tides, reduced groundwater recharge, and reduced surface 
water flows, combined with anthropogenic stresses such as dam con
struction, increased groundwater extraction, surface water extraction, 
and artificial land drainage, are likely to exacerbate SI from surface 
water bodies (Bhattachan et al., 2018; Lorenz, 2014; Peters et al., 2022; 
Tully et al., 2019). 

This study focuses on SI from estuarine rivers (also termed riparian 
SI; Setiawan et al., 2023) under SLR. Transitional environments such as 
estuarine water bodies are one of the first ecosystems to experience the 
impacts of SLR including increased saltwater encroachment (Costa et al., 
2023), preceding tidal inundation at the land surface (Bhattachan et al., 
2019; Tully et al., 2019). Saltwater encroachment occurs when saltwater 
from oceans moves upstream into rivers (e.g., Shalem et al., 2019). SLR 
increases river salinity and causes saltwater within estuarine rivers to 
impinge further upstream, causing previously fresh reaches to become 
brackish (Herbert et al., 2015). The understanding of estuarine river 
behaviour under SLR (e.g., salinity and water level) is therefore 
important to determine riparian SI vulnerability under SLR. 

Increased saltwater encroachment into rivers exposes new parts of 
the aquifer to saltwater and increases the risk of groundwater saliniza
tion (Tully et al., 2019). As river salinity increases, the saltwater 
re–circulation zone in the aquifer beneath the riverbed can expand 
because of higher buoyancy forces (Lenkopane et al., 2009). The in
crease in river level and salinity due to SLR (e.g., Bhuiyan & Dutta, 
2012) can cause the adjacent groundwater to rise and extend the salt
water wedge further inland within the aquifer, depending on inland 
boundary conditions (Bosserelle et al., 2022; Werner & Simmons, 2009; 
Werner et al., 2012). 

In response to SLR, water table levels can rise (i.e., fixed flux 
boundary condition) if there is enough unsaturated space, or stay con
stant (i.e., fixed head boundary condition), which can occur due to land 
drainage and pumping (Bosserelle et al., 2022; Werner & Simmons, 
2009). The rise in groundwater levels means that hydraulic gradients are 
maintained and fresh groundwater discharge is persistent despite SLR, 
which counteracts the force of saltwater intruding inland and minimizes 
salinization (Werner & Simmons, 2009). Many coastal cities worldwide 
were built on low–lying swamplands where groundwater levels were 
near or at the land surface, made possible by extensive drainage (Barlow 
& Reichard, 2010; Bosserelle et al., 2022; Parsons et al., 2021). Damaged 
subsurface pipe infrastructure (e.g., due to ageing or earthquake dam
age) can also act as groundwater drains (Liu et al., 2018). As these 
drainage systems keep groundwater at a constant level, they can cause 
the worst–case SI due to the reduction in fresh groundwater discharge 
and hydraulic gradients under SLR (Lu et al., 2013; Werner & Simmons, 
2009). 

To the authors’ knowledge, GALDIT–SUSI is the only existing 
method that aims to determine large–scale aquifer vulnerability to SI 
while considering surface water bodies as sources of salinity (Kazakis 
et al., 2019). In general, this approach combines hydrogeological factors 
with different weightings based on their perceived importance in 
causing SI into one vulnerability index. Therefore, this method employs 

a high degree of subjectivity (Morgan et al., 2013; Werner et al., 2012). 
SI vulnerability at the coast under SLR has been assessed using the 
physically-based analytic solutions of Strack (1976) (Morgan & Werner, 
2015; Werner et al., 2012), which is less subjective than weighted 
indexing approaches. Earlier studies applied the analytic solutions in 
coastal settings to a representative cross–section per aquifer (Morgan & 
Werner, 2015; Morgan et al., 2013; Werner et al., 2012) and multiple 
points along the coast (Wriedt & Bouraoui, 2009). However, these an
alytic solutions have not been previously applied in riparian or estuarine 
settings, and only one study mapped analytic solutions results along the 
coast (Wriedt & Bouraoui, 2009). 

Here, the analytic solutions were applied along coastal, estuary, and 
river margins using a Geographic Information System (GIS) under cur
rent sea level and future SLR scenarios, for the first time. GIS–based 
vulnerability mapping allows SLR scenarios to be evaluated based on 
local topography (Luoma et al., 2017; Setiawan, 2018), a technical 
advantage that other modelling methods may lack. Although numerical 
modelling offers the most accurate representation of aquifer vulnera
bility to stressors, it is a more resource-intensive approach compared to 
SI vulnerability mapping using GIS (Klassen & Allen, 2017). Coupled 
groundwater-surface water models required to model riparian SI (e.g., 
Dibaj et al., 2021) on a regional scale or wider can be complex and data- 
intensive to build and calibrate. In lieu of this resource availability, this 
study proposes a simpler yet physically based approach to undertake a 
large-scale approximation of riparian SI vulnerability, which can help 
target areas for further monitoring. This approach is applicable to 
coastal areas with surface water bodies that experience saltwater 
encroachment (e.g., rivers, canals, drains, and ditches) and are in hy
draulic connection with the adjacent groundwater. In addition, this 
approach considers lateral SI through surface water banks and beds and 
does not consider downward saltwater intrusion driven by episodic 
coastal floods (Cantelon et al., 2022) or where surface water overtops 
riverbanks (e.g., Liu et al., 2022; Shen et al., 2015; Xin et al., 2022). 
Paleoseawater as a source of shallow groundwater salinity (e.g., Wor
land et al., 2015) is not considered in the current research. 

Riparian SI is an increasing concern under climate change. However, 
to the authors’ knowledge, no study has attempted to map its vulnera
bility under SLR using physically-based methods. This paper expands on 
the current literature by aiming to: (i) apply the physically-based ana
lytic solutions of Strack (1976) along coastal margins in a GIS envi
ronment, and extend the application to river and estuary margins to 
assess SI vulnerability from these surface water bodies under current and 
future SLR, (ii) develop and map SI vulnerability tiers based on the 
analytic solutions in a manner that is easy to understand and commu
nicate, which can be useful for managers and decision–makers, (iii) 
compare the analytic solutions to the GALDIT–SUSI vulnerability 
indexing approach of Kazakis et al. (2019) under current sea level and 
future SLR. GALDIT-SUSI was applied as a comparative GIS-based 
approach and not as a validation. The SI vulnerability tiers proposed 
here can provide a physically–based, large–scale, relatively low–budget 
and rapid screening tool to highlight areas most vulnerable to SI under 
current and future conditions for further monitoring and management, a 
gap of national (in Aotearoa New Zealand) and international relevance 
(Controller and Auditor-General, 2020; Werner et al., 2013). 

2. Materials and methods 

2.1. Study area 

Ōtautahi Christchurch (forthwith Ōtautahi) is a coastal city on the 
east coast of Te Waipounamu the South Island of Aotearoa New Zealand, 
where Ngāi Tāhu and Ngāi Tūāhuriri exercise mana whenua (indigenous 
sovereignty) (Hobbs et al., 2022). Located behind sand dunes, estuaries, 
and lagoons, the relatively flat and low–lying city was predominantly 
built on swampland drained by European settlers from the late 1800 s 
(Wilson, 1989). The city was able to be built owing to the extensive 
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artificial drainage network of subsoil drains, utility waterways, and 
stormwater pipelines that reduce groundwater levels (Christchurch City 
Council, 2003). The climate in Ōtautahi is temperate with a mean 
annual rainfall of 618 mm and a median annual temperature of 11–13 ◦C 
from 1981 to 2010 (Macara, 2016). In June 2022, Ōtautahi had an 
estimated population of 389,300 people (the second–largest urban area 
population nationally) (Stats NZ, 2022), who rely entirely on ground
water for their water supply (Christchurch City Council, 2021). 

The coastal aquifer system in Ōtautahi is multi–layered and extends 
offshore, comprising at least four highly productive gravel aquifers 
deposited during glacial periods alternating with confining layers of 
marine sediments deposited during interglacial periods (Begg et al., 
2015; Brown, 2001). The dominant source of aquifer recharge is river 
seepage from the north of the city as well as rainfall infiltration (Stewart, 
2012). Inland from Ōtautahi, groundwater is used to support large–scale 
farming industries (Brown, 2001). The coastal aquifer system is an up
ward flow or discharge zone, where the deep confined aquifers have 
greater pressure than the shallow water table aquifer and groundwater 
emerges as springs (Cox et al., 2021; Stewart et al., 2018). 

The present study investigates the SI vulnerability of the shallow 
unconfined aquifer named the Christchurch Formation, which is made 
predominantly of sand and silt with shells, minor peat and thin sandy 
gravel lenses deposited since about 8,000 BCE (Begg et al., 2015). The 
Christchurch Formation is approximately 35 m thick near the coast, 
gradually thinning inland, and ends about 10 km inland from the coast 

(Begg et al., 2015). The water table aquifer is hydrologically connected 
to the rivers, where tidal fluctuations propagate from the ocean into the 
estuary, rivers, and shallow groundwater up to a few kilometres inland 
(Bosserelle et al., 2023). A groundwater salinity survey of the Christ
church Formation observed brackish groundwater along the estuarine 
reach of the Ōtākaro River and the sand dune spit between Pegasus Bay 
and the Ihutai estuary (Setiawan et al., 2022b) (Fig. 1). 

The surface water bodies focused on in this study are the Ōtākaro 
Avon River (forthwith Ōtākaro) and Ōpāwaho Heathcote River (forth
with Ōpāwaho). These were traditionally important mahinga kai 
(food–gathering place) for mana whenua (Christchurch City Council, 
2016; Ōpāwaho Heathcote River Network, 2021). Both the Ōtākaro and 
Ōpāwaho are high–order rivers that originate from spring–fed head
waters and flow across the city while receiving stormwater inputs, and 
into the Ihutai Avon–Heathcote estuary (forthwith Ihutai). The two 
rivers have estuarine reaches and saltwater encroaches a few kilometres 
upstream depending on river flow and tide conditions (Orchard & 
Measures, 2016; Orchard & Measures, 2017). Tidally fluctuating 
shallow groundwater salinity has been observed adjacent to the estua
rine reach of the Ōtākaro (Setiawan et al., 2023). The Ōpāwaho has a 
tidal barrage that is designed to fully prevent saltwater from flowing 
upstream, however, this has been reported to leak and saltwater has 
been observed to flow upstream of the barrage (Orchard & Measures, 
2016). Land subsidence trends of 41 mm year− 1 in the Ōpāwaho River 
mouth area and 39 mm year− 1 in the Ōtākaro River mouth area were 

Fig. 1. Study area map with elevation (converted to mean sea level or MSL from Land Information New Zealand, 2021), contours of median depth to groundwater 
from ground level 2016–2020 (Bosserelle et al., 2023), rivers (Land Information New Zealand, 2011a, b) (only a selection are displayed here), Travis Wetland outline 
(Manaaki Whenua Landcare Research, 2021), and an inset locator map within Aotearoa New Zealand (National Topographic Office, 2012). 
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recorded over 2011–2019 (Orchard et al., 2020), which can create 
similar impacts to SLR including increased saltwater encroachment 
within the estuarine rivers. 

The study area for this paper spans from the coastline to approxi
mately 9.3 km inland based on the five–metre thickness contour line of 
the Christchurch Formation from Begg et al. (2015) implied by the study 
area boundary (Fig. 1). Within the 81.8 km2 study area, the average 
ground elevation was 4.6 m above mean sea level (Land Information 
New Zealand, 2021) and the average of median groundwater level from 
2016 to 2020 was 0.84 m below ground level (Bosserelle et al., 2023). 

2.2. SI vulnerability mapping methods 

SI vulnerability was assessed and mapped using two methods: (i) SI 
vulnerability tiers, within which the analytic solutions are applied, and 
(ii) GALDIT–SUSI. Both methods were applied in ArcGIS Pro (ESRI, 
2022). The relative SLR scenarios considered were 0.5 m and 1.0 m, 
which were predicted to respectively occur in 2080 and 2120 with 
medium confidence at approximately the centre of the coastline within 
the study area (NZ SeaRise, 2022). These projections incorporate ver
tical land movements and are based on the Shared Socioeconomic 
Pathway 2–4.5 (i.e., the projected path under current policy settings) 
(Riahi et al., 2017). 

2.2.1. SI vulnerability tiers and the analytic solutions 
The SI vulnerability tiers developed in this study are based on the 

analytic solutions of Strack (1976), surface water salinity, and the 
freshwater head gradients between surface water and groundwater. The 
analytic solutions of Strack (1976), which resolved the position of the 
steady–state freshwater–saltwater interface in coastal aquifers, were 
developed further by Werner et al. (2012) to create SI vulnerability in
dicators under current conditions and future hydrological stresses 
including SLR. The modified versions of these equations to account for 
dispersion (Pool & Carrera, 2011) and sloping unconfined aquifers 
(Koussis et al., 2012) were not used as they were deemed unnecessary 
for a first-pass vulnerability analysis. Thus far, the analytic solutions 
have only been applied along the coast (i.e., not along riparian or es
tuary margins) and the results have not been spatially mapped using GIS 
(Mantoglou, 2003; Morgan & Werner, 2015; Morgan et al., 2013; 
Werner et al., 2012). An exception is Wriedt and Bouraoui (2009) that 
spatially plotted saltwater toe movement from an unstressed to a 
stressed state along the Spanish Mediterranean coast. The novelty of this 
study involves the application of the analytic solutions along the coast, 
estuary, and estuarine rivers in GIS to evaluate SI vulnerability in an 
unconfined aquifer and the development of SI vulnerability tiers. For 
this paper, the ocean, estuaries, and estuarine rivers are all considered 
surface water bodies and referred to as such hereafter. The analytic 
solutions assume a steady–state flow in a homogeneous and isotropic 
aquifer, a sharp freshwater–saltwater interface, negligible vertical flows 
compared to horizontal flows, negligible flow rates in the saltwater zone 
compared to those in the freshwater zone, and that the aquifer does not 
extend offshore and is bounded by an impervious base at the bottom 
(Strack, 1976). The methods below focus on the application of the an
alytic solutions along estuarine riverbanks (i.e., in a riparian setting). 

There are several key differences between SI from the coast and ri
parian SI. These include full versus partial penetration of the surface 
water body into the aquifer, different surface water volumes at the river 
versus coastal boundaries, and temporal variation of surface water 
salinity (Setiawan et al., 2023). To the authors’ knowledge, there are no 
specific analytic solutions for riparian SI. Here we propose the use of SI 
vulnerability tiers developed using the analytic solutions in riparian 
settings as a useful first–pass approximation of riparian SI vulnerability. 
This application requires additional simplifications such as ignoring the 
shallower penetration of estuarine rivers into the aquifer compared to 
the ocean. The application of analytic solutions along rivers essentially 
involved the substitution of sea parameters for river parameters. 

The water budget for the problem domain adapted in an estuarine 
river setting (Fig. 2) includes distributed net recharge (accounting for 
infiltration, evapotranspiration, and distributed pumping), Wnet [LT− 1], 
freshwater flow from aquifers inland of the landward boundary, qb 
[L2T− 1], and freshwater discharge at the surface water boundary, q0 
[L2T− 1]. Other hydrogeological variables include freshwater head rela
tive to mean surface water level, hb [L], depth to aquifer base from mean 
surface water level, z0 [L], distance from the surface water boundary to 
where fresh groundwater head is measured, xb [L], saltwater wedge toe 
distance from the surface water boundary, xT [L], and aquifer hydraulic 
conductivity, K [LT− 1]. The problem domain is divided into two zones: 
Zone 1 located inland of the toe (i.e., xb ≥ xT) where the aquifer consists 
of freshwater only, and Zone 2 located from the toe towards the surface 
water body (i.e., 0 ≤ xb < xT) where the aquifer consists of saline or 
brackish water overlain by freshwater. 

The Ghyben–Herzberg relation z = h /δ, was used to determine 
whether groundwater level is measured in Zone 1 or 2, where z [L] is the 
depth to the interface from mean sea level (MSL) and h [L] is the 
freshwater head above MSL. In this application, the MSL was substituted 
with the mean surface water level. The dimensionless density ratio δ [–], 
is δ = (ρsw – ρf)/ρf, where ρsw and ρf are surface water and freshwater 
densities [ML–3], respectively. At the toe, it was considered that hb = z0 δ 
(Morgan et al., 2013; Werner et al., 2012). Therefore, the freshwater 
head is measured in Zone 1 if hb > z0 δ and Zone 2 if hb < z0 δ. 

The Wnet parameter was assumed to be zero as it was unknown for the 
study area. Ōtautahi Christchurch is a low rainfall area and most aquifer 
recharge originates from lateral inflows from an alpine-fed braided river 
north of the city (Stewart, 2012). Additionally, the study area is a city 
with extensive impermeable surfaces and substantial urban runoff; 
therefore, recharge from rainfall was assumed to be negligible. Urban 
pathways of groundwater recharge such as engineered stormwater ba
sins and leakage from pipe networks (Lerner, 1990) were not 
considered. 

In Zone 1, q0 is given by (Morgan et al., 2013): 

q0 =
K
(
(hb + z0)

2
− (1 + δ)z0

2
)
+ Wnetxb

2

2xb
(1)  

In Zone 2, q0 is given by (Morgan et al., 2013): 

q0 =

(
1 + δ

δ

)
K

2xb
hb

2 +
Wnetxb

2

2
(2)  

Where Wnet = 0, xT is given by (Morgan & Werner, 2015): 

Fig. 2. onceptual diagram of a steady-state sharp interface in an unconfined 
aquifer with hydrogeological variables adapted in an estuarine river or riparian 
setting (adapted from Morgan et al., 2012; Werner et al., 2012). 
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xT =
Kδ(1 + δ)z0

2

2q0
(3)  

SI along the coast has been classified as passive, passive–active, and 
active SI depending on the direction of groundwater flow in coastal 
settings (Werner, 2016). The conditions that trigger the onset of these 
different forms of SI were developed using the analytic solutions 
described above. The SI vulnerability assessment method developed in 
this study is related to the SI classifications of Werner (2016). These SI 
classifications of passive and active in an unconfined aquifer without 
recharge were extended to riparian settings by considering the fresh
water head gradients between groundwater and the estuarine river (e.g., 
Setiawan et al., 2023). Adapted in a riparian setting, passive SI occurs 
when the aquifer freshwater head is greater than that in the river, 
groundwater flows against the direction of saltwater flow, and fresh 
groundwater discharge persists. On the other hand, active SI occurs 
when the river freshwater head is greater than that in the aquifer, 
groundwater flows inland with the direction of saltwater flow, and fresh 
groundwater discharge ceases. The onset of active SI is characterized by 
the drop of the freshwater head in the aquifer relative to that in the river 
and the cessation of fresh groundwater discharge. Under active SI, xT is 
unable to be calculated due to unstable interface conditions (Morgan & 
Werner, 2015; Morgan et al., 2013). 

Freshwater head in the surface water body, hfs [L], is given by 
(adapted from Post et al., 2018): 

hfs =
ρswhsw − (ρsw − ρf )zsw

ρf
(4)  

Where hsw [L] is the surface water level relative to the local vertical 
datum (LVD) and zsw [L] is the surface water bed elevation relative to the 
LVD. 

Freshwater head in the aquifer, hfa [L], is given by (Post et al., 2018): 

hfa =
ρaha − (ρa − ρf )z

ρf
(5)  

Where ρa [ML–3] is the average groundwater density over the water 
column, ha [L] is the groundwater level relative to the LVD, and z [L] is 
the well bottom elevation relative to the LVD. 

The freshwater head in the aquifer relative to that in the surface 
water body, or p [L], was a criterion used in the SI vulnerability 
assessment and given by: 

p = hfa − hfs (6)  

The determination of p before applying the analytic solutions is impor
tant to avoid a false positive q0 in Equations (1) and (2) under conditions 
of active SI, whereby hfa ≤ hfs. 

This study extends Werner et al. (2012) by developing a tiered sys
tem that categorizes SI vulnerability. Tier 1 describes maximum SI 
vulnerability, where the surface water body adjacent to the aquifer is 
brackish or saline (>1000 kg m− 3) and active SI occurs based on the 
conditions outlined above and in Table 1. Tier 2 describes moderate SI 
vulnerability, where the surface water body adjacent to the aquifer is 
brackish or saline and passive SI occurs. In this tier, xT values could be 

calculated. The further inland the wedge toe is located, the higher the 
vulnerability. Finally, Tier 3 describes the least vulnerable category, 
where the adjacent surface water body is fresh (≤1000 kg m− 3) and no SI 
occurs. The workflow is provided in Fig. S2 within the Supplementary 
Materials. The SI vulnerability assessment was re–run for each sea level 
scenario (i.e., current sea level, 0.5 m and 1.0 m SLR). The fixed head 
boundary condition was adopted in this study under SLR. Only the 
average or median of surface water and groundwater levels were applied 
in the analysis and tidal amplitudes were not considered. 

In brackish or saline river reaches where the fluid density was greater 
than 1000 kg m− 3 (or salinity > 1 ppt), a static ρsw was applied to 
calculate hfs, q0, and xT. In the current application, a static ρsw value of 
1009 kg m− 3 was used, derived from the average ρsw along the brackish 
river reaches (i.e., > 1000 kg m− 3) in the Ōtākaro and Ōpāwaho Rivers 
across all sea level scenarios. For applications along the Ihutai Estuary 
and the coast, a static seawater density of 1025 kg m− 3 was used as the 
ρsw value. The analytic solutions of Strack (1976) assume a sharp 
freshwater–saltwater interface with no mixing zone and therefore the 
calculated xT represents a saltwater toe with the same fluid density as 
the surface water body. For example, if a ρsw value of 1009 kg m− 3 was 
used, the calculated xT would also represent a saltwater toe with a 
density of 1009 kg m− 3. Therefore, if spatially variable river densities 
were considered in the xT calculation, the resulting xT values would also 
represent saltwater toes of variable densities along the river. A static ρsw 
value was hence chosen to be able to compare the vulnerability of sites 
along the river. Additionally, this allows for data parsimony as fluid 
density across the river length is often unknown. However, the upstream 
reach of saltwater during high tide is easier information to obtain, and a 
static ρsw value can be applied downstream of a location (i.e., where the 
river is brackish to saline). 

The sources of data for individual equation terms are detailed in Text 
S1, and the GIS flowchart to apply the analytic solutions is shown in 
Fig. S3, both within the Supplementary Materials. Aquifer property 
values as well as outputs from the hydrodynamic model of Orchard and 
Measures (2016), which modelled surface water behaviour under cur
rent sea level and SLR (described in Text S4 within the Supplementary 
Materials), were used in the SI vulnerability assessment to categorize 
areas along surface water banks into vulnerability tiers (Table 1). If 
hydrodynamic model results are unavailable in other studies, results 
derived from surface water analytical solutions can be used to estimate 
saltwater encroachment conditions, which can feed into the SI vulner
ability mapping approach proposed here. In Tier 2 areas where passive 
SI occurred, xT was calculated based on Equation (3) using a Python 
script. Open–source Python libraries including Pandas (McKinney, 
2010) and Matplotlib (Hunter, 2007) were used. The projection of xT 
was limited to 250 m perpendicular to the surface water boundaries to 
reduce the complexity of the output maps. 

2.2.2. GALDIT–SUSI 
GALDIT–SUSI (Kazakis et al., 2019) is an extension of an earlier 

seawater intrusion vulnerability indexing approach called GALDIT 
(Lobo-Ferreira et al., 2007). GALDIT assesses SI vulnerability based on a 
weighted sum of six hydrogeological factors perceived to influence SI 
vulnerability and its name is an acronym based on these hydrogeological 
factors: Groundwater occurrence (aquifer type), Aquifer hydraulic 
conductivity, Level of groundwater relative to MSL, Distance from the 
coast, Impact of existing seawater intrusion, and Thickness of aquifer. 

GALDIT–SUSI extends GALDIT by adding Superficial Saltwater 
Intrusion (SUSI) factors to consider surface water bodies as sources for 
groundwater salinization, namely vadose zone hydraulic conductivity, 
elevation or bathymetry, and distance from torrents, rivers, wetlands, 
and lagoons (Kazakis et al., 2019). The values for each factor are cate
gorized into vulnerability groups of low to high associated with risk 
ratings. Each hydrogeological factor was initially assigned an impor
tance weight (Table S1 in the Supplementary Materials) determined 
using the Analytic Hierarchy Process or AHP (Saaty, 1990), following 

Table 1 
SI vulnerability tiers, classifications, and conditions where Wnet = 0.  

SI vulnerability tier Surface water density, 
ρsw (kg m− 3) 

Conditions SI 
classification 

Tier 1 (maximum 
vulnerability) 

> 1000 p ≤ 0 Active 

Tier 2 (moderate 
vulnerability) 

> 1000 p > 0, q0 >

0 
Passive 

Tier 3 (least 
vulnerable) 

≤ 1000 N/A No SI  
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the methodology of Kazakis et al. (2019). Within the AHP, a pairwise 
comparison matrix (Table S2 in the Supplementary Materials) was used 
to compare the perceived significance of one factor against the other in 
causing SI. The distance from torrents factor was removed in this anal
ysis as there were no torrents in the study area and the importance 
weights were recalculated in the pairwise comparison matrix. The data 
sources for each hydrogeological factor and GALDIT-SUSI steps in GIS 
are elaborated in Text S2 and Text S3, respectively, within the Supple
mentary Materials. 

To implement GALDIT–SUSI, each factor layer was reclassified into 
its risk rating based on the values in Table S1. Then, the initial GAL
DIT–SUSI index, I, was calculated using Equation (7): 

I =
∑12

i=1Wi • Ri
∑12

i=1Wi
(7)  

Where Wi is the initial weight of individual factors derived from AHP 
and Ri is the risk rating assigned to each class shown in Table S1. 

Then, a sensitivity analysis (Napolitano & Fabbri, 1996) was carried 
out to determine the contribution of each factor to the final vulnerability 
map by computing its effective weight, Ei, using Equation (8) (Kazakis 
et al., 2019): 

Ei =

(
Wi • Ri

I

)

× 100 (8)  

An effective weight for each factor was then generated for each sea level 
scenario. The final weights derived from the average of mean effective 
weights for each factor across all sea level scenarios, Ēi, were used to 
calculate the final GALDIT–SUSI index using Equation (9) (Kazakis et al., 
2019): 

GALDITSUSI =
∑12

i=1Ei • Ri
∑12

i=1Ei
(9)  

3. Results 

3.1. SI vulnerability tiers and the analytic solutions 

The SI vulnerability tiers based on surface water salinity, surface 
water-groundwater freshwater head gradients, and the analytic solu
tions for the steady–state freshwater–saltwater interface in an uncon
fined aquifer (Strack, 1976; Werner et al., 2012) were applied in a GIS 
environment along surface water bodies (i.e., ocean, estuary, and river 
margins) under current sea level, 0.5 m and 1.0 m SLR to assess SI 
vulnerability. 

Under the current sea level, the proportion of areas categorized as 
Tier 1 (i.e., maximum vulnerability) was 31 % along the Ōtākaro River 
and 38 % along the Ōpāwaho River (Fig. 3). Less than 10 % of the areas 
along both rivers were categorized as Tier 2 (i.e., moderate vulnera
bility). Further, more than half of the areas along both rivers were 
categorized as Tier 3 (i.e., least vulnerable to SI). Meanwhile, areas 
around the Ihutai Estuary experienced the greatest proportion of Tier 1 
vulnerability (i.e., 98 %) compared to other surface water bodies. Most 
areas along the coastline (i.e., 76 %) experienced Tier 1 vulnerability in 
the current sea level scenario. 

The proportion of areas experiencing Tier 1 vulnerability along all 
surface water bodies increased with rising sea levels. A 22 % increase in 
Tier 1 areas was observed along the Ōtākaro River under 0.5 m SLR, and 
a further 22 % increase was observed under 1.0 m SLR. The expansion of 
Tier 1 areas along the Ōpāwaho River was less than the Ōtākaro River at 
7 % under 0.5 m SLR, and a further 15 % increase under 1.0 m SLR. All 
areas along the Ihutai Estuary experienced Tier 1 vulnerability under 
both SLR scenarios. Nearly all areas along the coast experienced Tier 1 
vulnerability under 0.5 m SLR, which expanded to 100 % under 1.0 m 
SLR. 

In areas experiencing Tier 2 vulnerability, xT values were calculated. 
Along the Ōtākaro, xT ranged from 90 to 5140 m across all sea levels 
(Table 2). Meanwhile, the xT along the Ōpāwaho ranged from 7 to 6050 
m across all sea levels. The xT values along the Ihutai ranged from 330 to 
2873 m under the current sea level and there were no Tier 2 areas in 
both SLR scenarios. The greatest range of xT was found along the coast 

Fig. 3. SI vulnerability tiers as a percentage of surface water boundary length under current sea level, 0.5 m SLR, and 1.0 m SLR scenarios.  
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(60 to 6580 m) across the sea level scenarios compared to other surface 
water bodies. 

As saltwater encroached further up the estuarine rivers and the hy
draulic head at the river boundary increased with rising sea levels, areas 
experiencing Tier 1 also grew upstream (Fig. 4 and Fig. 5). True left 
refers to the left-hand side of the river when facing downstream and true 
right is vice versa (Fig. 5). Most Tier 2 areas were observed to occur in 
between Tier 1 areas. Within Tier 2 sites, xT greater than 250 m were not 
projected inland from the surface water boundary to reduce the 
complexity of the maps in Fig. 4. The areas not defined as Tier 1 or Tier 2 
within Fig. 4 and Fig. 5 were categorised as Tier 3 (least vulnerable). The 
areas with the least SI vulnerability were adjacent to the most upstream 
reaches of both rivers, where the rivers were fresh. 

Under SLR, the fresh groundwater head inland remained the same 
despite rising surface water levels due to the fixed head inland boundary 
condition, while saltwater encroachment also increased further up 
estuarine rivers. As a result, the freshwater head in the aquifer relative to 
that at the surface water, or p, decreased with SLR (Fig. 6), causing more 
areas of the aquifer to have freshwater head below that at the river (i.e., 
p < 0) and active SI conditions (Tier 1 or maximum SI vulnerability). 
Where the surface water adjacent to the aquifer is above 1000 kg m− 3 

and p > 0, passive SI occurred (Tier 2 or moderate vulnerability) and xT 
was displayed. The closer to zero the p, the larger the xT (i.e., the further 
inland the saltwater wedge toe) (Fig. 6). Upstream of the Tier 1 and 2 
areas, there were areas where p < 0 in all sea level scenarios. However, 
the river water adjacent to these areas was fresh (Fig. 5) and therefore 
not considered vulnerable to SI (Tier 3). 

3.2. GALDIT–SUSI 

GALDIT–SUSI, a weighted indexing method aiming to assess SI 
vulnerability that accounts for surface water bodies as salinity sources, 
was applied in a GIS environment. Fig. S4 shows the reclassified GAL
DIT–SUSI factors (based on their risk ratings in Table S1) that changed 
with SLR, while Fig. S5 shows those that were static despite SLR (both 
figures are in the Supplementary Materials). As expected, the overall 
GALDIT–SUSI risk rating of factors that changed with SLR increased 
with rising sea levels (Fig. S4). 

According to the present application of the GALDIT–SUSI method, 
the three most important factors in determining SI were groundwater 
occurrence (aquifer type), elevation, and groundwater level. The 
importance of factors can change in different study areas depending on 
site–specific conditions. The original factor weights derived from the 
AHP in Table S2 changed following the sensitivity analysis (Equation (9) 
where the effective weights were derived (Table S3). The larger the risk 
rating multiplied by the weight, the larger the increase in effective 
weight. Compared to the original factor weights (Table S2), the final 
weights of groundwater occurrence (aquifer type), elevation, thickness 
of aquifer, and distance from lagoons and rivers increased (ordered from 
the largest to the smallest increase) (Table S3). Meanwhile, the final 
weights of the other factors decreased to compensate for these increases. 
The final weight of groundwater occurrence (aquifer type) had the 
largest increase as the unconfined aquifer was assigned a high risk rating 

Table 2 
Minimum and maximum xT along surface water bodies under various sea level 
scenarios. None values are due to the inability to calculate xT in Tier 1 and the 
lack of Tier 2 areas.  

Surface water body xT (m) 

Current sea level 0.5 m SLR 1.0 m SLR 

Min Max Min Max Min Max 

Ōtākaro 275 1007 90 641 4372 5140 
Ōpāwaho 7 207 12 6050 86 1353 
Ihutai 330 2873 None None None None 
Coast 60 6580 1424 1424 None None  

Fig. 4. SI vulnerability assessment using analytic solutions under a) current sea 
level, b) 0.5 m SLR, and c) 1.0 m SLR. The xT along rivers relates to a fluid 
density of 1009 kg m− 3 and the xT along the estuary and ocean relates to a fluid 
density of 1025 kg m− 3. The maximum xT displayed is 250 m from the surface 
water boundary. 

I. Setiawan et al.                                                                                                                                                                                                                                



Journal of Hydrology 628 (2024) 130461

8

of 7.5; this factor already had one of the highest weights (Table S2). 
Therefore, its risk rating (13.9 %) multiplied by its weight (uniform 
value of 7.5 throughout the study area) resulted in the highest effective 
weight. 

The GALDIT–SUSI vulnerability index derived from Equation (9) 
ranged from 3.6 to 8.6 across all sea level scenarios. The index was 
equally split into five tiers of very low (3.6 to 4.6), low (4.6 to 5.6), 
medium (5.6 to 6.6), high (6.6 to 7.6), and very high (7.6 to 8.6) 
vulnerability aligned with Kazakis et al. (2019) (Fig. 7). 

Under the current sea level, areas with very high vulnerability were 
observed around the Ihutai estuary and the Ōtākaro and Ōpāwaho river 
mouths (Fig. 7a). Areas with high vulnerability were observed along the 
coast, around the estuary, up the Ōtākaro river, and the lower reach of 
the Ōpāwaho river. Medium vulnerability was observed further inland 
from the Ōtākaro river and the estuary, at Travis Wetland (the last large 
freshwater wetland in Ōtautahi), Horseshoe Lake (see Fig. 1 for place 
names), and around the lower reach of the Ōpāwaho. Areas between the 
Ōtākaro and Ōpāwaho rivers had low vulnerability. Meanwhile, areas 
near the inland study area boundary had the lowest vulnerability. 

In the SLR scenarios, areas with very high vulnerability increased 
around the estuary, further up the Ōtākaro and Ōpāwaho river mouths 

toward low-lying land (Fig. 8b and c). Under SLR, GALDIT-SUSI 
vulnerability increased along the coast, at Travis Wetland, Horseshoe 
Lake, and further inland of the estuary and rivers toward low-lying 
topography. Low vulnerability areas between the two rivers were 
further reduced in size with rising sea levels. 

Areas with high risk ratings often overlapped for different factors 
(Fig. S4). Some examples include: (i) Travis Wetland (location outlined 
in Fig. 1) rated as high risk due to low groundwater level, low elevation, 
and is a wetland, which is seen as a risk in itself, and (ii) the Ōtākaro 
river mouth area rated as high risk due to low groundwater level, low 
elevation, existing SI, and located near lagoons, wetlands, and rivers. 
The GALDIT-SUSI vulnerability of these areas increased with rising sea 
levels. 

SLR increased the mean and the median of GALDIT–SUSI vulnera
bility ratings and shifted the data distribution toward higher vulnera
bility values (Fig. 8). Under the current sea level, the GALDIT–SUSI 
vulnerability index histogram has a right–skewed distribution with most 
cells categorised as low vulnerability. Under 0.5 m SLR, most cells were 
still in the low vulnerability category, however, the distribution shifted 
toward the centre and was less skewed. Meanwhile, in the 1.0 m SLR 
scenario, most cells were in the medium vulnerability category and the 

Fig. 5. Ōtākaro River salinity, Tier 1 areas, and calculated xT (of 1009 kg m− 3) in Tier 2 areas on the true left and true right under current sea level, 0.5 m, and 1.0 m 
SLR scenarios. 
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distribution can be described as bimodal. 

3.3. Comparison of SI vulnerability tiers and GALDIT-SUSI 

The comparison of SI vulnerability along the Ōtākaro based on the SI 
vulnerability tiers and GALDIT-SUSI is shown in Fig. 9. Both methods 
showed that SI vulnerability increased with SLR and decreased upstream 
of the river mouth. There was no apparent correlation between the SI 
vulnerability tiers and the GALDIT–SUSI index. 

4. Discussion 

4.1. SI vulnerability tiers and the analytic solutions 

This study showed that SI vulnerability assessments based on the 
analytic solutions can be applied at a large scale in a GIS framework and 
not limited to one representative cross–section per aquifer like previous 
applications (e.g., Beebe et al., 2016; Morgan & Werner, 2015; Morgan 
et al., 2013; Werner et al., 2012). The mapping of SI vulnerability tiers 

provides a spatial nuance of vulnerability, allowing high–risk areas to be 
narrowed down, which may be easier to achieve compared to investi
gating different parameter ranges for an aquifer (e.g., Werner & Sim
mons, 2009; Werner et al., 2012). Additionally, SI vulnerability tier 
mapping allows for site–specific parameter combinations (e.g., 
groundwater level, river salinity and level, hydraulic conductivity) to 
estimate vulnerability along kilometres of surface water boundaries, 
which may be difficult without mapping approaches. For example, this 
study assessed SI vulnerability along 70 km of surface water boundary 
across three sea level scenarios. 

The increase in river head and salinity under SLR drove the increase 
in aquifer areas experiencing active SI (i.e., Tier 1 or maximum 
vulnerability) upstream of estuarine rivers, which was expected based 
on previous studies (e.g., Bhuiyan & Dutta, 2012; Tully et al., 2019). In 
addition, the increase in the estuary and ocean heads with rising sea 
levels also increased SI vulnerability along the estuary and the coast, 
following earlier research (e.g., Passeri et al., 2015; Werner & Simmons, 
2009). The extent of active SI sites was exacerbated by the fixed head 
inland boundary condition under SLR, which is likely to occur in 

Fig. 6. Calculated p (at xb = 50 m), Tier 1 areas, and xT in Tier 2 areas along the true left and true right of the Ōtākaro River under current sea level, 0.5 m, and 1.0 m 
SLR scenarios. 
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extensively drained and low–lying topography–limited systems (i.e., the 
ability for the water table to rise with SLR is limited by its proximity to 
the ground surface) such as the study area (Michael et al., 2013). This 
boundary condition resulted in decreased p (i.e., groundwater–surface 
water freshwater head gradients) and groundwater flux to the river with 
rising sea levels, and the most severe SI scenario (Werner & Simmons, 
2009). 

Where passive SI occurred (i.e., moderate or Tier 2 vulnerability), 
some of the calculated xT reached kilometres inland from the riverbank, 
although xT > 250 m was not displayed in the maps (Fig. 4). For 
example, the maximum xT calculated along the Ōtākaro was 5140 m 
from the river boundary occurring under 1 m SLR (Table 2 and Fig. 5). 
These xT calculations can be useful to determine relative SI vulnerability 
along surface water boundaries as a first–pass assessment. However, the 
assumptions within the analytic solutions (noted in Section 2.2.1) 
resulted in toe calculations that are not generally comparable to field 
conditions (Werner et al., 2013), particularly in riparian settings. Areas 
of active and passive SI may be more likely to represent average field 
conditions, although further investigation is required for verification. In 
coastal settings, Beebe et al. (2016) found that the analytic solutions 
correctly predicted SI in 60 % of wells across nine aquifers owing to their 
simplifying assumptions that were mismatched with more complex field 
conditions. To apply the analytic solutions in riparian settings, there 
were further simplifications. For example, the river was assumed to be 
fully penetrating the aquifer (i.e., the riverbed was assumed as equal to 
the aquifer base), and the river salinity was assumed uniform down
stream of the upper saltwater encroachment extent, even in reaches 
closely approaching fresh conditions (e.g., ρsw of 1001 kg m− 3) for 
comparability purposes. 

It is important to note that the riverbed was not assumed equal to the 
aquifer base in the calculation of p. Instead, the average surface water 
bathymetry was used to calculate freshwater heads. If all surface water 
bodies were assumed to fully penetrate the aquifer, active SI (i.e., p < 0) 
would occur along all brackish or saline surface water bodies across all 
sea level scenarios, except for the Ōtākaro at current sea level and the 
Ōpāwaho at current sea level and 0.5 m SLR. 

4.1.1. Alternative methodologies 
This subsection discusses approaches to applying the SI vulnerability 

tiers in a GIS environment that are alternative to the method proposed 
and used in this paper, including a simplified version and using analytic 
solutions that consider a positive net recharge. The visualization of the 
saltwater toe is also discussed. 

For a simpler and more rapid application of the SI vulnerability tiers, 
the xT calculations can be omitted. The results of this simplified method 
would therefore show locations of active and passive SI without the xT 
calculations, as well as no SI (Tier 1, 2, and 3, respectively). The data for 
the xT calculations such as K, z0, and Wnet, would therefore not be 
required in the simplified method. Instead, p can be used to determine 
relative vulnerability within Tier 2 areas. As p decreases, SI vulnerability 
increases (as shown by the xT response in Fig. 6). In cases where the river 
levels are only known at two locations, the river levels between them 
may be interpolated. If the change in surface water parameters under 
SLR is known, the simplified method can also be applied to assess SI 
vulnerability under SLR. 

In this study, it was assumed that Wnet equalled zero. However, in 
other areas where Wnet cannot be assumed as zero, the SI vulnerability 
tiers can be modified to consider Wnet > 0 in unconfined aquifers. Pos
itive net recharge allows the formation of a groundwater mound, and the 
distance from the surface water boundary to its peak is xn [L], which is 
equal to q0/Wnet. Passive–active SI occurs when the saltwater toe reaches 
the groundwater mound (Werner, 2016). In this case, fresh groundwater 
discharge toward the river persists but there is active SI on the landward 
side of the mound. A threshold condition for the transition from passive 
SI to passive–active SI is when q0 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
WnetKδ(1 + δ)

√
z0, which results in 

Fig. 7. GALDIT–SUSI vulnerability maps and pie charts of vulnerability groups 
under a) current sea level, b) 0.5 m SLR, and c) 1.0 m SLR scenarios. 
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an incalculable xT. It is important to note that the xT equation used will 
be different from Equation (3), considering Wnet > 0 (see Werner et al., 
2012). Where Wnet > 0 and xb < xn, the SI vulnerability tiers in Table 3 
can be considered. 

As mentioned, xT greater than 250 m was not projected from the 
surface water boundary to reduce the complexity of the output maps. 
The larger the maximum xT displayed, the further inland the xT is pro
jected and the longer the xT line becomes. Additionally, the display of xT 
was also complicated by meandering river channels as the xT points were 
projected perpendicular from the river boundary to the true left or true 
right side of the river. An example is shown in Fig. 10 a and b, where the 
xT is projected on the true right side of the Ōpāwaho up to 500 m and 
1000 m, respectively. It would be difficult to ascertain which river reach 
the xT is projected from without the arrow annotations. To avoid this 
complexity, the maximum xT display was chosen as 250 m in the current 
study, however, users can apply other distances as they see fit. 

4.2. GALDIT–SUSI 

The weight of each GALDIT–SUSI factor contributing to the final 
vulnerability index was arguably subjective and arbitrary. Kazakis et al. 
(2019) postulated that the AHP and sensitivity analysis used to assign 
GALDIT–SUSI factor weights were robust and representative of a 
modified GALDIT approach that accounts for surface water bodies as SI 
sources. However, AHP was created for decision–making based on per
sonal judgements (Saaty, 1990) and therefore is inherently subjective. 
For example, in Table S2, the factor groundwater occurrence (aquifer 
type) was considered of moderate importance over aquifer hydraulic 
conductivity (therefore the intersection of row 1 and column 2 was 
assigned the value of 3), and extremely important over the impact of 
existing SI (therefore the intersection of row 1 and column 5 was 
assigned the value of 9). Arguably, there was no physical basis for the 
assignment of factor importance within the GALDIT–SUSI method. 
Additionally, Kazakis et al. (2019) contended that the sensitivity anal
ysis validated the factor weights and overcame the subjectivity involved 
in the AHP. Since the basis of the AHP was subjective and arbitrary, we 
argue that the sensitivity analysis also did not overcome the subjectivity 
involved. 

Despite the subjectivity of GALDIT–SUSI, it can be useful to compile 
the surface water and hydrogeological information needed for this 
method and that could affect SI vulnerability at specific sites (Cook 
et al., 2013; Jiao & Post, 2019). For example, the impact of existing SI (i. 

e., groundwater specific conductance) can provide valuable information 
on where existing conditions have already resulted in SI, which can be 
exacerbated under future SLR and decreased groundwater levels relative 
to surface water levels (Setiawan et al., 2023; Werner & Simmons, 
2009). However, this factor was considered the least important in the 
present application of GALDIT–SUSI. The selection of some GAL
DIT–SUSI factors was based on established hydrogeological relation
ships such as groundwater level relative to MSL; the lower the 
groundwater level relative to MSL, the higher the risk for SI (Werner 
et al., 2012). Additionally, low–elevation areas are most likely to be 
artificially drained, which short–circuits hydrological flows and has 
been shown to compound SLR effects to increase SI vulnerability 
(Bhattachan et al., 2018). However, the methods to rank and amal
gamate the factors into one overall vulnerability index are inherently 
subjective and lack a hydrogeological basis. 

4.3. Comparison of SI vulnerability tiers and GALDIT-SUSI 

To assess SI vulnerability, the tiered approach considered surface 
water conditions and therefore required current and future estimates of 
surface water parameters under SLR, such as the saltwater encroach
ment extent upstream of rivers. An exception was the ocean, as typical 
values were considered. Therefore, the application of the SI vulnera
bility tiers are limited to the surface water bodies with sufficient data (e. 
g., salinity and level). On the other hand, GALDIT–SUSI did not require 
these data as it does not account for surface water behaviour. GALDIT- 
SUSI considered all surface water bodies covered by the GIS data as 
potential salinity sources that increase vulnerability, including the 
tributaries far inland from the coast and those without salinity and level 
data. In this application, the tiered approach assessed SI vulnerability 
along the margins of surface water bodies covered within the hydro
dynamic model outputs of Orchard and Measures (2016), while GAL
DIT–SUSI assessed SI vulnerability at a larger scale, i.e., across the study 
area by considering all surface water bodies as potential sources of 
vulnerability. 

While the results of the SI vulnerability tiers and the analytic solu
tions can be conceptualized as physical phenomena (e.g., active and 
passive SI, saltwater toe position), the GALDIT–SUSI index cannot be 
conceptualized physically. The SI vulnerability tiers and the analytic 
solutions were based on physical relationships of hydrogeological pa
rameters that impact SI, while the GALDIT–SUSI index was based on the 
perceived importance of selected parameters that may relate to SI. The 

Fig. 8. GALDIT–SUSI vulnerability index histograms under a) current sea level, b) 0.5 m SLR, and c) 1.0 m SLR.  

I. Setiawan et al.                                                                                                                                                                                                                                



Journal of Hydrology 628 (2024) 130461

12

subjective processes involved in GALDIT–SUSI include the selection of 
factors, the grouping of factor values, the assignment of risk rating for 
each factor value group, and the pairwise comparison matrix in AHP (i. 
e., the assignment of factor weighting based on the perceived impor
tance of one factor over the others). 

The SI vulnerability maps from both methods may be easily under
stood, however, the reader needs to grasp basic SI concepts such as the 
saltwater toe location to interpret the vulnerability maps created using 
the analytic solutions. Additionally, both methods required GIS skills, 
however, the analytic solutions may also require Python scripting skills 
to apply the equations efficiently. 

Many manual steps were involved in visualising the SI vulnerability 
tiers via the analytic solutions, and therefore there was more room for 
operator mistakes compared to GALDIT–SUSI. Additionally, the ease of 
analytic solutions application depended on the river geometry. The 
more complicated the shape (e.g., meandering channels), the more steps 
were required to visualise the vulnerability tiers. The application of 
GALDIT–SUSI required many steps; however, these would be easier to 
automate as there was no manual editing involved to visualise 
vulnerability. 

Fig. 9. GALDIT–SUSI and analytic solutions comparison on the true left and true right of the Ōtākaro (at xb = 50 m) under current sea level, 0.5 m and 1.0 m SLR.  
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4.4. Implications 

Ōtautahi Christchurch is comparable to many coastal cities world
wide built on drained swampland that face growing challenges in 
groundwater management under climate change (Barlow & Reichard, 
2010; Mancini et al., 2020; Renken et al., 2005). Increased saltwater 
encroachment up rivers due to relative SLR exposed new areas of the 
aquifer to saltwater, which increased SI vulnerability upstream. 
Drainage infrastructure, installed to keep groundwater sufficiently deep 
below ground for city–building purposes, increase SI vulnerability as 
they keep groundwater at a constant level, reduces freshwater flows to 
counter SI, and inadvertently salinizes groundwater (Bhattachan et al., 
2018; Werner & Simmons, 2009; Werner et al., 2012). Shallow 
groundwater salinization in an urban context has cascading impacts on 
subsurface infrastructure, municipal assets (e.g., wastewater treatment 

Table 3 
SI vulnerability tiers, classifications, and conditions where Wnet > 0 and xb < xn.  

SI vulnerability 
tier 

Surface water 
density, ρsw (kg 
m− 3) 

SI 
classification 

Conditions 

Tier 1 (maximum 
vulnerability) 

> 1000 Active p ≤ 0, q0 ≤ 0 
Passive–active p > 0, 

q0 ≤
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
WnetKδ(1 + δ)

√
z0 

Tier 2 (moderate 
vulnerability) 

> 1000 Passive p > 0, 
q0 >

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
WnetKδ(1 + δ)

√
z0 

Tier 3 (least 
vulnerable) 

≤ 1000 No SI N/A  

Fig. 10. SI vulnerability tiers along the true right of the Ōpāwaho under 0.5 m SLR with maximum projected xT of a) 500 m and b) 1000 m.  
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plants), parks and reserves, and increases the risk of deep groundwater 
salinization under downward hydraulic gradients (Setiawan et al., 
2022b). The feasibility and efficacy of freshwater management measures 
(e.g., surface water flow augmentation) and engineered surface water 
and groundwater structures to mitigate riparian SI in urban contexts, 
along with their ecological feedback, can be considered for individual 
sites (White & Kaplan, 2017). 

4.5. Limitations and recommendations for future research 

The proposed SI vulnerability tiers are limited in several ways. First, 
there is the lack of consideration of riverbed and aquifer hydraulic 
conductivity in determining active or passive SI. This may be resolved by 
considering the mixed convection ratio described in Werner et al. 
(2012), which considers aquifer hydraulic conductivity. Second, the 
steady-state sharp-interface equations of Strack (1976) assume an 
idealized aquifer and have inherent limitations, which are listed in 
Section 2.2.1. The application of these equations in riparian settings 
adds further assumptions. However, the purpose of this tiered approach 
is to approximate first-pass riparian SI vulnerability, which is a relative 
measure. Further, the proposed method applies a static surface water 
density in brackish or saline river reaches. The ease of analytic solutions 
application depended on river geometry; the more meandering the river 
channel, the more steps are required to visualise the vulnerability tiers. 
Finally, the developed approach does not consider saltwater intrusion 
due to paleoseawater, episodic coastal floods, or where surface water 
overtops riverbanks. 

The suitability of SI vulnerability tiers and analytic solutions in 
assessing SI vulnerability from surface water bodies can be further 
investigated through numerical modelling. Areas where there is space 
for groundwater to physically rise in the aquifer can be delineated and 
the fixed flux boundary condition could be assigned for these locations 
as a comparison to the fixed head boundary condition. Such compari
sons have been carried out previously, albeit not in a riparian setting, by 
Michael et al. (2013) and Werner and Simmons (2009), for example. 
Aquifer heterogeneities can be further incorporated within the SI 
vulnerability assessments, as their importance is noted in Vandenbohede 
et al. (2008) and Shalem et al. (2015). Analytic solutions to estimate the 
saltwater toe intruding from surface water bodies that partially pene
trate the aquifer such as estuarine rivers and estuaries can be developed. 
Shallow groundwater salinity data (e.g., Setiawan et al., 2022a) could be 
further incorporated in future SI vulnerability assessments or compared 
against estimated vulnerabilities. Temporal variabilities of surface water 
and groundwater parameters (e.g., tidally fluctuating head and salinity, 
active and passive SI; Setiawan et al., 2023) may be considered in future 
SI vulnerability assessments where data is available. The SI vulnerability 
map outputs can also be used to highlight municipal assets such as 
drinking water, wastewater, and stormwater infrastructures most at–risk 
of groundwater salinization impacts under current and future condi
tions; a national gap in Aotearoa New Zealand (Setiawan et al., 2022b; 
Simonson & Hall, 2019). Additional methodological development is 
required to scale up SI vulnerability maps to regional or national scales. 
Aotearoa New Zealand is data–rich with numerous national–scale 
datasets related to hydrogeology (e.g., Westerhoff et al., 2018). Methods 
to validate SI vulnerability maps in the field can also be further 
developed. 

5. Conclusions 

Mapping SI vulnerability from surface water bodies hydrologically 
connected to the ocean is increasingly important to highlight areas for 
further monitoring and management, especially under future climate 
change and anthropogenic stresses. A new SI vulnerability tier system 
was created based on surface water salinity, surface water-groundwater 
freshwater head gradients, and the physically-based analytic solutions of 
Strack (1976) (developed further by Werner et al., 2012). This new SI 

vulnerability tier approach was applied in GIS on a city scale to assess SI 
vulnerability from brackish and saline surface water bodies including 
the ocean, estuary, and estuarine rivers under current sea level and SLR 
scenarios of 0.5 and 1.0 m. A fixed head inland boundary condition was 
applied to represent coastal cities on low–lying land with extensive 
drainage networks such as the study area of Ōtautahi Christchurch, 
Aotearoa New Zealand. The SI vulnerability tier method was compared 
to GALDIT–SUSI (Kazakis et al., 2019), a weighted indexing approach, 
for the same study area. 

As the sea level rose, estuary and river levels increased, and saltwater 
encroachment extended further upstream in previously fresh river rea
ches. Stretches of the shallow unconfined aquifer adjacent to surface 
water bodies were categorised into SI vulnerability tiers developed in 
this study, based on the surface water salinity and the freshwater head 
difference between groundwater and surface water (symbolised as p 
[L]). Active SI occurs when p < 0 (denoting maximum SI vulnerability), 
while passive SI occurs when p > 0 (denoting moderate SI vulnerability) 
in the aquifer adjacent to the brackish and saline surface water bodies (i. 
e., > 1000 kg m− 3 or > 1 ppt) (adapted from Werner, 2016). Where 
passive SI occurs, the theoretical saltwater toe position in the aquifer 
was calculated using the analytic solutions and mapped perpendicular to 
the surface water boundaries in GIS. The further inland the saltwater 
toe, the higher the SI vulnerability. Stretches of aquifer adjacent to fresh 
surface water bodies (i.e., ≤ 1000 kg m− 3) were considered least 
vulnerable to SI. 

Both SI vulnerability tiers and GALDIT–SUSI agreed that SI vulner
ability increased with SLR and decreased upstream of the river mouth. 
Based on the SI vulnerability tiers, active SI areas increased upstream 
along estuarine rivers and around the estuary and coastal margins under 
SLR. GALDIT–SUSI outputs also showed areas of the highest vulnera
bility around the estuary and river mouths across all sea level scenarios. 
Based on GALDIT–SUSI, SLR expanded high vulnerability areas further 
inland toward topographically low areas as elevation was considered 
one of the most important factors contributing to SI. GALDIT-SUSI does 
not consider surface water conditions in assessing SI vulnerability and 
lacks a hydrogeological basis in ranking and amalgamating the consid
ered factors into one vulnerability index. Both SI vulnerability mapping 
methodologies and results were compared and discussed. Further 
research is needed to validate the SI vulnerability maps. 

SI vulnerability can be assessed using physically-based methods such 
as the analytic solutions at a large scale in GIS, allowing for site–specific 
parameter combinations along kilometres of coastal, estuary, and river 
boundaries; an improvement over past applications of the analytic so
lutions to assess one cross–section per aquifer. Despite the simplicity of 
the SI vulnerability tiers developed, they can provide a physically-based 
first–pass approximation of SI vulnerability from brackish or saline 
surface water bodies, which can be helpful in groundwater management 
and decision–making processes. Alternative methods to apply the SI 
vulnerability tiers in a simplified approach and the analytic solutions 
considering a positive net recharge were provided. The SI vulnerability 
tiers can complement other approaches to inform groundwater man
agers of SI vulnerability under current and future conditions. 
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