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A B S T R A C T   

Groundwater-surface water interactions and associated water management issues are complicated by the risk of 
salinization along coastlines. Groundwater pumping can be a driving factor of streamflow depletion and allow for 
increased stream saltwater intrusion. In this study, we develop an analytical framework combining two analytical 
approaches to calculate the length of saltwater intrusion at high slack water and the stream depletion rate due to 
groundwater pumping. We test this framework using data from the Savannah River in southeastern U.S and use it 
to explore saltwater intrusion in the surface water system. The analytical approach produces an accurate estimate 
of the position of the salt front at approximately 56 km inland. Current pumping rates decrease streamflow by 
less than 1%, resulting in an increase in the saltwater intrusion length of 100 m. Increased groundwater pumping 
scenarios, however, show a risk of extending the saltwater intrusion length up to 4 km inland. In these cases, 
effects from pumping-induced saltwater intrusion would equal or exceed the impacts of sea-level rise or 
geomorphic change. Salinity is a critical factor in the ecological balance of this estuarine ecosystem and this 
analytical approach allows for investigation of hypothetical groundwater development in the region. We show, 
for the first time, the direct link between groundwater pumping and coastal stream salinity that should be an 
important management consideration all along developed coastlines.   

1. Introduction 

In coastal areas, where nearly half of the world population lives, 
water resources are continually threatened by natural and anthropo
genic stressors (Michael et al., 2017). Both surface and subsurface water 
reservoirs are at risk of salinization due to saltwater intrusion. In estu
aries, increased salinization may cause adverse impacts on freshwater 
resources and ecological function. This is particularly true under the 
increasing pressure of climate change and sea-level rise. 

The mouth of coastal streams is a transition zone between saline 
seawater and terrestrial freshwater, and the location of this interface is 
dictated by the balance between streamflow, meteorological conditions, 
and tidal forcing (Conrads et al., 2006; Ross et al., 2015). In general, 
during periods of high streamflow, seawater is prevented from intruding 

upstream, and the freshwater-saltwater interface (salinity of 0.5 ppt) is 
located relatively close to the ocean. During periods of low streamflow, 
high-salinity water moves upstream, shifting the freshwater-saltwater 
interface and potentially compromising freshwater resources and 
ecosystems. 

The balance between the terrestrial flow system and ocean forcing is 
complicated by multiple processes–natural and human-induced–that 
occur across various time scales. These processes include, but are not 
limited to, storms, tides, seasonal climatic fluctuations, groundwater 
pumping, and interannual variability. The freshwater-saltwater inter
face in coastal streams is controlled by a delicate balance between these 
often opposing and simultaneous forces. For example, coastal storms can 
temporarily increase the salinity in surficial water reservoirs through 
elevated sea level, wind, waves, and storm surge that collectively push 
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the freshwater-saltwater interface inland (Huang et al., 2014). Simul
taneously, extreme high runoff events from coastal storm precipitation 
may increase freshwater discharge, which can potentially push the 
transition zone seaward and reduce the overall stream salinity (Hagy 
et al., 2000; Lerczak et al., 2009; Tian, 2019). Furthermore, spring-neap 
tidal cycles are a major control on the vertical and horizontal distribu
tions of salinity in estuaries (Ji, 2008). High tidal range leads to strong 
vertical mixing and little stratification, whereas low tides create poorly 
mixed (highly stratified) salt wedges in the stream (Simpson et al., 
1990). Depending on the dominant force, water in tidally mixed estu
aries can change from completely fresh to saline within a tidal cycle, 
whereas salinity in larger estuaries, more controlled by seasonal fresh
water inflows, may show little fluctuation (Ji, 2008). 

Previous studies have shown that in coastal streams, seasonal vari
ations in saltwater intrusion are primarily controlled by sea-surface level 
(Hong and Shen, 2012), whereas longer-term, interannual variability is 
largely dominated by river flow (Tian, 2019). Modeling studies have 
demonstrated that long-term sea-level rise causes shifts in estuarine 
salinity circulation, tidal impacts, and maximum extent of intrusion (e.g. 
Bhuiyan and Dutta, 2012; Hilton et al., 2008; Hong and Shen, 2012). 
However, the natural variability in local climatology and river runoff 
may obscure these weak trends and make them undetectable without 
extensive data or modeling (Wiseman et al., 1990). Although fast pro
cesses like storm surges cause greater variation, long-term slow pro
cesses magnify the effects of the fast processes. This is of particular 
importance when considering the complexity of groundwater-surface 
interactions in coastal systems. 

Groundwater interacts with surface water through infiltration and 
exfiltration and can significantly alter stream discharge. The ground
water contribution to streamflow, termed baseflow, may be reduced by 
natural (e.g. low precipitation and recharge) or anthropogenic (e.g. 
pumping) groundwater depletion. The streamflow is almost entirely 
baseflow during times of minimal rainfall (Priest, 2004). Thus, for 
certain estuaries, estimates of groundwater discharge rates might be 
important for a complete understanding of the coastal hydrologic system 
(Hagy et al., 2000). 

Groundwater withdrawals have been cited as a driving factor of 
streamflow depletion in a wide variety of aquifers, including coastal 
plains. For example, the cumulative response to groundwater pumping 
in the Northern Atlantic coastal plain contributed to greater than a 20% 
reduction in streamflow (Masterson et al., 2016). The Ganges River, 
India, has seen large-scale river dry out over the past five decades, 
triggered by a 59% reduction in baseflow from irrigation withdrawals 
(Mukherjee et al., 2018). Similarly, Li et al. (2020) calculated the 
streamflow depletion from groundwater pumping in two watersheds in 
Canada, and showed that, depending on the site specific hydrogeology 
and the well location, the volume of water pumped could cause an 
equivalent decrease in stream volume. In gaining streams it is not 
necessary for a well to reverse flow gradients below the stream to reduce 
baseflow. Streamflow depletion occurs when the well simply captures 
some of the baseflow discharge before it reaches the stream (Chen and 
Yin, 2001; Wilson, 1993). It is thus clear that regardless of the level of 
complexity, groundwater withdrawal inevitably results in depleted 
streamflow (Barlow et al., 2018). 

Numerous studies have used different forms of field-based and sta
tistical analysis (e.g. Barlow et al., 2014; Killian et al., 2019), numerical 
models (e.g. Griebling and Neupauer, 2013; Leake and Pool, 2010), and 
analytical models (e.g. Barlow and Leake, 2012; Hunt, 1999; Li et al., 
2020; Zipper et al., 2019b) to demonstrate the linkages between 
groundwater levels and streamflow. The field-based analysis requires 
extensive surface water and groundwater measurements. Numerical 
models are process-based representations of the flow and can be pro
hibitively complex, requiring time, expertise, and computational power 
to perform a site-specific analysis. Compared to numerical models, 
analytical models provide a simpler approach to calculate streamflow 
depletion for different hydrogeologic conditions. 

Analytical solutions show that streamflow reduction due to 
groundwater depletion is mainly controlled by the aquifer transmissivity 
and storativity, by the streambed resistance to seepage, and by the 
proximity of pumping wells to the stream (Hunt, 1999). Numerical 
simulations of real-world settings showed that analytical models 
perform better in relatively simple hydrogeological settings, while in 
more complex systems the errors are large (Li et al., 2020; Zipper et al., 
2019b). Overall the dynamics and trends predicted by the analytical 
solutions hold for both settings. Therefore, analytical approaches 
appropriately demonstrate links between groundwater pumping and 
streamflow depletion in most watersheds where the aquifer is connected 
to the surficial system (Barlow and Leake, 2012; Hunt, 1999; Killian 
et al., 2019; Li et al., 2020; Mukherjee et al., 2018; Zipper et al., 2018, 
Zipper et al., 2019b). 

In the case of coastal watersheds, reduction in streamflow is expected 
to induce an inland migration of the salt front. This mechanism has been 
shown and discussed extensively in several studies, including field ob
servations (e.g. Lamar, 1940; Yobbi and Knochenmus, 1989a,b), nu
merical simulations (Conrads et al., 2006; Nobi and Gupta, 1997), and 
analytical solutions (Cai et al., 2015; Yobbi and Knochenmus, 1989a,b). 
For example, in the Red River, Vietnam, field observations and numer
ical modeling suggest that adding reservoirs upstream and increasing 
stream discharge reduces the salinity in the river across the watershed 
(Hien et al., 2020). In the Richmond River estuary system, Australia, 
periods of low freshwater flow (e.g. droughts, excess pumping) induce 
larger tidal excursions and an overall increase in the stream salinity 
throughout the estuary (Pierson et al., 2001). 

The studies mentioned above establish separately two links in coastal 
hydrogeological systems: (1) groundwater depletion - streamflow 
reduction, and (2) streamflow reduction - surface water salinization. 
However, the overarching link between groundwater pumping and 
coastal stream salinization (Fig. 1) has, to our knowledge, only been 
explored in one study (Nobi and Gupta, 1997). Numerical modeling of 
an integrated aquifer-stream system in coastal Bangladesh showed that 
an increase of 30% in groundwater pumping could increase the salinity 
of the river and push the salt front inland across the simulated watershed 
(Nobi and Gupta, 1997). The timing of the sensitivity of river salinity to 
groundwater depletion has yet to be explored. 

It is likely that the overarching link between pumping and saliniza
tion has been relatively understudied because of (1) the complexity of 
the multiple interacting processes occurring over a range of time scales 
and (2) the potential time lag between cause and effect for groundwater 
system changes. It is difficult to distinguish long-term trends that create 
small changes over long periods from fast processes that create large 
changes over short periods. To differentiate between salinization cause 
and effect, high resolution and long-term field monitoring may be 
required. Yet, even in the best data trends may be indistinguishable. 
Analytical models offer a practical solution and can produce theoretical 
estimates of streamflow depletion and salinization. Similar approaches 
have been used to characterize subsurface seawater intrusion processes 
due to pumping for over 100 years. 

The goals of this study are to (1) observe the long-term controls on stream 
salinization and (2) illustrate the potential impact of groundwater pumping 
on stream salinity using the Lower Savannah River, GA as an example. A 
significant number of studies have been conducted to identify the 
dominant factor in controlling saltwater intrusion in estuaries, but no 
studies look at groundwater-surface water interactions. Our hypothesis 
is that pumping-induced groundwater depletion could be significant to 
saltwater intrusion despite being undetectable in most short-term data. 
In this study, we constrain the extent of saltwater intrusion in the Lower 
Savannah River, GA with analytical models for groundwater pumping 
and saltwater intrusion. The Savannah River is the location of multiple 
stream gages, extensive estuary surveying, and tidal monitoring that are 
rarely available at coastal streams, allowing for the initial testing of our 
analytical model. We use observed trends in groundwater pumping, 
stream discharge, and stream salinity to determine potential extents of 
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impact with increased pumping and discuss the opportunity that this 
analytical approach provides for estimating salinization due to 
groundwater-stream interactions in streams lacking high quality, lon
gitudinal measurements. 

2. Analytical framework for streamflow depletion and 
salinization 

2.1. Pumping and streamflow depletion model 

To assess the impact of groundwater pumping on streamflow, the 
Glover model was used to calculate the relative stream discharge 
reduction as a function of pumping rate (Glover and Balmer, 1954). This 
model calculates the depletion with time in a single stream and includes 
the following assumptions: (1) the stream and the general groundwater 
flow direction are perpendicular; (2) the streambed has the same hy
draulic conductivity of the aquifer; (3) the aquifer that feeds the stream 
is infinite in the horizontal dimension, homogeneous and isotropic, and 
(4) the groundwater flow is horizontal. Additional details about model 
assumptions can be found in Jenkins (1968).The Glover equation for a 
given well relates the volumetric streamflow depletion at a given 
segment (Qa) to the pumping rate (Qw) using the following comple
mentary error function (erfc): 

Qa

Qw
= erfc

⎛

⎝

̅̅̅̅̅̅̅
Sd2

4Tt

√ ⎞

⎠ (1)  

where d is the distance between the well and the stream, t is time since 
pumping, and S and T are the aquifer storativity and transmissivity, 
respectively. It is important to note that in steady state, the entire 
pumped volume is accounted for by streamflow depletion, meaning that 
Qa
Qw

= 1(which can be seen in Equation (1) with t→∞). Changes in 
groundwater recharge rates from precipitation is ignored. 

The percentage of streamflow depletion (Qa) relative to the total 
streamflow (Qf) is Qa/Qf × 100. Because the depletion component in this 
model is solely from groundwater contribution, Qa can be considered 
equivalent to the proportion of baseflow. This calculated relative 
depletion is used as input in the saltwater intrusion model, explained in 
the following section. 

2.2. Stream saltwater intrusion model 

An analytical model developed by Savenije (2015, 1993, 1989, 
2012) for alluvial estuaries was applied to predict salinization based on 
stream discharge data. Hypothetical freshwater discharge values (linked 
to decreased baseflow during low flow periods) were used to estimate 
shifts in the saltwater-freshwater interface. 

According to Savenije (2012), the salinity distribution can be 
calculated based on estuary geometry and tidal and hydrologic bound
ary conditions (see Fig. S1 for an estuary diagram). The saltwater 
intrusion length [L] is the distance from the estuary mouth to the point 
where water salinity equals the river water salinity. It is described as 

Fig. 1. A conceptual diagram showing coastal stream dynamics before (a) and after (b) groundwater pumping. The saltwater-freshwater interface is a balance of river 
discharge and ocean forcing (tides, waves, sea level) that can be shifted inland due to reduced baseflow from nearby pumping. 
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Li = aln(
1
βi

− 1) (2)  

where a is the convergence length of the cross-sectional area [L]. Estu
aries are generally ‘funnel’ or ‘trumpet’ shaped, with a width that tapers 
upstream in an approximately exponential fashion. The length scale of 
this exponential function is represented by the convergence length. The 
dispersion reduction rate (βi) is equal to 

βi = −
KaQf

D0iA0
(3) 

The subscript i refers to the boundary conditions at High Water Slack 
(HWS), Low Water Slack (LWS), or the Tidal Average (TA). At HWS the 
intrusion is at its maximum and the tidal discharge is zero. This condi
tion, which is generally the condition of most interest to planners con
cerned with saltwater intrusion, is the focus of this analysis. In Eq. (3), 
the K is the unitless Van der Burgh’s coefficient (Van der Burgh, 1972), 
calculated following methods described in Savenije (1993). The 
parameter Qf [L3T−1] is the freshwater river discharge, A0 [L2] is the 
tidal averaged cross-sectional area at the mouth, and D0i [L2T−1] is the 
tidal average dispersion coefficient (a proxy for salinity dilution) at the 
mouth of the estuary. 

Savenije (1993) solved the expression for the dispersion at the mouth 
and the saltwater intrusion length at HWS using 

DHWS
0

v0E0
= 1400

h0

a
N0.5

R (4)  

where h0 is the depth at the estuary mouth or constant tidal average 
stream depth [L], E0 is the tidal excursion at the estuary mouth [L], v0 is 
the tidal velocity amplitude at the estuary mouth [LT−1], and NR is the 
Estuarine Richardson number. Derivations and additional parameter 
information can be found in Savenije (2012) and Section S9.2. 

For pumping scenarios, river discharge (Qf) was reduced by the es
timate of stream depletion from groundwater pumping near the river 
(Section 2.1). Various hypothetical streamflow depletion scenarios were 
also evaluated, including different pumping rates and well distances. 

3. Case Study: Savannah River 

3.1. Study site 

The Savannah River originates at the confluence of the Tugaloo and 
Seneca Rivers and forms much of the state border between Georgia and 
South Carolina. The Lower Savannah River (LSR) watershed encom
passes approximately 27,500 km2 and ultimately discharges to the 
Atlantic Ocean near the city of Savannah, Georgia (Fig. 2). The river is a 
major water supply for both Georgia and South Carolina and the location 
of extensive freshwater tidal marshes, including the Savannah National 
Wildlife Refuge. This estuarine system is highly sensitive to saltwater 
intrusion so the salinity of the lower Savannah River has been closely 
monitored in response to streamflow and tidal action since the 1930s 
(Lamar, 1940). Development impacts on saltwater intrusion, including 
channel deepening for navigational purposes, tidal gate construction, 
and the addition of a new channel, have also been considered (Conrads 
et al., 2006; Mendelsohn et al., 2000). Potential increases in spatio
temporal extent of saline reaches due to a shifting of the freshwater/ 
saltwater interface would have detrimental effects on water resource 
and ecosystem stability. 

3.1.1. Stream hydrology and salinity 
The LSR watershed provides water to the City of Savannah and 

surrounding municipalities for drinking and other uses. Land use in the 
watershed consists of urban development in the city of Savannah, wet
lands surrounding the river, and a mix of forest, pasture, and cropland 
farther upstream (Provost et al., 2006; Wickham et al., 2021). In the 

coastal region, the system is characterized by a large estuary system that 
introduces multiple tributaries and meandering channels and includes 
the Savannah National Wildlife Refuge, which is home to ecosystems 
and wildlife that could be vulnerable to changes in salinity. The estuary 
is characterized by semi-diurnal tides with tidal amplitudes of approx
imately 5–6 ft during neap tides and 8 ft during spring tides. Historically, 
streamflows on the Savannah River range from 115 to 1415 m3/s 
(Conrads et al., 2006) and are regulated by Lake J. Strom Thurmond 
Dam near Augusta, GA. The modifications to the 33 km of the lower river 
for the Savannah Harbor have greatly altered the natural river system. 
The channel has been deepened from 4 to 4.5 m to about 13 m over the 
last several decades, which is believed to have affected the movement of 
saltwater upstream (Conrads et al., 2006). Channel dredging and 
deepening was facilitated by controlled flows at a tide gate installed on 
the Back River below Route US 17 (Conrads et al., 2006). While this was 
effective in dredging the main channel, it pushed the freshwater- 
saltwater interface inland to its current position beyond river kilo
meter 40 (Conrads et al., 2010, Conrads et al., 2006). 

Baseflow in the LSR watershed is approximately 62–70% of total 
streamflow and the proportion increases during drought periods (Priest 
and Clarke, 2003). Baseflow is mostly discharged from the surficial 
aquifer, but a small portion originates from the Floridan system aquifers 
farther upstream (Provost et al., 2006). Topographically higher portions 
of the watershed have a greater baseflow contribution to streamflow 
(Priest and Clarke, 2003). Priest (2004) determined that significant 
pumping of confined aquifers near the coast may increase inter-aquifer 
leakage. This induced leakage from the surficial aquifer to deeper 
aquifers could reduce discharge as baseflow. Thus groundwater-stream 
interactions are connected to the surficial aquifer as well as deeper 
aquifers that are actively pumped, despite confining or semiconfining 
conditions. 

Fig. 2. Map of Lower Savannah River (LSR) watershed. Gray lines mark 
bisecting county lines. Details for stream gage identifiers are provided 
in Table 1. 
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3.1.2. Hydrogeology and groundwater use 
The flat topography of the Lower Savannah River basin is underlain 

by the lower Coastal Plain aquifer system, which consists primarily of a 
surficial aquifer and the confined Floridan aquifer below (Fig. 3). The 
surficial aquifer is approximately 65 ft of alluvial sands, underlain by a 
confining unit that encompasses the discontinuous Brunswick aquifer 
(Provost et al., 2006). The Floridan aquifer includes both an upper and 
lower unit that both dip toward the southeast (Priest, 2004; Provost 
et al., 2006). Paleochannel fill cutting through the confining units has 
been observed offshore as the Upper Floridan aquifer subcrops in the 
Atlantic Ocean (Cherry, 2006; Falls et al., 2005; Provost et al., 2006; 
Williams and Kuniansky, 2015). The sub-cropping of confined aquifer 
units farther inland, as well as the incision of confining units filled by 
paleo Savannah River channel alluvium, allow for interaction between 
the Floridan and deeper aquifers and streams (Conrads et al., 2006). In 
the flatter estuarine topography, Floridan aquifer-stream exchange is 
only likely with longer intermediate and regional groundwater flow 
paths (Priest, 2004). 

In the lower Coastal Plain, with the exception of the unconfined 
surficial aquifers, groundwater levels are largely unaffected by climatic 
factors and fluctuate due to groundwater pumping (Conrads et al., 
2006). Groundwater withdrawals associated with pumping near the city 
of Savannah produce pronounced drawdowns in groundwater levels 
that may lead to similar drawdowns in adjacent aquifers due to inter
aquifer leakage (Priest, 2004). Since the late 1800s, the Upper Floridan 
aquifer has served as the primary source of water for the region (Conrads 
et al., 2006). Increasing groundwater pumping during the last century 
has led to subsurface saltwater intrusion. This prompted development of 
the shallower surficial and Brunswick aquifers as a water source. To 
date, the shallower aquifers are mostly used as only a source of irrigation 
water (Priest, 2004). 

3.2. Observational analysis of stream and groundwater variations 

Streamflow, stream salinity, and groundwater level data were ob
tained from the U.S. Geological Survey (USGS) National Water Infor
mation System (Table S1). South Carolina and Georgia 2015 county- 
level groundwater pumping rates were determined by USGS reports 
(Dieter et al., 2018) (Table S2). 

Stream gage trends in salinity, flow, and baseflow were characterized 
over short (~1 tidal cycle) and long-term (seasonal and multi-year) 
periods. Using the EcoHydRology R package (Fuka et al., 2013), a 
hydrograph separation to define baseflow, upstream of the tidal influ
ence, was completed at site G using the Lyne and Hollick (1979) method 
(alpha = 0.925), which uses a recursive digital filter that separates the 
low frequency baseflow from the higher frequencies present in the time 
series (Lyne and Hollick, 1979; Nathan and McMahon, 1990). Annual 
baseflow indices (i.e. baseflow percentage of total discharge) were 
determined from all available data. Summer baseflow indices were 

calculated for the months of June through August. 
At each stream gage, Pearson correlation coefficients between 

salinity and flow (discharge or gage height) were used to assess the 
direct relationship between flow and salinity. Negative coefficients were 
generally expected (i.e. as discharge decreases, salinity increases) 
despite complications from tidal signals and temporal lags. A 38-hour 
low-pass filter is used to assess non-tidal trends (Table S6). Two posi
tive correlations were observed for gages that only had gage height 
measurements rather than discharge. The gage height peak occurs 
before the discharge peak because discharge is affected by both the gage 
height and the flow velocity. 

3.3. Pumping and streamflow depletion model Inputs 

Inputs and source data for the Glover solution are shown in Table 1. 
Pumping rates were derived from county-wide 2015 average ground
water pumping withdrawals (Mgal/d) in all use categories (public sup
ply, domestic, irrigation, thermoelectric power, industrial, mining, 
livestock, and aquaculture water-use) for the counties intersecting the 
LSR watershed (Dieter et al., 2018) (Fig. 2). Majority of domestic 
groundwater withdrawals came from the Floridan aquifer system and 
irrigation withdrawals from the surficial aquifer (Painter, 2019). Since 
the county boundaries are beyond the boundary of the watershed, scale 
factors for each county were determined using the ratio of the county 

Fig. 3. Hydrogeologic cross section beneath the Savannah River.  

Table 1 
Parameters for Glover stream depletion model.  

Description Parameter Units Value Explanation and Source 

Storativity S – 0.3 Lohman, 1972; Provost 
et al., 2006; Smith, 1994 

Distance 
between well 
and stream 

d m 6289 The mean of the following 
for each county that 

intersects the LSR. d =

ALSRi

2hLSRi

where ALSRi =

county area within LSR 
watershed, hLSRi = length 
parallel to river of county 
within LSR watershed  

Transmissivity T m2/ 
day 

1000 Provost et al., 2006 

Time since 
pumping 
began 

t days 50 ×
365.25 

50 years of pumping 

Well pumping 
rate 

Qw m3/ 
day 

88,542 Qw =
∑n

i=1
ALSRi

Ai
Qi where Qi 

is the USGS 2015 county 
pumping rate (Dieter et al., 
2018) and Ai is the total area 
of each county.   

C.N. Peters et al.                                                                                                                                                                                                                                



Journal of Hydrology xxx (xxxx) xxx

6

area located within the watershed (henceforth referred to as within- 
watershed area) and the total county area. Total county withdrawals, 
in Mgal/day, were multiplied by the county scale factor to establish a 
within-watershed, county-specific pumping rate. 

To determine the hypothetical well distance from the stream, lines 
were drawn parallel to the river bisecting the within-watershed area of 
each county (Fig. 2). The within-watershed area was divided by the 
length of these lines and multiplied by 0.5 to find a central location for 
each well. The sum of all the pumping rates and average of the well 
distances were calculated as Qw and d, respectively, of a single hypo
thetical well. Therefore, we assume the within-watershed central loca
tion for each county is representative of a random location and the 
pumping rate represents the average pumping withdrawals for the 
county. In addition to this base case scenario, Qw and d were indepen
dently varied to test the sensitivity of the single-well approach. 

Inputs to Eqs. (2)–(4) were determined for the northern channel of 
the Savannah River based on Eq. (1), USGS gage data, LiDAR digital 
elevation models (Office for Coastal Management, 2021), NHD stream 
polygons (U.S. Geological Survey, National Geospatial Program, 2021), 
and NOAA bathymetry (NOAA National Centers for Environmental In
formation, 2016) (Table 2). By characterizing the estuary geometry on 
solely the northern main channel, this study assumes that a negligible 
amount of discharge leaves the watershed through the southern channel 
due to its shallow depth. The deeper northern channel leads to a greater 
saltwater intrusion extent (i.e. greater channel depth and channel 
convergence is associated with greater inland tidal extent). Further
more, Zhang et al. (2011) showed that the analytical solution for indi
vidual branches in a multi-channel stream or river was as effective in 
estimating saltwater intrusion as combining the branches as a weighted 
average. Because the main channel convergence length was calculated 
to be greater than the combined main channel and south channel, the 
estuary geometry of the main channel controls the maximum extent of 
saltwater intrusion. 

In funnel-shaped estuaries, common to the North Atlantic Coastal 
Plain, the width convergence length (b) was found to be roughly equal to 
the convergence length (a) (Savenije, 2012). Because of the similarities 
of the Savannah River in estuary and channel geometry and depositional 
environment to other funnel-shaped estuaries where a ~ b, the channel 
width is used to approximate the convergence length (Fig. S2). 

To test the robustness of the analytical saltwater intrusion length 

estimate, parameters in Table 2 were independently varied and 
compared to the overall intrusion length. A 10% uncertainty (indepen
dent of parameter unit) is considered to depict relative control of each 
parameter. 

4. Results 

4.1. Observed discharge-salinity relationships 

Freshwater discharge from the Savannah River measured at site G, 
approximately 103 km upstream from the estuary mouth, varies be
tween 110 and 1637 m3/s. Low flows typically occur during late sum
mer (Fig. S3). Over the past 20 years, baseflow has accounted for an 
average of 80% of the total flow (Table S3). Seasonal differences in 
baseflow result in higher proportions of groundwater in streamflow 
during the summer (Table S3). At the river mouth, tidal forcing causes 
an oscillation between 1000 and −1000 m3/s, where the negative des
ignates flow moving inland. The tidal range is approximately 3.6 m and 
1.5 m during spring and neap cycles, respectively. 

Correlations between discharge and salinity are complex and mirror 
tidal ebbs and flows in the lower Savannah River (Fig. 4). Discharge is 
greatest, in both the upstream (negative value) and downstream (posi
tive value) direction, when the tides are rising and falling, respectively. 
At high tide and low tide, stream discharge is zero. The maximum and 
minimum salinities occur when discharge is zero. Pairwise correlations 
of collocated, simultaneous measurements of salinity and discharge do 
not show strong negative relationships (e.g. lower discharge related to 
higher salinity) because both the peak and trough of the salinity signal 
occur during slack water. 

Gage data along the Savannah River show saltwater intrusion at high 
spring tide reaching distances greater than 51 km inland (Fig. 5). Linear 
trendlines show a decrease in salinity of 0.7 ppt/km (Fig. 5). Assuming a 
saltwater-freshwater gradient (~0.7 ppt/km), the maximum saltwater 
intrusion length in the Savannah River is between 51 and 58 km inland. 

4.2. Results of analytical modeling of streamflow-salinity relationships 

Using Eqn. (2) and the parameters listed in Table 2, the high slack 
water saltwater intrusion is calculated to be approximately 56 km in the 
Savannah River (Fig. 6). This is a close match to gage salinity 

Table 2 
Parameters for analytical saltwater intrusion length model.  

Description Parameter Units Northern 
Channel Value 

Explanation and Source 

Channel width at mouth B0 m 795 Channel width determined from NHD stream polygons. 
Convergence length of the 

cross-sectional area 
a m 33,333 a = b Savenije, 2012 

Convergence width b m 33,333 Convergence width, was obtained by calibration of B = B0exp(−
x
b

), where B [L] is the cross-sectional 

width at location x (km) from the mouth. Channel width was determined from NHD stream polygons. See 
Fig. S2. (Nguyen et al., 2008)  

Van der Burgh’s coefficient K – 0.502 
K = 0.16x10−6 h0

0.69g1.12T2.24

H0
0.59b1.10B0

0.13(0 < K < 1) (Savenije, 1993)  
Initial river discharge Qf m3/s 224 Average summer (Jun, Jul, Aug) discharge from upstream gage A from 1999 to 2020. 
Tidal averaged cross- 

sectional area at the 
mouth 

A0 m2 6241 Average stream discharge divided by velocity at mouth gage A. 

Tidal average depth at 
estuary mouth 

h0 m 8.5 Average depth across mouth from NOAA bathymetry 

Tidal range at estuary mouth H0 m 3.35 Tidal range at spring tide as measured from gage A at mouth. 
Tidal velocity amplitude at 

the estuary mouth 
v0 m/s 1.2 Average daily maximum - minimum water velocity at gage A near mouth. 

Time length of tidal cycle T s 44,280 12.3 hrs 
Tidal excursion at the 

estuary mouth 
E0 m 16,914 E0 =

v0T
π Savenije, 2012  

Estuarine Richardson 
number 

NR – 0.1326 NR =
Δρ
ρ

gh0

v02
Qf T
A0E0

, where Δρ = 25 kg/m3, ρ = 1025 kg/m3, and g = 9.81 m/s2 Savenije, 2012  

Dispersion length D0 m2/s 2638.3   
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observations (Fig. 5). The model estimate was most sensitive to varia
tions in tidal depth (h0), convergence width (a), and convergence length 
(b) (Fig. 7). Convergence length has the most influence on intrusion 
length, while also being a particularly difficult parameter to estimate 
(this study assumes b = a due to the funnel-shaped estuary). 

The saltwater intrusion length is inversely related to the discharge – 
the lower the discharge, the greater the intrusion length. The saltwater 

intrusion length generally changes at a rate of −14.3/Qf (m3/s) where 
the negative indicates the upstream movement of the intrusion as 
freshwater discharge (Qf) decreases (Table S4). A hypothetical 25% 
decrease in freshwater flow will lead to 4 km (7.1%) increase in salt
water intrusion length, while a 25% increase in freshwater flow will lead 
to a 3 km (5.3%) decrease in saltwater intrusion length (Fig. 6). 

The Glover model demonstrates a non-linear relationship between 
streamflow depletion and pumping characteristics (e.g. location, time, 
and rate). Using model inputs from Table 1 and the total within- 
watershed pumping withdrawals (“base scenario”), pumping at a rate 
of 88,542 m3/day at a central within-watershed county location causes a 
<1% reduction in streamflow, or a ~ 100 m upstream shift in the salt 
front (Fig. 8). The depletion was 0.26% and 0.39% of total freshwater 
discharge after 50 and 500 years of pumping, respectively. Chatham 
county, where the city of Savannah is located, reports groundwater 
pumping rates much higher than neighboring counties. These pumping 
rates increase the average streamflow depletion estimate for the region. 
If all counties extracted groundwater at the Chatham county pumping 
rates, then the streamflow depletion in the Savannah river would be 
greater than 1% (Fig. 8). 

In the Glover model, pumping rate and well-to-stream distance had 
an impact on stream depletion timing and volume (Fig. 6 & S4, Table 4 & 
S4). Well-to-stream distance had a larger impact than pumping rate on 
timing to depletion effects. Under the base scenario, there was a 210-day 
time lag between the model start time and a 1 m3/day depletion volume. 

Fig. 4. Discharge and salinity at gage C, 23 km upstream from the mouth, from July 1–5, 2016. Tide level as measured at the coast is shown in blue. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Observed monthly maximum salinity at gages along the Savannah River between 2008 and 2020. Dashed line marks linear trendline from mean of all ob
servations at each station. See Fig. 2 for locations of A-F. 

Fig. 6. Saltwater intrusion length with various freshwater discharge rates 
relative to Qf0 (224 m3/s). 
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5. Discussion 

5.1. Impact of pumping regimes on saltwater intrusion 

Regional studies have shown decades of subsurface saltwater intru
sion from groundwater pumping and surface salinization due to stream 
alteration near Savannah (Conrads et al., 2006; Priest, 2004; Provost 
et al., 2006). Efforts to mitigate saltwater intrusion have led to shifts in 
water conservation priorities, decreases in groundwater pumping, and 
river dredging studies (Conrads et al., 2006; Provost et al., 2006). Based 
on analytical models, current pumping rates will lead to small increases 

in saltwater intrusion in the Savannah River. Current pumping in the 
Savannah watershed is a small portion of the overall flow in the river 
thus limiting the impact of pumping on saltwater intrusion by less than 
1% (~100 m upstream). 

Although findings indicate that reported groundwater pumping rates 
have little direct impact on streamflows, a consistent increase of 100 m 
saltwater intrusion could have an important effect on the coastal system. 
These long-term slow salinization processes increase the risk of detri
mental effects of the fast salinization events, such as storm-surge, tidal 
highs, and drought. For example, during extended periods of drought, 
the increased demands on irrigation may lead to higher pumping rates 

Fig. 7. Sensitivity of the intrusion length to input parameters. Dashed lines show ± 10% of x-axis parameters. Resulting range of intrusion length (km) is shown with 
gray shading. 
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and more streamflow depletion. During these droughts, baseflow ac
counts for a higher proportion of the stream. Because the water level in 
the local flow system may be substantially decreased, exfiltration comes 
from the intermediate and regional flow systems, and deeper aquifers 
where pumping drawdowns are greater (Faye and Mayer, 1990). The 
model predicts that the lowest recorded streamflows in the Savannah 
River (115 m3/s) could allow saltwater intrusion extending up to 65 km 
inland. While annually baseflow accounts for roughly 80% of total 
Savannah River streamflow, baseflow accounts for up to 90% of total 
streamflow during the summer and a reduction in baseflow during this 
time would have a greater impact on overall stream quantity and quality 
(Table S3). Inversely, if relative contribution of baseflow decreases due 
climatic shifts (e.g. increase in stormwater from increased precipita
tion), pumping-induced depletion may become negligible. 

While current pumping rates suggest minimal impact on the salt
water front in the Savannah River, it is likely to have a much greater 
effect under higher pumping regimes and in smaller watersheds. If the 
city of Savannah were to double their pumping, the salt front could 
move ~ 200 m inland (which is equivalent to 0.8% streamflow deple
tion). In some watersheds, however, irrigation wells can decrease 
streamflow by 10 to 25% (Burt et al., 2002; Killian et al., 2019). For 
example, in a watershed in North Carolina, close to the area studied 
here, increased agricultural water needs have led to a 10% decrease in 
flow (Zipper et al., 2019a). In the Savannah River, the depletion po
tential (Fienen et al., 2017), a term referring to the potential reduction in 
streamflow from pumping, may even exceed 10% streamflow depletion 
during the irrigation season. Estimates of streamflow depletion in this 
study are much lower due to the yearly average approach. For example, 
reports of total irrigation groundwater withdrawals for LSR watershed 
counties in South Carolina account for approximately 60% of annual 
usage from June to September (Monroe, 2018). Considering this sea
sonal distribution of irrigation pumping, which concentrates most of the 
pumping during the growing season, using the county-specific mean as a 
constant underestimates the pumping rate for the summer months. 
Additional studies on the time lag between increased summer pumping 
and streamflow depletion are necessary to determine if these seasonal 
fluctuations lead to lasting saltwater intrusion impacts. 

Assuming other coastal streams experience similar (or greater) levels 
of streamflow depletion, groundwater pumping may have induced un
documented stream salinization in the past and may increase risk of 
saltwater intrusion in the future. Near-stream groundwater management 
will be essential to reduce saltwater intrusion impacts in regions with 
highly connected groundwater-surface water resources. The combined 
data analysis and analytical modeling approach demonstrated in this 
study may be applied to other coastal systems, even those with limited 
data, to better understand the management implications. Longitudinal 
field studies and numerical models may help unravel hydrologic feed
backs and site-specific heterogeneity in the groundwater pumping and 
stream salinity relationship. 

5.2. Ecological impacts of increased pumping 

With increased groundwater pumping and streamflow depletion, salt 
will extend 100 s to 1000 s m upstream through the Savannah National 
Wildlife Refuge (Fig. 6). This protected region is the location of a large 
portion of the tidal freshwater marshes left in southeastern states. The 
conditions for tidal freshwater and oligohaline marshes exist for only a 
few kilometers along the Savannah River, placing a great importance on 
the conservation of this reach (Lindgren, 2010). Salinity is the main 
designation between the marsh vegetation assemblages and distribu
tions (Latham et al., 1991). Ecological shifts in response to a saltwater 
intrusion are expected to be extreme as salt-tolerant vegetation com
munities (e.g. Scirpus validus) become dominant in altered freshwater 
oligohaline marsh communities (Welch and Kitchens, 2007). Already, 
over half of the tidal freshwater marshes has been lost in the refuge due 
to upstream transgression of the salinity gradient (Griess, 2011). The 
northern part of the refuge consists mostly of bottomland hardwoods 
and cypress–gum swamp that may be periodically flooded (Dodd and 
Barichivich, 2017; Garman and Nielsen, 1992; Griess, 2011). These re
gions contain small channels and an extensive number of woodland 
pools and creeks important for declining populations of amphibians 
(Dodd and Barichivich, 2017). Forest dieback and saltwater intrusion 
could cause irreversible damage to this wildlife refuge ecosystem. 

5.3. Model evaluation and limitations 

The analytical stream salinity model matches data for the Savannah 
River well. The model predicts the inland extent of saltwater intrusion at 
high slack water to be 56 km (Fig. 6), which is consistent with reports of 
saltwater detected more than 40 km upstream with tidal water-level 
signals reaching 64 km upstream (Bossart, 2002; Conrads et al., 2006; 
Pearlstine et al., 1993). This calculation assumes the system has reached 
steady state, and disregards any time delays between stream discharge 
and salinity. Although this would lead to an overprediction, the limi
tations in the Glover model may underpredict the impact of current 
pumping rates on the Savannah. 

When assessing the performance of analytical models, it is important 
to consider the simplifying assumptions that they include. For stream
flow depletion, the Glover solution assumes a homogeneous, isotropic 
subsurface in direct connection with a stream of constant flow (Glover 
and Balmer, 1954). The hydrogeological setting of the lower Coastal 
Plain does not meet these idealized conditions. For example, trans
missivity is a large component of this model and the transmissivity of the 
surficial aquifer is highly variable (Provost et al., 2006). However, we 
expect that our estimates of streamflow depletion may be under
estimated mostly due to nonlinearities in the Glover solution. Our cal
culations assume that pumping rates are evenly distributed across each 
adjacent county. Based on that, the sum of pumping rates is modeled as a 
single well located in the middle between the river and the boundary of 
the watershed. For the adopted parameters (Table 1), the relationship 
between the stream-to-well distance and the depletion indeed 

Fig. 8. Percent streamflow depletion due to nearby 
pumping over time based on rates reported by each 
county. Black line represents a single well at 6289 m 
from the stream with a total pumping rate of 88542 
m3/day (Table 2). Other lines use the given county 
values for d and Qw and assume 6 wells (for the 6 
counties) extract groundwater at that rate (Table S1). 
Note that the values on the vertical are percentage, 
such that a value of 1 means that Qa/Qf = 0.01. 
County locations are shown in Fig. 2.   
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approached linearity rapidly (Fig. S5), which supports this simplified 
approach. However, for certain hydrologic regimes, it is possible that 
this relationship is non-linear (blue curve in Fig. S5), and wells located 
closer to the river are highly impactful and distant ones are negligible. 
This simplification is hard to resolve without further information on 
specific pumping rates and site-specific hydrologic conditions (Zipper 
et al., 2021). In cases where the impact of wells decays with distance 
faster than linearity, modeling a single well located halfway between the 
river and the watershed boundary likely underestimates streamflow 
depletion due to greater development along the river. A future analysis 
of unevenly distributed pumping rates may illustrate the importance of 
pumping distances. 

For saltwater intrusion, each parameter used in the analytical 
approach has uncertainty and the model parameters can coevolve. For 
example, streamflow (Qf) will impact channel geometry (e.g. depth, 
mouth shape) and tidal and hydrologic boundary conditions (e.g. ve
locity). This can lead to compounding effects of streamflow reduction 
and sea-level rise. The approach used here assumes no delay in reaching 
the maximum saltwater intrusion length at equilibrium. However, es
tuary systems react differently to increases versus decreases in fresh
water discharge. An increase in discharge propagates as a mass wave 
very quickly through the system, however decreased discharge is 
gradual since fresh and saline water must mix in the channel. The esti
mation for the maximum saltwater intrusion extent to pumping may 
never be reached if higher pulses of freshwater discharge (i.e. during wet 
winter seasons) prevent the system from reaching equilibrium. 

5.4. Contribution of pumping vs other saltwater intrusion factors 

The relationship between coastal stream salinity and freshwater 
discharge is controlled by processes that take place simultaneously over 
a wide range of timescales ranging from short-term storm events to long 
term sea-level rise and precipitation changes. The discussion on coastal 
stream salinization revolves mostly around sea-level rise or channel 
alteration. In this analysis, these factors are important controls. For 
example, sea level is predicted to rise approximately 39 cm along the 
South Carolina and Georgia coastlines by the year 2100 (Church et al., 
2013). There is also indication that the tidal amplitude has exhibited 
long-term change (e.g. Müller (2011) suggested a 2% increase per cen
tury), but the impact on saltwater intrusion is not well understood. 
Calculations show that a 10% increase in tidal depth (associated with 
sea level rise) or a 10% increase in tidal amplitude may extend saltwater 
intrusion by another ~ 2 km (Fig. 7). Meanwhile a slight shift in 
convergence width due to geomorphological alteration could push the 
freshwater-saltwater interface significantly (up to 3 km). 

6. Conclusions 

We show, for the first time, the direct link between groundwater 
pumping and coastal stream salinity. In the Savannah River, pumping- 
induced streamflow depletion is currently limited and leads to little 
salinization compared to storm surge, channel dredging, and sea level 
rise. Increases in groundwater pumping, however, could increase this 
impact, equaling or exceeding the impacts of sea-level rise or geomor
phic change, and ultimately altering the distribution and health of the 
coastal ecosystems. Salinity is a critical factor in the ecological balance 
and this study allows for investigation of hypothetical development in 
the region. The impacts of groundwater pumping on coastal stream 
salinity is an important management consideration for developed 
coastlines. 

The combined Glover and Savenije models give an estimate for the 
position of the salt front consistent with observations (Glover and 
Balmer, 1954; Savenije, 2012). The initial testing of the validity of this 
method would have been difficult without the multiple stream gages, 
extensive estuary surveying, and tidal monitoring that are rarely avail
able. Since there are few coastal watersheds like the Savannah River 

with high quality, longitudinal measurements of both stream and 
groundwater resources, this analytical approach provides a means of 
estimating salinization due to groundwater-stream interactions. The 
parameters required for the models can be inferred from regional hy
drogeology, satellite imagery, and basic tidal curves. An extensive 
application of the approach would identify vulnerable coastal systems in 
need of careful groundwater management. 

The complexities of groundwater-surface water interactions are not 
well understood in regions experiencing increased water use, land-use 
change, and climate change. Along coastlines, management of these 
interconnected water resources is complicated by the risk of salinization. 
By assessing the potential impact of groundwater pumping on near-coast 
streamflow, future studies concerned with stream salinization should 
include impacts of groundwater pumping in addition to discussions of 
sea level rise, channel alteration, and reduced precipitation. Reliable 
estimates of streamflow depletion are essential for effective water 
management in coastal plains. 

7. Plain text summary 

The location of the freshwater-saltwater interface in coastal streams 
is a balance between upstream river flows and downstream tidal forcing. 
During periods of high streamflow, seawater is prevented from intruding 
upstream, and the freshwater-saltwater interface is located relatively 
close to the ocean. During periods of low streamflow, high salinity water 
moves upstream, shifting the saltwater-freshwater interface. Coastal 
stream salinization may be caused by rising sea levels, increasing storm 
intensity, and prolonged drought, but changes in groundwater use may 
also play a role. We assess the impact of groundwater pumping on the 
salinity of Savannah River, GA. Stream measurements show that salinity 
reaches 51–58 km inland during high tide and low freshwater stream 
discharge conditions. Using two mathematical models (one for stream 
saltwater intrusion and one for streamflow depletion from pumping), we 
determine that reported groundwater pumping rates only decrease 
streamflow by 1%, resulting in an increase in the saltwater intrusion 
length of 100 m. However, increased groundwater pumping could in
crease saltwater intrusion by 4 km. This would have devastating impacts 
for freshwater ecosystems and coastal water resources. Overall, we 
present a new analytical framework that can help determine vulnerable 
coastal systems and opportunities to better water management. 

CRediT authorship contribution statement 

Chelsea N. Peters: Conceptualization, Methodology, Writing – 
original draft, Visualization, Supervision, Project administration, 
Investigation, Formal analysis, Validation, Software. Charles Kimsal: 
Investigation, Writing – original draft, Visualization, Investigation, 
Formal analysis, Conceptualization. Ryan S. Frederiks: Writing – 
original draft, Data curation, Investigation, Formal analysis, Validation, 
Software, Conceptualization. Anner Paldor: Writing – original draft, 
Visualization, Investigation, Formal analysis, Validation, Software, 
Conceptualization. Rachel McQuiggan: Writing – review & editing, 
Data curation, Investigation, Formal analysis, Validation, Software, 
Conceptualization. Holly A. Michael: Writing – review & editing, Su
pervision, Funding acquisition, Conceptualization. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This work was supported by Project WiCCED, funded by the National 
Science Foundation (OIA1757353) and the State of Delaware, and the 

C.N. Peters et al.                                                                                                                                                                                                                                



Journal of Hydrology xxx (xxxx) xxx

11

Delaware Environmental Institute. We thank Mary Hingst and Sam 
Zipper for conversations related to model development and application. 

Funding Information and Conflicts of Interest 

No conflicts of interest. Project funded by the National Science
Foundation EPSCoR Grant No. 1757353 and the Delaware Environ
mental Institute. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jhydrol.2021.127238. 

References 

Barlow, P.M., Leake, S.A., 2012. Streamflow depletion by wells—Understanding and 
managing the effects of groundwater pumping on streamflow (Circular No. 1376), 
Circular. U.S. Geological Survey. 

Barlow, P.M., Cunningham, W.L., Zhai, T., Gray, M., 2014. U.S. Geological Survey 
Groundwater Toolbox, a graphical and mapping interface for analysis of hydrologic 
data (version 1.0): User guide for estimation of base flow, runoff, and groundwater 
recharge from streamflow data, in: U.S. Geological Survey Techniques and Methods, 
Book 3. p. 27. 

Barlow, P.M., Leake, S.A., Fienen, M.N., 2018. Capture versus capture zones: clarifying 
terminology related to sources of water to wells. Groundwater 56 (5), 694–704. 
https://doi.org/10.1111/gwat.12661. 

Bhuiyan, M.J.A.N., Dutta, D., 2012. Assessing impacts of sea level rise on river salinity in 
the Gorai river network, Bangladesh. Estuar. Coast. Shelf Sci. 96, 219–227. 

Bossart, J.M., 2002. Vegetation Change Along Salinity Gradients in the Tidal Marshes of 
the Upper Savannah River estuary. Ph.D.. University of Florida, United States – 
Florida.  

Burt, O.R., Baker, M., Helmers, G.A., 2002. Statistical estimation of streamflow depletion 
from irrigation wells. Water Resour. Res. 38 https://doi.org/10.1029/ 
2001WR000961, 32-1-32–13.  

Cai, H., Savenije, H.H.G., Zuo, S., Jiang, C., Chua, V.P., 2015. A predictive model for salt 
intrusion in estuaries applied to the Yangtze estuary. J. Hydrol. 529, 1336–1349. 
https://doi.org/10.1016/j.jhydrol.2015.08.050. 

Chen, X., Yin, Y., 2001. Streamflow depletion: modeling of reduced baseflow and 
induced stream infiltration from seasonally pumped wells. JAWRA J. Am. Water 
Resour. Assoc. 37, 185–195. https://doi.org/10.1111/j.1752-1688.2001.tb05485.x. 

Cherry, G.S., 2006. Simulation and particle-tracking analysis of ground-water flow near 
the Savannah River site, Georgia and South Carolina, 2002, and for selected ground- 
water management scenarios, 2002 and 2020 (USGS Numbered Series No. 
2006–5195), Scientific Investigations Report. 

Church, J.A., Clarke, P.U., Cazenave, A., Gregory, J.M., Jevrejeva, S., Levermann, A., 
Merrifield, M.A., Milne, G.A., Nerem, R.S., Nunn, P.D., Payne, A.J., Pfeffer, W.T., 
Stammer, D., Unnikrishnan, A.S., 2013. Sea Level Change, in: Stocker, T.F., Qin, D., 
Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bev, V., 
Midgley, P.M. (Eds.), Climate Change 2013: The Physical Science Basis. Contribution 
of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change. Cambridge University Press, Cambridge, United Kingdom and New 
York, NY, USA. 

Conrads, P., Roehl, E.A., Daamen, R.C., Kitchens, W.M., 2006. Simulation of water levels 
and salinity in the rivers and tidal marshes in the vicinity of the Savannah National 
Wildlife Refuge, coastal South Carolina and Georgia (Scientific Investigations Report 
No. 2006–5187), Scientific Investigations Report. U.S. Geological Survey. 

Conrads, P., Roehl, E.A., Daamen, R.C., Cook, J.B., Sexton, C.T., Tufford, D.L., 
Carbone, G.J., Dow, K., 2010. Estimating salinity intrusion effects due to climate 
change on the Lower Savannah River Estuary. Presented at the 2010 South Carolina 
Environmental Conference. 

Dieter, C.A., Linsey, K.S., Caldwell, R.R., Ivahnenko, T.I., Lovelace, J.K., Maupin, M.A., 
Barber, N.L., 2018. Estimated use of water in the United States county-level data for 
2015. doi:10.5066/F7TB15V5. 

Falls, W.F., Ransom, C., Landmeyer, J.E., Reuber, E.J., Edwards, L.E., 2005. 
Hydrogeology, water quality, and saltwater intrusion in the Upper Floridan aquifer 
in the offshore area near Hilton Head Island, South Carolina, and Tybee Island, 
Georgia, 1999-2002 (USGS Numbered Series No. 2005–5134), Scientific 
Investigations Report. 

Faye, R.E., Mayer, G.C., 1990. Ground-water flow and stream-aquifer relations in the 
northern Coastal Plain of Georgia and adjacent parts of Alabama and South Carolina 
(No. 88–4143). U.S. Geological Survey; Books and Open-File Reports Section 
[distributor],. doi:10.3133/wri884143. 

Fienen, M.N., Bradbury, K.R., Kniffin, M., Barlow, P.M., 2017. Depletion mapping and 
constrained optimization to support managing groundwater extraction. Ground 
Water 56 (1), 18–31. https://doi.org/10.1111/gwat.12536. 

Fuka, D.R., Walter, M.T., Archibald, J.A., Easton, Z.M., 2013. EcoHydRology: A 
Community Modeling Foundation for EcoHydrology. 

Garman, G.C., Nielsen, L.A., 1992. Medium-sized rivers of the Atlantic Coastal Plain. In: 
Hackney, C.T., Martin, W.H. (Eds.), Biodiversity of the Southeastern United States: 
Aquatic Communities. John Wiley and Sons, New York, NY, pp. 315–349. 

Glover, R.E., Balmer, G.G., 1954. River depletion resulting from pumping a well near a 
river. Eos Trans. Am. Geophys. Union 35, 468–470. https://doi.org/10.1029/ 
TR035i003p00468. 

Griebling, S.A., Neupauer, R.M., 2013. Adjoint modeling of stream depletion in 
groundwater-surface water systems. Water Resour. Res. 49 (8), 4971–4984. https:// 
doi.org/10.1002/wrcr.20385. 

Griess, J., 2011. Savannah Coastal National Wildlife Refuges Complex (Comprehensive 
Conservation Plan). U.S. Department of the Interior Fish and Wildlife Service, 
Atlanta, Georgia. 

Hagy, J.D., Boynton, W.R., Sanford, L.P., 2000. Estimation of net physical transport and 
hydraulic residence times for a coastal plain estuary using box models. Estuaries 23, 
328–340. https://doi.org/10.2307/1353325. 

Nguyen Thi Hien, A., Vu Minh Cat, B., Roberto Ranzi, C., 2020. Upstream effects on 
salinity dynamics in the red river delta, in: Trung Viet, N., Xiping, D., Thanh Tung, T. 
(Eds.), APAC 2019. Springer, Singapore, pp. 1439–1443. doi:10.1007/978-981-15- 
0291-0_194. 

Hilton, T.W., Najjar, R.G., Zhong, L., Li, M., 2008. Is there a signal of sea-level rise in 
Chesapeake Bay salinity? J. Geophys. Res. Oceans 113 (C9). https://doi.org/ 
10.1029/2007JC004247. 

Hong, B., Shen, J., 2012. Responses of estuarine salinity and transport processes to 
potential future sea-level rise in the Chesapeake Bay. Estuar. Coast. Shelf Sci. 
104–105, 33–45. https://doi.org/10.1016/j.ecss.2012.03.014. 

Huang, W., Hagen, S., Bacopoulos, P., 2014. Hydrodynamic modeling of hurricane 
Dennis impact on estuarine salinity variation in Apalachicola bay. J. Coast. Res. 30, 
389–398. https://doi.org/10.2112/JCOASTRES-D-13-00022.1. 

Hunt, B., 1999. Unsteady stream depletion from ground water pumping. Groundwater 37 
(1), 98–102. https://doi.org/10.1111/j.1745-6584.1999.tb00962.x. 

Jenkins, C.T., 1968. Computation of rate and volume of stream depletion by wells (USGS 
Numbered Series), Techniques of Water-Resources Investigations. U.S. Dept. of the 
Interior, Geological Survey. doi:10.3133/twri04D1. 

Ji, Z.-G., 2008. Hydrodynamics and Water Quality: Modeling Rivers, Lakes, and 
Estuaries. Wiley-Interscience, Hoboken, N.J.  

Kenneth Dodd, C.K., Barichivich, W.J., 2017. A survey of the amphibians of Savannah 
National Wildlife Refuge, South Carolina and Georgia. Southeast. Nat. 16 (4), 
529–545. 

Killian, C.D., Asquith, W.H., Barlow, J.R.B., Bent, G.C., Kress, W.H., Barlow, P.M., 
Schmitz, D.W., 2019. Characterizing groundwater and surface-water interaction 
using hydrograph-separation techniques and groundwater-level data throughout the 
Mississippi Delta. Hydrogeol. J. 27 (6), 2167–2179. https://doi.org/10.1007/ 
s10040-019-01981-6. 

Lamar, W.L., 1940. Salinity of the lower Savannah River in relation to stream-flow and 
tidal action. Eos Trans. Am. Geophys. Union 21, 463–470. https://doi.org/10.1029/ 
TR021i002p00463. 

Latham, P.J., Pearlstine, L.G., Kitchens, W.M., 1991. Spatial distributions of the softstem 
bulrush, Scirpus validus, across a salinity gradient. Estuaries 14, 192–198. https:// 
doi.org/10.2307/1351693. 

Leake, S.A., Pool, D.R., 2010. Simulated effects of groundwater pumping and artificial 
recharge on surface-water resources and riparian vegetation in the Verde Valley sub- 
basin, Central Arizona (Scientific Investigations Report No. 2010–5147), Scientific 
Investigations Report. U.S. Geological Survey. 

Lerczak, J.A., Geyer, W.R., Ralston, D.K., 2009. The temporal response of the length of a 
partially stratified estuary to changes in river flow and tidal amplitude. J. Phys. 
Oceanogr. 39, 915–933. https://doi.org/10.1175/2008JPO3933.1. 

Li, Q., Zipper, S.C., Gleeson, T., 2020. Streamflow depletion from groundwater pumping 
in contrasting hydrogeological landscapes: evaluation and sensitivity of a new 
management tool. J. Hydrol. 590, 125568. https://doi.org/10.1016/j. 
jhydrol.2020.125568. 

Lindgren, K.J., 2010. Interspecific plant competition between Eleocharis Montevidensis 
and Scirpus Validus along a salinity gradient in the Savannah National Wildlife 
Refuge. University of Florida. 

Lohman, S.W., 1972. Ground-Water Hydraulics (No. 708), Professional Paper. U.S. 
Geological Survey. doi:10.3133/pp708. 

Lyne, V., Hollick, M., 1979. Stochastic Time-Variable Rainfall-Runoff Modeling, in: 
Proceedings of the Hydrology and Water Resources Symposium. Institution of 
Engineers National Conference Publication, Perth, Australia, pp. 89–92. 

Masterson, J.P., Pope, J.P., Fienen, M.N., Monti, J., Nardi, M.R., Finkelstein, J.S., 2016. 
Assessment of groundwater availability in the Northern Atlantic Coastal Plain 
aquifer system from Long Island, New York, to North Carolina (U.S. Geological 
Survey Professional Paper No. 1829), Professional Paper. U.S. Geological Survey. 

Mendelsohn, D., Peene, S., Yassuda, E., Davie, S.R., 2000. A hydrodynamic model 
calibration study of the savannah river estuary with an examination of factors 
affecting salinity intrusion. Estuar. Coast. Model. 663–685. 

Michael, H.A., Post, V.E.A., Wilson, A.M., Werner, A.D., 2017. Science, society, and the 
coastal groundwater squeeze. Water Resour. Res. 53 (4), 2610–2617. https://doi. 
org/10.1002/2017WR020851. 

Monroe, L.A., 2018. South Carolina Water Use Report 2017 Summary (No. 0814–18). 
Bureau of Water, Columbia, SC.  

Mukherjee, A., Bhanja, S.N., Wada, Y., 2018. Groundwater depletion causing reduction 
of baseflow triggering Ganges river summer drying. Sci. Rep. 8, 12049. https://doi. 
org/10.1038/s41598-018-30246-7. 

Müller, M., 2011. Rapid change in semi-diurnal tides in the North Atlantic since 1980. 
Geophys. Res. Lett. 38 (11), n/a–n/a. https://doi.org/10.1029/2011GL047312. 

Nathan, R.J., McMahon, T.A., 1990. Evaluation of automated techniques for base flow 
and recession analyses. Water Resour. Res. 26 (7), 1465–1473. https://doi.org/ 
10.1029/WR026i007p01465. 

C.N. Peters et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.jhydrol.2021.127238
https://doi.org/10.1016/j.jhydrol.2021.127238
https://doi.org/10.1111/gwat.12661
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0020
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0020
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0025
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0025
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0025
https://doi.org/10.1029/2001WR000961
https://doi.org/10.1029/2001WR000961
https://doi.org/10.1016/j.jhydrol.2015.08.050
https://doi.org/10.1111/j.1752-1688.2001.tb05485.x
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0060
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0060
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0060
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0060
https://doi.org/10.1111/gwat.12536
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0090
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0090
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0090
https://doi.org/10.1029/TR035i003p00468
https://doi.org/10.1029/TR035i003p00468
https://doi.org/10.1002/wrcr.20385
https://doi.org/10.1002/wrcr.20385
https://doi.org/10.2307/1353325
https://doi.org/10.1029/2007JC004247
https://doi.org/10.1029/2007JC004247
https://doi.org/10.1016/j.ecss.2012.03.014
https://doi.org/10.2112/JCOASTRES-D-13-00022.1
https://doi.org/10.1111/j.1745-6584.1999.tb00962.x
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0145
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0145
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0150
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0150
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0150
https://doi.org/10.1007/s10040-019-01981-6
https://doi.org/10.1007/s10040-019-01981-6
https://doi.org/10.1029/TR021i002p00463
https://doi.org/10.1029/TR021i002p00463
https://doi.org/10.2307/1351693
https://doi.org/10.2307/1351693
https://doi.org/10.1175/2008JPO3933.1
https://doi.org/10.1016/j.jhydrol.2020.125568
https://doi.org/10.1016/j.jhydrol.2020.125568
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0185
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0185
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0185
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0205
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0205
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0205
https://doi.org/10.1002/2017WR020851
https://doi.org/10.1002/2017WR020851
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0215
http://refhub.elsevier.com/S0022-1694(21)01288-9/h0215
https://doi.org/10.1038/s41598-018-30246-7
https://doi.org/10.1038/s41598-018-30246-7
https://doi.org/10.1029/2011GL047312
https://doi.org/10.1029/WR026i007p01465
https://doi.org/10.1029/WR026i007p01465


Journal of Hydrology xxx (xxxx) xxx

12

Nguyen, A.D., Savenije, H.H.G., Pham, D.N., Tang, D.T., 2008. Using salt intrusion 
measurements to determine the freshwater discharge distribution over the branches 
of a multi-channel estuary: the Mekong Delta case. Estuar. Coast. Shelf Sci. 77 (3), 
433–445. https://doi.org/10.1016/j.ecss.2007.10.010. 

NOAA National Centers for Environmental Information, 2016. D00217: NOS 
Hydrographic Survey, 2016-10-10. Hydrographic Surveys Division, Office of Coast 
Survey, National Ocean Service, NOAA, U.S. Department of Commerce. 

Nobi, N., Gupta, A.D., 1997. Simulation of regional flow and salinity intrusion in an 
integrated stream-aquifer system in coastal region: southwest region of Bangladesh. 
Groundwater 35 (5), 786–796. https://doi.org/10.1111/j.1745-6584.1997.tb00147. 
x. 

Office for Coastal Management, 2021. 2016-2017 NOAA NGS Topobathy Lidar DEM: 
Coastal South Carolina [WWW Document]. URL https://www.fisheries.noaa.gov/i 
nport/item/53372 (accessed 7.2.21). 

Painter, J.A., 2019. Estimated use of water in Georgia for 2015 and water-use trends, 
1985–2015 (Open-File Report No. 2019–1086), Open-File Report. U.S. Geological 
Survey. 

Pearlstine, L.G., Kitchens, W.M., Latham, P.J., Bartleson, R.D., 1993. Tide gate influences 
on a tidal marsh. JAWRA J. Am. Water Resour. Assoc. 29 (6), 1009–1019. https:// 
doi.org/10.1111/j.1752-1688.1993.tb03264.x. 

Pierson, W.L., Nittim, R., Chadwick, M.J., Bishop, K.A., Horton, P.R., 2001. Assessment 
of changes to saltwater/freshwater habitat from reductions in flow to the Richmond 
River estuary, Australia. Water Sci. Technol. 43, 89–97. https://doi.org/10.2166/ 
wst.2001.0515. 

Priest, S., Clarke, J.S., 2003. Stream-aquifer relations in the coastal area of Georgia and 
adjacent parts of Florida and South Carolina, in: Proceedings of the 2003 Georgia 
Water Resources Conference. Athens, Georgia, p. 4. 

Priest, S., 2004. Evaluation of ground-water contribution to streamflow in coastal 
Georgia and adjacent parts of Florida and South Carolina (USGS Numbered Series 
No. 2004–5265), Scientific Investigations Report. 

Provost, A.M., Payne, D.F., Voss, C.I., 2006. Simulation of saltwater movement in the 
Upper Floridan aquifer in the Savannah, Georgia-Hilton Head Island, South Carolina, 
area, predevelopment-2004, and projected movement for 2000 pumping conditions 
(USGS Numbered Series No. 2006–5058), Scientific Investigations Report. U.S. 
Geological Survey. 

Ross, A.C., Najjar, R.G., Li, M., Mann, M.E., Ford, S.E., Katz, B., 2015. Sea-level rise and 
other influences on decadal-scale salinity variability in a coastal plain estuary. 
Estuar. Coast. Shelf Sci. 157, 79–92. https://doi.org/10.1016/j.ecss.2015.01.022. 

Savenije, H.H.G., 1989. Salt intrusion model for high-water slack, low-water slack, and 
mean tide on spread sheet. J. Hydrol. 107 (1-4), 9–18. https://doi.org/10.1016/ 
0022-1694(89)90046-2. 

Savenije, H.H.G., 1993. Predictive model for salt intrusion in estuaries. J. Hydrol. 148 (1- 
4), 203–218. https://doi.org/10.1016/0022-1694(93)90260-G. 

Savenije, H.H.G., 2015. Prediction in ungauged estuaries: an integrated theory. Water 
Resour. Res. 51 (4), 2464–2476. https://doi.org/10.1002/2015WR016936. 

Savenije, H.H.G., 2012. Salinity and Tides in Alluvial Estuaries, 2nd ed. 
Simpson, J.H., Brown, J., Matthews, J., Allen, G., 1990. Tidal Straining, Density 

Currents, and Stirring in the Control of Estuarine Stratification. Estuaries 13 (2), 125. 
https://doi.org/10.2307/1351581. 

Smith, B.S., 1994. Saltwater movement in the upper Floridan aquifer beneath Port Royal 
Sound, South Carolina (USGS Numbered Series No. 2421), Saltwater movement in 

the upper Floridan aquifer beneath Port Royal Sound, South Carolina, Water Supply 
Paper. U.S. G.P.O.; For sale by the U.S. Geological Survey, Map Distribution, Denver 
80225,. doi:10.3133/wsp2421. 

Tian, R., 2019. Factors controlling saltwater intrusion across multi-time scales in 
estuaries, Chester River, Chesapeake Bay. Estuar. Coast. Shelf Sci. 223, 61–73. 
https://doi.org/10.1016/j.ecss.2019.04.041. 

U.S. Geological Survey, National Geospatial Program, 2021. USGS National Hydrography 
Dataset Best Resolution (NHD) for Hydrologic Unit (HU) 4 - 0306. U.S. Geological 
Survey, Reston, VA. 

Van der Burgh, P., 1972. Ontwikkeling van een Methods Voor het Voorspellen van 
Zoutverde-Lingen in Estuaria, Kanalen en Zeeen (Rijkswaterstaat Rapport). 

Welch, Z.C., Kitchens, W.M., 2007. Predicting freshwater and oligohaline tidal marsh 
vegetation communities in the vicinity of the Savannah National Wildlife Refuge, in: 
Proceedings of the 2007 Georgia Water Resources Conference. Athens, Georgia. 

Wickham, J., Stehman, S.V., Sorenson, D.G., Gass, L., Dewitz, J.A., 2021. Thematic 
accuracy assessment of the NLCD 2016 land cover for the conterminous United 
States. Remote Sens. Environ. 257, 112357. https://doi.org/10.1016/j. 
rse.2021.112357. 

Williams, L.J., Kuniansky, E.L., 2015. Revised hydrogeologic framework of the Floridan 
Aquifer system in Florida and parts of Georgia, Alabama, and South Carolina (USGS 
Numbered Series No Professional Paper 1807 U.S Geological Survey, Reston, VA. 

Wilson, J.L., 1993. Induced infiltration in aquifers with ambient flow. Water Resour. Res. 
29 (10), 3503–3512. https://doi.org/10.1029/93WR01393. 

Wiseman, W.J., Swenson, E.M., Power, J., 1990. Salinity trends in Louisiana estuaries. 
Estuaries 13 (3), 265. https://doi.org/10.2307/1351917. 

Yobbi, Dann K., Knochenmus, L.A., 1989. Effects of river discharge and high-tide stage 
on salinity intrusion in the Weeki Wachee, Crystal, and Withlacoochee River 
estuaries, southwest Florida (Water-Resources Investigations Report No. 88–4116). 
U.S. Geological Survey, Tallahassee, Florida. 

Yobbi, D.K., Knochenmus, L.A., 1989. Salinity and flow relations and effects of reduced 
flow in the Chassahowitzka River and Homosassa River estuaries, southwest Florida 
(USGS Numbered Series No. 88–4044), Water-Resources Investigations Report. Dept. 
of the Interior, U.S. Geological Survey; Books and Open-File Reports [distributor],. 

Zhang, E., Savenije, H.H.G., Wu, H., Kong, Y., Zhu, J., 2011. Analytical solution for salt 
intrusion in the Yangtze Estuary, China. Estuar. Coast. Shelf Sci. 91 (4), 492–501. 
https://doi.org/10.1016/j.ecss.2010.11.008. 

Zipper, S.C., Dallemagne, T., Gleeson, T., Boerman, T.C., Hartmann, A., 2018. 
Groundwater pumping impacts on real stream networks: testing the performance of 
simple management tools. Water Resour. Res. 54 (8), 5471–5486. https://doi.org/ 
10.1029/2018WR022707. 

Zipper, S.C., Carah, J.K., Dillis, C., Gleeson, T., Kerr, B., Rohde, M.M., Howard, J.K., 
Zimmerman, J.K.H., 2019a. Cannabis and residential groundwater pumping impacts 
on streamflow and ecosystems in Northern California. Environ. Res. Commun. 1 
(12), 125005. https://doi.org/10.1088/2515-7620/ab534d. 

Zipper, S.C., Gleeson, T., Kerr, B., Howard, J.K., Rohde, M.M., Carah, J., Zimmerman, J., 
2019b. Rapid and accurate estimates of streamflow depletion caused by 
groundwater pumping using analytical depletion functions. Water Resour. Res. 55 
(7), 5807–5829. https://doi.org/10.1029/2018WR024403. 

Zipper, S.C., Gleeson, T., Li, Q., Kerr, B., 2021. Comparing Streamflow Depletion 
Estimation Approaches in a Heavily Stressed, Conjunctively Managed Aquifer. Water 
Resour. Res. 57 https://doi.org/10.1029/2020WR027591. 

C.N. Peters et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.ecss.2007.10.010
https://doi.org/10.1111/j.1745-6584.1997.tb00147.x
https://doi.org/10.1111/j.1745-6584.1997.tb00147.x
https://www.fisheries.noaa.gov/inport/item/53372
https://www.fisheries.noaa.gov/inport/item/53372
https://doi.org/10.1111/j.1752-1688.1993.tb03264.x
https://doi.org/10.1111/j.1752-1688.1993.tb03264.x
https://doi.org/10.2166/wst.2001.0515
https://doi.org/10.2166/wst.2001.0515
https://doi.org/10.1016/j.ecss.2015.01.022
https://doi.org/10.1016/0022-1694(89)90046-2
https://doi.org/10.1016/0022-1694(89)90046-2
https://doi.org/10.1016/0022-1694(93)90260-G
https://doi.org/10.1002/2015WR016936
https://doi.org/10.2307/1351581
https://doi.org/10.1016/j.ecss.2019.04.041
https://doi.org/10.1016/j.rse.2021.112357
https://doi.org/10.1016/j.rse.2021.112357
https://doi.org/10.1029/93WR01393
https://doi.org/10.2307/1351917
https://doi.org/10.1016/j.ecss.2010.11.008
https://doi.org/10.1029/2018WR022707
https://doi.org/10.1029/2018WR022707
https://doi.org/10.1088/2515-7620/ab534d
https://doi.org/10.1029/2018WR024403
https://doi.org/10.1029/2020WR027591

	Groundwater pumping causes salinization of coastal streams due to baseflow depletion: Analytical framework and application  ...
	1 Introduction
	2 Analytical framework for streamflow depletion and salinization
	2.1 Pumping and streamflow depletion model
	2.2 Stream saltwater intrusion model

	3 Case Study: Savannah River
	3.1 Study site
	3.1.1 Stream hydrology and salinity
	3.1.2 Hydrogeology and groundwater use

	3.2 Observational analysis of stream and groundwater variations
	3.3 Pumping and streamflow depletion model Inputs

	4 Results
	4.1 Observed discharge-salinity relationships
	4.2 Results of analytical modeling of streamflow-salinity relationships

	5 Discussion
	5.1 Impact of pumping regimes on saltwater intrusion
	5.2 Ecological impacts of increased pumping
	5.3 Model evaluation and limitations
	5.4 Contribution of pumping vs other saltwater intrusion factors

	6 Conclusions
	7 Plain text summary
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgements
	Funding Information and Conflicts of Interest
	Appendix A Supplementary data
	References


