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Abstract
The Mississippi Delta, a portion of the Mississippi Alluvial Plain (MAP) located in northwest Mississippi (USA), is an
area dense with industrial-level agriculture sustained by groundwater-dependent irrigation supplied by the Mississippi
River Valley alluvial aquifer. Observed declines in groundwater-level elevations and streamflow, contemporaneous with
increases in irrigation, have raised concerns about future groundwater availability and the effects of groundwater
withdrawals on streamflow. To quantify the impacts of groundwater withdrawals on streamflow and increase under-
standing of groundwater and surface-water interaction in the MAP, hydrograph-separation techniques were used to
estimate baseflow and identify statistical streamflow trends. The analysis was conducted using the US Geological
Survey Groundwater Toolbox open-source software and daily hydrologic data provided by a spatially distributed net-
work of paired groundwater wells and streamgage sites. This study found that statistically significant reductions in
stream baseflow occurred in areas with substantial groundwater-level declines. The use of hydrograph-separation and
trend analyses to quantify the impacts of groundwater withdrawals and the use of streamflow as a proxy for changes in
groundwater availability may be applicable in other altered environments. Characterizing and defining hydrologic
relations between groundwater and surface water will help scientists and water-resource managers refine a regional
groundwater-flow model that includes the Mississippi Delta, which will be used to aid water-resource managers in
future decisions concerning the alluvial aquifer.
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Introduction

Sustainable agriculture in the United States depends on appro-
priate management of groundwater resources.Water use in the
United States in 2000 (the most recent year for which com-
prehensive groundwater withdrawal data have been pub-
lished) was estimated at 1,544.4 billion liters per day (BL/
day) [408 billion gallons per day (Bgal/day)] and fresh-
groundwater withdrawals comprising about 315.3 BL/day
(83.3 Bgal/day), or approximately 20% of daily water use
(Hutson et al. 2004). The majority of groundwater with-
drawals were for thermoelectric power supply and irrigation
(Hutson et al. 2004; Maupin and Barber 2005). An estimated
34.1 BL/day of groundwater was withdrawn from the
Mississippi River Valley alluvial aquifer (alluvial aquifer)
alone in the year 2000 (Clark et al. 2011). The alluvial aquifer,
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located in the south-central United States, is the upper most
aquifer underlying the Mississippi Alluvial Plain (MAP) and
is the third largest provider of groundwater in the United
States (Maupin and Barber 2005). The aquifer is approximate-
ly 76,400 km2 (km2) [29,500 mile2 (mi2)] and underlies por-
tions of seven states—Arkansas, Illinois, Kentucky,
Louisiana, Mississippi, Missouri, and Tennessee; Fig. 1a—
(Cushing et al. 1964; Hutson et al. 2004; Clark et al. 2011).
Groundwater withdrawals from the alluvial aquifer in 2000
accounted for 10% of all estimated groundwater withdrawals
(Fig. 1b) and 2% of all estimated water use in the continental
United States (Fig. 1b; Hutson et al. 2004). According to local
groundwater modeling studies (Telis 1991; Barlow and Clark
2011; Clark et al. 2011), the current rate of freshwater with-
drawals is unsustainable.

The demand for groundwater resources from the allu-
vial aquifer for agricultural irrigation has resulted in

substantial observed declines in groundwater-level eleva-
tion over time (Barlow and Clark 2011). Groundwater
withdrawals have been cited as a driving factor of
streamflow depletion, which has raised concerns for the
future of available groundwater resources with local,
state, and regional stakeholders (Theis 1940; Barlow and
Clark 2011; Barlow and Leake 2012). The quantification
of observed environmental changes in groundwater-level
elevation and streamflow may be done using many avail-
able methods and software tools. Numerical groundwater
models simulate groundwater flow and aquifer response
to stresses such as groundwater withdrawals and can be
useful to increase understanding of complex hydrologic
systems (Clark and Hart 2009; Sahoo and Jha 2017).
Numerical simulation is an oversimplification of real-
world processes and many models fail to accurately rep-
resent the interaction of surface water and groundwater.

Fig. 1 a The Mississippi River
Valley alluvial aquifer extent
defined in the Mississippi
Embayment Regional Aquifer
Study (MERAS) model (Clark
and Hart 2009; Clark et al. 2011).
b Water use in 2000 for the con-
tinental United States and
groundwater withdrawals for the
alluvial aquifer
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Numerical groundwater modeling may also be expensive
in terms of time, money, and computational power.
Although there are many examples in the literature of
the use of numerical groundwater models to determine
the impact of groundwater withdrawals on streamflow,
there are comparatively fewer studies that have used sta-
tistical evaluations of streamflow and baseflow records to
identify groundwater-withdrawal effects; the reader is re-
ferred to Wahl and Tortorelli (1997), Burt et al. (2002),
McCallum et al. (2013), Abo and Merkel (2015), Juracek
(2015), Miller et al. (2015), Juracek and Eng (2017) for
examples of the latter. The current understanding of
groundwater and surface-water interactions and associated
water-resource management issues are documented
(Winter 1995; Winter et al. 1998; Sophocleous 2002;
Verry 2003; Brodie et al. 2007; Anibas et al. 2011;
Barlow and Leake 2012; Barthel and Banzhaf 2015;
Yang et al. 2017); however, the complexities of the inter-
actions are not well understood, especially in systems
with observed groundwater-level declines.

The purpose of this study was to quantify spatial and
temporal trends in streamflow and baseflow at five sites in
the Mississippi Delta using four hydrograph-separation
methods to determine if observed streamflow and
baseflow trends were statistically significant. A spatial
correlation of changes in baseflow were compared to mea-
sured and modeled groundwater-level elevations as a pos-
sible indicator of groundwater-surface water interactions.
Such an approach would provide a basic understanding of
the impacts of groundwater withdrawals without or prior
to the use of expensive numeric groundwater models.
Results from the hydrograph-separation and trends analy-
ses were compared to measured and modeled spatial and
temporal groundwater-level elevations to identify if statis-
tically significant temporal changes in baseflow occurred
in areas with substantial declines in groundwater-level
elevation. Quantification of observed declines in
streamflow was conducted with the combined use of
quantitative hydrograph separation and statistical trend
analyses. This study aims to provide a computationally
simple means for quantifying temporal changes in
streamflow using existing streamflow data to detect po-
tential changes in groundwater-level elevations that will
help to improve the understanding of groundwater and
surface-water interaction in alluvial settings, a topic of
substantial interest by scientists (Theis 1940, 1941;
Spalding and Khaleel 1991; Ackerman 1996; Renken
1998; Alley et al. 1999; Burt et al. 2002; Sophocleous
2002; Barlow and Leake 2012; Essaid and Caldwell
2017). Results of this study are anticipated to aid in the
development of a decision support tool to help water-
resource managers make informed decisions regarding
water use.

Study area

This study focused on the Mississippi Delta (Fig. 1a), an area
of dense agricultural activity in northwest Mississippi, with
known water-level declines in the alluvial aquifer (Boswell
et al. 1968; Pennington and Stiles 1994; Ackerman 1996;
Renken 1998). The Mississippi Delta covers approximately
18,100 km2 (7,000 mi2) of north-west Mississippi and is an
area with substantial industrial-scale agriculture that necessi-
tates large volumes of fresh water for irrigation (Arthur 2001).
About 98% of the fresh water used for irrigation is supplied by
groundwater withdrawn from the alluvial aquifer (Arthur
2001; Barlow and Clark 2011). Groundwater withdrawals
from the alluvial aquifer have been rising since the 1930s with
a noticeable increase in the 1980s when a majority of agricul-
tural producers switched from surface water to groundwater
for irrigation following a drought (Fig. 2; Arthur 2001;
Barlow and Clark 2011; Peterson et al. 2015). The alluvial
aquifer is composed of Quaternary-age sands and gravel de-
posited after theWisconsin glaciation, making it an ideal aqui-
fer with well yields ranging from approximately 1,100–
9,500 L/min (300–2,500 gal/min; Renken 1998; Arthur
2001; Yazoo Mississippi Delta Joint Water Management
District, YMD) 2008).

Climate and precipitation are anticipated to have limited
effects on groundwater-level elevations and streamflow in
the Mississippi Delta. Groundwater-level elevation and
streamflow declines are occurring despite an average increase
in precipitation. From 1901 to 2017, the mean annual precip-
itation for the northern part of the Mississippi Delta was
132 cm [52 in. (in)] with an average increase of about

Fig. 2 Groundwater withdrawals from aquifers included in the
Mississippi Embayment Regional Aquifer Study model; 1 acre-foot =
1,233.5 m3; modified from Clark et al. 2011
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0.1 cm (0.03 in) per decade (National Oceanic and
Atmospheric Administration, NOAA) 2018). The mean annu-
al precipitation for the same time period for the southern part
of the Mississippi Delta was 135 cm (53.0 in) with an average
increase similar to that of the entire Delta (NOAA 2018).
Much of the precipitation received in the MAP is lost to
evapotranspiration (about 65%) and runoff (about 29%), leav-
ing about 6% for recharge (Clark and Hart 2009; Kress et al.
2018). Areal recharge rates for the alluvial aquifer have been
modeled in several studies (Ackerman 1996; Arthur 2001;
Clark and Hart 2009), but few have attempted to calculate
actual recharge rates until recently (Reitz et al. 2017; Kress
et al. 2018). Most of the recharge to the Mississippi Delta
portion of the alluvial aquifer is assumed to be lateral from
theMississippi River to the west and the Bluff Hills to the east
(Arthur 2001). The population for the Mississippi Delta de-
creased by 1% from 1960 to 2017 (Forstall 1995; US Bureau
of the Census 2017). While the local population has declined,
the global population is rising, and the Mississippi Delta sup-
plies commodities used around the world. Between 1998 and
2007, approximately 1,412 km2 (349,100 acres) were added
to the permitted area for water use in the Mississippi Delta
(YMD 2008).

Materials and methods

Quantitative hydrograph separation

Hydrograph separation is a quantitative method to estimate
baseflow contributions to streamflow by separating a time-
series of streamflow data into baseflow and surface runoff,
the principal components of streamflow. The surface-runoff
component of streamflow is assumed to consist of direct pre-
cipitation on a stream network, overland flow to the stream
channels, and interflow through shallow subsurface deposits
that lie above the water table. Surface runoff occurs in greatest
proportion during and immediately following precipitation
events but can persist through much of a streamflow
hydrograph. Streamflow peaks are identified as surface runoff
and are calculated as the difference between the total
streamflow and baseflow (Wahl and Wahl 1988; Barlow
et al. 2014). The baseflow (or groundwater discharge) compo-
nent of streamflow supplies flow to streams and is assumed to
be continuous in certain conditions and enters the stream
channel through delayed pathways within the hydrologic sys-
tem (Meyboom 1961; Fetter 1994; Sloto and Crouse 1996;
Sophocleous 2002; Brodie et al. 2007). Baseflow is calculated
as the minimum volume of streamflow over a given time
period (n) (Barlow et al. 2014).

Four quantitative hydrograph-separation methods were
used in this study, the streamflow partitioning (PART) method
(Rutledge 1993, 1998), the HYSEP Fixed and HYSEP Local

Minimum methods developed by Pettyjohn and Henning
(1979) and further discussed by Sloto and Crouse (1996),
and the Base Flow Index (BFI) Standard method (Wahl and
Wahl 1988, 1995). Each method uses a time series of daily
mean streamflow measured at a streamgage. Each method is
described in detail in the original documentation reports or
papers and all methods are summarized in Barlow et al.
(2014). Because baseflow cannot be directly observed or
quantified and many of the assumptions are untested, it is
unknown which method produces the most accurate results
(Halford and Mayer 2000) The results of all methods were
compared to assess their general accuracy and reliability, as
recommended by Mau and Winter (1996), Sloto and Crouse
(1996), Neff et al. (2005), and Eckhardt (2008). Kendall’s Tau
trend analyses were used to determine statistically significant
(α = 0.05) changes in baseflow over time.

Each of the hydrograph-separation methods is based on a
number of simplifying assumptions that limit their applicabil-
ity (Halford and Mayer 2000). Barlow et al. (2014, pp. 3–5)
describes these assumptions and limitations and provides
guidance on the appropriateness of their use. All
hydrograph-separation methods assume that streamflow orig-
inates from two sources: surface runoff within the basin and
groundwater discharge from a single aquifer. The methods
apply to basins dominated by diffuse, uniform aerial recharge
that is discharged continuously to the receiving stream net-
work (Rutledge 1998, 2007; Healy 2010; Barlow et al.
2014). It is further assumed that groundwater and surface-
water divides are coincident, and that there is no loss of
groundwater to the underlying regional flow system or to an-
thropogenic withdrawals (Rutledge 1998, 2007; Healy 2010).
Rutledge (1998 and 2000) suggests that the methods be ap-
plied to basins having drainage areas ranging from approxi-
mately 2.6 km2 (1 mi2) to 1,300 km2 (500 mi2). Rutledge
(2000) also notes that basins of extremely low relief (approx-
imately less than 1%) increase the duration of surface runoff,
which can impact calculations made by the hydrograph-
separation methods. As noted by many authors and summa-
rized in Barlow et al. (2014), a number of hydrologic process-
es and human activities that affect the flow and storage of
water within a basin can obscure the surface-runoff and
baseflow contributions to a streamflow hydrograph, including
snowmelt runoff, drainage from lakes and wetland areas, and
streamflow regulation such as occurs at reservoirs, by
streamflow diversions, or by wastewater return flows.
Because the algorithms that are used by the hydrograph-
separation methods cannot differentiate among the various
causes of hydrograph fluctuations, they may incorrectly iden-
tify snowmelt, reservoir releases, and other sources of water to
a stream as groundwater discharge. An example hydrograph
of daily estimated baseflow using the hydrograph-separation
methods for a 2-month period for the Big Sunflower River
streamgage at Sunflower, Miss. (USGS station No.

2170 Hydrogeol J (2019) 27:2167–2179



0728850) is shown in Fig. 3. For the 2-month period, the BFI
Standard and PART methods gave the lowest and highest
estimated rates of baseflow, respectively, which is consistent
with the overall findings of the analysis described in the fol-
lowing. All methods calculate a BFI, or ratio of baseflow to
total streamflow, for direct comparison. BFI values can be
calculated on daily, monthly, or annual time steps according
to the needs of the user.

The Mississippi Delta is instrumented with a spatially dis-
tributed network of 11 colocated observation wells and
streamgages operated by the US Geological Survey (USGS)
in cooperation with the US Army Corps of Engineers
(USACE). The network provides continuous data and allows
for direct comparison of streamflow with groundwater-level
elevations; however, continuous groundwater-level elevation
data collection did not begin at the sites until 2014. The
groundwater records are not sufficient in length for compari-
son at this time but are anticipated to be valuable in future
scientific studies. Data for this study included daily mean
streamflows collected by the USGS and USACE for five of
the colocated streamgages (Fig. 4). The five streamgages were
selected based on the availability of daily mean streamflow
data, period of record, and spatial distribution across the
Mississippi Delta (Table 1). Hydrologic data collected by the
USGS are publicly available from the USGS National Water
Information System (NWIS) web interface (US Geological
Survey 2018).

Two of the five selected streamgages had missing daily
mean streamflow records. Missing daily mean streamflow re-
cords were estimated for the sites using the USGS Streamflow
Record Extension Facilitator (SREF; Granato 2009), which
uses the Maintenance of Variance-Extension type 1
(MOVE.1) equation in combination with index stations

(Hirsch 1982; Granato 2009; Curran 2012). The USGS Get
National Water Information System Streamflow (GNWISQ)
software was used to retrieve available daily mean streamflow
data from NWIS and format it for use in SREF (Granato
2009). SREF was used to estimate missing daily mean
streamflow values for the Bogue Phalia River streamgage near
Leland, MS (USGS station No. 07288650) and the Big
Sunflower River streamgage near Anguilla, MS (USGS sta-
tion No. 07288700; Fig. 5). A total of 881 of 19,632 daily
mean streamflow values (4.5%) were estimated for the Bogue
Phalia River streamgage using the Big Sunflower River
streamgage near Sunflower, MS (USGS station No.
07288500) as an index station. Concurrent daily mean
streamflows between the Bogue Phalia River streamgage
and the Big Sunflower River streamgage near Sunflower,
MS had an R2 of 0.847 (Fig. 5a). A total of 2,090 of 2,662
daily mean streamflows (78.5%) were estimated for the Big
Sunflower River streamgage near Anguilla, MS using two
index stations: The Big Sunflower River streamgage near
Sunflower, MS (R2 = 0.890; Fig. 5b) and the Big Sunflower
River streamgage near Merigold, MS (USGS station No.
07288280; R2 = 0.832; Fig. 5c). Streamflow record extension
was not used to extend records prior to the initial streamflow

Fig. 3 Example hydrographs showing hydrograph separation by method
in cubic feet per second (ft3/s), 1 ft3/s = 0.03 m3/s. The area under each
colored line represents the volume of baseflow estimated at a given time

Fig. 4 Map of selected sites from the spatially distributed network of
colocated streamgage and groundwater well locations within the
Mississippi Delta by USGS
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collection date because of insufficient index stations and the
highly altered environment.

The hydrograph-separation methods used in this analysis
are part of the overall functionality of the USGS
Groundwater Toolbox (Barlow et al. 2017). Continuous daily
mean streamflow data are available from NWIS (US
Geological Survey 2018) and the USACE (US Army Corps
of Engineers 2018), and missing streamflow estimates were
calculated using SREF (Granato 2009) and are available from
Killian and Asquith (2019). Daily mean streamflow data and
calculated baseflow estimates were analyzed by climatic year
(April 1st toMarch 31st). A partition length of n = 5 days and a
turning point test factor of 0.9 were used for the BFI Standard
method for all records analyzed. Data for this hydrograph-
separation analysis are available from Killian and Asquith
(2019). The Groundwater Toolbox also facilitates the calcula-
tion of Kendall’s Tau measure of rank correlation, which was
used to identify trends in the data by estimating the magnitude
of monotonic change with time (Kendall 1938, 1975; Wahl
and Wahl 1988; Wahl and Tortorelli 1997). Baseflow trends
were recognized as statistically significant for each n-day low-

flow period of analysis when the null hypothesis was rejected
at the 95% confidence (such as p value of 0.05 or less) and if
Kendall’s Tau was trending to +1 or –1 (Fig. 7b; Wahl and
Tortorelli 1997; Helsel and Hirsch 2002).

Generalization of groundwater-level elevations

To quantify groundwater-level elevation changes systemati-
cally in the study area, available groundwater-level elevation
data needed to be normalized for space and time because of
the spatial and temporal variability of the observations. The
majority of the groundwater-level elevation observations were
made in the spring and fall months, but such practice was not
uniform throughout the period of record. A grid of the study
area was created at a 4.5-km (km) spacing; the grid nodes are
not coincident with actual wells. Statistical processing (time-
series regression) of the observational groundwater-level ele-
vation data surrounding each grid node was made to estimate
the water levels at specific or strategic points in time to give
estimates throughout the grid for year M and again for a year

Fig. 5 Streamflow relation using SREF software computations (Granato
2009) between the Big Sunflower River at Sunflower, MS (USGS station
No. 07288500) and a the Bogue Phalia River near Leland, MS (USGS
station No. 07288650) and b the Big Sunflower River near Anguilla, MS

(USGS station No. 07288700) and c between the Big Sunflower River at
Merigold, MS (USGS station No. 07288280) and the Big Sunflower
River near Anguilla, MS

Table 1 Site information for the five selected USGS streamgage locations used in this study

USGS station No. Colocated groundwater well
(USGS station No.)

River name Location Period of record Drainage area
(km2)

07281600 333904090123801 Tallahatchie Money, MS 10/01/1995–12/31/2017 13,522

07288280 334956090402201 Big Sunflower Merigold, MS 10/01/1992–12/31/2017 1,432

07288500 333251090323801 Big Sunflower Sunflower, MS 10/01/1935–12/31/2017 1,987

07288650 332348090505301 Bogue Phalia Leland, MS 01/01/1964–12/31/2017 1,254

07288700 325817090464201 Big Sunflower Anguilla, MS 09/18/2009–12/31/2016 6,680
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N. Groundwater-level elevation changes can readily be com-
puted from years M to N in a geographic information system.

For this study, time-series regressions were based on the
generalized additive model (GAM) algorithms (Hastie and
Tibshirani 1986, 1990; Wood 2017, 2018). These were used
to quantify temporal changes in groundwater-level elevation
for a given data set in which a data set that included all obser-
vations at wells within a set radial distance from a grid node.
The GAM is analogous to a linear regression but incorporates
additive smoothing functions and can be used to identify
trends (Hastie and Tibshirani 1986, 1990; Wood 2017,
2018) and provides a more rigorous framework for trend esti-
mation than available in the lowess and loess functions
(Cleveland 1979; Cleveland et al . 1992) in R (R
Development Core Team 2018). Further, temporal data densi-
ty within the alluvial aquifer was considered insufficient for
autoregressive–moving-average type modeling. Extensive
testing (not reported here) showed that the GAM had suffi-
cient robustness against outliers in water-level elevations. All
available groundwater-level elevation observation data be-
tween 1980 and 2016 for the study area in the NWIS database
were used, which included more than 3,300 wells and almost
28,000 groundwater-level measurements (US Geological
Survey 2018). These data included copious quantities of mea-
surements from local water-resource authorities (YMD 2008)
in the region.

Generalized groundwater-level elevation observations
were estimated using GAMs, based on the algorithms of
Wood (2018), for April 10th of each year for each grid node
(4.5 km spacing). April 10th of each year was selected be-
cause of the large number of groundwater-level elevation ob-
servations made on or immediately before that day as part of
other data-collection efforts by local water-resource authori-
ties (YMD 2008). Early April is also prior to the start of
irrigation season and is generally a period of approximate
maximum water-level recovery in the alluvial aquifer from
the previous irrigation season (Snipes et al. 2005). The
GAM estimates for each grid node also include the upper
and lower 90th-percentile prediction limits.

For each grid node, a GAM was created using an 8-km
search radius and included up to 300 nearby wells publicly
available from NWIS (Fig. 6; US Geological Survey 2018). A
lower limit of 10 groundwater measurements from nearby
wells was needed to estimate groundwater-level elevations
over time for the specified node. If less than ten measurements
were available, no estimate was calculated for the node. If the
number of measurements exceeded 100, then an attempt was
made to estimate first-order seasonality using paired cosine
and sine trigonometric functions for which a cyclical year
had 2 times π radians (Fig. 6, grid node 298). If the p-value
for both trigonometric terms was greater than 0.005, then the
GAM was fitted using only the smooth on the date of mea-
surement (Fig. 6, grid node 299). From the gridded estimates,

quantification of changes between 1980 and 2016 thus reflect
generalized groundwater-level elevation change across the
Delta.

An example groundwater-level elevation estimated
hydrograph for grid node 0918 based on a GAM using nearby
(8-km radius) groundwater-well observations is shown in Fig.
7. For node 0918, 122 wells are included with 713 measure-
ments in aggregate. The measurements for the neighboring
wells are also shown, and highlights that many observation
wells have solitary measurements, especially around 1980.
Figure 7 also shows that some monitoring network wells are
nearby as evidence by the twice-yearly measurements. The
figure does not highlight the difference in well construction
nor is such information used in the statistical modeling.

Several representations of the same GAM are shown (Fig.
7). The continuousmonth over month predictions of the GAM
are depicted by the sinusoidal, light blue line for which the
troughs and peaks occur around December and May, respec-
tively. Of primary importance to this study are the April 10th
predictions for each year. These have been connected to form
the darker solid blue line with the corresponding 90th-
percentile prediction limits (not confidence limits; see Helsel
and Hirsch 2002). The overall curvature (not the parametric
seasonality) of the GAM for the time period shown is con-
trolled by the smooth term that uses only the date of the mea-
surement. The smooth within a GAM is a type of cross-
validated regression spline estimated during the construction
of the GAM. The figure indicates that generalization of water
levels for each year of interest at this grid node is possible. For
the remainder of the nodes, generally unsupervised predic-
tions were made using the other and node-specific GAMs.
However, substantial review of GAM results for about 100
grid nodes scattered throughout the study area was done,
and the authors conclude that this statistical approach for nor-
malizing for space and time is reliable for the data available for
the alluvial aquifer.

Results

Hydrograph separation and trend analyses

The degree of groundwater contribution to streamflow, indi-
cated by the average annual base flow index (BFI), varied
temporally and spatially among the five study sites.
Baseflow contribution to streamflow in the Tallahatchie
River at Money, MS (USGS station No. 07281600, Fig. 8a
graph A; Table 2) was moderate to high (average annual
BFI = 0.805) and varied seasonally. Groundwater contribution
to streamflow in the Big Sunflower River at Merigold, MS
(USGS station No. 07288280, Fig. 8a, graph B; Table 2), the
most upstream study site, was moderate to low (average an-
nual BFI = 0.366), and the degree of BFI contribution varied
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Fig. 7 Example hydrograph of groundwater-level elevation for grid node 0918 showing measurements from radially-neighboring wells with fitted
generalized additive model

Fig. 6 Diagram of two GAM nodes with associated hydrographs of groundwater-level elevation observations from wells within the search radius. Dates
indicate available records from NWIS (US Geological Survey 2018) at each well identified
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between high- and low-flow events. Baseflow contributions to
streamflow decreased over time (average annual BFI = 0.563
for 1936–1979 and average annual BFI = 0.418 for 1980–
2016) in the Big Sunflower River at Sunflower, MS (USGS
station No. 07288500, Fig. 8a graph C; Table 2). The decrease
in BFI and the increasing variability between high- and low-
flow events after the 1980s is contemporaneous with in-
creased groundwater withdrawals for irrigation (Fig. 3).

Baseflow contributions to streamflow decrease over time in
the Bogue Phalia River (USGS station No. 07288650, Fig. 8a,
graph D; Table 2), which corresponds to increases in ground-
water withdrawals from the alluvial aquifer (Fig. 3).
Hydrograph separation results for the Big Sunflower River
near Anguilla, MS (USGS station No. 07288700, Fig. 8a,
graph E; Table 2), the most downstream site on the Big
Sunflower River, varied but there was a slight increase in

Fig. 8 a Daily mean streamflow (ft3/s) and annual mean baseflow time series by streamgage, 1 ft3/s = 0.03 m3/s. b Results of the Kendall’s Tau trend
analyses for baseflow results by streamgage
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baseflow contribution over time; however, the period of re-
cord for data at this site is short—less than 10 years in length.

Statistically significant declines in baseflow occurred at
the Big Sunflower River at Sunflower and Bogue Phalia
River sites for most hydrograph-separation methods over
most n-day periods of analysis. For example, Kendall’s
Tau values for the 1-day through 30-day analysis periods
for the Big Sunflower River at Sunflower were approxi-
mately −0.65 (Fig. 8b, graph C); however, the trends be-
came less significant (trended to 0) for the 60 to 365-day
analysis periods. There were no statistically significant
declines in baseflow in the Big Sunflower River at
Merigold and Tallahatchie River si tes. The Big
Sunflower River streamgage near Anguilla showed an in-
crease in baseflow contribution to streamflow over longer
analysis periods (60–365 days) with statistically signifi-
cant changes for the 365-day time period and no statisti-
cally significant change in baseflow over shorter periods
(1–30 days). The streamflow record for the Big Sunflower
River near Anguilla is for the shortest period of time
(2009–2016) and may be insufficient for a trend analysis,
so results for this site should be taken with caution.

Generalized groundwater-level elevation change

A well-defined region of persistent groundwater-level el-
evation declines is located near the middle of the study
area (Fig. 9). The estimated groundwater-level decline
based on the difference between April 10, 1980 and
April 10, 2016 ranges from approximately zero to more
than 12 m. The area of largest decline (~12 m) is located
along the middle reaches of the Big Sunflower River.
Groundwater-level elevations have been generally stable
on both the eastern and western margins of the study area.
This observation is consistent with the persistent flow
within the Tallahatchie River that flows near the Bluff
Hills and Mississippi River, which may act as areas of
recharge for the study area (Arthur 2001; Barlow and
Clark 2011). The flow persistency is associated with the
substantial surface-water input into the study area from
upstream or the headwaters of the rivers. The southern

fifth of the study area also shows that groundwater-level
elevations have been relatively stable.

Discussion

Ranges in estimates from the individual hydrograph-
separation methods at each study site were consistent with
findings from previous baseflow separation studies by
Neff et al. (2005) and Eckhardt (2008). PART and
HYSEP Fixed methods tend to estimate higher baseflow
than the HYSEP Local Minimum and BFI Standard
methods. Results should be interpreted with caution be-
cause the Mississippi Delta is heavily influenced by an-
thropogenic factors including streamflow-control struc-
tures and alterations in landscape to accommodate agri-
culture. Results from the Big Sunflower River streamgage
near Anguilla may be uninformative because of the rela-
tively short period of streamflow record. The Tallahatchie
River streamgage also exceeds the recommended drainage
basin size of 1,300 km2 (500 mi2) for hydrograph separa-
tion and is downstream of streamflow-control structures
(Rutledge 1998, 2000; Barlow et al. 2014). The colocated
groundwater-observation wells will prove useful for stud-
ies such as this in the future as additional data are
collected.

The degree of changes in groundwater-level elevation
corresponded to changes of baseflow contribution to
streamflow both spatially and temporally at the five study
sites. Baseflow results for the Big Sunflower River at
Merigold and Tallahatchie River streamgages showed no
statistically significant change (α = 0.05), which is consis-
tent with the relatively small decline in nearby groundwater-
level elevations (−2 to −4 m [m], Fig. 9). Statistically sig-
nificant changes in baseflow were observed at the Big
Sunflower River streamgage at Sunflower, which showed
substantial declines in the nearby generalized groundwater-
level elevation estimates (−8 to −12 m). An increase in
baseflow contribution over time has occurred at the Big
Sunflower River streamgage near Anguilla, which is con-
sistent with increases in the nearby groundwater-level ele-
vation (>0 m) as shown in YMD (2008) and Clark et al.

Table 2 Arithmetic mean annual
baseflow index (BFI) calculated
from all hydrograph-separation
methods for each site, including
averages before and after 1980
when applicable

USGS station No. Period of record Mean annual BFI Mean annual BFI

1936–1979

Mean annual BFI

1980–2016

07281600 10/01/1995–12/31/2017 0.805 – –

07288280 10/01/1992–12/31/2017 0.366 – –

07288500 10/01/1935–12/31/2017 0.497 0.563 0.418

07288650 01/01/1964–12/31/2017 0.270 0.345 0.238

07288700 09/18/2009–12/31/2016 0.376 – –
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(2011). Although there was a statistically significant de-
crease in baseflow contribution at the Bogue Phalia River
site, estimated nearby groundwater-level elevations have
declined relatively little (−2 and −4 m). This might suggest
that the stream is in good connection with the aquifer and is
thus sensitive to relatively minor changes in groundwater-
level elevations because of the low baseflow contribution or
reflect upstream effects as the river crosses areas with larger
decline (Fig. 9). It is possible that the Tallahatchie River
streamgage shows a similar groundwater and surface-
water interaction scenario, but the streamgage could be in
an area with less groundwater extraction and may have
hydrogeologic controls conducive to aquifer recharge.
Results of this study are intended to aid in refining the
existing Mississippi Embayment Regional Aquifer Study
model by increasing current understanding of groundwater
and surface-water interactions and reducing model uncer-
tainty to allow for improved estimates of groundwater-
surface water exchange parameters such as streambed con-
ductance and recharge.

Conclusions

This study utilized existing groundwater-level elevation
and streamflow datasets to quantify changes in baseflow
contribution to streamflow at five sites in the Mississippi
Delta to define groundwater-level elevation changes over
a 26-year time period across the study area. Areas with
little or no statistically significant (α = 0.05) changes in
streamflow and baseflow were observed in areas with lit-
tle relative change in groundwater-level elevation.
Baseflow characterization techniques and analysis of
groundwater-level elevation data suggest that decreases
in baseflow are a result of groundwater-level elevation
declines within in the alluvial aquifer that underlies the
Mississippi Delta. Groundwater-level elevation declines
within the alluvial aquifer are contemporaneous with in-
creases in groundwater withdrawals from the alluvial
aquifer. This research demonstrates that baseflow contri-
butions to streamflow calculated from streamflow data
may be used as a proxy for changes in groundwater-

Fig. 9 Estimated groundwater -
level elevation change measured
as the difference between April
10, 1980 and April 10, 2016 using
the generalized additive
(statistical) model for each grid
node as described in the text
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level elevation over time in alluvial settings. To further
evaluate the approach, streamflow should be analyzed on
seasonal or decadal scales to identify if observed trends
are maintained.
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