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Conversion Factors

Multiply By To obtain

Length

inch (in.) 2.54 centimeter (cm)

inch (in.) 25.4 millimeter (mm)

foot (ft) 0.3048 meter (m)

mile (mi) 1.609 kilometer (km)

Area

square mile (mi2) 259.0 hectare (ha)

square mile (mi2) 2.590 square kilometer (km2)

Flow rate

acre-foot per year (acre-ft/yr) 1,233 cubic meter per year (3/yr)

foot per day (ft/d) 0.3048 meter per day (m/d)

cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)

cubic foot per day (ft3/d) 0.02832 cubic meter per day (m3/d)

gallon per minute (gal/min) 0.06309 liter pr second (L/s)

million gallons per day (Mgal/d) 0.04381 cubic meters per second (m3/s)

inch per year (in/yr) 25.4 millimeter per year (mm/yr)

Hydraulic conductivity

foot per day (ft/d) 0.3048 meter per day (m/d)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:

°F=(1.8×°C)+32 

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°F-32)/1.8

Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929 (NGVD 29). 

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83). 

Altitude as used in this report, refers to distance above the vertical datum. 

*Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times foot of aquifer thickness

[(ft3/d)/ft2]ft. In this report the mathematically reduced form, foot squared per day (ft2/d), is used for convenience.

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (µS/cm at 25°C).

Concentrations of chemical constituents in water are given in milligrams per liter (mg/L) or micrograms per liter (µg/L).



The Mississippi Embayment Regional Aquifer Study 
(MERAS): Documentation of a Groundwater-Flow 
Model Constructed to Assess Water Availability in the 
Mississippi Embayment

By Brian R. Clark and Rheannon M. Hart

Abstract
The Mississippi Embayment Regional Aquifer Study 

(MERAS) was conducted with support from the Ground- 
water Resources Program of the U.S. Geological Survey 
Office of Groundwater. This report documents the construc-
tion and calibration of a finite-difference groundwater model 
for use as a tool to quantify groundwater availability within 
the Mississippi embayment. To approximate the differential 
equation, the MERAS model was constructed with the U.S. 
Geological Survey’s modular three-dimensional finite-differ-
ence code, MODFLOW-2005; the preconditioned conjugate 
gradient solver within MODFLOW-2005 was used for the 
numerical solution technique. The model area boundary is 
approximately 78,000 square miles and includes eight States 
with approximately 6,900 miles of simulated streams, 70,000 
well locations, and 10 primary hydrogeologic units. The finite-
difference grid consists of 414 rows, 397 columns, and 13 
layers. Each model cell is 1 square mile with varying thick-
ness by cell and by layer. The simulation period extends from 
January 1, 1870, to April 1, 2007, for a total of 137 years and 
69 stress periods. The first stress period is simulated as steady 
state to represent predevelopment conditions. 

Areal recharge is applied throughout the MERAS model 
area using the MODFLOW-2005 Recharge Package. Irriga-
tion, municipal, and industrial wells are simulated using the 
Multi-Node Well Package. There are 43 streams simulated by 
the MERAS model. Each stream or river in the model area 
was simulated using the Streamflow-Routing Package. The 
perimeter of the model area and the base of the flow system 
are represented as no-flow boundaries. The downgradient limit 
of each model layer is a no-flow boundary, which approxi-
mates the extent of water with less than 10,000 milligrams per 
liter of dissolved solids. 

The MERAS model was calibrated by making manual 
changes to parameter values and examining residuals for 
hydraulic heads and streamflow. Additional calibration was 
achieved through alternate use of UCODE-2005 and PEST. 

Simulated heads were compared to 55,786 hydraulic-head 
measurements from 3,245 wells in the MERAS model area. 
Values of root mean square error between simulated and 
observed hydraulic heads of all observations ranged from 
8.33 feet in 1919 to 47.65 feet in 1951, though only six root 
mean square error values are greater than 40 feet for the entire 
simulation period. Simulated streamflow generally is lower 
than measured streamflow for streams with streamflow less 
than 1,000 cubic feet per second, and greater than measured 
streamflow for streams with streamflow more than 1,000 cubic 
feet per second. Simulated streamflow is underpredicted for 
18 observations and overpredicted for 10 observations in the 
model. These differences in streamflow illustrate the large 
uncertainty in model inputs such as predevelopment recharge, 
overland flow, pumpage (from stream and aquifer), precipita-
tion, and observation weights.

The groundwater-flow budget indicates changes in flow 
into (inflows) and out of (outflows) the model area during the 
pregroundwater-irrigation period (pre-1870) to 2007. Total 
flow (sum of inflows or outflows) through the model ranged 
from about 600 million gallons per day prior to development 
to 18,197 million gallons per day near the end of the simula-
tion. The pumpage from wells represent the largest outflow 
components with a net rate of 18,197 million gallons per day 
near the end of the model simulation in 2006. Groundwater 
outflows are offset primarily by inflow from aquifer storage 
and recharge.

Introduction
Fresh groundwater in the Mississippi embayment can 

be found in alternating formations of sand, silt, and clay. The 
uppermost of these formations is the Mississippi River Valley 
alluvial aquifer (alluvial aquifer), which can provide well 
yields of 300 to 2,000 gal/min. The alluvial aquifer exists at 
land surface and covers much of the embayment area within 
the Mississippi Alluvial Plain. One of the next most widely 
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used aquifers is the middle Claiborne aquifer, which can 
provide well yields of 100 to 500 gal/min (up to 1,500 gal/
min in the Memphis area). The middle Claiborne aquifer, in 
some areas, lies several hundred feet beneath land surface. 
Decades of pumping from the alluvial aquifer for irrigation 
and from the middle Claiborne aquifer for industry and public-
water supply have affected groundwater levels throughout 
the northern Mississippi Embayment in Arkansas, Louisiana, 
Mississippi, and Tennessee. Since the Gulf Coast Regional 
Aquifer System Analysis (GCRASA) study was completed 
in 1985, groundwater withdrawals have increased ranging 
from 37 percent at Memphis, Tennessee (17th largest city in 
the United States), to 132 percent in the agricultural areas of 
Arkansas from 1985 to 2000. Groundwater withdrawals for 
agriculture have caused water-level declines in the alluvial 
aquifer in Arkansas of at least 40 feet in 40 years (Schrader, 
2001) while withdrawals from the middle Claiborne aquifer in 
Arkansas have resulted in declines of more than 360 feet since 
the 1920’s (Scheiderer and Freiwald, 2006). These declines 
have prompted concerns over water availability and quality for 
agriculture and industry. 

The Mississippi Embayment Regional Aquifer Study 
(MERAS) was conducted with support from the Groundwater 
Resources Program of the U.S. Geological Survey (USGS) 
Office of Groundwater to assess groundwater availability 
within the Mississippi embayment (fig. 1). The primary tool 
used in the assessment of groundwater availability is the 
MERAS groundwater-flow model. 

Purpose and Scope

The purpose of this report is to document the construc-
tion and calibration of the MERAS groundwater-flow model 
of the Mississippi embayment. The current purpose of the 
model is to assist in the estimation of available groundwater 
in the Mississippi embayment aquifer system. The model was 
constructed to benefit concurrent and future investigations 
involving groundwater-withdrawal scenarios, optimization, 
particle transport, and monitoring network analysis.

Previous Investigations

Previous investigations of groundwater flow in the Mis-
sissippi embayment are numerous. Some early examples were 
the 1906 investigation of the underground waters of northern 
Louisiana (Veach, 1906) and 1928 investigation of ground-
water resources of Mississippi (Stephenson and others, 1928). 
In the 1980’s, the USGS began the GCRASA. The GCRASA 
compiled data and simulated groundwater flow in three main 
parts: the Mississippi River Valley alluvial aquifer, the Missis-
sippi embayment aquifer system, and the gulf coastal low-
land aquifer system (U.S. Geological Survey, 2008a). Other 
reports documenting groundwater-flow simulations within 
the MERAS flow system include Reed (1972), Brahana and 

Mesko (1988), Fitzpatrick and others (1990), Mahon and Lud-
wig (1990), Sumner and Wasson (1990), Mahon and Poynter 
(1993), Ackerman (1996), Arthur and Taylor (1998), Hays and 
others (1998), Arthur (2001), Brahana and Broshears (2001), 
McKee and Clark (2003), Stanton and Clark (2003), and Reed 
(2003).

Methods of Analyses

The primary method used to analyze the groundwater-
flow systems is through the use of a numerical model to simu-
late groundwater flow. The viability of the numerical model 
is tested by comparing transient, simulated hydraulic-head 
values and streamflows from the groundwater-flow model with 
measurements from wells and stream gages. Details of the 
numerical model are listed in the next section, followed by a 
description of the limitations and assumptions of the model.

Numerical Model

For the MERAS model, the modular finite-difference 
code, USGS MODFLOW-2005 (Harbaugh, 2005), was 
used to approximate the solution of the equations governing 
three-dimensional (3D) groundwater flow. Because MOD-
FLOW-2005 was used as the model simulation code, an 
additional advantage is the ability to investigate local areas 
within MERAS using the Local Grid Refinement package 
of MODFLOW-2005 (Mehl and Hill, 2007). The precondi-
tioned conjugate gradient solver (Hill, 1990) was used for 
the numerical solution technique. The groundwater-flow 
system is represented by a set of grid cells, within which the 
hydraulic properties are the same. Each cell has three finite-
difference equations describing the flow through it, which 
can be solved for either steady-state or transient conditions to 
simulate water-level changes within the flow system resulting 
from pumping stress over discrete periods of time. The model 
simulates 137 years (1870–2007) of system response to stress 
by using 69 stress periods. 

Study Area Description

The model area encompasses approximately 78,000 mi2 
in an area known as the Mississippi embayment, referred to 
hereafter as the embayment (fig. 1). The model area bound-
ary crosses eight States and includes approximately 6,900 mi 
of simulated streams, 70,000 well locations, and 10 primary 
hydrogeologic units. These hydrogeologic units include 
two primary aquifers—the Mississippi River Valley alluvial 
aquifer and the Middle Claiborne aquifer (Hart and others, 
2008). The model area lies within parts of three physiographic 
sections, West Gulf Coastal Plain, East Gulf Coastal Plain, and 
Mississippi Alluvial Plain sections of the Coastal Plain physio-
graphic province (fig. 1). 
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Physiographic province sections from Fenneman and Johnson (1946)
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Geologic History and Setting
The geologic history of the area began as downwarping 

and rifting as a result of the Ouachita orogeny occurring at 
the end of the Paleozoic era. Downwarping and downfaulting 
proceeded as a result of sediment loading during the Mesozoic 
era (Hosman, 1996). Many of the structural features and fault 
zones continued to develop into the Tertiary Period. Because 
of the continental extension, the embayment lies within a 
plunging syncline with the axis roughly paralleling the pres-
ent-day Mississippi River and plunges south toward the Gulf 
of Mexico. Cyclic invasions by transgressing and regressing 
seas through the Cretaceous and Tertiary Periods created the 
synclinal shape resulting in older rock units cropping out on 
the periphery of the embayment (Arthur and Taylor, 1998). 
The units exposed within the model area are Cenozoic in age 
and consist primarily of Tertiary and Quaternary sands and 
gravels, silts, and clays. 

Geologic Structural Features
The primary geologic structures in the model area consist 

of fault zones, basins, and uplifts, which were created in the 
late Paleozoic era and continued into the Tertiary Period. The 
New Madrid fault zone is located in the northern part of the 
model area and roughly parallels the axis of the embayment 
and is responsible for the downfaulting of the upper end of the 
syncline (Hosman, 1996). The Arkansas fault zone generally 
trends west-east across southern Arkansas and consists of mul-
tiple parallel normal faults and grabens (fig. 2). The Pickens-
Gilbertown fault zone appears to be in alignment with the 
Arkansas fault zone and trends from west-central Mississippi 
southeastward across Mississippi and southwestern Alabama 
(Hosman and Weiss, 1991). There are three major structural 
highs within the model area. The Sabine uplift is located 
in eastern Texas and western Louisiana, the Monroe uplift 
located in southeastern Arkansas-northwestern Louisiana, 
and the Jackson dome in southern Mississippi. These uplifts 
control the alignment and position of axis of the embayment in 
the southern part of the model area.

Climate
The climate of the embayment is moderate with a mean 

annual precipitation of 48 inches in the north to 56 inches in 
the south. Precipitation is distributed fairly evenly through-
out the year with the greatest amounts generally occurring in 
April and the least in October (Kleiss and others, 2000). The 
average temperature ranges from 58ºF in the north to 66ºF in 
the south (Cushing and others, 1970; National Oceanic and 
Atmospheric Administration, 2009). Much of the precipitation 
is lost through evapotranspiration and runoff to the streams in 
the model area (fig. 3).

Land Use
Land use in the embayment is primarily agricultural (fig. 

4). Approximately 8 billion gallons per day of groundwater is 
pumped each year to meet irrigation requirements in Arkansas, 
Louisiana, and Mississippi (Hutson and others, 2004). Irri-
gated land accounts for approximately 45 percent of the model 
area, forested land is 38 percent, water and wetlands is 14 per-
cent, and urban land is 3 percent of the total area (U.S. Geo-
logical Survey, 2008b). About 7 percent of the irrigated land is 
used for rice production, 22 percent for cotton, 35 percent for 
soybean, 5 percent for corn and wheat, 10 percent for pasture, 
and 2 percent for other crops or nonagricultural land (Stuart 
and others, 1996). The largest urban area includes the city of 
Memphis, Tennessee, which historically has relied heavily 
on groundwater pumpage to meet its municipal requirements 
(Parks and Lounsbury, 1976). Ninety-four percent of ground-
water withdrawals in Arkansas were for irrigation, and surface 
irrigation is the predominant application method in Arkansas, 
Louisiana, Mississippi, and Missouri (Hutson and others, 
2004). 

Recharge
Recharge within the embayment is from infiltration of 

precipitation, stream losses, and infiltration of irrigation return 
flow. Though few (if any) studies have been conducted in the 
embayment to determine actual recharge rates, many model 
simulations have used recharge rates of 0.8 to 2.6 in/yr (Ack-
erman, 1996; Arthur, 2001; Mahon and Poynter, 1993; Stanton 
and Clark, 2003). Additional recharge may be introduced 
through adjacent or underlying aquifers, such as the McNairy-
Nacatoch system or the Ozark aquifer system. Groundwater 
flow from the adjacent and underlying systems is considered 
negligible compared to the overall flow within the Mississippi 
embayment aquifer system and is ignored in this study.

Hydrogeologic Units

The major hydrogeologic units in the MERAS model 
include 10 units described by Hart and others (2008) (table 
1). These include the Mississippi River Valley alluvial aquifer 
(hereafter referred to as the alluvial aquifer), the Vicksburg-
Jackson confining unit, the upper Claiborne aquifer, the middle 
Claiborne confining unit, the middle Claiborne aquifer, the 
lower Claiborne confining unit, the lower Claiborne aquifer, 
the middle Wilcox aquifer, the lower Wilcox aquifer, and the 
Midway confining unit (table 1). As noted in Hart and oth-
ers (2008), the lower Claiborne confining unit and the lower 
Claiborne aquifer undergo a facies transition and merge into 
the middle Claiborne aquifer in the northern part of the model 
area (fig. 1).
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Four additional minor hydrogeologic units not described 
by Hart and others (2008) consist of the El Dorado confin-
ing unit, the El Dorado Sand, the Winona-Tallahatta aquifer, 
and the Old Breastworks confining unit, which will be more 
fully discussed here and shown in figures 5–7. These minor 
hydrogeologic units are included because of extensive use in 
local areas in southern Arkansas, northern Louisiana, and Mis-
sissippi. The El Dorado Sand is the lower part of the middle 
Claiborne aquifer in south-central Arkansas and north-central 
Louisiana. The El Dorado Sand is separated from the upper 
part of the middle Claiborne aquifer by a locally extensive 
confining unit termed the El Dorado confining unit in this 
report, which is as much as 155 ft thick (fig. 5). The Winona-
Tallahatta aquifer is the lower part of the lower Claiborne 
confining unit throughout much of Mississippi and includes 
the Tallahatta Formation and the Winona Sand (fig. 6). The 
Tallahatta Formation consists of a greenish-gray, siliceous, 
sandy claystone, and the Winona Sand consists of glauconitic, 
fossiliferous, medium- to coarse-grained sandstone with a 
combined thickness up to 800 ft (Mancini and Tew, 1994; 
Spiers, 1977). Additionally, throughout most of Arkansas and 
Louisiana, the middle and lower Wilcox aquifers are undiffer-
entiated; however, in areas of Tennessee and Mississippi, the 
lower Wilcox aquifer (Hart and others 2008, figs. 20 and 21) 
may be separated into two units, the lower Wilcox aquifer and 
the Old Breastworks confining unit (fig. 7). The lower Wilcox 
aquifer consists of the lower part of the Wilcox Formation and 
is the lowermost aquifer in Tertiary rocks within the Embay-
ment (Lloyd and Lyke, 1995). This aquifer includes the Old 
Breastworks Formation in Missouri and Tennessee that con-
sists of clay, silt, and lignite (Warwick and others, 1997).

Groundwater-Flow Model Construction
The following sections describe the spatial and temporal 

discretization, hydrologic boundaries, initial conditions, and 
hydraulic properties formulated for the MERAS model. In 
some instances, such as the temporal discretization, informa-
tion from previous investigations was used as a basis (McKee 
and Clark, 2003; Stanton and Clark, 2003; Brahana and Bros-
hears, 2001). 

Spatial Discretization and Layering

The finite-difference grid is oriented north-south and con-
sists of 414 rows, 397 columns, and 13 layers. Though a single 
model layer of the rectangular finite-difference grid contains 
over 164,000 cells, many cells are inactive because they fall 
outside of the active model area. Cells are a uniform 1 mi2 (1 
mile on a side) with varying thickness by cell and by layer. 
The northwestern corner of the grid is located at 37º 27’ 28” 
north latitude and 93º 57’ 19” west longitude. Vertically, the 

hydrogeologic units are discretized into 13 model layers (table 
1). Layer 1 (fig. 8) represents primarily the alluvial aquifer 
where present, but also represents loess in Tennessee and Mis-
sissippi or other surficial units such as Pleistocene deposits on 
Crowleys Ridge or other sediments overlying the Vicksburg-
Jackson confining unit in Louisiana, southern Mississippi, and 
Alabama. Layer 2 represents the Vicksburg-Jackson confining 
unit where present. Where the Vicksburg-Jackson confining 
unit is not present, the properties of layer 2 are modified to 
match that of the overlying surficial unit, such as the alluvial 
aquifer. The thickness of layer 2 also is modified to represent 
a partial thickness of the surficial unit, which in turn modifies 
the thickness of layer 1 to represent the remaining thickness of 
the surficial unit. The same technique of applying hydrologic 
properties and partial thickness of the surficial unit to layers 
that represent areas where formations pinch out or subcrop 
was applied to each layer below layer 1; therefore, the top 
layer of the model could be represented by characteristics 
of a single layer or combination of layers (1–13), depending 
on location. This was done to accommodate the requirement 
of continuous model layers throughout the finite-difference 
model grid. Layer 3 represents the upper Claiborne aquifer, 
where present, and the surficial unit beyond the upper Clai-
borne aquifer extent. Layer 4 represents the middle Claiborne 
confining unit where present, and the surficial unit beyond the 
middle Claiborne confining unit extent. The middle Claiborne 
aquifer begins in layer 5 and varies from 3 to 6 layers depend-
ing on spatial location. South of the facies transition zone (fig. 
1), the middle Claiborne aquifer occupies layers 5 through 7, 
with a portion of layer 6 representing the El Dorado confin-
ing unit and layer 7 representing the El Dorado Sand. Layer 8 
represents the lower Claiborne confining unit, layer 9 repre-
sents the Winona-Tallahata, and layer 10 represents the lower 
Claiborne aquifer. North of the transition zone, the middle 
Claiborne aquifer occupies layers 5 through 10. Layer 11 
represents the middle Wilcox aquifer, and layer 12 represents 
the lower Wilcox aquifer. Layer 13 also represents the lower 
Wilcox aquifer or the Old Breastworks confining unit where 
present (fig. 8)

Temporal Discretization

The simulation period extends from January 1, 1870, to 
April 1, 2007, for a total of 137 years and 69 stress periods 
(table 2). The first stress period is simulated as steady state to 
represent predevelopment conditions. Stress periods 2 through 
27 are variable length to reflect embayment-wide changes in 
groundwater withdrawals. These stress periods also mimic 
the temporal discretization used by McKee and Clark (2003), 
Stanton and Clark (2003), Reed (2003), Mahon and Poynter 
(1993), and Brahana and Broshears (2001). Stress periods 28 
(beginning in 1986) through 69 are each 6 months in length 
to reflect spring–summer (April–September) and fall–winter 
(October–March) conditions related to irrigation.
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Table 2.  Model simulation stress periods.—Continued

Beginning of 
stress period Season

Stress period
 number

Days in
stress 
period

Years in
stress period

Cumulative
 year

01/01/1870 steady state 1 0 0 0

01/01/1870 multiyear 2 10,227 28.0 28.0

01/01/1898 multiyear 3 730 2.0 30.0

01/01/1900 multiyear 4 7,305 20.0 50.0

01/01/1920 multiyear 5 1,827 5.0 55.0

01/01/1925 multiyear 6 1,826 5.0 60.0

01/01/1930 full year 7 365 1.0 61.0

01/01/1931 multiyear 8 1,461 4.0 65.0

01/01/1935 multiyear 9 1,096 3.0 68.0

01/01/1938 multiyear 10 1,826 5.0 73.0

01/01/1943 full year 11 365 1.0 74.0

01/01/1944 multiyear 12 1,461 4.0 78.0

01/01/1948 multiyear 13 731 2.0 80.0

01/01/1950 multiyear 14 730 2.0 82.0

01/01/1952 multiyear 15 1,096 3.0 85.0

01/01/1955 multiyear 16 731 2.0 87.0

01/01/1957 full year 17 365 1.0 88.0

01/01/1958 multiyear 18 1,826 5.0 93.0

01/01/1963 multiyear 19 731 2.0 95.0

01/01/1965 multiyear 20 1,095 3.0 98.0

01/01/1968 multiyear 21 731 2.0 100.0

01/01/1970 full year 22 365 1.0 101.0

01/01/1971 multiyear 23 731 2.0 103.0

01/01/1973 multiyear 24 1,826 5.0 108.0

01/01/1978 multiyear 25 1,096 3.0 111.0

01/01/1981 multiyear 26 730 2.0 113.0

01/01/1983 multiyear 27 1,186 3.2 116.2

04/01/1986 spring-summer 28 183 0.5 116.7

10/01/1986 fall-winter 29 182 0.5 117.2

04/01/1987 spring-summer 30 183 0.5 117.7

10/01/1987 fall-winter 31 183 0.5 118.2

04/01/1988 spring-summer 32 183 0.5 118.7

10/01/1988 fall-winter 33 182 0.5 119.2

04/01/1989 spring-summer 34 183 0.5 119.7

10/01/1989 fall-winter 35 182 0.5 120.2

04/01/1990 spring-summer 36 183 0.5 120.7

10/01/1990 fall-winter 37 182 0.5 121.2

04/01/1991 spring-summer 38 183 0.5 121.7

10/01/1991 fall-winter 39 183 0.5 122.2

04/01/1992 spring-summer 40 183 0.5 122.7
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Hydrologic Boundaries

Hydrologic boundaries determine the locations and quan-
tities of simulated flow into and out of the model; therefore, 
the selection of appropriate boundaries for the model is a 
major concern in a modeling effort. The selection of model 
boundaries for the aquifers in the current model is based on a 
conceptual interpretation of the flow system developed using 
information reported by Payne (1968), Hosman (1988), and 
Petersen and others (1985). Boundaries require the definition 
of model input variables, also called parameters. 

Table 2.  Model simulation stress periods.—Continued

Beginning of 
stress period Season

Stress period
 number

Days in
stress 
period

Years in
stress period

Cumulative
 year

10/01/1992 fall-winter 41 182 0.5 123.2

04/01/1993 spring-summer 42 183 0.5 123.7

10/01/1993 fall-winter 43 182 0.5 124.2

04/01/1994 spring-summer 44 183 0.5 124.7

10/01/1994 fall-winter 45 182 0.5 125.2

04/01/1995 spring-summer 46 183 0.5 125.7

10/01/1995 fall-winter 47 183 0.5 126.2

04/01/1996 spring-summer 48 183 0.5 126.7

10/01/1996 fall-winter 49 182 0.5 127.2

04/01/1997 spring-summer 50 183 0.5 127.7

10/01/1997 fall-winter 51 182 0.5 128.2

04/01/1998 spring-summer 52 183 0.5 128.7

10/01/1998 fall-winter 53 182 0.5 129.2

04/01/1999 spring-summer 54 183 0.5 129.7

10/01/1999 fall-winter 55 183 0.5 130.2

04/01/2000 spring-summer 56 183 0.5 130.7

10/01/2000 fall-winter 57 182 0.5 131.2

04/01/2001 spring-summer 58 183 0.5 131.7

10/01/2001 fall-winter 59 182 0.5 132.2

04/01/2002 spring-summer 60 183 0.5 132.7

10/01/2002 fall-winter 61 182 0.5 133.2

04/01/2003 spring-summer 62 183 0.5 133.7

10/01/2003 fall-winter 63 183 0.5 134.2

04/01/2004 spring-summer 64 183 0.5 134.7

10/01/2004 fall-winter 65 182 0.5 135.2

04/01/2005 spring-summer 66 183 0.5 135.7

10/01/2005 fall-winter 67 182 0.5 136.2

04/01/2006 spring-summer 68 183 0.5 136.7

10/01/2006 fall-winter 69 182 0.5 137.2

04/01/2007 spring-summer END DATE

Areal Recharge
Areal recharge is applied throughout the MERAS model 

area using the MODFLOW-2005 Recharge Package (Har-
baugh, 2005). While many factors such as type and intensity 
of precipitation, land use, vegetation type, soil moisture, and 
slope determine recharge, the concept of parsimony (start 
simple, build complexity as needed) was used to develop 
a method of applying recharge in the MERAS model. This 
method consists of estimating recharge rates as a fraction 
(ranging from 1.25×10-4 to 7.06×10-2) of precipitation based 
on typical literature values and soil type or geology and 
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modified locally or regionally during calibration of the model 
into zones. Early attempts to use a land-use classification for 
recharge zones did not yield acceptable results. Therefore, 19 
zones, based on soil type, geomorphology, or surficial geol-
ogy, were assigned in the MERAS model (fig. 9). Alluvial 
recharge zones were classified based on soil type and geomor-
phology, and all other units’ recharge zones were classified 
based on geology. The zone numbers on figure 9 are used 
for recharge distribution and hydraulic property parameters 
for surficial units defined later in the “Hydraulic Properties” 
section. Zone numbers for the alluvial aquifer are numbered 
101 through 108. Recharge zone numbers of other units are 
generally sequential from the youngest to the oldest. Excep-
tions are zone number 61 for the eastern outcrop of the middle 
Claiborne aquifer and zone 10 representing surficial deposits 
other than the loess in Tennessee and Mississippi. Annual 
precipitation grids were downloaded from the Parameter-
elevation Regressions on Independent Slopes Model (PRISM) 
group for the period of 1895 to 2005 (Daly and others, 2000; 
PRISM Group, 2006). Annual precipitation grids were aver-
aged together for stress periods that encompass multiple 
years. Precipitation amounts were divided evenly for stress 
periods representing 6-month periods of spring–summer and 
fall–winter. Each averaged or split precipitation grid then was 
multiplied by the recharge fraction assigned to each recharge 
zone. Recharge amounts to each respective recharge zone 
were a percentage of precipitation from the PRISM grids and, 
therefore, varied for each stress period. The precipitation per-
centage was determined from previous model simulations and 
adjustments were made during model calibration. While this 
method of recharge estimation neglects temporal increases in 
pumpage, the model fit described later in the “Model Fit and 
Model Error” section is considered reasonable given the scale 
and discretization of the model area, and reflects the concept 
of parsimony used during model construction.

Groundwater Pumpage
Pumpage from irrigation, municipal, and industrial wells 

is simulated using the Multi-Node Well (MNW) Package (Hal-
ford and Hanson, 2002). The MNW Package allows simula-
tion of flow in wells that are completed in multiple aquifers 
or model layers. Flow through the well bore of a MNW is 
distributed dynamically based on transmissivity and hydraulic 
head differences between the respective layers. The MNW 
Package also allows the user to specify drawdown constraints 
for each well simulated. Flow into or out of the well bore can 
be affected by the contrast in transmissivity between the for-
mation and the disrupted radius around the well bore, noted by 
a Skin coefficient. For all withdrawal wells, a final, calibrated 
Skin value of 4 was used, which results in a contrast of the 
transmissivity of the formation (T) to transmissivity of the 
disrupted radius (Tskin) value of 6.77 (T/Tskin). The contrast 
of T/Tskin allows variation in flow into and out of hydrogeo-
logic units based on the different hydraulic properties of each 
unit. The final, calibrated Skin values are comparable to the 

values used by Clark and others (2008) and Hanson and others 
(2004), in which the Skin value was increased from 5 to 15 
during calibration.

Pumpage from each MNW was input from site-specific 
data, 5-year water-use reports (Hall, 1989; Johnson, 1994; 
Sholar and Wood, 1995; Mooty and Richardson, 1998; Hol-
land, 1999; Sargent, 2007), and trend analysis. Site-specific 
data were used to estimate the amount of pumpage per well for 
each aquifer to calculate a ratio of the number of wells to total 
pumpage. The ratio then could be used to estimate the number 
of wells required to pump a given amount of water. Site-
specific pumpage information was averaged by stress period 
for each well and used as input to the model. Average annual 
pumpage from each aquifer and within each county contained 
by the model area was compiled from 5-year water-use reports 
generally from the period 1960–2005 or 1985–2005. For 
each county and aquifer, the number of wells used in a given 
stress period was estimated using the ratio of the number of 
wells to total pumpage amount. For most aquifers, the place-
ment of wells within each county was selected from a list of 
known well locations in the USGS National Water Information 
System (NWIS) (http://waterdata.usgs.gov/nwis). The 5-year 
pumpage amount for each county and aquifer was distributed 
to the well locations for the given stress period. Thus, the 
number of wells increased through the simulation time as 
pumpage increased (fig. 10). 

For wells in the middle Claiborne aquifer and the alluvial 
aquifer within Arkansas, the fraction of total pumpage from 
2005 by county was calculated and assigned to the well. The 
5-year pumpage amount then was partitioned to each well 
based on the pumpage fraction rather than evenly distributed 
to each well. This produced the desired effect of higher con-
centrations of pumpage in intensely agricultural or populated 
areas based on 2005 information, and also accounted for the 
jump in number of wells from stress period 17 to 18 (fig. 10). 
The trend analysis was based on a best fit exponential trend of 
water-use applications for the site-specific period of record, if 
available, and 5-year published data for each aquifer simulated 
by the model. The best fit exponential trend allows an estima-
tion of pumpage for a given aquifer and stress period prior to 
5-year water-use reporting. After the estimation of pumpage, 
well selection and pumpage distribution were assigned using 
a similar method described above for the 5-year pumpage 
amounts. 

Streams
There are 43 streams included within the MERAS model 

(fig. 3). Each stream in the model area was represented using 
the Streamflow-Routing (SFR) package of MODFLOW (Pru-
dic and others, 2004). The use of the SFR Package is consid-
ered an improvement over past simulations of the embayment 
because it “…uses the continuity equation to route surface-
water flow through one or more simulated rivers, streams, 
canals, or ditches” (Prudic and others, 2004), rather than using 
a specified head boundary or river stage. The initial criterion 
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for the inclusion of streams in the model was a mean annual 
flow of 1,000 ft3/s or more. Other streams were added based 
on inclusion by previous model studies that demonstrated the 
interaction of the streams with surficial aquifers (Reed, 2003; 
McKee and Clark, 2003; Stanton and Clark, 2003). Streams 
also were added in the Memphis, Tennessee, area where 
known interactions occur between the streams and the Mem-
phis aquifer (Nyman, 1965). Streambed hydraulic conduc-
tivities were chosen as the stream parameters to be adjusted 
during simulations of the MERAS model. A streambed thick-
ness of 10 ft was used, and an approximate stream width was 
measured from 1:24,000 topographic maps at the midpoint of 
the stream length for each simulated stream in the model area. 
The SFR package requires stream inflow at the model bound-
ary or at the headwaters of the stream for each stress period of 
the simulation. Of the 43 streams simulated, 20 streams were 
assigned zero inflow because the headwaters started within the 
model area or near the model boundary; 12 streams with gages 
within 10 mi of the model boundary used the mean annual 
streamflow at the gage for model inflow (U.S. Geological 
Survey, 2008c); and inflows for 4 streams with gages that were 
further than 10 mi from the model boundary were corrected 
for the drainage area not gaged. For example, given a gage 
15 mi upstream from the model boundary, the streamflow for 
the additional 15 mi of stream was calculated based on the 
drainage area from the model boundary to the upstream gage 
and the ratio of drainage area to streamflow at the gage. This 

streamflow then was added to the mean annual streamflow at 
the gage to approximate the streamflow at the model boundary. 

The SFR package also allows input for overland runoff 
to streams. Runoff to simulated streams for each stress period 
was estimated from the 30-year average runoff (Williamson 
and others, 1990). The average runoff was divided by average 
precipitation for the same time period (1951-1980) to obtain a 
fraction for the average amount of precipitation that becomes 
runoff. The fraction of precipitation then could be multiplied 
by the precipitation for a given stress period to produce an 
estimate of runoff for each model cell and each stress period. 
The runoff estimates then were distributed to simulated 
streams by drainage basin.

No-Flow Boundaries
The perimeter of the model area and the base of the flow 

system are represented as no-flow boundaries. The perimeter 
of the model area represents an area where the hydrogeologic 
units do not exist or where flow into or out of the model area 
is assumed to be neglibible. The base of the flow system coin-
cides with the top of the Midway confining unit. This unit is 
composed of thick marine clays; the effect of the thick marine 
clays allows for a small amount of flow leaking up through 
the Midway confining unit, which is considered to be minor 
compared to the volume of flow in the aquifers above it, and, 
therefore, chosen as the base of the model (Williamson and 
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others, 1990). Brahana and Mesko (1988) delineated the Mid-
way confining unit as a very low leakance unit except in the 
extreme northwestern part of the embayment where the Mid-
way confining unit is absent and the alluvial aquifer directly 
overlies the Upper Cretaceous McNairy-Nacotoch aquifer.

Saltwater Interface
An increase in dissolved solids concentrations in mil-

ligrams per liter has been documented by Pettijohn and others 
(1988) in an area that extends from western Mississippi into 
Louisiana and Arkansas. Dissolved solids concentrations 
increase approximately 1,000 mg/L or more in a downdip 
direction over a distance of several miles (Pettijohn and 
others, 1988). Within the model area there are two large salt 
basins containing salt domes located in northern Louisiana and 
eastern Louisiana-central Mississippi. Salt domes have been 
noted to penetrate up through the base of the upper Claiborne 
aquifer (Beckman and Williamson, 1990). For the model 
simulation presented in this report, it is assumed that density 
of water remains constant with time. The downgradient limit 
of each model layer is a no-flow boundary, which approxi-
mates the extent of water with less than 10,000 mg/L dissolved 
solids. The downgradient limit of portions of layers 5 through 
13 terminate north of the 10,000 mg/L dissolved solids line in 
an area that approximates the freshwater boundary delineated 
by Payne (1968). The assumption of a no-flow boundary at 
the freshwater-saltwater interface and constant density of 
water may not be entirely valid, but may be justified because 
most pumpage in each layer tends to be upgradient from the 
interface.

Initial Conditions

There are no known predevelopment potentiometric 
surfaces for the portion of the alluvial aquifer simulated by the 
MERAS model. Williams and Williamson (1989) calculated 
an average depth to water of 25.7 ft using the first nonpump-
ing, pre-1960 hydraulic-head value in 6,825 wells less than 
150 ft deep. Before the development of the groundwater 
resource in the early 1900s, hydraulic head in the alluvial 
aquifer is presumed to generally follow land surface and 
slope toward major rivers (Ackerman, 1989). Predevelopment 
potentiometric surfaces for the middle Claiborne aquifer also 
are scarce. Reed (1972) presents a potentiometric surface of 
the middle Claiborne for 1886 “based on measurements made 
prior to extensive development.”

Initial conditions are simulated using a steady-state stress 
period (representing conditions prior to January 1, 1870) at the 
beginning of the simulation. Stream inflows for this steady-
state stress period were the mean annual flow average of the 
first 10 years of available flow data for each stream. While 
the potential exists that the first 10 years of available flow 
data could be affected by human actions, in many cases, data 
for streamflow began prior to the 1950’s. The average of the 

first 10 years of streamflow is thought to approximate early 
streamflow conditions in a way that is acceptable to create 
initial conditions from which to base the transient simulation. 
Recharge for the first stress period is the same as that used in 
the second stress period. There is no groundwater pumpage 
specified in the first stress period because it is designed to 
represent predevelopment conditions before pumping began.

Hydraulic Properties

In many groundwater-flow models, grid cells assumed 
to have similar hydraulic properties are grouped together as 
a zone and assigned a parameter value that can be adjusted 
during the calibration process (Hill and others, 2000). The 
MERAS model uses a total of 104 hydraulic parameters (table 
3). These parameters include hydraulic properties of hori-
zontal hydraulic conductivity, specific yield, specific storage, 
and vertical anisotropy. Parameter values of the aquifers and 
confining units also are affected by the amount (percent) of 
coarse (sand) or fine (clay) material within the unit. A discus-
sion of the method used to assign the percent of sand within 
each unit is presented in the “Sand Percentage” section. In 
addition, selected faults present in some areas (Arkansas fault 
zone, Pickens-Gilbertown fault zone, fig. 2) are represented 
in the model, and the properties associated with faults were 
specified.

Hydraulic Conductivity
Horizontal hydraulic-conductivity parameters generally 

consist of a single zone for each aquifer and confining unit. 
The exceptions are the alluvial aquifer (or equivalent surfi-
cial unit), middle Claiborne confining unit, middle Claiborne 
aquifer, and Wilcox Group. Zone numbers generally coincide 
with model layers in multiples of 10. For example, layer 2 is 
20, layer 3 is 30, layer 4 is 40, and so on. Using this design, 10 
zone numbers per layer are available for use to define differ-
ent areas within each layer. For example, there are four zones 
within layer 5; 50, 51, 52, and 53. Zone numbers may extend 
through multiple layers once they are defined for a hydrogeo-
logic unit. Zone numbers for the alluvial aquifer are the same 
values used for recharge zones of the alluvial aquifer (fig. 9). 
Parameter zones for the alluvial aquifer are based on grouped 
classifications of geomorphology (Saucier, 1994) to create 
eight zones (zone 101 to 108, fig. 9). Equivalent surficial units 
are represented by two additional zones: one zone for the 
surficial unit covering Crowleys Ridge and loess in Tennes-
see and Mississippi or other equivalent units in the eastern 
half of the model area (zone 2, fig. 9), and one zone for other 
Quaternary age deposits in southeastern Arkansas (zone 10, 
fig. 9). There are three parameter zones to represent the middle 
Claiborne confining unit: one zone represents the majority of 
the confining unit (zone 40, fig. 11), a second zone represents 
areas where the middle Claiborne confining unit is absent in 
western Tennessee (Parks, 1990) (zone 30, fig. 11), and a third 
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zone represents the undifferentiated Claiborne Group in Ala-
bama (zone 150, fig. 11). Zone 150 defines an area in Alabama 
that represents the undifferentiated Claiborne Group, which 
includes the upper Claiborne aquifer, middle Claiborne confin-
ing unit, middle Claiborne aquifer, lower Claiborne confining 
unit, and the lower Claiborne aquifer. Seven parameter zones 
define the properties of the middle Claiborne aquifer (fig. 12). 
Four zones, 50 through 53, were delineated based on hydraulic 
conductivity values estimated by Prudic (1991) and modified 
during the calibration procedure. Two zones, 60 and 70 (same 
area, different layers), were delineated based on a locally 
extensive clay layer within the middle Claiborne aquifer. Zone 
60, which occurs only in layer 6, represents the finer material 
that confines the lower portion of the middle Claiborne aquifer 
(El Dorado confining unit). Zone 70, which occurs only in 
layer 7, represents the coarser material in the lower portion 
of the Middle Claiborne aquifer (El Dorado Sand), from 
which most wells are screened for municipal and industrial 
use. Four parameter zones define the properties of the Wilcox 
Group (fig. 13, 7). Zone 110 occurs in layer 11, 12, and 13 in 
areas where the Wilcox Group is undifferientated. Zone 111 
represents the middle Wilcox aquifer in layer 11, and zone 
120 represents the lower Wilcox aquifer in layer 12. Zone 130 
represents the Old Breastworks Formation in the northern part 
of the embayment as shown in figure 7 as the extent of the Old 
Breastworks confining unit.

Vertical Anisotropy and Storage
Zones used for vertical anisotropy, specific yield, and 

specific storage were identical to those used for horizontal 
hydraulic conductivity. Initial estimates of vertical anisotropy, 
specific yield, and specific storage were based on literature 
values (Fetter, 1994; Freeze and Cherry, 1979) and were 
adjusted during model calibration.

Sand Percentage
An analysis of sand percentage for each formation was 

conducted through the use of geophysical logs (Hart and 
others, 2008; Hart and Clark, 2008b). Sand percentage grids, 
created using automated interpolation methods, then were used 
as a multiplier array on model parameters, such as hydrau-
lic conductivity, for select aquifers or confining units in the 
MERAS model.

Normal-resistivity and natural gamma logs for the sand 
percentage analysis were selected to maximize spatial distribu-
tion. A 25-percent subset of approximately 2,700 geophysical 
logs was digitized and exported to Log ASCII Standard (LAS) 
format. The short normal resistivity curve was digitized and 

the LAS data for each geophysical log were queried to deter-
mine percent coarse material and thickness of the coarse mate-
rial for each hydrogeologic unit. Distinction between coarse 
and fine material for each individual geophysical log was 
determined by using 20 percent of the maximum resistivity as 
the division between coarse and fine material. Materials with 
resistivities greater than 20 percent of the maximum resistivi-
ties were considered coarse materials (sand) and materials 
with resistivities less than 20 percent of the maximum resis-
tivities were considered fine materials (clay).

Sand thickness was calculated by summing the intervals 
of material with resistivity greater than 20 percent of the maxi-
mum resistivity. Sand percentage was determined by dividing 
sand thickness by total hydrogeologic unit thickness and mul-
tiplying by 100 for grid cells equal in size and shape of each 
model cell (fig. 14). Total thickness for each hydrogeologic 
unit was determined from Hart and Clark (2008a) to obtain 
the tops and bottoms of each unit from each geophysical log. 
The units selected for use with sand percentage grids were 
the alluvial aquifer (fig. 14 A), Vicksburg-Jackson confining 
unit (fig. 14 B), upper Claiborne aquifer (fig. 14 C), middle 
Claiborne confining unit (fig. 14 D), middle Claiborne aquifer 
(fig. 14 E-J), lower Claiborne confining unit (fig. 14 K), por-
tions of the middle Wilcox aquifer (fig. 14 L), and portions of 
the lower Wilcox aquifer (fig. 14 M). The middle Claiborne 
aquifer is represented by three model layers south of the 
facies transition zone (fig. 1) and six model layers north of the 
transition zone. To accommodate multilayering of the middle 
Claiborne aquifer, sand percentage grids also were divided 
vertically into three to six layers depending on location. In 
general, sand percentages of each unit are higher in the north 
and east, and lower in the south and west, which correspond 
to the conceptual depositional environment of shallow, high 
energy environment in the north, and deep, low energy envi-
ronment in the south.

Faults
The existence of faults in the model area is supported by 

multiple studies (Hosman, 1982; Petersen and others, 1985; 
Albin 1964, Kingsbury and Parks, 1993). McKee and Clark 
(2003) included inferred faults to improve hydraulic-head 
value matching in simulations of flow within the middle Clai-
borne aquifer. 

Seven faults were represented in the model using the 
Horizontal Flow Barrier (HFB) package that allows a reduc-
tion in horizontal hydraulic conductivity between adjacent 
cells (fig. 12). All simulated faults extend from layer 5 (Ter-
tiary age middle Claiborne aquifer) to the base of the model 
domain. For simplification, the width of the horizontal flow 
barrier is assumed to be 1.0 ft.
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Figure 12.  Parameter zones of the middle Claiborne aquifer and the location of faults simulated.
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Figure 14.  Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.
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Figure 14.  Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14.  Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14.  Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14.  Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14.  Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14.  Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14.  Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14.  Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14.  Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14.  Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14.  Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Figure 14.  Sand percentage for select hydrogeologic units in the Mississippi Embayment Regional Aquifer Study area.—Continued
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Model Calibration
The ability of the MERAS model to simulate measured 

conditions was accomplished by a combination of manual 
changes to parameter values and automated calibration meth-
ods. Automated parameter estimation was achieved through 
alternate use of UCODE-2005 (Poeter and others, 2005) and 
PEST (Doherty, 2008) for all 104 parameters. Simulations 
with UCODE-2005 were used primarily to examine the sen-
sitivity of observations to various parameters during manual 
simulations. PEST automatically adjusted input parameters 
(hydraulic conductivity, vertical anisotropy, specific storage, 
specific yield, recharge, riverbed conductance, and hydraulic 
conductance of faults) in a series of model simulations. After 
each model simulation, simulated hydraulic-head values, 
total streamflow, and stream leakage were compared auto-
matically to measured hydraulic-head values, total flow, and 
stream leakage. The simulations continued until a best fit 
between simulated hydraulic head and stream leakage with 
measured hydraulic head and stream leakage was attained. 
The calibration approach used here differs from traditional 
non-linear regression parameter estimation in two areas by 
using: (1) Tikhonov regularization (Tikhonov, 1963; Doherty, 
2003; Fienen and others, 2009); and (2) hybrid singular value 
decomposition (Tonkin and Doherty, 2005; Hunt and others, 
2007), also referred to as SVD-Assist (SVDA) in Doherty 
(2008). Additional information regarding the overview of the 
advantages of using these more sophisticated tools for param-
eter estimation are discussed by Hunt and others (2007); the 
tools were applied using the guidelines given by Doherty and 
Hunt (2009).

Weighted Hydraulic-Head Observations

Hydraulic-head observations were weighted to reduce the 
influence of hydraulic-head observations that are less accurate 
and to increase the influence of observations that are more 
accurate. Weights on observation data account for potential 
measurement error associated with the method of determining 
land surface, effects of recent pumpage, unknown screened 
intervals of wells, and other factors. In theory, weights of the 
observation values used in the regression procedure can be 
calculated from estimates of the variance or standard deviation 
of measurement error (Hill, 1998). The weights are calculated 
by dividing one by the square of the standard deviation (or 
variance) of the measurement errors for the observation. To 
estimate these standard deviations, the measurement errors can 
be assumed to have a normal distribution, and a 95-percent 
confidence interval for the measurement can be constructed. 
The 95-percent confidence interval spans a range equal to 
the measurement ±1.96 times the standard deviation (square 
root of the variance). Examples and detailed calculations of 
weights are given by Hill (1998).

For this report, standard deviations associated with land 
surface were calculated for hydraulic-head observations based 

on coordinate accuracy (how well the location of a well is 
known) and altitude accuracy (how well the land surface alti-
tude of a measurement point of a well is known). The coor-
dinate and altitude accuracy for wells are documented in the 
USGS National Water Inventory System (NWIS). Wells with 
coordinate accuracies better than ±5 seconds were included in 
the standard deviation calculation. Altitude accuracies other 
than those obtained from topographic maps were not included 
in the standard deviation because other methods generally 
were reasonably accurate. All wells that were not assigned a 
standard deviation based on the criteria above were assigned 
a standard deviation of one, which corresponds to a weight of 
one. 

The standard deviation associated with coordinate 
accuracy was calculated by creating a radius around each well 
equal to the length of the well’s coordinate accuracy value in 
degrees. The standard deviation of the land-surface altitude 
within the radius of each well was calculated. The standard 
deviation associated with the altitude accuracy was calcu-
lated by dividing half of the NWIS value of altitude accuracy 
(assuming the altitude accuracy equals the contour interval 
adjacent the well location) by 1.65 (where 1.65 is the critical 
value of a 90 percent confidence interval assuming that the 
error is normally distributed) (Hill and Tiedeman, 2007).

Each standard deviation was then converted to a variance 
(square root of standard deviation) so that the coordinate and 
altitude variances could be summed for each well. The final 
calculation converted the variance at each well back to a stan-
dard deviation. The resultant standard deviations of all wells 
range from 1 to 43.8 ft with an average of 1.9 ft.

Streamflow Measurements as Observations

Streamflow measurements, flow characteristics, and 
stream leakage estimates from previous studies were used as 
observations in the MERAS model. Flow characteristics were 
used for predevelopment observations and streamflow mea-
surements were used for at least one additional observation 
late in the simulation period for each selected gage. Predevel-
opment observations were assumed to be the 50th percentile of 
daily streamflow (Wolock, 2003). Additional total streamflow 
measurement values were obtained from the USGS NWIS 
(U.S. Geological Survey, 2008c). Streamflow measurements 
used as observations were weighted using a method similar to 
that of weighting hydraulic head observations. Most prede-
velopment observations were assigned a standard deviation 
of 100,000 ft3/d. The exception is the predevelopment obser-
vation on the White River, which was assigned a standard 
deviation of 1,000,000 ft3/d because of the much greater 
difference in flow of the White River compared to most other 
streams. The standard deviation of postdevelopment observa-
tions was calculated by assuming a 90 percent probability that 
the streamflow measurements were within 5 percent of the true 
value. The standard deviation equals 5 percent of the stream-
flow value divided by 1.65 (see the “Weighted Hydraulic-Head 
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Observations” section) (Hill and Tiedeman, 2007). Stream 
leakage estimates were scarce in the model area as multiple 
factors (reservoir regulation, stream diversions, return flow 
from irrigation, etc.) combine to make true stream leakage 
estimates very difficult. Stream leakage estimates from Nyman 
(1965) were used to constrain the model in a local area on 
Nonconnah Creek in western Tennessee (fig. 3). Additionally, 
in 1998, streamflow measurements were made along a 40-mi 
segment of the White River in eastern Arkansas. The White 
River streamflow measurements indicated a 13 percent loss in 
streamflow from the upstream to downstream measurements 
(Jaysson E. Funkhouser, U.S. Geological Survey, written com-
mun., 2006). The locations of the upstream and downstream 
measurements were used to extract information from the 
model to calculate the percent of streamflow that discharges 
to the aquifer through the use of UCODE-2005. Streamflow 
observation locations are shown in figure 3; total streamflow 
and stream leakage estimates and simulated values are pre-
sented in the “Streamflow Observations and Errors” section.

Model Evaluation

Optimal Parameter Estimates

The final parameter estimates of the model (table 3) 
are considered reasonable estimates for the type of material 
and conditions found in the Mississippi embayment aquifer 
system. For aquifers, horizontal hydraulic conductivity values 
of 3.7 to 600 ft/d are within the expected range of hydrau-
lic conductivities for silty to clean sand (Freeze and Cherry, 
1979), and also near the range of values used by McKee and 
Clark (2003), Stanton and Clark (2003), and Arthur (2001) 
for middle Claiborne and alluvial models. For confining units, 
horizontal hydraulic conductivity values of 0.00453 to 2.4 ft/d 
are within the expected range of hydraulic conductivities for 
marine clay to silt or loess (Freeze and Cherry, 1979). Gener-
ally, values for hydraulic conductivity are within the same 
order of magnitude for a given hydrogeologic unit and repre-
sent average values for large areas in the Mississippi embay-
ment aquifer system. Horizontal hydraulic conductivities of 
horizontal flow barriers representing faults range from 0.0001 
ft/d to 1.5536 ft/d. Specific yield values throughout the model 
range from 0.10 to 0.30. Specific storage values range from 
2.59×10-7/ft to 6.25×10-3/ft. Final vertical anisotropy values 
range from 22.3 in surficial units to 2,297.1 in the El Dorado 
confining unit. Streambed conductances for each stream 
varied by stream reach, according to streambed hydraulic 
conductivity, streambed thickness, stream length, and stream 
width within each stream reach. The final values of streambed 
hydraulic conductivity range from 1.09×10-2 ft/d to 16.1 for 
streams simulated in the model. The fraction of precipitation 
(multiplier) that makes up recharge from infiltration ranges 
from 1.25×10-4 to 7.06×10-2 (table 4), which results in a range 

of recharge values of 0.003 to 5.73 in/yr. Comparatively, val-
ues of recharge in studies outside the embayment, range from 
1.6 to 4.6 in/yr through a silt, clay, and sand confining unit 
over the Floridan aquifer system (Murray, 2007), and from 
0.008 to 4.4 in/yr in the High Plains aquifer system (McMa-
hon and others, 2006).

Model Fit and Model Error

Hydraulic Head Observations and Errors
Simulated heads were generally in good agreement with 

observed hydraulic-heads with 46,249 simulated values within 
± 25 ft of the observed value. Simulated heads were compared 
to 55,786 observed hydraulic-head measurements from 3,245 
wells in the MERAS model area. Values of mean, minimum, 
maximum, root mean square error (RMSE), and absolute mean 
error were computed for each year from residuals (table 5). 
RMSE in feet is determined using the equation:

RMSE = [Sum of (hs–ho)
2 /n]0.5 

where		  hs is simulated hydraulic head, in feet,
		  ho is observed hydraulic head, in feet, and
		  n is number of observations.

Values of RMSE between simulated and observed 
hydraulic heads of all observations ranged from 8.33 ft in 
1919 to 47.65 ft in 1951, though only six annual RMSE values 
are greater than 40 ft for the entire simulation period (table 5). 
The six greatest RMSE values also occur in sequence from 
1949 to 1954 and are attributed to the lack of pumping data for 
the pre-1960 time period. The RMSE for all observations in 
the model is 23.18 ft over a range in observed hydraulic head 
of 741.66 ft, where the range equals the difference between the 
highest and lowest observed hydraulic-head. The two prin-
cipal aquifers, the alluvial aquifer and the middle Claiborne 
aquifer, are shown as individual statistics in table 5 because 
these aquifers make up the bulk of the information about the 
system. The RMSE for alluvial observations is 16.43 over a 
range in observed hydraulic head of 297.25 ft. The RMSE for 
the middle Claiborne aquifer is 35.78 over a range in observed 
hydraulic head of 634.94 ft. The mean of residuals indicates 
model bias depending on the magnitude and direction of the 
mean away from zero. The closer the mean is to zero, indicat-
ing a balance between positive and negative residuals, the 
less model bias occurs. A positive mean indicates the model 
tends to overpredict (simulated hydraulic heads greater than 
observed) water-level altitude, and a negative mean indi-
cates underprediction (simulated hydraulic heads less than 
observed) of water levels. The mean residual approached 
zero with an absolute value less than 20 ft during 75 of the 
88 years for which residuals were calculated. Out of 55,786 
observations, 24,256 residuals were greater than or equal to 
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Table 3.  Final calibrated hydraulic parameter values.—Continued

[* considered a confining unit within the parameter extent]

Parameter group Parameter description
Parameter 

name
Final
value Units

Reference for 
parameter extent

Model
layer

Composite-
scaled 

sensitivity

Hydraulic
conductivity in
horizontal direction

Alluvial aquifer in 
zone 101

HK_alvm101 600 feet/day fig. 9 zone 101 1 to 13 8.979×10-1

  Alluvial aquifer in 
zones 102 and 108

HK_alvm102 166.7 feet/day fig. 9 zones
102 and 108

1 to 13 2.744

  Alluvial aquifer in 
zone 103

HK_alvm103 135.4 feet/day fig. 9 zone 103 1 to 13 1.382

  Alluvial aquifer in 
zone 104

HK_alvm104 458.5 feet/day fig. 9 zone 104 1 to 13 1.078

Alluvial aquifer in 
zone 105

HK_alvm105 425.4 feet/day fig. 9 zone 105 1 to 13 1.554×10-1

  Alluvial aquifer in 
zone 106

HK_alvm106 400 feet/day fig. 9 zone 106 1 to 13 1.691

  Alluvial aquifer in 
zone 107

HK_alvm107 88.4 feet/day fig. 9 zone 107 1 to 13 8.075×10-1

  Loess undifferenitated HK_loss 27.9 feet/day fig. 9 zones 2
and 10

1 to 13 2.282

  Fluvial sediments 
undifferentiated 

HK_fluv 200 feet/day fig. 9 zone 2,
where Vicksburg-
Jackson confining
unit (fig. 14 B)
does not exist

2 to 10 8.797×10-1

  Vicksburg-Jackson
confining unit

HK_vkbg 1 feet/day fig. 14 B 2 1.156

  Undifferientiated
Claiborne Group

HK_clbr 48.7 feet/day fig. 11, zone 150 3 to 10 5.070×10-1

  Upper Claiborne
aquifer

HK_cckf 26.3 feet/day fig. 14 C; fig. 10,
zone 30

3 2.690

  Middle Claiborne 
onfining unit

HK_ckmn 0.154 feet/day fig. 11, zone 40 4 4.192

  Middle Claiborne
aquifer in zone 50

HK_sprt1 146.1 feet/day fig. 12, zone 50 5 to 7 4.867

  Middle Claiborne
aquifer in zone 51

HK_sprt2 34.8 feet/day fig. 12, zone 51 5 to 7 1.194

  Middle Claiborne
aquifer in zone 52

HK_sprt3 27.2 feet/day fig. 12, zone 52 5 to 7 1.782
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Table 3.  Final calibrated hydraulic parameter values.—Continued

[* considered a confining unit within the parameter extent]

Parameter group Parameter description
Parameter 

name
Final
value Units

Reference for 
parameter extent

Model
layer

Composite-
scaled 

sensitivity

  Middle Claiborne
aquifer in zone 61

HK_sprt3_5 3.7 feet/day fig. 12, zone 61 6 2.096

  Middle Claiborne
aquifer in zone 53

HK_sprt4 10.2 feet/day fig. 12, zone 53 5 to 7 3.608

  El Dorado confining
unit

HK_spcl 0.00453 feet/day fig. 12, zone 61
(layer 6)

6 1.186

  El Dorado Sand HK_spes 59 feet/day fig. 12, zone 70
(layer 7)

7 7.397

  Lower Claiborne
confining unit

HK_crvr 0.0883 feet/day fig. 14 K 8 2.773

  Winona-Tallahatta
aquifer

HK_wnth 26.9 feet/day fig. 6 9 6.503×10-1

  Lower Claiborne aquifer HK_crrz 25 feet/day fig. 13 10 9.737×10-1

  Wilcox aquifer in
zone 110

HK_wlcx 5.6 feet/day fig. 13 zone 110 11 to 13 5.486

  Middle Wilcox aquifer* HK_flid 2.4 feet/day fig. 14 L 11 1.132

  Lower Wilcox aquifer HK_lwaq 24.6 feet/day fig. 14 M 12 1.714

  Old Breastworks
confining unit

HK_odbx 1.4 feet/day fig. 7 13 3.797×10-1

Vertical anisotropy Alluvial aquifer VANI_alvm 100 dimension-
less

fig. 9 zones
101-108

1 to 13 1.167×10-1

  Loess undifferenitated VANI_loss 22.3 dimension-
less

fig. 9 zones 2
and 10

1 to 13 6.933×10-2

  Vicksburg-Jackson 
confining unit

VANI_vkbg 1,475 dimension-
less

fig. 14 B 2 1.127

  Undifferientiated
Claiborne Group

VANI_clbr 23.4 dimension-
less

fig. 11, zone 150 3 to 10 5.908×10-2

  Upper Claiborne aquifer VANI_cckf 612.8 dimension-
less

fig. 14 C 3 2.938×10-1

  Middle Claiborne
confining unit

VANI_ckmn 564.6 dimension-
less

fig. 14 D 4 4.194

  Middle Claiborne
aquifer in zone 50

VANI_sprt1 243.4 dimension-
less

fig. 12, zone 50 5 to 7 2.101×10-1
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Table 3.  Final calibrated hydraulic parameter values.—Continued

[* considered a confining unit within the parameter extent]

Parameter group Parameter description
Parameter 

name
Final
value Units

Reference for 
parameter extent

Model
layer

Composite-
scaled 

sensitivity

  Middle Claiborne aqui-
fer in zones 51 and 53

VANI_sprt2 680 dimension-
less

fig. 12 zones 51
and 53

5 to 7 1.339

  Middle Claiborne aqui-
fer in zone 52

VANI_sprt3 798.8 dimension-
less

fig. 12, zone 52 5 to 7 9.769×10-1

  El Dorado confining
unit

VANI_spcl 2,297.1 dimension-
less

fig. 12, zone 61
(layer 6)

6 1.175

  El Dorado Sand VANI_spes 254.2 dimension-
less

fig. 12, zone 70
(layer 7)

7 8.046×10-2

  Lower Claiborne
confining unit

VANI_crvr 334.5 dimension-
less

fig. 14 K 8 2.738

  Winona-Tallahatta 
aquifer

VANI_wnth 28 dimension-
less

fig. 6 9 6.344×10-2

  Lower Claiborne aquifer VANI_crrz 23 dimension-
less

fig. 13 10 6.958×10-2

  Wilcox aquifer in
zone 110

VANI_wlcx 402.8 dimension-
less

fig. 13, zone 110 11 to 13 6.082×10-1

  Middle Wilcox aquifer* VANI_flid 617.8 dimension-
less

fig. 14 L 11 9.910×10-1

  Lower Wilcox aquifer VANI_lwaq 27.7 dimension-
less

fig. 14 M 12 6.780×10-2

  Old Breastworks
confining unit

VANI_odbx 478.4 dimension-
less

fig. 7 13 1.274×10-1

Specific storage Alluvial aquifer in 
zone 101

SS_alvm101 3.50×10-3 1/foot fig. 9 zone 101 1 to 13 7.812×10-1

  Alluvial aquifer in
zones 102 and 108

SS_alvm102 4.03×10-3 1/foot fig. 9 zones 102
and 108

1 to 13 1.443

  Alluvial aquifer in 
zone 103

SS_alvm103 3.34×10-3 1/foot fig. 9 zone 103 1 to 13 5.152×10-1

  Alluvial aquifer in
zone 104

SS_alvm104 5.74×10-3 1/foot fig. 9 zone 104 1 to 13 2.839

  Alluvial aquifer in
zone 105

SS_alvm105 2.85×10-3 1/foot fig. 9 zone 105 1 to 13 1.353×10-1

  Alluvial aquifer in 
zone 106

SS_alvm106 4.33×10-3 1/foot fig. 9 zone 106 1 to 13 3.132

  Alluvial aquifer in 
zone 107

SS_alvm107 6.25×10-3 1/foot fig. 9 zone 107 1 to 13 8.637×10-1

  Loess undifferenitated SS_loss 1.36×10-3 1/foot fig. 9 zones 2
and 10

1 to 13 7.095×10-1

  Vicksburg-Jackson
confining unit

SS_vkbg 3.46×10-7 1/foot fig. 14 B 2 6.974×10-2
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Table 3.  Final calibrated hydraulic parameter values.—Continued

[* considered a confining unit within the parameter extent]

Parameter group Parameter description
Parameter 

name
Final
value Units

Reference for 
parameter extent

Model
layer

Composite-
scaled 

sensitivity

  Undifferientiated 
Claiborne Group

SS_clbr 3.68×10-7 1/foot fig. 11, zone 150 3 to 10 7.170×10-2

  Upper Claiborne aquifer SS_cckf 2.59×10-7 1/foot fig. 14 C 3 6.030×10-2

  Middle Claiborne 
confining unit

SS_ckmn 2.88×10-7 1/foot fig. 14 D 4 8.166×10-2

  Middle Claiborne 
aquifer in zone 50

SS_sprt1 8.51×10-6 1/foot fig. 12, zone 50 5 to 7 5.986×10-1

  Middle Claiborne aqui-
fer in zones 51 and 53

SS_sprt2 1.03×10-6 1/foot fig. 12 zones 51
and 53

5 to 7 5.312×10-1

  Middle Claiborne 
aquifer in zone 52

SS_sprt3 9.92×10-7 1/foot fig. 12, zone 52 5 to 7 1.900

  El Dorado confining
unit

SS_spcl 3.65×10-7 1/foot fig. 12, zone 61
(layer 6)

6 1.346×10-1

  El Dorado Sand SS_spes 2.44×10-6 1/foot fig. 12, zone 70
(layer 7)

7 1.341

  Lower Claiborne 
confining unit

SS_crvr 3.08×10-7 1/foot fig. 14 K 8 2.347×10-1

  Winona-Tallahatta
aquifer

SS_wnth 2.81×10-7 1/foot fig. 6 9 9.998×10-2

  Lower Claiborne aquifer SS_crrz 2.79×10-7 1/foot fig. 13 10 7.827×10-2

  Wilcox aquifer in 
zone 110

SS_wlcx 3.65×10-7 1/foot fig. 13, zone 110 11 to 13 4.353×10-1

  Middle Wilcox aquifer* SS_flid 3.36×10-7 1/foot fig. 14 L 11 8.174×10-2

  Lower Wilcox aquifer SS_lwaq 3.39×10-7 1/foot fig. 14 M 12 5.892×10-2

  Old Breastworks
confining unit

SS_odbx 3.23×10-7 1/foot fig. 7 13 5.238×10-2

Specific yield Alluvial aquifer in
zoness 101-105

SY_alvm 0.3 dimension-
less

fig. 9 zones
101-105

1 4.310

  Alluvial aquifer in 
zone 106

SY_alvm106 0.1 dimension-
less

fig. 9 zone 106 1 2.514

  Loess undifferenitated SY_loss 0.3 dimension-
less

fig. 9 zones 2
and 10

1 to 13 8.710×10-1

Recharge multiplier Alluvial aquifer in 
zone 101

RCHALM101 3.80×10-2 dimension-
less

fig. 9 zone 101 1 to 13 2.412
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Table 3.  Final calibrated hydraulic parameter values.—Continued

[* considered a confining unit within the parameter extent]

Parameter group Parameter description
Parameter 

name
Final
value Units

Reference for 
parameter extent

Model
layer

Composite-
scaled 

sensitivity

  Alluvial aquifer in
zone 102

RCHALM102 4.46×10-2 dimension-
less

fig. 9 zone 102 1 to 13 3.292

  Alluvial aquifer in 
zone 103

RCHALM103 5.10×10-2 dimension-
less

fig. 9 zone 103 1 to 13 4.482

  Alluvial aquifer in 
zone 104

RCHALM104 2.88×10-2 dimension-
less

fig. 9 zone 104 1 to 13 3.084

  Alluvial aquifer in 
zone 105

RCHALM105 5.11×10-2 dimension-
less

fig. 9 zone105 1 to 13 2.140×10-1

  Alluvial aquifer in 
zone 106

RCHALM106 1.30×10-4 dimension-
less

fig. 9 zone 106 1 to 13 6.813×10-2

  Alluvial aquifer in 
zone 107

RCHALM107 1.02×10-2 dimension-
less

fig. 9 zone 107 1 to 13 5.931×10-1

  Alluvial aquifer in 
zone 108

RCHALM108 3.42×10-3 dimension-
less

fig. 9 zone 108 1 to 13 5.170×10-1

  Various clay RCHCLAY 1.25×10-4 dimension-
less

fig. 9 zones
3, 5, and 7

2, 4, and 
8

1.299×10-1

  Loess undifferenitated RCHLOSS 1.23×10-2 dimension-
less

fig. 9 zone 2 multiple 3.542

  Upper Claiborne aquifer RCHCCKF 2.35×10-3 dimension-
less

fig. 14 C 3 1.100

  Middle Claiborne 
aquifer in western 
part of model area

RCHSPTW 1.16×10-3 dimension-
less

fig. 9 zone 6 5 1.979×10-1

  Middle Claiborne 
aquifer in eastern part
of model area

RCHSPTE 6.38×10-3 dimension-
less

fig. 9 zone 61 5 4.439×10-1

  Lower Claiborne aquifer RCHCRRZ 8.60×10-3 dimension-
less

fig. 9, zone 8 10 1.053

  Wilcox aquifer undif-
ferentiated in eastern
part of model area

RCHWXE 7.02×10-3 dimension-
less

fig. 9, zone 9 11 1.527

  Wilcox aquifer undif-
ferentiated in western
part of model area

RCHWXW 7.06×10-2 dimension-
less

fig. 9, zone 11 11 5.226

  Terrace deposits undif-
ferntiated

RCHTRRC 1.16×10-2 dimension-
less

fig. 9, zone 10 multiple 7.401

Streambed
conductance

Selected rivers RIVCON 1.458×10-1 feet/day fig. 4 multiple 1.495

  Arkansas River RIVARK 0.09 feet/day fig. 4 multiple 1.190
  Mississippi River RIVMISS 15.4 feet/day fig. 4 multiple 0.000

  Ouachita River RIVOUACH 16.1 feet/day fig. 4 multiple 7.891×10-2

  White River RIVWHT 13.8 feet/day fig. 4 multiple 6.187×10-2

  L’Anguille River RIVLANG 0.99 feet/day fig. 4 multiple 7.128×10-1
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Table 3.  Final calibrated hydraulic parameter values.—Continued

[* considered a confining unit within the parameter extent]

Parameter group Parameter description
Parameter 

name
Final
value Units

Reference for 
parameter extent

Model
layer

Composite-
scaled 

sensitivity

  Saline River RIVSALIN 1.03 feet/day fig. 4 multiple 8.998×10-2

  Cache River RIVCACH 1.14 feet/day fig. 4 multiple 7.139×10-1

  Selected rivers RIVLOW 1.099×10-2 feet/day fig. 4 multiple 1.198
  Selected rivers RIVMEMP 1 feet/day fig. 4 multiple 5.116×10-1

Horizontal flow
barrier

Fault set in southeastern
Arkansas

mod_mck 1.0×10-4 feet/day fig. 12 5 to 13 2.398

  Fault set in south-central 
Arkansas

mrdata_1 1.5536 feet/day fig. 12 5 to 13 5.902×10-2

  Fault set in south-central 
Arkansas

union_fault 5.928×10-3 feet/day fig. 12 5 to 13 1.098×10-1

  Fault set in Mississippi pickens 0.00504 feet/day fig. 12 5 to 13 1.117×10-1

Precipitation value Predevelopment
precipitation

predevrch 2.647×10-3 feet/day fig. 9 all zones multiple 6.668

Table 4.  Recharge parameter values and corresponding range of recharge.

Zone
number

Parameter name 
(see table 3)

Range in
 precipitation 

(inches)
Fraction of 
recharge

Range in 
recharge 
amount 

(inches per 
year)

101 RCHALM101 29 to 85 3.80×10-2 1.09 to 3.25
102 RCHALM102 27 to 85 4.46×10-2 1.23 to 3.79
103 RCHALM103 29 to 83 5.10×10-2 1.47 to 4.25
104 RCHALM104 28 to 84 2.88×10-2 0.81 to 2.43
105 RCHALM105 28 to 79 5.11×10-2 1.45 to 4.03
106 RCHALM106 27 to 85 1.30×10-4 0 to 0.01
107 RCHALM107 28 to 86 1.02×10-2 0.29 to 0.87
108 RCHALM108 28 to 85 3.42×10-3 0.1 to 0.29

2 RCHLOSS 26 to 80 1.23×10-2 0.32 to 0.99
10 RCHTRRC 26 to 85 1.16×10-2 0.3 to 0.99
3 RCHCLAY 30 to 80 1.25×10-4 0 to 0.01
4 RCHCCKF 30 to 83 2.35×10-3 0.07 to 0.19
5 RCHCLAY 29 to 85 1.25×10-4 0 to 0.01
6 RCHSPTW 27 to 85 1.16×10-3 0.03 to 0.1

61 RCHSPTE 29 to 80 6.38×10-3 0.18 to 0.51
7 RCHCLAY 27 to 83 1.25×10-4 0 to 0.01
8 RCHCRRZ 27 to 84 8.60×10-3 0.23 to 0.72
9 RCHWXE 31 to 84 7.02×10-3 0.22 to 0.59

11 RCHWXW 27 to 81 7.06×10-2 1.9 to 5.73
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zero (overprediction) and 31,530 residuals were less than zero 
(underprediction), resulting in a mean residual of -1.15 ft. The 
maximum and minimum residuals were 236.30 ft and -162.75 
ft, respectively.

Streamflow Observations and Errors
Simulated streamflow generally is lower than measured 

streamflow for streams with streamflow less than 1,000 ft3/s 
and greater than measured streamflow for streams with stream-
flow more than 1,000 ft3/s (fig. 15). Simulated streamflow is 
underpredicted for 18 observations and overpredicted for 10 
observations in the model. Four observations are not shown on 
figure 15—stream leakage for the White River and Noncon-
nah Creek and streamflow for the White River for pre- and 
post-development. The fraction of streamflow that is stream 
leakage for the White River was simulated as -0.042, which 
indicates by the negative value that flow is into the White 
River from the aquifer (4.2 percent of streamflow was gained 
from the groundwater system). The fraction of streamflow 
that is stream leakage for the White River was estimated by 
measurements to be 0.13 (13 percent of streamflow was lost 
to the aquifer). Stream leakage for Nonconnah Creek was 
simulated as 0.073 ft3/s and the estimated stream leakage value 
for Nonconnah Creek was 0.100 ft3/s (Nyman, 1965). While 
the simulated stream leakage for Nonconnah Creek closely 
matches the estimated value, the fraction of streamflow that is 
leakage for the White River is into the river (gaining) instead 
of out of the river (losing) as the estimated value indicates. 
One possible reason for the discrepancy includes pumping 
directly from the river. This pumping would remove water 
from the river resulting in a measured loss of streamflow that 
would appear to occur as leakage. Pre- and post-development 
streamflow for the White River was simulated as 4.02×104 
ft3/s and 2.47×104, respectively. Pre- and postdevelopment 
streamflow for the White River was measured as 1.85×104 
and 1.27×104, respectively. Though the absolute differences 
between simulated and measured streamflow on the White 
River are great, the simulated values are considered a reason-
able fit given the discretization of the simulated streams and 
other factors contributing to streamflow. These differences 
also illustrate the uncertainty in model inputs such as prede-
velopment recharge, overland flow, pumpage (from stream and 
aquifer), precipitation, and observation weights. Uncertainty in 
simulated streamflow values is compounded by the simulated 
hydraulic head in the surrounding aquifer. For example, if the 
simulated hydraulic head in the surrounding aquifer is slightly 
underpredicted, streamflow may simply be lost to the aquifer, 
instead of the stream gaining water from the aquifer. In these 
cases, a difference of a few feet may account for large differ-
ences in streamflow. 

Simulated and Observed Hydrographs
Simulated and observed hydrographs of hydraulic-head 

values completed in the alluvial aquifer and the middle Clai-
borne aquifer were used to examine the temporal trends of the 
model at selected wells in the model area (fig. 16). Hydro-
graph comparisons for the alluvial aquifer were based on wells 
used by Ackerman (1989). Most hydrograph comparisons for 
the middle Claiborne aquifer were based on wells used by 
Arthur and Taylor (1990). Though the simulated and observed 
hydrographs generally show declines in water levels, some 
hydrographs show slight increases in recent years (fig. 16 G, 
I, and J). Water-level increases can be attributed to various 
factors: water conservation, alternative water supplies, or the 
redistribution of well fields to pump from locations farther 
from the selected hydrograph wells (Freiwald and Johnson, 
2007; Kingsbury, 1996).

The simulated and observed hydrographs show good 
agreement for most locations with relatively long periods of 
record (fig. 16). Some with a poorer fit to observed conditions 
(fig. 16 A and F) predict higher hydraulic heads throughout the 
period of measurement, or a steep decline in heads that obser-
vations do not reflect. Many of these differences are likely 
because of the placement and timing of pumping wells in the 
model, which are dependent on the accuracy of pumping data, 
as well as uncertainty in hydraulic property values.

Simulated and Observed Potentiometric 
Surfaces

Simulated potentiometric surfaces for 2007 generally 
agree with observed potentiometric surfaces (fig. 17). An 
embayment-wide potentiometric surface for the middle Clai-
borne aquifer was constructed representing the spring of 2007 
(Schrader, 2007). The potentiometric surface was constructed 
using water-level measurements from 309 wells in Arkansas, 
7 wells in Kentucky, 116 wells in Louisiana, 150 wells in 
Mississippi, 6 wells in Missouri, and 160 wells in Tennessee. 
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Figure 16.  Simulated and observed hydrographs of hydraulic head in selected wells.
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Potentiometric contours from Schrader (2007)
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This potentiometric surface indicates a relief in water-level 
altitude of over 700 ft from the highest to lowest water level in 
the middle Claiborne aquifer. Potentiometric-surface contours 
for spring 2007, overlain on simulated hydraulic heads, give a 
reasonable qualitative match to cones of depression in central 
and southern Arkansas, northern Louisiana, and southern 
Mississippi (fig. 17). The simulated hydraulic heads also 
approximate large gradients in southern Arkansas, thought to 
be influenced by faulting in the area.

Sensitivity Analysis
The sensitivity of hydraulic heads to various model 

parameters was calculated using UCODE-2005 (Poeter and 
others, 2005). Composite scaled sensitivities (CSS) were 
calculated for all 104 parameters (table 3). CSS values aid in 
determining if there is adequate information in the calibration 
data to estimate a particular parameter. CSS values less than 
about 0.01 times the largest CSS indicate that the regression 
may not be able to estimate the parameter (Hill, 1998). 

The CSS calculated using initial parameter values 
provided an indication of which model parameters were most 
important to estimate in the nonlinear-regression procedure 
and which should be set to fixed values. However, the CSS 
values are dependent on the parameter values because the 
sensitivities are a nonlinear function of the model parameters. 
Two of the defined parameters have CSS values greater than 
10 (fig. 18): hydraulic conductivity of the middle Claiborne 

in the southwestern part of the model area (HK_sprt3) and 
hydraulic conductivity of the middle Claiborne aquifer primar-
ily in the central part of the model area (HK_sprt2). The next 
highest parameters with a CSS over 6 are recharge to ter-
race deposits (RCHTRRC), hydraulic conductivity of the El 
Dorado Sand (HK_spes), and predevelopment precipitation 
(predevrch) (table 3).

Normality of Weighted Residuals
Normality of weighted residuals is a prerequisite for 

a valid regression. If the model accurately represents the 
system, the weighted residuals are expected to be random, 
independent, and normally distributed (Hill, 1998). The 
independence and normality of the weighted residuals can be 
assessed through use of (1) the summary statistic, 2

NR , which 
represents the correlation coefficient between the ordered 
weighted residuals and order statistics from the normal prob-
ability distribution function (Hill and others, 2000) and (2) 
a histogram of the weighted residuals. The weighted residu-
als are thought to be independent and normally distributed 
if the computed value of 2

NR for a calibration is higher than 
the tabulated critical value. The critical value of 2

NR  is 0.987 
for a set of 200 observations (maximum number of observa-
tions for which a value has been tabulated). The value of 2

NR
for hydraulic heads in the model calibration is 0.95, which is 
smaller than the critical value; however Hill and Tiedeman 
(2007) state “correlations less than these critical values may 
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Figure 19.  Histogram of weighted residuals.

Figure 20.  Weighted simulated equivalent plotted against weighted observed.

be acceptable…”. A histogram (fig. 19) of all 55,786 weighted 
residuals shows an approximately normal distribution with the 
mode occurring in the -25 ft to 25 ft interval.

Parameter correlations were computed using the approxi-
mate covariance matrix for the parameters, which is calculated 
as part of the nonlinear-regression method (Hill and others, 
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enough observation data to independently estimate the model 
parameters. In these cases, the model may only be estimating 
the ratio or sum of the highly correlated parameters. HK_
ckmn, VANI_ckmn, HK_crvr, and VANI_crvr (table 3) have 
the largest absolute correlations of any parameter pair at 1.0 
each. However, through the use of SVDA during the calibra-
tion process of PEST, it was possible to estimate values for 
combinations of these parameters.

Graphical analyses of the weighted residuals facilitate 
assessment of model bias or error and of model fit to the 
calibration data. These analyses include plots of the weighted 
observed and weighted simulated values and of the spatial and 
temporal distribution of the weighted hydraulic-head residuals.

The plot of weighted observed and weighted simulated 
equivalents for an unbiased model ideally should show a ran-
dom distribution of the weighted residuals above and below 
zero for all weighted simulated equivalents. In this case, the 
model fit is generally similar over the entire range of available 
hydraulic head values, and the calibration has, in general, the 
desired random distribution of weighted residuals (fig. 20). 

Additional assessments of model error are accomplished 
through analysis of the spatial and temporal distribution of 
weighted residuals for years after 2000 (fig. 21). Different 
ranges in residuals are represented by a variety of geometric 
symbols for visual analysis of model bias. Residuals represent-
ing observation data following the year 2000 provide the best 
guide during model calibration because of (1) improved water-
use data for later years and (2) the high number and uniform 
distribution of wells. Positive residuals, shown in blue, indi-
cate simulated hydraulic heads that are higher than observed, 

-300

-200

-100

0

100

200

300

400

500

-300 -200 -100 0 100 200 300 400 500

W
EI

GH
TE

D 
OB

SE
RV

ED
, I

N
 F

EE
T

WEIGHTED SIMULATED EQUIVALENT, IN FEET

2000). If a pair of parameters has a correlation coefficient near 
1.0 or -1.0, independent estimation of the two parameters is 
not possible given the calibration data set used in the regres-
sion. In the calibration, eight parameter pairs have correlations 
greater than 0.85.

Typically, correlations greater than 0.95 suggest problems 
with parameter nonuniqueness (Hill, 1998), and there were not 
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Figure 22.  Groundwater-flow budget.

while negative residuals indicate simulated hydraulic heads 
that are lower than observed.

Ideally, negative and positive weighted residuals should 
be small and randomly distributed in space. Clustering of 
residuals with similar magnitudes and signs is indicative 
of model bias. Overall, residuals (fig. 19) appear to be well 
distributed in both magnitude and sign (±). In many cases, 
insufficient reporting of well completion data makes it difficult 
to determine in which aquifer the well is screened or whether 
it is screened in both aquifers. The uncertainty of the aquifer 
assignment to a well may result in inaccurate assignment of 
the well within the model layers, which can affect the simu-
lated water level and residual.

Geologic structure and averaging of pumpage data can 
affect model bias. A possible cause of model bias occurs in 
southern Arkansas where geologic studies suggest consider-
ably more heterogeneity in geologic conditions and faulting 
than is presently mapped and represented by the simple zones 
and flow boundaries in the current model. In addition, model 
bias through time may be caused by the temporal averaging of 
groundwater withdrawals to obtain the mean annual pumpage 
used in each stress period and the spatial averaging of pump-
age from several wells located in a single model cell.

The weighted residuals ideally should show no temporal 
bias and be balanced around zero. All of the weighted residu-
als are less than 250 ft in absolute value. Upward trends with 
time may occur because of some wells having hydraulic-head 

measurements only at later times in the simulation. For each 
year, the number of positive residuals is approximately equal 
to negative residuals, and there appears to be a slight trend 
through time from overprediction to underprediction as indi-
cated by the mean for all observations (table 5).

Groundwater-Flow Budget

The groundwater-flow budget indicates changes in flow 
into (inflows) and out of (outflows) the model area from the 
predevelopment period (pre-1870) to 2007 (fig. 22). Negative 
rates indicate outflows from the groundwater system, and posi-
tive rates indicate inflows to the groundwater system. Total 
flow (sum of inflows or outflows) through the model ranged 
from about 600 Mgal/d in predevelopment to 18,197 Mgal/d 
near the end of the simulation. This increase in simulated flow 
through the model reflects increases in pumpage and inflow 
from the predevelopment condition. There are three inflows 
to the model listed from largest to smallest: withdrawal from 
storage, areal recharge, and stream leakage. There are three 
discharges or outflows listed from largest to smallest: pump-
age from wells, addition to storage, and stream leakage. The 
pumpage from wells represents the largest outflow compo-
nents with a net rate of 18,197 Mgal/d near the end of the 
model simulation in 2006. Groundwater outflows are offset 
primarily by inflow from aquifer storage.
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Limitation of Analyses
An understanding of model limitations is essential to 

effectively use flow and hydraulic head simulation results. The 
accuracy of a groundwater model is limited by simplification 
of complexities within the flow system (conceptual model), 
space and time discretization effects, and assumptions made in 
the formulation of the governing flow equations. Model accu-
racy also is affected by cell size, number of layers, accuracy 
of boundary conditions, accuracy and availability of hydrau-
lic property data, accuracy of withdrawal and areal recharge 
estimates, historical data for calibration, parameter sensitivity, 
and the interpolations and extrapolations that are inherent in 
using data in a model. Although a model might be calibrated, 
the calibration parameter values are not unique in yielding 
acceptable distributions of hydraulic head.

Results of the MERAS model must be evaluated while 
taking into account the resolution of these limitations. The 
placement and timing of pumping wells in the model, which 
are dependent on the accuracy of pumping data, play a crucial 
role in the simulated hydraulic head and flow values. Much 
of the pumping data in the model is based on 5-year county 
totals and trend analysis from these 5-year totals. Very little 
site-specific pumping data are available relative to the tempo-
ral and spatial extent of the model area. Additionally, few data 
exist pertaining to wells that are screened through multiple 
hydrogeologic units. Though the model is capable of simulat-
ing multi-screened wells, assumptions were made regarding 
the number and location of these wells and number of hydro-
geologic units through which they are screened. Data regard-
ing predevelopment conditions for streamflow and hydraulic 
head are sparse to nonexistent, therefore model calibration to 
predevelopment conditions are not well constrained. The tem-
poral disrectization of the model is determined, in part, by data 
resolution and, therefore, varies from 6 months to 28 years in 
stress period length. Each stress period incorporates average 
input values for pumpage, streamflow, and precipitation for 
the given time interval. Groundwater flow from underlying or 
adjacent systems is not well defined, though the contribution 
from such systems is considered negligible compared to the 
overall flow within the Mississippi embayment aquifer system. 
Model framework, which includes the altitude and thickness 
of hydrogeologic units, are based on available geophysical 
information, which varies spatially and vertically throughout 
the model area. Areas of sparse geophysical information may 
affect model results through assumptions in the altitude and 
thickness of these hydrogeologic units, and the lack of defini-
tion of structural controls that may affect groundwater move-
ment. The horizontal hydraulic conductivity values assigned 
to many hydrogeologic units also are modified based on an 
assumption of sand percentage evaluated through the use of 
geophysical logs. The assumption of a no-flow boundary at the 
freshwater-saltwater interface and constant density of water 
may not be entirely valid, thus the need for simulations includ-
ing variable density may be warranted in local areas where 
high salinity water is problematic.

The goal of the MERAS model was to develop a model 
capable of suitable accuracy at regional scales. The intent 
was not to reproduce individual local-scale details, which are 
typically not possible given the uniform cell size of 1 mi2. 
Although the MERAS model may not represent each local-
scale detail, it is relevant for a better understanding of the 
regional flow system.

Summary
The Mississippi Embayment Regional Aquifer Study 

(MERAS) was conducted with support from the Groundwater 
Resources Program of the U.S. Geological Survey Office of 
Groundwater. This report documents the model construction 
and calibration for use as a tool to quantify groundwater avail-
ability within the Mississippi embayment. To approximate the 
differential equations governing three-dimensional groundwa-
ter flow, the MERAS model used the U.S. Geological Survey’s 
modular three-dimensional finite-difference code, MOD-
FLOW-2005; the preconditioned conjugate gradient solver 
was used for the numerical solution technique. The model 
area boundary is approximately 78,000 mi2 and includes eight 
States with approximately 6,900 mi of simulated streams, 
70,000 well locations, and 10 primary hydrogeologic units. 
The finite-difference grid consists of 414 rows, 397 columns, 
and 13 layers. Each model cell is 1 mi2 with varying thick-
ness by cell and by layer. The simulation period extends from 
January 1, 1870, to April 1, 2007, for a total of 137 years and 
69 stress periods. The first stress period is simulated as steady 
state to represent predevelopment conditions. 

Areal recharge is applied throughout the MERAS model 
area using the MODFLOW-2005 Recharge Package. Recharge 
rates were estimated as a fraction (ranging from 1.25×10-4 to 
7.06×10-2) of precipitation based on typical literature values 
and soil type and modified during calibration of the regional 
model. Irrigation, municipal, and industrial wells are simu-
lated using the Multi-Node Well Package. Pumpage from 
each multi-node well was input from site-specific data, 5-year 
water-use reports, and trend analysis. There are 43 streams 
simulated by the MERAS model. Each stream or river in the 
model area was simulated using the Streamflow-Routing Pack-
age of MODFLOW-2005. The base of the flow system is rep-
resented in the MERAS model as a no-flow boundary, which 
coincides with the top of the Midway confining unit. The 
downgradient limit of each model layer is a no-flow boundary, 
which approximates the extent of water with less than 10,000 
mg/L dissolved solids. Initial conditions are simulated with 
a steady-state stress period (representing conditions prior to 
January 1, 1870) at the beginning of the simulation.

The MERAS model was calibrated by making manual 
changes to parameter values and examining residuals for 
hydraulic heads and streamflow. Additional calibration was 
achieved through alternate use of UCODE-2005 and PEST. 
Simulated heads were compared to 55,786 hydraulic-head 
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measurements from 3,245 wells in the MERAS model area. 
Values of root mean square error between simulated and 
observed hydraulic heads ranged from 8.33 in 1919 to 47.65 in 
1951, though only six annual root mean square error values are 
greater than 40 feet for the entire simulation period. The root 
mean square error for all observations in the model was 23.18 
ft with a range in hydraulic-head altitudes of 741.66 ft. Simu-
lated streamflow generally is lower than measured streamflow 
for streams with streamflow less than 1,000 ft3/s, and greater 
than measured the streamflow for streams with streamflow 
more than 1,000 ft3/s. Simulated streamflow is underpredicted 
for 18 observations and overpredicted for 10 observations in 
the model. These differences in streamflow illustrate the large 
uncertainty in model inputs such as predevelopment recharge, 
overland flow, pumpage (both from stream and aquifer), and 
precipitation, and observation weights.

The groundwater-flow budget indicates changes in flow 
into (inflows) and out of (outflows) the model area during the 
pregroundwater-irrigation period (pre-1870) to 2007. Total 
flow (sum of inflows or outflows) through the model ranged 
from about 600 million gallons per day in predevelopment to 
18,197 million gallons per day near the end of the simulation. 
This increase in simulated flow through the model reflects 
increases in withdrawals and inflow from the pre-groundwater 
irrigation condition. The multi-node wells represent the largest 
outflow components with a net rate of 18,197 million gallons 
per day near the end of the model simulation in 2006. Ground-
water outflows are offset primarily by inflow from aquifer 
storage and recharge.
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