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Abstract
A three-dimensional hydrogeologic framework of the 

Hot Springs anticlinorium beneath Hot Springs National Park, 
Arkansas, was constructed to represent the complex hydroge-
ology of the park and surrounding areas to depths exceeding 
9,000 feet below ground surface. The framework, composed 
of 6 rock formations and 1 vertical fault emplaced beneath 
the thermal springs, was discretized into 19 layers, 429 rows, 
and 576 columns and incorporated into a 3-dimensional 
steady-state groundwater-flow model constructed in 
MODFLOW-2005. Historical daily mean thermal spring 
flows were simulated for one stress period of approximately 
34 years (1980–2014), chosen to represent the period of record 
for historical climate data used in the quantification of the 
boundary conditions. The groundwater-flow model was manu-
ally calibrated to historical daily mean thermal spring flows 
of 88,000 cubic feet per day observed over a 12-year period 
of record (1990–1995 and 1998–2005) at the thermal springs 
collection system. Calibration was achieved by calculating 
starting heads and general head boundary conditions from 
the Bernoulli equation and then adjusting the horizontal and 
vertical hydraulic conductivities of the rock formations and 
vertical fault and the hydraulic conductance of head-dependent 
flux boundaries. The groundwater-flow model was coupled to 
a surface-water model developed in the Precipitation-Runoff 
Modeling System (PRMS) by using PRMS-simulated gravity 
drainage as a specified flux recharge boundary condition in the 
groundwater-flow model. Together, the coupled models were 
used to (1) locate the areas of groundwater recharge to the 
thermal springs in the discretized hydrogeologic framework 
by using forward and reverse particle-tracking capabilities of 
MODPATH, (2) simulate the effects of variable recharge rates 
on the spring flows at the thermal springs, and (3) assess pos-
sible effects of climate and land-use change on the long-term 
variability of spring flows at the thermal springs.

Forward and backward particle-tracking maps indicated 
that the most prevalent areas of recharge in the discretized 
hydrogeologic framework used in this study were within about 

0.6–0.9 mile of the thermal springs. Forward particle tracking 
indicated a recharge area southwest of the thermal springs that 
corresponded to a location where the predominant litholo-
gies are the Arkansas Novaculite, Hot Springs Sandstone, and 
Bigfork Chert. Backward particle tracking indicated a second 
localized area of recharge to the northeast of the thermal 
springs that corresponded to a location where the dominant 
lithology is the Bigfork Chert. The groundwater-flow model 
indicated that the most probable recharge formations are 
the Arkansas Novaculite, Bigfork Chert, and Hot Springs 
Sandstone.

The simulated effects of climate and land-use changes 
on the variability of the spring-flow rates at the thermal 
springs generally resulted in reductions of thermal spring flow 
attributed to urban development and more extreme climates 
characterized by elevated mean surface air temperatures. The 
groundwater-flow model predicted a linear relation between 
the thermal spring discharge and the cumulative recharge vol-
ume applied to the hydrogeologic framework, and the positive 
slope of the predicted relation between recharge and simulated 
thermal spring flow indicates that more extreme precipita-
tion events that supply more recharge may in fact increase the 
thermal spring-flow rates.

Introduction
Hot Springs Reservation was established by the U.S. 

Congress in 1832 and was designated as Hot Springs National 
Park in 1921 to protect the artesian thermal springs that dis-
charge from the southwestern slope of Hot Springs Mountain 
(Petersen and Mott, 2002). Hot Springs National Park, located 
in Hot Springs, Arkansas, features 47 artesian thermal springs 
that have been designated as significant geothermal features by 
the Geothermal Steam Act Amendments of 1988 (Petersen and 
Mott, 2002), in addition to several cold-water springs and a 
National Historic Landmark known as “Bathhouse Row” that 
provides facilities for recreational use of the thermal spring-
water. The springwater is channeled through a single gage into 
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a collection system (Yeatts, 2006), and most is conveyed to 
the bathhouses that line Bathhouse Row, in addition to a few 
select hotels. A smaller portion of the springwater is diverted 
to three separate public-use fountains. The thermal springs 
are therefore a source of public recreation and are the primary 
features upon which the park, the unique cultural setting, and 
the local tourism-based economy of the city of Hot Springs, 
Arkansas, depend.

The thermal springs are also a source of scientific 
intrigue. Scientific interests in the thermal springs were first 
documented in 1804 when the first documented measurement 
of the springwater temperature, measured at 67.8 degrees 
Celsius (°C; Weed, 1902), was reported. Since 1804, geolo-
gists and geochemists have shown through their research that 
the springs emerge from the plunging crest line of the large 
overturned Hot Springs anticlinorium (Bedinger and oth-
ers, 1979), and they are sustained entirely by local recharge 
areas whose locations are currently (2021) based on indirect 
evidence and thought to lie within about 10 miles of the 
thermal springs. Geochemical data have further indicated that 
the groundwater that recharges the thermal springs is differ-
entiated into two separate flow constituents that each travel 
separate flow paths through the subsurface from the recharge 
location to the thermal springs. Groundwater is differentiated 
into a shallow, “cold-water” constituent (hereinafter referred to 
as the “cold-water” or “cold” constituent) and a deep, thermal 
constituent and each constituent is characterized by a remark-
ably different residence time and flow depth. The residence 
times of the cold and thermal constituents, as quantified from 
geochemical data, are less than 20 years and greater than 
4,400 years, respectively (Bell and Hays, 2007; Kresse and 
Hays, 2009). The estimated flow depth of the thermal constitu-
ent is 7,500 feet (ft) or more (Bedinger and others, 1979).

Despite substantial advances in scientific understanding 
of the origins of the thermal springs since 1804, many aspects 
regarding the long-term variability of the spring-flow rates 
remain uncertain. Uncertainty is, in part, attributed to the lim-
ited understanding of the structurally complex hydrogeologic 
framework of the groundwater-flow system and its exerted 
influence upon the flow paths and residence times of the cold 
and thermal constituents of groundwater flow. Consequently, 
additional scientific questions remain unanswered. This 
investigation addresses two outstanding questions pertain-
ing to the natural groundwater-flow system. First, what is the 
origin of the recharge to the thermal springs? Second, what 
are the potential effects of climate and land-use changes on 
the long-term variability of the thermal spring-flow rates? 
Previous scientific investigations have provided meaningful, 
yet predominantly inconclusive insight into both aspects of 
the groundwater-flow system; however, answers to the first 
question depend upon factors that need to be more definitively 
constrained and characterized, and answering the second 
question is a difficult task because of the unknown aspects 
of groundwater-flow and heat-transport processes occurring 
within the hydrogeologic framework of Hot Springs National 
Park. The need for better answers to these questions requires 

development of a coupled surface-water and groundwater-flow 
model to serve as an investigative tool to support continued 
research.

This report addresses these identified gaps in the 
scientific apperception of the thermal springs at Hot 
Springs National Park by using coupled surface-water and 
groundwater-flow models, constructed by the U.S. Geological 
Survey (USGS) in cooperation with the National Park Service. 
A surface-water model was constructed in version 4 of the 
Precipitation-Runoff Modeling System (hereinafter referred 
to as the “PRMS model”) (Markstrom and others, 2015) and 
used to simulate aerially distributed recharge in Hot Springs 
National Park and the surrounding region that was depen-
dent upon anticipated climate and land-use change within the 
vicinity of Hot Springs, Arkansas. A groundwater-flow model 
was constructed in MODFLOW-2005 (Harbaugh and others, 
2000) (hereinafter referred to as the “MODFLOW model”) 
and coupled to the PRMS model by incorporating the PRMS-
simulated recharge as a specified-flux boundary condition in 
the numerical solution of the steady-state groundwater-flow 
equation (Wang and Anderson, 1982; Anderson and Woessner, 
2002). Numerical solutions to the groundwater-flow equation 
were performed in steady state to simulate spring-flow rates 
at the thermal springs established by the groundwater-flow 
system in response to stresses attributed to recharge variability.

Purpose and Scope

The purpose of this report is to describe the develop-
ment, calibration, and use of the PRMS and MODFLOW 
models, with an emphasis on generating a conceptual model of 
groundwater flow through the deep flow system at Hot Springs 
National Park more so than developing a true calibration 
dataset. This report specifically describes (1) the PRMS model 
used to quantify aerially distributed recharge applied to the 
MODFLOW model as a boundary condition, (2) the hydro-
geologic framework developed and used in the MODFLOW 
model, (3) the manual calibration of the MODFLOW model to 
historical daily mean thermal spring flow, (4) particle-tracking 
simulations to estimate a plausible recharge area in the MOD-
FLOW model framework, and (5) the results of the PRMS and 
MODFLOW model simulations including predictive forecast-
ing of thermal spring-flow variability attributed to climate and 
land-use changes.

Previous Investigations

The thermal springs of Hot Springs National Park have 
been the focus of several scientific studies completed between 
the early 19th century and present (2021). Many of these 
studies have emphasized some specific aspect of the thermal 
springs and their relation to the interconnected hydrogeologic 
framework in the subsurface. Collectively, the previous studies 
have culminated in the currently accepted conceptual model of 
recharge and groundwater flow to the thermal springs.
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Early researchers such as Purdue (1910) and Bryan 
(1922, 1924) provided descriptions of the local and regional 
geology, as well as discussions of the postulated origins of the 
thermal springs and their source(s) of heat. Following in the 
footsteps of these researchers and others, Albin (1965) out-
lined the regional tectonic setting and described the geologic 
processes that formed the present-day geologic structure and 
aquifers encountered within the Ouachita Province and the 
effects of those processes on the present-day surface-water 
and groundwater resources in the region. Building upon these 
investigations, Bedinger and others (1979) conducted the 
first in-depth water-quality analyses of the thermal springs 
and developed the first published “hydrothermal” mathemati-
cal models of the flow system to test the debated theories on 
the recharge formations and locations and the hydraulics of 
the groundwater-flow system that sustain the thermal spring 
flows. Bedinger and others (1979) constructed two models. 
The first model tested the hypothesis that the Bigfork Chert is 
the primary recharging formation, whereas the second model 
tested the hypothesis that the Arkansas Novaculite is the pri-
mary recharging formation. Bedinger and others (1979) noted 
critical constraints in both models that limited their conclu-
sions regarding the recharge formation(s) and the source(s) 
of heat. In their first model, an abnormally high uniform heat 
flux was required as a boundary condition at the base of the 
model. Although the required heat flux exceeded the maxi-
mum known value of crustal heat flow in the eastern United 
States (Bedinger and others, 1979), the model was able to 
adequately simulate the observed temperature of the thermal 
springs and supplied enough hydraulic head at the theorized 
recharge location to recharge the thermal springs. This was 
not the case in their second model, in which the available head 
was the critical constraint. In their second model, the hydrau-
lic head required to recharge the thermal springs through the 
Arkansas Novaculite exceeded the available head supplied by 
the recharge by a factor of three.

More recently, Yeatts (2006) focused on defining the 
recharge area for the shallow, cold groundwater constituent 
by continuously monitoring discharge and temperature at 
eight thermal springs and at the collection system reservoir. 
In this study, dye tracing with fluorescent dyes was used to 
develop a conceptual model of the groundwater-flow system 
and to delineate recharge locations for the thermal and cold 
groundwater constituents. In a related study, Bell and Hays 
(2007) sampled water-quality at nine hot-water springs and 
two cold-water springs and performed continuous tempera-
ture monitoring at four of the hot-water springs for a duration 
of 2 years to better understand the contributions of the cold 
groundwater constituent to the thermal springs. Their data 
indicated that the water quality of the thermal springs was 
influenced to some degree by the cold groundwater constitu-
ent. Their conclusions were supported by observations of 
substantial differences in water quality of the thermal springs 
during base-flow and stormflow events, in addition to observa-
tions of short time-scale temperature reductions at the thermal 
springs in response to mixing with the locally derived cold 

groundwater constituent after storm events. However, their 
water-quality data indicated that little water-quality change has 
occurred with respect to base-flow conditions at the springs 
when compared to data from studies dating back to the 1800s. 
The continuously monitored temperature data did not support 
the idea that long-term temperature changes have occurred 
through time at the thermal springs.

Following Yeatts (2006) and Bell and Hays (2007), 
Kresse and Hays (2009) studied the coincidence of two distal 
thermal wells outside of Hot Springs National Park boundaries 
by a comparative analysis of the geochemical characteristics 
of cold-water springs and wells, distal thermal wells outside 
of the park, and the thermal springs in the park. Their study 
evaluated the degree of hydraulic connectivity between the 
distal thermal wells and the thermal springs in Hot Springs 
National Park. They concluded that the two very different 
isotopic and geochemical signatures observed for the distal 
thermal wells did not provide evidence of any direct hydrau-
lic connection between the water in the distal wells and the 
thermal springs in Hot Springs National Park. Furthermore, 
they concluded that the deep flow systems for thermal waters 
encountered within the region were likely unique to localized 
hydrogeologic settings.

Geologic Description of Study Area

Hot Springs National Park is in central Arkansas and 
encompasses the city of Hot Springs, Arkansas (fig. 1). The 
park lies entirely within the Ouachita Physiographic Province 
(Fenneman and Johnson, 1946). The structural fabric of the 
Ouachita Province is a direct result of the tectonic events 
described by Albin (1965), which began in the Paleozoic Era 
with the formation of a long, narrow geosynclinal trough, fol-
lowed by the subsequent infilling of the trough by deposition 
of a great thickness of clastic sediments. Sediment deposi-
tion was interrupted by continental collision and the ensuing 
deformation of the sediment wedge into a complex folded, 
thrust-faulted arch. Periods of collision and deformation 
were followed by a long period of uplift and erosion, which 
has led to the present-day expressions of the geologic forma-
tions observed in outcrop and their subsurface stratigraphic 
relations.

Continental collision induced intricate folding at regional 
and local scales and led to overturning of complete and partial 
geologic sequences (Arkansas Geological Survey, 2016). At 
present (2021), the Hot Springs anticlinorium is intensely 
folded and overturned to the south and dips to the north at 
15–60 degrees. The major folds consist of numerous smaller 
folds that are tight and compressed, strike northeast, and over-
lap one another laterally in a discontinuous manner over long 
distances (Purdue, 1910; Bryan, 1922). Thrust faults occur 
parallel to the strikes of the fold axes. The thermal springs 
discharge from the ground near a mapped thrust fault, along 
a belt that is approximately 1,300 ft long and a few dozen 
feet wide at the southwestern base of Hot Springs Mountain 
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(fig. 2, Bryan, 1922; Bedinger and others, 1979). The thermal 
springs are located on the nose of a southwestern-plunging 
anticline that is part of the larger anticlinorium. This general 
structural configuration—wherein thermal springs tend to be 
found at the noses of plunging anticlines and closely aligned 
with mapped thrust faults—is observed for all documented 
occurrences of thermal springs across the Ouachita Province 
(Kresse and Hays, 2009).

Hydrogeologic Description of Study Area

The regional surficial geology controlling hydrogeologic 
processes in Hot Springs National Park is shown in figure 2. 
The folding, faulting, and extreme dips of the geologic for-
mations plunge the formations to great depths. Groundwater 
travels vertically downward through these highly fractured 
formations to estimated depths of 4,500–7,500 ft at an esti-
mated flow velocity of 1–10 feet per year (ft/yr; Bedinger and 
others, 1979). The groundwater is heated along the deep flow 
path by the local geothermal gradient of 0.006–0.01 degrees 
Celsius per foot (°C/ft; Bedinger and others, 1979) and attains 
a maximum estimated temperature of 63–68 °C along the 
flow path (Bedinger and others, 1979; Bell and Hays, 2007). 
The geothermal heat source is generally agreed upon as being 
the most probable heat source, although past researchers have 
debated if the origin of the heat is magmatic (Weed, 1902; 
Purdue, 1910; Bryan, 1922), or a result of the convective 
upwelling of heated juvenile water (Arndt and Stroud, 1953). 
Researchers now consider that the thermal effects on the 
buoyancy and kinematic viscosity of the groundwater at these 

temperatures and depths, combined with the presence of the 
permeable conveyance conduits created by joints, fractures, 
and faults, cause the heated groundwater to travel vertically 
upwards under artesian pressure. The travel time from depth to 
the surface is rapid (on the order of a few years) in comparison 
to the travel time required for the groundwater to reach the 
maximum flow depth (on the order of several thousand years). 
This concept is supported by observations of silica concentra-
tions in the thermal groundwater constituent, which indicated 
that the maximum temperature achieved at depth is only a few 
degrees greater than the average temperature of the thermal 
springs. Silica data collected by Bell and Hays (2007) were 
used with the methods of Fournier and Rowe (1966) to calcu-
late the maximum temperature of the groundwater conveyed 
along the deep flow path. Bell and Hays (2007) estimated a 
maximum groundwater temperature of about 66.6 °C based on 
the maximum silica concentration from thermal spring base-
flow data—an estimate that is 3.4 °C higher than the source 
temperature of 63.2 °C previously reported by Bedinger and 
others (1979).

Although the spring flows are thought to be sustained 
exclusively by recharge occurring over the eroded anticlinal 
complex, some speculation regarding the presence or absence 
of a component of interbasin flows has occurred. Through 
base-flow analysis, Bedinger and others (1979) concluded 
that interbasin transfers of groundwater from several adjacent 
stream basins likely contribute to the thermal groundwater 
constituent and therefore the thermal springs. Kresse and Hays 
(2009), however, found no evidence of interbasin transfers of 
the cold groundwater constituent.

Recharge area, Hot Springs, Arkansas.



6 
 

Effects of Clim
ate and Land-Use Change on Therm

al Springs Recharge, Hot Springs N
ational Park, Arkansas

93°93°05'

34°35'

34°30'

A A'

B'

B

A

A A'

A'

B

EXPLANATION
Formation

Bigfork Chert (Obf)

Blakely Sandstone (Ob)

Hot Springs Sandstone (Mshs)

Hot Springs Tufa (Qtufa)

Igneous Pluton (Ki)

Mazarn Shale (Om)

Stanley Shale (Ms)

Womble Shale (Ow)

Arkansas Novaculite (MDa)

Polk Creek Shale-Missouri
Mountain Shale (SO)

Hot Springs National
Park boundary

Potential groundwater 
recharge area

Line of section

MODFLOW model grid node

Hot Springs thermal spring

0 1 2 KILOMETERS

0 1 2 MILES

Base from U.S. Geological Survey digital data, 1:24,000, 2014
Universal Transverse Mercator, zone 15

Figure 2. The regional surficial geology controlling hydrogeologic processes in Hot Springs National Park with decimated 
MODFLOW groundwater-flow model grid. Each grid node is separated from surrounding grid nodes by 984.25 feet corresponding 
to a model-grid decimation of 10 (the full model grid has 10 times the number of nodes shown in both the x and y directions).



Delineation of the Recharge Area  7

Delineation of the Recharge Area
The thermal springs in Hot Springs National Park exist 

because the formations that recharge them exhibit the fol-
lowing general characteristics: (1) the formations are per-
meable, and their outcrop areas are large enough to accrue 
enough recharge to yield thermal spring discharge of about 
88,000 cubic feet per day (ft3/d), or about 1 cubic foot per 
second (ft3/s), (2) water-level elevations within the recharging 
formations provide sufficient hydraulic head for the thermal 
springs to emerge from the ground at elevations between 576 
and 683 ft (Bedinger and others, 1979), and (3) the recharge 
area is hydraulically connected to the thermal springs and 
capable of supplying a recharge of at least 2–6 inches per 
year (in/yr; Bedinger and others, 1979). Based on these 
characteristics, three formations are considered plausible for 
supplying the majority of recharge to the thermal springs. 
Recharge to the thermal springs is theorized to occur primar-
ily through the secondary porosity of the Bigfork Chert and 
the Arkansas Novaculite Formations (fig. 2), and to a lesser 
degree, through the less extensive outcrop of the Hot Springs 
Sandstone Member—a member of the Stanley Shale (herein-
after referred to as the Hot Springs Sandstone following usage 
from the Arkansas Geological Survey [Johnson and Hanson, 
2011; McFarland, 2004]). These formations are character-
ized by relatively high permeability because of abundant 
faulting and fracturing, and water levels in some areas of 
their outcrops exceed 850 ft elevation (Nottmeier and Hays, 
2019). The formations are part of the eroded, thrust-faulted 
anticline from which the thermal springs emerge at the nose, 
and therefore represent the most structurally, topographically, 
and stratigraphically suitable area meeting the recharge criteria 
listed above.

The hydraulic head in the recharge area that is required 
to recharge the thermal springs is affected by groundwa-
ter temperature, total dissolved solids (TDS), the flow path 
length, and frictional head losses that occur along the flow 
path between the recharge area and the thermal springs (Zhang 
and Nemcik, 2013). Temperature increases that occur along 
the flow path reduce the groundwater density and the hydrau-
lic head that is required in the recharge area. In contrast, an 
increase of TDS along the flow path increases the groundwater 
density and the hydraulic head that is required in the recharge 
area. For example, groundwater with 200 milligrams per 
liter (mg/L) TDS and a temperature of 66.6 °C at the thermal 
springs (the approximate temperature of the hot-water column) 
is about 98.9 percent as dense as the groundwater contained 
within the upstream segments of the flow path where lower 
TDS of about 110 mg/L and reduced temperature of about 
42 °C are common (these values are representative of the con-
ceptual model of the thermal springs considered by Bedinger 

and others [1979]). A 5,000-ft column of groundwater at an 
average temperature of about 42 °C is therefore roughly equiv-
alent to a 5,055-ft column of groundwater at a temperature 
of 66.6 °C. The implication is that the recharge area could be 
lower in elevation than the discharge elevation of the thermal 
springs (Bedinger and others, 1979).

Consideration of the previously listed characteristics 
enabled an estimate of the recharge area and its elevation, 
which are depicted in figure 3. Simple Darcy calculations 
that incorporated hydraulic conductivity constraints based 
on available local data indicated that hydraulic head in the 
recharge area must be sufficiently high relative to the eleva-
tion of the thermal springs in order to produce the discharge 
rates measured at the thermal springs. Based on the elevation 
of the thermal springs, and in consideration of water-density 
effects attributed to groundwater temperature increases along 
the flow path, the outcrop areas of the Bigfork Chert, Arkansas 
Novaculite, and Hot Springs Sandstone that lie above an 
elevation of 660 ft on the Hot Springs anticlinorium were con-
sidered the most likely recharge areas because they exhibit the 
aforementioned criteria in the delineated recharge area (fig. 3). 
Throughout the delineated recharge area (fig. 3), the rocks of 
these formations are permeable enough to convey water into 
the deep subsurface, and the hydraulic head is sufficient to 
convey groundwater flow through the subsurface to the ther-
mal springs. Geologic maps of the anticlinorium (Johnson and 
Hanson, 2011) show that about 8 square miles (mi2) of Bigfork 
Chert, about 5 mi2 of Arkansas Novaculite, and about 3 mi2 of 
Hot Springs Sandstone outcrop at elevations above 660 ft. The 
recharge area delineated in figure 3 therefore totals approxi-
mately 16 mi2; however, this estimate is conservative because 
the shales and siltstones of the Stanley Shale, Polk Creek-
Missouri Mountain Shale, and Womble Shale formations are 
not considered. The shales of these formations do outcrop 
at elevations that are high enough to provide recharge to the 
thermal springs, and these formations are highly fractured and 
capable of transmitting groundwater at shallow depths where 
overburden pressure has not effectively closed the fractures. 
Furthermore, thousands of shallow domestic wells produce 
water from these formations, and the shallow groundwater lev-
els within these formations show notable and rapid responses 
to recharge events. However, these wells rarely produce water 
at depths below about 180 ft (Kresse and Hays, 2009), indicat-
ing that the overburden stress is great enough to close fractures 
in the deeper regions of these more labile formations and pre-
vent groundwater flow to the depths necessary to recharge the 
thermal springs. The Arkansas Novaculite, Bigfork Chert, and 
Hot Springs Sandstone are therefore regarded herein as the 
formations that serve as the principal recharge source of the 
thermal springs, and the estimated recharge area is delineated 
in figure 3.
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PRMS Model Development
The following sections of this report describe the devel-

opment of the PRMS model used to simulate the hydrologic 
cycle and quantify recharge at the watershed scale. PRMS is 
a modular, deterministic, distributed-parameter model that 
has been used in many hydrologic applications to evaluate the 
effects of climate and land use on general watershed hydrol-
ogy (Markstrom and others, 2015). All input and output files 
for the PRMS watershed model described herein are provided 
in a related data release (Hart and Ikard, 2021).

The PRMS model domain included all of the hydrologi-
cally similar units shown in figure 1, referred to as hydrologic 
response units (HRUs), and overlapped the MODFLOW 
groundwater-flow model domain. Stream segments are the 
smallest geographic features that can be simulated by the 
PRMS model, and they are simulated in the PRMS model as 
channelized flow (Markstrom and others, 2015).

The PRMS model maintains a daily water balance of the 
entire watershed and simulates all processes of the hydrologic 
cycle by using daily time-series of precipitation, incident 
solar radiation, and maximum and minimum air tempera-
tures as inputs. Precipitation in the form of rain, snow, or a 
mixture of rain and snow is either intercepted by the vegeta-
tive canopy or converted to throughfall onto the watershed 
surface. At the watershed surface, precipitation that either 
runs off into stream segments, lakes, or adjacent HRUs or 
infiltrates into the soil is subjected to evapotranspiration 
controlled by daily temperature and incident solar radiation. 
The impervious portions of the watershed surface have no 
infiltration capacity, and maximum storage capacity in the 
soil must be met before surface runoff can occur (Markstrom 
and others, 2015).

Three conceptual soil reservoirs are represented within 
the PRMS model, and groundwater flow is simulated between 
each of these soil reservoirs based on antecedent conditions 
in adjacent soil reservoirs and the soil properties distributed 
within them (Markstrom and others, 2015). The reservoirs, 
from top to bottom) are (1) the preferential-flow reservoir, 
which enables simulation of fast lateral interflow, (2) the cap-
illary reservoir, which accounts for volumetric soil moisture 
between the wilting point and field-capacity extremes, and 
(3) the gravity reservoir, which enables simulation of slow, 
lateral interflow and gravity drainage out of the soil column. 
Gravity drainage accounts for base flow to the stream net-
work and serves as a groundwater sink to represent drainage 
out of the soil column (Markstrom and others, 2015). Gravity 
drainage simulated by the PRMS model was incorporated 
into the MODFLOW model as recharge.

PRMS Model Climate Inputs

Historical and future climate data were input into the 
PRMS model to simulate the water cycle at the watershed 
scale. Historical data included daily precipitation, minimum 

and maximum surface air temperatures, and incident solar 
radiation from 1980 to 2014, each produced by the University 
of Idaho’s Gridded Surface Meteorological Dataset (gridMET 
Climatology Lab) (Abatzoglou, 2013). The historical cli-
mate data were downloaded from the USGS Geo Data Portal 
(Blodgett and others, 2011, 2012) and were used to derive a 
spatially and temporally continuous high-resolution gridded 
climate dataset, which ultimately was used to produce a base-
line recharge condition for use as a boundary condition during 
calibration of the MODFLOW model.

The future climate data consisted of predicted daily 
precipitation and minimum and maximum surface air tem-
peratures for the conterminous United States for the period 
2015–2099. These data were produced by several global 
climate models (GCMs) of the Phase 5 Coupled Model 
Intercomparison Project (CMIP5) (World Climate Research 
Programme, 2020). Future climate data were used as inputs to 
the PRMS model to simulate potential future climate condi-
tions and the corresponding recharge fluxes that were used 
as boundary conditions in predictive simulations using the 
MODFLOW model. The future climate data were downscaled 
by the Multivariate Adaptive Constructed Analogs method 
(Abatzoglou and Brown, 2012) by using the gridMET data 
(Abatzoglou, 2013) as a training dataset. The downscal-
ing was based on the 365-day outputs from different GCMs 
that used historical (1950–2005) and future (2006–2099) 
Representative Concentration Pathway (RCP) scenarios of 
4.5 and 8.5, respectively (Pachauri and Meyer, 2014). GCMs 
corresponding to the two RCPs were selected to examine 
moderate and extreme greenhouse gas emission scenarios 
for the Hot Springs National Park area, which are character-
ized by RCPs of 4.5 and 8.5, respectively. The global mean 
surface air temperature was projected to rise for the period 
2016–2035 under both of the greenhouse emissions scenarios 
considered. After 2035, the global mean surface air tempera-
ture changes through 2099 were dependent upon the specific 
greenhouse gas emissions scenario. An RCP of 4.5 resulted 
in a moderate surface air temperature change corresponding 
to a global mean surface air temperature increase of 1.8 °C, 
whereas an RCP of 8.5 resulted in the most extreme surface air 
temperature change corresponding to a global mean surface air 
temperature increase of 3.7 °C (Pachauri and Meyer, 2014). 
In all cases, an increase in mean surface air temperature was 
predicted for the Hot Springs National Park area by the end of 
the century. Precipitation predictions were more uncertain than 
temperature predictions for this region; however, the general 
consensus is that intense rainfall events will likely increase in 
frequency in the future (Carter and others, 2014).

PRMS Model Parameters

Numerous datasets were required to define the static 
parameters of the PRMS model. The required datasets were 
part of the Geospatial Fabric (Viger, 2014; Viger and Bock, 
2014) and included (1) the National Elevation Dataset (USGS, 
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2019a) for delineating HRUs in the PRMS model domain 
(fig. 1), (2) the National Hydrography Dataset (USGS, 2019b) 
for delineating the stream reaches within the Gulpha Creek 
watershed (fig. 1), (3) the 2001 National Land Cover Database 
(Homer and others, 2007) to quantify the static PRMS param-
eters related to land cover, and (4) the Soil Survey Geographic 
database (SSURGO; U.S. Department of Agriculture, 2019a, 
b) to quantify the PRMS parameters related to the soils in the 
Gulpha Creek watershed. Other important parameters that 
control the recharge processes in the PRMS model are listed in 
table 1.

Calibration of the PRMS Model

The PRMS model was calibrated to historical daily mean 
streamflow data measured at the Gulpha Creek streamgage 
(USGS station 07358550, Gulpha Creek at Hot Springs, 
Arkansas [figs. 1 and 4]) between August 14, 2009, and 
December 31, 2014 (USGS, 2019c). The PRMS model was 
calibrated in a two-step sequence to produce a long-term mean 
recharge for use in calibrating the MODFLOW model. First, 
a baseline PRMS simulation was performed by using histori-
cal climate data representing the period January 1, 1980, to 
August 14, 2009, to allow the simulated water balance to 
converge on a stable antecedent soil moisture condition. The 
antecedent soil moisture condition was then used in the second 
step, and the PRMS model was calibrated to historical daily 
mean streamflow from August 14, 2009, to December 31, 
2014, by using historical climate data.

The time-series of PRMS-simulated daily mean stream-
flow compared reasonably well with the daily mean stream-
flow data measured at the Gulpha Creek streamgage (fig. 4). 
The mean absolute error and the root mean square error 
(RMSE) between the calibrated and measured daily mean 
streamflow were 3.63 ft3/s and 7.58 ft3/s, respectively (table 2). 
The means of the simulated and measured streamflow data 
compared well also; the mean of the simulated streamflow 
data was 6.20 ft3/s, and the mean of the measured streamflow 
data at the Gulpha Creek gage was 7.20 ft3/s, corresponding 
to an error of about 14 percent (table 2). Based on the model-
fit statistics (table 2), the corresponding performance ratings 
given by Moriasi and others (2007) indicate that the calibra-
tion of the PRMS model falls within the category of “accept-
able” to “very good.”

PRMS Model Results

The PRMS model results are shown graphically in fig-
ure 5 and in map view in figure 6. The annual mean precipita-
tion supplied to the PRMS model (fig. 5) was approximately 
47 in/yr for the calibration period 1980–2014. The minimum 
of 34.0 in/yr occurred in 2005, and the maximum of 69.6 in/
yr occurred in 2009. Using the annual mean precipitation time 
series as a PRMS model input, the PRMS-simulated annual 
mean surface runoff (fig. 5) was about 4.1 in/yr and varied 

between the minimum of 2.4 in/yr in 1981 and 2005 and the 
maximum of 8.1 in/yr in 2009. The PRMS-simulated annual 
mean recharge over the entire PRMS-model domain was 
approximately 7.9 in/yr and varied between the minimum of 
1.4 in/yr in 1981 and the maximum of 18.7 in/yr in 2009. The 
annual mean recharge simulated by PRMS within any indi-
vidual HRU (fig. 6) varied between the minimum of 3.3 in/yr 
and the maximum of 12.1 in/yr depending on the soil and land 
cover properties.

The PRMS-simulated annual mean recharge (7.9 in/yr) 
compared reasonably well to the independent recharge esti-
mate of 2–6 in/yr published by Bedinger and others (1979). To 
further evaluate the validity of the PRMS-simulated recharge, 
the PRMS-simulated values were compared to estimates 
simulated by three additional models. The first of these mod-
els was the Hydrologic Evaluation of Landfill Performance 
v. 3 (HELP3) model (https://www.epa.gov/ land- research/ 
hydrologic- evaluation- landfill- performance- help- model; U.S. 
Environmental Protection Agency, 2017), which uses a combi-
nation of climate, soil, and land-use data to estimate recharge 
(Jyrkama and others, 2002; Lacombe and others, 2017). The 
HELP3 model simulation (fig. 7) returned recharge estimates 
that varied between a minimum of about 0 in/yr to a maxi-
mum of 29.2 in/yr; the annual mean recharge estimated with 
the HELP3 model was 6.5 in/yr which compared favorably 
to the annual mean recharge returned by the PRMS simula-
tion. The second model used the Rorabaugh (RORA) code 
(Rutledge, 1998, 2000), which is based on recession curve 
displacement and estimates recharge to the water table based 
on daily streamflow in a watershed. This model incorporated 
all streamgages near the Hot Springs National Park study 
area (table 3) and produced recharge estimates that varied 
between a minimum of 9.0 in/yr and a maximum of 24.5 in/
yr; the annual mean recharge estimated from the RORA model 
was 14.9 in/yr (table 3). This estimate was notably larger than 
the PRMS-simulation but still compared reasonably well. 
The third model was the Soil-Water-Balance (SWB) model 
(Westenbroek and others, 2010). The SWB model calculates 
spatial and temporal variations in groundwater recharge by 
using a modified Thornthwaite-Mather soil-water balance 
(Thornthwaite and Mather, 1955, 1957), which is based on 
daily values of precipitation and temperature, in addition to 
land-use classification, hydrologic soil groupings, and soil-
water retention properties. The SWB model produced recharge 
that varied between a minimum of 0 in/yr and a maximum of 
74.9 in/yr (fig. 8); the annual mean recharge estimated with 
the SWB model was 10.8 in/yr, which was also slightly greater 
than the PRMS simulation but comparable. The PRMS-
simulated annual mean recharge (7.9 in/yr) was encapsulated 
by the mean values obtained from the HELP3, RORA, and 
SWB models (6.5–14.9 in/yr) and was therefore considered 
an adequate representation of the actual recharge in the Hot 
Springs National Park study area and suitable for use as a 
boundary condition in the MODFLOW model.

https://www.epa.gov/land-research/hydrologic-evaluation-landfill-performance-help-model
https://www.epa.gov/land-research/hydrologic-evaluation-landfill-performance-help-model
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Table 1. Summary of calibrated values for selected hydrology parameters for the Precipitation-Runoff Modeling System 
(PRMS).

[HRU, hydrologic response unit; ET, evapotranspiration]

Parameter name Description Units
Parameter 
range or 

value

rain_cbh_adj Monthly factor to adjust measured precipitation on each HRU to account 
for differences in elevation

decimal fraction 0.60–1.38

sat_threshold Water-holding capacity of the gravity and preferential flow reservoirs; dif-
ference between field capacity and total soil saturation for each HRU

inches 40

slowcoef_lin Linear coefficient in equation to route gravity-reservoir storage downslope 
for each HRU

fraction/day 0.059

slowcoef_sq Nonlinear coefficient to route gravity reservoir storage downslope for each 
HRU

none 0.177

soil_moist_max Maximum available water-holding capacity of capillary reservoir from 
land surface to rooting depth of the major vegetation type of each HRU; 
affects Hortonian surface runoff, ET, direct recharge, and flow to gravity 
reservoir

inches 5.02–8.35

soil_rechr_max Maximum storage for soil recharge (upper portion of capillary reservoir 
where losses occur as evaporation and transpiration); must be less than 
or equal to soil_moist_max; affects Hortonian surface runoff and ET

inches 0.21–2.82

soil2gw_max Maximum amount of the capillary reservoir excess that is routed directly to 
the groundwater reservoir for each HRU

inches 0.121

ssr2gw_exp Nonlinear coefficient used in the equation used to route water from the 
gravity reservoirs to the groundwater reservoir for each HRU

none 5.1 × 10−4

ssr2gw_rate Linear coefficient used in the equation used to route water from the gravity 
reservoir to the groundwater reservoir for each HRU

fraction/day 0.753

gwflow_coef Linear coefficient in the equation used to compute groundwater discharge 
from each groundwater reservoir

fraction/day 0.099–0.145

gwsink_coef Linear coefficient in the equation to compute outflow to the groundwater 
sink for each groundwater reservoir

fraction/day 0

gwstor_min Minimum storage in each groundwater reservoir to ensure storage is greater 
than a specified value to account for inflow from deep aquifers or injec-
tion wells with the water source outside the basin

inches 0.077

cov_type Integer specifying vegetation cover type for each HRU (0=bare soil; 
1=grasses; 2=shrubs; 3=trees; 4=coniferous)

none 0–4

covden_sum Summer vegetation cover density for the major vegetation type in each 
HRU

decimal fraction 0.000–0.887

covden_win Winter vegetation cover density for the major vegetation type in each HRU decimal fraction 0.000–0.800
srain_intcp Summer rain interception storage capacity for the major vegetation type in 

each HRU
inches 0.00–0.05

wrain_intcp Winter rain interception storage capacity for the major vegetation type in 
each HRU

inches 0.000–0.046

carea_max Maximum possible area contributing to surface runoff expressed as a por-
tion of the HRU area

decimal fraction 0.6

hru_percent_im-
perv

Fraction of each HRU area that is impervious decimal fraction 0.000–0.708

imperv_stor_max Maximum impervious area retention storage for each HRU inches 0.05
smidx_coef Coefficient in nonlinear contributing area algorithm for each HRU decimal fraction 0.001
smidx_exp Exponent in nonlinear contributing area algorithm for each HRU 1/inch 0.29
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Coupling of the PRMS and MODFLOW Models

The PRMS model was coupled to the MODFLOW model 
through the PRMS-simulated recharge, which provided an 
aerially distributed specified flux boundary condition for the 
MODFLOW groundwater-flow model. This coupling between 

the PRMS and MODFLOW models allows for integrated 
resource management. Changes in recharge rates attributed 
to future scenarios of climate and land use can be forecasted 
in the PRMS model and represented in the MODFLOW 
groundwater-flow model as boundary conditions to simulate 
the potential effects on the discharge at the thermal springs.

Table 2. Summary of model-fit statistics for calibration of the Precipitation-Runoff Modeling System 
(PRMS) model.

[The PRMS model was calibrated to historical daily mean streamflow at U.S. Geological Survey streamgage 
07358550, Gulpha Creek at Hot Springs, Arkansas (U.S. Geological Survey, 2019c) for the period August 14, 1980, to 
December 31, 2014. RMSE, root mean square error]

Model-fit statistics and unit of measure Value

Mean absolute error (cubic feet per second) 3.63
Root mean squared error (cubic feet per second) 7.58
Mean of simulated streamflow (cubic feet per second) 6.20
Mean of measured streamflow (cubic feet per second) 7.20
Pearson’s correlation coefficient (unitless) 0.88
Coefficient of determination (unitless) 0.78
Nash-Sutcliffe model efficiency coefficient (unitless) 0.76
RMSE to standard deviation ratio (unitless) 0.49
Percent bias (PBIAS) (percent) −13.3
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MODFLOW Groundwater-Flow Model 
Development

The groundwater-flow model of the Hot Springs anti-
clinorium was developed in MODFLOW-2005 (McDonald 
and Harbaugh, 1988; Harbaugh, 2005) to evaluate the effects 
of predicted future climate and land-use changes on thermal 
spring flow. MODFLOW-2005 simulates groundwater flow in 
three dimensions (3D) by using the finite-difference method 
(Wang and Anderson, 1982; Anderson and Woessner, 2002). 
The following sections describe development of the MOD-
FLOW model framework, spatial and temporal discretization, 
boundary conditions, parameter values, calibration, sensitiv-
ity analysis, and particle-tracking results using MODPATH 
version 6 (Pollock, 2012), in addition to predictive simulation 
results. All MODFLOW-2005 and MODPATH version 6 input 
and output files are available in the related data release (Hart 
and Ikard, 2021).

MODFLOW Model Discretization and 
Framework

The MODFLOW model domain (fig. 1) was bounded by 
coordinates (93.1179986° W., 34.610003° N.), (92.9289994° 
W., 34.6099944° N.), (92.9290047° W., 34.4940003° N.), 
and (93.1180072° W., 34.4939906° N.), representing the 

northwest, northeast, southeast, and southwest corner coor-
dinates, respectively. The area encapsulated within these 
coordinates was spatially discretized into a finite-difference 
grid (hereinafter referred to as the “model grid”) with square 
cells having equal width of 98.4 ft. This discretization resulted 
in 576 columns and 429 rows in the horizontal dimensions 
of the model grid and encapsulated a surface area of about 
86 mi2. The subsurface beneath this area was vertically 
discretized into 19 confined layers, and the vertical thickness 
of each model-grid cell varied because of surface topography 
and the complex subsurface structure of the hydrogeologic 
units (fig. 9). The model was temporally discretized into one 
steady-state stress period of 34 years in duration (1980–2014) 
to represent the calibration period of the PRMS model.

The hydrogeologic framework was represented by six 
rock formations and one vertical fault placed in every grid 
layer at the coordinate of the thermal springs. The subsurface 
expressions of each rock formation are shown in figure 9 
in relation to the surficial geology within the subarea of the 
full model grid delineated by cross sections A–A′ and B–B′ 
(fig. 2). Lithological descriptions of each rock formation are 
provided by Purdue (1910), Bryan (1922, 1924), Bedinger 
and others (1979), and Yeatts (2006). The rock formations 
included in the framework are (from oldest to youngest): (1) 
the Ordovician Womble Shale, (2) the Ordovician Bigfork 
Chert, (3) the Ordovician to Silurian Polk Creek-Missouri 
Mountain Shale, (4) the Mississippian to Devonian Arkansas 
Novaculite, (5) the Mississippian Hot Springs Sandstone, and 
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Creek at Hot Springs, Arkansas, August 14, 2009–December 31, 2014.
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(6) the Mississippian Stanley Shale. The Womble Shale is the 
oldest geologic formation in the framework and underlies all 
other units (Yeatts, 2006). It is overlain by the Bigfork Chert, 
which underlies most of the anticlinorium. The Bigfork Chert 
is highly permeable because of fracturing and is considered 
one of the likely recharge formations for the thermal springs 
(Bedinger and others, 1979). The Bigfork Chert is confined 
by the Polk Creek-Missouri Mountain Shale, which underlies 
the Arkansas Novaculite. The Arkansas Novaculite is also a 
potential recharge formation for the thermal springs (Bedinger 
and others, 1979). It is less permeable than the Bigfork Chert 
but is fractured and intensely jointed and contains intergranu-
lar permeability that could convey groundwater from the theo-
rized recharge locations to the surface at the thermal springs 
(Bedinger and others, 1979). The Arkansas Novaculite is 
overlain by the Hot Springs Sandstone, which is the formation 
from which the thermal springs discharge. The Hot Springs 

Sandstone contains large joints and fractures from folding 
that create high permeability, and it is confined by the Stanley 
Shale Formation.

Boundary Conditions in the MODFLOW Model

The MODFLOW groundwater-flow model solves 
the differential equation for groundwater flow as a bound-
ary value problem. Numerical solutions of boundary value 
problems require the definition of mathematical boundary 
conditions to constrain the solution within the model grid. 
Boundary conditions in the MODFLOW groundwater-
flow model represent the locations in the model grid where 
groundwater flows into or out of the model grid. The 
boundary conditions incorporated into the MODFLOW 
groundwater-flow model were a combination of specified 
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fluxes and head-dependent fluxes. The MODFLOW input 
files (Hart and Ikard, 2021) that implemented these boundary 
conditions included the following:

1. The Drain package (DRN), which simulated head-
dependent fluxes out of the model grid in one drain posi-
tioned in layer 1 at the coordinate of the thermal springs 
(fig. 9);

2. The River (RIV) package, which was used to assign the 
grid coordinates, riverbed conductance, and stages of 
river cells in layer 1 of the model grid (fig. 10) and was 
used to implement nonlinear, head-dependent fluxes into 
or out of river cells;

3. The Recharge (RCH) package, which was used to define 
aerially distributed specified fluxes of recharge (fig. 11) 
into each grid cell in the top layer of the model grid; and

4. The General Head Boundary (GHB) package, which 
was used to implement head-dependent fluxes in the 
boundary cells around the perimeter of the model grid in 
all layers.

Every cell of the model grid was active except for the those 
in the bottom layer. Cells of the bottom layer were assigned 
as inactive cells to represent a zero-flux (no-flow) boundary 
condition.

General head boundary (GHB) conditions were imple-
mented based on the linear relation between the calculated 
head in an active grid cell and a predefined reference head in 
an adjacent GHB cell. This relation is given in equation 1 and 
described in more detail by Harbaugh (2005). In equation 1 
Q is the GHB flux (in cubic feet per day), C is the hydraulic 
conductance of the GHB grid cell (in feet squared per day) 
defined as the product of hydraulic conductivity and cross-
sectional area of the GHB cell divided by the flow path length 

between the active cell and GHB cell, H (in feet) is the head 
in the active cell, which is calculated as a part of the MOD-
FLOW groundwater-flow model solution, and Ho (in feet) is a 
reference head assigned to the GHB cell and defined explic-
itly in the GHB package.

 Q = −C(H − Ho) (1)

In the groundwater-flow model, the reference heads in 
GHB cells were calculated separately from the MODFLOW 
solution (as described below) and were defined explicitly in 
the GHB package. According to equation 1, GHB flux is pro-
portional to the difference in head between an active cell and 
an adjacent GHB cell and can be unidirectional or multidirec-
tional. Because the GHB cells line the perimeter of the model 
grid in all layers, flux into or out of an adjacent active cell, 
quantified by equation 1, is analogous to groundwater flow 
into or out of the model grid. When the calculated head in the 
active cell is greater than the reference head in the GHB cell, 
GHB flux is directed from the active cell into the GHB cell 
and is analogous to groundwater flow out of the model grid. 
On the other hand, if the calculated head in the active cell 
is less than the reference head in the GHB cell, GHB flux is 
directed from the GHB cell into the active cell and is analo-
gous to groundwater flow into the model grid. Alternatively, 
if the head in the active cell is equal to the head in the GHB 
cell, the GHB flux between the cells is zero and groundwater 
flow does not occur between the grid cells.

The reference heads in the GHB cells were computed 
by considering that the groundwater-flow system could be 
simplified in concept. Figure 12 shows this simplified con-
cept of how recharge enters the groundwater-flow system, 
flows downgradient beneath a synclinal valley, and is heated 
along the flow path by the natural geothermal gradient. 
Deep, heated groundwater rises vertically to discharge at the 

Table 3. Simulated recharge values, obtained by using the Rorabaugh (RORA) code (Rutledge, 1998, 2000), for U.S. Geological Survey 
streamgages near the Hot Springs National Park and surrounding area, Arkansas.

Streamgage name and station number1 Drainage area 
(square miles)

Period of 
record

Simulated annual mean recharge 
(inches per year)

Brushy Creek near Jessieville, Arkansas (07362656) 17.8 2004–2007 14.1
Ouachita River near Hot Springs, Arkansas (07358000) 1,405 1923–1929 10.1
Whittington Creek at Tunnel Entrance at Hot Springs, Arkansas 

(07358253) (see fig. 1)
2.2 2009–2014 20.6

Alum Fork Saline River near Reform, Arkansas (07362587) 27.0 1990–2014 14.0
Middle Fork Saline River below Jessieville, Arkansas 

(07362641)
30.2 2004–2007 11.9

Middle Fork Saline River near Owensville, Arkansas 
(07362693)

93.9 2003–2007 9.0

Hot Springs Creek downstream of Grand Avenue at Hot 
Springs, Arkansas (07358284) (see fig. 1)

4.2 2009–2014 24.5

Gulpha Creek at Hot Springs, Arkansas (07358550) (see fig. 1) 4.6 2011–2014 14.8

1From U.S. Geological Survey (2019c).
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thermal springs (Bedinger and others, 1979). This simplified 
conceptual model was described mathematically by the princi-
ple of energy conservation to arrive at an equation to calculate 
the distribution of starting hydraulic heads in the model-grid 
cells and reference heads in GHB cells.

The principle of energy conservation was applied to 
quantify the total hydraulic head, HT (in feet, eq. 2) between 
two points at the locations of recharge (point 1, fig. 12) and 
spring discharge (point 2, fig. 12). Total hydraulic head is 
equal to the summation of the pressure-head, velocity-head, 
and elevation-head components. These components are 
directly related in the Bernoulli equation (eq. 2) (Munson 
and others, 2006) to the hydrostatic pore-fluid pressure P (in 
pounds per square foot), the pore-fluid velocity V (in feet per 
second), and the elevation z (in feet) at a given point in the 
subsurface, respectively. Total head in equation 2 is in refer-
ence to fresh groundwater having a specific gravity given by 
the product of its density, ρ (in pounds per cubic foot), and 
gravitational acceleration, g (in feet per square second).

   H  T    =   P _ ρg  +    V   2  _ 2g  + z  (2)

The hydraulic heads at the locations of recharge (point 1, 
fig. 12) and spring discharge (point 2, fig. 12) were related by 
the principle of energy conservation in equation 3.

    
 P  1   _ ρg  +   

 V  1  2  _ 2g  +  z  1   =   
 P  2   _ ρg  +   

 V  2  2  _ 2g  +  z  2    (3)

The velocity heads were neglected and omitted from both 
sides of equation 3. The hydraulic pressure at the thermal 
springs, P2 (in pounds per square foot), was assumed to be 
atmospheric gage pressure (0 pounds per square foot; lb/ft2) 
and was omitted from the right-hand side of equation 3. These 
simplifications resulted in equation 4, which relates the hydro-
static pore pressure at the location of recharge to the specific 
gravity of the groundwater and the elevation difference, ∆z (in 
feet), between the locations of recharge and spring discharge, 
set equal to 420 ft (Bedinger and others, 1979).

   P  1    = ρg ( z  2   −  z  1  )  = ρgΔz  (4)

The total pressure driving groundwater flow through the 
system, PT (in pounds per square foot), was assumed to be 
a combined result of lithostatic overburden pressure, PL (in 

50

100

150

200

250

300

350

400

Row coordinate of the model grid

50 100 150 200 250 300 350 400 450 500 550

Head-dependent flux cells in the river package and river stages in the top grid layer 

teef ni ,egats reviR

1,000

800

600

400

200

0

Note: River stage was assumed equal to the elevation of the riverbed.

Hot Springs thermal springs

Co
lu

m
n 

co
or

di
na

te
 o

f t
he

 m
od

el
 g

rid

Figure 10. River network (U.S. Geological Survey, 2019b) showing cells of the top layer of the model grid used as 
nonlinear head-dependent flux boundaries for the Hot Springs National Park study area, Arkansas. River cells are 
color-coded in terms of river stage, which was assumed equal to the elevation of the riverbed.



MODFLOW Groundwater-Flow Model Development  21

dirg ledo
m eht fo etanidrooc n

muloC

A. Specified Flux (Recharge) Boundary Conditions in the Top Grid Layer—Wet Condition 

B. Specified Flux (Recharge) Boundary Conditions in the Top Grid Layer—Dry Condition

dirg ledo
m eht fo etanidrooc n

muloC

50

100

150

200

250

300

350

400

50

100

150

200

250

300

350

400

Row coordinate of the model grid
50 100 150 200 250 300 350 400 450 500 550

Row coordinate of the model grid
50 100 150 200 250 300 350 400 450 500 550

30

24

18

12

6

0

000,1 x yad rep sehcnI

 raey rep sehcnI

11.0

8.8

6.6

4.4

2.2

0

No Recharge Applied 

No Recharge Applied 

Hot Springs thermal springs

Hot Springs thermal springs

Hot Springs thermal springs

Hot Springs thermal springs

Figure 11. Examples of Precipitation-Runoff Modeling System (PRMS)-simulated recharge applied 
to the top layer of the MODFLOW model grid for the Hot Springs National Park study area, Arkansas. 
A. PRMS-simulated recharge for a relatively “wet” year when a comparatively large volume of 
recharge was applied to the MODFLOW groundwater-flow model. This recharge grid was used to 
manually calibrate the MODFLOW groundwater-flow model. B. PRMS-simulated recharge for a 
relatively “dry” year when a comparatively small volume of recharge was applied to the MODFLOW 
groundwater-flow model.



22  Effects of Climate and Land-Use Change on Thermal Springs Recharge, Hot Springs National Park, Arkansas

pounds per square foot; an analog for the effective stress of the 
rock exoskeleton), and the hydrostatic pore-fluid pressure, PH 
(in pounds per square foot), exerted by the groundwater in the 
pore space, as shown in equation 5.

 PT = (PL + PH) (5)

Lithostatic pressure variations at depth were assumed to 
vary linearly in accordance with equation 4 and were calcu-
lated by substituting the depth of any given model-grid cell 
beneath the ground surface, Z (feet), in place of the elevation 
difference, ∆z, as shown in equation 6. This component of the 
total pressure was computed as a function of the bulk density 
of the rock overburden, ρB (in pounds per cubic foot), at any 
given depth, which in turn was computed as ρB = ρr (1−ϕ), 
where ϕ is the porosity (unitless; table 4), and ρr (in pounds 
per cubic foot) is the particle density of rock formations in the 
framework.

   P  L    =  (1 − ϕ)   ρ  r   gZ  =  ρ  B   gZ  (6)

The bulk density at each depth was computed with equa-
tion 7 as a depth-weighted average of bulk density of every 
model-grid cell above a given depth in the model grid, where i 
is a summation index corresponding to the layer.

    ρ  B    =  
 ∑  i  1    [ (1 − ϕ)   ρ  r   Z]   i    ______________  ∑  i  1   Z  i  

    (7)

The hydrostatic component of total pressure at depth 
was accounted for by weighting equation 4 by the porosity, 
and was calculated with equation 8 from the temperature-
dependent fluid density, ρf (Tz) (in pounds per cubic foot), 
depth beneath the ground surface, and depth-dependent tem-
perature, Tz (in degrees Celsius), to represent the effects of the 
geothermal gradient on the pressure-head distribution.

   P  H    = ϕ  ρ  f  ( T  z   ) gZ  (8)

The geothermal gradient,   d  T  z    ⁄ dz   (in degrees Celsius per 
foot), was calculated with equation 9 from the average surface 
air temperature, Ta = 17.4 °C, reported by Kresse and Hays 
(2009), the maximum groundwater temperature, Tmax = 66.6 °C, 
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and the maximum flow depth, Zmax = 7,500 ft, estimated by 
Bedinger and others (1979). The temperature distribution 
throughout the model grid was calculated as a function of the 
geothermal gradient and the depth of any given grid cell by 
using equation 10.

   
d  T  z   _ dZ   =  

 T  max   −  T  a   _  Z  max  
    (9)

  T (Z)   =  T  a   +  dT _ dZ  Z  (10)

The temperature in each cell of the model grid was then 
used to calculate the fluid density in each cell by using the lin-
ear relation between temperature-dependent fluid density and 
depth-dependent temperature (for Tz in degrees Kelvin [K]) 
using equation 11. This relation was approximated from a lin-
ear regression of data tabulated by Munson and others (2006) 
for temperatures in the range of 273.15 K (0 °C) to 373.15 K 
(100 °C) and has a corresponding coefficient of determination 
(R2) of 0.9810.

   ρ  f    ( T  z  )   = 1,148.6 − 0.5025  T  z    (11)

Finally, the initial starting head in each model-grid 
cell was derived by substituting equations 6 and 8 into their 
respective terms in equation 5 and simplifying the result. 
This substitution and simplification resulted in equation 12, 
where HP (feet) is essentially a pressure head. The starting 
hydraulic heads calculated with equation 12 were computed as 
a function of the geothermal gradient, lithostatic overburden 

pressure, and hydrostatic pore-fluid pressure, and varied 
throughout the model grid between a minimum of 444.6 ft and 
a maximum of 2,750.8 ft, around a mean value of 2,160.5 ft. 
For comparison, the maximum elevation of the top layer of 
the model grid was 1,410.3 ft, and the maximum depth of the 
model grid was −9,151.6 ft, corresponding to a total vertical 
relief of 10,561.9 ft between the top-most and bottom-most 
cells of the model grid. The distribution of the starting heads 
computed from this simplified model are shown in figure 13 
beneath cross sections A–A′ and B–B′ (fig. 2).

   H  P    = Δz 
[
  

 ρ  B  
 _  ρ  f   (T (Z) )   + ϕ

]
   (12)

Calibration of the MODFLOW Model

The MODFLOW groundwater-flow model was manually 
calibrated to historical daily mean spring flows of 88,000 ft3/d 
measured at the thermal springs collection system over a 
12-year period of record from 1990–1995 and 1998–2005 (the 
collection system was inoperable between 1995 and 1998 and 
thermal spring flow was not measured). The model was only 
calibrated to measured spring flows. No attempt was made 
to calibrate the model to observed well heads because the 
only available observations were from wells completed in the 
first layer of the model grid at depths less than 200 ft (fig. 1). 
Previous studies indicate that these wells are disconnected (in 
a hydraulic sense) from the deeper groundwater-flow system 
(Kresse and Hays, 2009).

Table 4. Summary of calibrated model parameters by geologic formation in the Hot Springs National Park and surrounding area, 
Arkansas.

[hk, horizontal hydraulic conductivity; ft/d, foot per day; vka, vertical hydraulic conductivity; lb/ft3, pound per cubic foot; ft2/d, foot squared per day; GHB, 
general head boundary]

Parameter

Formation name (and geologic-map abbreviation)

Polk Creek-
Missouri 

Mountain Shale 
(Sm)

Womble 
Shale 
   (Ow)

Arkansas 
Novaculite 

(MDa)

Stanley 
Shale  
(Ms)

Bigfork 
Chert  
(Obf)

Hot Springs 
Sandstone 

(Mshs)

Vertical 
fault

hk (ft/d) 1.000 × 10−4 1.000 × 10−5 0.115 1.000 × 10−4 2.3 3 100
vka (ft/d) 1.750 × 10−4 1.750 × 10−5 0.2013 1.750 × 10−4 4.025 5.25 175
Porosity (unitless) 0.396 0.396 0.4 0.396 0.5 0.234 1
Bulk density (lb/ft3) 99.9 99.9 167.9 99.9 167.9 143.6 62.4
Riverbed conduc-

tance (ft2/d)
4 4 4 4 4 4 4

Drain conductance 
(ft2/d)

1,000 1,000 1,000 1,000 1,000 1,000 1,000

GHB conductance 
(ft2/d)

1,000 1,000 1,000 1,000 1,000 1,000 1,000

H z
T ZP
B

f

�
� �� � �

�

�
�
�

�

�
�
�

�
�

�
�



24  Effects of Climate and Land-Use Change on Thermal Springs Recharge, Hot Springs National Park, Arkansas

The initial values of hydraulic properties of each rock 
formation in the framework were estimated from a combina-
tion of literature references cited herein and through use of 
the database of Saxton and Rawls (2006) to obtain reasonable 
estimates of bulk density, porosity, and horizontal and verti-
cal hydraulic conductivity (hereinafter referred to as “hk” and 
“vka,” respectively) of each rock formation. Bulk density and 
porosity estimates were not explicitly used in the MODFLOW 
model but were used to calculate the starting heads in active 
cells and the reference heads in GHB cells of the model grid. 
The manual calibration consisted of defining the starting heads 
and GHB heads in the model grid using equation 12, and then 
varying the hk and vka parameters of the rock formations, in 
addition to the river, drain, and GHB conductance parameters 
to achieve a close match between the observed and simulated 
mean daily spring flows at the thermal springs collection sys-
tem. The vka parameter for each formation was quantified as 
a scaled multiple of the hk parameter, equal to vka = 1.75(hk), 
to emphasize vertical flow in the model. The final parameter 
values corresponding to the calibrated model are summarized 
in table 4.

The final hydraulic conductivity parameters for the 
Bigfork Chert and Arkansas Novaculite compare well with the 
ranges reported by Bedinger and others (1979) (0.5–10 feet 
per day [ft/d] for the Bigfork Chert and a maximum of 1 ft/d 
for the Arkansas Novaculite); however, the parameter values 
for the Hot Springs Sandstone and shale formations are 

slightly larger than typical ranges reported in the literature to 
account for fracturing of the formations (8.5 × 10−5 – 1.7 ft/d 
for sandstone and 2.8 × 10−8 – 6 × 10−4 ft/d for shales, as 
reported by Domenico and Schwartz [1990]). The final param-
eter values of the calibrated model (table 4) were subsequently 
used for sensitivity analysis, particle tracking using MOD-
PATH, and predictive simulations using the PRMS-simulated 
recharge.

The calibrated-model solution consisted of the calculated 
hydraulic heads in the active cells of the model grid, calculated 
for one steady-state stress period of 34 years (1980–2014), 
and incorporated the PRMS-simulated recharge grid illus-
trated in figure 11A (see also table 5) as the aerially distributed 
recharge. The calibrated model yielded simulated spring-flow 
rates of 85,102.7 ft3/d (or about 1 ft3/s) at the thermal springs, 
which compared well to the calibration target of 88,000 ft3/d. 
The spring discharge simulated by the calibrated MODFLOW 
groundwater-flow model corresponded to a difference of 
2,897.3 ft3/d from the calibration target, and the calibrated 
model was characterized by a low mass balance of 1.36 ft3/d. 
The mass balance is an important indicator metric because the 
MODFLOW model must conserve mass. Mass imbalances 
will occur if the heads in the active model-grid cells were not 
stabilized during iterative calculations, which will result in 
head gradients that produce inconsistent fluxes into and out of 
the model grid. A poor mass balance is therefore a potential 

di r g l edo
m eht f o et ani dr ooc r eyaL

Hot Springs thermal springs

tluaf lacitr eV
Layer 19: Specified (zero)

            
flux boundary

2

4

6

8

10

12

14

16

18

200

250

300

350

400
50

100
150

200

250

300

Column coordinate of the model grid

Row coordinate of the model grid

A' (Figure 2)

A

B

B' (Figure 2)

800

750

700

650

600

550

500

Si
m

ul
at

ed
 h

ea
d 

in
 th

e 
Ho

t S
pr

in
gs

 m
od

el
, i

n 
fe

et
   

   
   

   
   

  c
om

pu
te

d 
fro

m
 e

qu
at

io
n 

12

Figure 13. Distribution of starting heads in the model grid calculated from equation 12 and derived from the simplified 
conceptual model of the groundwater-flow system shown in figure 12 for the Hot Springs National Park and surrounding area, 
Arkansas.
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indicator of poor formulation of the hydrogeologic framework, large contrasts in physical properties between adjacent grid cells, 
large differences in discretization intervals between adjacent cells, or problems with definition of time steps and stress period 
lengths in transient models.

Sensitivity of the MODFLOW Model

A sensitivity analysis was performed on the calibrated MODFLOW groundwater-flow model. Sensitivity analysis was 
performed to evaluate the importance of hk and vka parameters, elevation head (∆z) assumed in the simplified conceptual model 
(fig. 12), and the riverbed, drain, and GHB conductance parameters (table 4), for accurately simulating the well heads in model-
grid cells containing shallow wells (table 5) and the historical daily mean spring-flow rates at the thermal springs. The simulated 
well heads and spring flows are hereinafter referred to collectively as “simulated equivalents.” Although the MODFLOW model 
was not calibrated to well heads (hence the large residuals in table 5), including them in the sensitivity analysis is informative 
and meaningful for making future improvements to the groundwater-flow model. The well heads are summarized in table 5 in 
terms of their USGS identification numbers (USGS, 2019c), model-grid coordinates, depths to water, observed and simulated 
values, and the residuals.

The sensitivities of each simulated equivalent to the parameter values were computed with equation 13. Equation 13 defines 
sensitivity as the ratio of the change in the ith simulated equivalent, denoted by the partial derivative ∂yi, to a corresponding 
small incremented change in the jth parameter value denoted by the partial derivative ∂Pj. Sensitivity represents the slope of a 
plot of a simulated equivalent yi relative to one parameter value, Pj, and indicates approximately how much a simulated equiva-
lent would change if the parameter were to change (Hill and Tiedeman, 2007). Sensitivity therefore represents a quantitative 
estimation of the importance of a given observation, such as well heads or spring flow, to the estimation of the parameter value 
using the model, and vice versa. As noted by Reilly and Harbaugh (2004), the most sensitive parameters will be the most impor-
tant for causing the model to match observed values of the simulated equivalents, assuming parameters are not correlated.

  Sensitivity  (S)   =    
Change in Simulated Observation

   ____________________________   Change in Parameter Value    =   
∂  y  i   _ ∂  P  j  

   (13)

In the MODFLOW groundwater-flow model, the number of simulated equivalents was i = 10 (simulated well heads and 
spring flow), and there were j = 7 parameters each for hk and vka (for the six rock formations and the vertical fault) and j = 4 
parameters corresponding to the elevation head and the riverbed, drain, and GHB conductance. A forward and backward param-
eter perturbation process was completed by individually and sequentially perturbing the values of each parameter by 1 percent of 
the calibration value, and then subsequently performing a model simulation with all other parameter values maintained unaltered 

Table 5. Summary of hydraulic heads in wells (fig. 1) in the Hot Springs National Park and surrounding area, Arkansas.

[USGS, U.S. Geological Survey; ft, foot; NAVD 88, North American Vertical Datum of 1988]

Hydraulic 
head

USGS well identifi-
cation number1

Model-
grid layer

Model-
grid row

Model-
grid 

column

Elevation 
(ft, 

NAVD 88)

Depth to 
water2  

(ft)

Observed 
value

Simulated 
value

Residual

H1 343048093030401 1 358 205 751.2 121.6 629.5 824.5 195.0
H2 343204093005501 1 280 314 881.5 122.7 758.7 848.3 89.6
H3 343206093044101 1 278 122 583.2 8.2 575.0 824.3 249.3
H4 343255092593601 1 228 381 801.3 52.0 749.3 1,757.8 1,008.5
H5 343257092593601 1 225 381 759.3 27.8 731.6 2,441.1 1,709.5
H6 343312093013201 1 210 283 718.7 27.0 691.6 796.3 104.7
H7 343330092591101 1 192 403 670.2 24.2 646.0 783.9 137.9
H8 343350093005901 1 172 311 787.7 76.4 711.3 793.6 82.3
H9 343518092591701 1 181 397 625.1 39.9 585.2 756.3 171.1
Qs 7358280 1 353 197 609.9 0.0 88,000.0 85,102.7 −2,897.3

1From USGS (2019c).
2Data represent average depth to water obtained from USGS (2019c) between September 1, 2012, and September 15, 2015.



26  Effects of Climate and Land-Use Change on Thermal Springs Recharge, Hot Springs National Park, Arkansas

from their calibration values. After perturbing all parameter 
values in this manner, sensitivities were then calculated by 
centered finite differences using equation 14, where the term Yi 
(Pj + ∆P) represents the ith simulated equivalent obtained from 
forward perturbation of the jth parameter value, and the term Yi 
(Pj − ∆P) represents the ith simulated equivalent obtained from 
backward perturbation. The term ∆P represents the difference 
(±1 percent) between the perturbed and the baseline calibrated 
value for all forward and backward perturbations, respectively.

  S  =    
 Y  i   ( P  j   + ΔP)  −    Y  i   ( P  j   − ΔP) 

  _____________________  2ΔP    (14)

Parameter sensitivity for the MODFLOW model is 
illustrated by color-shaded sensitivity matrices in figure 14. 
Figure 14A is the sensitivity matrix computed for the hk 
parameter, figure 14B is the sensitivity matrix computed for 
the vka parameter, and figure 14C is the sensitivity matrix 
computed for the elevation head and riverbed, drain, and GHB 
and drain conductance parameters. The simulated equivalents 
are represented along the vertical axis of each sensitivity 
matrix, and the parameters are represented along the horizon-
tal axis (by their geologic map abbreviations; see table 4). The 
colors represent the logarithms of the absolute values of the 
sensitivity, log10 |S|, calculated from equation 14.

For any given rock formation, a high degree of sensitiv-
ity of a simulated equivalent to the formation parameter is 
indicated by shades of yellow–red (for large positive sensitiv-
ity, where red indicates greater sensitivity than yellow) and 
medium–dark blue (for large negative sensitivity, where darker 
shades indicate greater sensitivity). Large positive or negative 
log10 |S| values indicate that the simulated equivalents respec-
tively increase or decrease substantially for a corresponding 
small change in the parameter value. In other words, a high 
degree of sensitivity indicates the parameter is important for 
accurately simulating the particular observation, and there-
fore the observation is likely to be important with respect to 
accurately estimating the value of the parameter. Conversely, 
parameter insensitivity is indicated by shades of light blue and 
log10 |S| values approximately equal to zero. Low sensitivity 
implies that the change in a simulated equivalent is small, or 
possibly even zero, for a corresponding large change in the 
parameter value. Thus, the observation contributes very little 
to estimating the parameter, and the parameter is not overly 
important with respect to adequately simulating the given 
observation.

The calculated parameter sensitivities ranged from low 
to high sensitivity. With respect to the hk parameter, the 
simulated equivalent spring flows were most sensitive to the 
hk of the Womble Shale (Ow) (log10 |S| = 7.0), Polk Creek-
Missouri Mountain Shale (Sm) (log10 |S| = −6.7), and Arkansas 
Novaculite (MDa) (log10 |S| = 6.5) and were least sensitive to 
hk of the vertical fault (log10 |S| = −0.5). In comparison, the 
simulated equivalent well heads were most sensitive to the hk 
of the Polk Creek-Missouri Mountain Shale (the mean value 
of log10 |S| for all simulated equivalent well heads H1–H9 was 

8.9) and the least sensitive to the vertical fault (the mean value 
of log10 |S| for all simulated equivalent well heads H1–H9 was 
−0.9). Simulated equivalent well heads H2 and H3 showed the 
greatest sensitivity to hk of the fault (log10 |S| = −4.3).

The simulated equivalent spring flows (Qs, fig. 14) were 
more sensitive to vka compared to hk, and simulated equiva-
lent well heads were generally less sensitive to vka compared 
to hk. In particular, the simulated equivalent spring flows were 
most sensitive to vka of the Polk Creek-Missouri Mountain 
Shale (log10 |S| = 11.2), Womble Shale (log10 |S| = 10.2), and 
Arkansas Novaculite (log10 |S| = 9.9) and least sensitive to vka 
of the vertical fault (log10 |S| = 3.8). The simulated equivalent 
well heads were most sensitive to the vka of the Polk Creek-
Missouri Mountain Shale (the mean value of log10 |S| for all 
simulated equivalents H1–H9 was 8.3) and were least sensi-
tive to the vka of the vertical fault (the mean value of log10 |S| 
for all simulated equivalents H1–H9 was 0.1).

With respect to the two formations—the Arkansas 
Novaculite and the Bigfork Chert—theorized to convey 
groundwater from the recharge location to the thermal springs, 
the MODFLOW model indicates that simulated equivalent 
spring flows were more sensitive to the vka and hk parameters 
of the Arkansas Novaculite (log10 |S| = 6.5 and 9.9, respec-
tively) compared to the vka and hk parameters of the Bigfork 
Chert (log10 |S| = 3.3 and 5.8, respectively). Simulated equiva-
lent well heads and spring flows were both relatively insensi-
tive to the emplacement of the fault within the framework. The 
simulated equivalent well heads were relatively insensitive to 
the elevation-head parameter as well as the drain and GHB 
conductance but were moderately sensitive to the riverbed 
conductance (fig. 14C). Simulated equivalent spring flows 
were also insensitive to the elevation head (log10 |S| = −2.3), 
drain conductance (log10 |S| = 1.5), and the GHB conductance 
(log10 |S| = 0) but demonstrated higher sensitivity to the river-
bed conductance (log10 |S| = 4.1).

Particle Tracking

Particle-tracking simulations were performed on the 
MODFLOW model by using MODPATH version 6 (Pollock, 
2012). Particle tracking was performed in both the forward 
and backward directions to delineate the thermal springs 
recharge areas inherent within the model framework. Recharge 
areas were delineated by introducing a single particle into 
each cell in layer 1 of the model grid and recording the origin 
and terminal grid coordinates of the particle path lines. The 
lateral distances between the terminal grid coordinates of the 
path lines and the grid coordinate of the thermal springs were 
computed with equation 15, where d is the number of grid 
cells between the terminal row and column coordinates of the 
path line (given by y and x, respectively) and the coordinate of 
the thermal springs in the model grid (1, 353,197).

   d  =   [  (y − 353)    2  +   (x − 197)    2 ]     1 ⁄ 2    (15)
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The distances calculated with equation 15 were plot-
ted at the origin coordinate of the path lines, kriged, and then 
contoured to produce maps showing the number of model-grid 
cells between the terminal point and the thermal springs. This 
method does not account for vertical distance traveled by the 
particle, which could be substantial; however, the lateral dis-
tances shown in forward and backward particle-tracking maps 
in figure 15 enabled the identification of localized areas in the 

framework that may serve to recharge the thermal springs. The 
forward particle-tracking map shown in figure 15A indicates 
that one predominant area of recharge (Recharge Area A) 
is to the southwest of the thermal springs, corresponding to 
a location where the dominant lithologies are the Arkansas 
Novaculite, Hot Springs Sandstone, and Bigfork Chert. The 
backward particle-tracking map shown in figure 15B indicates 
a localized area of recharge (Recharge Area B) to the northeast 
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Figure 14. Sensitivity matrices showing the sensitivity of simulated equivalents (yi) to parameter values for the Hot 
Springs National Park and surrounding area, Arkansas. A. Sensitivity matrix for the horizontal hydraulic conductivity (hk) 
parameter. B. Sensitivity matrix for the vertical hydraulic conductivity (vka) parameter. C. Sensitivity matrix for elevation 
head (fig. 12 and eq. 12) and riverbed, drain, and general head boundary (GHB) conductance. Geologic map abbreviations 
are used to represent the following formations: Polk Creek-Missouri Mountain Shale (Sm), Womble Shale (Ow), Arkansas 
Novaculite (MDa), Stanley Shale (Ms), Bigfork Chert (Obf), and Hot Springs Sandstone (Mshs).
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of the thermal springs corresponding to a location where the 
dominant lithology is the Bigfork Chert. Both recharge areas 
identified in figure 15 lie within the approximate recharge 
area delineated in figure 3, and particle path lines originat-
ing from these areas end within 30–50 model-grid cells (or 

0.6–0.9 mile) of the thermal springs. This distance may be 
somewhat misleading, however, because many of the plotted 
terminal distances in this area are nearly equal to the origin 
distance from the thermal springs, which suggests that many 
of the particles may not have traveled far in a lateral direction.

A. Forward particle-tracking distance map

B. Reverse particle-tracking distance map
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Figure 15. Forward and backward particle-tracking simulations produced from the calibrated MODFLOW 
groundwater-flow model. A. Forward particle-tracking map showing lateral distances between a 
particle’s terminal path-line coordinate and the thermal springs, plotted at the particle’s origin coordinate. 
B. Backward particle-tracking map showing lateral distances between a particle’s terminal path-line 
coordinate and the thermal springs, plotted at the particle’s origin coordinate. The distance scale can be 
converted to units of feet by multiplying the discretization interval of 98.4 feet.
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MODFLOW Model Simulations
The starting heads and calibrated heads are summarized 

in table 6 by their median values in each rock formation and 
are illustrated in figures 13 and 16, respectively. In table 6, the 
minimum and maximum values for the median starting heads 
were in the vertical fault (420 ft) and the Arkansas Novaculite 
(763.7 ft), respectively, and the median starting heads in the 
rock formations of the framework were distributed between 
523.4 ft in the Stanley Shale and 763.7 ft in the Arkansas 
Novaculite. The median values of the calibrated-model heads 
were distributed between the minimum in the Bigfork Chert 
(805.2 ft) and the maximum in the Stanley Shale (972.5 ft). 
The smallest median values of calibrated heads were in the 
Bigfork Chert (805.2 ft), Polk Creek-Missouri Mountain Shale 
(808.5 ft), and the Hot Springs Sandstone (812.6 ft), and the 
largest median values were in the Womble Shale (951.8 ft) and 
the Stanley Shale (972.5 ft).

Predictive model simulations were performed with the 
calibrated MODFLOW model to investigate the potential 
effects of climate change and land use on the long-term vari-
ability of the daily mean spring flow at the thermal springs. 
The predictive simulations were implemented in steady state 
to predict new, steady-state spring-flow rates established 
by the groundwater-flow system in response to stresses in 
the form of varied recharge. Forty-three different PRMS-
simulated recharge grids (table 7), each representative of the 
time period 2015–2099, were used in the predictive simula-
tions as aerially distributed specified fluxes applied to layer 1 
of the MODFLOW model grid (see Boundary Conditions in 
the MODFLOW Model). Thirty-four recharge arrays reflected 
recharge variability attributed to climate change, 3 reflected 
recharge variability attributed to changes in land use, and 6 
reflected recharge variability attributed to a combination of 
climate and land-use change. Examples of the varied recharge 

for comparatively “wet” and “dry” conditions are shown in 
figure 11, and the results of the predictive simulations are sum-
marized for the various recharge inputs in table 7.

The stress period recharge predicted by the MODFLOW 
model (table 7) varied between the minimum of 1,977,382.3 ft3/d 
(4.0 in/yr) and the maximum of 4,834,327.0 ft3/d (9.7 in/yr), 
around the mean of 3,937,813.8 ft3/d (7.9 in/yr). The recharge 
volume corresponding to the calibration simulation was 
4,098,046.8 ft3/d (8.2 in/yr for recharge applied to an area of 
78.4 mi2). The corresponding predicted spring flows at the 
thermal springs varied between the minimum of 47,799.2 ft3/d 
(or about 0.5 ft3/s) and the maximum of 97,000.3 ft3/d (or 
about 1.1 ft3/s), around the mean of 82,049.3 ft3/d (or about 
0.9 ft3/s). The mean value of all predicted thermal spring 
flows is about the same as the value of 85,102.7 ft3/d (or 
about 1.0 ft3/s; table 5) quantified during the baseline calibra-
tion. River outflows varied between 1,929,582.8 ft3/d and 
4,737,327.0 ft3/d, around the mean of 3,855,764.5 ft3/d, and 
the river inflow was 0 ft3/d for all simulations because the 
river stage was equated to the elevation of the riverbed. Mass 
balances were also computed as the differences between inputs 
and outputs of cumulative volumes of water for each predic-
tive simulation (table 7). The inputs were in the form of the 
cumulative volumetric recharge through the top layer of the 
grid and cumulative fluxes through GHB and river cells. The 
outputs were in the form of cumulative head-dependent fluxes 
through river cells (or seepage loss from the aquifer units) 
and head-dependent fluxes at the thermal springs. The mass 
balances associated with each simulation varied between the 
minimum of −0.9 ft3/d and the maximum of 0.6 ft3/d, around 
the mean mass balance of 0 ft3/d.

The predicted relation between cumulative volumetric 
recharge supplied to the model and simulated daily spring flow 
at the thermal springs is shown in figure 17. The calibrated 
model simulated a linear relation between the volumetric 
recharge and the simulated daily mean spring flow with a 
corresponding R2 of 0.9987. The relation is described by 
equation 16:

Table 6. Comparison of median values of starting heads and simulated heads by formation in the 
Hot Springs National Park and surrounding area, Arkansas.

[ft, foot]

Formation (and geologic-map abbreviation) Median starting head (ft) Median calibrated head (ft)

Polk Creek-Missouri Mountain Shale (Sm) 621.1 808.5
Womble Shale (Ow) 584.4 951.8
Arkansas Novaculite (MDa) 763.7 814.9
Stanley Shale (Ms) 523.4 972.5
Bigfork Chert (Obf) 707.0 805.2
Hot Springs Sandstone (Mshs) 621.0 812.6
Vertical fault 420.0 840.2
Minimum 420.0 805.2
Maximum 763.7 972.5
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 Qs = 8,780.512w + 14,157.598 (16)

where
 Qs  is  the simulated daily mean thermal spring 

flow, in cubic feet per day, and
 w  is  the recharge rate, in inches per year.

This relation is oversimplified and uncertain because the true 
complexity of the natural groundwater-flow system cannot be 
fully accounted for by a mathematical model; however, for 
this study, it is considered a reasonable proxy for predicting 
the long-term variability of the daily mean spring flows given 
the current state of knowledge regarding the hydrogeologic 
framework and groundwater-flow system.
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Table 7. Summary of inputs and outputs of water and associated mass balances for Hot Springs National Park MODFLOW 
groundwater-flow model simulations using PRMS-simulated recharge grids as stresses to the groundwater-flow system.

[PRMS, Precipitation-Runoff Modeling System; ft3/d, cubic foot per day]

Recharge grid name 
(from Hart and Ikard, 

2021)

Recharge 
attribution1

Stress 
period 

recharge2 
(ft3/d)

Change in 
recharge 

from baseline 
calibration 
(percent)

Stress period 
river outflow 

(ft3/d)

Stress period 
simulated 

spring flow 
(ft3/d)

Change in 
spring flow 

from baseline 
calibration 
(percent)

Inputs− 
outputs 
(ft3/d)

hs_09_14_ftday.rch3 1 4,098,046.8 0.0 4,012,943.5 85,102.7 0.0 0.5
bcccsm45.txt 1 4,512,237.0 10.1 4,420,952.0 91,285.0 7.3 0.0
bcccsm85.txt 1 4,313,970.5 5.3 4,225,367.0 88,603.0 4.1 0.5
bcccsm_m45.txt 1 4,325,530.5 5.6 4,236,996.0 88,534.0 4.0 0.5
bcccsm_m85.txt 1 4,668,366.5 13.9 4,574,066.0 94,299.9 10.8 0.6
bnuesm85.txt 1 4,114,821.3 0.4 4,029,642.3 85,179.0 0.1 0.0
canesm2_45.txt 1 4,295,183.0 4.8 4,207,003.5 88,179.0 3.6 0.5
canesm2_85.txt 1 3,855,158.5 −5.9 3,774,300.3 80,858.8 −5.0 −0.5
ccsm4_6_45.txt 1 4,195,541.0 2.4 4,109,132.5 86,409.4 1.5 −0.9
ccsm4_6_85.txt 1 4,015,886.3 −2.0 3,932,355.8 83,530.7 −1.8 −0.2
cnrmcm5_85.txt 1 4,504,160.5 9.9 4,412,490.0 91,669.9 7.7 0.6
csiromk_45.txt 1 4,239,825.5 3.5 4,152,519.0 87,307.2 2.6 −0.7
csiromk_85.txt 1 3,461,418.3 −15.5 3,387,253.0 74,164.7 −12.9 0.5
gfdles2g45.txt 1 3,956,191.5 -3.5 3,873,671.8 82,520.4 −3.0 −0.6
gfdles2g85.txt 1 4,006,333.0 −2.2 3,922,993.5 83,340.0 −2.1 −0.5
gfdles2m45.txt 1 4,558,748.0 11.2 4,466,264.0 92,484.8 8.7 −0.8
gfdles2m85.txt 1 4,345,353.5 6.0 4,256,391.0 88,962.9 4.5 −0.4
hadgm2cc85.txt 1 4,076,630.5 −0.5 3,992,169.5 84,460.7 −0.8 0.3
hadgm2es45.txt 1 4,422,418.0 7.9 4,332,134.5 90,283.2 6.1 0.3
hadgm2es85.txt 1 3,952,046.5 −3.6 3,869,685.5 82,360.9 −3.2 0.1
inmcm4_45.txt 1 4,834,327.0 18.0 4,737,327.0 97,000.3 14.0 −0.3
inmcm4_85.txt 1 4,259,476.5 3.9 4,171,994.5 87,481.9 2.8 0.1
ipsl5alr45.txt 1 4,035,772.3 −1.5 3,951,810.0 83,962.0 −1.3 0.2
ipsl5alr85.txt 1 3,543,358.8 −13.5 3,467,788.5 75,569.7 −11.2 0.5
ipsl5amr45.txt 1 3,516,022.3 −14.2 3,441,031.3 74,990.5 −11.9 0.5
ipsl5amr85.txt 1 2,189,901.5 −46.6 2,138,546.3 51,355.1 −39.7 0.1
ipsl5blr45.txt 1 4,117,058.0 0.5 4,031,778.5 85,279.3 0.2 0.2
miroc5_45.txt 1 3,286,666.3 −19.8 3,215,511.3 71,155.5 −16.4 −0.5
miroc5_85.txt 1 3,089,218.5 −24.6 3,021,630.8 67,587.6 −20.6 0.1
mirocesm45.txt 1 4,242,195.5 3.5 4,155,003.3 87,191.7 2.5 0.5
mirocesm85.txt 1 3,845,644.8 −6.2 3,765,118.8 80,525.6 −5.4 0.4
mrigcm3_45.txt 1 4,412,636.0 7.7 4,322,590.5 90,045.1 5.8 0.4
mrigcm3_85.txt 1 4,683,900.0 14.3 4,589,368.0 94,531.9 11.1 0.1
noresm1m45.txt 1 3,778,136.8 −7.8 3,698,652.0 79,485.5 −6.6 −0.8
impv100nrh 2 3,861,913.0 −5.8 3,780,793.3 81,120.1 −4.7 −0.3
impv50nrh 2 3,997,974.3 −2.4 3,914,394.0 83,580.7 −1.8 −0.4
impv75nrh 2 3,938,458.8 −3.9 3,855,951.0 82,508.5 −3.0 −0.8
im100inmcm 3 4,495,120.0 9.7 4,403,414.0 91,705.9 7.2 -0.3
im100ipsla 3 1,977,382.3 −51.7 1,929,582.8 47,799.2 −44.4 0.1
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The changes in simulated daily mean spring flow and 
stress period recharge were computed relative to the calibrated 
values. The largest reduction in simulated daily mean spring 
flow was a reduction of 44.4 percent relative to the calibrated 
thermal spring flow value of 85,102.7 ft3/d (fig. 17), and the 
largest increase was an increase of 14.0 percent relative to the 
calibrated value. The mean change of simulated thermal spring 
flow corresponding to all predictive simulations summarized 
in table 7 was a 3.6-percent reduction.

When simulations representing climate change, land-
use change, and combined climate and land-use change were 
considered independently, the average effect on thermal spring 
flow attributed to each was an overall reduction in spring flow 
relative to the calibrated value. With respect to climate-change 
exclusively, the mean change was a 1.3-percent reduction 
of the thermal spring flow that resulted from a 1.1-percent 
mean reduction of recharge. The largest reduction of simu-
lated thermal spring flow attributed to climate change was 
a 39.7-percent reduction that resulted from a 46.6-percent 
reduction of recharge, and the largest simulated increase was 
a 14.0-percent increase that resulted from an 18.0-percent 
increase of recharge (table 7).

With respect to changes in land use, all three predictive 
simulations resulted in reductions of thermal spring flows 
(table 7), and the mean simulated change was a 3.2-percent 
reduction. The largest simulated change of thermal spring flow 
attributed to land-use change was a reduction of 4.7 percent 
that resulted from a 100-percent impervious land cover and a 

corresponding 5.8-percent reduction of recharge. The largest 
simulated reduction of simulated thermal spring flow was a 
1.8-percent reduction that resulted from a 50-percent impervi-
ous land cover and a corresponding 2.4-percent reduction of 
recharge. A 3.0-percent reduction of thermal spring flow was 
predicted for a 75-percent impervious land cover and a cor-
responding 3.9-percent reduction of recharge.

The combined effects of climate and land-use changes 
resulted in the most extreme variability of thermal spring 
flows (table 7). For all six predictive simulations, the mean 
simulated change was a 16.9-percent reduction of thermal 
spring flow corresponding to a 19.6-percent mean reduction 
of recharge. The largest reduction of simulated thermal spring 
flow attributed to combined climate and land-use change was 
a 44.4-percent reduction that resulted from a 100-percent 
impervious land cover and a climate scenario characterized 
by an RCP of 8.5 (the most extreme climate-change scenario, 
see PRMS Model Climate Inputs), and a corresponding 
51.7-percent reduction of recharge. The largest increase of 
simulated thermal spring flow was an 11.0-percent increase 
that resulted from a 50-percent impervious land cover and a 
climate scenario characterized by an RCP of 4.5 (a moderate 
climate-change scenario), and a corresponding 13.5-percent 
increase of recharge.

Table 7. Summary of inputs and outputs of water and associated mass balances for Hot Springs National Park MODFLOW 
groundwater-flow model simulations using PRMS-simulated recharge grids as stresses to the groundwater-flow system.—Continued

[PRMS, Precipitation-Runoff Modeling System; ft3/d, cubic foot per day]

Recharge grid name 
(from Hart and Ikard, 

2021)

Recharge 
attribution1

Stress 
period 

recharge2 
(ft3/d)

Change in 
recharge 

from baseline 
calibration 
(percent)

Stress period 
river outflow 

(ft3/d)

Stress period 
simulated 

spring flow 
(ft3/d)

Change in 
spring flow 

from baseline 
calibration 
(percent)

Inputs− 
outputs 
(ft3/d)

imv50inmcm 3 4,649,972.5 13.5 4,555,509.0 94,464.1 11.0 −0.6
imv50ipsla 3 2,051,252.6 −49.9 2,001,938.8 49,313.9 −42.1 0.0
imv75inmcm 3 4,582,044.0 11.8 4,488,784.5 93,259.6 9.6 −0.1
imv75ipsla 3 2,019,695.4 −50.7 1,971,025.4 48,670.2 −42.8 −0.2
Minimum - 1,977,382.3 −51.7 1,929,582.8 47,799.2 −44.4 −0.9
Maximum - 4,834,327.0 18.0 4,737,327.0 97,000.3 14.0 0.6
Mean - 3,937,813.8 −3.9 3,855,764.5 82,049.3 −3.6 0.0
Deviation - 716,866.5 17.5 704,492.9 12,376.7 14.6 0.5

1Recharge attribution definitions: 1 = Climate change, 2 = Land use varied, 3 = Combination of climate change and land use varied. For the climate-change 
scenarios, the naming corresponds to the Multivariate Adaptive Constructed Analogs (MACA) CMIP5 Statistically Downscaled Data for Coterminous USA 
(Program for Climate Model Diagnosis and Intercomparison, 2019). For a more detailed description of the climate scenarios, see htt ps://pcmdi .llnl.gov/ mips/ 
cmip5/ availability.html. The land-use scenarios consisted of changing the hydrologic response units near the Highway 270 bypass to 50, 75, and 100 percent 
impervious.

2For recharge distributed over an area of 78.4 square miles in the MODFLOW groundwater-flow model.
3See figure 11A. This recharge grid was used in the calibration simulation for the MODFLOW groundwater-flow model.

https://pcmdi.llnl.gov/mips/cmip5/availability.html
https://pcmdi.llnl.gov/mips/cmip5/availability.html
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Model Assumptions and Limitations
Assumptions are built into the PRMS and MODFLOW 

models described herein. These assumptions, in addition to 
the datasets used for model inputs, are prone to errors that 
may limit the accuracy of the individual model simulations 
and the predicted behaviors of the Hot Springs groundwater-
flow system.

Foreseeable errors in the PRMS model include (1) errors 
attributed to inaccurate input climate data (historical and 
future climate datasets used for calibration and predictive 
simulations, respectively), (2) errors inherent within the 
streamflow data that are used to calibrate the PRMS model, 
(3) errors attributed to the subjective nature of the model 
calibration acceptance criteria, and (4) errors that arise from 
the inability to account for heterogeneity in the model param-
eters at a scale that is smaller than an HRU. With respect to 
historical and future climate data, Behnke and others (2016) 
demonstrated that while gridded input temperature data gener-
ally matched corresponding weather station records closely, 
the gridded input precipitation data generally did not compare 
as well to the weather station records. With respect to the cali-
bration streamflows, the PRMS model was calibrated to daily 
mean streamflow at one single streamgage location, which was 
used as a representative station for the entire PRMS model 

area. With respect to heterogeneity, the SSURGO data used 
to develop certain hydrologic parameters of the PRMS model 
were lumped over an entire HRU, and the properties of each 
HRU were assumed to be homogeneous and isotropic. As a 
result, detailed small-scale heterogeneity in the spatial distri-
bution of these parameters was not accounted for.

Errors associated with the MODFLOW model may arise 
because the model does not simulate heat transport or density-
dependent groundwater flow even though both are dominant 
physical processes occurring in the groundwater-flow system. 
Furthermore, the MODFLOW model domain encompasses 
about 86 mi2 of surface area to depths greater than 9,000 ft, 
and the hydrogeologic framework within this discretized vol-
ume is complex and uncertain. In the presence of this frame-
work uncertainty, the MODFLOW model was only manually 
calibrated to one single target (daily mean thermal spring 
flows at the Hot Springs collection system). Without additional 
calibration targets to constrain the solution, including heads in 
various layers of the model grid, the MODFLOW model may 
not accurately reflect the distribution of heads and flows in 
the subsurface and therefore may not accurately represent the 
groundwater-flow system for any predictive simulations.

The predicted relation between recharge and thermal 
spring flow is uncertain because the true complexity of the 
groundwater-flow system cannot be fully accounted for by the 
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Figure 17. Linear relation between recharge supplied to the groundwater-flow system and spring flows simulated by 
the calibrated model for the Hot Springs National Park study area, Arkansas.
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MODFLOW model. The uncertainty of this predicted relation 
is attributed to the fact that the parameter values and bound-
ary conditions used in the MODFLOW model are uncertain. 
Specifically,

1. The parameters were calibrated manually as opposed 
to automatically, and although they are comparable to 
values reported in the literature, the manual calibration 
imparts a degree of subjectivity into the acceptance of 
the calibrated parameter values.

2. Similar to the PRMS model parameters, the MODFLOW 
model parameters were assumed homogeneous and iso-
tropic over the entire volume of the model-grid cells to 
which they were assigned, but in reality they are hetero-
geneous and typically anisotropic and scale-dependent.

3. Parameter uncertainty was not quantified, and parameter 
correlation was assumed negligible.

4. The discretization of the framework was assumed to be 
sufficient for capturing groundwater-flow processes at a 
representative scale of interest; however, groundwater-
flow patterns over distances smaller than a model-grid 
cell cannot be resolved by the MODFLOW model.

5. The base of the model was assumed to be impermeable, 
and the external GHB boundaries around the perimeter 
of the model grid were assumed to be located an ade-
quate distance from the primary area of interest beneath 
Hot Springs National Park (delineated by cross sections 
A–A′ and B–B′, fig. 2) such that the boundary condition 
did not substantially influence the simulated heads and 
flows within that area.

6. The heads in GHB cells were calculated from a concep-
tual model that assumed frictional head losses along the 
flow path were negligible.

7. The locations and sizes of the recharge areas that are 
present in the model framework were affected by the 
hydrogeologic framework, the assigned parameter 
values, and by the head-dependent boundary conditions 
in river and GHB grid cells such that the accuracy of the 
particle-tracking simulations is limited by the accuracy 
of the MODFLOW model.

8. The MODFLOW model was run in steady state and 
was not calibrated to transient conditions; therefore, the 
timing and magnitude of the predicted system behavior 
could be in error.

Summary
This investigation addressed two outstanding questions 

pertaining to the groundwater-flow system at Hot Springs 
National Park, Arkansas. First, where is the origin of the 

recharge to the thermal springs? Second, what are the poten-
tial effects of climate and land-use changes on the long-term 
variability of the spring-flow rates at the thermal springs? 
A coupled surface-water and groundwater-flow model was 
developed by the U.S. Geological Survey, in cooperation with 
the National Park Service, to address these questions and to 
serve as an investigative tool to support continued research. 
This coupled model was the combination of a watershed 
model constructed in the Precipitation-Runoff Modeling 
System (PRMS) and a three-dimensional groundwater-flow 
model constructed in MODFLOW-2005.

The PRMS model was calibrated to historical daily mean 
streamflow data for the period 1980–2014 and forecasted 
aerially-distributed recharge in Hot Springs National Park 
and the surrounding region for the period 2015–2099. Forty-
three PRMS simulations were performed, and each produced 
a different spatial distribution of recharge attributed to either 
climate change, land-use change, or a combination of climate 
and land-use change. Thirty-four PRMS simulations reflected 
recharge variability attributed exclusively to climate change, 
three reflected variability attributed exclusively to land use, 
and 6 reflected variability attributed to a combination of cli-
mate and land-use change.

The MODFLOW groundwater-flow model included 
six rock formations and one vertical fault in the discretized 
hydrogeologic framework, and was manually calibrated to the 
mean daily thermal spring flow of 88,000 cubic feet per day 
(ft3/d) (or about 1.0 cubic feet per second [ft3/s]) at the thermal 
springs collection system corresponding to a 12-year period 
of measurement (1990–1995 and 1998–2005). The calibrated 
MODFLOW model simulated groundwater flow and discharge 
at the thermal springs in Hot Springs National Park by using 
the PRMS-simulated recharge as a boundary condition in the 
steady-state solution of the groundwater-flow equation.

To address the question about the origin of the recharge 
to the springs, forward and backward particle-tracking maps 
were developed. These maps indicated that the most prevalent 
areas of recharge in the discretized hydrogeologic framework 
used in this study were within 30–50 model-grid cells (about 
0.6–0.9 mile) of the thermal springs. Forward particle track-
ing indicated a recharge area southwest of the thermal springs, 
and this recharge area corresponded to a location where the 
predominant lithologies are the Arkansas Novaculite, Hot 
Springs Sandstone, and Bigfork Chert. Backward particle 
tracking indicated a second localized area of recharge to the 
northeast of the thermal springs, and this recharge area cor-
responded to a location where the dominant lithology is the 
Bigfork Chert. The MODFLOW model indicated that the most 
probable recharge formations are the Arkansas Novaculite, 
Bigfork Chert, and Hot Springs Sandstone. This indication 
was also supported by sensitivity analysis performed on the 
manually calibrated MODFLOW model. The sensitivity 
analysis indicated that simulated thermal spring flows were 
particularly sensitive to the horizontal and vertical hydraulic 



Summary  35

conductivities of the Arkansas Novaculite, and moderately 
sensitive to the horizontal and vertical hydraulic conductivities 
of the Bigfork Chert.

The simulated effects of climate and land-use changes on 
the long-term variability of the spring-flow rates at the thermal 
springs generally resulted in reductions of thermal spring flow 
attributed to urban development and more extreme climates 
characterized by elevated mean surface air temperatures. The 
MODFLOW groundwater-flow model predicted a linear rela-
tion between the thermal spring discharge and the cumulative 
recharge volume applied to the hydrogeologic framework, and 
the positive slope of the predicted relation between recharge 
and simulated thermal spring flow indicates that more extreme 
precipitation events that supply more recharge may in fact 
increase the thermal spring-flow rates. The spring flows simu-
lated at the thermal springs with the MODFLOW model varied 
between the minimum of 47,799.2 ft3/d (or about 0.5 ft3/s) and 
the maximum of 97,000.3 ft3/d (or about 1.1 ft3/s), around the 
mean of 82,049.3 ft3/d (or about 0.9 ft3/s), which was about 
the same as the calibrated thermal spring flow (85,102.7 ft3/d, 
or about 1.0 ft3/s). These simulated thermal spring flows corre-
spond to recharge rates of 4.0 inches per year (in/yr), 9.7 in/yr, 
and 7.9 in/yr, respectively. The largest simulated reduction of 
daily mean spring flow was a 44.4-percent reduction relative 
to the calibrated thermal spring flow, and the largest simulated 
increase was a 14.0-percent increase relative to the calibrated 
thermal spring flow. The mean simulated change of ther-
mal spring flow corresponding to all predictive simulations 
performed in this investigation was a 3.6-percent reduction 
relative to the baseline calibration value.

When simulations representing climate change, land-
use change, and combined climate and land-use change were 
considered independently, the average effect on thermal spring 
flow attributed to each was an overall reduction relative to 
the calibrated value. With respect to climate-change simula-
tions exclusively, the mean change of the simulated thermal 
spring flow was a 1.3-percent reduction that resulted from 
a 1.1-percent mean reduction of recharge. A 39.7-percent 
reduction of the thermal spring flow was simulated from 
a corresponding 46.6-percent reduction of recharge, and a 
14.0-percent increase of thermal spring flow was simulated 
from a corresponding 18.0-percent increase of recharge.

With respect to land-use changes exclusively, all predic-
tive simulations resulted in reductions of thermal spring flows, 
and the mean simulated change was a 3.2-percent reduction. 
The largest reduction of thermal spring flow attributed to 
land-use change was a 4.7-percent reduction that resulted 
from a 100-percent impervious land cover and a correspond-
ing 5.8-percent reduction of recharge. The smallest simulated 
reduction of thermal spring flow was a 1.8-percent reduction 
that resulted from a 50-percent impervious land cover and 
a corresponding 2.4-percent reduction of recharge. A simu-
lated 3.0-percent reduction of thermal spring flow resulted 
from a 75-percent impervious land cover and corresponding 
3.9-percent reduction of recharge.

The combination of climate and land-use changes 
resulted in the most extreme variability of simulated thermal 
spring flows. The mean simulated change was a 16.7-percent 
reduction of thermal spring flow corresponding to a 
19.6-percent mean reduction of recharge. The largest reduc-
tion of simulated thermal spring flow attributed to combined 
climate and land-use change was a 43.8-percent reduction 
that resulted from a 100-percent impervious land cover and 
a climate scenario characterized by an RCP of 8.5 (the most 
extreme climate-change scenario), and a corresponding 
51.7-percent reduction of recharge. The largest increase of 
simulated thermal spring flow was an 11.0-percent increase 
that resulted from a 50-percent impervious land cover and a 
climate scenario characterized by an RCP of 4.5 (a moderate 
climate-change scenario), and a corresponding 13.5-percent 
increase of recharge.

The hot springs recharge area lies largely outside of the 
Hot Springs National Park boundary adding a challenge to 
management of the resource. Anticipated land-use and climate 
changes raise important questions about how development in 
the hot springs recharge area will impact the thermal spring 
flow and temperature of the thermal springs in the future. 
The most important aspect of this investigation was therefore 
to provide Hot Springs National Park with a research tool 
to produce unbiased, scientifically defensible simulations of 
the thermal spring flow for a variety of land-use and climate 
change scenarios. The PRMS model and coupled MODFLOW 
groundwater-flow model described in this report were devel-
oped for the National Park Service to provide research tools 
for continued study of the thermal springs groundwater-flow 
system of Hot Springs National Park. This report described the 
development, calibration, and use of the PRMS and MOD-
FLOW models, with an emphasis on generating a conceptual 
model of groundwater flow through the deep flow system at 
Hot Springs National Park more so than developing a true cali-
bration dataset. In this report, the MODFLOW groundwater-
flow model was manually calibrated to a single calibration 
target—daily mean spring flows of 88,000 cubic feet per day 
quantified from 12-year period of record (1990–1995 and 
1998–2005). Future improvements to the groundwater-flow 
model, could include the following modifications: (1) develop-
ment of a calibration dataset comprised of a sufficient number 
of spatially distributed well-heads that represent different 
layers of the model grid, additional streamflow observations, 
and updated thermal spring flow records that combine histori-
cal and current observations, (2) perform automated calibra-
tion to the head, streamflow, and spring flow observations 
using a suitable inverse modeling code, and (3) convert the 
groundwater-flow model from a MODFLOW 2005 model to 
a SEAWAT model (Langevin and others, 2007) to account for 
the effects of geothermal gradient and total dissolved sol-
ids on groundwater density in the numerical solution of the 
groundwater-flow equation.
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