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Abstract:

The identification of runoff contributing areas would provide the ideal focal points for water quality monitoring and Best
Management Practice (BMP) implementation. The objective of this study was to use a field-scale approach to delineate
critical runoff source areas and to determine the runoff mechanisms in a pasture hillslope of the Ozark Highlands in the
USA. Three adjacent hillslope plots located at the Savoy Experimental Watershed, north-west Arkansas, were bermed to
isolate runoff. Each plot was equipped with paired subsurface saturation and surface runoff sensors, shallow groundwater
wells, H-flumes and rain gauges to quantify runoff mechanisms and rainfall characteristics at continuous 5-minute intervals.
The spatial extent of runoff source areas was determined by incorporating sensor data into a geographic information-based
system and performing geostatistical computations (inverse distance weighting method). Results indicate that both infiltration
excess runoff and saturation excess runoff mechanisms occur to varying extents (0–58% for infiltration excess and 0–26%
for saturation excess) across the plots. Rainfall events that occurred 1–5 January 2005 are used to illustrate the spatial and
temporal dynamics of the critical runoff source areas. The methodology presented can serve as a framework upon which
critical runoff source areas can be identified and managed for water quality protection in other watersheds. Copyright  2008
John Wiley & Sons, Ltd.
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INTRODUCTION

Storm runoff generation is a non-linear process that has
surface and subsurface components. This has led to a
number of runoff generation concepts, namely the Hor-
ton (1933) overland flow concept, the partial area con-
cept (Betson, 1964) and the variable source area concept
(Hewlett and Hibbert, 1967). While the runoff genera-
tion process at a particular location within a watershed
could be a combination of these processes depending
on climate, geology, topography, soil characteristics and
rainfall patterns, studies have found that limited (less than
10%) portions of a watershed can contribute dispropor-
tionately large runoff amounts at the downslope end of
the watershed (Freeze, 1974).

Large amounts of storm runoff from a catchment has
implications for water quality, flood control and water-
shed management. For example, storm runoff plays a
major role in phosphorous (P) transport and diffuse P pol-
lution is a major contributor to freshwater systems. The
role of P in accelerating eutrophication in freshwater sys-
tems was recognized over three decades ago (Schindler
et al., 1971), and as a result, P transport has become a
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focus of water quality research. For hillslope watersheds,
Pionke et al. (1997) reported that approximately 10% of
a watershed area may contribute up to 90% of the annual
P loads from that watershed. Although the relationship
between runoff generation and P transport has been rec-
ognized for a decade (Zollweg et al., 1995; Gburek and
Sharpley, 1998), there is a need to accurately identify and
delineate critical areas (known as runoff source areas) of a
watershed that may contribute heavily to runoff and nutri-
ent transport. Identification of critical runoff source areas
has many levels of importance to water resource man-
agers and is of critical importance to the south-eastern
USA. Runoff source areas can serve as focus areas for
water quality monitoring, watershed management, and
Best Management Practice (BMP) implementation (Wal-
ter et al., 2000).

The idea of delineating runoff source areas in a water-
shed is not new; Dunne et al. (1975) suggested repeated
field mapping methods for catchment areas less than
8 km2. Dunne et al. (1975) presented methodologies
that included the use of topographic, soil and vegeta-
tive indicators to determine the extent of the runoff-
producing zones for a north-eastern Vermont catchment.
However, the Dunne et al. (1975) methodology lacked
a continuous time scale, a rather important factor in the
determination of hydrological parameters that influence
storm runoff (Srinivasan et al., 2002). Anderson and Burt
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(1978) presented instrumentation methods for determin-
ing runoff source areas by measuring field soil water
potential. Holden and Burt (2003) mapped runoff depth
for blanket peat catchments of the northern Pennines of
the UK. Zollweg (1996) developed sensors to determine
the soil saturation level within a 26 ha area watershed in
the north-eastern USA. Srinivasan et al. (2000) improved
upon the Zollweg sensors by automation and coupled
them with surface runoff sensors to measure the temporal
dynamics of runoff source areas in east-central Pennsyl-
vania.

In this paper, a field-scale methodology is presented
that identifies critical runoff source areas and dominant
runoff mechanisms in a pasture watershed. This project
was accomplished through the measurement of surface
and subsurface field and watershed characteristics. The
overall goal of this project was to understand the com-
plexity of runoff production from a pasture watershed
that overlies mantled karst geologic features.

SITE DESCRIPTION

This study was conducted on three adjacent 23 m ð 23 m
hillslope-plots established in Basin 1 (Figure 1) of the
1250-ha Savoy Experimental Watershed (SEW) located
in north-west Arkansas, USA. The SEW serves as a mul-
tidisciplinary research site which is being used for long-
term hydrologic monitoring (Brahana et al., 2005). Basin
1 is a 147 ha sub-basin that drains into the Illinois River.
The Illinois River is a transboundary river that originates
approximately 24 km south-west of the city of Fayet-
teville, Arkansas and flows in a north-westerly direction

into Oklahoma. Land use within the Illinois River water-
shed is approximately 58% pasture, 36% forest and 6%
urban (Soerens et al., 2003). The fact that Arkansas and
north-west Arkansas in particular is a leader in poul-
try production in the USA, has led to practices such as
the application of poultry litter to the soil for a long
time. Over the past two decades there has been con-
siderable controversy between the states of Oklahoma
and Arkansas over the source of elevated P loadings
in the Illinois River. Thus, there is a need to develop
methodologies for identifying runoff- producing areas in
this basin. Long-term (30 year) average annual precipita-
tion measured in the city of Fayetteville (approximately
12 km east of the study location) was 117 cm. A low
average monthly precipitation of 5 cm occurs in Jan-
uary and an average monthly high of 13 cm occurs in
June. Winters are relatively short, with brief periods of
snow cover and an average January temperature of 1 °C,
whereas summers are warm and humid with an average
July temperature of 26 °C (NOAA, 2002).

Land use of the SEW is representative of a typical
pasture-dominated agricultural field in the Ozark High-
lands. There are six major soils present immediately
near and within Basin 1 with the Clarksville cherty silt
loam (12–60% slope, loamy-skeletal, siliceous, semiac-
tive, mesic Typic Paleudults) and Nixa cherty silt loam
(3–8% slope, loamy-skeletal, siliceous, active, mesic
Glossic Fragiudults) accounting for 79% of the area
(Sauer and Logsdon, 2002). Other soils include the Pick-
wick silt loam (3–8% slope, fine-silty, mixed, semiactive,
thermic Typic Paleudults), Razort silt loam (fine-loamy,
mixed, active, mesic Mollic Hapludalfs) and Razort grav-
elly silt loam. The two principal soil series within the

Figure 1. Location of the study site at the Savoy Experimental Watershed (SEW) in north-west Arkansas and study plots. Numbers represent surface
water drainage basins
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study plots are Captina silt loam (3–6% slope, fine-
silty, siliceous, active, mesic Typic Fragiudults) and Nixa
cherty silt loam. The Captina silt loam soil is typically
formed on stream terraces and has strong brown subsoil
that is 25–50 cm thick. Soils of the Nixa cherty silt loam
typically have slow permeable fragipans that occur at the
36–60 cm depth (Harper et al., 1969).

INSTRUMENTATION

The three 23 m ð 23 m plots (labelled plot 1, plot 2, and
plot 3 in Figure 2) were bermed to isolate runoff and to
prevent run-on from the upslope area. A perimeter fence
with gates was constructed around the field boundary
since the surrounding pastures are typically grazed.

A grid of paired subsurface saturation sensors (SSS)
and surface runoff sensors (SRS) (henceforth called
saturation and runoff sensor, respectively) were installed
at 33 points on the plots (12 on plot 1, 11 on plot
2 and 10 on plot 3 (Figure 2)). In this project, the
sensors from Srinivasan et al. (2000) were used to
quantify the dominant runoff mechanisms and identify
runoff contributing areas. The saturation sensors are
printed circuit boards with sensing pins that indicate the
level of soil saturation at preset depths (1 cm, 5 cm,
10 cm, 20 cm, 31 cm and 46 cm). The runoff sensors are
miniature v-notch weirs made of 2 mm thick galvanized
sheet metal with a sensor pin and ground pin set 2 cm
apart and 2Ð5 cm away from the v-notch, at the same
level as the bottom of the v-notch. The runoff sensor

Figure 2. Site layout showing orientation and layout of data collection infrastructure including weather station, spring, rain gauges, H-flumes, surface
runoff sensors (SRS) and subsurface sensors (SSS) and monitoring wells on plots 1 through 3
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operates on a ‘yes-no’ basis to indicate the presence or
absence of surface runoff. Full descriptions of the sensors
are presented by Srinivasan et al. (2000).

These plots were also instrumented with a 0Ð305 m
H-flume at the downslope end to measure the total
volume of runoff from each plot. A Keller pressure
transducer (Model 173, Keller America Inc., Newport
News, Virgina) was used to record water depth at each
flume, and the pre-determined stage–discharge relation
for the flume was used to estimate runoff. It must be noted
here that there is no plot-to-plot surface interaction of
runoff. A 6 cm polyvinyl chloride (PVC) pipe connected
a 114 L runoff collector to the H-flume at the downslope
end of each plot to route surface runoff and prevent
concentrated flow getting into the down slope plots.
Runoff samples were collected for water quality analysis
and the runoff collector subsequently emptied after each
rainfall event.

A tipping bucket rain gage (HOBO RG2 model) was
installed at each plot to record the spatial extent of rainfall
variability. A shallow groundwater well (with a Keller
pressure transducer) was installed (0Ð6–0Ð7 m deep)
near each saturation sensor upslope of each H-flume
to monitor depth to ground water. Locations of all
infrastructures are shown in Figure 2.

All instruments were connected to a series of multi-
plexers and logged at 5 min intervals with a Campbell
CR-23X data logger on plots 1 and 2, and a Campbell
CR-10X (Campbell Scientific Inc., Logan Utah) on plot
3. Rainfall data on each plot were compared with that of
a nearby weather station located approximately 0Ð4 km
north of the study site. A spring in the northeastern cor-
ner of the plots was instrumented with a 0Ð152 m H-flume
and a data logger.

METHODS

Topographic and Geophysical Surveys

A topography survey of the field area was determined
using a high precision Global Positioning System (GPS)
to obtain elevation data. The GPS survey was performed
from 18 February 2004 through 23 March 2004 by
establishing 1 m grid points across the plots. The grid
points were georeferenced with a survey grade GPS
(Leica 500 SkiPro) to the WGS 1984 coordinate system.
The data obtained were processed in GIS software to
obtain a 1 m resolution digital elevation model (DEM)
of the field.

Surface geophysical investigations of the soil and
bedrock were performed in March 2004 to characterize
the subsurface attributes beneath the plots (Ernenwein
and Kvamme, 2004). Two techniques (ground penetrating
radar (GPR) and electrical resistance) were used to
determine the underlying subsurface characteristics. In
addition to seismic methods, GPR and resistance methods
are the most intensively utilized techniques to map
bedrock depth and integrity (Ernenwein and Kvamme,
2004).

Ground penetrating radar data collection was accom-
plished with a Geophysical Survey Systems International
(GSSI) Subsurface Imaging Radar (SIR) 2000 system
and a 400 MHz antenna. The data collection consisted
of dragging the antenna across the ground surface north
to south. Reflections were recorded at a rate of 32 scans
per second through a range of 80 ns (two-way travel
time). The GPR measurements resulted in 23 transect
profiles (also known as radargrams) across the plots at
12 different depths across the hillslope. Each transect
measurement was taken approximately 1 m apart and the
depth measurements were at approximately 0Ð9 m inter-
vals.

The resistivity survey involved introducing a weak
electrical current into the ground and measuring the
potential voltage. The amount of electric current that
flows through the soil is directly related to soil moisture,
clay content, and solutes present in the soil and rock.
Electrical resistance measurements were taken every
0Ð5 m along parallel lines separated by 1 m with a
Geoscan Research RM-15 meter. A twin-probe array with
a mobile probe separation of 1 m was used to target a
depth of about 1 m below the surface of the plots.

Infiltration measurements and soil physical properties

Ponded infiltration measurements were performed
under relatively dry antecedent soil moisture conditions
(volumetric water content <0Ð34 cm3 cm�3). Measure-
ments were taken on 14 June 2005 and 15 June 2005 with
a double ring infiltrometer (0Ð15 m inner ring diameter
and 0Ð2-m height). Three random infiltrometer measure-
ments were made and saturated hydraulic conductivity
was estimated from the final infiltration rates for each
plot. The locations of the infiltration measurements were
not documented. Soil core samples were taken from the
0–5 cm depth at 65 points across the plots (see Figure 6
for sampling location) to determine soil bulk density and
porosity. Measurements at the 65 points were imported
into a GIS software and interpolated (using an inverse
weighted distance method) to derive the spatial distribu-
tion of soil properties across the plots. Statistical analyses
were performed on measured values and infiltration rates
using analysis of variance (ANOVA). Mean infiltration
rates and bulk density were separated using Fisher’s pro-
tected least significant difference test (LSD) at P D 0Ð05.

Runoff mechanisms on the plots

Each runoff event was analysed to quantify the occur-
rence of saturation excess versus infiltration excess runoff
on each plot. Saturation excess runoff was operationally
defined as cases where the runoff sensors indicated runoff
while the saturation sensors indicated a saturated soil
level within 1 cm of the soil surface (surface saturation).
For each event, a runoff response ratio was (RRR) defined
as

RRRi D
∑

Rp

n
�1�
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where Rp was the number of 5 min occurrences of a
particular runoff process at a sensor location, and n
was total number of 5 min readings taken (non-runoff
events inclusive). The average RRR for the period of the
study (2004–2005) was used to characterize the dominant
runoff mechanisms that occurred.

Runoff-contributing areas

Runoff-contributing areas were quantified by interpo-
lating runoff location points as indicated by the runoff
sensors, either 1 or 0. Thus, sensor locations where runoff
was known to occur were given a value of 1 and sen-
sor locations that did not indicate runoff were assigned
a value of 0. A binary map was then created by apply-
ing a threshold of 60% and above to delineate the runoff
source areas. It is acknowledged that the 60% threshold is
arbitrary; however, this value was arrived at empirically
as a result of field observation of the area after storm
events. The total percentage area contributing to runoff
(Ar) during each event period was calculated as:

Ar D



∑
PR

PT


 ð 100% �2�

where PR is the number of pixels within the delineated
runoff contributing area, and PT is the total number of
pixels representing all three plots.

DATA ANALYSIS

Rainfall characteristics and the plot runoff response
were closely monitored from April 2004 to December
2005. In 2004, 106 precipitation events occurred, totaling
106 cm rainfall. In 2005, 111 rainfall events accounted
for 95 cm of rainfall. Precipitation events within the
study were defined as any 24 h period with measurable
rainfall. Rainfall events that occurred 1–5 January 2005
are presented in detail in this manuscript (Figure 3).
These events were selected because they revealed the
unique watershed response to rainfall from a period of
relatively dry watershed conditions (1–3 January 2005)
to relatively wet watershed conditions (4/5 January 2005).
Two weeks before the selected events, no precipitation
events had occurred, with the exception of two dusting
snow events that occurred on 21 and 22 December 2004.
These snow events lasted only an hour and were quickly
evaporated thereafter.

Sensor data were analysed to determine runoff mecha-
nisms which occur in the field. A paired sensor analysis
was used to identify the runoff mechanism that occurred.
For example, the surface runoff mechanism was classified
as saturation excess runoff if the saturation sensors indi-
cated saturated soil conditions (surface saturation) and the
runoff sensors indicated the presence of surface runoff.
On the other hand, the runoff mechanism was classified
as infiltration excess runoff if the saturation sensors did
not indicate saturated conditions near the soil surface

Figure 3. Cumulative rainfall and rainfall intensity in 5 min increments
from 1–5 January 2005

while the runoff sensors indicated the presence of sur-
face runoff. A GIS was used to derive the spatial extent
of the data and to quantify the spatial distribution of the
runoff source areas. A sensor location was considered as
contributing to runoff if any of the runoff mechanisms
(infiltration excess or saturation excess) occurred at that
particular sensor location.

RESULTS AND DISCUSSION

Topographic and geophysical surveys

The resistivity survey (Ernenwein and Kvamme, 2004)
revealed a high electrical resistance (>120 �) area
located in the southern (plot 1) to mid (plot 2) portion
of the field (Figure 4). A sharp boundary of the resis-
tance area can be seen across the end of plot 2, running
from the north-east to south-west and is thought to repre-
sent regolith overlying shallow bedrock (limestone with
multiple layers of bedded chert (Figure 5)).

Figure 5A shows a composite map of the GPR data
at each depth sampled, and the location of sampled tran-
sect 15 (line 15). The details of transect 15 are shown in
Figure 5B. In profile form, the GPR data provides a lot of
detail of the nature of the subsurface characteristics of the
plots. The data confirmed the findings from the resistiv-
ity survey, the upper portion of the field (plots 1 and
2) contains abundant contrasting materials (limestone,
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Figure 4. Electrical resistivity survey of study site showing areas of high resistance and selected sensor locations

chert, weathered zones with clay), whereas the lower por-
tion (plot 3) is more homogenous in nature, indicating a
weathered and transported regolith with a deeper zone to
bedrock (Figure 5B). The resistivity data and GPR data
are complementary. Combining both data sets revealed
the subsurface structure of the field in great detail and
was reinforced by drilling and trenching. Overall, the
subsurface structure of plots 1 and 2 are interpreted as
containing near-horizontal limestone bedrock with mul-
tiple layers of low-permeability chert and clay infilling
bedding planes in the limestone; near-vertical fractures
and probable, faults transect the plots near the berm sep-
arating plots 1 and 2, and near the northern boundary
of plot 2 (Figure 5). The chert layers have been trun-
cated by near-surface erosional processes, and are slightly
tilted toward the north and west, providing a downward-
stepping upper confining unit to plots 1 and 2. The chert
layers are interpreted as being downfaulted beneath plot
3 (Figure 5). At Savoy, as in numerous karst areas else-
where characterized by heterogeneous and anisotropic
pathways that underdrain the soil, knowledge of the loca-
tion of subsurface fractures, joints, bedding planes and
distinctive soil horizons is essential to understanding the
three-dimensional details of flow pathways that control
runoff processes. At the study site, the limestone and
chert represents the lowermost part (approximately 5 m)
of the Boone Formation; the Boone is stratigraphically

underlain by the St. Joe Formation, a pure limestone that
is highly susceptible to dissolution and subsurface cap-
ture of infiltrated water. Continuous chert layers perch the
shallow groundwater and are responsible for five small
springs which lie downslope of the plots (Brahana et al.,
2005).

Infiltration measurements and soil physical properties

Figure 6 shows a map of the spatial distribution of bulk
density on each of the plots. Mean bulk density of plot 1
(1Ð17 g cm�3) was significantly (P D 0Ð042) greater than
the 1Ð01 g cm�3 computed for plot 3 (Figure 6). Although
the mean bulk density of plot 2 was greater than that of
plot 3, these differences were not statistically significant
at P D 0Ð05. Generally, bulk densities decreased from
upslope (plot 1) to downslope (plot 3) of the field. The
high percentage of chert on plot 1 probably accounted for
the greater bulk density. The geophysical and drilling data
suggest that the soil–regolith/bedrock contact is much
thinner beneath plots 1 and 2 than plot 3. Although the
mean bulk densities seem to be on the lower end of
that reported by previous work in Basin 1 (1Ð10–1Ð46 g
cm�3; Sauer et al., 1998; Sauer and Logsdon, 2002), the
results support the general trend where Nixa cherty silt
loam soils have greater bulk densities than Captina silt
loams.
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Figure 5. Conceptual model of ground penetrating radar (GPR) measurements showing (A) a composite overlay of GPR data at 12 different depths,
location of transect 15, (B) details of GPR transect 15 (line 15) along with flow pathways for water, and (C) a water budget at the Savoy Experimental

Watershed study plots (modified from Ernenwein and Kvamme, 2004)

Mean infiltration rate on plot 1 (302 mm h�1) was
significantly (P < 0Ð0082) greater than that of plots 2
and 3 (214 mm h�1). There was no significant difference
between plots 2 and 3 infiltration rates (Table I). The
greater infiltration rates on plot 1 could be a result of
the presence of fractures in the subsurface layer of the
soil, which is consistent with the resistivity and GPR
surveys. These fractures could serve as macropores and
induce preferential flow. Ponded infiltration rates were
highly variable when compared with measurements made

by other researchers on similar soil types. Infiltration
rates were between ten and fifteen times greater than
that reported by Sauer et al. (1998) (20Ð4 and 22Ð2 mm
h�1 for Nixa and Clarksville soils respectively), between
four and six times greater than values reported by Sauer
et al. (2000) (49Ð0 and 54Ð4 mm h�1 for Nixa and
Clarksville soils respectively) and between two and one-
half times greater than values reported by Sauer and
Logsdon (2002) (158 and 139 mm h�1 for Nixa and
Clarksville soils respectively) using different infiltration
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Figure 6. Spatial distribution of bulk density over study plots. Mean values followed by the same letters are not significantly different at P D 0Ð05
as determined by Fisher’s protected Least Significant Difference method

measuring techniques at a site about 0Ð25 km away from
our study plots. Estimated infiltration rates during rainfall
simulations from Haggard et al. (2005a) varied between
83 mm h�1 and 103 mm h�1 at small plots on a Captina
silt loam. Other plot studies have observed infiltration
rates of approximately 45 mm h�1 on a Captina silt loam
variable slope box (Haggard et al., 2005b). The current
measured infiltration rates were on the higher side of
those reported. The variability in the infiltrations rates
among the different studies of similar soil types highlights
the complex nature of the infiltration–runoff process in
Basin 1.

Although the maximum 5 min rainfall intensities dur-
ing the 1–5 January 2005 events (Table II) did not
exceed the measured infiltration rates, a large num-
ber of occurrences of the infiltration excess mechanism
were observed. It is possible that the variability of infil-
tration rates across the plots was not adequately rep-
resented since the infiltration measurements were per-
formed at only a few (three per plot) locations on the
plots. A further contribution to the high infiltration rates

Table I. Summary of infiltration measurements and estimated
saturated hydraulic conductivity performed on each plot

Location Infiltration Rate
(mm/hr)

Saturated Hydraulic
Conductivity (mm/hr)

Mean Std Dev. Mean Std Dev.

Plot 1 302aŁ 23 173a 13
Plot 2 214b 23 116b 12
Plot 3 214b 23 120b 12

Ł Mean values within a column followed by the same letter are not
significantly different at P D 0Ð05 as determined by Fisher’s protected
least significant difference method.

could be the locations of bedrock fractures underlying
the subsurface soil profile (Figure 5A), or subtle eleva-
tion changes (centimetre scale) in the epikarst surface.
Although not observed during this testing period, insect
burrows are widespread on the plots during part of the
year (John Murdoch, written communication, 2005); infil-
tration processes elsewhere have been documented as
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being dominated by macropores (Bronstert, 1999). The
measurement locations were randomly chosen based on
the most suitable flat surface, and the heterogeneous and
anisotropic response to flow in these plots is consistent
with preferred flow pathways.

Estimated saturated hydraulic conductivity on plot 1
(Table I) was significantly greater than that of plots 2 and
3 (P < 0Ð0036). No significant difference was observed
between plots 2 and 3 hydraulic conductivities. While
measured saturated hydraulic conductivities were lower
than values (296 mm h�1 for Captina soils and 312 mm
h�1 for Nixa soils) reported by Sauer et al. (1998), they
were between one-half and two times greater than values
reported (80Ð2 mm h�1 for Nixa and 89Ð3 mm h�1 for
Clarksville soils) in the Sauer and Logsdon (2002) study.

Runoff mechanisms on the plots

Both infiltration excess and saturation excess runoff
occurred intermittently at the study site from April 2004
through calendar year 2005. Overall, the predominant
runoff mechanism was infiltration excess, covering about
58% of the total area, and was somewhat confined
to the upper portions of the hillslope (plots 1 and 2)
(Figure 7). Saturation excess runoff occurs at about 26%
of the total field area and appeared to be dominant
on plot 3 and along the south-western boundary of
plot 1. Many other researchers have documented the
occurrence of saturation excess runoff near streams and
at the lower portions of a hillslope (Hewlett, 1961;
Dunne and Black, 1970a, 1970b; Srinivasan et al., 2002;
Needleman, 2002; Rezzoug et al., 2005; Badoux et al.,
2006). 16% of the field did not contribute to significant
runoff over the period of study. It must be noted here
that saturation excess runoff does occur briefly at other
locations of the plots during and between storms and has

Table II. Summary of selected rainfall characteristics and infil-
tration excess runoff events for 1–5 January 2005 storm events

(maximum rainfall intensities in bold)

Date Time
(hours)

5-min
Rainfall
Intensity
(cm/min)

Cummulative
Rainfall

(cm)

No. of 5-min
Infiltration

Excess
Events

1/1/05 5 : 05 PM <0Ð01 0Ð03 0
1/2/05 2 : 40 PM 0Ð014 0Ð17 3
1/2/05 2 : 45 PM 0Ð040 0Ð39 0
1/2/05 2 : 55 PM 0Ð022 0Ð57 2
1/3/05 2 : 10 AM 0Ð003 0Ð18 2
1/3/05 2 : 40 AM 0Ð020 0Ð47 2
1/3/05 4 : 30 AM 0Ð027 2Ð04 3
1/3/05 4 : 35 AM 0Ð027 2Ð17 2
1/3/05 4 : 55 AM 0Ð024 2Ð59 2
1/4/05 2 : 00 AM 0Ð010 0Ð08 2
1/4/05 2 : 40 AM 0Ð020 0Ð30 2
1/4/05 5 : 30 AM 0Ð041 1Ð78 8
1/4/05 5 : 35 AM 0Ð030 1Ð93 8
1/4/05 6 : 15 AM 0Ð046 2Ð97 15
1/5/05 5 : 20 AM 0Ð015 0Ð76 7
1/5/05 5 : 30 AM 0Ð010 0Ð84 10
1/5/05 6 : 30 AM 0Ð025 1Ð50 11

a greater likelihood of occurrence during long-duration
storm events.

Detailed rainfall–runoff data for events that occurred
from 1 January 2005 to 5 January 2005 are shown
in Table III. The flow measured at the flume of plot
1 is compared with the location of runoff mechanism
occurrence at different times in Table IV. Plot 1 was
obviously dominated by infiltration excess, and sensor
106 (see Figure 2 for location) indicated the occurrence
of saturation excess. The subsurface material could be a
possible explanation for this. The presence of fractures
at that location could serve as a reservoir which, when
filled up, could lead to the initiation of saturation excess
flow.

At 3 : 00 am, only sensor 104 and 106 indicated runoff.
The absence of flow at the flume downslope could
only suggest that the surface runoff reinfiltrated before
reaching the flume. However, at 6 : 00 am, six sensors
indicated the presence of runoff, suggesting that at least
some of the runoff was able to flow downslope in order
to be captured by the H-flume. A similar pattern could be
observed at 10 : 00 am, 1 : 00 pm and 10 : 00 pm, where no
flow was observed at the H-flume but the occurrence of
runoff indicates reinfiltration of the runoff. Conversely,
flow and corresponding runoff indication at 7 : 00 am,
8 : 00 pm and 11 : 00 pm suggests the runoff was able to
flow to the flume via an overland flow route.

Runoff-contributing areas

The rainfall events of 1–3 January 2005 occurred
after low-flow (dry) conditions were present beneath the
plots (Figure 11). For a 3-week period (17–31 December
2004) before the storm of 2 January, no precipitation
was recorded, except for trace amounts of snow dustings
on 21 and 22 December, and base-flow recession was
nearly flat. After more than 4 cm of rainfall in a period
of about 48 h (Figure 3), the storms of 4/5 January 2005
(Figure 3) could be considered to have occurred under
wet watershed conditions. The rainfall events of the
previous days had raised the level of the groundwater
table by as much as 60 to 70 cm (Figure 11) and
provided well saturated soil moisture conditions. This
was confirmed visually by field visits to the study site
during the storm period, and are discussed in detail below.

Table III. Rainfall–runoff data for 1–5 January 2005

Date Cumulative Rainfall
(cm)

Cumulative Runoff
(cm)

PlotsŁ Weather
Station

Plot 1 Plot 2 Plot 3

1/1/05 0Ð03 0Ð08 0 0 0
1/2/05 0Ð91 0Ð89 0Ð03 <0Ð01 <0Ð01
1/3/05 3Ð66 3Ð63 0Ð03 0Ð18 0Ð05
1/4/05 5Ð39 4Ð83 0Ð13 0Ð69 0Ð13
1/5/05 3Ð18 2Ð92 0Ð18 0Ð15 0Ð1
5-day Total 13Ð16 12Ð34 0Ð37 1Ð02 0Ð28

Ł Mean total rainfall observed on plots 1 through 3.
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Figure 7. Map of dominant runoff process that occur at study site, Savoy, Arkansas. A is the total percentage area of a runoff process over the area
of the three plots

Table IV. Flow and runoff mechanisms observed on plot 1 for 4 January 2005 event (N indicates no runoff mechanism, SE indicates
saturation excess and IE indicates infiltration excess runoff)

Time (hours) Flow measured at H-flume
(m3 s�1)

Sensor ID (See Figure 2 for location of sensors in plot)

101 102 103 104 105 106 107 108 109 110 111 112

3 : 00 AM 0 N N N IE N SE N N N N N N
6 : 00 AM 1Ð20E-04 N IE N IE N SE N IE IE N IE N
7 : 00 AM 7Ð00E-05 N IE N IE N SE N IE IE N IE N
10 : 00 AM 0 N N N IE N SE N IE N N IE N
1 : 00 PM 0 N N N IE N SE N N N N IE N
8 : 00 PM 1Ð40E-05 N N N IE N SE N N IE N IE N
10 : 00 PM 0 N N N IE N SE N IE N N IE N
11 : 00 PM 5Ð20E-06 N N N IE N SE N IE N N IE N

Runoff-contributing areas during dry watershed condi-
tions. A minor rainfall event that occurred on 1 January
2005 was a short-duration low-intensity storm that totaled
0Ð03 cm (Table II, Figure 3). None of the runoff sensors
responded to this event (Figure 8), nor was springflow
affected (Figure 12). The 2 January event started at 2 : 30

pm, by 2 : 35 pm, three sensors had responded to the
presence of runoff and 1Ð5% of the total area (plots 1–3)
contributed to runoff (Figure 8). Rainfall intensity within
this period was 0Ð014 cm min�1 and the runoff process
was infiltration excess. After 10 min of the rainfall event
the total infiltration excess area increased to 4%. The
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Figure 8. Map of runoff contributing areas on each plot for 1–3 January 2005 storm events. Ar is the total percentage runoff contributing area, Ai is
the percentage of infiltration excess runoff area, and As is the percentage of saturation excess runoff area computed over all the plots

storm attained the highest intensity of 0Ð04 cm min�1 at
2 : 45 pm (Table II), but surprisingly, none of the sensors
indicated the occurrence of runoff (Figure 8). Within this
5 min period, the initial runoff areas contracted, and the
runoff at these sensors reinfiltrated into the soil profile;
quite possibly this may be due to the development of a
matric suction gradient in the relatively dry soil layers
below after the soil surface had been subjected to ini-
tially wet conditions. The rainfall event ended at 4 : 15
pm with a cumulative total of 0Ð91 cm (Figure 3). The
3 January event started at 12 : 25 am with an intensity
of 0Ð002 cm min�1. By 2 : 10 am, the cumulative rain-
fall was 0Ð18 cm and 4% of the plots were contributing
to infiltration excess runoff (Figure 8). At 2 : 40 am, the
runoff contributing area had increased by 4%. The max-
imum infiltration excess runoff area (12%) occurred at
3 : 55 am with a cumulative rainfall of 1Ð45 cm and an
intensity of 0Ð02 cm min�1. The runoff-contributing areas
decreased to 3Ð5% by 4 : 50 am with 2Ð48 cm total rain-
fall. The rainfall event ended at 5 : 55 am with a cumula-
tive total of 3Ð66 cm (Table II). The absence of saturation
excess runoff areas during the 1–3 January rainfall events
(Figure 8) was consistent with the theory of saturation
excess runoff development. The groundwater wells on
each of the plots indicated water levels below the ground
surface for most of the time until well 1 rose to the ground
surface during the 3 January storm event. Owing to the
limited spatial extent of the infiltration measurements, no

conclusions can be drawn about the effects of infiltra-
tion rates; nonetheless, it is quite obvious that the higher
bulk densities observed on plots 1 and 2 played a major
role in the infiltration excess process during these storm
events. Overall, the 1–3 January rainfall events resulted
in runoff-contributing areas that were somewhat confined
to plot 2 and consistent with the cumulative runoff depth
that was observed on the plot (Figure 8, Table III).

Runoff-contributing areas during wet watershed con-
ditions. The 4 January 2005 rainfall event started at
2 : 00 am (Figure 3). By 3 : 00 am, 0Ð33 cm of rainfall
had fallen and three sensor locations indicated the occur-
rence of infiltration excess runoff (Figure 9). At 6Ð00 am
3 h later, the extent of the runoff-contributing area had
increased but for the most part was confined to plots 1
and 2 (Figure 9). The groundwater well on plots 1 and 2
indicated water levels at the ground surface, while well
3 continued to rise (Figure 11) at this time. Most of the
runoff (20%) produced was infiltration excess whereas
only 6% of the runoff area was the result of the sat-
uration excess mechanism. A possible explanation for
the observed saturation excess areas could be macrop-
ore storage of flows in these areas (Figure 5). After a
total rainfall of 3Ð23 cm (7 : 00 am), the maximum runoff
extent (51%) was observed, 27% was due to infiltration
excess and 24% was due to saturation excess mechanism.
During this period, well 3 was observed to briefly rise to
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Figure 9. Map of runoff-contributing areas on each plot for 4 January 2005 storm event. Ar is the total percentage runoff contributing area, Ai is the
percentage of infiltration excess runoff area, and As is the percentage of saturation excess runoff area computed over all the plots

ground surface. The expanded saturation excess area sug-
gests increased storage areas in the macropores. At 10 : 00
am, the saturation excess process seemed to dominate the
runoff generating process, occurring in 10% of the area
whereas infiltration excess occurred in 8% of the area.
The runoff areas were seen to contract to just a few spots
and reverted to pure infiltration excess (2% contribution)
around 1 : 00 pm. Another burst of rainfall activity, which
started around 7 : 00 pm, caused the contributing areas
to respond with expansion (Ar D 23%, at 10 : 00 pm)
and contraction (Ar D 19% at 11 : 00 pm) until midnight.
Infiltration excess was the dominant runoff mechanism at
both times. Both events contributed to a rainfall total of
5Ð39 cm at the end of the day (Table III).

The 5 January 2005 event (Figure 10) was a contin-
uation of the 4 January late evening storm. The sensors
were observed to respond to runoff by the end of the first
hour (1 : 00 am) with a total runoff area of 5%, most of
the runoff process being infiltration excess (4%). During
that time, 0Ð08 cm of rainfall occurred. Two hours and
0Ð28 cm of rainfall later, the runoff-contributing area had
increased marginally. By 6 : 00 am, a total of 1Ð14 cm of
rain had fallen and the runoff-contributing area expanded
further (Figure 10). The largest extent of runoff contribu-
tion occurred at 7 : 00 am. Within that hour, 0Ð64 cm of
rainfall had occurred. As the rainfall amount decreased,

the runoff-contributing area also decreased and by 3 : 00
pm, only the south-western part of plot 1 and south-
eastern part of plot 3 contributed to runoff. Rainfall total
for the storm from midnight 5 January to midnight 6
January was 3Ð18 cm (Figure 3). Total runoff depth was
0Ð18 cm for plot 1, 0Ð15 cm for plot 2, and 0Ð10 cm
for plot 3. Runoff sensor 215 on plot 2 (Figure 2) indi-
cated saturation excess runoff throughout the storm event
(Figure 10). The GPR data is in conceptual agreement
with this finding. The underlying chert layers have been
fractured (Figure 5A) and the weathered bedrock sur-
face of the epikarst is locally irregular with highs and
lows (Figure 5B). If the subsurface drainage (Figure 5C)
below areas where groundwater is perched or plugged
cannot be transported rapidly, soil pores and fractures
remain saturated, resulting in a saturation excess condi-
tion such as sensor 215 on plot 2 (Figure 10). The extent
of the saturation excess area then depends on the amount
of infiltrated water supplied to the area.

In contrast to the 4 January storm event, the 5
January storm resulted in a greater extent of satura-
tion excess area on plot 3. This may be attributed
to lateral subsurface flow from upgradient plots 1
and 2 along preferred pathways to plot 3 (Figure 5),
enhancing the saturation excess generating process on
plot 3.
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Figure 10. Map of runoff contributing areas on each plot for 5 January 2005 storm event. Ar is the total percentage runoff contributing area, Ai is
the percentage of infiltration excess runoff area, and As is the percentage of saturation excess runoff area computed over all the plots

Figure 11. Water table dynamics for period 1–5 January 1 2005 as
indicated by monitoring wells and nearest subsurface sensors. ‘S’ denotes
subsurface sensors and ‘W’ denotes wells. Locations of subsurface

sensors and monitoring wells are shown in Figure 2

Water table dynamics and flow responses

Figure 11 shows a graph of the response of the shallow
monitoring wells on each plot with their corresponding
nearest subsurface sensors. The subsurface sensor and
monitoring well data were significantly correlated (R2 D
0Ð90, 0Ð67, 0Ð96 on plots 1, 2, and 3, respectively, P <
0Ð05) and were able to capture the subsurface dynamics
of the water table response to the precipitation. The time

of occurrence of the relative expansion and contraction of
the runoff source areas were coincident with the rise and
fall of water table for the corresponding rainfall totals
(Figures 3 and 8–11).

The spring flow and runoff responses to rainfall before,
during, and after the 4/5 January 2005 events are shown
in Figure 12. A lag in response of the spring during the
3 January storm event compared to the almost immediate
response time during the 4 January storm event can
be seen from this figure. Further examination of the
spring hydrographs for different rainfall events revealed
that the lag in spring response to rainfall is highly
variable depending on rainfall intensity and antecedent
soil moisture characteristics. For example, during the 2
January storm event, the spring showed a slight response
30 min after the start of rainfall but quickly receded to
base flow within 15 min. For the 3 January rainfall event,
spring response was observed approximately 3 h after
the start of the rainfall event. However, the spring was
observed to respond to the 4 January 2005 rainfall event
approximately 40 min after the start of rainfall.

Examination of the groundwater wells during the dry
watershed conditions is enlightening, in that the wells in
plots 1 and 2 indicated low groundwater levels until the
3 January storm when they rose rapidly in response to
infiltration, and after the most intense part of the storm,
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Figure 12. Spring flow and runoff on each plot for period for period 1–5 January 2005

peaked and then went into recession. The well in plot 3,
however, continued rising throughout that period, until
infiltration from the next storm caused a rapid rise of
all wells to near ground surface the next day (Figure 11).
This continual rise in well 3 is interpreted to be caused by
interflow from upgradient plots 1 and 2 moving laterally
along permeability contrasts in the soil zone. This lateral
flow allows recession in wells 1 and 2, and continued
rise in well 3. Conceptually, this is represented by dry
condition flow arrows in Figure 5. Insofar as groundwater
level in well 3 starts receding more steeply than the water
level in well 2, it would appear that downward vertical
drainage in plot 3 is more effective (more well connected)
than plots 1 and 2. The wells were completed by augering
to refusal, and the sequence of lithologies encountered is
very similar. Thinner regolith and soil in plots 1 and
2, perched lateral interflow following the epikarst, and
enhanced underdraining to the St. Joe Limestone via
faults and joints represents a consistent water budget for
the area, which explains most of the observed data.

For wet watershed conditions, well 1 remains nearly
completely saturated after the second major pulse of
infiltration through the remainder of the period of record
(Figure 11). Water level rises and recessions are rapid,
but the thickness of the aquifer under plot 1 between
land surface and the top of the perching chert seems to
be less, an observation consistent with the geophysical
data and well drilling (Figure 5). Well 2 is intermediate
in its response, both in timing and in magnitude, and well
3 shows the greatest transmissivity and storativity of the
plots. Insofar as there is no justification that hydraulic
conductivity and specific storage vary predictably over
the plots, the thickness of the unconfined, porous media
of the shallowest aquifer most likely is simply a result of
greater thickness moving from divide to drain. Coupled
with enhanced underdraining beneath fractures and faults
(Figure 5B), the piling up of water in plot 2 seems
like a rational consequence of interflow along preferred
flowpaths and underdraining along joints and faults.

SUMMARY AND CONCLUSIONS

A field-scale methodology was used to identify and delin-
eate runoff mechanisms and critical runoff-contributing
areas in a hillslope in the Savoy Experimental Water-
shed. Results from this study showed that both infiltration
excess and saturation excess runoff processes occur on
this hillslope. Although variability of infiltration rates
across the plots may not have been adequately repre-
sented, the trends in soil hydraulic properties and the
subsurface attributes of the plots were instrumental in
locating runoff processes in the field. The infiltration
excess runoff mechanism areas were located primarily
in areas of high soil electrical resistance while satura-
tion excess mechanism areas were located in areas of
subsurface fractures, low soil electrical resistance, rela-
tively homogenous subsurface soil material, and on the
downslope end of the field. The contracting and expand-
ing dynamics of runoff generating areas were shown for
five rainfall events that occurred in January 2005. Given
that very little data exist on hydrologic processes and
their interactions with runoff contributing areas, further
study is required to develop a thorough understanding
of this area of hydrology. This methodology provides a
detailed procedure for capturing the hydrologic activi-
ties that occur on a hillslope and provides benchmark
procedures that can be used in locating areas for best
management practice (BMP) implementation.
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