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This study uses long-term daily sediment records (12–51 years) from 5 unit-source watersheds in central
Texas to examine the role of large infrequent erosion events in the makeup of the overall soil loss record.
Additionally, multi-decadal daily erosion simulations with the Soil and Water Assessment Tool (SWAT)
using both the Modified Universal Soil Loss Equation (MUSLE) and physics based erosion routines are
conducted to assess the routine’s ability to predict extreme events and long-term budgets. The empirical
record indicates the upper 10% of erosion events (in terms of mass) comprise roughly half of the
long-term soil loss sum. These upper end events are characterized by large unit flow erosion values
and not necessarily associated with precipitation or runoff extremes. The two SWAT routines showed lit-
tle differences in total soil loss masses; however, the distribution of soil loss events from the physics
based simulation, including upper end events, more closely resembled the empirical record than the
MUSLE prediction.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Conducting accurate long-term (decadal plus) simulations of
watershed erosion are problematic in part due to the inherent dif-
ficulties in developing mathematical descriptions of dynamic soil
supply-transport-deposition cycles over space and time
(Boardman, 2006; White, 2005; Nearing, 2013). Spatially dis-
tributed and continuous catchment models that simulate runoff
and erosion have been developed and enhanced over the past few
decades with the development in computing processors and geo-
graphical information systems. These models allow estimation of
soil erosion from complex hydrologic systems characterized by
heterogeneous soils, vegetation, and topography over a long period
(Merritt et al., 2003). For surface erosion processes, a large portion
of the literature has been dedicated to different versions of the
empirically developed Universal Soil Loss Equation (USLE). The
USLE was originally developed during the 1950s and 60s from
greater than 10,000 plot years of data at approximately 50 research
stations across the United States (Wischmeier and Smith, 1978).
While the USLE has proven successful in many applications, its
derivatives, the Revised USLE and Modified USLE (Williams, 1975;
Renard et al., 1997), are presently the most commonly used empir-
ical models. Nevertheless, recent efforts have focused more on
developing process based models using physically based equations
to describe surface processes and sediment routing. Models such as
KINEROS (Smith, 1981), EUROSEM (Morgan et al., 1998), and WEPP
(Nearing et al., 1989) estimate soil detachment from raindrop
energy, sheet flow, and rilling using physical descriptions of detach-
ment theory. The models also benefit from sophisticated descrip-
tions of climate, hydrology, plant growth, and land management.
Despite their complexity, physics-based models have shown simi-
lar ability to empirical models in predicting long-term soil losses
(Bhuyan et al., 2002; Tiwari et al., 2000; Aksoy and Kavvas, 2005).

Model choice aside, there are practical limits placed on modeled
predictions related to the natural variability of erosion and errors
in field measurements. Few studies exist examining the variability
in erosion data, but fairly large coefficients of variation (3–173%)
have been reported among replicated plots (Wendt et al., 1986;
Ruttimann et al., 1995; Nearing, 2000). The relative difference
between replicates tends to decrease as erosion magnitude
increases, but the non-unique erosional response from a given
storm presents problems for model calibration and assessment of
model results.
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Erosion measurements are needed to develop, calibrate, and
validate models, but this type of data is woefully inadequate for
most parts of the world (Boardman, 2006). Where data are avail-
able, they are largely concentrated in the form of standard erosion
plots. Analysis of plot data is constructive and necessary; however
we should not expect standard plots to provide an accurate depic-
tion of landscape level processes. Plot data are often based on
short, relatively linear slopes not representative of the landscape
as a whole, and tend to show larger amounts of erosion than
may be expected at the field level. This may in part be due to sam-
pling devices at the end of these confined areas increasing flow
across the plot driving the erosion rate higher (Evans, 1995).

Lack of long-term empirical data from unit-source watersheds
and larger has limited our understanding of decadal plus processes
and the role large infrequent meteorological events have on
long-term erosion budgets. From the standard plot perspective,
Risse et al. (1993) suggests at least 22 years of monitoring are needed
to arrive at representative annual values and characterize large infre-
quent meteorological events. Similarly, Lane and Kidwell (2003) rec-
ommend 16 years or greater. Gonzalez-Hidalgo et al. (2009) show a
minimum of 100 measured events should be sufficient to capture
long-term plot dynamics. These plot studies along with others pro-
vide considerable evidence that individual storms can have a large
impact on long-term erosion budgets. From the unit-source perspec-
tive, Nearing et al. (2007) reported 6–10 storm events produced 50%
of the total sediment yield at six rangeland unit-source watersheds
(southern Arizona) over an 11 year period. In the seventh watershed
studied, two storms produced 66% of the total sediment yield. At nine
small cultivated watersheds within the North Appalachian
Agriculture Research Station, 5 events produced at least 66% of total
soil loss for each of the unit-source watersheds over 28 year times-
pan (Edwards and Owens, 1991). Watershed sizes in these
unit-source studies ranged from 0.2 to 5.4 ha.

Recognition of the importance of extreme erosion events is easy
to identify in the field and through the analysis of adequate empir-
ical records; however, relatively little attention has been given to
the subject from the modeling community. The USLE was designed
and has mainly been used to find average rates over long periods of
time ignoring the individual events contributing to the rate
(Boardman, 2006). If large scale erosion events are in fact the dom-
inant force behind erosion budgets at the catchment level, their
recognition in erosion models is necessary to arrive at reasonable
conclusions. Watersheds in arid-semiarid regions subject to infre-
quent high intensity events would have the most to gain from
analysis of individual rainfall/runoff events in the construction of
long-term records.

In the present study, we analyze daily soil erosion records at 5
unit-source watersheds from the Grassland, Soil, and Water
Research Laboratory located near Riesel, Texas (herein ‘‘Riesel
watersheds’’). Three land use types are examined including row
crops, hay production, and native prairie. The length of the erosion
records range from 12 to 51 years and are among the longest con-
tinuous records in the world for unit-source sized watersheds.
Objectives of the study are to (1) discern the impact of large ero-
sion events on long-term sediment budgets and describe their
temporal and land use characteristics and (2) assess the ability of
empirical and physics based routines to predict long-term budgets
and large erosion events.
2. Methods

2.1. Site information

The Riesel watersheds were established by the United States
Department of Agriculture – Soil Conservation Service
(USDA-SCS) to examine soil and hydrology responses to various
agricultural land management practices (Fig. 1). The station began
collecting data in the late 1930s and is the only original USDA
experimental watershed still in operation today. Presently, the
Riesel and other experimental watersheds around the US are man-
aged by the USDA Agricultural Research Service (ARS). Research at
the Riesel watersheds has been used in the development of several
hydrologic and erosion models (EPIC/ALMANAC, APEX, SWAT) and
has been instrumental in shaping modern agricultural practices
across the central Texas region (Williams et al., 2008). There are
numerous published reports using data from the watersheds
including works on precipitation and weather (Harmel et al.,
2003), runoff processes (Allen et al., 2005; Arnold et al., 2005;
Harmel et al., 2006), soil erosion (Allen et al., 2011; Harmel et al.,
2006; Wang et al., 2006), and the sampling network (Harmel
et al., 2007). Previous analyses of soil erosion have focused atten-
tion on monthly or annual data. A brief description of the water-
sheds pertinent to the current study is described below. Readers
requiring additional detail on specific aspects of the network are
asked to refer to works cited above.

Five watersheds were selected for analysis based on continuity
of a daily erosion record, size (1–10 ha), and land use type (Fig. 2;
Table 1). Each of the watersheds contains a single land use and rep-
resents edge of field erosion processes. Watersheds Y6, Y8, and
Y10, have remained cultivated under conservational methods with
contoured rows, terraces, and grassed waterways over the length
of the erosion record (Allen et al., 2011). These watersheds have
primarily been used to produce corn/sorghum during the warm
season and wheat/oats for overwinter crops. Watershed W10 has
been used for grazing and/or haying, while SW12 has been main-
tained as a remnant native prairie. Management records are avail-
able for a subset of the erosion record.

2.2. Environmental characteristics

Long hot summers and short mild winters are typical across the
central Texas region with a warm annual growing season from
mid-March to mid-November. Mean annual rainfall over the per-
iod of record is between 880 and 900 mm. Spring (April, May,
June) and Fall (October, November, December) are the wettest sea-
sons followed by Winter (January, February, March) and Summer
(July, August, September) (Harmel et al., 2003). The majority of
rainfall can be attributed to passage of continental fronts, while
convective events during warmer months contribute
short-duration high intensity events. Occasionally, tropical distur-
bances protrude far enough inland resulting in major precipitation
events (Asquith and Slade, 1995).

Houston Black (Vertisol) soils containing an approximate size
distribution of 17% sand, 28% silt, and 55% clay dominate the
watershed. The soil erodibility factor (K) for this clay rich soil is
0.32 (0.013 metric ton ⁄m2 ⁄ h)/(m3 ⁄metric ton ⁄ cm). Sheet and
occasional rill erosion are the dominant soil detachment and trans-
port mechanisms observed at the site. The soil series consists of
moderately well drained, deep soils formed of weakly consolidated
calcareous clays and marls. The soils have a high shrink swell
capacity allowing for high infiltration rates when dry due to pref-
erential flow through surface cracks and very low hydraulic con-
ductivity when saturated (hydraulic conductivity � 1.5 mm h�1).
Allen et al. (2005) describe distinct seasonal soil phases affecting
flow in the clay terrain. Soils are (1) extensively cracked
mid-summer to fall (2) at field capacity late fall to winter (3) expe-
riencing crack closure and lateral groundwater flow from late win-
ter to late spring and (4) below field capacity beginning to crack
from early spring to summer. The majority of surface runoff occurs
from December–June when the soils are holding more water and
cracks are closed. During the summer and fall months there is



Fig. 1. Aerial image of Riesel experimental watersheds (left); native prairie site (right).

Fig. 2. Riesel watersheds area map.

Table 1
Watershed descriptions with 0.6 m (2 ft) contours for study catchments. The
elevation (m) of the bolded line is shown along with outlets (D).

Watershed Size (ha) Land use Slope (%) Daily erosion record (y)

Y6 6.6 Row crop 3.2 51
Y8 8.4 Row crop 2.2 44
Y10 7.5 Row crop 1.9 46
W10 8 Hay 2.6 37
SW12 1.2 Native prairie 3.8 12
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much less potential for runoff when high infiltration rates exist.
Baseflow from these watersheds is virtually nonexistent account-
ing for very small percentages of yield (Allen et al., 2005).
2.3. Data collection

Data collected at the Riesel watersheds have grown to a large
database of weather, hydrology, land use, and erosion (http://
www.ars.usda.gov/Research/docs.htm?docid = 9697). Daily ero-
sion, flow, precipitation, and land use records for each of the five
watersheds were compiled from 2012 as far back as the daily ero-
sion record remained continuous. Records range from 12 to
51 years with flow and precipitation values available for each
day of erosion.

Runoff and soil loss data were collected under several methods
due to the length of the record. Runoff stations mark the outlet of
each watershed and are equipped with three stage recording
devices. Flow levels are recorded in a stilling well located in the
flume or weir structure, and discharge rates are calculated from a
known stage-discharge relationship. Historically, float gauges and
pressure transducers were the main stage recording device. Since
2001, a bubbler associated with an automatic ISCO sampler has
been used as the primary stage recording device with the others
remaining as backups.

Currently, an ISCO sampler used to collect runoff for sediment
concentrations is triggered on the rising limb of the hydrograph
taking flow weighted samples. From 1970s to 2001, automated
mechanical Chickasha samplers activated by floats were used to
collect samples for sediment analysis (Allen et al., 1976). Prior to
1970s, on-call personnel were used to obtain grab samples for soil
loss estimates. Sediment loads are calculated by drying and weigh-
ing soil from samples and recording flow during sampling (Harmel
et al., 2006). Detection limits for automated sampling of soil loss
were 0.000247 t ha�1 and 0.00254 mm for flow.

Historical data for 57 rain gauges are available from the Riesel
network. A single rainfall record consisting of hourly data were

http://www.ars.usda.gov/Research/docs.htm?docid%20=%209697
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used in the analysis (and model forcing). The record was con-
structed by aggregating breakpoint data for three separate tipping
bucket rain gauges. RG69b served as the primary rain gauge (>95%
of data) with RG75a and 84a serving as backups (Fig. 2). Backup
precipitation samples were used when the primary rain gauge
was not functioning correctly (reporting daily totals only) or when
daily precipitation was 20% different from the mean of the other
gauges.

2.4. Model setup and calibration

The Soil and Water Assessment Tool (SWAT) was selected to
evaluate surface erosion routines. SWAT is a continuous time
model that operates on daily or sub-daily timesteps. SWAT was
chosen due to its partial development (original calibration site)
at the Riesel watersheds and capacity for calculating soil loss using
both empirical (MUSLE and USLE) and physics based techniques.
Watershed discretization was lumped with one land use, soil type,
and slope. Excess rainfall was calculated using the Green-Ampt
Mein-Larson infiltration method, evapotranspiration by the
Priestley-Taylor method, and Manning’s equation for overland flow
and stream routing. Timestep for the physics based erosion model
was hourly. For the USLE based erosion techniques, infiltration cal-
culations are conducted at an hourly timestep and routing is aggre-
gated to daily. Theoretical documentation of the model can be
found with Neitsch et al. (2011).

The Modified USLE (MUSLE) incorporated into SWAT was devel-
oped during the 1970s at 18 small watersheds from Riesel and
Hastings, Nebraska (Williams, 1975). Its primary difference from
the USLE is replacing the rainfall energy factor with a runoff factor
thereby implicitly accounting for soil moisture and runoff produc-
tion. The equation is given by:

Sed ¼ 11:8 � ðQ surf � qpeak � areaÞ0:56 � K � C � P � LS � CFRG

ð2:4:1Þ

where Sed – soil transported to stream (metric ton day�1),
Qsurf – surface runoff volume (mm ha�1), qpeak – peak runoff rate
(m3 s�1), area – area of watershed (ha), CFRG – coarse fragment fac-
tor (unitless). The remaining factors were developed as part of the
original USLE: K-soil erodibility factor (0.013 metric ton * m2 *
h)/(m3 * metric ton * cm), P – Practice factor (unitless), and
LS – Length/slope factor (unitless). The cover and management
factor (C – unitless) is updated daily.

To accommodate the needs of event based modeling, sub-daily
algorithms for flow (Jeong et al., 2010) and erosion/sediment trans-
port (Jeong et al., 2011) were recently incorporated into the SWAT
model. The surface erosion routines consider both splash and rill
erosion (herein ‘‘physics based’’ routines). Splash erosion is mod-
eled from the kinetic energy of rainfall using methods proposed
by Brandt (1990). The routine is used in the erosion model
EUROSEM and is given by:

DR ¼ k � KE � e�wh ð2:4:2Þ

where DR – soil detachment by rainfall impact (g * m�2 * s�1), k –
index of soil detachability (g * J�1), KE – total kinetic energy of rain
(J * m2), w – calibration exponent (unitless), h – surface runoff depth
(mm). The kinetic energy term is partitioned into energy from direct
throughfall and leaf/stem drainage.

Overland (rill and interrill) flow erosion routines are adopted
from the ANSWERS model and are a function of average bed shear
stress, crop management, and soil erodibility. The equation is given
by:

DF ¼ 11:02aKCsb ð2:4:3Þ
where DF – flow erosion rate (kg * m�2 * h�1), s – average bed shear
stress (N * m�2), a/b – calibration parameters (unitless), K – flow
erodibility factor, C – Crop factor.

Erosion and flow parameters were calibrated using the param-
eter estimation software PEST (Version 13). PEST is a model inde-
pendent parameter estimator using the Gauss–Marquardt–
Levenberg (GML) method for non-linear models. The relationship
between model output (X), input parameters (p), and observations
(H) is given by:

Xp ¼ H ð2:4:4Þ

The goal of PEST is to find the p that minimizes the objective
function through model iterations. PEST defines the objective func-
tion as the sum of squared deviations between model output and
experimental observations:

U ¼ ðH � XpÞtQðH � XpÞ ð2:4:5Þ

where Q is proportional to the covariance matrix of measurement
noise and t indicates the matrix transpose operation. U is related
to the root mean square error (RMSE) by:

RMSE ¼ ðU � N�1Þ:5 ð2:4:6Þ

The relationship between model inputs and outputs is lin-
earized by formulating a Taylor expansion about the best parame-
ter set prior to each iteration. The linearized problem is then solved
for new parameters and the model is run again. U is minimized
when:

P ¼ ðXtQXÞ�1
XtQh ð2:4:7Þ

To reduce problems associated with overfitting or unrealistic
parameter inputs, models were first manually calibrated according
to methods proposed by Engel et al. (2007). Once reasonable
ranges of input parameters were identified PEST optimization
was completed (flow before erosion). For erosion calibration, fixed
terms from the MUSLE were combined such that:

Sed ¼ b � C � ðQsurf � qpeak � areaÞ0:56
: ð2:4:8Þ

The C factor is updated daily by:

C ¼ exp ½lnð0:8Þ � lnðCmnÞ� � expð�0:00115 � rsdsurfÞ þ lnðCmnÞf g
ð2:4:9Þ

where Cmn – minimum value for C, rsdsurf – amount of residue on
soil surface (kg ha�1).

Input parameters chosen for calibration were harvest index,
Cmn, residue decomposition rate, and the linear factor b. SWAT cal-
culates surface residue creation (rsdsurf) through a harvest index
which is the percentage of above ground biomass left after harvest.
Surface residue is updated daily by a decomposition rate. Harvest
index and decomposition rate were calibrated for each plant type.
The model treats residue from all crops the same in terms of ero-
sion abatement (Eq. (2.4.9)).

Using a similar approach of combining fixed terms (Eq. (2.4.8)),
the rill/interrill physics based equation is given by:

Sed ¼ b � sb ð2:4:10Þ

Calibration parameters selected for adjustment were b, b, and w
(Eq. (2.4.2)). Once PEST iterations were completed, model erosion
results were tuned linearly by the b factor to match total yield over
calibration time period. This lowered model performance statistics
(shown Section 5.1), but provided a more realistic representation
in terms of overall soil loss mass. Selection of flow calibration
parameters were guided by Arnold et al. (2012). The most sensitive
flow parameters were curve number, available soil water content,
and evaporation compensation factor. Watersheds Y6, Y8, Y10, and



Table 2
Erosion record information.

Y6 Y8 Y10 W10 SW12

Daily erosion 1962–2012 (51) 1969–2012 (44) 1967–2012 (46) 1976–2012 (37) 2001–2012 (12)
Management data 1982–2012 (31) 1983–2012 (30) 1982–2012 (31) NA NA
No of events 237 276 311 134 102
% of Flow events with erosion measurements 7.6 12.1 17.4 10.7 26.2
Avg no yearly events (d) 4.6 6.3 6.8 3.6 8.5
Standard deviation (d) 5.1 4.5 5.9 4.2 7.5
Max (d) 25 23 29 22 25
Min (d) 1 1 1 1 1
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W10 were calibrated from 1990 to 2001 and validated from 2002
to 2012 using daily results. At SW12, the calibration period was
2002–2006 and validation from 2007 to 2012.
2.5. Data analysis

Sediment yield frequency distributions over the period of
record are constructed by sorting erosion values and computing
total sediment yield as a function of percentage of erosion events
contributing. The upper 10% of sediment yields from this ranking
procedure is referred to throughout as ‘‘upper end’’ events. This
threshold was chosen as it has been shown to account for roughly
50% or greater of long-term soil loss budgets in other studies
(Gonzalez-Hidalgo et al., 2009; Nearing et al., 2007; Edwards and
Owens, 1991). Coefficient of determination (r2) values from least
squares regression are provided describing the amount of variance
in the daily erosion record explained by daily rainfall, maximum
1-h rainfall, daily flow, and their combinations (p < 0.05).
Adjusted r2 values are reported for least squares multiple regres-
sions. A simple erosion index is used to understand the erosive effi-
ciency of events. The index is calculated by dividing the erosion
event by daily flow (t ha�1 mmflow�1). Boxplots shown throughout
the manuscript display the median, interquartile range, and whis-
kers extend to q1,3 +/�1.5(q3–q1).

Model simulations (flow and erosion) were evaluated using
NSE, PBIAS, and r2 efficiency statistics calculated from daily results.
Formulas for these commonly used evaluation statistics can be
found with Moriasi et al. (2007). Model output values smaller than
the empirical limit of detection were set to zero. Analysis of the
distribution of simulated erosion results was conducted to draw
comparisons with the empirical record and examine the ability
to produce upper end events. To compare distributions, number
of daily events and mass of values above the limit of detection,
10th percentile, median, and 90th percentile of the empirical
record were extracted. These values, defined by the empirical
record, were then applied to the model results to calculate count
and mass of soil lost over varying thresholds. An example is pro-
vided for Y10 in the discussion.
3. Event erosion

3.1. Occurrence and magnitude

1060 daily erosion measurements were recorded from 190
gauge years; continuous records at the watersheds ranged from
12 to 51 years. Events per year were correlated with annual rainfall
amounts (0.77) and highly variable between years ranging from 1
to 29 (Table 2). Approximately 70% of erosion events occurred from
January to June.

Percent of flow events with accompanying erosion measure-
ments ranged from 7.6% to 26.2% and suggests greater sensitivity
under the ISCO sampling years. SW12 was the only basin sampled
completely with the ISCO and contained the highest percentage of
flow values with erosion events. Y6, Y8, Y10, and W10 watersheds
produced larger events per year and lower medians during the
ISCO sampling years. No attempt was made to construct a com-
plete erosion record in part due to the differential erosion response
at a given flow (Section 3.2).

Daily soil loss measurements ranged from 0 to 5.31 t ha�1 with
approximately 70% of the non-zero measurements less than
0.1 t ha�1 (Fig. 3). Median values were highest in the row cropped
basins (0.04–0.07 t ha�1), and about an order of magnitude lower
in the hay and prairie basins (0.008 and 0.005 t ha�1, respectively).
Frequency distributions indicated the upper end events accounted
for about 40–60% of long-term yields (Fig. 3). Basins Y8 and Y10
showed the largest disproportionate impact from upper end events
producing greater than 60% of long-term yields. Upper end events
at Y6 and SW12 both resulted in approximately half of long-term
erosion rates, and upper end events at the hay watershed produced
43% of overall mass. The frequency distribution shape at SW12 was
similar to the other basins despite its record solely coming from
the most recent instrumentation. On average, events comprising
the upper half of total sediment yield occurred once every
2.5 years. The cumulative impact of upper end events is very sim-
ilar to those found over shorter time periods at ARS unit-source
watersheds in Arizona and Ohio along with experimental plots
across the central and eastern US (Nearing et al., 2007; Edwards
and Owens, 1991; Wischmeier and Smith, 1978).

3.2. Precipitation and flow characteristics

Coefficient of determination (r2) values for least squares regres-
sion relating erosion to daily precipitation, daily flow, maximum
1-h precipitation and their combinations are shown in Table 3.
Daily flow was the best independent variable for the single variable
equations explaining on average about one quarter of the variance
in erosion events. Combinations of flow and precipitation (both
daily and 1-h maximum) performed similarly. Allen et al. (2011)
reported a very high r2 value (0.97) between runoff and erosion
at the Y2 watershed during the Texas drought of record (1948–
1953). The Y2 watershed (53 ha) drains watersheds Y6, Y8, and
Y10. The authors noted the relationship was similar to empirical
equations typical of bare soil conditions developed by others.
Nearing et al. (2007) showed strong correlations (r > 0.8) for ero-
sion and runoff volume at the desert shrub sites in southern
Arizona previously mentioned.

The small r2 values encountered over the period of record
underscore the impact of seasonal land use, weather, and hydrol-
ogy; long-term climate and cover responses, along with natural
variability, and measurement uncertainty (10–21%; Harmel et al.,
2009). Results also suggest the common practice of estimating
event loads from flow in order to fill gaps of an empirical record
may not be appropriate. In general, erosional responses to a given
flow could span two orders of magnitude. The distributions of flow
and precipitation events resulting in erosion are shown in Fig. 4



Fig. 3. Daily erosion boxplots (jittered values are upper end events) and cumulative sediment yield versus percent of events required to produce yield.

Table 3
Coefficient of determination values (r2) for linear regression (p < 0.05) related to daily erosion.

Flow Precipitation Max
precipitationa

Flow-
precipitation

Flow – max
precipitation

Precipitation – max
precipitation

Flow – precipitation – max
precipitation

Y6 0.17 0.14 0.21 0.20 0.25 0.22 0.25
Y8 0.23 0.19 0.16 0.25 0.25 0.20 0.26
Y10 0.22 0.19 0.18 0.25 0.27 0.21 0.27
W10 0.29 0.18 0.13 0.29 0.29 0.17 0.29
SW12 0.21 0.06 0.11 0.20 0.20 0.11 0.19

a Maximum 1-h precipitation.

Fig. 4. Flow and precipitation boxplots for erosion days (jittered points represent upper end events).
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along with precipitation and flow for upper end events. At all sites,
upper end events were generated at precipitation and flow
amounts near or below the median up to the upper end of the dis-
tribution. The average upper end event occurred at the 80th per-
centile of flow and precipitation distributions.
4. Erosion index

To examine the temporal and land use patterns associated with
upper end events, an erosion index was created by normalizing
erosion results by flow (t ha�1 mmflow

�1 ). Upper end events held high
index values (around 90th percentile of erosion indices) at each of
the watersheds suggesting they are characterized by efficient
transport and not necessarily extreme flow or precipitation
(Fig. 5). This is somewhat surprising given the chance of low flow
values (denominator) to produce large indices. Similar to erosion
mass, index magnitudes were approximately an order of magni-
tude higher at row crop basins compared to the hay and prairie
basins.
4.1. Temporal characteristics of upper end events

Harmel et al. (2006) describe a monthly erosion pattern at
selected Riesel watersheds similar to the temporal flow pattern.
Greater monthly soil losses were experienced during the spring
and winter months with little soil loss during fall and summer
months. Fig. 6 shows erosion indices by month plotted with upper
end events. At the row cropped basins, erosion indices were at



Fig. 5. Erosion index boxplots (jittered points are upper 10% events).

500 C. Furl et al. / Journal of Hydrology 527 (2015) 494–504
their maximum during March, April, and May with approximately
70% of the upper end events occurring between March and June.
Clearly, the watershed’s ability to produce flow during the spring
months is necessary for erosion to occur; however, the erosion
index was not correlated with an antecedent precipitation index
(r � 0) (Kohler and Linsley, 1951). The lack of an erosion index/an-
tecedent precipitation index correlation is in part due to a second
spike in the erosion indices during the driest portion of the year
in August and September. Allen et al. (2011) found erosion indices
were 2.5 times higher during periods of drought than long-term
averages. The authors attributed this to rill network development,
piping, and tendency to form easily entrained aggregates during
drought. Regardless of the physical mechanism, summer and fall
events show an increased efficiency to deliver soil during flow
events but comprise a small percentage of upper end events
(<10%) and total loads. Erosion indices at W10 and SW12 displayed
a similar but subdued pattern to the row crop basins. However,
upper end events were not concentrated in the spring time at the
sites. At both sites, soil loss was greatest during winter months
and upper end events fairly evenly spread across non-summer
months.
Fig. 6. Erosion index by month (jitter
4.2. Land use characteristics of upper end events

Table 4 provides information on the timing and occurrence of
agricultural practices at the row cropped basins along with erosion
sums by crop type. The data were compiled from 1982 to 2012 (Y8,
1983–2012) when complete management records were available.
Typical rotations involved two seasons of warm annuals followed
by a cool annual. Fields were left fallow the entire year in 2001.

Crop erosion indices were approximately an order of magnitude
higher for warm annuals than cool annuals (Fig. 7). Harmel et al.
(2006) points out a similar pattern between crop types in monthly
results. Median erosion indices for fallow/residue cover conditions
were lower than warm annuals, but showed the ability to produce
upper end events. Little difference existed between indices for
warm and cool residues. Residue surface erosion sums approxi-
mately equaled erosion under warm season crops even though
residue conditions persisted about twice as much. Fields were left
fallow in 2001 and produced greater than 10% of the 30 year record
along with 2 upper end events at each basin. All upper end events
with the exception of 1 were confined to residue or warm annual
land uses.

An example of the differential erosional response by crop type is
provided during the warm annual growing season of 1991. Y10 and
Y8 were both planted with corn in March and harvested in late
August. Winter wheat was planted on Y6 in November of 1990
and harvested in May the following year. During April and May
of 1991 Y10 and Y8 experienced 5 and 6 erosion events, respec-
tively including 2 upper end events. Storms during these 2 months
accounted for approximately 10% of their 30 year record (Table 4).
Y6 had no erosional response to the series of storms over the two
months.
5. Erosion simulation analysis

5.1. Model performance results

The SWAT model adequately simulated flow during the calibra-
tion period with both NSE and r2 values around 0.5 and 0.6, respec-
tively (Table 5). Slightly better performance statistics were
ed values are upper end events).



Table 4
Crop representation/timing and soil loss.

Surface Y6 % Y8 % Y10 % Plant Harvest Plant to harvest (d) n

Residue 56.4 53.5 54.2 – – – –
Corn 16.9 20.2 18.1 21-Mar 18-Aug 150 45
Sorghum 5.1 5.3 3.7 26-Mar 14-Aug 141 15
Oats 1.9 3.4 9.2 28-Oct 18-May 202 8
Wheat 13.0 15.3 10.6 1-Nov 29-May 209 21
Hay 4.2 2.4 4.2 27-Apr 18-Aug 113 9
Sudan 1.1 – – 6-Apr 25-Jul 110 2
Cotton 1.4 – – 14-Apr 20-Sep 159 1

Soil loss (t ha�1)

Y6 Y8 Y10

Warm annual 6.9 11.7 11.7
Warm residue 5.0 4.5 5.0
Cool annual 2.0 0.4 2.9
Cool residue 3.3 5.8 4.0
Fallow 3.3 3.7 2.7
Sum 20.4 26.0 26.2

Fig. 7. Erosion index by agricultural land use type.
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recorded during the validation period. Aggregated to monthly val-
ues, both NSE and r2 values averaged over 0.75, during calibration
and over 0.8 during validation. There was a slight underestimation
of spring time flows and overestimation of winter flows for the cal-
ibration period. For soil loss, the MUSLE performed as well or bet-
ter than the physics based routines based on r2 and NSE values
during calibration. During validation, r2 and NSE values were con-
sistently better using the physics based routines. Little difference
was apparent between long-term erosion sums over the validation
period which is consistent with other studies comparing USLE
derived models with physics-based techniques at plot settings
(Shih and Yang, 2009; Tiwari et al., 2000). Both routines
underestimated erosion at the row crop basins and had sums very
close to the empirical record at the hay and prairie sites.

Owing to the general lack of literature focusing on daily results,
there are few data available to contrast daily erosion NSE and r2

performance statistics. In a review of reported ranges and values
of hydrological model performance statistics, Moriasi et al.
(2007) included two works calculating daily NSE for soil loss. The
better performing model achieved an NSE of 0.11 and 0.23 during
calibration and validation, respectively. Wang et al. (2006)
reported and average NSE and r2 value of around 0.55 on monthly
results over a 4 year validation period at Y6, Y8, and Y10. Erosion
simulations were conducted using the EPIC model. In their



Table 5
Performance statistics for flow and erosion models.

Flow

Watershed Empirical yield (mm) SWAT yield (mm) NSE r2 PBIAS

Calibration
Y6 1765 2014 0.43 0.6 �14.1
Y8 1945 1765 0.4 0.52 �9.3
Y10 2292 1901 0.58 0.63 17.1
W10 1703 1644 0.45 0.53 3.5
SW12 1450 1530 0.65 0.66 �5.6

Validation
Y6 1914 1776 0.55 0.57 7.1
Y8 1745 1611 0.51 0.55 7.6
Y10 2243 1561 0.52 0.52 36.1
W10 1246 1625 0.45 0.58 �30.4
SW12 449 522 0.71 0.74 �16.2

Soil loss – physics based Soil loss – MUSLE

Watershed Empirical yield (t ha�1) SWAT yield (t ha�1) NSE r2 PBIAS SWAT yield (t ha�1) NSE r2 PBIAS

Calibration
Y6 9.66 9.66 0.19 0.28 0.0 9.66 0.20 0.20 0.0
Y8 16.26 16.26 �0.48 0.14 0.0 16.26 0.15 0.15 0.0
Y10 14.81 14.81 0.15 0.24 0.0 14.81 0.15 0.15 0.0
W10 0.52 0.52 �0.01 0.09 0.0 0.52 0.06 0.07 0.0
SW12 0.57 0.57 �0.19 0.09 0.0 0.57 0.02 0.14 0.0

Validation
Y6 8.23 2.35 0.21 0.24 71.4 2.23 0.07 0.15 72.9
Y8 7.69 3.50 0.37 0.37 55.0 6.87 0.17 0.17 10.6
Y10 10.68 6.44 0.25 0.26 39.6 5.47 0.16 0.20 48.7
W10 0.58 0.56 0.09 0.10 3.2 0.54 0.03 0.03 7.1
SW12 0.44 0.55 0.09 0.30 �22.9 0.53 �0.04 0.23 �18.3
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presentation of the physics based erosion algorithms for SWAT,
Jeong et al. (2011) reported an NSE of 0.92 for calibration in
2001 and 0.16 during validation in 2002.

5.2. Model erosion distributions

Distributions of simulated erosion results were compared to the
empirical record by examining number of events and cumulative
masses of values above thresholds defined by the empirical record.
Results over the limit of detection (LOD-0.000247 t ha�1), 10th per-
centile, median, and 90th percentile were selected as thresholds.
For example, during the validation period at Y10, 116 erosion val-
ues were recorded. 90% of the measurements were greater than
0.0033 t ha�1 (n = 104), half greater than 0.035 t ha�1 (n = 58), and
10% greater than 0.25 t ha�1 (n = 12). 99.8 percent of the cumulative
mass measured during the validation period was contained in mea-
surements over 0.0033 (upper 90% of measurements), 94% of mass
occurred in measurements over 0.035 (upper 50% of measure-
ments), and 51% of the mass was contained in measures over
0.25 t ha�1 (upper 10% of measurements). Fig. 8 shows count and
cumulative mass comparisons for these empirically defined thresh-
olds for all watersheds during model validation.

The physics based routines did a better job than the MUSLE in
identifying the timing and number of overall erosion events. This
is in part due to the demand placed upon the MUSLE to produce
erosion with each flow event. Even after setting modeled values
below the empirical LOD to zero a large discrepancy in counts
exists. It is reasonable to assume this discrepancy is magnified by
difficulty in obtaining a complete erosion record near the limit of
detection. Regardless, MUSLE model output showed large count
overestimates at the upper 90th percentile as well. Number of
events over the median were similar to the empirical record, but
the model was unable to consistently produce upper 10 percentile
events. The physics based methods were better able to replicate
the correct number of counts at different thresholds of the empir-
ical record including upper 10 percentile events.

Model overestimation of low values and underestimation of
high values are an inherent part of USLE derived erosion models
due to their deterministic nature and the distribution of natural
systems (Nearing, 1998). This has implications for how the mass
of the overall long-term record is distributed across event magni-
tudes. Similar to the long-term frequency distributions, the upper
10% of events accounted for about half of overall erosion during
calibration and validation time periods for the row crop and prairie
watersheds. Greater than 90% of soil losses at these sites were con-
tained in values above the median. Overall, the physics based
approach was better suited at apportioning mass correctly across
the distribution. At the row crop sites, physics based methods con-
tained on average 86% of mass over median values and 36% in the
upper 10% for calibration and validation combined. For the MUSLE,
mass over median and upper 10 percentile for calibration and val-
idation were 51% and �0%, respectively.

This notable discrepancy in model performance can also be
attributed in the treatment of the exponential multipliers used in
the erosion Eqs. (2.4.8) and (2.4.10). The MUSLE estimates erosion
as a function of USLE coefficients along with daily and peak runoff
multiplied exponentially by 0.56. The physics based routines con-
tain an exponential multiplier (b, calibration parameter) of shear
stress created along the rill network. While there are some concep-
tual differences of influential parameters, both methods seek to
treat erosion from overland flow exponentially (recall runoff is pri-
marily generated from overland flow). The physics based exponen-
tial multiplier was near 1.5 for each of the basins allowing the
routine to capture some of the upper end events generated at high
flows. These events were routinely underestimated with the
MUSLE. Neither routine performed well at replicating upper end
events generated by flow and precipitation values near the median
of their respective datasets.



Fig. 8. Erosion days count and percent of total mass at thresholds defined by empirical record (data shown are for validation period).

Fig. 9. Percent of total mass captured on days the empirical record indicated erosion.
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Both erosion techniques performed similarly in distributing soil
losses across seasons holding the same biases as the flow model
(underestimation of spring erosion and overestimation of winter
erosion). However, examination of model output on individual
days when the empirical record indicated erosion showed large
discrepancies. Fig. 9 shows the percentage of total mass captured
in simulated records on days the empirical record indicated ero-
sion. On average, 40% of the mass estimated with the MUSLE
occurred on erosion days compared with 70% through the physics
based routine. In other words, over half of the soil loss estimated
through the MUSLE occurred on days when the empirical record
suggests there was no erosion.

Although long term sums varied little between models, the
large differences in erosion event counts and distribution of
erosion magnitudes suggests model choice is dependent upon
the problem at hand. Model runs indicate the physics based routi-
nes are better equipped to apportion mass correctly with respect to
upper end events and predict days when erosion would occur. This
suggests physics based routines are the best option when event
analysis is required. If long term soil loss estimates are needed
without specific information on the timing, empirical and physics
based models perform similarly.

6. Summary and conclusions

The multidecadal erosion record available at the Riesel water-
sheds provides the opportunity to examine long-term erosion pro-
cesses outside of the standard plot setting. The long-term empirical
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record (12–51 years) indicates the upper 10% of erosion events
comprise roughly half of the long-term soil loss sum. From a return
frequency perspective, storms delivering the upper half of the sed-
iment record occurred on average 4–5 times per decade. This rela-
tionship was consistent between row crop, native prairie, and hay
production unit source watersheds.

Linear regression analysis (single and multiple) indicate daily
flow, daily precipitation, and maximum 1 h precipitation are only
able to explain about one quarter of the variance in the erosion
record. Flow and precipitation values resulting in upper end ero-
sion events ranged from near median values to the upper end of
their respective records. Normalizing erosion values by flow, a pat-
tern emerges indicating upper end erosion events are character-
ized by high erosion indices. Erosion indices were highest during
the spring months and during warm season annuals cultivation.

Little difference existed between long-term soil loss estimates
using the MUSLE and physics based results. Both routines underes-
timated long-term soil losses at the row crop basins and were
accurate at the hay and prairie watersheds. These results imply
either model may be used with similar outcomes if the desired
result is an estimate of total long-term erosion at unit-source spa-
tial scales. The study also indicates greater amounts of error will be
present in the more highly managed agricultural basins compared
to prairie or hay producing areas. Large differences were apparent
in the count and distribution of erosion magnitudes between mod-
els with the physics based routines performing better.
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