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Abstract:

Many water quality models use some form of the curve number (CN) equation developed by the Soil Conservation Service
(SCS; U.S. Depart of Agriculture) to predict storm runoff from watersheds based on an infiltration-excess response to rainfall.
However, in humid, well-vegetated areas with shallow soils, such as in the northeastern USA, the predominant runoff generating
mechanism is saturation-excess on variable source areas (VSAs). We reconceptualized the SCS–CN equation for VSAs, and
incorporated it into the General Watershed Loading Function (GWLF) model. The new version of GWLF, named the Variable
Source Loading Function (VSLF) model, simulates the watershed runoff response to rainfall using the standard SCS–CN
equation, but spatially distributes the runoff response according to a soil wetness index. We spatially validated VSLF runoff
predictions and compared VSLF to GWLF for a subwatershed of the New York City Water Supply System. The spatial
distribution of runoff from VSLF is more physically realistic than the estimates from GWLF. This has important consequences
for water quality modeling, and for the use of models to evaluate and guide watershed management, because correctly
predicting the coincidence of runoff generation and pollutant sources is critical to simulating non-point source (NPS) pollution
transported by runoff. Copyright  2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Watershed models that simulate streamflow and pollutant

loads are important tools for managing water resources.

These models typically simulate streamflow components,

baseflow and storm runoff, from different land areas

and then associate pollutant concentrations with the flow

components to derive pollutant loads to streams. Storm

runoff is the primary transport mechanism for many

pollutants that accumulate on or near the land surface.

Accurate simulation of pollutant loads from different land

areas therefore depends as much on realistic predictions

of runoff source area locations as on accurate predictions

of storm runoff volumes from the source areas.

The locations of runoff production in a watershed

depend on the mechanism by which runoff is gener-

ated. Infiltration-excess runoff, also called Hortonian flow

(e.g. Horton 1933, 1940), occurs when rainfall inten-

sity exceeds the rate at which water can infiltrate the

soil. Soil infiltration rates are controlled by soil char-

acteristics, vegetation and land use practices that affect

the infiltration characteristics of the soil surface. In

contrast, saturation-excess runoff occurs when rain (or

snowmelt) encounters soils that are nearly or fully sat-

urated due to a perched water table that forms when
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the infiltration front reaches a zone of low transmission

(USDA-SCS, 1972). The locations of areas generating

saturation-excess runoff, typically called variable source

areas (VSAs), depend on topographic position in the

landscape and soil transmissivity. Variable source areas

expand and contract in size as water tables rise and

fall, respectively. Since the factors that control soil infil-

tration rates differ from the factors that control VSAs,

models that assume infiltration-excess as the primary

runoff-producing mechanism will depict the locations of

runoff source areas differently than models that assume

saturation-excess.

In humid, well-vegetated areas with shallow soils,

such as the northeastern USA, infiltration-excess does

not always explain observed storm runoff patterns. For

shallow soils characterized by highly permeable topsoil

underlain by a dense subsoil or shallow water table, infil-

tration capacities are generally higher than rainfall inten-

sity, and storm runoff is usually generated by saturation-

excess on VSAs (Dunne and Leopold, 1978; Beven,

2001; Srinivasan et al., 2002; Needleman et al., 2004).

Walter et al. (2003) found that rainfall intensities in

the Catskill Mountains, NY, rarely exceeded infiltration

rates, concluding that infiltration-excess is not a dominant

runoff generating mechanism in these watersheds.

The Generalized Watershed Loading Function (GWLF)

model (Haith and Shoemaker 1987, Schneiderman et al.,

2002) uses the U.S. Department of Agriculture (USDA)

Copyright  2007 John Wiley & Sons, Ltd.



WATERSHED MODELING AND VARIABLE SOURCE AREA 3421

Soil Conservation Service (SCS, now NRCS) runoff-

curve-number (CN) method (USDA-SCS, 1972) to esti-

mate storm runoff for different land uses or hydrological

response units (HRUs). The GWLF model, like many

current water quality models, uses the SCS–CN runoff

equation in a way that implicitly assumes that infiltration-

excess is the runoff mechanism. In short, each HRU in

a watershed is defined by land use and a hydrological

soil group classification via a ‘CN value’ that determines

runoff response. Curve number values for different land

use and hydrological soil group combinations are pro-

vided in tables compiled by USDA (e.g. USDA-SCS,

1972, 1986). The hydrological soil groups used to clas-

sify HRUs are based on infiltration characteristics of

soils (e.g. USDA-NRCS, 2003) and thus clearly assume

infiltration-excess as the primary runoff-producing mech-

anism (e.g. Walter and Shaw, 2005).

Here, we describe a new version of GWLF termed

the Variable Source Loading Function (VSLF) model

that simulates the aerial distribution of saturation-excess

runoff within the watershed. The VSLF model simu-

lates runoff volumes for the entire watershed using the

SCS–CN method, but spatially distributes the runoff

response according to a soil wetness index as opposed to

a combination of land use and hydrological soil group as

with the GWLF model. We review the SCS–CN method

and the theory behind the application of the SCS–CN

equation to VSAs, validate the spatial predictions made

by VSLF, and compare model results between GWLF

and VSLF for a watershed in the Catskill Mountains of

New York State to demonstrate differences between the

two approaches.

REVIEW OF THE SCS–CN METHOD

The SCS–CN method estimates total watershed runoff

depth Q (mm) for a storm by the SCS runoff equation

(USDA-SCS, 1972):

Q D
⊲Pe⊳

2

⊲Pe C Se⊳
⊲1⊳

where Pe (mm) is the depth of effective rainfall after

runoff begins and Se (mm) is the depth of effective avail-

able storage (mm), i.e. the spatially averaged available

volume of retention in the watershed when runoff begins.

We use the term effective and the subscript ‘e’ to iden-

tify parameter values that refer to the period after runoff

starts. Although Se in Equation (1) is typically written

simply as S, this term is clearly defined for when runoff

begins as opposed to when rainfall begins (USDA-SCS,

1972); thus we refer to it as Se.

At the beginning of a storm event, an initial abstraction,

Ia (mm), of rainfall is retained by the watershed prior to

the beginning of runoff generation. Effective rainfall, Pe,

and storage, Se, are thus (USDA-SCS, 1972):

Pe D P � Ia ⊲2a⊳

Se D S � Ia ⊲2b⊳

where P (mm) is the total rainfall for the storm event and

S (mm) is the available storage at the onset of rainfall.

In the traditional SCS–CN method, Ia is estimated as an

empirically derived fraction of available storage:

Ia D 0Ð2 Se ⊲3⊳

Effective available storage, Se, depends on the moisture

status of the watershed and can vary between some

maximum Se,max (mm) when the watershed is dry, e.g.

during the summer, and a minimum Se,min (mm) when

the watershed is wet, usually during the early spring.

The Se,max and Se,min limits have been estimated to vary

around an average watershed moisture condition with

corresponding Se,avg (mm) based on empirical analysis of

rainfall-runoff data for experimental watersheds (USDA-

SCS, 1972; Chow et al., 1988):

Se,max D 2Ð381 Se,avg ⊲4⊳

Se,min D 0Ð4348 Se,avg ⊲5⊳

Se,avg is determined via table-derived CN values for

average watershed moisture conditions (CNII) and a

standard relationship between Se and CNII.

Se,avg D 254

(

100

CNII � 1

)

⊲6⊳

However, for most water quality models, Se,avg (mm) is

ultimately a calibration parameter that is only loosely

constrained by the USDA-CN tables. Values for CNII and

Se,avg can be derived directly from baseflow-separated

streamflow data when such data are available (USDA-

NRCS, 1997; NYC DEP, 2006).

In the original SCS–CN method, Se varies depending

on antecedent moisture or precipitation conditions of the

watershed (USDA-SCS, 1972). For VSA watersheds, a

preferred method varies Se directly with soil moisture

content. We use a parsimonious method adapted from

the USDA soil-plant-atmosphere-water (SPAW) model

(Saxton et al. 1974). The value of Se is set to Se,min when

unsaturated zone soil water is at or exceeds field capacity,

and is set to Se,max when soil water is less than or equal

to a fixed fraction of field capacity (a parameter termed

spaw cn coeff in VSLF), which is set to 0Ð6 in the SPAW

model but can be calibrated in VSLF. The value for Se is

derived by linear interpolation when soil water is between

Se,min and Se,max thresholds.

SCS–CN EQUATION APPLIED TO VSA THEORY

The SCS–CN equation, Equation (1), constitutes an

empirical runoff–rainfall relationship. It is therefore inde-

pendent of the underlying runoff generation mecha-

nism, i.e. infiltration-excess or saturation-excess. In fact,

the originator of Equation (1), Victor Mockus (Rallison

1980), specifically noted that Se is either ‘controlled

by the rate of infiltration at the soil surface or by the
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rate of transmission in the soil profile or by the water-

storage capacity of the profile, whichever is the lim-

iting factor’ (USDA-SCS, 1972). Interestingly, in later

years he reportedly said ‘saturation overland flow was

the most likely runoff mechanism to be simulated by the

method. . .’ (Ponce, 1996).

Steenhuis et al. (1995) showed that Equation (1) could

be interpreted in terms of a saturation-excess process.

Assuming that all rain falling on unsaturated soil infil-

trates and that all rain falling on areas that are saturated

(to the surface or to a near-surface preferential flow zone)

becomes runoff, then the rate of runoff generation will

be proportional to the fraction of the watershed that is

effectively saturated, Af, which can then be written as:

Af D
Q

Pe

⊲7⊳

where Q is incremental saturation-excess runoff or,

more precisely, the equivalent depth of excess rainfall

generated during a time period over the whole watershed

area, and Pe is the incremental depth of precipitation

during the same time period. We define saturation-excess

runoff Q in Equation (7) to include both overland flow

where soil is saturated to the surface and rapid subsur-

face flow due to a perched water table intersecting an

upper soil layer where preferential flow (i.e. unimpeded

subsurface lateral flow through macropores) exists. If Q

includes runoff generated by other mechanisms (e.g. infil-

tration excess runoff) then Af may be overestimated. In

what follows Q is exclusively saturation-excess runoff.

By writing the SCS Runoff Equation (1) in differential

form and differentiating with respect to Pe, the fractional

contributing area for a storm can be written as:

Af D 1 �
S2

e

⊲Pe C Se⊳
2

⊲8⊳

According to Equation (8) runoff occurs only on areas

that have a local effective available storage �e (mm)

less than Pe. Therefore by substituting �e for Pe in

Equation (8) we have a relationship for the percent of

the watershed area, As, which has a local effective soil

water storage less than or equal to �e for a given overall

watershed storage of Se:

As D 1 �
S2

e

⊲�e C Se⊳
2

⊲9⊳

Solving for �e gives the maximum effective (local) soil

moisture storage within any particular fraction As of the

overall watershed area, for a given overall watershed

storage of Se:

�e D Se

(
√

1

⊲1 � As⊳
� 1

)

⊲10⊳

or, expressed in terms of local storage, � (mm), when

rainfall begins (as opposed to when runoff begins):

� D Se

(
√

1

⊲1 � As⊳
� 1

)

C Ia ⊲11⊳

Equation (11) is illustrated conceptually in Figure 1. For

a given storm event with precipitation P, the location

of the watershed that saturates first (As D 0) has local

storage � equal to the initial abstraction Ia, and runoff

from this location will be P � Ia. Successively drier

locations retain more precipitation and produce less

runoff according to the moisture–area relationship of

Equation (11). The driest location that saturates defines

the runoff contributing area (Af) for a particular storm

of precipitation P. The reader is reminded that both Se

and Ia are watershed-scale properties that are spatially

invariant.

As average effective soil moisture (Se) changes through

the year, the moisture–area relationship will shift accord-

ingly as per Equation (10). However, once runoff begins

for any given storm, the effective local moisture storage,

�e, divided by the effective average moisture storage,

Se, assumes a characteristic moisture–area relationship

according to Equation (10) that is invariant from storm

to storm (Figure 2).

Runoff q (mm) at a point location in the watershed can

now also be expressed for the saturated area simply as:

q D Pe � �e for Pe > �e ⊲12⊳

and for the unsaturated portion of the watershed:

q D 0 for Pe � �e ⊲13⊳

The total runoff Q of the watershed can be expressed as

the integral of q over Af.

Q D

∫ Af

0

q⊲dAs⊳ ⊲14⊳

Transforming GWLF into VSLF

The GWLF model calculates runoff by applying

Equation (1) separately for individual HRUs, which are

distinguished by infiltration characteristics of soils and

land use. The VSLF model simulates runoff from

As
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Figure 1. Relationship of available local moisture storage, �, to the
fraction of watershed area contributing runoff (As)
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Figure 2. Relationship of effective local moisture storage, �e, normalized
to effective average moisture storage Se, to the fraction of watershed area

contributing runoff (As)

HRUs dominated by impervious surfaces with the same

infiltration-excess approach used in GWLF. The remain-

ing watershed area, consisting of pervious surfaces, is

treated according to the VSA CN theory developed.

In VSLF, determination of runoff from HRUs is

based on a soil wetness index that classifies each unit

area of a watershed according to its relative propensity

for becoming saturated and producing saturation-excess

storm runoff. Here we propose using the soil topographic

index from TOPMODEL (Beven and Kirkby, 1979) to

define the distribution of wetness indices, although VSLF

does not require any specific index. A soil topographic

index map of a watershed is generated by dividing the

watershed into a grid of cells and calculating the index

for each cell by:

� D ln

(

a

T tan ˇ

)

⊲15⊳

where a is the upslope contributing area for the cell per

unit of contour line (m), tan ˇ is the topographic slope

of the cell and T is the transmissivity at saturation of the

uppermost layer of soil (m2 day�1)—calculated from soil

survey data as the product of soil depth and saturated

hydraulic conductivity. This formulation neglects the

impact of land use, a simplification based on the logic

that, in general, there is no need for a separate water

balance for each land use when saturation excess runoff is

the dominant process. This assumption may cause some

errors in the summer period for some land-cover types

when evapotranspiration is significant, but is generally

not believed to be troublesome.

The wetness index is used to qualitatively rank areas

or HRUs in the watershed in terms of their overall

probability of runoff. The number and/or size of the index

classes depend upon the application of the user. As an

example, we chose to divide the watershed into ten equal-

area classes according to the wetness index, i.e. class 1

as the wettest 10% of the watershed, class 2 as the next

wettest 10%, etc. The effective soil water storage within

each area is determined by integrating Equation (10):

�e,i D

∫ As,iC1

As,i

�eÐdAs

D
2Se⊲

√

1 � As,i �
√

1 � As,iC1⊳

⊲As,iC1 � As,i⊳
� Se ⊲16⊳

where each wetness class area is bounded on one side

by the fraction of the watershed that is wetter, As,i,

i.e., the part of the watershed that has lower local

moisture storage, and on the other side by the fraction

of the watershed that is dryer, As,iC1, i.e., has greater

local moisture storage. A wetness index class defined in

this way may coincide with multiple land uses. Runoff

depth within an index class in VSLF will be the same

irrespective of land use, but nutrient concentrations are

assigned to land uses independent of wetness class.

Wetness index classes are thus subdivided by land use

to define HRUs with unique combinations of wetness

class and land use. Nutrient loads from each wetness-

class–land-use HRU are tracked separately in VSLF, but

otherwise are estimated as in GWLF.

In the original GWLF, runoff is calculated for each

soil- and land-use-defined HRU using Equation (1).

In VSLF, when precipitation occurs the contributing

area fraction, Af, is first calculated with Equation (8).

Runoff is then calculated for each wetness class with

Equations (12) and (13), where �e is determined by

Equation (16). For the entire watershed, runoff depth Q

is the aerially weighted sum of runoff depths qi for all

discrete contributing areas:

Q D

n
∑

iD1

qi⊲As,iC1 � As,i⊳ ⊲17⊳

The total runoff depth, Q, calculated by this equation

is the same as that calculated by the SCS runoff

Equation (1). The main difference between the VSLF

and GWLF approaches to utilizing the SCS runoff

equation is that runoff is explicitly attributable to source

areas according to a wetness index distribution (e.g.

Equation 15), rather than by land use and soil infiltration

properties as in original GWLF. Soil properties that con-

trol saturation-excess runoff generation (saturated con-

ductivity, soil depth) affect runoff distribution in VSLF

since they are included in the wetness index.

VSLF VALIDATION

Both the integrated and distributed VSLF predictions

were tested to assess its applicability to temperate, north-

eastern USA watersheds. Three different tests were per-

formed: (1) we compared predicted and observed basin-

scale runoff; (2) we compared the locations of VSLF

predicted saturated areas to those predicted by a more rig-

orous physically based model, Soil Moisture Distribution

and Routing (SMDR;e.g. Frankenberger et al., 1999); and
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Figure 3. Location Map of the Cannonsville watershed

(3) we compared predicted and field-measured soil mois-

ture over several transects.

These tests were performed within the Cannonsville

Reservoir watershed located in the Catskill Mountain

region of New York State. The Cannonsville is one of

the reservoirs that supply water to New York City. It

has a watershed area of 1180 km2 and is predominately

forested or agricultural land with moderate to steep hill-

slopes and mostly shallow soils overlying glacial till or

bedrock (Schneiderman et al., 2002). The Cannonsville

watershed upstream of the U.S. Geological Survey gaug-

ing station at West Branch Delaware River (WBDR) at

Walton was used for test (1) and a small sub-basin was

used for (2) and (3) (Figure 3).

For VSLF application, a wetness index map for the

watershed of interest was created with ten equal-area

index classes. A soil topographic index map at a 30 m

grid cell resolution was made using Equation (15). The

‘a’ values for Equation (15) were determined using a

multidirectional flow path algorithm (Thongs and Wood,

1993). Soil depths and saturated conductivity values,

required to calculate T (Equation 15), were obtained from

U.S. Department of Agriculture Soil Survey Geographic

(SSURGO) data. The soil topographic index map data

were then aggregated to create a map of ten equal-area

index classes, the wettest class being the 10% of the

watershed with the highest topographic index values (i.e.

corresponding to the wettest 10%), the next wettest class

being the 10–20% range of next highest index values,

and so on. The wetness index map was then intersected

with a land use map, based on 1992 LANDSAT data, to

derive areas for each wetness-index–land-use HRU.

Test 1

The VSLF model was applied to the Cannonsville

watershed upstream of the WBDR at Walton U.S.

geological Survey gauging station. A previous study

(NYC DEP, 2006) developed and applied a methodol-

ogy for calibrating the watershed Se,avg in GWLF against

observed runoff estimates from baseflow-separated daily

stream hydrograph data. The model was calibrated for

1992–1999 and a leave-one-out cross validation (loocv)

time series (McCuen, 2005) that is independent of the cal-

ibration was developed for comparison with 1992–1999

data. Figure 4a shows the VSLF simulated event runoff

(loocv time series) plotted against observed runoff losses

at WBDR at Walton. Event runoff is defined as the direct

runoff component of the baseflow-separated daily hydro-

graph, summed over a period that lasts from the first

day of streamflow hydrograph rise until the beginning

of the next event. The VSLF simulations of watershed

runoff volumes for this period agree well with observed

runoff data at the watershed outlet. Nash–Sutcliff effi-

ciency (Nash and Sutcliffe, 1970) (E) was E D 0Ð86. No

systematic bias was evident in the results, with predicted

versus observed data evenly scattered around the 1 : 1 line

(Figure 4B).

Test 2

Figure 5 shows the spatial probability of saturated

areas using VSLF and SMDR for a small sub-watershed.

Probability of saturation was defined as the ratio of the

‘number of days for which a location (or wetness class

for VSLF) is saturated’ to the ‘total number of days

simulated’ (e.g. Walter et al., 2000, 2001). The VSLF

Copyright  2007 John Wiley & Sons, Ltd. Hydrol. Process. 21, 3420–3430 (2007)
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Figure 5. Probability of saturation for runoff-event predictions for a Cannonsville subwatershed using VSLF model and the Soil Moisture Distribution
and Routing (SMDR) model. Soil moisture sampling transects used in Figure 6 are shown on the VSLF map

results showed similar patterns of predicted saturation

as SMDR (Figure 5), which has been extensively and

successfully tested in this watershed (e.g. Frankenberger

et al., 1999; Mehta et al., 2004; Gerard-Marchant et al.,

2005). It is perhaps not surprising that these two models

agree so strongly since both SMDR and topographic

index are strongly driven by topography. Thus, both

show higher probability of saturation in the downslope

areas where slopes flatten and where there is a large

upslope contributing area. In both models the areas of low

probability of saturation coincide with the upslope areas.

There are a few differences between the distributions of

saturated areas predicted by the two models (Figure 5).

The VSLF model shows continuity in the distribution

Copyright  2007 John Wiley & Sons, Ltd. Hydrol. Process. 21, 3420–3430 (2007)
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of saturated areas in the landscape, whereas SMDR,

due to the process based computation, better predicts

discontinuous saturated areas. In general, the standard

error between predicted saturated area using VSLF and

SMDR varied by <5%; a small fraction (<10%) had

larger differences, e.g. the pond in the middle of the

watershed could have been better predicted in VSLF with

a few modifications.

Test 3

We used observed saturation degree data from Franken-

berger et al. (1999) and Gérard-Marchant et al. (2005);

the transect locations are shown in Figure 5. For each

transect location the predicted saturation degree, sd, was

calculated from the estimated moisture deficit (i.e. avail-

able local storage �, Equation 11) and soil pore volume,

Vf (mm), for that location:

sd D 1 � �/Vf ⊲18⊳

Figure 6 shows examples of the simulated and observed

saturation degree for three transects and two dates (6

May 1994 and 8 June 2001). The two lines showing

the simulated results in Figure 6 represent the saturation

degree when rainfall starts (dashed line, Equation 11)

and when runoff is initiated (solid line, Equation 10). On

both dates and all three transects, the simulated saturation

degree show good agreement with the measured data.

Most of the observed values fall between the simulated

saturation degree estimates (Figure 6). Since variability

in field soils is high, especially over 10 ð 10 m grids, we

have shown the sampling error (or variability) associated

with each of the measured points as a shaded band

(Gérard-Marchant et al., 2005). For every sampling point,

at least one of the predicted upper and lower saturation

degrees lies within the band representing error estimates

of the observed data. Thus, the observed and simulated

values differ by similar or smaller magnitudes than the

error or variability seen in the field.

Figure 7 shows the grouped comparison of the satu-

ration degree from five transects and three dates. Since

multiple observed points along the transect fall within a

single index class, the mean of the observed saturation

degree for each index class was used in the comparison.

The horizontal error bars show the standard error of the

range of observed values for each mean, and allow com-

parison of the inherent variability of soil moisture levels

between transects. Overall, the saturation degree was well

predicted by the model, with coefficient of determination

r2
D 0Ð76 and E D 0Ð70. The outlier in Figure 7 is from a

late October sample when the model predicted drier con-

ditions than observed due to underestimation of autumn

precipitation for the subwatershed where the transects

are located. This outlier strongly influences the regres-

sion, skewing the intercept term. Removing this point

results in a slope D 1Ð08, and the r2 increases to 0Ð79, and

E D 0Ð76. The VSLF predicted saturation degree accu-

racy is comparable to that predicted by fully distributed,

process-based models such as SMDR.

Figure 6. Observed and simulated soil moisture levels at the initiation
of rainfall (long dashed line) and runoff (solid line) from three transects
in the watershed. Grey area represents observed sampling error. Short
vertical dashed line represents a transition between wetness index classes

based on the topographic index

SPATIAL DISTRIBUTION OF RUNOFF IN VSLF

VERSUS GWLF

We applied both GWLF and VSLF models to the WBDR

at Walton watershed, upstream of the Cannonsville Reser-

voir, to compare spatial patterns of runoff as predicted by

the two models. The GWLF model was applied using the

SPAW method for varying Se with soil moisture and the

calibrated parameters from the VSLF model application

(test 1 above), to be consistent with the VSLF applica-

tion to WBDR at Walton. Runoff at the watershed outlet

predicted with the two models is very similar (Figure 8).
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Figure 7. Scatter plot of observed and the Variable Source Loading
Function (VSLF) model simulated soil moisture levels from five dates and
three transects in both the growing and dormant seasons in the R-Farm
subwatershed. Since numerous observed values fall within the same index
class along the transect, the mean observed value was regressed against
each individual index class. Horizontal bars represent the standard error

of the observed saturation degree for each index class

Slight differences are due to the fact that VSLF calcu-

lates runoff for the total pervious area of the watershed

using a single parameter (Se,avg), whereas GWLF cal-

culates runoff separately for each individual land use.

The spatial distribution of runoff predicted by VSLF and

GWLF is, as expected, markedly different. The GWLF

runoff predictions are controlled by the spatial pattern

of land use and, to a lesser degree, soils, whereas VSLF

runoff predictions follow the pattern of the wetness index.

Figure 9a and b depicts the land use map and wetness

indices, respectively, for an example subarea of Can-

nonsville watershed. Figure 9c–f shows how the under-

lying spatial patterns in Figure 9a and b correspond to

the distribution of runoff predictions. Depicted are aver-

age runoff predictions over the simulation period for a

dry period of the year, July, and a wet period of the year,

April. For both models, there is overall more runoff gen-

erated in April, when watershed moisture conditions are

wettest, than in July. However, GWLF predicts that most

of the runoff comes from cornfields and predicts all corn-

fields generate runoff equally (Figure 9c and e); indeed,

any given land use has uniform runoff predicted from it

regardless of its location in the watershed. This, of course,

follows from the fact that the original GWLF model, like

most water quality models, use tabulated Se,avg (or CNII)

values based on tables that correlate runoff response to

land use and soil type. For example, on these tables,

cornfields have one of the highest runoff responses, i.e.,

lowest Se,avg (highest CNII). In contrast, the spatial pat-

tern of runoff predicted by VSLF follows the pattern of

the wetness index, with high wetness index areas generat-

ing most of the runoff; compare Figure 9b with 9d and f.

DISCUSSION

The model developed here is essentially an amalgam of

VSA ideas that have been developed over the past sev-

eral years. For example, wetness indices have been used
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Figure 8. Scatter plot of the Generalized Watershed Loading Function
(GWLF) model versus the Variable Source Loading Function (VSLF)

model simulated event runoff for the Cannonsville watershed

to effectively predict VSAs for watersheds dominated by

saturation-excess runoff (e.g. Western et al., 1999), and

topographic indices have been used outside the TOP-

MODEL (Beven and Kirkby, 1979) framework to predict

VSAs (e.g. Lyon et al., 2004; Agnew et al., 2006). By

using a wetness index to spatially distribute runoff, the

VSLF model more realistically predicts the locations of

runoff production in saturation-excess dominated water-

sheds than the original GWLF model, which distributes

runoff by land use and soil infiltration rate (Figure 9).

Thus it follows that the distribution of runoff genera-

tion in VSLF agrees conceptually with the our scientific

understanding of VSA hydrology (e.g. Hewlett and Hib-

bert, 1967; Dunne and Black, 1970; Dunne and Leopold,

1978; Frankenberger et al., 1999; Western et al., 1999,

2004; Beven, 2001; Mehta et al., 2004; Niedzialek and

Ogden, 2004).

The application of the SCS–CN method to VSAs

presented here is an extension of the ideas proposed

by Steenhuis et al. (1995) and, especially, Lyon et al.

(2004). Lyon et al. (2004) used Equation (8) to deter-

mine the fraction of the watershed contributing for a

given effective precipitation and identified the specific

contributing area via a topographic index, Equation (15).

Lyon et al. (2004) assumed that after runoff started there

was only one storage parameter S for the whole watershed

independent of initial wetness. In the new version pre-

sented here, S is a function of overall watershed wetness,

which is a conceptual improvement over the constant S

approach used by Steenhuis et al. (1995) and Lyon et al.

(2004). In addition, the method presented here predicts

spatially variable runoff depths within a saturated area,

whereas the Lyon et al. (2004) approach assigns a sin-

gle runoff depth to the entire saturated area. Since this

is an average depth, the Lyon et al. (2004) approach will

underpredict the amount of runoff generated near streams,

which may be a critical area of non-point contaminant

loading in many watersheds. Some other minor differ-

ences between the Lyon et al. (2004) approach and the

new version are that the initial abstraction used here is
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Figure 9. Maps, for an example subarea of Cannonsville watershed, of: (a) land use; (b) wetness index; (c) mean July runoff predicted by GWLF;
(d) mean July runoff predicted by VSLF; (e) mean April runoff predicted by GWLF; (f) mean April runoff predicted by VSLF. Corn fields are

outlined in heavy black lines

a constant fraction of the average storage whereas Lyon

et al. (2004) used a water budget approach. In both cases

Ia changes with watershed wetness so it is not obvious

that one approach is more realistic than the other.

Accurate prediction of the spatial distribution of runoff

production has important consequences for simulation of

pollutants that are typically transported by runoff. Many

water quality protection concepts have been developed

based on results from models such as GWLF, which link

runoff and pollutant concentrations to land use. As a

result, we have sometimes focused too much attention

on specific land uses and largely ignored the interac-

tion between land management and landscape position;

indeed, Garen and Moore (2005) have explicitly noted

this problem for all models that use the SCS–CN method

in similar ways. For example, our GWLF simulations

suggest that nutrient management should be focused

entirely on cornfields (Figure 9c and e). However, VSLF,

which better represents the spatial hydrological patterns,

indicates that control of nutrients from areas near streams

might be more logical locations to focus water quality

protection efforts. In this case grasslands located in high

runoff producing areas constitute a potentially impor-

tant land use to manage (Figure 9d and f). More impor-

tantly, VSLF provides a more complete picture of intra-

watershed processes and facilitates a broader range of
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potentially important NPS pollution processes. It should

probably be noted that the original GWLF (Haith and

Shoemaker, 1987) was not designed to give this level

of spatially explicit detail, and VSLF represents the way

that models may be diverted over time from their original

scope of purpose (e.g. Garen and Moore, 2005; Walter

and Shaw, 2005).

CONCLUSIONS

The SCS–CN method for estimating runoff is used in

many current non-point-source pollution models to simu-

late infiltration-excess runoff. These models assume that

runoff generation and pollutant loading are tightly linked

to land use, and other factors that directly impact soil

infiltration capacity. For humid, well-vegetated water-

sheds, however, saturation-excess on VSAs is the pre-

dominant runoff mechanism, and runoff generation is

more indicative of landscape position than land use. We

describe an alternative SCS–CN-based approach to pre-

dicting runoff that is applicable to VSA watersheds and

should be relatively easy to implement in existing models.

We spatially validated the predictions made by the model

and, as a demonstration, showed that in watersheds where

saturation-excess is the dominant runoff process the new

VSLF model provides a much more valid spatial distri-

bution of runoff generation than current SCS–CN-based

water quality models.
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