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EFFECT OF ORIENTATION OF SPATIALLY DISTRIBUTED
CURVE NUMBERS IN RUNOFF CALCULATIONS'

Glenn E. Moglen2

ABSTRAC'P The NRCS curve number approach to runoff estima-
tion has traditionally been to average or "lump" spatial variability
into a single number for purposes of expediency and simplicity in
calculations. In contrast, the weighted runoff curve number
approach, which handles each individual pixel within the water-
shed separately, tends to result in larger estimates of runoff than
the lumped approach. This work proposes further enhancements
that consider not only spatial variability, but also the orientation of
this variability with respect to the flow aggregation pattern of the
drainage network. Results show that the proposed enhancements
lead to much reduced estimates of runoff production. A revised
model that considers overland flow lengths, consistent with existing
NRCS concepts is proposed, which leads to only mildly reduced
runoff estimates. Although more physically-based, this revised
model, which accounts directly for spatially distributed curve num-
bers and flow aggregation, leads to essentially the same results as
the original, lumped runoff model when applied to three study
watersheds. Philosophical issues and implications concerning the
appropriateness of attempting to disaggregate lumped models are
discussed.
(KEY TERMS: curve number; distributed modeling; infiltration;
land use; spatial variability; surface water hydrology.)

INTRODUCTION

The Natural Resource Conservation Service
(NRCS, formerly SCS) first developed the curve num-
ber in 1954 (Rallison, 1980; Rallison and Miller, 1981)
as part of its project planning related to the Water-
shed Protection and Flood Prevention Act (Public Law
83-566). Since that time, the curve number and the
hydrologic prediction methods associated with it have
grown immensely in popularity and use. Initially an
agriculturally-based model, it has also grown in ways
that were never intended, or at least in ways not envi-
sioned by the original authors of the method.

The NRCS curve number approach in today's par-
lance is representative of a "lumped" parameter
model. In reality a basin usually possesses a range of
land uses such as forest, residential, and commercial;
and soils ranging from sands and gravels to clays.
Such spatial variability, inherent to the natural
world, is averaged (lumped) out and a single, repre-
sentative or effective value is used to quantify the
behavior of a basin.

The principles of calculus show that the "truth" can
be understood as well as we like, provided we only
take the time to add up a large number of infinitesi-
mal contributions. This is the philosophy behind "spa-
tially distributed" modeling, which has exploited the
growing capacities of computers and the increased
availability of high resolution spatial data. What hap-
pens to the NRCS methods if we endeavor to trans-
late them into a spatially distributed model?
Specifically, can we account for differing spatial orien-
tations of curve numbers within the framework of the
existing NRCS models? This paper explores these
questions and provides some insight into the conse-
quences and the appropriateness of such an undertak-
ing.

BACKGROUND

The NRCS method for estimating runoff is an
empirical set of equations based on experimental
watersheds across the United States (Rallison, 1980).
At the heart of this method is the curve number, a
value ranging between 1 and 100 representing the

1Paper No. 99114 of the Journal of the American Water Resources Association. Discussions are open until August 1, 2001.
2Assistant Professor, Department of Civil and Environmental Engineering, University of Maryland, College Park, Maryland 20742

(E-Mail: moglen@eng.umd.edu).

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION 1391 JAWRA

moglen
Text Box
The definitive version is available at www.blackwell-synergy.com



tendency of the land to convert rainfall to direct
runoff. The larger the curve number, the smaller the
losses and therefore, the greater the runoff. The curve
number is first converted to a storage index:

1000
CN

where S is the storage index in inches and CN is the
curve number. When it rains, a certain fraction of the
rainfall is immediately retained as an "initial abstrac-
tion," accounting for such things as leaf and litter
interception, depression storage, and initial wetting.
Initial abstraction is traditionally taken as a fraction
of the storage index, usually 20 percent:

'a = 0.2S

where 'a is the initial abstraction in inches. Direct
runoff is a function of the volume (expressed as a
depth) of rainfall, the storage, and the initial abstrac-
tion:

(P_I) — (P—0.2S)2

(P+S1a) (P+o.8S)

where Q is the runoff volume (also expressed as a
depth) in inches. In the event that the rainfall, P, is
smaller than the initial abstraction, P < 'a' then no
runoff occurs, Q = 0.

In order to approach the problem of estimating
runoff from a particular storm using NRCS methods,
three sets of spatially distributed data are required:
topography, land use, and hydrologic soil type. Espe-
cially with respect to the determination of the curve
number distribution, the methods outlined here pro-
vide only an initial estimate. More accurate estimates
are ultimately obtained through comparison with
peak discharges determined from regional regression
equations or ideally from actual rainfall/runoff data.

Topography

Spatially distributed topography generally takes
the form of a digital elevation model (DEM) which is
simply a regular grid of elevation values. Each grid
element or pixel takes on a single value representa-
tive of the elevation over the extent of that element.
The U.S. Geological Survey (USGS) provides such
data, at 90 meter resolution for all locations in the
continental United States (USGS, 2000). Moreover,
the USGS also provides 30 meter resolution DEMs for
many locations within the United States. Knowing

elevation and applying basic rules allowing water to
flow in the direction of the steepest downhill gradient,
it is possible to infer flow directions, flow lengths,
slopes, drainage area, and watersheds (O'Callaghan
and Mark, 1984; Jenson, and Domingue, 1988; Tar-
boton et al., 1991). Using a geographic information

(1) system (GIS), the process of determining from a DEM
any of these quantities is a largely automated process
(Moglen and Casey, 1998).

Land Use

In digital format, land use is often described by a
series of polygons (vectors) over a region, with each
polygon indicating a region of assumed homogeneous

(2) land use. Schemes to describe different land use
applications vary, but a common one (Anderson et al.,
1976) divides land use into such broad categories as
urban, agricultural, forest, and water/wetlands. Such
digital representations of land use are available at
relatively coarse resolution (about 200 meters) from
the USGS (USGS, 2000) covering the entire United
States. Other descriptions of land use may be found

(3) from state or regional organizations such as state
planning offices or departments of the environment.

Hydrologic Soil 7ype

Hydrologic soil type, as defined by the NRCS, cate-
gorizes soils by their infiltration capacities as either
A, B, C, or D. These categories define the spectrum of
infiltration capacities allowed by soils where an A soil
(generally sands and gravels) defines the high end of
the infiltration capacity scale and D soil (generally
clays) are at the low end of the scale. Digital repre-
sentations of these data can be obtained directly from
the NRCS (NRCS, 2000) at several resolutions:
SSURGO, STATSGO, and NATSGO. SSURGO data is
the highest available resolution, digitized at scales
ranging from 1:12,000 to 1:31,680 which is quite
appropriate for smaller watersheds on the order of a
few square miles in size. STATSGO data is digitized
at 1:250,000 scale and is useful when analyzing
watersheds at the multi-county to state scale. NATS-
GO data describes variations in soil type at the multi-
state to regional scale and is not appropriate for the
applications being discussed here.

Curve Number

Land use and soil type are combined to determine a
curve number. This process is generally one of
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employing a handbook table (e.g., see SCS, 1985 and
1986) that associates a curve number with a given
land use and soil type. Use of such a table is not
unlike determining a channel roughness coefficient
for use in Manning's equation. For instance, quarter-
acre residential lots have curve numbers estimated at
61, 75, 83, and 87 for A, B, C, and D soils, respective-
ly. The increase in curve number reflects the effect of
decreasing infiltration capacities as soil type varies.
Again, using a GIS, the process of inferring the spa-
tial distribution of curve number, given the spatial
distribution of land use and soil type is a process that
is readily automated (Ragan, 1991; Moglen and
Casey, 1998).

ANALYSES

The averaging procedure used to determine runoff
necessarily has an effect on the derived result. Tradi-
tionally, an average curve number is determined for
the watershed being analyzed and this value is then
propagated through Equations (1), (2), and (3). An
alternative (weighted runoff) procedure is to postpone
the averaging step until after the spatially varied
curve numbers have been converted to spatially var-
ied runoff. The consequences of the use of the weight-
ed runoff procedure were recently examined by Grove
et al. (1998). These two procedures can be summa-
rized as follows:

1. Traditional Procedure: Determine a lumped
(weighted average) curve number (representative of
n sub-areas with different curve numbers). Perform
one calculation each for Equations (1), (2), and (3).
The result from Equation (3) is the lumped runoff,
QL, from the watershed.

2. Weighted Runoff Procedure: Determine n
runoff values (representative of n sub-areas or pixels
with different curve numbers) by performing n calcu-
lations each for Equations (1), (2), and (3). Determine
a weighted average runoff from these n values. The
result of this average is the distributed runoff, QD,
from the watershed.

Because of the non-linearities in Equations (1), (2),
and (3), a bias is observed such that

(4)
QL�QD

where the equality only applies if there is no variation
in curve number within the basin.
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New Procedure 1: Allow for In filtration In finitely
Downstream (a method)

This paper proposes to continue along the spirit of
the analysis undertaken by Grove et al. (1998) to
account not only for spatial variability, but also the
spatial organization of the varied curve number val-
ues. The runoff produced from Equation (3) for an
arbitrarily chosen pixel will naturally proceed down-
hill, eventually finding its way to a location of concen-
trated flow (termed a swale or channel in NRCS
methods). From the perspective of the downhill pixel,
runoff and rainfall are the same: they are both
sources of an input volume of water. Equation (3) can
be modified to reflect this perspective,

Rd = [(R +P)_Ia12 = [(ERa +P)o.2sd12 (5)
(E1u + P + Sd — Ia) (ERa + P)+ O.SSd

where Rd is the runoff leaving the downstream pixel
(in units of pixel-inches); >2.R is the summation of the
runoff from all immediately upstream pixels (in pixel-
inches); and Sd is the storage of the downstream pixel
(in pixel-inches). This new unit of measure, the "pixel-
inch" is necessitated by the flow accumulation nature
of Equation (5). Pixel-inches are converted back to
inches after the runoff of all pixels within the water-
shed has been determined. The runoff, Rd (in pixel-
inches), is divided by the number of pixels draining
respectively to each pixel within the watershed. The
result is an areal average depth of runoff analogous to
the NRCS, Q, at each pixel throughout the watershed.
Most importantly, the areal average runoff depth at
the outlet of the watershed reflects the net runoff pro-
duced by the watershed allowing for both spatially
varied and oriented curve numbers.

Figure 1 illustrates how Equation (5) is applied. In
Figure 1 a DEM has been used to determine that two
pixels flow into the downstream pixel in question. In
this case = 0.94 + 2.54 = 3.48 pixel-inches. This
3.48 pixel-inches of upstream runoff is added to the
rainfall at the downstream pixel (P = 4.8 pixel-inches)
to produce a net input of 3.48 + 4.8 = 8.28 pixel-inches
of water. If the curve number is 60 at this down-
stream pixel, resulting in a storage, Sd, of 6.67 pixel-
inches, then the downstream runoff, Rd, is 3.54
pixel-inches. If there are no other inputs to the three
upstream pixels, then the area associated with the
downstream pixel is 3 pixels (e.g., the number of pix-
els draining into downstream pixel plus the down-
stream pixel itself). The areal average runoff at the
downstream pixel for this example is then



The reader should note that the symbol Q is used to
indicate runoff in units of inches, and the symbol R is
used to indicate runoff in units of pixel-inches. Addi-
tionally, the subscript a indicates the determination
of Q given the method presented in Equation (5). An
alternative (13 method) will be presented later.

CN=56 CN=78

R=O.94 R,=2.54\ I

Case B, the grassed surface actually serves as a small
net sink to runoff production indicated by the shallow
negative slope in Figure 3a. At the downstream end of
both systems, after 100 pixels of one-dimensional
flow, Case A (149.9 pixel-inches) is observed to pro-
duce more runoff than Case B (121.5 pixel-inches)
indicating that, although both systems have an iden-
tical land use make-up, the orientation does affect
runoff produced. To obtain the net runoff for Cases A
and B, divide by Ad = 100 pixels for each system
resulting in Case A: = 149.9 pixel-inches/100 pix-
els = 1.50 inches or runoff and in Case B: Q,B =121.5
pixel-inches/100 pixels = 1.22 inches as indicated in
Figure 3b. Note that the traditional, lumped proce-
dure will produce an average GNaug = (50 X 78 + 50 X

98) I 100 = 88. Therefore the storage, S, is 1000 /
CNaug — 10 = 1.36 inches. Using Equation (3), it is
determined that QL = 1.81 inches. In contrast, from
the weighted runoff procedure the grassed pixels have
a CN = 78, which yields a storage, S = 2.82 inches,
resulting in a runoff, Q = 1.13 inches. For the paved
pixels CN = 98, S = 0.20 inches, and Q = 2.77 inches.
Since orientation does not matter, the runoff for
either case is a weighted average over 100 pixels
evenly divided between the two runoff surfaces, pro-
ducing QD = [50 pixels (1.13 inches) + 50 pixels (2.77
inches)] / 100 pixels = 1.94 inches. Note that QD > Qi..
> > which is consistent with Equation (4).
A discussion of the relative magnitudes of and
QO,B is postponed until later.

Grass
I

Pavement

Flow Direction
Consider the case where the runoff paths are exclu-

sively parallel such that flow is accumulating in a
strictly linear fashion (one-dimensional flow) moving
downstream as illustrated in Figure 2. A 100 pixel
flow path is divided into two 50-pixel sections and
subjected to a rainfall, P = 3.0 inches. In "Case A," the
upper 50 pixels are grassed (CN = 78) and the lower
50 pixels are paved (CN = 98). In "Case B," the order
is reversed with the paved surface upstream of the
grassed surface. Figures 3a and 3b present the runoff
production of both systems as a function of position
along the flow path. In both cases, the incremental
runoff contributed by a single pixel is high for the
paved surface as evidenced by the steep slope of the
curves in Figure 3a. In Case A, the grassed surface
produces relatively little incremental runoff as evi-
denced by the shallow positive slope in Figure 3a. In

I Pavement Grass

Figure 2. One-Dimensional Flow Study. In Case "A" grassed
area is upstream of paved area. In Case B" paved

area is upstream of the grassed area.

Depending on the accumulated runoff the
incremental runoff production (Rd - R = AR) for the
grassed surface may be either positive (Case A) or

Moglen

Rd [(3.48 + 4.8)— (o.2)(6.67)]2

(3.48 +4.8)+0.8(6.67)
/3=1.18 inches

P=4.8 inches

R=3.48

CN=60

— —* R=3.54

Figure 1. Schematic Diagram Illustrating Flow Aggregation
and Accounting Structure Associated with Equation (5).

The quantities R, !R and Rd are in units of pixel-inches.

Case A:

Case B:

50 Pixels 50 Pixels
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the original NRCS equations (1.2S now versus O.2S
originally) for runoff to continue to grow as drainage
area increases. If F> 1.2S, then Equation (8) yields a
negative value indicating that Rd will grow linearly
as water travels down an infinitely long plane. Since
area, Ad, also grows linearly, the runoff, Q, will

(7) approach a constant (greater than zero) as can be
seen by the horizontal curve in Figure 3b correspond-
ing to the paved surface section of Case B.

Let us now move away from the simplified perspec-
tive of one-dimensional flow and examine the conse-
quences of predicted runoff using the flow aggregation
pattern of a real drainage network. This paper will

___________ continue to examine systems with only two curve
numbers but now distribute these curve numbers in
three different ways: (a) a "rectangular clearing" at
the headwaters of the watershed; (b) the same clear-
ing near the outlet of the watershed; and (c) the same
area as the clearing dispersed randomly across the
entire watershed. These three configurations are
shown in Figure 4. Runoff will be calculated from
these three configurations using the cx approach. The
curve number of the "clearing" is fixed at 98, while
the curve number of the remaining (background) area
varies from 35 to 65. A value of P = 4.8 inches will be
used, which roughly corresponds to the 10-year, 24-
hour storm in central Maryland.

Figure 5 shows the resulting runoff for the a
method for each of the three configurations. The
runoff from the lumped and distributed approaches is
shown in dashed lines for reference. As in the one-

80 100 dimensional flow case the lumped and distributed
approaches predict the same runoff regardless of con-
figuration. This is so because neither method is sensi-
tive to orientation of the curve number field with
respect to the flow paths. This experiment illustrates
how Equation (5) captures the effect of spatial orien-
tation of varied curve numbers. The proximity of the
clearing to the outlet in configuration "b" leads this
configuration to produce the greatest runoff across all
background curve numbers. The clearing in the
watershed headwaters (configuration "a") initially
produces little runoff when the background curve
number is small, but then approaches the runoff for
the configuration "b" system for the larger values of
background curve number examined. Configuration
"c" produces the smallest amount of runoff because
the runoff from its dispersed clearings is lost in the
background areas downstream much as the runoff
was lost in the "pavement to grass" transition of Case
B in the one-dimensional example illustrated in Fig-
ures 2 and 3. The "memory" of upstream conditions in
configuration "a" is longer lived as the curve number
increases. In other words, the runoff produced at the
headwater clearing is significant at the basin outlet
only when the background curve number is high
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negative (Case B) as shown in Figure 3. This suggests
that a CN = 78 as used here for grass will result in a
limiting condition where the runoff volume is no
longer increasing as it moves from upstream pixel to
downstream pixel. Under these conditions,

Rd=Ra

Note that RU = R since this is the case of one-
dimensional flow and by substituting from Equation
(7) into Equation (5),

— (P—o.2S42
l.2Sd P

(8)

1'

C-

O1aseA
20 40 60

Distance (pixels)

Figure 3. (a) Runoff, R (pixel-inches), Produced in
One-Dimensional Flow Study; and (b) Runoff,

Q (inches), Corresponding to R's in (a).

The numerator in Equation (8) is physically meaning-
ful for P > 0.2S, which is the original condition for
NRCS-defined runoff set forth in Equation (3). When
P < l.2Sd, Equation (8) predicts a positive value for
Rd. For instance, for P = 3.0, and a curve number of
78, the limiting value of Rd is 15.4. In other words, an
infinitely long overland flow plane under the specified
conditions would produce 15.4 pixel-inches of runoff.
Since the area drained at the downstream end of such
an infinite plane would also approach infinity, the
runoff volume would approach zero from Equation (6).
This is the physical analog of the original NRCS equa-
tion which states that rainfall less than 20 percent of
the storage results in no runoff. However, for this spe-
cial limiting condition of flow aggregation (one-dimen-
sional flow), P must be substantially greater than in



Figure 4. Configurations a, b, and c for Two-Dimensional Flow Aggregation Study. Dark areas have the
background curve number. Light areas represent "clearings" with a fixed curve number of 98.

enough to sufficiently restrict infiltration of this
runoff downstream of the clearing.

Figure 5. Runoff (inches) From Two-Dimensional Flow
Study. Distributed and lumped runoff are

shown for reference in dashed lines.

A limiting condition similar to the one-dimensional
flow case can be derived for this more general flow
aggregation case, provided the curve number is con-
stant along the downstream flowpath. This condition
is determined by observing that far downstream the
incremental contribution to flow from the rainfall is

small relative to the accumulated runoff coming down
the channel. Looking at the incremental contribution
to flow at a pixel with a large drainage area (this cor-
responds physically to a pixel that lies along the chan-
nel network) one finds that:

[(ERa +P)—O.2Sd]2- —EP-l.2SdU
(ER,J+P)+o.8sd

(9)

which holds provided that ZR >> P. In this case no
special provisions about the nature of the flow aggre-
gation pattern have been made. The conclusion is the
same, however. 1fF < l.2Sd then the incremental con-
tribution to runoff from the pixel in question is nega-
tive indicating that flow is being lost due to
infiltration. The limiting results and commentary sur-
rounding Equations (8) and (9) can be summarized as
follows (R. H. Hawkins, personal communication,
1999):

1. For 0 � P � 0.2S, Q = 0 in all cases because the
initial abstraction is greater than the depth of rainfall
and no runoff is ever generated.
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2. For 0.2S <S � 1.2S, Q —* 0 as the downstream
drainage area becomes large. This is a consequence of
division by Ad to convert from R (in pixel-inches) to Q
(in inches) in Equation (6).

3. For 1.2S <F, Q — P - 1.2S as the downstream
drainage area becomes large.

New Procedure 2: Allow for In filtration Downstream
Over a Specified Distance (13 method)

The NRCS runoff model, TR-55 (SCS, 1986) allows
for runoff generation and routing by identifying three
fundamentally different flow regimes within the
watershed. Over the first 100 to 300 feet from basin
divide to the channel, overland sheet flow is assumed
to dominate. Immediately downstream of this regime
"shallow concentrated flow" (often called "swale flow")
dominates. Once the channel is encountered, open
channel flow conditions as characterized by Man-
ning's equation are dominant.

This description of the progression of flow aggrega-
tion gives rise to a modification to the proposed a
method. Equation (5) accounts for the possibility of
runoff generated upstream infiltrating later some-
where downstream. Such downstream infiltration
could physically occur only in the region of overland
flow. Once flow has reached a swale or channel it is
concentrated and infiltration is assumed minimal
because saturated conditions have been encountered.
For pixels in this concentrated flow region, it is appro-
priate to employ the original runoff generation model
set forth in Equation (3). Together, Equations (3) and
(5) amount to perhaps a more realistic model allowing
for downhill infiltration only upstream of swales or
channels and reverting to the classic NRCS runoff
equation where swales or channels are present. The
reader may find it instructive to compare the f3 model
to the Steenhuis et al. (1995) interpretation where
only spatially variable saturated source areas are able
to produce runoff.

While the a method did not introduce any new
parameters, this 13 method introduces the quantity, L,
which characterizes the distance to the onset of swale
flow. Note that this 13 method parameterization is con-
venient since it provides a bridge between the dis-
tributed case and the a method, since Q(L = 0) = QD
and Q(L = oo) = Q. This 13 method will be illustrated
and compared to the other methods in the following
section.

APPLICATION TO ACTUAL WATERSHEDS
AND COMPARISON OF METHODS

It is instructive to compare the results of the meth-
ods described earlier with some real watersheds of
varying size and composition. Three such watersheds
were taken from several locations within the state of
Maryland. The same quality of data coverages were
used for all three: 30 meter resolution DEMs, 1994
land use (obtained from the Maryland Office of Plan-
ning) and SSURGO soils data that has recently come
available for several counties within the state of
Maryland. In all cases, curve numbers have been
determined by meshing land use and soils data to
obtain commonly used handbook values (SCS, 1985).

Qualitative Description of Watersheds

Urban Watershed. The Rock Creek watershed
drains approximately 60 square miles as it crosses
from Maryland into Washington, D.C. At this point
the distribution in land uses is approximately 51 per-
cent residential, 9 percent commerciallindustrial, 16
percent forest, about 12 percent agriculture, and 12
percent miscellaneous other land use categories. This
constitutes a roughly 30 percent degree of impervious-
ness at the D.C. line. Soil groups are predominantly
"B" (76 percent), with 6 percent "C" soils, and 17 per-
cent "D" soils. Approximately 1 percent of the soils
remain unclassified due to lakes within the water-
shed. Curve numbers range from 56-100, with a mean
value of 76.8.

Agricultural Watershed. The Pipe Creek water-
shed is roughly 38 square miles as it drains west near
the town of Union Bridge in Carroll County, Mary-
land. Land use is predominantly agricultural (73 per-
cent), the remainder being approximately 11 percent
residential, 0.6 percent commerciallindustrial, 12 per-
cent forest, and about 3 percent miscellaneous other
land use categories. At this outlet, the watershed is
4.6 percent impervious. The soil drains well: 42 per-
cent "A"soils, 40 percent "B" soils, 16 percent "C" soils,
and 2 percent "D" soils. Curve numbers range from
35-100, with a mean value of 71.7.

Forested/Agricultural Watershed. A small
branch of the Seneca Creek watershed is roughly 5.3
square miles at its outlet, approximately 1.5 miles
due north of the town of Boyds in Montgomery Coun-
ty, Maryland. Land use is evenly divided between for-
est (46 percent) and agriculture (45 percent), the
remainder being approximately 4 percent residential,
2 percent commercial/industrial, and about 3 percent
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miscellaneous other land use categories. At this out-
let, the watershed is 3.1 percent impervious. The soils
are not so well drained: approximately 11 percent "B"
soils, 24 percent "C" soils, and 65 percent "D" soils.
Curve numbers range from 56 to 100 with a mean of
82.0.

Discussion

The results of runoff computations using the afore-
mentioned methods are shown in Table 1 and Figure
6. These results are consistent with the themes pre-
sented earlier in this paper: (1) runoff calculated
using the distributed method is always greater than
the associated lumped runoff, and (2) calculations
using the a approach of Equation (5) estimate far less
runoff than from either the lumped or weighted
approaches. The 13 method, which introduced the con-
cept of a limited distance of potentially enhanced
infiltration, produces a spectrum of results as illus-
trated in Figure 6. The horizontal axis represents the
modeled overland flow distance. It is the physical
analog of the SCS (1986) length of "sheet flow" and as
such is traditionally assumed to be no more than 300
feet. Interestingly, if this length constraint is imposed
on the 13 method, (see inset in Figure 6 emphasizing
the first 500 feet of the horizontal axis) the 3 method
results in smaller runoff depths than predicted by the
weighted runoff method and that, in general the 13
method curve crosses the lumped method value some-
where between Q(100) and Q(300). As shown for the
Rock Creek watershed, this distance is approximately
150 feet. This finding suggests that all the additional

Moglen

effort that entered into the 13 approach: the use of
DEM data, the tracking of the flow aggregation pat-
tern, and the bookkeeping associated with Equation
(5) essentially cancels the increased runoff predictions
that resulted from the weighted runoff approach
espoused by Grove et al. (1998). Although based on
only three sample watersheds, this analysis shows a
strong agreement between the complex Q(100 to 300)
and the simple use of the original lumped approach
recommended by NRCS.

Figure 6. Predicted Runoff, Q, From the Rock Creek
Watershed as a Function of Overland Flow Length. Note
that Q(O) = QL, and Q5(oo) = Q. Inset shows enlarged
view for overland flow distance between 0 and 500 feet.

10000

TABLE 1. Parameters for Study Watersheds.

Urban
Watershed

Agricultural
Watershed

Forested/Agricultural
Watershed

Drainage Area (mi2) 59.7 38.2 5.3

Curve Number Range 56-100 35-100 56-100

Average Curve Number 76.8 71.7 82.0

Longest Flow Path (miles) 21.8 13.7 4.1

Lumped Runoff, QL (inches) 2.437 2.02 2.90

Distributed Runoff, QD (inches) 2.496 2.16 2.93

Procedure 1 Runoff, Qa (inches) 2.057 1.63 2.61

Procedure 2 Runoff, Q (100) (inches) 2.468 2.14 2.91

Procedure 2 Runoff, Q (300) (inches) 2.350 2.01 2.81

NOTE: All runoff volumes are in inches and are based on a 24-hour rainfall depth of 4.8 inches. This rainfall depth corresponds roughly to
the 10-year event in central Maryland.
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Effect of Orientation of Spatially Distributed Curve Numbers in Runoff Calculations

PHILOSOPHICAL CONSIDERATIONS

Is it a worthy goal to propose a new or improved
way to apply NRCS methods to the problem of hydro-
logic prediction? Exploiting the information contained
in spatially distributed data and the power of GIS-
based analyses is intuitively the direction that should
lead to greater model accuracy. Conversely, the sim-
plicity and widespread use and success of NRCS
methods are not to be discounted. While the tempta-
tion to modernize NRCS methods is overwhelming,
there is evidence that generalizing lumped models
into a spatially distributed form is not a straightfor-
ward task (Finnerty et al., 1997). There is also evi-
dence that NRCS methods in their original
incarnation can be interpreted to represent varying
spatial distributions of curve number and varying
runoff producing areas (Hawkins, 1982; Steenhuis et
al., 1995; Hawkins, 1996). To the extent that this is
the case, the weighted runoff method and the flow
aggregation procedures presented here may represent
an over-accounting for spatial variability in curve
number. Under these conditions, these procedures are
an interpretation of NRCS methods taken at too fine
a grain. If this is the case, what should be the funda-
mental scale for curve number determination?

Incorporating spatial variability into the NRCS
runoff equation leads to clear biases between the spa-
tially distributed and lumped predictions. Compared
to the traditional lumped curve number approach, the
analysis recently presented by Grove et al. (1998)
illustrates a bias producing systematically larger
runoff predictions. The new methods presented in this
work produce a shift in hydrologic predictions in the
opposite direction. Ironically, the two methods applied
simultaneously predict runoff values quite similar to
those associated with the original lumped model.

Do these modifications to the NRCS model repre-
sent a correct adaptation for a spatially distributed
model? Is it appropriate at all to endeavor to modify
the NRCS methods in this fashion? The results pre-
sented here illustrate the consequences of disaggre-
gating a lumped model and attempting to account for
spatial variability. One might be encouraged that the
results from the method for reasonable values of
overland flow distances did not differ much from the
original lumped values. Perhaps this is merely a coin-
cidence. As Klemes (1986) would be quick to point out,
it is risky to claim that all salient physics of the
runoff production process have been captured in the
approach presented here or in any approach. It is not
clear whether extending the distributed and 13meth-
ods to other locations or at higher resolutions will
result in the same confluence of results with the
lumped approach.

The mention of resolution gives rise to the trou-
bling observation that the methods presented here
were examined at a fixed pixel size of 30 meters
(approximately 100 feet). The asymptotic relation-
ships described by Equations (8) and (9) depend on
repeated application of Equation (5) over many pixels.
But if the pixel size were to be reduced from 30
meters to 30 centimeters, for example, these asymp-
totic relationships would apply 100 times faster even
though the physical system is unchanged. This appro-
priately returns us to the question of existence of a
fundamental modeling scale which depends largely on
the scale at which the original NRCS curve numbers
were developed and reported. As NRCS methods have
propagated through time, the curve number tables
(SCS, 1985) have persevered but documentation of
such fundamental scales has been lost in most engi-
neering texts. The likelihood is, correct or not, model-
ing will continue to take place at finer and finer scales
as data resolution continues to increase.

The results presented in this paper show that
attempting to disaggregate a lumped model is a tricky
business. Depending on the methods used biases that
diverge from the original answer may result. As illus-
trated by Grove et al. (1998) undertaking small
"refinements" on existing models can lead to system-
atic biases in the results. If better data or methods
lead to a systematic shift in the results, the approach
needs to be questioned. New biases suggest that if the
model was calibrated before these changes were insti-
tuted then the changes do not represent an improve-
ment. Although an approach like that in Equation (5)
contains some more realistic physics, the overall
effect may be no more accurate than the original,
much simplified approach.

CONCLUSIONS

Distributed modeling techniques applied to the
existing curve number method allow for consideration
of the orientation of high and low runoff producing
areas when determining the runoff from a watershed.
One- and two-dimensional examples illustrate how a
small modification to the NRCS runoff equation can
incorporate the effects of not just spatial variability
but spatial orientation in runoff calculations. This
modified equation leads to much reduced estimates of
runoff depths owing to the possibility of infiltration at
each pixel in the path of flow downstream. A con-
straint, consistent with the NRCS concept of sheet
flow, was introduced that limited infiltration to only
the first L feet of flow in the watershed where over-
land flow and infiltration processes dominate. When
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applied to actual watersheds spanning a range of
sizes and land uses, the constrained model performs
very similarly to the original, much simpler NRCS
lumped model for accepted values of L.

These results suggest revisiting the original objec-
tive of modernizing the NRCS curve number method.
Attempting to build a spatially distributed runoff
model from a model originally conceived in a lumped
fashion was shown to introduce biases in runoff pre-
diction away from the original lumped runoff esti-
mates. There is a need to be wary of the impact of
changes in the modeling approach on the derived
answer. Given a calibrated model, if a new approach
systematically changes the answer in a single direc-
tion, the value of this new approach needs to be ques-
tioned. As presented here, refinements presented by
two different groups led to systematic biases in oppo-
site directions that tended to cancel each other out.
Although more physically-based, the direct modeling
of spatially distributed curve numbers and the incor-
poration of flow aggregation processes led to essen-
tially the same results as the simplified, lumped
approach.
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