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(WCRP, 1992; Entekhabi and Eagleson, 1989) when
surface—atmosphere interactions occur at different
scales (Avissar, 1995). Modeling of the feedback
processes in the water and energy exchanges between
the land surface and atmosphere requires an under-
standing of the scale-dependent behavior of the rain-
fall-runoff model. An accurate representation of the
hydrologic cycle across a range of scales is also
important to general weather and climate forecasts
and for water resources planning and management.

Field observations have shown that the major
sources of heterogeneity leading to spatial differences
in runoff are topography, soils, and rainfall (Wood et
al., 1990). Basin topography and soils are practically
time invariant, but spatial rainfall patterns vary in time
introducing more complexity into rainfall-runoff
modeling. Hydrologic models have been widely
used to investigate the natural scale-dependent beha-
vior of the rainfall-runoff process. Numerical experi-
ments have shown modeled runoff to be highly scale
dependent. However, the model results varied widely
according to the rainfall-runoff model being utilized.

Runoff scaling experiments by Finnerty et al.
(1997) clearly showed the sensitivity of Sacramento
model runoff generation to spatial and temporal aver-
aging of rainfall inputs using 7 months of NEXRAD
radar data. The Sacramento model has both a thresh-
old triggering mechanism for runoff that is a function
of soil moisture storage as well as an infiltration
component which is a function of rainfall intensity
and soil moisture content. Numerous other experi-
ments have shown that simulated runoff is sensitive
to the space—time scales of precipitation inputs
(Loague, 1988; Kouwen and Garland, 1989; Beven
and Wood, 1993; Ogden and Julien, 1994; Shah,
1996). Most of these models are formulated with a
rainfall rate sensitive infiltration-excess mechanism
to partition rainfall into runoff. However, conflicting
results by Obled et al. (1974), using saturation-excess
type runoff models such as TOPMODEL, have shown
that runoff is not very sensitive to spatial scale. These
conflicting results can be largely explained by the
runoff mechanism in the individual model
formulations, and the space~time scales used in the
experiments.

This paper addresses a wide range of scales which
are representative of the scales generally used for
operational flood forecasting, climate modeling, and

common lumped parameter basin modeling. The
paper continues the work by Finnerty et al. (1997)
by addressing the sensitivity of the runoff models
themselves to rainfall averaging. A possible solution
to the runoff scale problem is presented in a reformu-
lated version of the Sacramento model which was
developed to reduce the scale dependency of the
runoff, without sacrificing complexity in the hydrolo-
gic formulation. Extension of the input radar data set
to over three years provides for long-term continuous
simulations and robust statistics that are representa-
tive of general model behavior. Herein is presented a
means to identify natural scale dependency of the
runoff processes from the scale dependent behavior
of the runoff model, and relate the results directly to
the specific runoff generating mechanisms employed
by a variety of commonly used hydrologic models.

2. Model scale

Historically, less emphasis has been placed on the
scale dependency inherent in the rainfall-runoff model
as opposed to the scale of rainfall. Analysis of the
spatial variability of rainfall can give a qualitative
sense of this scale dependency, however, quantitative
measures of physical scale are highly model depen-
dent. For example, the linear rainfall-runoff relation-
ship in Eq. (1) is not sensitive to the spatial variability
of rainfall given that the spatial averages of rainfall
preserve the total volume of precipitation:

RY = a(n)P, (1)

where F\L "is runoff averaged over an area A using
scale k estimates of runoff, P, is a mean areal rainfall,
and a(f) is the scale-independent parameter for the
rainfall-runoff relationship.

The rainfall-runoff model, however, becomes scale
dependent if, for example, its parameter is a linear
function of the rainfall rate P;:

R,‘ = b(T)P,‘P,‘ = IJ(T)P? (2)

Runoff from an area A (say, a river basin) can be
aggregated from runoffs simulated at a finer scale, R,

S :
Ry = > R 3)

i=1
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Table 1

Averaged hourly values of rainy area fraction and coefficient of rainfall variation at different grid scales

Scale, km 4 x 4 8 X 8 16 x 16
Coefficient of variation 2.07 1.99 1.85
Covered area, % 100 98 95

32 x 32 64 X 64 128 x 128 256 X 256
1.63 1.30 0.85
89 79 64 45

where N, is a number of k-scale elements in the area A.
Combination of Egs. (2) and (3) leads to

R = b(k)(T)jvl_; 2(13([&))2: bm(t)l:(a"“)l+(ﬁm)2]
(4)

where o' is the spatial standard deviation of rainfall
averaged over scale k, and P“ is the mean value of
k-scale rainfall that is equal to the rainfall averaged over
an entire area, P,. For a scale-independent unbiased
model the right-hand side of Eq. (4) should be the
same at any scale less than the area A. This leads to a
relationship between the model parameter bP(r) at
different scales. Substituting a coefficient of rainfall
variation, Cik ) instead of a standard deviation, gives

1+ (Cﬁ,"’)2

b{k¢r1)(t) — b(k)(t)_*—-—‘z
1+ (CE.L%/H)

(5)

Eq. (5) shows how to preserve a constant average
runoff over an area A by adjusting the model para-
meter b*(¢). The adjustment depends on differences

3.5

25

Parameter ratio, b™(t)/b®(t)

0 10 20 30
Relative scale, L¥/L®

Fig. 1. Scale dependency of a point type rainfall runoff model
parameter, b™(r), which is constant for a given scale, k and varies
across scales as a function of rainfall variability.

of rainfall variability at different scales. The coeffi-
cient of spatial variation of precipitation can vary
significantly at different averaging scales. Table 1 is
an example of the scale dependency of the coefficient
of variation and the rainy area fraction. The statistics
were derived from Stage III data over a 256 X 256 km
region in the southern plains of the United States for
the 3-year period. Rainy area fractions and coeffi-
cients of variation were estimated at each hourly
time interval and were weighted by the region average
rainfall at that interval, while averaging for the 3-year
period.

The model parameter b*'(r) will vary greatly from
scale to scale following significant differences of the
coefficient of variation. Fig. 1 plots the ratio of 5"“'(1)/
b (1) versus LY/L, where L' is the finest resolution
of the radar estimates (4 km X 4 km), L" is the k-
scale, b is the coefficient at the finest resolution, and
h™ is the coefficient at the k-scale. The parameter
b™(#) in this plot was derived from Eq. (5) using the
data in Table 1. Fig. 1 clearly illustrates that the coef-
ficient in Eq. (2) changes significantly from scale to
scale.

A sensitivity analyses of the Sacramento soil moist-
ure accounting (SAC-SMA) model Burnash (1995) to
the space—time variability of rainfall was presented in
Finnerty et al. (1997). The high resolution NEXRAD
Stage III precipitation estimates were used in the
analyses. That study showed that well calibrated and
unbiased SAC-SMA model parameters will produce
biased runoff if the model is applied at scales different
from that on which the model was calibrated. The
results of Finnerty et al. (1997) indicate the scale
issues illustrated in Fig. 1 and suggest a need for the
approach shown in Eq. (5).

3. Hydrologic models analyzed

This study is focused on comparative analyses of
scale dependency of lumped hydrological models



288 V.I. Koren et al. / Journal of Hydrology 217 (1999) 285-302

with different formulations of the infiltration
processes. Three lumped hydrological models of
differing complexity were used in the study: the
SAC-SMA model., the Oregon State University
(OSU) multi layer model (Mahrt and Pan. 1984),
and the simple water balance (SWB) model (Schaake
et al., 1996). The first two models are typical point
models that do not account for the spatial variability
within the basin. The SWB model implicitly accounts
for the spatial variability in precipitation data and
model states. A fourth model, a reformulated version
of the SAC-SMA model which accounts for the
spatial variability of rainfall only, was also analyzed.

3.1. The SAC-SMA model

The SAC-SMA model is the most common opera-
tional rainfall-runoff model of the National Weather
Service River Forecast System (NWSRFS). The SAC-
SMA model is a conceptually based lumped rainfall-
runoff model which represents spatially heteroge-
neous runoff processes for river basins at scales
ranging from a few hundred to a few thousand square
kilometers. There are strong physical arguments to
support the model. The model has six soil moisture
states and 16 parameters, not counting the 12 monthly
adjustment factors of potential evaporation. Most of
the parameters have to be calibrated using historical
hydrometeorological data.

Partitioning of rainfall into surface runoff and infil-
tration into the lower zone layers depends on an avail-
able storage of tension and free water in the upper
zone. It assumes a saturation-excess mechanism for
the tension and free water storages, so that the rainfall,
P, above a tension water capacity becomes the excess
rainfall, P.... The excess rainfall above a free water
capacity becomes surface runoff, R,,

Poeess = 0, P = Dyyy 6)
Poicoss = P — Dyyry, P > Dyyr

R, =0, Povcess = Diyps 7
R = P,yess — Duyr, Poreess = Duzg

where D7 is a tension water deficit of the upper
zone, and Dyyr is a free water deficit of the upper
zone. All variables of Eqs. (6) and (7) are averaged

over a basin area. After the upper zone storages are
filled, rainfall-runoff partitioning is closer to an infil-
tration-excess type mechanism, and a runoff rate
becomes a function of percolation into the lower
storages. Interflow is generated depending upon the
water contents of the upper and lower zone free water
storages. Two components of baseflow are calculated
based on supplemental and primary lower zone
storages.

3.2. The OSU model

The OSU model was used as the land surface
hydrologic parameterization in the Oregon State
University one-dimensional planetary boundary
layer model (Ek and Mahrt, 1991). The model is
based on a finite difference solution of the one-dimen-
sional Richards’ equation (Dingman, 1993) in the
multi-layer vertical soil column. The Richards’ equa-
tion is a physically based infiltration model derived
from Darcy’s law under the assumption of an isotro-
pic, homogeneous soil column. Surface runoff is
calculated under the assumption of the Hortonian,
infiltration-excess, type of rainfall-runoff partitioning,

R, = max{(P — 1,,,).0} ®

A maximum infiltration rate, I,,,,, is estimated based
on the water flux at the soil surface:

@s‘ - (91

[/1'7(1\’ = D(G \‘) A"

+ K(6,) @)
where D(0,) and K(O,) are the soil water diffusivity
and conductivity under conditions of saturation, O,,
Az is the upper layer thickness, and O, the water
content of the upper soil layer, usually 5-10 cm.
Two to ten layer versions of the model were used in
the analyses.

The OSU model explicitly accounts for the effect of
vegetation on evapotranspiration by the inclusion of a
canopy resistance scheme. However, it does not
account for the effect of spatial variability in hydro-
logic variables. Most of the parameters in the OSU
model are usually derived using soil and vegetation
classification information (Chen et al., 1996).
However, a few parameters have to be adjusted if
the model is applied to a specific river basin.
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Fig. 2. Probabilistic averaging of excess rainfall using a distribution
function of rainfall, where P, and the distribution function are
evaluated at every time step.

3.3. The SWB model

The SWB model has a two-layer structure with both
a physical and statistical basis for the model para-
meters (Schaake et al., 1996). A thin upper layer
consists of the vegetation canopy and the soil surface.
A lower layer includes both the root zone of the vege-
tation and the ground water system. Capacities of each
layer are model parameters. The supply of water to the
lower zone is the excess of precipitation from the
upper layer, P This water is available for parti-
tioning into surface runoff and infiltration into the
lower layer. The surface runoff equation was derived
based on probabilistic averaging of the point infiltra-
tion-excess equation (Koren and Kuchment, 1974;
Moore, 1985), assuming exponential distribution
functions of precipitation and soil moisture capacity,

B

R. = excess 10
! P + DLZ(I - e»K‘!’[[T> ( )

excess

where D, is the water deficit of the lower zone, dt the
simulation time step, and K is a model parameter that
accounts for the temporal scale. The model has five
parameters which are calibrated using historical data.

3.4. Reformulated Sacramento model

The SAC-SMA model was reformulated in order to

account for the spatial variability of rainfall. The
reformulated Sacramento model (REF-SAC) replaces
actual patterns of rainfall at the river basin scale with a
distribution function of rainfall. Mean areal excess
rainfall can be estimated assuming that Eq. (6) applies
at any point in a basin, the upper zone tension water
deficit is uniformly distributed over the basin. and
only rainfall is spatially variable,

00
Pexcess = J~ (P = Duzrw)f(P)dP (1)
Digrw

where f(P) is a distribution function of rainfall. Fig. 2
graphically shows the meaning of the reformulation
where the SAC-SMA produces zero excess rainfall
and therefore zero surface runoff, it the mean areal
rainfall of 27 mm is less than the upper zone tension
water deficit of 40 mm. However, the reformulated
version produces some amount of excess rainfall
(shaded area in Fig. 2) depending on the distribution
function of rainfall. The same assumptions were used
to estimate mean areal surface runoff from Eq. (7)
with an additional assumption that point excess rain-
fall has the same distribution function as rainfall.

To apply the REF-SAC model, a spatial distribution
function of rainfall must be estimated at each time
step where the SWB model assumes the distribution
function to be constant in time. High resolution radar
data provides the best available information about the
spatial distribution of rainfall which allows the preci-
pitation distribution function to be estimated at every
time step. This approach is impossible to apply using
only conventional land-based rain gage networks as
the spatial structure of the precipitation over head-
water basins is not adequately sampled by gage
networks. An analysis of the spatial variability of
hourly Stage IIl precipitation grids indicates that a
gamma distribution can be used as an approximation
to the empirical distribution (Koren, 1993; Schaake et
al., 1996),

&

A.) o —_ 2
fpy=——pP eV (12)

I(e)

where A and e are the distribution function para-
meters which can be estimated using mean areal
precipitation and coefficient of variation, C,p, and
['(&) is the Gamma function. The distribution function
parameters were estimated for each time step using
only the radar bins with measured rain within the
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Fig. 3. The test area in the Red river basin over the

simulation area. Simulated excess rainfall and surface
runoff were multiplied by the percentage of the rainy
area to get average values over an entire basin area.

4. Method and data

Numerical experiments, analogous to the scaling
experiments described in Finnerty et al. (1997),
were conducted using the four rainfall-runoff models
described in the previous section. Hourly rainfall esti-
mates from the high resolution (4 km X 4 km) Next
Generation Weather Radar (NEXRAD) Stage I were
used to assess sensitivities of the aggregated model
outputs to the grid scale. The selected data set covers
the eastern portion of the Tulsa, Oklahoma, river fore-
casting region and spans a 3-year period from 7 May
1993 to 31 July 1996. This period covers the very wet
summer of 1993 which resulted in the **Great Flood of
‘93" in the Midwest.

Oklahoma-—Arkansas border, 256 X 256 km.

These gridded precipitation estimates are a multi-
sensor product which combines the spatial resolution
of the radar data with the ground truth estimates of the
gage data. The Stage Il technique facilitates the
removal of mean field and local biases of the radar
derived 1 h precipitation estimates (Shedd and Fulton,
1993; Seo et al., 1998; Seo, 1998). Although radar-
based precipitation estimates still have uncertainties,
they are far superior compared with rain gage
networks in their ability to spatially represent heavy
rainfall (Smith et al., 1996). For this study, the deter-
mination of proper spatial statistical properties of the
rainfall grids is more critical than the accuracy of
precipitation estimates.

The test area in the Red river basin over the Okla-
homa-Arkansas border, Fig. 3, was gridded into 64 X
64 rectilinear cells of approximately 4 km X 4 km in
size, which match those of the radar rainfall data. The
models were run in a continuous mode for the entire
period at grid scales of 4 X 4, 8 X 8, 16 X 16, 32 X 32,
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Table 2
Sub-basin scales in the 64 X 64 NEXRAD bin test area

Number of sub-
basins in the test area

Sub-basin scale, km  Sub-basin size, km*

4x4 16 4096

8§ X8 64 1024

16 X 16 256 256
32 %32 1024 64
64 X 64 4096 16
128 x 128 16 384 4
256 X 256 65 536 |

64 X 64, 128 x 128, and 256 X 256 km’ by using
average rainfall over each synthetic sub-basin defined
by the grid scale. Each component of the model output
was then averaged over aggregation scales of 8 X 8,
16 X 16, 32 X 32, 64 X 64, 128 X 128, and 256 X
256 km”. Table 2 shows the number of sub-basins
which were used in aggregation of model outputs at
a different sub-basin scale.

The SAC-SMA model parameters were calibrated
using historical data for the 795 km” headwater basin
of the Baron Fork of the Illinois river at Eldon,

291

Oklahoma (Finnerty et al., 1997). The calibrated basin
is close to the 32 X 32 km synthetic sub-basin scale and
those parameters were distributed uniformly over the
entire test area. A priori parameter estimates were
used to run the OSU and SWB models. Only a few
parameters of those models were manually adjusted to
get unbiased total runoff for the entire period. and
to generate a surface—subsurface runoff ratio close
to values simulated by the SAC-SMA model.

5. Results and discussion
5.1. Comparison of different model results

Runoff components generated by each model (a 10-
layer version of the OSU model was used in this test)
were cumulated for the entire period and averaged
over the test area, 256 X 256 km. Fig. 4 is a plot of
the relative change in the surface runoff volume simu-
lated by the different models over the 3-year period as
a function of the grid scale. Surface runoff changes at
each grid scale are defined as the difference between
the total cumulated surface runoff at that scale and the
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Fig. 4. Scale dependency of surface runoff, simulated by different models and expressed in percent change in surface runoff as compared with
the finest scale value. Statistics are aggregated for all synthetic sub-basins in the test area continuously over the 3.5-year period.
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Fig. 5. Scale dependency of total runoff simulated by different models. Total runoff is less sensitive to scale than surface runoff shown in Fig. 4.

total cumulated surface runoff at the finest scale (4 X
4 km). These changes have been scaled relative to the
total cumulated surface runoff generated at the finest
scale.

Fig. 4 shows that each model produced less surface
runoff with increasing scale size. Surface runoff is
gradually reduced within the range of 20% up to the
scale of 32 x 32 km. At scales greater than 32 X
32 km, there is a faster reduction in surface runoff
with a wide range of variability from one model to
the other. The main factor governing runoff reduction
at the smaller scales is rainfall variability over a rain-
fall averaging area. At the larger scales, the rainfall
coverage becomes the major factor controlling runoff
reduction. As seen in Table 1. the area covered by rain
was less than 50% at the largest scale.

The scale dependency of simulated surface runoff is
inherent in the model structure as a result of the
model’s method of partitioning rainfall into runoff
and losses. The OSU model is the most scale depen-
dent with surface runoff reduction close to 100% at
the largest scale. The reason for this is that surface
runoff in the OSU model is generated by excess rain-
fall above the soil moisture flux on the soil surface,

which is estimated as a ratio of the soil moisture gradi-
ent, as shown in Eq. (9). Excess rainfall can vary
significantly over an area depending on the rainfall
rates which differ significantly across scales. The
SAC-SMA model showed much less scale depen-
dency than the OSU model. The surface runoff calcu-
lation in the SAC-SMA model is a saturation-excess
type. There will not be any surface runoff (excluding a
small amount of runoff from impermeable areas)
generated prior to the fill-up of the tension and free
water storages of the upper zone. The rainfall rate will
not affect surface runoff during the first phase of
runoff when initial rainfall losses are generated. This
will reduce scale dependency of the total flood runoff
simulated by the SAC-SMA model on the rainfall rate
compared to the OSU model.

Table 3
Soil layer thicknesses of different versions of the OSU model

Number of layers Layer thickness, cm

10 5 10 10 15 20 20 20 20 20 20
4 5 10 10 135
2 5 155
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Fig. 6. Scale dependency of the OSU model outputs generated using different number of soil layers: (a) Swrface runoff: (b) Groundflow:; (c)

Evapotranspiration; and (d) Soil moisture change.

As expected, the SWB model was less scale depen-
dent than the SAC-SMA and OSU models as its infil-
tration equation implicitly accounts for the spatial
variability of rainfall. However, reduction of surface
runoff at the larger scales exceeded 30%. One of the

reasons for this reduction at the larger scales was that
the areas covered by rain were significantly reduced at
the 128 X 128 and 256 X 256 km scales, 64% and
45%. respectively. Whereas, Table 1 shows, the
finer 4 X 4 and 8 X 8 km” scales have 100% and
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Fig. 6. (continued)

98% covered areas, respectively. The SWB model
assumes that rain covers the entire area and this
assumption is clearly violated at the larger spatial
scales.

The reformulated SAC-SMA model was found to

be the least sensitive to grid scale. At the largest scale
of 256 X 256 km the model underestimated surface
runoff by about 20% compared with 60% by the origi-
nal SAC-SMA model. As the spatial distribution of
rainfall and rain coverage were estimated at each time
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Fig. 7. Scale dependency of the SWB model outputs generated using different representation of fractional rain coverage: (a) Surface runoff: (b)

Groundflow; (¢) Evapotranspiration; and (d) Soil moisture change.

step, the reformulated SAC-SMA model produced
more reasonable results over a wide range of spatial
scales.

As seen in Fig. 5, all models showed much less
scale dependency in total runoff. Total runoff was

calculated as a sum of surface and groundwater
flows for the OSU and SWB models, and as a sum
of six runoff components: surface, interflow, primary
and supplemental baseflow, permanent and variable
impermeable area flow, for the SAC-SMA model.
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Fig. 7. (continued)

The total runoff reduction was about three times less
than the surface runoff reduction. The models ranking
based on the scale dependency of total runoff were
close to that based on the surface runoff dependency
order: the OSU mode! was the most scale dependent,

and the reformulated SAC-SMA model was the least
scale dependent. The only difference was that the
SAC-SMA model became a little less scale dependent
than the SWB model. There is less scale dependency
in the total runoff as surface and subsurface
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components usually change in opposite directions as
the scale increases. That is, the surface runoff
decreases at the larger scales while the subsurface
component increases. The SAC-SMA model multi-
interaction between runoff components reduces the
effect of the surface runoff scale dependency in the
total runoff significantly.

5.2. The OSU model results using different number of
soil layers

The partitioning of rainfall into runoff and losses,
and redistribution of soil moisture by the OSU model
depends on the calculation of soil moisture fluxes.
Different numbers of soil layers can lead to different
estimates of the soil moisture fluxes and, as a result, to
different scale sensitivities of the model. In practical
applications only a few soil layers are often used
(Chen et al., 1996).

Three versions of the OSU model were
analyzed in this scale study: 10-, four-, and two-
layer versions. The same thicknesses of the top
layers were used in all versions, as shown in
Table 3. The finer resolutions of the top layers were
selected to get better estimates of soil moisture fluxes
(Mabhrt and Pan, 1984).

The water balance components, accumulated for
the total period and aggregated over the test area,
are plotted against grid scale in Figs. 6a-d. Generally,
surface and groundwater runoff volumes decreased,
and evapotranspiration increased when decreasing
the number of soil layers. However, groundwater
runoff of the two-layer version was higher than that
of the four-layer version, Fig. 6b. Feedback mechan-
isms of the model compensate for the reduction in
surface runoff by significantly increasing the ground-
water runoff. Evapotranspiration in the two-layer
version was a little lower than the evapotranspiration
in the four-layer version, as seen in Fig. 6¢. The soil
moisture change for the total period differs greatly in
different versions, as shown in Fig. 6d. The 10-layer
version shows small changes in soil moisture at differ-
ent scales. Overall, increasing the number of layers
leads to a little more scale dependency in runoff and
evapotranspiration, although long-term soil moisture
change tends to be more stable in the most multi-layer
version.

5.3. Fraction of rainy area in the SWB model

As stated previously, the SWB model results at
larger scales depended on the fraction of the rainy
area. Surface runoff in Eq. (11) of the SWB model
can be generalized to account for zero rain areas. If
rainy area patterns do not correlate in time, soil moist-
ure states over the entire area can be used to estimate
surface runoff from rainy areas. Then Eq. (11) of the
SWB model can be generalized to account for a frac-
tion of rainy area, A,

P2

excess ) 13
-+ /\DI.Z(I - eA—K‘hd’) ( )

R =
P

excess

The fraction of rainy area was calculated for each
hourly precipitation grid at the selected grid scales.
The fraction in this case varies with time and grid
scale. Time constant values of the rainy area fraction
values from Table 1, which are weighted averages for
the 3-year period, were also used in the analyses. Figs.
7a—d display water balance components simulated by
the SWB model using different versions of rainy area
representation:

1. total coverage of an area (original model);

2. constant fractions of the rainy area from Table I;
and

3. a variable fraction calculated at each time step
using radar data.

Both surface and groundwater runoffs were sensitive
to the fraction of rainy area. At the largest scale,
differences in runoffs with different versions of the
model were as much as 30%-40%, as shown in Fig.
7a and b. However, evapotranspiration and soil moist-
ure changes differ little as a function of rainy area
representation from scale to scale, as shown in Fig.
7¢ and d. Increased surface runoff with decreased
rainy areas was compensated by decreased ground-
water runoff. Differences in soil moisture change for
the total period from different versions were less than
2%.

The two SWB versions that account for the
rainy area fraction are less scale dependent as
compared to the original model. However, it was
surprising that the version with a time constant
rainy area was less sensitive to the grid scale
compared to the time variable coverage version.
A possible reason for this is that the SWB
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versus cumulative rainfall and (b) Soil moisture change versus cumulative rainfall.

model accounts for rainy areas without regard to of current precipitation distribution onto prior soil
their location. Rainy area location becomes critical moisture distribution. It is more important for the vari-
with decreasing a coverage fraction. Probabilistic able version when a coverage fraction varies

spatial averaging cannot account for the mapping significantly in time.
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5.4. Rainfall-runoff partitioning in the SAC-SMA
model

The importance of the rainfall-runoff partitioning
mechanism is seen during flood events. Fig. 8a is a

plot of the runoff coefficient during a specific flood
event, 12 April 1994, simulated using total channel
inflow from the SAC-SMA model outputs at different
grid scales. The runoff coefficient is defined as the
ratio of accumulated runoff to accumulated
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precipitation, for a given time interval. At the begin-
ning of the flood. when initial losses are satisfied, the
runoff coefficient is rather stable and does not vary
much from scale to scale. Once initial losses have
been satisfied, the runoff coefficient varies signifi-
cantly over different scales with the highest values
at the finest scale. Most of the rainfall during the
storm was stored in the soil at the 128 X 128 km
scale, and the runoff coefficient was close to zero
during the entire flood event. As a result, soil moisture
content increased during the flood and was the great-
est for the lowest resolution as shown in Fig. 8b.

The reformulated SAC-SMA model showed less
scale dependency in rainfall-runoff partitioning. The
range of the runoff coefficient variability across scales
was narrower during the same flood event, as shown
in Fig. 9a. The 128 X 128 km scale has a higher runoff
coefficient at the beginning of the flood event because
of different soil moisture states from the continuous
run. Soil moisture content at the end of the flood was
close for all grid scales, as shown in Fig. 9b.

The importance of the temporal variability in the
distribution function of precipitation can be seen by
comparing simulation results from the reformulated
SAC-SMA and SWB models. Although the SWB
model accounts for the spatial variability of rainfall,
it assumes that there is no temporal variability in the
distribution function of precipitation. The actual
distribution of precipitation varies from one storm to

another and during a single storm. Fig. 10 is an exam-
ple of temporal variability of the coefficient of spatial
variation of hourly precipitation during a few storm
events in the test area. This temporal variability of
heterogeneity of precipitation is accounted in the
reformulated SAC-SMA model that leads to the
reduction in its scale dependency.

6. Conclusions

Four different lumped hydrological models with
varied complexity of infiltration parameterizations
were used in the analyses of the scale dependency
of model outputs to the spatial variability of rainfall.
Two models, the SAC-SMA and OSU, are point type
models that do not account for the spatial variability
of rainfall within the basin. Two other models, the
SWB and reformulated SAC-SMA, account for the
precipitation spatial variability by using probabilistic
averaging of point processes. The high-resolution, 4 X
4 km, hourly rainfall estimates for the 3.5-year period
from the NEXRAD radar were used in the study. All
land-surface characteristics and model parameters
were assumed to be constant over the entire test area
to exclude their possible contribution to results of the
rainfall variability study.

Model generated runoff, soil moisture, and evapo-
transpiration were compared at different grid scales
when averaged over the entire test area, 256 X
256 km. All models produced less surface and total
runoff, and more evapotranspiration with increasing
scale size. Rainfall variability was a primary factor of
runoff reduction at the smaller scales, and rainfall
coverage became a major factor at the larger scales.

Although all selected models were scale dependent,
the level of dependency varied significantly with
different formulations of the rainfall-runoff partition-
ing mechanism. The point type OSU model with a
pure infiltration-excess mechanism was the most
sensitive to the rainfall spatial variability. The better
representation of the soil moisture profile by using
more soil layers did not reduce scale dependency.
Mixed saturation/infiltration-excess type models,
such as the original and reformulated SAC-SMA
models, were less sensitive to the scale. The rainfall
rate induced scale dependency of the fast runoff
components on the rainfall rate was reduced
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significantly during the first phase of the flood when a
saturation-excess mechanism was dominated.

Probabilistic averaging of the point processes
reduces scale dependency, as demonstrated by the
SWB and reformulated SAC-SMA models. Effective-
ness of the probabilistic averaging varies depending
on the scale, and was reduced with increased scale
size as rainfall coverage and rain area locations
became an important factor. Continuous assimilation
of a distribution function of rainfall, and a rainy area
fraction significantly reduced scale dependency of the
SAC-SMA model at the larger scales.

All models showed less scale dependency in total
runoff compared with surface runoff as surface and
subsurface runoff components usually changed in
opposite directions as the scale increased. That is,
the surface runoff decreased at the larger scales
while the subsurface component increased. It suggests
that neglecting the subsurface-groundwater compo-
nent by compensating for it in a surface runoff compo-
nent can lead to an increase in the model scale
dependency.

The analysis was focused on the scale dependency
of different models rather than on their performances
compared to measured data. If well calibrated, the
more scale-dependent model may give better results
at the applied basin scale than the less scale-depen-
dent model. The importance of the scale sensitivity of
the model depends on the specific application. In the
local rainfall-runoff forecasting over dense gauge
regions it is important to use a model that showed
high accuracy in rainfall-runoff simulations, and
could be calibrated properly using historical data.
Less scale-dependent models are desirable when rain-
fall-runoff simulations are performed over large
ungaged regions and there is a need in transferring
of model parameters from different size basins.
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