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ABSTRACT

Surface runoff is mainly generated by two mechanisms, infiltration excess (Horton) runoff and saturation
excess (Dunne) rumoff; and the spatial variability of soil properties, antecedent soil moisture, topography,
and rainfall will result in different surface runoff generation mechanisms. For a large area (e.g., a model grid
size of a regional climate model or & general circulation model}, these runoff generation mechanisms are
commonly present at different portions of a grid cell simultaneously. Missing one of the two major runoff
generation mechanisms and failing to consider spatial soil variability can result in significant under /over
estimation of surface runoff which can directly introduce large errors in soil moisture states over each
mode] grid cell. Therefore, proper modeling of surface runoff is essential to a reasonable representation
of feedbacks in a land-atmosphere system. This paper presents a new surface runoff parameterization
with the Philip infiltration formulation that dynamically represents both the Horton and Dunne runoff
generation mechanisms within a model grid cell. The parameterization takes into account the effects of
s0i] heterogeneity on Horton and Dunne runoff. The new parameterization is implemented into the current
version of the hydrologically based Variable Infiltration Capacity (VIC) land surface model and tested
over one watershed in Pennsylvania, USA and over the Shiguanhe Basin in the Huaihe Watershed in
China. Results show that the new parameterization plays a very important role in partitioning the water
budget between surface runoff and soil moisture in the atmosphere-land coupling system, and has potential
applications on large hydrological simulations and land-atmospheric interactions. It is further found that
the Horton runoff mechanism should be considered within the context of subgrid-scale spatial variability
of soil properties and precipitation.

Horton runoff, Dunne runoff, subgrid-scale spatial variability, soil heterogeneity, land surface
model, hydrologic model, soil moisture
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1. Introduction

Soil heterogeneity plays an important role in de-
termining surface runoff generation mechanisms. At
the spatial scales represented by land surface models
used in regional climate models and/or global general
circulation models (GCMs) for numerical weather pre-
diction and climate studies, both infiltration excess
{Horton) and saturation excess (Dunne) runoff may
be present within a studied area or a model grid cell.
Proper modeling of surface runoff is essential {0 pro-
vide a reascnable representation of feedbacks in the
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land-atmosphere system. This is because the gener-
ated amount of surface runoff directly affects soil mois-
ture which can significantly affect the regional atmo-
gpheric budgets of water and energy at different time
scales. The partitions of rainfall into runcff and soil
moisture storage, however, vary widely among the cur-
rent generation of land surface models used for numer-
ical weather prediction and climate studies. This is
clearly illustrated by the different study phases of the
Project for Intercomparison of Land-surface Param-
eterization Schemes (PILPS) (Shao and Henderson-
Sellers, 1995; Chen et al., 1997; Liang et al., 1998;
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Lohmann et al., 1998: Wood et al., 1998). Most of the
current generation land surface models do not take into
account the infiltration and saturation excess runoff
effectively and simultancously within a model compu-
tational grid cell under the context of subgrid-scale
spatial variability of soil properties and rainfall (Liang
and Xie, 2001). Although the variable Infiltration Ca-
pacity (VIC) land sruface madel considers the effects
of subgrid spatial variability of scil heterogeneity and
precipitation, it does not simulate the infiltration ex-
cess runoff. Therefore, the VIC model would have dif-
ficulty in simulating surface runoff and soil moisture
well under arid climate where the infiltration excess
runoff generation mechanism is important. Nijssen et
al. (1997, 2001) coupled VIC with a simple grid-based
network routing scheme (including both within grid
cell routing and channel routing) to study streamflow
simulations for continental-scale river basins. They
found that the integrated model (i.e., VIC plus the net-
work routing scheme) performed quite well over moist
areas in their study. For arid and semi-arid areas, how-
ever, their studies indicated difficulties in reproducing
monthly observed streamflows, In PILPS phase-2c,
VIC simulated higher flows than observations, similar
10 many others, over the summer months. Although
the poor runoff simulations over arid and semi-arid ar-
eas may result from a combination of different reasons,
{for example, the weaknesses associated with the rout-
ing scheme used as discussed in Nijssen et al. (2001),
one of the main possible reasons could be the lack of
inclusion of the infiltration excess runoff generation
mechanism which plays an important role under arid
climate conditions. Without the inclusion of sueh a
runoff generation mechanism, soil moisture, surface
runoff, and relevant energy budgets may not be simu-
lated well.

Liang and Xie (2001) present a new model for sur-
face runoff parameterization that dynamically repre-
sents both the Horton and Dunne runoff generation
mechanisms within a model grid cell. Two spatial dis-
tributions for the Horton and Dunne runoff mecha-
nisms are used to represent the spatial heterogeneity
of soil properties. The spatial distribution for Dunne
runoff does not vary with time, while the one for Hor-
ton does by the time compression analysis {TCA) sim-
‘ilar to that of Salvucci and Entekhabi (1994). TCA is
an approximation commonly used to relate the maxi-
mum infiltration rate at any given time during an event
to the initial soil moisture and the cumulative mois-
ture exchange up to that time. The magnitude of the
potential infiltration rate at each point generally de-
creases when the soil moisture increases at that point,
as 1s evidenced by field measurements and the Horton
infiliration equations.
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This paper presents a surface runoff parameter-
{zation with the Philip infiliration formulation that
dynamically represents both the Horton and Dunne
runoff generation mechanisms within a model grid cell
section 2 and 3. The parameterization takes into ac-
connt the effects of soil heterogeneity on Horton and
Dunne runoff. The new parameterization is imple-
mented. into the current version of the hydrologically
based Variable Infiltration Capacity (VIC) land sur-
face model and tested over one watershed in Penn-
sylvania, USA and, over the Shiguanhe Basin in the
Huaihe watershed in China, which is described in sec-
tion 4. Primary conclusions are provided in section
5.

2. A surface runoff parameterization for VIC

Liang and Xie (2001) presented a mew surface
runoff parameterization which dynamically represents
both the Horton and Dunne runoff generation mecha-
nisms within a model grid cell together with a consid-
eration of the subgrid-scale soil heterogeneity. The sat-
uration excess runofl in the parameterization is com-
puted following the concepts used in the VIC-3L/VIC-
2L, model (Three-Layer/Twc-Layer Variable Infiltra-
tion Capacity model). The VIC-3L model has three
soil moisture layers. They are a thin layer (usually
taken as 100 mm deep from the surface), an upper
layer which includes the top thin layer, and a lower
layer (Liang et al., 1996). The thin layer allows a
quick bare soil evaporation following small summer
rainfall events. The upper layer is designed to rep-
resent the dynamic response of soil to rainfall events,
and the lower layer is used to characterize seasonal
soil moisture behavior. We will focus on the upper
soil layer because this layer is closely related to the
surface runoff generation. For more details of the VIC
model, the reader is referred to (Liang et al., 1994,
1996a, b; Cherkauer and Lettenmaier, 1999).

The soil moisture capacity in the upper layer is as-
sumed to vary within a studied area or a model grid
cell. This spatial variability of soll moisture capac-
ity is mainly due to the heterogeneity in the depth of
the soil column and in the soil properties. The spatial
variation of soil moisture capacity is expressed by a
spatia] probability distribution following (Wood et al.,
1992; Zhao, 1992),

i=dm[l - (1— A)Y7], (1)
where ¢ and i, are the point soil moisture capacity
{called infiltration capacity in VIC-3L/VIC-2L) and

maximum soil moisture capacity {called maximum in-
filtration capacity in VIC-3L/VIC-2L), respectively, A
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is the fraction of an area for whick the soil moisture
capacity is less than or equal to 4, and b is the soil
moisture capacity shape parameter, which is a mea-
sure of the spatial variability of the soil moisture ca-
pacity, defined as the maximum amount of water that
can be stored in the upper layer of the soil coluinn.
It is & surrogate for the spatial heterogeneity of soil
properties. In the new parameterization, saturation
excess nmoff (represented by R} is parameterized to
be generated from the fraction of the area A, Ll}lat is
initially saturated and the fraction of the area (A4;—A;)
that hecomes saturated during the time step (see Fig.
1a). The infiltration excess runoff {Rz) is then gener-
ated from the area of 1A, and is redistributed over
the entire area for numerical representation as indi-
cated by the shaded-area with back-slashed-lines (see
Fig. 1a). The magnitude of R, can be determined fol-
lowing the concepts of the current version of the VIC
maodel, and can be expressed as a function of vertical
depth of y shown in Fig. 1a,

Ri(y) =

( . . , b
y- w1 (o BEY "
Tob+1 [ im ’

OSySim*io

Rl(y) ly:im—io Ty - (im - i()),

im - ?:0 <y S P 3

(@)
where i, and iy represent the maximum point soil
moisture capacity and the point soil moisture capacity
corresponding to the initial soil moisture W; (see Fig.
la), respectively, b is the soil moisture capacity shape
parameter, P is the amount of precipitation over a
time step At, and ¥ is the vertical depth shown in Fig,
la. The change of soil moisture AW (y) is as follows
{see Fig. 1a),

AW() =y-Ri(y)

( 'im [( iO )H‘l ( 'i(] + y‘)bﬁ»l}
I ) (-
b+1 im Em

= Osyfim_iﬂ

im — 1o — Ra(W)|y=im—i »

Im—lg <y < P.

(3)
The magnitude of infiltration excess runoff Ra(y) is
determined by the shaded-slashed dashed-lines shown
in Fig. 1b where the potential infiltration rate (with
units of [length/time]) is also described by a function
from the beta distribution family, similar to that used
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in Fig. 1a,
Ra(y) =
_ B+1
P—'Rl(y)_fmmAi- [1'—(1“'2}:}‘%%@) } ,
P - Ry
oA =1
P - Rl(y) - fmmAt N
P - Ru(y)
A b

(4
where fmm is the average potential infiltration rate
(i-e., average infillration capacily) over the area of
1 — A,, which can be expressed as,

i
= —(1 - = A ;
fam= [ fall=(1- 020 = L2ns )

Here f, is the maximum potential infiltration rate
which is a function of soil moisture at each time step,
and thus should vary with time, C is the fraction of
an area for which the potential infiltration rate is less
than or equal to f, and B is the potential infiltration
rate shape parameter.

The value of fon in Equation (4) also varies with
time which can be estimated by applying the concept
of time corpression analysis (TCA). Assume that the
spatially averaged point infiliration rate in the studied
area can be represented by a point infiltration function
J»(®). The infiltrated water over time [0, ] that is ob-
tained by applying fp(t) should be equal to the total
amount of water that is actually infiltrated during the
time period [0, ¢ + At] over the studied area. That is,

¢
f " Ft)d = Wy + AW, )
0

where W; is the soil moisture at time ¢, and AW is the
change of soil moisture between ¢ and ¢ + At. There-
fore, fmm(t) can be obtained by

Jom = fp(tf) - {7)

Yor a detailed description of the new surface runoff

parameterization of VIC and the dertvation of the

above equations, the reader is referred to the paper
by Liang and Xie (2001).

3. Philip infiliration formulation

The Horton infiltration cure is used in Liang and
Xie (2001) as the infiltration formulation in (5) and
{6). In this paper, we use the Philip infiliration formu-
lation. The spatially averaged point infiltration fune-
tion f,(2) is as follows:

Sonitip = fp(t) = -‘Zit“’z + Ky, (8)
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where S, and K, are two parameters that can be es-
timated based on soil properties which are usually re-
quired by (available for) a land surface model. In other
words, no more extra paramcters need to be intro-
duced. S, and K can be calculated as follows:

K, = % {1 - (%)H?} : 9

1
Sp = {5K593|¢5‘

) CHBE /P @/} )
(¢+3)c+4) ’
(10)

where K, is the saturated hydraulic conductivity,
the saturated moisture, v the saturated soil poten-
tial, and ¢ the Clapp and Hornberger constant (Clapp
and Hornberger, 1978). From Equation (8), we have

Sh o
fmm(t) = Sonitip(ts) = ?ptf]p + K. (11)
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4. Validation and applications

The new surface runoff parameterization with the
Philip infiltration formulation is tested in this section
through comparisons between the model-simulated to-
tal runoff and observed streamflows. The surface
runoff generation mechanism in the current version
of VIC-3L is replaced by the new parameterization
(called the new VIC-3L hereafter). Also, the total
runoff from the new VIC-3L is compared with that
from the current version of VIC-3L (called the old
VIC-3L hereafter). The difference between the new
and the old VIC-3L is the lack of consideration of the
infiltration excess runoff generation mechanism in the
old VIC-3L, while everything else is kept the same.

4.1 Comparisons from one watershed in Penn-
sylvania, USA

The Little Pine Creek watershed near Etna, Penn-
sylvania is used in the comparison study, which is in
the Lower Susquehanna Basin with drainage areas of
428 km? (see Table 1).

Table 1. Information on streamflow stations and watersheds
Station Latitude Longitude Basin Name Drainage (km?)
01572190 40°28'45""N 76931527 W Swatara Creek near Inwood 428
Table 2. Information on surface meteorologic stations
Station Latitude Longitude Besin Name
364896 40°20‘'N T6°28'W Swatara Creek near Inwood

4 (a)
i=im[ l-{l -A)Y]
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Fig. 1. Schematic representation of upper soil layer: (a) spatial distribution of soil moisture capacity
([L]) for saturation excess runoff, and (b) spatial distribution of potential infiltration rate {L/T]) (ie.,

infiltration capacity) for infiltration excess runoff.



XIE ZHENHUIL, SU FENGGE, LIANG XU, ET AL.

o
o

—— Precipitation
— a
T a0} 7
=)
E -
E 301
c
S
§ 200 i
=
= LA b LA
0 h n. AA Adls AN A A
0 50 100 150
20 t T
— VIC-Philip
= | 0l - VIC-old
S 151 2 s Observation
I H
£
B
=
=
©
E
[+]
R

c — R_(VIC-Philip)
8} - R, ,(VIC-Philip)
7 e R(VIC-oid)
3 g
E 8- wnmns R p (VIC-0ld)
E L subtT T
s 4
g |-
o sl
0
0 50 100 150
280 T .
— upper(VIC-Philip)
260 4 === lower(VIG-Philip} []
- L e upper{VIC-old)
S o Jower(VIC-old) )|
A

A
50 100 150
Days (Dec.4,1996-Apr.30,1997)

Fig. 2. Comparison of daily observed streamflow with total runoff from the new and old VIC-3L
model at the Little Pine Greek watershed 3 between December 1996 and April 1997: (a) daily
precipitation time series; (b) comparison of daily total runoff among the observed streamflow
(dotted line), new VIC-3L (solid line}, and old VIC-3L (dash-dot line); (¢) comparison of daily
surface and subsurface runoff between the new VIC-3L (solid line for surface runoff and dashed
line for subsurface runoff) and old VIC-3L (dash-dot line for surface runoff and dotted line for
subsurface runoff); and (d) comparison of daily upper and lower layer soil moisture between the
new VIC-3L (solid line for upper layer and dashed line for lower layer) and old VIG-3L (dash-dot
line for upper layer and dotted line for lower layer).
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Fig. 3. Comparison of daily observed streamflow with total runoff from the new VIC-3L model
at Huangnizhuang station between May and August 1998: (a) daily precipitation time series; (b)
comparison of daily total runoff between the observed streamflow (dotted line) and new VIC-3L

(solid line).

The forcing data needed to run VIC-3L are ob-
tained from a nearby surface meteorologic station (see
Table 2). Information on vegetation, soil properties,
and VIC parameters is cbtained from the correspond-
ing grid cells (at 1/8 degree resolution} compiled by
the University of Washington, The three parameters
related to the Philip infiltration equation are deter-
mined based on the corresponding soil properties. No
calibrations on VIC-3L model parameters (both new
and old) were conducted. The two versions of the
VIC-3L model were run for a few years for the wa-
tershed. The model simulated total runoff is routed
through the channel and then compared with the ob-
served streamflow. The routing scheme used here is
a modified version used in the study by Nijssen et al.
(1997). Results from the last year simulations were
taken for comparison analysis to limit the effects of
model initializations.

Comparisons between model simulated total runoff

and observed streamflow, and between the two ver-
sions of VIC-3L on surface runoff, sub-surface runof,
and soil moisture in the upper and lower layers at the
watershed are presented in Fig. 2, which shows the
comparison from December 1996 to April 1997, It can
be clearly seen that both the new and the old VIC-3L
compare well with observed streamflow for a series of
small rainfalls associated with wet soil moisture condi-
tions. For the observed peak flow in early December,
the new VIC-3L simulates a higher peak with narrower
width, while the old VIC-3L simulates a lower peak
with wider width which is comtributed by its larger
subsurface runoff (Figs. 2b, 2¢, and 2d)}.

The comparisons between observed streamflow and
the total runoff from the new and the old VIC-3L
clearly indicate again that it is very important to con-
sider the infiltration excess surface runoff to simulate
more reasonably both large peak flows. The compar-
ison also shows that the differences between the new



and the old VIC-3L could be small with smaller rain-
falls and moist soil conditions.

4.2 The Shiguanhe River in the Huathe River
Watershed, China

The Shiguanhe River is the first-order southern
tributary of the Huaihe River Watershed and is of hu-
mid climate. The Shiguanhe Basin i3 located between
latitudes 31°12'N and 32°18'N and between longitudes
115°17'E and 115°55’E. The hydrological simulation
area is upstream of Huangnizhuang station, which is
located at 31°28'N, 115°37'E with a drainage area of
805 square kilometers.

The forcing data needed to run VIC-3L, and
streamflow data of observation are obtained from
HUBEX intensive observation period data from 15
May to 15 August 1998. The two parameters related to
the Philip infiltration equation are determined based
on the corresponding soil properties. No calibrations
on VIC-3L model parameters were conducted. The
model-simulated total runoff is routed through the
channel and then compared with the observed stream-
flow. The routing scheme used here is a modified ver-
sion used in the study by Nijssen et al. (1997).

Comparisons between model-simulated total runoff
and observed streamflow from 15 May to 15 August
1998 are presented in Fig. 5. The simulated results
with the Philip infiltration formulation show that the
new version of VIC properly simulates the total runoff.

5. Conclusions

A surface rumoff parameterization for the VIC
model with Philip infiltration formulation is presented
in this paper. The new parameterization dynsmni-
cally considers the two major surface runoff genera-
tion mechanisms, infiltration excess runoff and satu-
ration excess runofl, within a studied area or a model
grid cell. Also, the effects of spatial subgrid-scale vari-
ability of soil heterogeneity on surface runoff are ef-
fectively considered. Although the new parameteriza-
tion is developed under the context of the VIC model
framework, the concept and methodology of the new
parameterization can be applied to cther land surface
models. It was implemented into the current version of
VIC-3L and tested over one watershed in the USA and
over the Shiguanhe Basin in the Huaihe Watershed.
The results show that it is very important to con-
sider the infiltration excess runoff mechanism within
the context of subgrid-scale spatial variability of soil
heterogeneity and precipitation for land surface mod-
els. Due to the close relationship between the poten-
tial infiltration rate (i.e., infiltration capacity) and soil
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moisture state, the spatial distribution of potential in-
filtration rate should vary with time. An assumption
of time-invariant spatial distribution of potential infil-
tration rate may result in large errors in surface runoff
and soil moisture. The Philip infiltration formulation
in the TCA has the characteristics of having less pa-
rameters and that all the parameters can be computed
from parameters of current land surface models. The
simulated results with the Philip infiltration formula-
tion show that the new version of VIC properly siru-
lates the total runoff.
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