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ABSTRACT

Two methods to incorporate subgrid variability in soil moisture and runoff production into soil-vegetation—
atmosphere transfer (SVAT) models are compared: 1) the variable infiltration capacity model approach (VIC),
and 2) amodified “ TOPMODEL" approach. Because neither approach needs to track surface or subsurface flow
within a catchment explicitly, they represent computationally efficient ways to represent hydrologic processes
within the context of regional and global modeling. This study shows that, during low flow periods, the runoff
simulation is superior when using the TOPMODEL-based equations, especially during the rising limb of the
autumn hydrograph. A main drawback of the modified VIC-model approach, especially for regional and global
application, is that, with five free parameters, considerably more model calibration is required. TOPMODEL,
on the other hand, requires only the determination of one free parameter. However, a TOPMODEL approach
does require extensive preprocessing of topographic data, and issues concerning resolution of the data used

become relevant.

1. Introduction

The term land surface model (LSM) typicaly has
been used in the context of global and regional climate
modeling. LSMs serve as the lower boundary to at-
mospheric general circulation models(GCMs). Standard
LSMs employ a one-dimensional (vertical) treatment of
subsurface moisture transport and surface moisture and
energy fluxesthat effectively assumes homogeneous soil
moisture conditions across horizontal areas spanning
hundreds of kilometers. The complexity of these models
ranges from simple bucket models to sophisticated soil—
vegetation—atmosphere transfer (SVAT) schemes with
multiple vegetation, soil, and snow layers (e.g., Koster
et al. 2000; Slater et al. 2001). The water and energy
fluxes between the land surface and the atmosphere are
linked via the evapotranspiration and latent heat flux,
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respectively. The LSM partitions the precipitation into
evapotranspiration, runoff, and soil moisture change and
the net incoming radiation into alatent and sensible heat
flux, ground heat flux, and snowmelt energy. Most
SVAT (e.g., Verseghy et al. 1993; Noilhan and Planton
1989; Yang and Dickinson 1996) studies (e.g., Chen et
al. 1996; Schulz et al. 1998) focus on determining the
energy fluxes. However, the calculation of runoff and
the calculation of evapotranspiration are strongly relat-
ed. A poor runoff calculation results in an unrealistic
latent heat flux, regardless of which scheme is used
(Koster et al. 2000). The Project for Intercomparison of
Land Surface Parameterization Schemes (PILPS; Hen-
derson-Sellers et al. 1993) has focused attention on the
runoff calculation by SVAT models (e.g., Wood et al.
1998; Habets et al. 1999; Koster et al. 2000). The recent
Global Energy and Water Cycle Experiment project has
placed emphasis explicitly on improving the represen-
tation of both the horizontal and vertical water fluxes
in LSMs as applied to GCMs. Further, as large-scale
weather and climate model applications diversify towa-
ter-related i ssues such aswater resources, reservoir man-
agement, and flood and drought forecasting, attention
is beginning to focus on the purely hydrologic aspects
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of these LSMs. Graham and Bergstrom (2000) give an
overview of the differences of land surface modeling
in regional hydrology and meteorology as well as the
requirements and advantages of combining the disci-
plines for investigations of the energy and water fluxes.

A critical deficiency in standard GCM-based LSMs
is the neglect of an explicit treatment for spatial vari-
ability in soil moisture. Development work by various
groups has focused on improving the 1D representation
itself, incorporating, for example, more physiologically
based vegetation schemes so as to determine transpi-
ration and canopy—atmosphere CO, fluxes better (Sell-
ers et al. 1986; Bonan 1995; Kucharik et a. 2000), but
relatively little attention has been given to the spatial
heterogeneity issue concerning soil moisture and re-
sulting runoff production. This lack of attention is un-
fortunate, given that this heterogeneity can have astrong
impact on surface energy and water budgets. However,
there has been substantial recent progress with respect
to modeling control of the catchment’s characteristics
such as topography and spatial soil distribution over
surface hydrologic processes. Two approaches to im-
proving simulated runoff in LSMs have become espe-
cially popular.

1) A variable infiltration capacity model approach, or
VIC, indirectly accounts for the impact that topog-
raphy and soil distribution have on surface infiltra-
tion (Dumenil and Todini 1992; Wood et al. 1992;
Liang et a. 1994). As opposed to the definition em-
ployed by soil physicists, *“infiltration capacity’” here
is defined as the total volumetric capacity of a soil
column to hold water. This concept does not nec-
essarily need topographic data; the parameters can
be calibrated to the catchment. However, within hilly
and mountainous catchments, the topography deter-
mines the distribution of soil type, soil depth, and
water table. When calibrating the parameters for the
VIC approach, the indirect effect of topography on
the hydrological behavior isrepresented. In addition,
for areas characterized by steep slopes, Dumenil and
Todini (1992) used the topographical variability to
determine the parameters. A recent study by S. Ha-
gemann from the Max Planck Institute for Meteo-
rology in Germany (2001, personal communication)
underscores the correlation of topography and VIC
parameters. Apart from its application in macroscale
hydrologic modeling (e.g., Liang et al. 1996; Nijssen
et al. 2001), the VIC formulation has been used with
the European Climate Model-Hamburg Version
(ECHAM) LSM (Dumenil and Todini 1992; Hage-
mann and Dumenil 1999) and the Interactions be-
tween Soil, Biosphere, and Atmosphere (ISBA) LSM
(Habets et al. 1999).

2) Another approach, “* TOPMODEL" (Beven and
Kirkby 1979), uses topographic information to de-
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termine the statistical distribution of the catchment’s
water table depth and the impact this heterogeneity
has on runoff generation. Another feature of this
approach is the formulation of a vertical depth-de-
pendent effective saturated hydraulic conductivity,
whose exponential decay factor can be calibrated.
The distinction between the saturated and unsatu-
rated fraction of the catchment is also accounted for
in the calculation of the evapotranspiration, whereas
in the VIC model this is only done for the evapo-
ration from bare soil. Application of TOPMODEL
formulations with typical SVAT schemes have been
conducted by numerous groups (Famiglietti and
Wood 1994; Stieglitz et a. 1997; Ducharne et al.
2000) on the local and regiona scale.

Both VIC-model and TOPMODEL approaches can be
applied at regional scales (Famiglietti and Wood 1994;
Liang et al. 1994; Ducharne et al. 2000; Koster et al.
2000) and therefore are suitable for LSMs to be used
with mesoscale and regional GCMs.

More than 20 LSMs participated in the ongoing
PILPS intercomparison experiments (e.g., Chen et al.
1997; Wood et al. 1998; Slater et al. 2001). One such
model, Surface Energy and Water Balance (SEWAB;
Mengelkamp et al. 1999), is a one-dimensional SVAT
scheme solving the coupled surface energy and water
balance equations and the vertical heat and water fluxes
within the soil column. In its original formulation, SE-
WAB only calculated runoff as free drainage from its
lowest modeled soil layer, and as infiltration and satu-
ration excess runoff. The advantage of such a simple
and common approach is that no calibration of free run-
off parameters is necessary [soil and vegetation param-
eters are taken from published lookup tables such asin
Rawls et al. (1993)]. The disadvantage is that this
scheme often yields a poor runoff simulation because
of too little surface and too fast subsurface response.

As with most LSMs, SEWAB was developed pri-
marily for applications with an atmospheric model and
therefore differs from those developed for purely hy-
drologic modeling (i.e., VIC and TOPMODEL). In this
study, we incorporate the hydrologic formulations of
VIC and TOPMODEL with the land—atmosphere for-
mulations of SEWAB and demonstrate the benefits of
doing so. Using an 8.4 km? watershed in the north-
eastern United States, we demonstrate the advantages
and disadvantages of employing the runoff formulations
1) of the VIC-3L model (see appendix A) with SEWAB;
2) of TOPMODEL (see appendix B) with SEWAB; and
3), for completeness, of the original SEWAB approach.

2. Description of SEWAB

The one-dimensional (vertical) land surface model
SEWAB (Mengelkamp et a. 1999; Warrach et al. 2001)
is designed to be coupled to atmospheric models or run
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offline with forcing data. It calculates the vertical water
and energy fluxes between the land surface and the at-
mosphere and within the soil column for aland surface
grid cell. A land surfacegrid cell typically has horizontal
dimensions of 1-100 km.

In SEWAB, both water and energy balance equations
are solved at the land surface interface. The surface
energy balance equation describes the equilibrium of
net irradiance, latent heat flux, sensible heat flux, and
soil heat flux (and, in the case of snow, the energy
available for melting). Precipitation is partitioned into
runoff, evapotranspiration, and change of snowpack and
soil moisture storage. The evapotranspiration is calcu-
lated separately for bare soil and vegetated parts of the
land surface grid cell by following the approach of Noil-
han and Planton (1989).

Warrach et al. (2001) incorporated a single-layer
snow model to allow for a partialy snow-covered land
surface grid cell. This snow model solves the energy
balance for a snowpack and accounts for changes in
density and surface albedo due to snowpack aging.
Snowpack meltwater either infiltrates into the soil or
leaves the land surface as runoff.

The soil column is divided into a variable number
of model layers; at |east four are recommended to allow
ahigher vertical resolution within theroot zone. Within
the soil column, temperature diffusion (with aterm for
soil freezing) and the Richards equation are solved with
a semi-implicit Thomas algorithm by Richtmyer and
Morton (1967) to avoid the excessively small time
steps made necessary by the very thin uppermost layer.
The Richards equation is modified to allow for root
water uptake and soil freezing. The temperature of the
first model layer is solved from the surface energy
balance. The lower boundary temperature is prescribed
by a time series representing the annual cycle. Leaf
drip, precipitation on bare soil, evaporation from bare
soil, and the soil moisture are accounted for. Surface
runoff is generated when the infiltration capacity is
exceeded. The lower boundary condition is given by
free drainage. In SEWAB’s standard version, water
draining into a saturated compartment or reaching the
lower boundary depth immediately generates subsur-
face runoff.

3. Moadifications of the runoff simulation

Horizontal variability of runoff processes and the spa-
tial distribution of the soil moisture are not explicitly
described in a one-dimensional vertical LSM. Two ap-
proaches to incorporate subgrid variability in soil mois-
ture and runoff production into SVAT models have be-
come popular: 1) the Xinanjiang or Arno or VIC model
and 2) a modified TOPMODEL approach. Both con-
cepts originate from rainfall-runoff models and can be
used with typical SVAT schemes in a computationally
efficient way. See appendices A and B for a detailed
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description of the VIC-model and TOPMODEL runoff
calculations.

Both the VIC model and TOPMODEL attempt to
maintain a distributed description of catchment re-
sponses but in an empirical (VIC model) or statistical
(TOPMODEL) manner, without the need to represent
hillslope processes explicitly (Beven 2000). The VIC
model uses a simple functional form to represent the
spatial variability of runoff generation processes. The
attraction of the VIC model isthat it provides a method
to determine subgrid soil moisture, and therefore
evapotranspiration and runoff, without the need to re-
sort to any topographic data whatsoever. However, the
cost of not using any topographic data to determine
the hillslope control over hydrologic processes is that
five model parameters need to be determined, presum-
ably from calibration with discharge data. There are
six (fivein case thetotal soil depthisgiven) parameters
that require calibration. The VIC model performs in-
creasingly well with increasing gridcell size, as can be
seen from applications by Liang et al. (1994) at the
local scale, by Lohmann et al. (1998c) at the regional
scale, and by Abdulla et al. (1996) at the global scale.
However, for applications with GCM SVATS, it is
clearly advantageous to have as few adjustable param-
eters as possible.

The attraction of the TOPMODEL approach is that
it is derived from first principles, makes use of site-
specific topographic data, and, in theory, requires only
one calibration parameter, the vertical profile of the ef-
fective saturated hydraulic conductivity. Variousauthors
(e.g., Sivapalan et a. 1987; Famiglietti and Wood 1994)
outlined ways to incorporate the TOPMODEL frame-
work (Beven and Kirkby 1979) into LSMs. Based on
their work, Stieglitz et al. (1997) introduced a concept
to include the analytical TOPMODEL equationsinto an
SVAT model in a computationally efficient way. Koster
et al. (2000) present a catchment-based LSM for GCMs
that uses the TOPMODEL framework. These modified
TOPMODEL approaches utilize the distribution of the
topography within a catchment to account for the spatial
distribution of water-table depth and the resulting runoff
production. However, it is still an open question as to
what resolution of digital elevation model (DEM) is
required to represent hillslope processesaccurately (e.g.,
Zhang and Montgomery 1994; Wolock and McCabe
2000). Further, the TOPMODEL approach is limited to
gridcell sizes of several kilometers by the assumption
that the groundwater table is recharged at a spatially
uniform and steady rate with respect to the response
timescale of the watershed. However, even at larger spa-
tial scales, Koster et al. (2000) state, supported by ap-
plications of Ducharne et al. (2000), that TOPMODEL
““nevertheless captures the critical differences between
upslope and downslope hydrological behavior and
should give a useful first-order description of subgrid
soil moisture variability.”

The SVAT model SEWAB has the option to use the
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runoff formulation of either the VIC model or the TOP-
MODEL approach. In contrast with the original VIC
model, SEWAB has a variable number of soil layers
with a minimum of three layers. This implies that the
variable infiltration capacity (and resulting direct run-
off) calculation is based on the root zone while base
flow asin the VIC model is calculated from the deepest
soil layer (e.g., Nijssen et al. 2001).

4. Application to the Sleepers River water shed
a. Site description

The Sleepers River watershed (111 km?) located in
the glaciated highlands of Vermont is hydrologically
representative of most upland regionsin the northeastern
United States. As such, this site was chosen in 1957 as
an experimental watershed by the Agricultural Research
Service (ARS) to provide a better understanding of nat-
ural watershed behavior and to aid in the development
of testing physically based hydrologic models (Ander-
son 1976). Nested entirely within the Sleepers River
watershed is the W3 subwatershed (8.4 km?). The to-
pography is characterized by rolling hills, and the soils
are predominantly silty loams. Vegetation cover is ap-
proximately equally distributed among grasses, conif-
erous forest, and deciduous forest. It isthe 5 yr of me-
teorological and hydrologic data collected in this wa-
tershed between 1969 and 1974 that are used to drive
and to evaluate our LSM schemes. Hourly measure-
ments of air temperature, dewpoint temperature, incom-
ing shortwave and thermal radiation, and wind speed
were taken. The mean hourly precipitation isdetermined
from seven gauges placed within the W3 subcatchment.
Another dataset contains the snow water equivalent
(Fig. 1), snow depth, snow temperature, and soil tem-
perature. Hourly runoff data are available from a gauge
at which the Pope Brook leaves the W3 subcatchment
of the Sleepers River.

For the period 197074 the annual mean precipitation
is 1250 mm and discharge is 730 mm for the W3 sub-
catchment of the Sleepers River. The precipitation is
evenly distributed throughout the year (Fig. 2), with
precipitation occurring on 50% of the days. Of the daily
precipitation, 10% islessthan 1 mm and 40% is between
1 and 10 mm. In summer and autumn, the catchment’s
runoff/precipitation is between 10% and 20%. The an-
nual cycle of the measured discharge is characterized
by low flow (about 0.5-1 mm day—*) from about June
until March and by high flow (maximum between 11
and 24 mm day ~*) due to snowmelt from about March
to June. There is an immediate response of the catch-
ment’s discharge to rainfall events that can be seen in
strong, almost spiky peaks in the measurements (Figs.
37, gray line). In 1972 and 1973 a steady increase of
base flow occurs in autumn. The year of 1973 is the
wettest year with 1479 mm of precipitation. With stron-
ger variability of both fast flow and base flow caused
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by numerous rainfall events, its hydrograph differsfrom
the other years.

b. Model specification for this study

Using hourly meteorological data, three model runs
covering the period 1 November 1969 to 27 September
1974 are performed

1) using the standard SEWAB version, that is, surface
runoff occurs only when the first model layer is sat-
urated and subsurface runoff occurs as free drainage
from the lowest model layer (hereinafter SE-
WAB_STAN);

2) using SEWAB but with VIC model’s runoff for-
mulation (hereinafter SEWAB_VIC); and

3) using SEWAB but with TOPMODEL formulations
(hereinafter SEWAB_TOP).

The soil and vegetation parameters (Table 1) and the
probability distribution function of the topographic index
are taken from Stieglitz et a. (1997). The soil column is
partitioned into six layers whose thicknessincreaseswith
depth (0.05, 0.15, 0.26, 0.34, 0.50, and 1.0 m).

¢. The snow water equivalent

Seasonal dischargein the W3 subcatchment isdom-
inated by the spring meltwater signal. Therefore, the
simulation of the growth and ablation of the snowpack
is discussed. Figure 1 shows simulated and measured
snow water equivalent (SWE) from November of
1969 to May of 1974. According to Anderson (1976),
the error of the measurements is 3%, at least 8 mm
yr=* (this does not include errors due to blowing
snow). Overall, the growth and ablation of the snow-
pack for all snow seasons are simulated well. SEWAB
strongly underestimates SWE from January of 1970
to the end of the snow season because of two melting
events causing outflow that is not observed (see be-
low). The same occurs in the snow season of 1973/
74, though here the effect is not that crucial because
of alower total SWE.

In February of 1970, modeled results show a reduc-
tion of the SWE from 120 to 84 mm because of melting
that is not observed. The meltwater generated by SE-
WAB left the snowpack, whereas according to the sta-
tion log the movement of water within the snowpack
was considerably delayed. Slush layers existed for sev-
eral days above ice layers within the snowpack (An-
derson 1976). Moreover, Anderson (1976) reports dif-
ficulties in the measurement of SWE under such con-
ditions. Measured runoff does show peaksat 3 February,
4 February, and around 12 February (Fig. 3a), indicating
error in measuring the snowpack SWE and possible
problems with the snow physics.

Altogether, the agreement between measured and sim-
ulated SWE isfairly good, although the snow simulation
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shows differences between measured and simulated
SWE and, specifically, an underestimation of SWE.
Some of the discrepancies, especialy in 1974, may be
due to the fact that much of the pack ablation was not
due to increase in spring radiation but rather to numer-
0OUS rain-on-snow events.

d. Runoff

Figures 3—7 compare modeled discharge for SE-
WAB_STAN, SEWAB_VIC, and SEWAB_TOP with ob-

servations. Figure 8 displays the model performance
given two criteria of efficiency. Figure 9 shows the an-
nual water balance.

1) CALIBRATION

Following Janssen and Heuberger (1995) quantitative
and qualitative criteria were applied for calibration,
namely,

1) qualitative agreement between measured and mod-
eled runoff throughout the year,
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TaBLE 1. Soil parameters (for silty loam) and vegetation parameters
(for 100% grass) for the 3 subcatchment of the Sleepers River (Stieg-
litz et al. 1997, after Rawls et al. 1982, 1993; Hansen et al. 1983).
A larger roughness length is observed because trees grow in the
neighborhood of the snow research station.

Parameter Value

Porosity ¢ 0.486
Pore size distribution index b 5.89
Bubbling pressure ¢, (m) —0.208
Saturated hydraulic conductivity K

(ms?) 1.9 X 10°¢
Albedo « 0.22
Leaf areaindex LAI 0.5-3.0
Roughness length z, (m) 0.3
Minimal stomatal resistance R,

(sm™) 17
Vegetation fraction vegf 1.0

2) modeling efficiency (ME),
3) correlation coefficient (R), and
4) annual runoff magnitude.

See appendix C [Egs. (C1) and (C2)] for theformulation
of ME and R. Criterion ME quantifies the relative im-
provement of the model with respect to the mean value
of the observation. A positive value is an improvement
over the mean. The R is a measure useful to show the
agreement of the temporal variability.

SEWAB_VIC requires the calibration of five param-
eters [see appendix A, Egs. (A1) and (A4)]. Because of
the good agreement between measured and modeled
snow water equivalent and between measured and mod-
eled discharge, we chose 1971 as the period for which
model-calibrated parameters were determined. The
shape parameter B of the variable infiltration capacity
determines the strength of the peak runoff (e.g., 1 Au-
gust, 5 October). The four base flow parameters d,, d.,
d;, and W, are not independent of each other and need
to be adjusted together. Note that, for agiven root depth,
soil depth, and soil type (see Table 1 and section 4b),
the parameters W= and W7 are not subject to cali-
bration. Accordingly, the parameters varied during cal-
ibration were g3, d,, d,, d;, and W,. The parameter com-
bination for which qualitative (i.e., visual) agreement
was achieved throughout the year and for which ME,
R, and annual runoff magnitude were best was chosen
for the model application. The set of parameter values
obtained from calibration is 8 = 0.2, d, = 0.000 46
day-t, d, = 0.003 65 day*, d, = 2, and W, = 0.46.
Daily runoff is shown in Fig. 4b.

For SEWAB_TOP only decay parameter f issubject
to calibration. However, in this study the parameter
has been chosen from Stieglitz et al. (1997). SE-
WAB_STAN has no runoff parameters that require
calibration.

2) MODEL APPLICATION FROM 1970 To 1974

Overall, modeled and measured discharge compare
favorably (Figs. 3—-7). Depending on the year (1970—
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74) and the model (SEWAB_STAN, SEWAB.VIC, or
SEWAB_TOP), the correlation coefficient ranges be-
tween 0.63 and 0.90 (Fig. 8a) and the modeling effi-
ciency varies between 0.26 and 0.81 (Fig. 8b).

(i) Discharge

Runoff simulated with SEWAB_STAN [panel (a) for
Figs. 3—7] is relatively unresponsive to both snowmelt
generation and precipitation events. For example, in 1971
and 1972, the rise in the snowmelt-related discharge trails
the observations by almost two weeks. It seems that the
wetting of the soil column needs to be unrealistically high
before a discharge response is observed.

Simulations clearly improve by including the VIC-
model runoff formulation [SEWAB_VIC; panel (b) for
Figs. 3—7]. The quick response to rainfall events agrees
with observationsin all years. However, because of less
water infiltrating into the soil column than in case of
SEWAB_STAN, SEWAB_VIC simulates less base flow
during the late summer and autumn months. SE-
WAB_VIC shows an improvement concerning 1) the
variability and 2) the runoff due to snowmelt in com-
parison with SEWAB_STAN.

SEWAB_TOP [panel (c) for Figs. 3—7] shows a further
improvement in simulated discharge. Not only is the rise
and fall of snowmelt-induced runoff improved in 1971
and 1972, but also the autumn discharge is captured well
in 1972 and 1973 and improved in 1971. The variability
inthefast runoff issmulated equally well in SEWAB_VIC
and SEWAB_TOP; however, SEWAB_TOP better repre-
sents both the low-flow period in summer and the system
responsiveness in the early autumn.

(ii) Correlation and efficiency

The correlation coefficient R provides a measure of
agreement for the temporal variability between observed
and smulated runoff (Fig. 8a). Although SEWAB_STAN
isrelatively unresponsive, it still capturesthe overall shape
of the major discharge event, that is, discharge resulting
from the seasonal snowmelt. As such, it yields an R be-
tween 0.63 and 0.8, depending on the year. With values
between 0.75 and 0.9, SEWAB_VIC and SEWAB_TOP
show a considerably larger correlation. In 1973, the cor-
relation of SEWAB_TOP (R = 0.77) is only marginally
higher than SEWAB_STAN (R = 0.73). In 1972 and 1974,
SEWAB_TOP's Ris 4% and 8%, respectively, higher than
SEWAB_VIC's R. The opposite is the case in 1970 (6%)
and 1973 (9%). In 1971, for which SEWAB_VIC was
calibrated, the R of SEWAB_VIC and SEWAB_TOP are
equally good.

The modeling efficiency ME (a measure of the rel-
ative improvement of the model with respect to the an-
nual mean value of the observation) isdisplayed in Fig.
8b. The maximum value of +1 indicates absolute agree-
ment between measured and modeled data. For all the
years simulated, each of the three models demonstrates
an improvement over the mean. SEWAB_STAN clearly
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performs the worst, with ME ranging between 0.26 and  shows there to be no clear advantage of using either
0.54. Overall, both SEWAB_VIC and SEWAB_TOPper- SEWAB_VIC or SEWAB_-TOPR

form far better than SEWAB_STAN; ME ranges be-

tween for 0.47 and 0.75 for SEWAB_VIC and 0.57 and (iii) Annual water balance

0.81 for SEWAB_TOR In 1970 and 1973 ME is larger

using SEWAB.VIC, and in 1971, 1972, and 1974 ME The mean annual soil moisture storage change should
islarger using SEWAB_TOR This quantitative measure be small in comparison with the precipitation, evapo-
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transpiration, and runoff. Thisis the case for all model 1) 79 mm from 729 mm (equivalent to a decrease of
simulations. From January 1970 to September 1974, the soil moisture of 0.03 m3 m—23) for SEWAB_STAN,
soil water content of the 2.3-m-deep soil column de- 2) 118 mm from 683 mm (equivalent to a decrease of

creases

soil moisture of 0.05 m3 m~-23) for SEWAB_VIC, and
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Fic. 4. Same as Fig. 3, but for 1971.

3) 46 mm from 834 mm (equivalent to a decrease of
soil moisture of 0.02 m® m~3) for SEWAB_TOPR.

The simulation is initialized with a soil water content
of 690 mm (equivalent to a total soil moisture of 0.3
m3m~3) on 1 November 1969. As seen above, the total
soil moisture is similar for SEWAB_STAN and SE-
WAB_VIC but is significantly higher for SEWAB_TOP.
The effective saturated hydraulic conductivity in SE-
WAB_STAN and SEWAB_VIC is constant with depth,

but in SEWAB_TOP its exponential decay increases
the residence time of water within the soil column with
depth. The much higher soil moisture in the case of
SEWAB_TOP allows for a wetter and therefore more
responsive soil column; that is, less precipitation is
needed to lead to runoff production. An additional
model simulation with SEWAB_VIC that included SE-
WAB_TOP's vertical profile of the effective saturated
hydraulic conductivity led to a wetter soil column and
an improvement of the rising limb of the discharge in
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spring and autumn. It did not improve the runoff sim-
ulation during the low-flow summer months. (Results
are not shown here because thisis not a feature of the
VIC-model runoff formulation.)

Figure 9 shows the annual precipitation, runoff,
evapotranspiration, and runoff deficit from 1970 to

1974. The 1974 data only cover the months from Jan-
uary to September. Over the whole period, the annual
mean runoff of 703 mm is underestimated by 10%
using SEWAB_TOP, by 16% using SEWAB_VIC, and
by 18% using SEWAB_STAN (Fig. 9c). Thisresult is
in agreement with the calculations of Stieglitz et al.
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(1997), whose model underestimates the annual mean
runoff of the period by 14%. One possible explanation
for thisis that during high-wind conditions in the win-
ter the measured snow catch is underestimated by about
15% according to Anderson (1976). For the snowfall

during the snowmelt season of 1972, Anderson’s em-
pirical correction factor for precipitation is 50%, which
isin agreement with our findings that yield the greatest
modeled underestimation of runoff in 1972 (17%—28%
depending on the model).
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The annual evapotranspiration (Fig. 9b) is aimost the
same for SEWAB_STAN (mean annual of 590 mm) and
SEWAB_VIC (mean annual of 587 mm) but is 10% less
for SEWAB_TOP (mean annual of 531 mm). The cal-
culation of the evapotranspiration isthe samein all three
model versions, but water availability for the evapo-
transpiration is different. The VIC model takes the sat-

urated and unsaturated fraction of the area into account
for runoff generation and bare soil evaporation only. As
long as the soil water content within the total root zone
is above the wilting point, transpiration occurs. In SE-
WAB_TOR, transpiration is partitioned between lowland
transpiration (in saturated regions) and the upland tran-
spiration. Should the upland soils be below the wilting



APRIL 2002

g !

Q

s 0.8

(5]

S 0.6 -

8 04

3

© 0.2 4

3 0 ek ' L . A
1970 1971 1972 1973 1974

ye€ar

> 1

2 b

2

2

&

(D]

o0

£

5

S

£ . . 1
1970 1971 1972 1973 1974

yeéar

Fic. 8. (a) Correlation coefficient and (b) modeling efficiency for
the W3 subcatchment of the Sleepers River basin (SEWAB_STAN
dotted, SEWAB_VIC dashed, and SEWAB_TOP filled).

point, upland transpiration will cease while lowland
transpiration may continue for some time (until the sat-
urated fraction shrinks to 0).

(iv) Summary

A visual comparison of the daily runoff from January
of 1970 to September of 1974 shows a relatively poor
simulation when using SEWAB_STAN. The model
shows a very damped response to both snowmelt and
summer storms. Both hydrological extensions to SE-
WAB, the VIC-model equationsand TOPMODEL equa-
tions, led to a significant improvement that is under-
scored by the correlation coefficients and modeling ef-
ficiency values for SEWAB_VIC and SEWAB_TOPR
Both VIC and TOPMODEL equations permit for var-
iableinfiltration, and therefore, yield ** fast surface” run-
off prior to the complete saturation of the soil. However,
because of the vertically decreasing saturated hydraulic
conductivity and the manner in which SEWAB_TOP
partitions upland and lowland transpiration, SE-
WAB_TOP retains more soil water than does SE-
WAB_VIC. As such, it yields a better representation of
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summertime low-flow conditions and is moreresponsive
to the wetting up of the soil column in the early autumn.
For SEWAB_VIC, five base-flow parameters were cal-
ibrated for the catchment. For SEWAB_TOR, the to-
pographic index dataand the parameter f are taken from
Stieglitz et al. (1997). Unlike SEWAB_STAN, both SE-
WAB_VIC and SEWAB_TOP capture the control that
topography has over subgrid soil moisture variability.
SEWAB_VIC employs calibrated parameters to capture
this topographic control over hydrologic processes, and
SEWAB_TOP employs the statistics of site-specific to-

pography.

5. Discussion

We compare three modeling strategies to simulate
discharge in a small New England watershed charac-
terized by rolling hills and substantial snow cover. The
watershed was chosen because of its excellent hydro-
meteorological datasets and its location in a hilly mid-
latitude temperate forest. Most differences between the
model strategies show up during the period that is not
effected by the snowmelt, that is, the summer and au-
tumn months. Thisisa‘ dry” period characterized by
frequent and heavy rainfall events. Those strategies
that attempt to account for spatial heterogeneity in soil
moisture (SEWAB_VIC and SEWAB_TOP) yield the
best results. SEWAB_TOP, with the highest climatic
soil moisture values, performsbest during the low-flow
conditions and during the autumn wetting up. The wet-
ter years (1973, 1974) yield the least differences in
simulated runoff between SEWAB_VIC and SE-
WAB_TOP.

The improvement using the VIC-model runoff for-
mulation in an SVAT comes with a substantial cost—
the addition of five free parameters that must be cali-
brated for each watershed under consideration. This cost
may be prohibitive as modeling moves from simulation
at local catchments to regiona and global climate stud-
iesfor which the number acatchments may be thousands
and computational expenseis at a premium. TOPMOD-
EL, apart from the better capability to simulate runoff
during low-flow periods, has the additional advantage
that only one tuning parameter (decay factor f) is nec-
essary. However, to account for the effect of the het-
erogeneity of the topography of the land surface on
runoff and saturated fraction, it requires high-resolution
elevation data to gain the statistical distribution of the
topographic index for a land surface segment.

The variable infiltration capacity and ARNO base
flow have been applied successfully on the regional and
global scale of GCMs (e.g., Liang et al. 1994; L ohmann
et al. 1998a; Hagemann and Dumenil 1999). Lohmann
et a.’s (1998c) application of the VIC-2L (two layer)
model in the 37 495 km?2 Weser basin (Germany) shows
a good agreement of measured and simulated daily
streamflow data. Habets et al. (1999) applied the VIC-
model runoff formulation in the macroscale ISBA-
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MODCOU (coupled model) hydrological model for the
Rhone basin (France) on the regional scale with mod-
eling efficiencies between 0.6 and 1.0. For the appli-
cation to the basin of 86 496 km?, the SVAT ISBA was
applied with the VIC-model runoff formulation on grid
cells of 64 km2. The calculated runoff then was fed into
the MODCOU hydrological model (gridcell spacing of
1-8 km), which computes the evolution of the water

table, the relation between the water table and therivers,
and the riverflows based on the topography.

Inthe meantime, Koster et al. (2000) published results
demonstrating the progress made by implementing the
TOPMODEL concept into LSMs. Their approach also
represents a departure from typical LSM modeling in
that natural catchment boundaries are used rather than
a square grid cell. They discuss the advantages of such
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an approach in coupling the LSMs with atmospheric
and hydrologic models. Ducharne et al. (2000) per-
formed studies with such an approach for the Arkansas—
Red River basin of 600 000 km? and show its appro-
priateness. The only limiting factor in application of this
approach is the requirement of high-resolution digital
elevation data. This limitation should be overcome in
the near future, though. By about two years from now,
a global dataset of the topography will be available at
a horizontal resolution of 30—90 m from the Shuttle
Radar Topography Mission. Until then, one has to rely
on scaling techniques as they are described in Ducharne
et al. (2000) and Wolock and Price (1994).
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APPENDIX A

Runoff Formulation of the VIC M odel

The variable infiltration capacity model is an LSM
described in detail by Wood et a. (1992), Liang et al.
(1994, 1996), and Lohmann et al. (1998b). The surface
runoff (direct runoff) calculation is based on the struc-
ture of the Xinanjiang model (Zhao 1992; Zhao and Liu
1995), and subsurface runoff (base flow) follows the
ARNO model (Todini 1996).

The VIC model isdivided into two (VIC-2L) or three
(VIC-3L) vertical soil layers. For simplicity the two-
layer version is described (in VIC-3L, the root zone is
divided into a thinner top layer and a thicker second
layer, and, for the runoff formulation, the second layer
of VIC-2L isthethird layer in VIC-3L). The VIC model
assumes a distribution of local total storage capacities
within an area to represent the heterogeneity of the to-
pography, soil type, and vegetation. Rainfall and melt-
water fill the storage capacities. Depending on the an-
tecedent soil moisture prior to a precipitation event and
the amount of precipitation falling, a fraction A of the
land surface is assumed to be saturated, that is, some
local storage capacities are filled. This allows surface
runoff to be generated without the need for the entire
land surface to be saturated. In between rainfall events,
the storages drain gravitationally. The so-called variable
infiltration capacity form is distributed nonuniformly in
space according to

Ic = Imax[l - (1 - A):IJB],

where | (m) is the infiltration storage capacity, A isthe
fraction of the area with infiltration capacity less than
I, and B is a nondimensiona shape parameter that is

0=A=1 (A}

WARRACHET AL.

145

determined using site discharge measurements; Wood
et al. (1992) give its range between 0.1 and 5.0. Here,
I max (M) is the maximum infiltration storage capacity:

lmae = W(1 — B), (A2)

where W (m) is the amount of water in the top soil
layer at saturation. The amount of surface runoff Ry,
(m) during a time step is

OP + W, — W=
U Ol,+P=1_,

lo + P\""*
1—(1— °I )

max 1

Rar =

=0 (A3)
P+ W, — Wy

O Ol,+P<I

where P (m) is the amount of precipitation faling, I,
(m) is the infiltration capacity at the beginning of the
precipitation event, and W, (m) is the actual amount of
water in the top soil compartment. Note that the VIC
approach does not use topographic information; it ac-
counts for the topographic control over surface infiltra-
tion implicitly through the shape parameter .

During the time step At (s) the deepest soil layer
produces the amount of baseflow R, (m) asanonlinear
recession following the Arno model and can be refor-
mulated as

WAL D W, = Wwg=

Roe = H[ollw2 + dy(W, — W Wir=)ds] At
0 O W, > W, Wy

(Lohmann et al. 1998b), where W, (m) is the actua
amount of water in the deepest soil layer, W= (m) is
W, at saturation, W, is the fraction of W3 at which the
base flow becomes nonlinear, d, (s71) is the storage
constant in the linear storage-outflow region, (In2)/d, is
the half-life decay of the layer, d, is the storage coef-
ficient for the nonlinear part of the base-flow recession,
and d, determines whether this relation itself becomes
nonlinear.

The runoff formulation of the VIC model requiresthe
calibration of the parameters 8, W, W=, d,, d,, d,,
and W, using discharge measurements of the area. Note
that in case of a given total soil depth and soil type,
W and Wy are not independent of each other. In
cases for which root depth and total soil depth are spec-
ified in the input dataset, Wy> and W7 are not ad-
justable parameters.

(A4)

APPENDIX B

TOPMODEL-Based Runoff Calculation for an
SVAT Model

TOPMODEL isarainfall-runoff model developed by
Beven and Kirkby (1979). This approach enables the
consideration of the topographic control over the sat-
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urated fraction of a watershed and on the surface and
subsurface runoff production. Famiglietti and Wood
(1994) proposed to represent the moisture distribution
within an LSM and the resulting runoff production with
a TOPMODEL approach. Following this, Stieglitz et al.
(1997) modified the standard TOPM ODEL approach by
coupling the analytical form of the TOPMODEL equa-
tions with a GCM LSM. Because the TOPMODEL ap-
proach requires only the statistical distribution of the
topography, rather than an explicit accounting of the
topography, it can be applied easily at large spatia
scales. A summary of this TOPMODEL -based approach
of Stieglitz et al. (1997) is given below.

The saturated fraction of awatershed and theresulting
base flow can be calculated with the TOPM ODEL equa-
tions. This approach is based on the following assump-
tions.

1) The groundwater table is nearly parallel to the soil
surface so that the local hydraulic gradient is ap-
proximately tang, where B (rad) isthelocal hill slope
angle.

2) The saturated hydraulic conductivity K, (m s—1), de-
creases exponentially with depth z (m; positive
downward):

K@) = Kz = 0) exp(—f2),

where f is the decay factor of K..

3) The groundwater table is recharged at a spatialy
uniform and steady rate with respect to the response
timescale of the watershed. As such, groundwater
recharge and base flow are balanced in a series of
steady states.

As a result of these approximations an analytical so-
[ution exists for the relation between the mean ground-
water table depth, z (m) and the local groundwater table
depth z, (m) at the location x in the watershed. This can
be approximated as

z, =z — f1[In(altang), — Al. (B2)

The term In(a tang) , is defined to be the topographic
index y, the ratio of the upslope drainage area a to the
local slope at that point, tanB. The mean watershed value
of In(atanp) is A, and the rate of decline of the saturated
hydraulic conductivity is described by f. Animmediate
consequence of Eq. (B2) can be seen by setting z, equal
to 0, that is, locating the local water table depth at the
surface. All locations associated with values of the to-
pographic index y greater than A + fz are situated
within saturated regions. Last, following Sivapalan et
al. (1987), the base flow R, (m s~*) can be calculated
by integrating Eqg. (B2) along the river network of the
watershed:

(BY)

Kz = 0)
R, = =7

Therefore, from knowledge of the mean groundwater
table depth and the cumulative distribution of the to-

exp(—A) exp(— f2). (B3)
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pographic index, which is gained from DEM data, the
saturated fraction f_, of the watershed and the corre-
sponding base flow can be calculated. For a complete
description of the model, see Beven and Kirkby (1979)
and Beven (1986 a,b).

To reduce the computational expense for large-
scale applications, Stieglitz et al. (1997) coupled the
analytical form of the TOPMODEL equations with a
standard (one dimensional) soil column LSM. The
ground scheme consists of 10 soil layers. Diffusion
and a modified tipping-bucket model govern heat and
water flow, respectively. The prognostic variables,
heat and water content, are updated at each time step.
In turn, the fraction of ice and temperature of alayer
may be determined from these variables. Transpira-
tion and other surface energy balance calculationsuse
a standard vegetation model that includes bare-soil
evaporation and canopy interception loss. At each
time step, the mean water table is updated. TOP-
MODEL equations and DEM data then are used to
generate base flow R,, which supports the lowland
saturated areas. Soil moisture heterogeneity repre-
sented by saturated lowlands (predicted by TOP-
MODEL equations) subsequently impacts watershed
evapotranspiration, the partitioning of surface fluxes,
and the development of the storm hydrograph. Evapo-
transpiration, surface runoff, and heat fluxes are cal-
culated separately for the saturated and unsaturated
fraction and are averaged for the segment.

Thevariablesz, f,, and R, are calculated asfollows.
Searching from the bottom of the soil profile, the mean
groundwater table is located to be within the first un-
saturated soil layer i such that

z = zb, Om < 07n. (B4

and

S M — 0.7m
Z = zb, (¢ — 0-7nfC)AZ' Omn > 07y, (BY
where zb; (m) is the depth of lower boundary for layer
i, ¢ is the porosity, . is the soil moisture at field
capacity, and =, is the soil moisture of layer i. The
saturated fraction f, isthen calculated asthe areaunder
the cumulative distribution of the topographic index
with y > A + fz; R, isdetermined from Eq. (B2). Both
f and R, vanish if the lowest model layer is unsatu-
rated. SEWAB is applied in its standard version (Men-
gelkamp et al. 1999) to calculate vertical water fluxes
for the unsaturated fraction of the land surface.

If the mean groundwater table is located in soil layer
i = j, the base flow is distributed among the soil layers
i as follows:

. Ky, (2o — 2) iR

b, j 0 n Dr\b
K, (zb, — 2 + X K, Azl
0 0

i=j+1

and  (B6)
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R = E KSiAZi DD
bi 0O
[K,;(zb — 2) + 2 KSlAz,D
i=j+1
Oj+1=<i=n, (B7)

where n denotes the lowest soil layer. Because of the
exponential decay of the saturated hydraulic conductiv-
ity, the residence time of water within the soil column
increases with depth.

APPENDIX C

Performance Measures for Comparison of
Modeled and Measured Data

Janssen and Heuberger (1995) summarize a variety
of measures to compare model predictions with obser-
vations quantitatively. The following measures are used
here: modeling efficiency (ME; in hydrology also
known as Nash—Sutcliffe coefficient),

Zl (Oi - 6)2 - Zl (S - Oi)2
ME = +— —

L, and (C1)

N

> (0, — 0)?

i=1
correlation coefficient R,

;(soi)—ﬁzsgo

\/2 SR s>2 S-S0 )

(C2)

where N is the number of data, that is, in this case, 365
and 366 days, respectively; O, and § denote the observed
and simulated value at i, and O is the observed mean
annual values. In thisstudy, O; and S denote the observed
and simulated runoff at day i, and O is the observed
mean annual runoff. The closer ME and R areto +1 the
better the simulation is.
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