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ABSTRACT

The inclusion of athird soil layer in the Interactions between Soil, Biosphere, and Atmosphere (ISBA) model
is presented in this paper. The soil water content between the base of the root zone and the deep soil layer is
described using a generalized form of the force-restore method. The new force—restore coefficient is calibrated
using a detailed high-resolution soil water transfer model and then is related to the soil textural properties using
simple regression relationships. It is shown that the use of a calibrated coefficient gives better results, in general,
than a direct solution method when using similar model geometry with the same number of layers.

In the initial two-layer version of ISBA, it was not possible to distinguish the root zone and subroot zone
soil water reservoirs. With the three-layer version, the deep soil layer may provide water to the system through
capillary rises only, and the available water content (for transpiration) is clearly defined. Three test cases are
examined in which atmospheric forcing, a good description of the soil properties and vegetation cover, and
measured soil moisture profile data are present for an annual cycle. Use of the three-layer version of ISBA gives
general improvement in modeling results, and values for key parameters that relate evapotranspiration to soil

1611

moisture are more consistent with those inferred from observations, compared with the two-layer version.

1. Introduction

Over the past decade soil-vegetation—atmosphere
transfer (SVAT) schemes have greatly improved. The
link between the soil hydrology and the partitioning of
incoming net radiation into sensible, ground, and latent
heat fluxes was found, in particular, to be crucial within
these models (Shao and Henderson-Sellers 1996). The
Interactions between Soil, Biosphere, and Atmosphere
(ISBA) SVAT model (Noilhan and Planton 1989; Noil-
han and Mahfouf 1996) evolved to account for the in-
creased knowledge of this linkage through the partici-
pation in the Project for the Intercomparison of Land-
surface Parameterization Schemes (PILPS) (Henderson-
Sellers et al. 1993).

The ISBA model has evolved so as to keep model
complexity to a minimum while still capturing the most
important physical processes in the coupled land—at-
mosphere system. To this end, a two-layer soil hydro-
logical model configuration has been used. A thin upper
layer acts as a reservoir for evaporation from the soil
surface, and a single subsurface (or bulk) soil layer is
used to model the mean water content for the root and
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subroot zone layers at a point or within a grid box.
Recently, however, limitations to this two-layer ap-
proach have been found through participation in the
Global Soil Wetness Project (GSWP) (Dirmeyer 1997).
The computation of the soil water index and the par-
titioning of precipitation between runoff and evapo-
transpiration within ISBA should be improved by dis-
tinguishing between a plant root-extraction layer and a
subroot zone soil layer (Douville 1997).

Many SVAT schemes (including those involved in
PILPS and GSWP) use three soil layers for computing
the soil water content profile: a diffusion equation is
solved for a low-resolution vertical grid comprising a
bare soil or surfacelayer, asubsurface or root zonelayer,
and a deep soil reservoir [e.g., Simple Biosphere model
(SiB) (Sellers et al. 1986), Canadian Land Surface
Scheme (CLASS) (Verseghy 1991), Biosphere-Atmo-
sphere Transfer Scheme (BATS) (Dickinson et al. 1993),
bare soil parameterization scheme (BARESOIL) (Dekic
et al. 1995), Variable Infiltration Capacity Model (VIC)
(Liang et al. 1996), Simplified SIB model (SSiB) (Xue
et al. 1996), Land—Air Parameterization Scheme (LAPS)
(Mihailovic 1996), grid square mosaic approach (Mo-
saic) (Koster and Suarez 1996), Best Approximation of
Surface Exchanges scheme (BASE) (Desborough and
Pitman 1998)], although the various methodologies or
implementations vary across the schemes. The soil
moisture is characterized by two variables in ISBA: a
bare soil layer and a mean total soil column water con-
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tent layer (including the base soil layer). The objective
of this study is to include a third soil water reservoir
in ISBA by distinguishing between the root zone and a
base flow layer. A Newtonian-restore approach similar
to the force-restore method is used to model the vertical
diffusion across these two layers. Such improvements
of the original force—restore method already have been
incorporated in the scheme through the inclusion of
gravitational drainage (Mahfouf and Noilhan 1996,
hereinafter referred to as MN96).

It is necessary to make the distinction between aroot
zone layer and subroot zone soil water recharge layer
primarily to capture the large vertical moisture gradient
that can devel op between these regions during the grow-
ing season (Betts et al. 1993). Asthe root zone soil layer
dries up, atmospheric evaporative demand partialy is
met through vertical diffusion of soil water from subroot
zone layers. Using a single layer to lump the root zone
and subroot zone layers can result in too much evapo-
transpiration during water-stressed conditions, as ver-
tical diffusion from subroot zone layers implicitly is
unredlistically large. In contrast, if the modeled total
soil depth extends only to the base of the root zone, the
lack of a vertical diffusion mechanism can result in an
underestimation of total evapotranspiration. Addition-
aly, the use of asingle bulk layer can result in too little
transpiration after heavy precipitation events that occur
over relatively dry soils (Stamm et al. 1994). This un-
derrepresentation results from the relatively small
change in the total soil water content with precipitation
events for relatively thick soil columns.

The use of distinct layers for computing the surface
runoff and the base flow runoff results in greater time-
scale separation of the runoff components. The varia-
tional infiltration method (Wood et al. 1992) for surface
runoff generation in ISBA (Habets and Noilhan 1997)
produces a more rapid time response of surface runoff
to precipitation or snowmelt eventswhen it is calculated
using the mean water content of the upper soil layer (as
opposed to the mean total soil column value). The use
of asubroot zone layer dampens the amplitude of drain-
age pulses and increases the time lag between infiltration
and drainage, resulting in amore realistic base flow time
series.

In contrast to the three-layer soil hydrological con-
figuration, there are numerous operational and research
SVAT schemes that incorporate four or more soil hy-
drological layers using a direct solution of the Richards
equation: For example, Goddard Institute for Space
Studies (GISS) (Abramopoulos et al. 1988), Parame-
terization for Land—-Atmosphere—Cloud Exchange
(PLACE) (Wetzel and Boone 1995), European Centre
for Medium-Range Weather Forecasts (ECMWEF) (Vi-
terbo and Beljaars 1995), Bare Essentials of Surface
Transfer (BEST) (Yang et al. 1995), Land Surface Mod-
el (LSM) (Bonan 1996), and Atmosphere-Land Surface
Interaction Scheme (ALSIS) (Irannejad and Shao 1996).
The soil moisture vertical gradient can be very large
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over the depth of the soil column, so that the most
important advantages of using greater vertical resolution
are a more accurate numerical solution and a more de-
tailed representation of the soil water vertical transfer
processes (such as infiltration and the wetting front).
One disadvantage of such an approach compared to the
force—restore method is the increased computational ex-
pense. The direct solution of the Richards equation in-
volvesthe use of animplicit (possibly iterative) scheme,
which is costly because of the nonlinear soil water re-
lease functions. Another reason for using a multilayer
approach is the ability to model a vertical root zone
distribution. But the use of a root zone distribution in-
troduces an additional parameter that is poorly known
on large spatial scales. Desborough (1997) showed that
the chosen distribution has a profound effect on the
resulting surface latent heat fluxes. Bulk root zone for-
mulations are probably a better option for operational
or climate-scale simulations because there is a general
lack of understanding of the effects of root zone dis-
tributions on modeled surface fluxes at large spatial
scales, so their usefulnessis limited at the present time.

ISBA is used in the operational French weather fore-
cast model (Giard and Bazile 2000) ARPEGE (Action
de Recherche Petite Echelle—Grand Echelle) in addi-
tion to variousresearch applications. An additional com-
plication with respect to the use of amultilayer approach
in ISBA for operational simulations is the problem of
specifying the vertical distribution of the assimilated soil
water content for many soil layersin anumerical weath-
er prediction model. The main advantages of our three-
layer approach are that the force—restore coefficientsare
calibrated using a more sophisticated model (thus, in
principle, modeled vertical soil water transfers should
be superior to adirect solution of the Richards equation
for a three-layer model), the numerical representation
isrelatively straightforward so that the solution method
is efficient computationally, and only asingle new mod-
el parameter (rooting depth) is introduced.

The extension of a one-dimensional soil column ap-
proach to larger spatial scales (e.g., climate scale, me-
soscale) introduces several issues related to subgrid het-
erogeneity of soil moisture and its effect on area-average
evapotranspiration and runoff. This heterogeneity re-
sults mainly from subgrid variability of soil texture,
topography, vegetation coverage, and precipitation.
ISBA (likemost SVAT schemes) isvalidated using point
measurements of soil moisture and atmospheric fluxes,
and this spatial scale is, in general, adequate for the
application of Darcy’slaw using the soil parametersand
water release functions from such popular models as
Clapp and Hornberger (1978) and Cosby et al. (1984).

These models describe the relation among soil mois-
ture, soil water potential, and hydraulic conductivity
through empirical relations. However, Kabat et al.
(1997) suggest that these parameters must be properly
scaled up to have meaning on larger scales. Area-av-
eraged soil textural properties were used to determine



NovEMBER 1999

effective hydrological parametersin ISBA (Noilhan and
Lacarrere 1995) at the mesoscale. Statistical methods
also exist wherein assumed probability density distri-
bution is applied to the point equations to account for
soil moisture heterogeneity (Wetzel and Chang 1988;
Entekhabi and Eagleson 1989) and the subsequent effect
on evapotranspiration and runoff. Other methods use
functions that depend upon topography and the gridbox
average soil moisture to determine an effective fraction
of the soil that is saturated in order to calculate grid-
average bare soil evaporation and subgrid surface runoff
(Wood et a. 1992; Dumenil and Todoni 1992). This
type of scheme is used by ISBA to estimate subgrid
surface runoff for sufficiently large spatial scales (Ha-
bets and Noilhan 1997).

Note that, even by scaling the soil parameters and
modeling the spatial horizontal heterogeneity of soils
for large spatia scales, the one-dimensional framework
used by many SVAT schemes (including ISBA) is a
critical assumption that is not always physically con-
sistent with respect to subsurface soil water transport.
Although single-point validation and sensitivity studies
(such as those used by PILPS and the cases used in the
current study) are valuable with respect to increasing
the understanding of the applicability and certain lim-
itations of SVAT schemes, extrapolation of parameter
values from such studies that use a one-dimensional
modeling framework to larger spatial scales (such as
those used in certain operational or climate-scale at-
mospheric numerical weather prediction models) must
be done with this critical assumption in mind.

The addition of athird prognostic soil water variable,
the method for calibrating the additional model param-
eters, model sensitivity to key transpiration parameters,
and results from three case studies are presented in this
paper.

2. ISBA governing equations for soil moisture

The ISBA scheme was devel oped at M étéo-France to
provide fluxes of heat, momentum, and moisture from
the surface to the overlying atmosphere in numerical
weather prediction models (Noilhan and Planton 1989).
The scheme uses the force—restore method (Deardorff
1977) to calculate the time evolution of the surface and
mean soil temperatures, the water interception storage
reservoir, and two soil moisture reservoirs (surface and
total soil). The ISBA model is described in detail in
Noilhan and Mahfouf (1996), and additional state var-
iables related to snow cover are described in Douville
et a. (1995).

There is an additional reservoir in the three-layer ver-
sion of ISBA. The governing equations for the time (t)
evolution of soil moisture for the three soil layers are
written as

BOONE ET AL.
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% - pwldz(l ~E,~-E)-K —-D,, (2
and

% - ﬁ(K2 +D,) — K, ®

where gravitational drainage of soil water isrepresented
by K (s71), vertical soil moisture diffusion is D (s71),
and C, is the dimensionless surface restore coefficient.
The density of liquid water is p,, (kg m=3), d, is the
superficial soil depth, d, (m) is the depth of the rooting
layer, and d, (m) is the total modeled soil depth. This
depth can be considered to be where the soil moisture
change with respect to time can be neglected. Thisin-
formation generally is determined from the observed
soil moisture profile, but it is not always available; d,
can be determined from ancillary information (such as
the measured or inferred total depth of the soil) or from
sensitivity tests. The ratio d,/(d, — d,) in Eq. (3) isa
conversion factor needed to conserve the total column
soil water when the grid thicknesses of layers two and
three are different.

The layer-average volumetric water contents (m3
m~3) for the surface, root zone, and deep soil layers are
given by w,, w,, and w,, respectively. The volumetric
water content within each reservoir is constrained to be
less than the saturation water content or porosity Wy,
(m® m~2), which is afunction of soil textural properties
and represents the maximum amount of water the soil
can hold. The root zone layer overlaps the surfacelayer,
whereas the deep-soil soil water reservoir extends from
the base of the root zone (d,) to the base of the modeled
soil column (d;). Equations (1)—(3) are integrated using
an implicit time scheme to ensure numerical stability
for large time steps, using a linearization method (Gior-
dani 1993).

In Egs. (1) and (2), bare soil evaporation and plant
transpiration rates (m s—*) are represented by E, and E,
(Noilhan and Mahfouf 1996), respectively. Plant tran-
spiration continues while the root zone water content is
larger than the wilting point volumetric water content.
The infiltration rate | (m s71) is given by

I = Pg - Rsfcv (4)
where P, is the rate at which liquid water reaches the
soil hydrological surface, and Ry, is the surface runoff
that is generated when the soil moisture exceeds the soil
porosity. For relatively large spatial scales (such asthose
scales used in mesoscale or climate modeling), surface
runoff is computed using the variational infiltration
method as a function of w, (Douville 1997; Habets and
Noilhan 1997).

The drainage (K) and vertical diffusion (D) termsare
written as
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Fic. 1. The two-layer (ISBA-2L) and three-layer (ISBA-3L) soil grid configurations for ISBA.
The three-layer scheme includes distinct root and subroot zone reservoirs. For the two grid
geometries, the nonshaded region represents the bare soil layer, the dark-shaded region represents
the layer that includes the root zone, and the light gray area (ISBA-3L) represents the subroot
zone layer. Expressions for the diffusion (D, and D,) and gravitational drainage terms (K, and
K,) are given by Egs. (7)—(8) and (5)—(6), respectively. Soil depths are represented by d, the
mean volumetric water content of each layer is given by w, infiltration is represented by |, and
the bare soil evaporation and transpiration rates are denoted by E; and E,, respectively.

K, = <% max(o, (w, — wy), 5)
T d,
G dy _

K= gy 0w - Wl @

D, = 2w, — ) @)
T

and
D, = Z(w, — w), ®

where 7 (S) represents the restore constant of one day.
The surface volumetric water content at the balance of
gravity and capillary forces is represented by w,,, and
W, is the field capacity volumetric water content (both
m2 m~2). The total soil water within the column is ex-
pressed simply as the grid thickness-weighted sum of
w, and w,. The two-layer (ISBA-2L) and three-layer
(ISBA-3L) model configurations are shown in Fig. 1.
The dark-shaded areas indicate the rooting depth for
both model versions. The light gray-shaded area in

ISBA-3L represents the subroot zone reservoir (ws,).
The directions of the diffusion (D), drainage (K), in-
filtration (1), and evapotranspiration (E) fluxes are in-
dicated by the arrows, and the soil depth zisincreasing
downward.

The ISBA dimensionless force—restore soil hydrolog-
ical parameters C,, C,, C;, and C, and the soil hydro-
logical parameters wy.,, Wy, and w;. are related to the
soil texture properties and moisture (appendix A) using
the parameter expressions and values from Clapp and
Hornberger (1978: hereinafter referred to as CH78).
These expressions relate hydraulic conductivity k and
soil water potential ¢ to volumetric soil water content
as a function of soil type (Brooks and Corey 1966;
CHT78);

= hg(W/Wg) ™ (99)

and
K = kg (W/wg, )23, (9b)

where k, isthe saturated hydraulic conductivity (ms™1),
. 1S the saturated soil water potential (m), and b (di-
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mensionless) is the slope of the soil moisture retention
curve. The wilting-point volumetric water content w,,;,
is computed for each soil class using Eq. (9a) together
with the CH78 parameter values, assuming a critical
plant potential value of —150 m (MN96). The critical
plant potential varies between —100 and —300 m for
most plant species, but the values for w,,,, only change
slightly over this range. The field capacity volumetric
water content is computed from Eq. (9b), assuming a
hydraulic conductivity of 0.1 mm day—* (Wetzel and
Chang 1987) and using the parameter valuesfrom CH78
(Jacquemin and Noilhan 1990). The field capacity and
wilting-point water contents are convenient parameters
for defining various soil water quantities but they are
not fundamental properties of the soil (Hillel 1971). The
soil texture is used to define these parameters unless
ancillary information is available (such as observed val-
ues).

The subsurface vertical diffusion (D,) and gravita-
tional drainage (K,) root zone soil water flux compo-
nents are treated as distinct processes in ISBA-3L for
two reasons. First, K, is formulated in the same manner
as K, so as to be consistent with drainage out of the
base of the model. Second, the vertical soil moisture
flux is parameterized using Darcy’s law: the diffusion
and drainage processes behave differently over the same
range of soil moisture and are associated with very dif-
ferent timescales. Gravitational drainage is much larger
than vertical diffusion for soil moisture values that are
approaching saturation: coarse soils with a total depth
of 1 or 2 m can drain to field capacity within a matter
of a few days. On the other hand, vertical diffusion is
the dominant soil water flux component at soil moisture
values below field capacity. The time required for the
profile to be restored to equilibrium for a soil (with a
similar total depth) can be on the order of weeks, es-
pecially for fine-textured soils.

Parameterization of vertical diffusion

The calibration of the root zone force—restore coef-
ficient (C,) is similar to the method used to determine
the surface layer force—restore coefficient (C,) (Noilhan
and Planton 1989). A multilayer, variable-depth, one-
dimensional soil moisture model (MLSM) that inte-
grates the Richards equation while assuming a homo-
geneous vertical texture profile and isothermal condi-
tions (Boone and Wetzel 1996) was run offline from
ISBA to calibrate C,. In MLSM, subsurface vertical
moisture fluxes are governed by Darcy’s law, and hy-
draulic conductivity and soil matric potential arerelated
to the volumetric water content through the empirical
relations from CH78 [Egs. (9a) and (9b)] for this study.
MLSM uses an implicit time scheme and 100 soil layers
on a stretched vertical grid; high spatial resolution was
used so as to obtain accurate solutions by minimizing
truncation errors.

Although the same genera calibration method was
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used, and both the C, and C, terms represent vertical
soil moisture diffusion [Egs. (7) and (8), respectively],
thevaluesfor C, and C, aredifferent. The C, coefficient
was calibrated over a thin surface layer depth without
explicit consideration of the thickness of the layer be-
low, as the depth of the surface layer generally is much
less than that of the reservoir w,. The C, coefficient
was calibrated by taking into account the grid geometry
of both subsurface soil layers, as the thicknesses can be
similar in magnitude. Also, the surface soil water con-
tent (w,) restores to a water content value (w,,) that
represents the balance of gravity and capillarity [Eq.
(D)]. In general, wg,, resembles w, except for coarse-
textured soils. In contrast, the subsurface soil reservoirs
restore to relax the subsurface soil water gradient di-
rectly [Egs. (2) and (3)].

The MLSM model was integrated over a total soil
depth ranging from 2 to 7 m, using a stretched grid and
a total of 100 model layers with the highest vertical
resolution near the soil surface. The base of the root
zone (d,) ranged from 0.1 to 3 m for these tests. The
soil classes described in CH78 were used to define b,
Ky, and wg, for 11 soil textures. The mean i, value
of —0.39 m (Cosby et al. 1984) was used for all soil
classes as this parameter is not well correlated with soil
texture (CH78; Dickinson 1984). The vertical soil water
flux is written following Darcy’s law as

P

W,(2) = pwk<— + 1), (10)

0z

where W, is the soil water flux and z is the vertical
coordinate. The boundary conditions were specified
such that there were no vertical or lateral soil water
fluxes into or out of the model fromz = 0to z = d,:

W(z=0)=1=E=E, =0 (11a)

and

J
Wz = d,) = pw<@alz" + k) -0, (b
where the diffusion coefficient in Eq. (11b) is written
as
D = Koylow. (12a)

Substitution of Egs. (9a) and (9b) into Eq. (12a) yields
an expression for the diffusion coefficient as a function
of the soil hydrological texture parameters:

. M(ﬂ)

e (12b)

1) METHODOLOGY

An estimate of the speed at which the profilesreturned
to equilibrium (C,) was obtained by doing hundreds of
simulations for each soil class and various grid config-
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urations (i.e., different values of d, and d,) using a
matrix of initial w, and w, values, which then were
interpolated linearly as a function of soil depth to the
MLSM high-resolution grid. Theinitial mean water con-
tent of the profiles ranged from wilting point to field
capacity, so that gravitational drainage was negligible
(diffusion was the dominant soil moisture transfer mech-
anism) and no runoff (due to saturation) occurred. Pro-
file-mean water content values below wilting point were
not used since the total soil column moisture should
rarely (if ever) drop much below wilting point, and also
diffusion would become very weak at these moisture
values.

By using the definition of D, from Eqg. (8) together
with the boundary conditions given by Egs. (11a) and
(11b), the prognostic equations for the subsurface soil
water reservoirs [Egs. (2) and (3), respectively] can be
rewritten as

d C
SR T - w) (13)
-
and
d d C
o2, - wy), (14)

ot (dy—dy) T
where drainage is negligible. Subtraction of Eq. (14)
from Eq. (13) yields
a(Wz — Ws) _ ds E} _
(o dy 7 e W)
The equation that describes the soil water gradient (w,

— w;) at timet can be found by integrating Eq. (15) to
obtain

(15)

_ C4d3(t — to)
(d; — dy)7

where t, represents the starting time for the integration.
The soil water gradient that corresponds to w, — w;,
was calculated from the MLSM output soil water pro-
files using the thickness-weighted soil water contents
for w, for the layer extending fromz= 0toz = d, and
for w; from z = d, to z = d,. When the soil water
gradient relaxed to 1/e of its initial value, then the C,

coefficient was calculated using
o - o= d)

d;

(W, — wa)(t) = (W, — ws)(t,) exp , (16)

(17)

where

_ T
- (tl - to)-

The e-folding time of the departure of the soil moisture
gradient from its initial value (at t,) is represented by
t, — t,. The dependence of C, on d, and d; in Eq. (17)
results from the water conservation factor in Eq. (3)
[Eq. (14)]. The C/, values then were fit as a function of

G

(18)
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soil moisture at timet, using atwo-parameter regression
equation of the form

Ci = CuaW35. (19)

The interfacial value of the water content for layerstwo
and threeisrepresented by W, , (appendix A). Thefitting
form used in Eqg. (16) was selected because it closely
resembles the functional form of the diffusion coeffi-
cient from Darcy’s law using the empirical relations
from CH78 [Eq. (12b)]. The C, coefficient becomes
larger with increasing soil water content w, asit is pro-
portional to the hydraulic conductivity.

2) DIFFUSION COEFFICIENT SCALING

The parameter C,, in Eq. (19) depends upon soil tex-
ture only, while C, is related to both the texture and
the thickness of the model layers. These two model
parameters were calibrated using a variety of grid con-
figurations so that C, values depend upon the soil tex-
ture, and, in theory, a separate set of valuesasafunction
of texture is needed for every possible combination of
d, and d;. As opposed to using separate C, values for
various grid configurations, this coefficient can be
scaled as a function of grid geometry. The result is that
only one set of C,, and C, values that depend on soil
texture are required for any grid configuration (values
of d, and d,) to calculate C,.

The dependence of vertical diffusion on the grid con-
figuration can be seen by writing the vertically inte-
grated equation of continuity of soil moisture for a one-
dimensional homogeneous soil column (Richards’'s

equation):
9 oW,
P Dz = — — dz,
4, ot ., 0Z

where W, is defined by Eq. (10), and 7 represents the
volumetric water content of the soil (m® m=3). Thelayer-
averaged volumetric water content for soil layer i is
defined as

(20)

1 Zi
W= ——"— 2) dz,
(Zi - Zi—l) Zi1 77( )
so that the integration of Eq. (20) over the layer bounded
by z and z_, yields

(21)

oW,
pw(z| - Zifl)a = Wslzi,l - Wslzi' (22)

Assuming no drainage, the soil water flux at z = d, is
written from Egs. (10) and (12a) as
aw

Wslz:dz = Pw@_

P (23)

z=d;

Using the boundary condition from Eq. (11a), the prog-
nostic equation for the layer-averaged volumetric water
content for the layer extending fromz_, = 0to z =
d, can be written from Egs. (22) and (23) as
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TABLE 1. The soil texture classes from CH78 and the C, fitting
parameters. The symbols X,,, and X, represent the clay and sand
percentages, respectively. Sand fractions are from Cosby et al. (1984).
The C, coefficient is evaluated for a total soil column depth d, of 2
m and aroot zone depth d, of 1 m at a mean water content w defined
here as the average of the wilting-point and field capacity values.
The C,« values can be scaled for any grid configuration using the
C',« vValues shown here together with Eg. (21).

xday Xsand CA(VT/)
Soil type (%) (%) Core Cyp (X107
Sand 3 92 25096 5.8 1.85
Loamy sand 6 82 19485 6.0 4.70
Sandy loam 9 58 4623 6.4 1.66
Silt loam 14 17 736 6.9 0.23
Loam 19 43 518 6.4 0.96
Sandy clay loam 28 58 3835 7.8 2.50
Silty clay loam 34 10 546 8.3 0.40
Clay loam 34 32 2257 9.3 0.40
Sandy clay 43 52 18526 10.6 1.58
Silty clay 49 6 3059 11.1 0.22
Clay 63 22 6089 115 0.74
d o, D(W,z)(Ws — W)
2 ot [(d, + d,)/2 — d,/2]
ow, 2D(W,,)
— = w, —wy). 24
8t d2d3 ( 2 3) ( )

A linear variation of w between layer midlevels is as-
sumed when writing thefinite difference of ow/oz (Mahrt
and Pan 1984) in Eq. (24). Comparison of Egs. (24) and
(13) yields

o ZTlﬂD(Wz,s)l.
d.d;

Note that there is a sign difference between Egs. (24)
and (13) because D is less than 0 [see Eq. (12b)]. The
right-hand side of Eq. (25) represents the nondimen-
sional diffusion from the Richards equation scaled by
the time period (7) of one day. The thickness of the soil
layer is denoted by d, and d,/2 represents the distance
over which the soil water gradient is calculated.

The dependence of C/, on grid geometry for two soil
layers can be determined to a good approximation by
scaling C,, using the scaling factor from Eq. (25):

Cuer = Cldy/(d,ds), (26)

where C/, represents reference values computed for a
single nominal grid configuration. The C/,; values are
shown in Table 1, and d;, and d; represent the corre-
sponding layer depths of 1 and 2 m, respectively. Ex-
amples of scaled values of C,,; are shown in Fig. 2 for
two different grid configurations: d, = 0.5 and d, =
1.0 min panel aand d, = 2.0 and d; = 4.0 m in panel
b. The C},, values from Table 1 are scaled using Eq.
(26) and are shown as a function of the corresponding
C..« values. Eachfilled circle correspondsto aparticular
soil class. The scaling approximation in Eq. (26) re-
mains valid for a reasonable choice of d, and d,: in

C, (25)
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genera, the upper limit of the ratio d,/d, is approxi-
mately an order of magnitude.

Substitution of Egs. (19) and (26) into Eq. (17) re-
sultsin

(d; — d,)d;d;

C, =
) d,d3

’ 7jCap
C4ref W27

(27)
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Fic. 3. The C, dimensionless coefficient as a function of the in-
terfacial volumetric water content, W, 5, for sand, loam, and silty clay
soil textures. The interfacial water content has been normalized for
each soil texture: the minimum value along the abscissa represents
the wilting point, and unity represents the field capacity. The total
soil depth d; is 2 m, and the root zone depth d, is 1 m. Symbols
represent results calculated from MLSM using Egs. (17) and (18).
The fits using Egs. (17) and (19) are shown as solid lines. The cor-
responding fit coefficients are shown in Table 1.

The C, coefficient depends upon grid geometry, soil
moisture at the layer interface, and soil texture from Eq.
(27).

The C, coefficients computed from MLSM for three
soil textures (sand, loam, and silty clay) are shown in
Fig. 3, where the symbols represent results from MLSM
for a soil with atotal depth (d;) of 2 m and aroot zone
depth (d,) of 1 m. The coefficient C, was calculated
from Egs. (17) and (18). The C,, and C, fitting pa-
rameters then were determined by doing a least squares
regression on the C, coefficients calculated from MLSM
output data using Egs. (17) and (19); the fits are shown
as solid curves in Fig. 3. The fit parameters for each
soil class as a function of the aforementioned grid con-
figuration are shown in Table 1.

3) CONTINUOUS RELATIONSHIPS

Continuous relationships can be obtained that relate
the C, force—restore coefficient to the soil texture
through specification of the percentages of clay X, and
sand X4 (Noilhan and Lacarrere 1995). There are two
parameters to fit that vary as a function of soil texture
from Eq. (19): C,, and C,. The C,, parameter is fit
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Fic. 4. The C,, coefficient as a function of clay fraction X,,. The
parameter values from Table 1 are shown as shaded circles, and the
fit [Eq. (258)] is indicated by the solid line.

as a linear function of clay fraction to a good approx-
imation (Fig. 4) using

Cy = 5.14 + 0.115X,,,. (28a)

A multivariate least squares regression is used to com-
pute C, as a function of both X, and X, using

2(d, — d S
= 2 logigl, 3 (8 Xk + @ Xi)|

Ca
“ T (d,d)

(28b)

where B and « are the coefficients obtained from a mul-
tivariate least squares regression. The regression coef-
ficients are given in Table 2. A comparison of C,«
values from Table 1 and those computed using the con-
tinuous relationship (indicated as C,,...) for a soil with
the same grid geometry are shown in Fig. 5. Relation-

TABLE 2. Theregression coefficientsfor C,. from Eq. (28b). Values
of C,« are calculated using the soil sand and clay percentages. The
coefficients 8, and «; correspond to the sand and clay contents (%),
respectively.

j B @

0 442 X 10°°

1 4.88 X 103 —-257 X 10
2 593 X 10 8.86 X 103
3 —6.09 x 10 —8.13 X 105
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FiGc. 5. The log-transformed C,,., values computed using a contin-
uous relationship (C,.) as a function of clay and sand percentages
(X4ay @nd X4, respectively) are shown versus the values for each
CH78 soil class (Table 1) for atotal soil depth d, of 2 m, and a root
zone depth d, of 1 m. The continuous relationship is given by Eq.
(25b). The solid line represents a linear fit to the points, while the
dotted line represents a 1:1 relationship.

ships for the other ISBA force—restore coefficients can
be found in appendix A.

3. Soil moisture simulations

The ISBA-3L scheme is validated through the use of
case studies comprising annual cycles of atmospheric
forcing, observed soil moisture, measured or estimated
vegetation parameters, and, possibly, surfacefluxes. The
atmospheric forcing needed to drive an SVAT model
such as ISBA consists of surface pressure, air temper-
ature and humidity at screen level, downward radiation
fluxes (shortwave and longwave components), wind
speed, and precipitation. Three studies that already have
been used to validate ISBA-2L are presented in this
paper: Hydrological Atmospheric Pilot Experiment-Mo-
délisation du Bilan Hydrique (HAPEX-MOBILHY)
(André et al. 1986, 1988; Goutorbe 1991), and National
Institute for Agronomic Research (INRA)/Castanet (Ca-
belguenne et al. 1990; Calvet et al. 1998, hereinafter
referred to as C98) irrigated (I) and nonirrigated (NI)
experiments. The HAPEX-MOBILHY and INRA/Cas-
tanet-NI cases are useful for studying the vertical dif-
fusion mechanism as plants are water stressed during
prolonged summer periods. The INRA/Castanet-l case
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offers a comparison for nonstressed conditions. The hy-
drological model is validated using the measured soil
water content and (for the HAPEX case) measured
evapotranspiration.

There are many reasons for possible disagreement
between the observed soil moisture and surface fluxes
at the point scal e and those computed by an SVAT model
such asISBA. Besidesthe use of relatively simplemodel
physics, important sources for errors are related to the
atmospheric forcing, the observations, and the model
parameters. Atmospheric forcing generally is measured
to within a reasonable accuracy, so that, assuming the
model is able to simulate the most important physics,
the model soil and vegetation parametersarethe primary
sources for discrepancy between the model simulation
and observed values.

The soil hydrological parameters are based on a tex-
tural analysis [i.e., assuming texture is the most im-
portant soil descriptor (Cosby et al. 1984)] and are de-
termined using regression relationships. Theserelations
then are extrapolated to most known soil types, which
is not always avalid approximation: Delire et al. (1997)
showed that a new set of hydrological parameters was
required to model some Amazonian soils properly using
an SVAT scheme. There is much variability inherent in
the parameters used in the regression relationships, and
relatively small changesin soil texture values can result
in large changes in the simulated soil moisture and,
therefore, modeled evapotranspiration and runoff. Also,
such possibly important considerations as vertical gra-
dients in soil texture and the effect of macropores on
infiltration and soil water fluxes are not modeled by the
majority of SVAT schemes. For the case studies con-
sidered in this paper, it is assumed that the CH78 model
and parameters are adequate.

There are many surface vegetation parameters that
can affect the interaction between evapotranspiration
and soil moisture. In ISBA, albedo, surface roughness
length, vegetation coverage, leaf area index, and min-
imum stomatal resistance are the most important with
respect to their impact on the calculation of surface
fluxes of heat and moisture. Nearly all of these param-
eters can, in general, be obtained from measurements
to within a reasonable accuracy with the exception of
the minimum stomatal resistance (R,,;,). It was shown
by Niyogi and Raman (1997) using a Jarvis-type canopy
resistance scheme (the scheme used by ISBA; see Noil-
han and Planton 1989), that R, is the most important
vegetation parameter controlling the latent heat flux
from the surface and therefore boundary layer devel-
opment. Because of this high sensitivity and the fact
that it usually is not measured directly, it is treated as
a calibration parameter in ISBA. C98 showed that soil
moisture and the components of the surface energy bud-
get can be simulated quite well by tuning this parameter
using the same case studies examined in this paper (in
addition to others). Because the water stress factor
(which is proportional to canopy resistance in ISBA) is
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evaluated using only the root zone soil water content in
ISBA-3L, asopposed to the total soil water content used
in ISBA-2L, R,,,, was recalibrated for this study.

The root zone soil depth (d,) is the single new soil
vegetation parameter in ISBA-3L. It usually isnot mea-
sured for atmospheric modeling case studies, although
depths typical of certain plant and soil types have been
estimated on the global scale [see Canadell et al. (1996)
for a review]. As will be seen, this parameter has an
important impact on evapotranspiration as it is propor-
tional to the amount of water that is available for tran-
spiration. Evapotranspiration is sensitive to the total soil
depth (d,), but this sensitivity islessimportant than that
associated with d, [consistent with the findings of Liang
et al. (1996)]; therefore model sensitivity to d, is not
shown in this paper.

The final parameter that is examined is the wilting-
point volumetric water content (w,,,). This parameter
is a function of texture in ISBA, but values of this
parameter that are inferred from observations can differ
from those derived merely from textural considerations.
The parameter w,,;, represents the approximate lower
limit of the root zone volumetric water content, so that
it has an impact both on water availablefor transpiration
and on vertical soil moisture diffusion (by influencing
the magnitude of the vertical soil moisture gradient).

While other soil vegetation parameters can have an
effect on the surface energy and hydrological budgets,
an analysis of the effects of all of these parametersis
beyond the scope of this text. In this study, model sen-
sitivity to three key parameters that control evapotrans-
piration, and therefore modulate the vertical soil mois-
ture gradient and diffusion, is examined. The wilting-
point water content, minimum stomatal resistance, and
depth of the rooting zone were determined to be the
three most important parameters related to the incor-
poration of a distinct root zone soil reservoir.

a. The HAPEX-MOBILHY simulation

The HAPEX-MOBILHY experiment took place in
southwestern France in 1986 over a domain of approx-
imately 1° latitude X 1° longitude. This particular case
is of interest since high temporal resolution measure-
ments are available for the atmospheric forcing, surface
flux observations are available, weekly soil moisture
measurements were taken over the entire year (Goutorbe
et al. 1989), and there is a good characterization of the
surface soil and vegetation properties. This dataset was
used during the Regional Interactions of Climate and
Ecosystems (RICE) and PILPS workshop to assess the
ability of SVAT schemes to model adequately all the
components of the water cycle at a spatial scale on the
order of a climate model grid box (Shao et al. 1994).
The same atmospheric forcing, soil and vegetation pa-
rameter values, spinup requirements, and observed soil
moisture and surface fluxes that were used for PILPS-
HAPEX are also used for this simulation, since they
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TABLE 3. Vegetation and soil hydrological constant (in time) pa-
rameters used for the HAPEX-MOBILHY, Castanet-1, and Castanet-
NI simulations. Values correspond to those used with ISBA-3L and
ISBA-2L. The surface albedo and emissivity are represented by A
and e, respectively. The values that differ between the two model
configurations (and correspond to ISBA-2L) are enclosed by paren-
theses.

Parameter Units HAPEX Castanet-1 Castanet-NI
Ranin smt 150 31 (88) 32 (135)
A 0.20 0.20 0.20
€ 1.0 0.97 0.97
Wi, mem-3 0.31 0.34 0.40 (0.35)
Wi mém-3 0.15(0.20) 0.16 0.16
d, m 1.1 (1.6) 1.6 1.6
d, m 1.6 5.0 5.0
Xoiay % 34.0 28.0 28.0 (25.8)
Xana % 10.0 35.0 35.0 (47.4)

were used in the presentation of the introduction of grav-
itational drainage in the ISBA scheme (MN96). A de-
scription of the PILPS-HAPEX experiment(s), atmo-
spheric forcing, observations used for validation and
intercomparison of the SVAT schemes, and a compre-
hensive listing of specified model parameters can be
found in Shao and Henderson-Sellers (1996).

The surface is characterized as a soybean crop over
a loamy soil (Goutorbe 1991), and the soil column is
assumed to have a homogeneous texture profile that
extends to atotal depth (d,) of 1.6 m. Soil moisture was
measured on an approximately weekly basis at 10-cm
increments for the entire soil column. The total annual
observed precipitation was 856 mm. The daily average
evapotranspiration was computed from the HAPEX
forcing data using the Penman—Monteith equation, and
the annual total is 615 mm. The net radiation, ground
heat, and sensible heat fluxes were measured at 15-min
intervals during an intensive observation period (10P)
over yeardays 148-183. The latent heat flux then was
calculated as aresidual from the surface energy balance.

All precipitation in excess of evaporation was as-
sumed to be runoff. The root system was not observed
or measured, so a root distribution was specified for
PILPS-HAPEX based on values that are typical of a
soybean crop over a loamy soil for a similar climate
(Shao and Henderson-Sellers 1996).

1) PARAMETER SENSITIVITY

The values for constant vegetation and soil hydro-
logical parameters, following the PILPS-HAPEX spec-
ifications (Shao and Henderson-Sellers 1996), used by
ISBA-2L and ISBA-3L for the HAPEX simulation are
shown in Table 3. Values enclosed by parentheses cor-
respond to those used by I1SBA-2L when different from
those used by ISBA-3L. The vegetation parametersused
in ISBA that vary as a function of time can be found
in MN96. Of the three key ISBA parameters that link
soil moisture to evapotranspiration, R, was deter-
mined by calibrating ISBA-3L using the observed



NovEMBER 1999

evapotranspiration data. A value of approximately 150
s m~* resulted in the best agreement with the daily and
annually averaged latent heat fluxes. This value is the
same as that used in C98 and MN96 (which also used
the PILPS-HAPEX specifications). Several valueswere
specified by PILPS-HAPEX for w,,;,, and a range was
specified for d,, so the effect on the modeled soil water
profile of varying the latter two parametersis examined
in more detail.

Two distinct model groupings could be seen from the
PILPS-HAPEX workshop evapotranspiration results,
based on the specified values of w,,, (Mahfouf et al.
1996): bulk (single root zone/base flow) soil layer mod-
els such as ISBA-2L performed best with respect to the
observed evapotranspiration when a value of 0.20 m?
m~—2 was used, while multilayer models performed best
when valuesin the range from 0.15 t0 0.12 m3 m~—2 were
used. This result is primarily because the soil water
available for transpiration by plants can be approxi-
mated as d,(w,.—W,;,), where d, is the soil depth that
contains plant roots. Multilayer models used values of
d, that were less than the total soil depth of 1.6 m, so
to have the same available water content for transpi-
ration as do the bulk models, w,,;,, must be reduced. The
value of 0.20 m® m~2 was derived from textural con-
siderations, whereas 0.15 m® m~2 is more representative
of the observations (Shao and Henderson-Sellers 1996).
Since ISBA-3L fallsinto the class of multilayer models,
the latter value is used for the soil moisture simulation
presented in this study, thus maintaining approximately
the same amount of available soil water for transpiration
with respect to ISBA-2L.

The single additional model parameter needed by
ISBA-3L, compared to ISBA-2L, is the depth of the
rooting zone (d,). The value of this parameter essen-
tially controls the amount of soil water that is available
for transpiration by plants and thus is especially im-
portant for surfaces with a significant vegetation cov-
erage. Specification of d, becomes important for bare
soil surfaceswhen it is decreased to val uesthat approach
the daily evaporation-wave penetration depth. Runs
were made, using the HAPEX forcing and parameters,
in which only d, was varied.

Three tests or sets of runs were made: atotally veg-
etated surface (veg = 1), a vegetation-free surface (veg
= 0), and the HAPEX-default vegetation coverage (in
which veg ranges from O during winter months to 0.5
in the spring to 0.9 during the summer: see MN96 for
monthly mean values). The annually averaged evapo-
transpiration ratios for the three tests are shown in Fig.
6 as a function of the grid-depth ratio d,/d,. The evapo-
transpiration ratio is defined as the ratio of the annually
averaged evapotranspiration from ISBA-3L to the value
from ISBA-2L for each of the three tests so that as d,
approaches d;, the evapotranspiration and grid-depth
ratios approach unity. As d, approaches zero, the evapo-
transpiration ratio decreases because of the reductionin
the water available for transpiration.
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Fic. 6. Model output evapotranspiration sensitivity to the depth of
the rooting zone d,. The total soil depth d, isfixed at 1.6 m. Evapo-
transpiration isreduced nearly linearly (by nearly 20%) asthe holding
capacity or depth of the root zone decreases for a totally vegetated
surface (triangles). The total annual evaporation from a surface with
no vegetation is much less sensitive to the choice of d, (circles). The
sensitivity is also shown using the HAPEX vegetation parameter forc-
ing (boxes).

The evapotranspiration ratio over a completely veg-
etated surface increases nearly linearly as the soil root-
ing depth increases from an initial value of 0.1 m (tri-
angles): total annual evapotranspiration is approximate-
ly 20% less than the bulk soil model value when d./d,
= 0.06. The bare soil case (circles) shows little sensi-
tivity to this parameter until theratio d,/d, becomes|ess
than approximately 0.5; the reduction in evapotranspi-
ration from ISBA-3L relative to that from ISBA-2L is
approximately 10% when d,/d; = 0.06. The case using
the default HAPEX parameters (filled squares) is very
similar to the totally vegetated case until d,/d; is de-
creased to approximately 0.5. This similar behavior re-
sults because bare soil evaporation shows little sensi-
tivity to d,/d; at values above 0.5, and the surface had
partial or nearly full vegetation cover for the entire sum-
mer. The control evapotranspiration ratio has an in-
creased sensitivity with respect to theveg = 1 casewhen
d,/d, < 0.5. The rate of change of evapotranspiration
ratio with respect to the grid-depth ratio is larger for
the veg = 0 case than for the veg = 1 case when d,/d,
< 0.5: the surface is partially bare in the spring and fall
months so that the evapotranspiration ratio for the con-
trol case shows effects of both the bare soil and vege-
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Fic. 7. Time series of drainage (mm) out of the model base for
the first 150 days of the HAPEX—-MOBILHY simulation. The thin
line corresponds to ISBA-2L ; the thick line correspondsto ISBA-3L.

tated portions of the surface when d,/d, is reduced suf-
ficiently.

From the experiments using the default HAPEX pa-
rameters, a value of d, = 1.1 m resulted in the best
agreement with the estimated annual total (615 mm) for
annually averaged evapotranspiration. This value of d,
seems reasonable since 10% of the plant roots were
assumed to exist in the layer from 0.5 to 1.6 m (Shao
and Henderson-Sellers 1996).

2) RUNOFF

A greater timescal e separation of the surface and base
flow runoff components is attained by using distinct
infiltration (root zone) and drainage layers. Model drain-
age does not respond to evapotranspiration and infiltra-
tion instantaneously in ISBA-3L because these sources
(or sinks) are not added directly to (extracted from) the
lowest layer (Fig. 1). The drainage time series for the
first 150 days of the simulations for ISBA-3L (thicker
curve) and ISBA-2L are shown in Fig. 7. The runoff
peaks are lagged by an average of approximately four
days for ISBA-3L relative to those for ISBA-2L, and
their amplitude is reduced so that the ISBA-3L drainage
time series more closely resembl es a stream hydrograph.
Drainage ceases during yearday 137 for ISBA-2L but
it continues for approximately 10 days longer for ISBA-
3L. No quantitative runoff time series data were avail-
able for comparison, but the effect on runoff in ISBA-
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3L of adding a base flow layer currently is being ad-
dressed in other studies.

3) CoMPARISON WITH MLSM

As a simple validation test of C,, it is of interest to
compare the diffusion produced by ISBA-3L to that
computed by MLSM using the same forcing, parame-
ters, surface physics (ISBA), and boundary conditions.
MLSM is used as the *“truth” since it is assumed to
produce highly accurate sol utions because the truncation
errors are minimized. Vertical diffusion into the root
zone should be most important during the growing sea-
son (GS) when a considerable soil moisture gradient
can develop in response to large evaporative demand.
To isolate the effects of diffusion, simulations using
ISBA-3L and the coupled ISBA-MLSM models were
performed in which the soil profiles were initialized at
field capacity at the start of the HAPEX-MOBILHY GS
and no precipitation was permitted, thus minimizing the
effect of drainage on the model fluxes. A constant root
distribution was used in the ML SM within the soil layers
that encompass the root zone layer so asto be consistent
with the single root zone layer of ISBA-3L. The HAP-
EX-MOBILHY GS began and ended on yeardays 148
and 273, respectively.

The mean volumetric water content for the root zone
(w,), subroot zone layer (w), and total soil column (w)
from ISBA—MLSM and ISBA-3L for the GS are shown
in Fig. 8. The thick lines (with circles) represent the
results from MLSM, while thin lines (with stars) rep-
resent results from ISBA-3L. The reduction in water
content in the lowest layer is caused entirely by vertical
diffusion into the root zone, amounting to a total of 11
mm for this period for ISBA-3L or approximately 6%
of the total evapotranspiration during the growing sea-
son (EGS). The total diffusion for MLSM is 15 mm, or
approximately 8% of the total EGS from MLSM, so that
the portion of atmospheric evaporative demand met by
diffusion of soil water from below the root zone differs
by 2%. The total evapotranspiration is 186 mm for
MLSM and 187 mm for ISBA-3L, so that the total soil
water content only differs by 1 mm between the two
simulations on yearday 273. ISBA-3L reproduces the
mean soil water profile (for the entire column) quite
well for the 120-day period shown (yeardays 150-270),
especially considering the difference in grid resolution
(100 soil layers for MLSM versus 3 for ISBA-3L).

For comparison, integrations were performed using a
direct solution of the Richards equation using the same
soil water release functions[Egs. (9a) and (9b)] and soail
texture parameter values as are used by ISBA-3L. Equa-
tion (20) was integrated for the ISBA-3L geometry us-
ing the method of Mahrt and Pan (1984), which is used
by many SVAT schemes in various forms. Additional
integrations also were performed using Eq. (20) with
another popular model among SVAT schemes, that of
Sellers et a. (1986). The Sellers et al. method (SEA86)
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Fic. 8. Comparison of the time evolution of the volumetric soil
water content among ISBA-3L, MLSM, MP84, and SEA86 for HAP-
EX-MOBILHY. The integration is over the growing season for year-
days 148-273. The models were initialized at field capacity on year-
day 148, and precipitation was suppressed so as to compare the effects
of the diffusion process across the base of the root zone (gravitational
drainage was negligible). The mean soil water content of the root
zone, the subroot zone, and the entire soil column are given by w2,
w3, and w, respectively.

evaluates vertical diffusion using the gradient of the
matric potential, and the diffusivity is calculated using
the interpolated hydraulic conductivity. The Mahrt and
Pan method (MP84) uses the vertical gradient of the
volumetric water content, and the diffusivity is evalu-
ated using the interpolated volumetric water content.
The resulting curves for the HAPEX GS are shown
in Fig. 8; the simulations that correspond to MP84 are
labeled with M and those that correspond to SEA86 are
labeled with S. The direct methods tend to overestimate
vertical diffusion into the root zone from the layer below
when a coarse grid geometry is used (total diffusion is
30 mm for MP84 and 39 mm for SEA86 compared to
15 mm from MLSM), which can lead to larger errors
in total soil moisture and evapotranspiration than in
ISBA-3L when compared to MLSM. This overestimate
was also the case, in general, for different soil textures
and three-layer grid configurations. Note that as the
number of layers is increased using the direct methods
the results approach those of the MLSM. These results
show an example of how calibrating the coefficients for
a low-resolution model (using a high-resolution model)
can improve evapotranspiration estimates and total soil
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TABLE 4. The water budget variables for HAPEX—-MOBILHY. The
annual totals for ISBA-2L and ISBA-3L are shown together with the
observed values. RMS (wd) represents the rmse in the total soil water
with respect to the observed values. The total annual runoff, annual
evapotranspiration, growing season evapotranspiration, and intensive
observation period evapotranspiration are represented as RT, ET,
EGS, and EIOR, respectively. All quantities are in millimeters.

RT ET EGS EIOP RMS (wd)
Obs 241 615 316 127 —
2L 220 635 298 117 30.8
3L 241 613 310 111 28.4

water in |SBA relative to a direct |ow-resolution model
solution of the Richards equation with a similar ge-
ometry.

4) HAPEX-MOBILHY ANNUAL CYCLE

The ISBA-2L simulation of the water budget repro-
duced the annual cycles of the various components well
compared to the observations (MN96), so that, while
some improvement ispossibleusing ISBA-3L, improve-
ment should be limited for this particular case. The goal
of this comparison is to see if a similar (if not slightly
better) agreement with observations can be obtained us-
ing ISBA-3L and to examine any changesin partitioning
or timing of the various water budget components.

The HAPEX-MOBILHY water budget variables in
terms of annual totals for ISBA-2L, ISBA-3L, and the
corresponding observations are shown in Table 4. ISBA-
2L and ISBA-3L produced nearly identical total soil
water annual cycles (Fig. 9), but the total annual evapo-
transpiration is approximately 22 mm less for 1SBA-
3L, corresponding to an improvement relative to the
observed total. The root-mean-square error (rmse) of
the total soil water content also isimproved slightly for
ISBA-3L relative to ISBA-2L.

The EGS is dlightly larger for ISBA-3L (and com-
pares better with observations), even though overal
evapotranspiration has decreased (implying decreased
evapotranspiration outside of the growing season using
ISBA-3L). The EIOP (evapotranspiration from the |OP)
is underestimated using I1SBA-3L. Note, however, that
there is an inconsistency in the water budget for the IOP
such that evaporation exceeds the residual of precipi-
tation less soil water change by 25 mm (Mahfouf et al.
1996; Shao and Henderson-Sellers 1996), so that the
ISBA-3L value falls within this range and might not,
in fact, represent a degradation in results compared to
ISBA-2L.

The annual cycle of the total soil water content is
shown in Fig. 9. The solid thick curve represents the
time series from ISBA-3L, the dashed line represents
the results from ISBA-2L, and the solid sgquares cor-
respond to the observed values. There is a slight im-
provement in total soil water content in spring, although
it is still underestimated relative to the observations. In
contrast, ISBA-3L is somewhat drier than ISBA-2L to-
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Fic. 9. Annual profile of the total soil water held within the soil
reservoir. The thin line corresponds to the ISBA-2L result; the thick
line corresponds to the ISBA-3L result. Observed soil water content
is represented by the filled boxes.

ward the end of summer. Overall, the rmse in the total
soil water content has decreased from 30.8 to 28.4 mm
(Table 4), which represents a minor improvement.

The volumetric water content annual cycle from
ISBA-3L is shown in Fig. 10. The modeled root zone
soil water content is represented by athin line, the sub-
root zone (or base flow) water content corresponds to
the dashed line, and the solid thick curve represents the
mean water content of the entire soil column. Obser-
vations are given by symbols for each layer. The soil
water content of the root zone isin good agreement with
the observations (circles), especially during summer.
Note that the minimum observed volumetric water con-
tent values for the upper 1.1 m of the soil approach
values that are very close to the specified value of w,,
(0.15 m® m~3), implying that this value is reasonable
on a physical basis (also corresponding well with d, =
1.1 m).

The mean soil water content of the base flow layer
does not agree quite as well with the observations in
magnitude starting at approximately yearday 150, al-
though the modeled rate of decrease is similar after
yearday 240. Note that the observed base flow moisture
peak at approximately yearday 150 seems to have been
induced by lateral inflow, possibly from a perched water
table. Although there was some precipitation during the
period of yeardays 140-150, the change in the soil water
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Fic. 10. HAPEX-MOBILHY annua cycle of the modeled volu-
metric soil water content for the two subsurface layers w, and w;,
and the total soil column mean volumetric water content w. The
observed mean soil water content values corresponding to w,, wj,
and w are plotted using circles, triangles, and filled boxes, respec-
tively.

for this period over the entire soil column exceeded the
total precipitation from the forcing by approximately 10
mm, which implies a lateral (or vertical) source of at
least this magnitude (as evapotranspiration is occurring
at the same time). Nearly all of this increase occurred
in the soil layer below 1.1 m. A change of 10 mm
corresponds to an increase in w, of 0.02 m® m=3, This
increase corresponds well with the observations shown
in Fig. 10: theincrease in the observed w, over yeardays
140-150 is approximately 0.03 m® m~3. Obviously this
moisture increase cannot be captured by the model using
the forcing data *‘as are.”

The daily average evapotranspiration for the entire
year for ISBA-3L and ISBA-2L is shown in Fig. 11.
Observed values are represented by the boxes. A 30-
day running mean was applied to al three evapotrans-
piration time series. The light-shaded areas represent a
reduction in evapotranspiration in ISBA-3L (relative to
ISBA-2L), while black-shaded areas represent the op-
posite effect. In the period prior to vegetation cover
yeardays 0-119) there is a slight reduction in evapo-
ration, but the observations fall more or less in between
the results from ISBA-3L and ISBA-2L, or both ver-
sions of ISBA overestimated the evaporation.

When vegetation cover begins (50% coverage for
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Fic. 11. Annual total daily evapotranspiration (mm day—*) for the
ISBA-2L and ISBA-3L runs. The light-shaded areas indicate where
evapotranspiration is less for ISBA-3L, and the dark-shaded regions
are where evapotranspiration is larger for ISBA-3L. Observed daily
totals are represented by the boxes. A 30-day running average was
used for the model output and the observations.

yeardays 120-147), there is a reduction in evapotrans-
pirationin ISBA-3L that represents an improvement rel-
ative to the observed values. This difference is from a
reduction in bare soil evaporation (compared to |SBA-
2L), which, in turn, is a result of using a smaller value
of w,,, for the ISBA-3L simulation. Soil water is evap-
orated from the surface soil layer to the extent that w,
approaches w,,;,, (especially early in this period), while
further decreases in w, are minimal, since evaporation
from the surface layer at water content values below
W, In ISBA is a considerably slower process (Braud
et al. 1993; Giordani et al. 1996). Lower values of w,
for ISBA-3L result in lower ground surface relative hu-
midity values, thereby causing decreased evaporation
from the bare soil (see MN96) while transpiration
changes are small by comparison. Although superior to
ISBA-2L, ISBA-3L still overestimates evapotranspira-
tion during the early part of this period. Because there
are no soil moisture observations between yeardays
107-137, though, the exact causes for this overesti-
mation are difficult to determine.

For yeardays 180-273, there is an increase in evapo-
transpiration for the ISBA-3L results and this increase,
in general, better agrees with the observations. Bare soil
evaporation is slightly less for the ISBA-3L case com-
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pared to that for ISBA-2L, but evapotranspiration is
larger because of vertical soil moisture diffusion from
below the root zone and the reduced water holding ca-
pacity of the root zone: volumetric water content values
of layer two are larger after precipitation events for
ISBA-3L, compared to valuesfor ISBA-2L. Thisfinding
is consistent with the findings of Stamm et al. (1994),
who determined that bulk soil models (such as ISBA-
2L) tend to underestimate evapotranspiration following
rain events over relatively dry soils. While evapotrans-
piration has increased, though, it still is underestimated
relative to the observed values between yeardays 180
and 240. This discrepancy could be caused by a variety
of factorsrelated to the interaction between transpiration
and soil water uptake, the most likely cause being the
underestimation of soil moisture during this same period
(Figs. 9 and 10) caused by the inability of the model
to simulate what appears to be a subsurface soil water
source. The evapotranspiration is nearly the same for
the two versions of 1SBA after the end of the growing
season (after yearday 273) when vegetation is absent
and energy input into the surface is low.

b. The INRA/Castanet simulations

The remaining case studies represent two sites from
the INRA/Castanet experiment (Cabelguenne et al.
1990): irrigated and nonirrigated corn crops. The da-
tasets consist of atmospheric forcing and vegetation pa-
rameters for the entire annual cycle of 1986, soil mois-
ture measurements through the growing season at 10-
cm increments from the surface to soil depths of 1.6
and 1.7 (Castanet-1 and -NI cases, respectively), and
measured values of field capacity and wilting-point vol-
umetric water content. Parameter values are shown in
Table 3. The soil is characterized as a sandy clay loam
using the CH78 classification. The value of d, was set
to the observed total soil depth of 5 m at Castanet (M.
Cabelguenne 1997, personal communication). The soil
texture and w;, values were adjusted using observed
values for Castanet-NI to values more representative of
the 5-m soil depth for ISBA-3L. The latent heat flux
was not measured for these cases, so model validation
is performed using only the observed soil moisture data.
The Castanet dataset was used in validation studies for
ISBA-2L (C98).

1) PARAMETER SENSITIVITY

This set of case studies differs from HAPEX-MOB-
ILHY in several aspects related to the three key model
parameters that link the soil moisture and evapotrans-
piration. The parameter values for the Castanet-l and
-NI experiments are shown in Table 3. The R,,, and d,
parameters were optimized with respect to the observed
soil water content. The values of d, ranged from 1.0 to
1.6 (1.7 for Castanet-NI) using increments of 0.1 m.
The optimum d, value for both cases was 1.6 m, which
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Fic. 12. Minimum stomatal resistance R..,,, optimized with respect
to the observed root zone soil moisture for the Castanet case studies.
Curves are shown for both the irrigated (1) and nonirrigated (NI)
cases for ISBA-3L and ISBA-2L. A root zone soil depth d, of 1.6
m produced the best agreement between observations and the sim-
ulated soil moisture for both ISBA-3L cases.

is consistent with rooting depthsfor corn at thislocation.
Note that the maximum values for d, were constrained
by the depth of the observed soil moisture that was used
for the optimization procedure, but analysis of the ob-
servations indicates that the bulk of the roots were dis-
tributed within this zone.

Unlike the HAPEX case where the original ISBA-2L
model domain was divided for ISBA-3L to model ac-
curately a distinct root zone, a subroot zone was added
to ISBA-3L for Castanet while retaining the same ge-
ometry as ISBA-2L for the root zone. The wilting-point
water content is the same for ISBA-2L and ISBA-3L
for Castanet. Thisidentity increasesthe amount of mois-
ture available for transpiration for ISBA-3L relative to
that for ISBA-2L because, while approximately the
same amount of water is available in the root zone for
transpiration, vertical diffusion can augment root zone
soil moisture in ISBA-3L. The minimum stomatal re-
sistance is tuned to obtain optimal agreement with soil
moisture measurements (C98).

The optimum R,,, values are much lower using
ISBA-3L compared with those for ISBA-2L for the Cas-
tanet-1 and -NI cases (Table 3). Thisreduction represents
an improvement since the R,,,, values for ISBA-3L are
nearly the same for the same plant species (a1 s m-
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Fic. 13. The annual profile of the total soil water held within the
root zone soil reservoir for the Castanet-I and -NI simulations. The
thin line corresponds to the result from ISBA-2L; the thick line cor-
responds to ISBA-3L. Observed soil water content values are rep-
resented by the boxes.

difference) regardless of irrigation, and the magnitude
of the values obtained by the optimization procedure
using ISBA-3L is similar to previously reported values
for corn, which were inferred from observational data:
40 s m~* (Noilhan and Planton 1989; Jacquemin and
Noilhan 1990). The R,,;,, values versus normalized rmse
with respect to the soil moisture are shown in Fig. 12
for ISBA-2L and ISBA-3L for the Castanet-l and -NI
cases, where the normalization factor is the available
soil moisturefor transpiration. The optimum Rg,;,, values
are lower using ISBA-3L since transpiration is aug-
mented by soil moisture diffusion from below the root
zone. This effect is more pronounced for the nonirri-
gated case, thus resulting in a greater reduction in the
optimum R, values relative to ISBA-2L.

2) ANNUAL SOIL MOISTURE CYCLE

The annual cycles of the total soil water content of
the root zone (w,d,) for Castanet-I from ISBA-2L and
ISBA-3L are shown in Fig. 13. Observations are indi-
cated by the box symbols, and the thicker line represents
the ISBA-3L result. Soil moisture equilibrium was ob-
tained after cycling through the forcing for two years
for ISBA-2L and five years for ISBA-3L. The only im-
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portant difference in the soil water profiles occurs in
autumn; root zone soil moisture is recharged by pre-
cipitation in ISBA-2L, whereas in ISBA-3L the addi-
tional mechanism of vertical diffusion is present. This
additional process results in a more rapid increase in
soil water recharge, especially during October when the
vertical soil moisture gradient is large and atmospheric
evaporative demand has decreased. After this time pe-
riod, both versions of ISBA have soil water recharge
occurring at approximately the same rate and primarily
caused by precipitation (since the soil moisture gradient
has relaxed).

The annual cycles of the total soil water content of
the root zone for Castanet-NI from ISBA-2L and ISBA-
3L are shown in Fig. 13. ISBA-3L produces a slightly
improved soil water profile for nearly the entire growing
season, which is important with respect to modeled
evapotranspiration. As was the case for Castanet-I, root
zone soil water recharge from mid-September through
October is much more rapid for ISBA-3L. Unfortu-
nately, no observations of soil moisture exist to validate
this feature. The difference in accumulated root zone
soil moisture between ISBA-2L and ISBA-3L for Cas-
tanet-NI from early September to early November
amounts to approximately 40 mm (after this time, dif-
ferences are relatively small). This amount corresponds
to an average vertical diffusion of approximately 0.67
mm day-* for the time period considered.

4. Summary

The ISBA land surface parameterization scheme
(Noilhan and Planton 1989; Noilhan and M ahfouf 1996)
was modified to include a third subsurface soil moisture
reservoir. The approach is based on the force—restore
method (Deardorff 1977), and the root zone diffusion
force—restore coefficient is parameterized as a function
of soil texture and was calibrated based on the results
of a multilayer soil model. Results of the three-layer
scheme compared favorably with the observations of
the HAPEX-MOBILHY (André et a. 1986, 1988) and
INRA/Castanet (Cabelguenne et al. 1990, Calvet et a.
1998) case studies. Also, the vertical root zone soil
moisture diffusion computed using ISBA-3L compared
well with that computed with a multilayer soil model
using the same surface physics, atmospheric forcing,
parameters, and boundary conditions. Simulations that
used a direct solution of the Richards equation for the
same model geometry as ISBA-3L generally did not
perform as well as the method that used the calibrated
diffusion coefficient.

The model sensitivity to three parameters that link
soil moisture to evapotranspiration was examined.
When a root zone layer was added to ISBA, the best
results for HAPEX—MOBILHY were obtained when the
value of w,,;, was changed from the original value used
in the two-layer version of ISBA (0.20 m® m=3) to a
value (0.15 m® m~3) which is, in fact, considered to be
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more representative of the HAPEX soil moisture ob-
servations (Shao and Henderson-Sellers 1996). The op-
timum rooting depth for ISBA (d,) of 1.1 m for HAP-
EX-MOBILHY was determined using the three-layer
model. Overall, the annual water budget was improved
by distinguishing between a root zone and a base flow
layer.

The optimum plant rooting depth for Castanet-1 and
-NI cases studies was found to be 1.6 m, which is rea-
sonable for corn in this region. The optimum minimum
stomatal resistance valuesfor INRA/Castanet were near-
ly the same for the irrigated and nonirrigated corn crop,
and the values were consistent with previously reported
values. Both of these changes represent improvements
relative to optimum values obtained with the two-layer
version of 1SBA.

The purpose of adding an additional reservoir to
ISBA is to include a characterization of the root zone
in the soil. This addition alows ISBA to model water-
stressed conditions better and to produce greater tem-
poral-scale separation of the surface and base flow
(drainage) runoff components by defining distinct in-
filtration and base flow layers.
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APPENDIX A

Soil Model Coefficients

a. Water content at the balance of gravity and
capillary forces

The surface volumetric water content at the balance

of gravity and capillary forces w,, is defined using the
CH78 soil hydraulic parameters as
W,
}, (A1)

p 8p
W, W, W,
Tom _ Wo _ ) Y2}y (W
We W Wy Wy

where a and p are empirical parameters.

b. Force-restore coefficients

The force—restore coefficients C,, C, (Noilhan and
Planton 1989), and C, are calibrated against multilayer
soil hydrological models, and C, is computed analyti-
cally (Mahfouf and Noilhan 1996). The C,, C,, and C,
force-restore coefficients are expressed as
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(b/2)+1
W,
C = Cm(i) ) (A2)
G = C2ref<wsa —w, + W,)’ (A3)
and
2b + 2)k
o Kt (A4)

dy[(Ws/wg) 2 — 1]
where C,, and C,,; are parameters, w, is a small nu-
merical value, and

W, + W,
W§=ch+ = fC.

A formulation of C, that describes the vapor phase
transfers for very dry soils (w, < w,,,) is afunction of
surface temperature and wilting point (Braud et al. 1993;
Giordani et al. 1996; Noilhan and Mahfouf 1996) from

C, =Chx exp(—w)z, (A5)
207
where
Cimex = (1.19w,,, — 5.09) X 1072T,
+ (1.46w,,, + 17.86), (A6)
and
W, = (—1.815 X 1072T, + 6.41)w2,,
+ (6.5 X 103T, — 1AW, (A7)

The surface temperature is represented by T, expressed
in Kelvins, and

2
Wmax

~ 21In(0.01C,,.) (A8)

o2 =

¢. Continuous formulation of soil secondary
parameters

The continuous relationships have been derived from
the CH78 parameters and ISBA coefficients (Giordani
1993; Noilhan and Lacarrere 1995). Each parameter is
estimated when the fractions (percentage) of sand and
clay (Xgng and X, respectively) are known.

The coefficients for the w,,, formulation:

a = 73242 X 1073X 35, (A9)
and
p = 0.134X,, + 3.4. (A10)
The saturated volumetric water content (m3 m—3):
w,, = (—1.08X,,, + 494.305) X 10-3. (Al

The wilting-point volumetric water content (m3 m-3):
W, = 37.1342 X 1073 X953 (A12)

clay
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The volumetric water content at field capacity (m3m=2):

W, = 89.0467 X 1073 X%, (A13)
The slope of the water retention curve:
b = 0.137X,,, + 3.501. (Al14)
The value of C, at saturation:
Ci = (558X, + 84.88) X 102 (A15)
The value of C, for w, = wg/2:
C, = 13.815X,3% (A16)
The value of C;:
C,; = 5.327X33%%/d,. (A17)

d. Layer-averaged soil water content at the base of
the root zone

The equation for the layer-averaged soil water content
is given as

Wys = [Wi(d,/d;) + wi(d; — d)/d;]¥,  (A18)

where the power g is taken to be 6. The use of a value
of g greater than unity is an approximation of using the
so-called upstream water content. This value was de-
termined by carrying out numerous numerical simula-
tions and then comparing diffusion between the ML SM
and ISBA-3L. As the soil moisture gradient increases,
the layer-averaged water content used to evaluate the
diffusion restore coefficient (C,) increasingly isweight-
ed by the value of the wettest of the two subsurface soil
layers from Eq. (A18). For coarse soils (i.e., g = C,,),
C, resembles the layer—thickness-weighted diffusion:
these soils have the largest hydraulic conductivity. For
increasingly fine-textured soils, the C, coefficient more
closely resembles diffusion as a function of the thick-
ness-weighted water content of the layer. The use of a
value of q greater than unity is needed because of the
coarse nature of the grid.

APPENDIX B
List of Symbols
A Surface albedo
C, Force—restore (bare soil) soil transfer coeffi-
cient for moisture
Ciax  Maximum C, value for dry soils
Ciax Value of C, at saturation
C, Force—restore (source/sink) soil transfer coef-
ficient for moisture
Corer Value of C, at w, = w,/2
C, Force—restore (drainage) soil transfer coeffi-
cient for moisture
C, Force—restore (vertical diffusion) soil transfer
coefficient for moisture
Cuw Fitting parameter for vertical diffusion (C,)
Carer Fitting parameter for vertical diffusion (C,)



NovEMBER 1999

Force—restore vertical diffusion terms

Bare soil evaporation rate

E, Transpiration rate

Infiltration rate

Force—restore drainage terms

Flux of liquid water reaching the soil surface

Surface runoff rate

Minimum stomatal resistance

Surface temperature

Soil water flux

Sail clay fraction

Soil sand fraction

Coefficients for wy,,

Slope of the soil water retention curve

Superficial soil depth

Upper-layer (root zone/infiltration) soil depth

Total soil depth

Soil layer

Hydraulic conductivity

Hydraulic conductivity at saturation

Interfacial soil water interpolation factor for

diffusion

t Time

Vegetation cover fraction

Surface volumetric water content

Surface volumetric water content (gravity and

capillary forces balance)

Volumetric water content at field capacity

Volumetric water content at saturation (poros-

ity)

Wi Volumetric water content at wilting point

w, Mean volumetric water content of upper (root
zone) soil layer

W Volumetric water content at timet = 7/C,

A Mean volumetric water content of lower (deep)

soil layer

Interfacial volumetric water content of root

zone and base flow soil layers

Soil depth

Regression fit parameters for C,,

Regression fit parameters for C,,

Emissivity of the surface

Volumetric soil water content

» Density of liquid water

Restore constant of one day

Soil water matric potential

Soil water matric potential at saturation

Parameter used in calculation of C, for dry soils

Richards's equation vertical diffusion coeffi-

cient
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