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Abstract

This paper describes an integration of recent new developments in snow, runoff and vegetation growth into the National
Center for Atmospheric Research Land Surface Model (NCAR LSM). The new model, referred to as the Versatile Integrator of
Surface and Atmosphere processes (VISA), has been validated with observed data. The results have demonstrated that the
NCAR LSM, after integrating with these new developments, produces improved simulations of snow and runoff over the
baseline version, and has an added capability to simulate the dynamics of leaf area index (LAI). Moreover, VISA, through its
integration of new schemes, is not only important for studying land—atmosphere interactions in its own right, but also useful for
helping interpret results from a parallel modeling activity—the Community Land Model (CLM) project.
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1. Introduction

During the past decade, much progress has been
made in representing processes of snow (Loth et al.,
1993; Lynch-Stieglitz, 1994; Dai and Zeng, 1997; Sun
et al., 1999), runoff (Famiglietti et al., 1992; Stieglitz
et al., 1997; Chen and Kumar, 2001), and vegetation
growth (Foley et al., 1998; Dickinson et al., 1998) in
land-surface parameterization schemes. However, a
great deal of attention has been focused on one
component within one land-surface parameterization
scheme at a time. If each of these individual process-
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based representations is robust, all should be incorpo-
rated into a widely used, state-of-the-art land-surface
parameterization scheme, and the performance should
be evaluated with observations. Such integration and
evaluation are critical for understanding, modeling
and predicting interactions between land and the
atmosphere.

This paper describes an integration of the above
new developments in snow, runoff, and vegetation
growth into a land surface model (LSM) developed at
the National Center for Atmospheric Research
(NCAR). Four factors have been considered in select-
ing the NCAR LSM (Bonan, 1996a) as the baseline
model. First, the NCAR LSM is the standard land
module in the NCAR Community Climate Model
Version 3 (CCM3) (Kiehl et al., 1998) whose code
is publicly accessible and widely used. Second, the
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NCAR LSM has been well documented (Bonan,
1995a,b, 1996a,b; Bonan et al., 1997; Bonan and
Stillwell-Soller, 1998). Third, the treatment of snow
and runoff in the NCAR LSM is so simple that further
improvements are warranted. Although the carbon
dioxide exchange between land and the atmosphere
is modeled, its leaf area index is prescribed. Fourth,
the NCAR LSM is also used as one of baseline
models for constructing the Community Land Model
(CLM) (Dai et al., 2003), and hence the results
described in this paper will help explain the results
in Dai et al. (2003), Zeng et al. (2002) and Bonan et
al. (2002).

The NCAR LSM, after integrating with a physi-
cally based multilayer snow model, a topography-
based runoff scheme and new soil moisture computa-
tion scheme, and a vegetation growth scheme, will be
referred to as the Versatile Integrator of Surface and
Atmosphere processes (VISA). Niu and Yang (2003b-
this issue), hereafter referred to as paper 2, describe
three different schemes of topography-related runoff
in VISA and assess the schemes’ sensitivities to key
parameters.

2. Implementing a multilayer snow model into the
NCAR LSM

2.1. Snow scheme in the NCAR LSM

The NCAR LSM has a bulk layer for snow mass
and a blended snow and surface soil layer for the
ground surface temperature. The ground heat flux
depends on the difference between the skin temper-
ature and the top soil layer temperature, the thickness
of the top soil layer, and the snow thickness, which is
limited to 1 m. This framework results in under-
estimates in the simulated snow water equivalent
(SWE) (Yang and Niu, 2000).

2.2. A new multilayer snow model

Following Loth et al. (1993), Lynch-Stieglitz
(1994), Dai and Zeng (1997), and Sun et al. (1999),
a new multilayer physically based snow scheme is
developed for use in the NCAR LSM. While a detailed
description of the scheme is given in Niu and Yang
(2003a), the model is described briefly as follows.

2.2.1. Layer structure

The model has zero to three layers depending on
snow depth. While the minimum value is 0.025 m for
all layers, the maximum layer thickness is defined as
follows:

Azl =0.05
Az =0.18
AZgno = hgno — AZ;no - AZgno (1)

where Ag,, is the total snow depth in meters. If the
first layer snow depth exceeds its maximum value,
the second layer is created, with energy and water
being conserved. If the second layer thickness is less
than its minimum value, it will be combined with its
neighboring layer with energy and water being con-
served.

2.2.2. Snow surface temperature

The snow surface temperature 7, is obtained by
iteratively solving the snow surface energy balance
equation

—Sg+Ly+Hy+E;+ G
<aLg 0H, 02E, 0G

—Ey -k — AT, =0 2
AT, 0T, aTg+aTg) £ @)

where AT,=Tp "' — T} and the superscript N indi-
cates the iteration. S,, Ly, H,, AE,, and G are the net
solar radiation, long-wave radiation, sensible heat,
latent heat and ground heat fluxes, respectively. The
ground heat flux G (positive into the first layer snow)
is

G = (T, Th,) 3)

where kino, Azbno and Tl respectively, are the thermal
conductivity, the thickness, and the temperature of the
first snow layer. Note that in the above equation, a
thinner first layer (AzL,,) replaces the total snow depth
plus half of the first soil layer (g +AzLoi/2) in the
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baseline NCAR LSM in order to compute the ground
heat flux more accurately.

2.2.3. Subsurface temperatures
The snow temperature T,, for the subsurface
layers is expressed as

0 Tsno d 0 Tsno
Cao—=— l kspo—— | + S 4
sno ot 82<5n0 Bz) ()

where Cy,, is the heat capacity, kg, is the effective
thermal conductivity, respectively, and S refers to the
source or sink term such as the solar radiation, the
latent heat from phase change, and the heat from rain.
The heat from rain is added on the first layer only. The
heat capacity for a volume of snowpack is expressed
as

Csno = (Cice gice + Cliq Hliq) (5)

where ci. and cjiq are the volumetric heat capacity of
ice and liquid water with values of 2.904 x 10° and
4.188 x 10° (J m~* K™ "), respectively. ;. and Oiiq
are the partial volumes (m* m™?) of ice and liquid
water content, respectively. The effective thermal
conductivity of snow kg, is the combination of snow
thermal conductivity & and the conductivity due to
vapor diffusion £,

ksno - ks + kv (6)

The snow thermal conductivity £ is estimated follow-
ing Jordan (1991) as

ks = kair + (7.75 x 102 pgo 4+ 1.105 x 107> x p2 )
X (kice - kair) (7)

In the relationship, the conductivities of air and ice are
0.023 and 2.29 W K~ ' m™ ', respectively. The
thermal conductivity due to vapor diffusion %, is taken
as a function of snow temperature following Anderson
(1976).

The source term in Eq. (4) includes the penetration
of solar radiation S,,4, heat from phase change H,,,
which will be described in Section 2.2.5, and the
sensible heat from rain H,;,

S = Srad + Hm + Hrain (8)

where S;.q 1S the net solar radiation transmission
through snow

Srad = Sgexp(—«z) 9)

where « is the attenuation coefficient as a function of
snow density (Loth et al., 1993).

2.2.4. Mass balance equations

The snow mass balance equations include the
equations for ice and liquid contents. The mass
balance of ice content in the snowpack is simplified
from Jordan (1991) with the assumption of vapor
phase neglected

0

_Mce: ice
5 Mice) = U

- RilAano ( 10)

where Uice = Gsnow T Girost — Gsub fOr the surface layer,
and is equal to zero for sub-layers. gsows Gfros, and
qsup are snowfall, frost-forming rate and sublimation
rate, respectively, which are described in Bonan
(1996a). R; is the melting rate (kg m™ > s~ ').

The mass balance of liquid water for a certain layer
of snowpack is

J in ou
E (Miq) = RilAano + (Uliq - Uliqt) (11)

where U}inq: Qrain+qdew ~ Geva (kg m72 s 1) for the
surface snow layer only. ¢rain, ¢dew and ¢eya are
rainfall, condensation rate and evaporation rate,
respectively. Ufa' (kg m™ > s~ ') is the rate of the
excessive liquid water above the holding capacity of
the layer flowing down to next layer. Ufir‘q (kg m ™2
s~ ') is the inflowing rate of liquid water from the
above layer with a limit of the equivalent water filling
the layer pore space within one time step

Ull1r<l1 = min(Ul(i’(‘l“, PprigAzsno / At) (12)
where ¢ is the porosity of the sub-layer (¢=
1 — Oice — O1ig), i.e., the available space to store the
inflowing water. The excessive water above the satu-
ration becomes runoff. The holding capacity is taken

as a function of the layer density following Anderson
(1976).
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2.2.5. Snow melting and freezing

2.2.5.1. Snow melting. Snow melting occurs only
when snow ice exists (M;..>0) and the snow tem-
perature is equal to or above the melting/freezing
point (T4, = T,) where Tj,=273.15 K. In reality,
the snow temperature can never be greater than the
melting point, so the excessive energy that makes
the snow temperature greater than the melting point
is used to melt snow ice, and the snow temperature
is set back to the melting point (7y,,=T4,). The
melting energy, H,, (W m %), is given by the
following equation

TN+1 _ Tfr
Hy = CopoAzgyo 00— 13
snoAZsno At ( )
The mass changes RyAzg, (kg m~ 2 s ') in Egs.

(10) and (11) due to the melting energy H,, can be
expressed as

RiAzgo = min(Hy,/Lij, Mice / At) (14)

where L; is the latent heat of fusion (0.3336 x 10° J
kgfl). If the snow mass M, in the layer is not
enough to be melted by the melting energy H,,, the
residual energy is transferred into the next snow or
soil sub-layer to conserve energy.

2.2.5.2. Liquid water freezing. Liquid water freez-
ing occurs only if liquid water exists (Mg>0) within
snowpack and when snow temperature is below
freezing point (7y,, < Tg,). The energy released from
freezing is used to increase snow temperature up to
the freezing point (7y,,=Tg,) or below freezing
point when the liquid water contained in the layer
is not sufficient to release energy to make the snow
temperature reach the freezing point. Following
Loth et al. (1993), the released energy is estimated
as

Hm = min(Hfrchold) (15)

where Hp, is the latent energy released from the
total liquid water of a layer

Hy, = MiigLi /At (16)

and H qq is the cold content of the layer given by

Hcold - CsnoAano(Tfrz - TN+1,)/AI (17)

sno

where 72" means the layer temperature resulting
from all the processes except for the freezing
process. When Hy, <H,yq, 1.€., the freezing released
energy cannot make up for the cold content, the
snow temperature (below freezing point) can be
calculated by the following equation,

Hpy,

T{\“rl _ TN+1’ +
CsnoAano

sno sno

At (18)

TN =Ty, when Hp,>H.oq, according to the

above equation. Note that the heat transported by
liquid water from the above layer is neglected here.

2.2.6. Densification processes

Following Anderson (1976), the total change in
snowpack density or snow depth with time results
from three basic processes such as destructive or equi-
temperature metamorphism, compaction due to the
weight of the overlying snow, and melt metamor-
phism

1 0Azg,
Azgo Ot

= CR; + CR, + CR; (19)

where CR; is the compaction rate due to destructive
metamorphism of new snow, CR, is the compaction
rate due to the weight of the overlying snow, and
CRj; is the melt metamorphism accounting for the
change in snow structure caused by melt—freeze
cycles, plus the changes in crystals due to the
presence of liquid water. Because the third (or the
lowest) layer is rather thick as defined in Eq. (1),
CR, for this layer also accounts for half of the
layer’s snow water equivalent (Sun et al., 1999).
The melting decreases the depth of the snow cover.
All or a portion of the melt water may be retained
within the remaining snowpack. Some of this liquid
water may in turn refreeze, thereby causing an
increase in the ice portion of the snowpack. A
melt—freeze cycle will increase the density of the
affected portion of the snow cover by several
percent.
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3. Implementing a topography-based runoff
scheme into the NCAR LSM

This section describes a topography-related param-
eterization of runoff and an implementation of this
parameterization into the NCAR LSM. The present
parameterization follows closely the TOPMODEL
framework (Beven and Kirkby, 1979; Sivapalan et
al., 1987) and the recent work of Stieglitz et al. (1997)
and Chen and Kumar (2001).

3.1. Saturated hydraulic conductivity

The saturated hydraulic conductivity decreases
exponentially with depth according to

Ksat(z) = Ksat(o)e_fz (20)

where z is the soil depth (positive downward),
K(0) is the surface value of saturated hydraulic
conductivity, and 1/f, e-folding depth of K, can be
determined through sensitivity analysis or calibration
against the recession curve of the observed stream-
flow. According to Chen and Kumar (2001), K,(0)
can be obtained from the compacted value K given
in Clapp and Hornberger (1978) such that K,(0)=
K. Such enhancement in the value of K(0) by a

factor of ¢ is consistent with the surface macropores
(Beven, 1982).

In the NCAR LSM, the soil moisture flux is
defined at the interface level of the model layers
(see Fig. 1):

20 = ¥) — (Azi + Azyy)
Az; + Az

(21)

Giiv1 = —kijin

where i is the layer index, and ¢;;. is the soil
moisture flux (positive downward) at the interface
level between layers i and i+ 1. y;, Az; and ;. 1,
Az, . | are the matric potential and the layer thickness
at layers i and i+ 1, respectively. The hydraulic con-
ductivity at the interface level, k;;1, is calculated
using the thickness-weighted hydraulic conductivities
of the surrounding layers,

kiki1 (Az; + Azipy)
ki1 = 22
- (Azikiy + Azi k;) (22)

where the symbols are defined in Fig. 1. Recently,
several authors have proposed alternative formulations
for k;; 4 to improve the accuracy in simulating soil
moisture and evaporation (Boone and Wetzel, 1996;

Ale O. lm """""""""""""""""""""
=0 b ] 2,=0.10m
£2,=0.2m 2,=0.30m

AZ3:O.4m """"""""""""""""""""
z,=0.70m

AZ4:0-8m """""" Wi,6, ki, Az -----------1
— QiK1 2, =1.50m

AZS = 1 .6m """"" Wt'+la9i+l ak’+l ,AZ,‘*r ““““
zs=3.10m

Azg=3.2mf----=-----mmmmm oo
2 =6.3m

Fig. 1. Schematic diagram of the multilayer soil profile. The hydraulic properties such as volumetric water content 0;, hydraulic conductivity &;,
and matrix potential ; are defined at the center of a layer with thickness Az;, the soil moisture flux ¢, and the interfacial hydraulic

conductivity k;; . ; are defined between layers.
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Dong et al., 2001). In VISA, k;,; . is parameterized
using the arithmetic mean of the volumetric soil
moisture content of the surrounding layers 6, and 6, . |,

0.5(0; + 9,»+1)] 263

kiiv1 = Keat(z:) [ 0
sat

(23)

where O, is the soil porosity, b is a soil parameter
depending on soil texture, and K,(z;) is the saturated
hydraulic conductivity at the soil depth z;. Different
methods of computing the interfacial hydraulic con-
ductivity result in different partial differential equa-
tions of ¢;;+ with respect to soil moisture. The
impacts of using Eq. (22) versus Eq. (23) on runoff
will be discussed later.

3.2. Surface runoff

Surface runoff consists of overland flow by the
Dunne mechanism which requires rainfall to impinge
on a saturated ground surface and overland flow by
the Horton mechanism which is generated when rain-
fall rate exceeds the infiltration capacity of the soil.
The mathematical representation of the above pro-
cesses takes on the form

Rs - FSathat + (1 - Fsat)max(07 (Qwat - Imax)) (24)

where F, is the saturated fraction, which is deter-
mined by the topographic characteristics and soil
moisture state of a grid cell,

Fa = /  pdf(A)da (25)
12T+ zv)

where 4 =In(a/tanf) is the topographic index where a
is the contribution area and tan is the local slope; / is
the mean value of 4 in the grid cell; pdf(4) is the
probability density function of 4; zy is the grid-mean
water table depth. Q.. is the recharging rate at the
soil surface,

Qwat = Qme]t + Qdew + Qrain (26)

where Omer, Qdew and QOain are the water fluxes of
snow melting, dew and rainfall.

Inax 1s the soil infiltration capacity dependent on
soil texture and moisture conditions (Entekhabi and
Eagleson, 1989), which is
d
‘|,

‘//:‘//sat

]max - Ksat(o) [ (27)

where V4, is the saturated matric potential. The terms
inside the bracket represent the gradient of the capil-
lary and gravity forces, respectively, in the vertical
direction. The capillary term dominates when the soils
are dry. This effect is more pronounced for finer
textured soils. When the soils are wet, it can be
simplified as /., = Ka(0). Actually, .. for the dryer
soil is larger than K,(0) due to the capillary force.
Thus, for TOPMODEL type of runoff scheme, the
second term on the right-hand side of Eq. (24), i.e., the
Horton runoff, is always zero because of the ex-
tremely large K,(0) due to the surface macropores.
However, the infiltration capacity I, is set to zero at
the impermeable surfaces such as glaciers, lakes, and
wetlands. For the frozen soil surface, I, is para-
meterized as a function of the partial soil liquid water.

3.3. Subsurface runoff

In the NCAR LSM (Bonan, 1996a), subsurface
runoff consists of saturation excess runoff and bottom
drainage. In the present approach, the topographic
control of subsurface runoff is explicitly included.
Subsurface runoff is parameterized as

Rg = Rgp Top + Rep BoT + Rsp SAT (28)

where Rg, top, Rsp ot and Ry, sar represent subsur-
face runoff due to topographic control, bottom drain-
age, and saturation excess, respectively.

3.3.1. Topographic control

Following Sivapalan et al. (1987), subsurface run-
off due to topographic control is

Kat(0) 5

Ry 0P = aﬁe Lo f7w (29)
where o is an anisotropic factor accounting for the
differences in the saturated hydraulic conductivities in
the lateral and vertical directions introduced by Chen
and Kumar (2001) to simulate the desired streamflow
response.



Z.-L. Yang, G.-Y. Niu / Global and Planetary Change 38 (2003) 175-189 181

3.3.2. Bottom drainage
The gravitational loss of soil water at the bottom of
the model soil column is given by

Ry por = ks + (071 — 0F) (g_];) (30)
6

where kg is the hydraulic conductivity at the bottom of
the sixth soil layer (Fig. 1), 0% is the volumetric soil
moisture within the sixth soil layer at time step N. The
bottom drainage depends on f. A large value of f
results in a small k6, and hence a negligible Ry, por-

3.3.3. Saturation excess
The saturation excess for all soil layers is given in
the following equation.

6
Wexcess = Zmax[o, (01 - Qsat)AZi] (31)
i=1

This saturation excess is used to recharge the soil
layers above the water table. If the entire column
becomes oversaturated, subsurface runoff due to sat-
uration excess is

6 6
Ry sa = max [07 (Z 0idz; = HsatAz,) / Az]
i1 i1
(32)
where At is the time step.

3.4. Water table depth

The water table depth zy is crucial in determin-
ing the saturated fraction, surface runoff and base-
flow. The method of Chen and Kumar (2001) is
used here because of its capability to produce a
smooth temporal change in water table depth. After
the soil moisture is obtained by solving the Richards
equation, the soil moisture deficit for the entire
column is given by Dy = 21‘6:1 (Osat — 0;)Az;. Assum-
ing that there is no vertical moisture flux, then the total
head must be conserved within the soil column,

lp(Z) —z= lpsat —Zv (33)

Substituting (z) with the Clapp and Hornberger
(1978) formula, we get

Ve (?)h— e (34)

The resulting soil moisture profile is

0(z) = O (—"’S"“ — (v -2 )Ub (35)

The water table depth, zy, is then computed by solving
the equality iteratively

Dy = /0 T (O — 0(2))dz (36)

Computationally, VISA takes the following order.
(1) The mean soil moisture is calculated by solving
the Richards equation with the infiltration and the
bottom drainage as the upper and the lower boun-
dary conditions, respectively. (2) The water table
depth is then computed according to the above
methodology. (3) The probability density function
(pdf) and the water table depth are then used to
generate the saturated fraction of a grid cell, that is
the area under the cumulative distribution function
(CDF) with values of the topographic index greater
than A+fzy. (4) The saturated fraction determines
the fraction of throughfall and snowmelt that
becomes surface runoff and infiltration. Subsurface
runoff is computed. (5) The evaporative fluxes
consist of demand-limited evapotranspiration from
the saturated fraction of a grid cell and supply-
limited evapotranspiration from the unsaturated frac-
tion.

4. Incorporating a vegetation growth scheme into
the NCAR LSM

In terms of the feedback mechanisms represented,
the representation of the vegetation in land surface
models has evolved through three main phases.
First-generation models allowed no feedback
between the vegetation and climate and prescribed
the vegetation’s stomatal resistance as being con-
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stant or zero (e.g., Manabe, 1969; Hansen et al.,
1983). Second-generation models allowed the vege-
tation to play a substantial role in determining land
surface/atmosphere exchanges, with feedback possi-
ble via the parameterization of stomatal resistance/
conductance. Based on the work of Jarvis (1976), in
such models stomatal conductance depends on the
modeled radiation, air temperature, and soil moisture
(itself dependent on precipitation), among other
things (Dickinson et al., 1993; Sellers et al.,
1986). Several authors (e.g., Sellers et al.,, 1996;
Bonan, 1996a; Dickinson et al., 1998) further
improved the parameterization of the stomatal con-
ductance by relating it to photosynthesis and carbon
assimilation, based on the work of Ball et al. (1987)
and Collatz et al. (1991, 1992). While still retaining
the conductance—assimilation approach, third-gener-
ation models now permit greater feedback between
the vegetation and atmosphere. Several important
morphological parameters are expressed as a func-
tion of precipitation, radiation, temperature, as well
as nutrients, such as leaf area index (LAI) (Dick-
inson et al., 1998), fractional vegetation cover
(Huntingford et al., 2000), and competition/distribu-
tion (Foley et al., 1998).

In this section, we incorporate the leaf area index
growth model of Dickinson et al. (1998) into the
NCAR LSM. The leaf growth model of Dickinson
et al. (1998) has two major parts: a stomatal
conductance—photosynthesis part, and a dynamic
leaf part. The first part, similar to the NCAR
LSM, is based on Collatz et al. (1991) with photo-
synthesis being calculated for both sunlit and shaded
leaves. The second part is concerned with the
changes in carbon allocation, respiration, and vege-
tation phenology (e.g., budburst, leaf-out, senes-
cence, dormancy). This part resolves time scales
from seconds to hours as well as from days to
months. Assimilated carbon is allocated to other
parts of the plant in addition to the leaves, while
the death and decay of leaves and other plant parts
release CO, back to the atmosphere. The total
ecosystem respiration is the sum of four contribu-
tions corresponding to maintenance respiration for
leaves, wood, roots, and soil, and three contributions
corresponding to growth respiration for leaves,
wood, and roots. In each case, the maintenance
respiration is assumed to be a function of temper-

ature, specifically canopy temperature for leaves and
wood respiration, and soil temperatures for root
respiration and soil respiration. In each case, growth
respiration is assumed to be a specified fraction of
the instantaneous carbon assimilation.

When incorporating the leaf growth model of
Dickinson et al. (1998) into the NCAR LSM, we
only couple the second part of the leaf growth
model described above and continue to use the ori-
ginal conductance—photosynthesis model by Bonan
(1996a).

5. Model demonstration

This section presents results which demonstrate the
capability of VISA in simulating snow, runoff and leaf
growth. The Sleepers River watershed is chosen
because it provides both snow and runoff measure-
ments. The Boreal Ecosystem-Atmosphere Study
(BOREAS) data are used to validate the surface
albedo in the presence of snow. The Champaign data
set is invaluable to evaluate the predicted leaf area
index. Additional demonstration is given by Bowling
et al. (2003-this issue) who have documented the
performance of VISA in the simulations of snow
and runoff for the 58,000-km? Torne and Kalix river
basins in northern Scandinavia, and in paper 2 which
has examined the impacts of different topography-
based runoff schemes in VISA.

5.1. Sleepers River watershed

Subcatchment W-3 (8.4 km?) of the Sleepers
River watershed (111 km?), located in the highlands
of Vermont, USA, provides 5 years of meteorolog-
ical and hydrological data taken between 1969 and
1974 which were used here to drive and evaluate
our land surface models. The W-3 topography is
characterized by rolling hills and the soils are
dominated by silty loams. The vegetation types are
approximately one-third grassland, one-third conif-
erous forest, and one-third deciduous forest. More
details are provided by Lynch-Stieglitz (1994) and
Stieglitz et al. (1997).

Fig. 2 compares models’ results with site data for
the entire five snow seasons. The baseline NCAR
LSM significantly underestimates snow depth and
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Fig. 2. Modeled snow water equivalent (SWE) and snow depth using the baseline NCAR LSM (dash line) and VISA (solid line) in comparison
with observations (squares) for 5 years from November 1, 1969, Sleepers River, USA.

snow water equivalent (SWE). As a result, the timing to the inclusion of a thinner snow surface layer and a
of the end of the spring snow melt simulated occurs realistic consideration of water retention and densifi-
1-2 weeks too early compared to the observed. These cation processes.

discrepancies are, however, eliminated in the simula- The impacts of using Eq. (23) to represent the
tions by VISA, which captures the growth and abla- hydraulic conductivity at the interface level of

tion of the snowpack for all snow seasons mainly due model soil layers are illustrated in Fig. 3a. The
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Fig. 3. (a) Modeled daily runoff and observed runoff measured at the W-3 weir. (Top) The baseline NCAR LSM and (bottom) the baseline
NCAR LSM with the interfacial soil hydraulic conductivity computed using Eq. (23). (b) (Top) Modeled daily runoft and observed runoff
measured at the W-3 weir, (middle) the modeled water table, and (bottom) the modeled saturated fraction.
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original formula (cf. Eq. (22)) results in modeled
runoff out of phase with observations by up to 3
months. With Eq. (23) used in VISA, the timing
and strength of the peak runoff is more accurately
simulated, indicating that this new formulation
improves the simulations of surface runoff which
are generated due to snowmelt, precipitation, or
throughfall. However, deficiencies are evident in
simulating the slow recession toward nominal values
(subsurface runoff) (Fig. 3a). These deficiencies
disappear when the TOPMODEL equations are
included in VISA (Fig. 3b) in which the hydraulic
conductivity decay parameter for the W-3 subcatch-
ment was taken to be 3.26 as given by Stieglitz et
al. (1997). As the snowpack ablates in late spring,
the water table rises and the saturated fraction
increases. As a result, VISA reproduces both the
main spring hydrographs and individual storm
hydrographs.

5.2. BOREAS data set
VISA also is evaluated with data collected in the

boreal forest from the Boreal Ecosystem-Atmos-
phere Study (BOREAS) (Sellers et al., 1997). Two

boreal forest stands located in Southern Study Area
(SSA) are selected: mature (old) jack pine (OJP)
and old aspen (OA). The focus here is the surface
albedo because it is a difficult variable to be
properly modeled (Betts and Ball, 1997). Fig. 4
shows that VISA captures the daily variability of
surface albedo provided that the observed LAI is
used and that the canopy interception capacity for
snow is made greater than that for rain. In SSA-
OJP, VISA simulates the surface albedo at about
10% during summertime, 15% when snow exists
under the canopy, and above 20% during snowfall
events. VISA also reproduces the surface albedo in
the case of SSA-OA.

5.3. Data at a farmland in Champaign, IL

The data were collected at a farmland in Cham-
paign, IL (40.01°N, 88.37°W). Corn and soybean
were planted in alternative years since 1986. Fig. 5
shows that the model not only captures the dynam-
ics of LAI, but also reproduces CO, flux, net
radiation, latent and sensible heat fluxes, ground
heat flux as well as surface temperature and soil
moisture at 5-cm depth for both the 1998 soybean

Surface Albedo (%)

0 60 120 180 240 300 360 420 480 540 600 660 720 780 840 900 960
Day from Jan. 1st, 1994 (SSA-OJP)

Surface Albedo (%)

T T T T T T T T

o OBS

0 60 120 180 240 300 360 420 480 540 600 660 720 780 840 900 960
Day from Jan. 1st, 1994 (SSA-OA)

Fig. 4. Comparison of simulated and observed daily mean surface albedo at (a) SSA-OJP, 1994—1996 and (b) SSA-OA, 1994—1996.
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Fig. 5. Modeled 5-day mean leaf area index (LAI), CO, flux (CO2), net radiation (Rnet), latent heat flux (LHEAT), sensible heat flux (SHEAT),
ground heat flux (GHF), surface temperature and soil moisture at 5 cm (SM_5 cm) in comparison with observations for the 1998 soybean and
the 1999 corn.

and the 1999 corn. In addition, the model simulates The original leaf growth model does not have a
the diurnal cycle of net radiation, latent and sensible stem mass balance equation, thereby leading to
heat fluxes and CO, flux (Fig. 6). excessive allocation of carbon to leaves, much
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Fig. 6. Diurnal variations of simulated net radiation (Rnet), latent heat flux (LHEAT), sensible heat flux (SHEAT) and CO, flux (CO,) compared
with observations for the 4 days selected from the growing season of the 1999 corn.

higher LAI and more uptake of CO, in the 1999 the additional stem respiration (upward CO, flux)
corn case. Allowing allocation of the excessive helps improve the simulation of the total CO, flux
carbon to stem improves the LAI simulations, and (Fig. 7).
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Fig. 7. Modeled leaf area index and CO, flux with stem (CTRL) and without stem (no stem) dynamics in comparison with observations for the
1999 corn.
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6. Summary

This paper describes three new features that have
been added to the baseline version of the NCAR
LSM. These new features are (1) a physically based
multilayer snow scheme, (2) a topography-based run-
off scheme, and (3) a leaf growth scheme. The
resulting model is named as the Versatile Integrator
of Surface and Atmosphere processes (VISA). VISA
has been tested with the Sleepers River data set for
both snow and runoff, the BOREAS data set for the
surface albedo in the presence of snow, and the
Champaign data set for leaf growth.

The baseline NCAR LSM underestimates snow
mass and ablates snow too early, which exasperates
the problem in simulating snowmelt-induced runoff
such that modeled runoff has a weakened amplitude
and is several months out of phase with observations.
The biases in the snow simulations can be resolved by
using the multilayer snow scheme mainly due to the
inclusion of a thinner snow surface layer and a
realistic consideration of water retention and densifi-
cation processes. The deficiencies in the timing and
strength of runoff are largely due to the method used
in computing the hydraulic conductivity at the inter-
face level of the model soil layers. The smoothly fast-
rising limb to peak discharge and the gradual reces-
sion evident in the main spring hydrographs and
individual storm hydrographs can be simulated pro-
vided that the TOPMODEL equations are included.
As a result, VISA produces realistic simulations of
both snow and runoff. Moreover, VISA is capable of
simulating leaf growth for soybean and corn in our
test case. Results from using VISA on continental and
global scales will be reported elsewhere.
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