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1. Introduction

The partitioning of precipitation reaching the
earth’s surface among evaporation, transpiration,
infiltration, and runoff is mainly governed by the
highly non-linear exchange between the soil,
vegetation and atmosphere.  Surface-atmosphere
interaction can be important for not only the
disposition of the precipitated water, but also to
where precipitation falls in the first place. Thus,
there are strong efforts to improve mesoscale
meteorological models by introducing state-of-the-art
land surface models (LSMs; e.g., Tilley and Lynch
1998, Chen and Dudhia 2001a, b, Mdlders 2000).
Such LSMs describe the important interactions
between the biosphere and atmosphere, especially,
the fluxes of radiation, momentum, heat and matter.

The comparisons carried out within the
framework of the Intercomparison of Land
Parameterization Schemes (PILPS) program showed
that even quite similarly designed LSMs may provide
appreciable differences in the results (e.g., Shao and
Henderson-Sellers 1996, Chen et al. 1997). One
conclusion of this study was that systematic
comparison of LSMs and their results may lead to a
better understanding of nature of these differences
and may lead to improved process representation.
This is the goal of the present study.

We compare and evaluate the performance
of two state-of-the-art LSMs, namely, the NCEP
Oregon State University Air Force Hydrology Lab
land surface model (NOAH ; e.g., Koren et al, 1999)
with its modifications made for the Arctic (e.g.,,
Mitchell et al. 2002) and the hydro-thermodynamic
soil vegetation scheme (HTSVS; Kramm et al. 1994,
1996, Molders 2000, Molders et al. 2003a).
Hereafter, the LSMs are denoted NOAH and HTSVS,
respectively, as are the simulations performed with
these LSMs and their results. NOAH and HTSVS
were chosen for the following reasons: (1) both
LSMs have been evaluated initially with different
data sets (e.g., Kramm 1995, Kramm et al. 1996,
Molders 2000, Molders et al. 2003a, b, Chen and
Dudhia 2001a, b, Zhang and Tilley 2003 (this
volume)), (2) they were developed for different
regions and purposes of application, (3) both LSMs
are commonly applied in the scientific community.

The predecessor to NOAH, the Oregon State
LSM (e.g., Ek and Mahrt 1991) was designed for
short to medium range meteorological forecasts. On

this temporal scale the Ludwig-Soret (i.e., a
temperature gradient contributes to the water flux and
changes soil volumetric water content) and Dufor
(i.e., a moisture gradient contributes to the heat flux
and alters soil temperature) effects and the
differences between foliage and ground temperature
are assumed to be negligible. This prior version was
evaluated in a 1D-mode against FIFE, HAPEX-
MOBILHY, and CABAUW-data. It reasonably
simulates the diurnal variation and seasonal evolution
of surface heat fluxes, surface radiative temperature,
and soil moisture (Chen et al. 1996). Its
incorporation in the Eta-model significantly
improved the quantitative precipitation forecast skill
(Chen et al. 1997). The land surface model was
further-developed for application in high-latitudes
(e.g., Koren et al. 1999, Zhang and Tilley 2001,
Mitchell et al. 2002) and evaluated for various Arctic
sites (Zhang and Tilley 2003, this volume).

HTSVS originally was developed for
chemistry (CM) and chemistry transport (CTM)
models and long-term climate simulations (e.g.,
Kramm et al. 1994, 1996, Molders et al. 2003a). In
CMs and CTMs, the emission of trace species from
and its transport within the soil are important issues,
for which water vapor transport in the soil and the
Ludwig-Soret effect and Dufour effect are
considered. These effects are also of relevance for
the long-term variability of soil water and within
permafrost. HTSVS considers the heterogeneity on
the microscale, which is of relevance on the climate
scale. The heterogeneity on the microscale is
considered by determining separate moisture and
temperature values for the foliage and ground by a
mixture approach (Fig. 1).

Several off-line evaluation studies were
performed with HTSVS over various vegetation
types using data from GREIV-74 (Kramm 1995),
SANA, and Jilich-experiment (Kramm et al. 1996)
as well as CASES97 (Mélders 2000). A long-term
evaluation was carried out using the lysimeter and
tensiometer data collected at Brandis, Germany
during 1992 to 1997 (Molders et al. 2003). These
studies have demonstrated that HTSVS reasonably
simulates the diurnal variation of soil temperatures,
surface latent and sensible heat fluxes as well as the
seasonal evolution of water tension and subsurface
runoff.



2. Design of the study

In this study we will first theoretically analyze the
different and common features of the two land
surface models before we evaluate their results. In
the context of this article we primarily discuss the
parameterizations as well as the parameters used by
the models and provide some estimates to evaluate
what the differences mean. Presentation of more
detailed simulation comparisons will be done at the
conference.

Routine hourly mean data for wind, relative
humidity, temperature, global radiation, and
precipitation are continuously available for several
sites in Alaska. We use these data to drive the land-
surface models. For some sites, no data of downward
long-wave radiation are available; this quantity will
be parameterized at such sites. Data of observed soil
temperatures, soil moisture and snow depth serve for
evaluation of the models.

We anticipate that the primary differences
between the models will be in the soil moisture and
temperature fields, skin surface temperatures as well
as sensible and latent heat fluxes. Secondary
differences are expected for the variables of state. .
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Fig. 1. Schematic view of the resistance networks
used in (a) NOAH-LSM and (b) HTSVS. Here, r,,
Tt Tmtfe> Tmigs Tme ANd I'megein are the resistance of
roots, turbulent resistance, molecular turbulent
resistance between ground and foliage, for
ground, foliage, as well as for the skin consisting
of ground and foliage, gy, Qvg, s> Qs Or, Ty, T,
Tein, and oy stand for the specific humidity at
reference height and at the ground, specific
humidity in the stomata (saturation) and of the
foliage, potential temperature at reference height,
temperatures of the ground, foliage, and skin,
respectively, as well as vegetation fraction.

3. Results from theoretical analysis of NOAH and
HTSVS
3.1 Prognostic equations and numerical treatment

In NOAH, prognostic variables are soil
moisture and soil temperature each in four layers,
water stored on the canopy and snow depth at the
ground surface, respectively. In HTSVS, the
prognostic variables are the volumetric water content

and soil temperature each in five layers, the water
and snow stored on the entire surface (soil and
canopy), snow liquid water content, snow density,
and snow temperature. Note that in principle, more
soil layers can be chosen in HTSVS and NOAH.
Here, however, we take the design as it is
implemented in MMS5 (e.g., Chen and Dudhia 2001,
Molders 2000).

3.2 Discretization of the soil

In principle, soil layers can be chosen
arbitrarily in NOAH. In HTSVS, for numerical
reasons, the soil is divided into layers according to
A = In(zi1/z;)) = constant where z,; and z; are
neighboring soil layers with z,; > z;.

3.3 Soil volumetric heat capacity

In both LSMs, the dependence of the
volumetric heat capacity of moist soil, C, on soil
volumetric water content is considered by

Clnghgegtpy ey e,y - ()

Here, n; is the porosity (Tables 1, 2), ps, pyw (= 1000
kg/m’), p; (= 916 kg/m’), and p, are the density of dry
soil, water, ice, and air. Furthermore, cs, ¢y, ¢;, and ¢,
denote the specific soil heat capacity, specific heat of
water, ice, and air, respectively.

In NOAH, volumetric heat capacity of dry
soil material is equal to 2-10° Wm~K's™ while the
density of the dry soil material is given by

ps = (1-n,)2700 . @)

Using these relations yields the volumetric heat
capacity used in NOAH. The volumetric heat
capacity of dry soil material, pscs, as used in HTSVS,
is listed in Table 2.

The resulting different values for volumetric
heat capacity of the soils are different in NOAH and
HTSVS and, hence will lead to a different thermal
behavior. Assuming, for example, a volumetric
water content of 0.3 for sand and a density of air of
1.29 kg/m®, we obtain a volumetric heat capacity
values for wet soil of about 2.228-10° Wm™K™'s™" and
2.796:10° Wm K's' for HTSVS and NOAH,
respectively.

3.4 Soil hydraulic conductivity

In both LSMs, the hydraulic conductivity is
given by (e.g., Clapp and Hornberger 1978)

Ky = Kys (n/ns)2b+3 . 3)



In HTSVS, the soil characteristic curve is described
by

Py =2 +logo (-, (m, /m)®) 4)

where the water potential, V¥ , is determined by (e.g.,
Clapp and Hornberger 1978)
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with y; being the soil water potential at saturation

(see Tab. 2).

The water tension, ‘I", used in NOAH can
be related to the water potential of HTSVS by
multiplication with -1 (see also Tabs. 1, 2).

3.5 Soil thermal conductivity

In both LSMs, thermal conductivity is a
function of soil volumetric water (and in the case of
frozen soil of soil volumetric ice content). However,
the formulation differs between the models. In
NOAH, the thermal conductivity is given as

A=Ak —hy) + Ay . (6)
where
n/ ng frozen soil
A= 10g10 n/ ng + 1 unfrozen soil (7
0 dry soil
and

(0.135(1-1)2700 + 64.7)
d ™ (2700 - 0.94)(1-1)2700

®)

and

z A 1-qz -1, ;
2y =zt g ©)

S

Here, A, and A are the thermal conductivity of ice

and water, respectively. Furthermore, A, and A,

stand for the thermal conductivity of quartz and other
dry soil material.

In HTSVS, the thermal conductivity A
depends on this quantity as follows (e.g., McCumber
and Pielke 1981)

419exp(-2.7+P;))0 <Py <5.1
= (10)

0.172 Pe >5.1

In the case of frozen soil, a mass-weighted thermal
conductivity depending on the liquid and solid
volumetric water content present is calculated in
HTSVS using the above equation for the liquid phase
and a value of 2.31 J/(msK) for the solid phase.

3. 6 Soil moisture and heat fluxes

Both LSMs use a fully implicit Crank-
Nicholson-scheme for soil moisture and temperature
prediction.

3.6.1 NOAH

In NOAH, the soil heat flux is determined
by a diffusion equation for soil temperature, Ts (e.g.,
Chen et al. 1996)

oT. oT.
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where t is time, A is the thermal conductivity, z is soil
depth, and C is the volumetric heat capacity of the
moist soil. At the top, ground heat flux is determined
using the surface skin temperature. Volumetric water
content is given by the diffusive form of Richard’s
equation derived from Darcy’s law under the
assumption of rigid, homogeneous, isotropic vertical
flow conditions (e.g., Chen et al. 1996)
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Here, M is the volumetric liquid water content, K, is

the hydraulic conductivity and the hydraulic
diffusivity of frozen soil is given by

n b+2 b+2
D:F-Ds[n—t] +(1—F)DS{?1;2] (13)
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where m; is the ice content within the soil layer, and
T, is the total soil moisture (ice plus liquid) within

the soil layer, Dy is the saturated soil diffusivity, and



T, is the soil porosity. In NOAH, ice formation is

adjusted to the energy loss of a soil layer at
temperatures below the freezing point. Thus, the soil
ice content of the next time step (t=n+1) is given by

aAt
el (15)
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where Az, At, and o are the thickness of the soil
layer, the time step and the heat flux, respectively.
The ice content is a function of soil texture and soil
temperature (see Koren et al. 1999)
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3.6.2 HTSVS

In HTSVS, the treatment of the (vertical)
heat- and water-transfer processes is based on the
principles of the linear thermodynamics of
irreversible processes including the Richards-
equation. Since the seasonally frozen soil affects the
surface energy balance and the hydrologic response,
a diagnostic approach to consider the effects of
frozen soil was added to the diffusion equations for
soil moisture and heat. The governing balance
equations for heat and moisture including phase
transition processes and water extraction by roots
read (Molders et al. 2003a)
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The second terms on the right hand side of the last
two equations represent the Ludwig-Soret effect and
the Dufor effect. The third term in the last equation
stands for the water uptake by roots, x/py. This
coupled equation system is simultaneously solved by
using the Crank-Nicholson-scheme in conjunction
with the Gauss-Seidel-technique.  The transfer
coefficients for water vapor, D, ,, water, D, and
heat, Dr,, depend on the relative volumetric water
content, m/ns according to (e.g., de Vries 1958,
Kramm et al. 1996, Molders 1999)

N b+3
D =—-bK —S(iJ . 1)

Here, g is the acceleration of gravity, ¥ stands for
the water potential (also called matric potential, soil
water suction and tension head), L, is the latent heat
of condensation, L; is the latent heat of fusion, R, and
py are the gas constant and density of water vapor.
The values of the pore-size distribution index, b, and
hydraulic conductivity, K5, depend on soil type.
The molecular diffusion coefficient of water vapor in
air is given by (Kramm 1995)

~8.,.2.3
589-10°°T
Dv=an (22)

where p is pressure (in hPa), and o = 0.67 is a factor
to consider the torsion of soil by roots and worms.

In HTSVS, in the presence of ice, water
potential remains in local equilibrium with the vapor
pressure over pure ice (e.g., Fuchs et al. 1978)

:Lf(TS—273.15)

(23)
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The volumetric ice content is defined by the
difference of the total water within the soil layer
minus the maximum liquid water content for
temperatures below the freezing point, T:

Lf(TS_T() )}—l/b

(24)
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Since the phase-transition alters temperature by
release of latent heat or consumption of heat, a first-
order Newton-Ralphson-technique is used to solve
the moisture and heat flux equations iteratively in
HTSVS.

Since the most obvious differences between
NOAH and HTSVS are the cross-effects (thermal and
moisture) that are only included in the latter, we
examined the impact of these cross-effects. Figure 2
shows the results from simulations performed with



HTSVS wherein soil moisture is taken from different
levels in the soil. The resulting distribution of n
leads to altered gradients of that quantity and, hence,
altered soil moisture and heat fluxes as well as soil
temperatures. It is noteworthy that the cross-effects
affect the long term (2050-day-sums) of recharge and
water supply to the atmosphere by about 5 % each
(cf. Molders et al. 2003a). From this we conclude
that cross-effects are important on the long-term, but
can be neglected on the shorter time scales (days to
weeks) as it is the case for NOAH.
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Fig. 2. Comparison of daily averaged (a) soil
volumetric water content and (b) soil temperature
as obtained from the simulations for 2050 days
with HTSVS assuming 0.1 m and 0.3 as the
depths for the partitioning between the upper and
lower root zone. The scatter in soil temperatures
provides a hint for how the Dufour- and Ludwig-
Soret effects work on the long-term. See text for
further discussion. After Mélders et al. (2003a).

3.7. Exchange of heat and matter at the interface
land-atmosphere

In both LSMs, vegetation is represented by a
single canopy layer. The sources and sinks of soil
moisture are infiltration, /, evapotranspiration, E,
surface runoff, R, and base flow, B, (drainage). The
exchange of energy and matter between the
vegetation/soil and the atmosphere is parameterized
by a resistance network analogy (Fig. 1).

Transpiration of water by plants is described by a
bulk-stomatal resistance approach (see Ek and Mahrt
1991, Chen et al. 1996 for NOAH, and Kramm et al.
1996 for HTSVS, respectively). Despite accounting
for the same processes, different strategies are
applied to calculate the exchange of heat and matter
as can be seen by comparison of Figures 1 and 3.
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Fig. 3. Comparison of correction functions as used
for the case simulated by NOAH (solid lines) and
HTSVS (dotted lines) for the effects of
temperature, water vapor deficit, radiation and
soil volumetric water content (from the upper left
to the lower right). In HTSVS, correction
functions of radiation and temperature depend on
vegetation type. Here, they are shown for
grassland (thin dotted lines) and cropland (thick
dotted lines). In NOAH-LSM, sensitivity to
water vapor deficit is plant specific. Here,
grassland (thin solid lines) and forest (thick solid
lines) are shown.
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depends on the sensitivity of transpiration to
photosynthetic active radiation, temperature, water
vapor deficit between leaf and ambient air. These
stress factors are accounted for by correction
functions, g; to g4, which range between 0 and 1
(e.g., Jarvis 1976; Fig. 3; Tab. 4). The correction
functions of NOAH were adjusted for mesoscale
applications using FIFE-data (Chen et al. 1996).

Below a critical value solar radiation
strongly affects stomatal resistance (Fig. 3). This
critical value is higher for NOAH than for HTSVS
because the latter model was developed for higher
latitude applications (initially) than the former.
Consequently, cloudiness, sunrise and sunset may
affect transpiration more strongly in NOAH than in
HTSVS.



When the water vapor deficit is high, plants
close stomata to protect themselves from water loss.
In NOAH, this effect depends on land-use type (cf.
Tabs. 2, 4, 5). According to the correction functions,
a water vapor deficit increases stomatal resistance
more strongly in HTSVS than in NOAH, as shown in
Figure 3.

In NOAH, the correction function of
temperature depends on air temperature, T,. In
HTSVS, it is determined by foliage temperature and
plant characteristics (Tab. 4). The correction
functions may be slightly steeper or flatter and the
temperature range of transpiration may be wider or
smaller in HTSVS than in NOAH (see Fig. 3).

Both LSMs apply the same correction
function to consider the limiting effects of plant
available soil water (Fig. 3, Tab. 4).

In NOAH, surface skin-temperature is
calculated by use of a single linearized surface
energy balance equation that represents the combined
soil/vegetation surface. Total evapotranspiration is
the sum of the direct evaporation from the top
shallow soil layer, evaporation of intercepted water
and transpiration via canopy and roots (see Chen and
Dudhia 2001a). A diurnally dependent Penman
potential evaporation approach considers evaporation
from the shallow soil layer (Mahrt and Ek 1984).

In HTSVS, the effects of bare and plant-
covered soil are linearly weighted by the shielding
factor o¢ (0 < of < 1) associated with the degree to
which foliage prevents short-wave radiation from
reaching the ground (Deardorff 1978). This mixture-
approach considers the microscale heterogeneity of
the soil-vegetation system. As such, albedo and
emissivity of canopy and soil may differ. In HTSVS,
coupled energy- and water-budget equations are
simultaneously solved for the surfaces of foliage and
soil to calculate the corresponding surface values of
temperatures and moisture (e.g., Kramm et al. 1994,
1996). The water budget equation of foliage is
eliminated assuming saturation in the stomatal
cavities. The water and heat fluxes of the uppermost
soil layer are determined by the assumption of
height-invariant fluxes (e.g., Sasamori 1970, Kramm
et al. 1996). Figure 4 exemplary shows the
difference of foliage and ground temperature during
the diurnal course. These differences between
foliage and ground temperature are neglected in
NOAH that uses a common skin-temperature.

3.8. Emissivity and albedo

As a consequence of the different treatment
of energy- and water budgets, the surface albedo and
emissivity of NOAH and HTSVS differ (cf. Tabs. 3,
5). In NOAH, namely, albedo and emissivity are
held constant throughout the entire simulation time.

The albedo/emissivity of vegetation is assumed to be
representative for the common albedo/emissivity of
the vegetation-soil system. In general, in regions
covered by snow, ground albedo and emissivity are
modified based on snow depth according to Chen et
al. (1997) and Koren et al. (1999).
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Fig. 4. Diurnal course of foliage and ground surface
temperature as simulated by HTSVS.

In HTSVS, a region is assumed to be totally
snow-covered after a snow event. Snow albedo and
emissivity depend on snow age, ty, . in s, after the

last snowfall (Mdlders et al. 2003a).

As a consequence of the mixture approach,
in HTSVS, the values of soil albedo and emissivity
may differ from those of vegetation. While in
HTSVS, the albedo of vegetation, oy, is prescribed
(see Tab. 5), soil albedo, o, depends on the
volumetric water content of the uppermost shallow
soil layer (McCumber and Pielke 1981).

Under snow-free  conditions  albedo
decreases after sunset when upward soil moisture
fluxes or dew feed the uppermost soil layer. In
NOAH, domain averaged albedo keeps constant as
long as no snow falls. A sensitivity study was
performed with HTSVS wherein the albedo values of
NOAH were used for the canopy. The results of this
study lead to, on average, slightly higher net
radiation, and latent heat fluxes, but daytime net
radiation is still lower in HTSVS than in NOAH.

3.9. Roots

In NOAH, root layers follow a thin 0.05 m
top layer. Roots exist up to 2 m depth. The fourth
layer depth with a depth of 1 m serves as a reservoir
with gravity drainage at the bottom. The soil
moisture in the upper 2-m root zone is available for
plant transpiration.



In HTSVS, depending on vegetation type
roots may reach into all soil layers. There may be a
different amount of roots in the upper 0.3 m than in
the soil below (see Mdlders et al. 2003a). Maximum
root length may not exceed the bottom of the soil
model, which is at a depth of 2 m for this study. In
the upper (lower) root zone, the roots are distributed
uniformly. The water extraction by roots 7y is
determined by Cowan’s (1965) model slightly
modified by Federer (1979) and Martin (1990).

3.10. Snow

NOAH uses a one-layer snow model as
described in Chen et al. (1996) and Koren et al.
(1999), in which snow properties are allowed to vary
temporally; for example, snow density varies with
snow temperature, snow melt and snow
accumulation.

HTSVS applies a strongly modified version
of the multi-layer snow model described by Frohlich
and Molders (2002). Herein, snow-height, increases
by snowfall and decreases by snow-metamorphism,
namely (1) sublimation, (2) outflow of melt-water,
and the increase of snow-density by (3) windbreak,
(4) compaction, (5) settling, (6) percolation, and (7)
freezing of melt-water.

4. Conclusions

Based on the few common evaluations made
so far both LSMs provide the typical differences in
near-surface quantities and fluxes associated with
different land-use types. Predicted fluxes and skin
temperature are more sensitive to the choice of LSM
than the variables of state, soil temperature and soil
moisture.

The comparison of the physical formulations
showed that the consideration of Dufor- and Ludwig-
Soret effect in the equations of heat and water
transport within the soil, as well as the consideration
of micro-scale heterogeneity of soil and vegetation in
the energy and water budgets by HTSVS, and
neglected in NOAH, are the most important
differences between the two LSMs. Moreover, the
realization of soil ice strongly differs. Despite these
and other minor differences, the results obtained by
applying these LSMs alternatively are often
satisfyingly within the range of the observations (see
Zhang and Tilley 2003, this volume, Molders et al.
2003a, b). The main differences occur in the
partitioning of energy between ground heat flux, and
the fluxes of sensible and latent heat (see Molders
2000).

A more generalized evaluation has to be
postponed until a larger set of simulations for other
synoptic situations, stations, has been performed and
compared to observations.
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Table 1. Soil profile characteristics as used in NOAH. Here, kg, 1, Nte, Npwps b, P's (= -'Fs) and csps are the saturated
hydraulic conductivity, porosity, field capacity, permanent wilting point, pore-size distribution index, soil water
tension (= minus metric water potential) at saturation, and volumetric heat capacity of soil material. Parameters
are taken from Cosby et al. (1984).

Soil type ks Ns Nie Npwp B P'(=-

o)

10°m/s m’m’ mm’  m’/m’ -.- m
Sand 1.07 0.339 0.236 0.01 2.79 0.069
loamy sand 1.41 0.421 0.283 0.028  4.26 0.036
sandy loam 5.23 0.434 0.312 0.047 474 0.141
silt loam 2.81 0.476 0.36 0.084 533 0.759
Silt 2.81 0.476 0.36 0.084 533 0.759
Loam 3.38 0.439 0.329 0.066  5.25 0.355
sandy clay loam 4.45 0.404 0.314 0.067 6.66 0.135
silty clay loam 2.04 0.464 0.387 0.12 8.72 0.617
clay loam 2.45 0.465 0.382 0.103 8.17 0.263
sandy clay 7.22 0.406 0.338 0.1 10.73 0.098
silty clay 1.34 0.468 0.404 0.126 1039  0.324
clay 0.974 0.468 0.412 0.138 11.55  0.468
organic material 3.38 0.439 0.329 0.066 5.25 0.355
bedrock 0.0974 0.25 0.233 0.094 11.55 7.59
other (land-ice) 1.34 0.421 0.283 0.028 11.55  0.036

Table 2. Soil profile characteristics used in HTSVS. Here, ky, 1, b, W and csps are the saturated hydraulic

conductivity, porosity, volumetric water content at saturation, pore-size distribution index, water potential at
saturation, and volumetric heat capacity of the dry soil material. Parameters are from Clapp and Hornberger
(1978), Cosby et al. (1984), Piclke (1984), Chen and Dudhia (2001), and Beringer et al. (2001). In accord with
Dingman (1994) field capacity and volumetric water content at permanent wilting point are the values when
water potential reaches a value of -3.4m and -150m, respectively.

Soil-type }fs Ns b v CsPs &g
10°m/s m’m’  -- S 10m”K -
m 1

sand 1.760 0395 4.05 -0.121 1.47 0.95
loamy sand 1.563 0410 438  -0.090 1.41 0.95
sandy loam 0.341 0435 490 -0.218 1.34 0.95
silt loam 0.072 0485 530 -0.786 1.27 0.95
silt 2.81 0476 533  -0.759 1.27 0.95
loam 0.070 0451 539  -0.478 1.21 0.95
sandy clay loam 0.063 0420 7.12  -0.299 1.18 0.95
silty clay loam 0.017 0477 775 -0.356 1.32 0.95
clay loam 0.025 0476 852  -0.630 1.23 0.95
sandy clay 0.022 0426 1040 -0.153 1.18 0.95
silty clay 0.010 0.492 1040 -0.490 1.15 0.95
clay 0.013 0482 11.40 -0.405 1.09 0.95
organic material 3.38 0451 525 -0.355 0.84 0.97
bedrock 0.0974 025 11.55  -7.59 1.9131 0.98
glaciers 1.34 0421 11.55 -0.036 192556 0.82
peat 0.2 0.7 4 -0.12 1 0.97
lichen 1.5 0.9 1 -0.12 1 0.97
moos 2.0 0.95 0.5 -0.85 1 0.97




Table 3. Parameters as used in NOAH. Here, g min, O, €, Zo, RgL, and hg are the minimum stomatal resistance, the
common albedo and emissivity of both foliage and ground, the roughness length as well as coefficients used in
the determination of stomatal resistance, respectively.

Land-use Tstmin o € Zy R h
s/m - -.- m Wm™ kg/kg
urban and built up land 200 025 0.85 1 999 999
Dryland, cropland, pasture 40 0.19 0.9 0.07 100 36.25
Irrigated cropland and pasture 40 0.15 0.9 0.07 100 36.25
mixed dryland/irrigated cropland and pasture 40 0.17 0.9 0.07 100 36.25
Cropland/grassland mosaic 40 0.19 0.9 0.07 100 36.25
Cropland/woodland mosaic 70 0.19 0.9 0.15 65 44.14
Grassland 40 0.19 097 0.08 100 36.35
Shrubland 300 025 095 0.03 100 42.00
mixed shrubland/grassland 170 023 095 0.05 100 39.18
Savannah 70 0.20 0.9 0.86 65 54.53
deciduous broadleaf forest 100 0.12  0.95 0.80 30 54.53
deciduous needleleaf forest 150 0.11  0.95 0.85 30 47.35
evergreen broadleaf forest 150 0.11 097 2.65 30 41.69
evergreen needleleaf forest 125 0.10 097 1.09 30 47.35
mixed forest 125 0.12  0.96 0.8 30 51.93
water bodies -.- 0.19 0.993 0.0001 30 51.75
herbaceous wetlands 40 0.12 098 0.04 100 60.00
Wooded wetland 100 0.12  0.98 0.5 30 51.93
barren or sparsely vegetated 999 0.12 0091 0.01 999 999
herbaceous tundra 150 0.16 097 0.04 100 42.00
Wooded tundra 150 0.16 097 0.06 100 42.00
mixed tundra 150 0.16 097 0.05 100 42.00
bare ground tundra 200 0.17 097 0.03 100 42.00
snow or ice -.- 0.8 0.82 0.01 999 999

Table 4. Correction functions for stomatal resistance, ry = 'y min/(LAI g18,2384) as used in the simulations. Here, f=
1.1 Rsi/(RGL-LAI), Ry is the solar radiation, PAR = 49cR is the photosynthetic active radiation, the
parameter, hg, is given in Tab. 3, g; and q, are the specific humidity and that at saturation for air temperature, T,,
p is the density of air, 8q is the water vapor deficit, bT = (Tiax - Topt)/( Topt - Tmin), and Az; is the thickness of the
ith soil layer.

NOAH HTSVS
Radiation Tet mi 1
st,min =
=|——+f|/0+f & =
& (5000 j/( ) L
PAR
water vapor deficit g, = 1 g, =1+66.6 pdq
)=
1+hs(qs(Ta)_qv)
Temperature 2 b
P g5 =1-0.0016(298 - T, ) Ty - T, T, ~T |
g3 =
Topt - Tmin Tmax - Topt
soil moisture (nj ~MNpwp JAZJ' Same, but root depth and root distribution
g4 = z depend on vegetation type
j Nee — T]pwp root
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Table 5. Plant specific parameters as used in HTSVS. Here, Iy min, We, M, @, Ry, by, Trnins Tinax> Topts €6 Op and Zyoo are
the soil water potential at which the production of cytokinis by roots is sufficiently reduced to close stomata, the
fine root (ovendry) biomass, the partitioning of roots between the upper and lower root zone, the mean root
radius, a parameter used to calculated stomatal resistance, the temperatures at which stomata close, the
temperature at which ry reaches its minimum, the albedo and emissivity of foliage, and the maximum root depth,
respectively. Average volumetric density of roots (ovendry) is assumed to be equal to 500 kg/m’. Note that if
root depth exceeds the maximum depth of the soil model 2 m is assumed as maximum root depth. Parameters are
taken from Pielke (1984), Wilson et al. (1987), and Jackson et al. (1996), respectively. Furthermore, z, is

roughness length.

Land-use st min e m a Rr bst Tmin Tmax Topt of Ef Zyoot Zy
s/m m kgm® -- 10'm -- °C °C °C -- -- m m
urban and built up land 200 255 20 0.02 3.5 50 5 45 25 025 085 29 1
dryland, cropland, pasture 100 -102 20 05 251 25 5 40 24 019 09 21 0.07
irrigated crop., pasture 100 -102 20 05 251 25 5 40 24 015 09 21  0.07
mixed dryl./irri. crop. past. 100 -102 20 05 251 25 5 40 24 0.17 09 032 0.07
cropland/grassland mosaic 100 -102 20 05 251 25 5 40 24 0.19 09 235 0.07
cropland/woodland mosaic 100 -102 20 05 251 25 5 40 24 0.19 09 282 0.15
Grassland 70 92 70 024 0925 20 5 45 9 0.19 097 26 0.08
Shrubland 300 -133 48 036 251 10 5 45 25 025 095 7.0 0.03
mixed shrubland/grassland 70 -133 49 036 251 10 5 45 25 023 095 48 0.05
Savannah 70 92 54 024 0925 20 5 45 9 020 09 150 0.86
deciduous broadleaf forest 100 214 1.2 0.02 35 22 10 45 25 012 095 3.7 0.80
deciduous needleleaf forest 232 214 7.1 0.02 35 22 10 45 25 011 095 29 085
evergreen broadleaf forest 150 -163 49 0.16 3.5 25 -5 35 25 011 097 37 265
evergreen needleleaf forest 125 -163 12.7 0.02 3.5 25 -5 35 25 0.10 097 39 1.09
mixed forest 125 -158 82 0.02 35 23 0 40 25 0.12 096 3.12 0.8
water bodies -.- - - -.- - - - -= -~ 0.19 0993 -- 0.0001
herbaceous wetlands 40 92 70 036 0925 20 5 45 9 0.12 098 05 0.04
wooded wetland 100 -163 153 0.02 35 20 5 45 9 0.12 098 1.81 0.5
bare or sparsely vegetated 999 -92 33 022 0925 20 5 45 9 0.12 091 0.5 0.01
herbaceous tundra 150 -92 10.8 04 251 20 5 45 9 0.16 097 05 0.04
wooded tundra 150 -163 155 04 35 40 5 40 25 0.16 097 1.81 0.06
mixed tundra 150 -163 29 04 35 40 5 40 25 0.16 097 1.81 0.05
bare ground tundra 200  -163 10.8 04 0925 40 5 40 25 0.17 097 05 0.03
snow or ice -.- - - -.- -.- - -- -- -- 08 082 -- 0.01

11



