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ABSTRACT

Common Land Model (CLM) and Land Surface Process (LSP) model simulations are compared to
measured values for a 13-day dry-down period with a rapidly decreasing near-surface water table for a
marsh wetland community in Florida. LSP was able to provide reasonable estimates without any modifi-
cations to the model physics. To obtain reasonable simulations using CLM, the baseline TOPMODEL
baseflow generation and the bottom drainage mechanisms were not employed and the lower layers were
allowed to remain saturated. In addition, several of CLM’s default wetland vegetation parameters were
replaced with grassland parameters. Even after these modifications, CLM underestimated soil water stor-
age. However, both model-simulated soil temperatures showed very good agreement as compared to
measured temperatures, capturing both the soil warming during the study period and the diurnal fluctua-
tions. Modeled surface energy fluxes also agreed well with measured values. LSP’s inability to consistently
capture latent heat fluxes appears to be linked to its canopy resistance scaling functions. Other minor issues
were that CLM’s rooting depth greatly exceeded observed depths and that CLM did not move water in the
vadose zone from lower to upper layers during the nighttime as observed in the measurements. Overall,
these results suggest that LSP can be applied to characterize a marsh dry down, but that minor modifications
could greatly improve results. CLM demonstrated considerable potential, but requires some changes to
model physics and default parameters prior to application to wetlands at a subgrid scale.

1. Introduction

Wetlands, covering between 4% and 6% of the
earth’s land surface, are distinguished by near-surface
water tables with unique plants and soils (Mitsch and
Gosselink 2000). North America has approximately
one-third of the world’s wetlands with an area of about
240 million ha, including 107 million ha in the United
States (Hall et al. 1994). Swamps and marshes include
90% of all inland wetland communities in the lower 48
states of the United States. Both swamps and marshes

have fluctuating water tables and are defined by their
hydroperiods that routinely include soil inundation and
dewatering. The defining characteristics of swamps and
marshes are their differences in vegetation type.
Swamps have trees and shrubs while marshes are tree-
less with grasses, sedges, and aquatic plants.

Because wetlands have saturated soils and high water
tables, evapotranspiration is typically at or near poten-
tial and water and energy exchange is relatively high.
Wetlands also have a distinct role in methane emissions
and global carbon storage and cycling. Plant decompo-
sition, plant carbon fixation, and methane production
and function are highly dependent on water table and
soil temperature (Zhang et al. 2002).

Soil–vegetation–atmosphere transfer models (SVAT)
offer significant capabilities to predict wetland water
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dynamics and soil temperature and moisture states. By
constraining both the water and the energy balance,
SVATs are routinely used to model land surface fluxes,
root zone soil water states, and temperature signals for
hydrological, climate, and biogeochemistry studies. The
overall success of SVATs has been demonstrated
through model intercomparison studies such as the
Project for Intercomparison of Land Surface Param-
eterization Schemes (PILPS; Henderson-Sellers et al.
1995), the Global Soil Wetness Project (GSWP; Dir-
meyer et al. 1999), and various site-specific studies. In-
tercomparison studies identify SVAT strengths and
characterize differences among models. For example,
the PILPS phase 2’s four site intercomparison found
better agreement between modeled and measured la-
tent heat fluxes than either sensible heat or ground heat
fluxes for simulations without snow cover (Shao and
Henderson-Sellers 1996; Chen et al. 1997; Liang et al.
1998). Single model validation studies have detailed
model strengths and weaknesses across landscapes and
climatic conditions (Nijssen et al. 1997; Mohr et al.
2000; van der Keur et al. 2001). Such studies have con-
sidered midlatitude grasslands and croplands (Liou et
al. 1999; Mohr et al. 2000), boreal forests and arctic
tundra (Nijssen et al. 1997; Kim 1999; Slater et al. 2001),
and tropical forests (Pitman et al. 1999).

Although SVAT calibration/validation research in-
cludes several regions and climate types, few SVAT
validation studies have considered wetlands. Comer et
al. (2000) found that the wetland processes in the Ca-
nadian Land Surface Scheme (CLASS) were able to
characterize energy fluxes in fens and marshes, but was
unsuccessful for bogs due to their nonvascular vegeta-
tion. Lafleur (1990), Souch et al. (1998), and Jacobs et
al. (2002a) found that energy partitioning in marsh eco-
systems is a function of water table or wetland soil
moisture. However, it is unknown how SVATs behave
during wetting and drying down of wetlands. At Comer
et al.’s (2000) marsh site, CLASS consistently underes-
timated all latent heat fluxes whose magnitude ex-
ceeded 200 W m�2. Because the bias appeared to de-
crease immediately following the precipitation event,
there were potential issues with dewatering and char-
acterization of the soil water state.

The purpose of this paper is to validate the perfor-
mance of two SVAT models during a 13-day dry-down
period with a rapidly decreasing near-surface water
table for a marsh in the southeastern United States. The
limited study period allows for a focused examination
of model results under rapidly evolving conditions with-
out precipitation. The two SVAT models chosen for
this study were developed for different purposes. The
Common Land Model (CLM; Dai et al. 2001, 2003) is

typically coupled with a climate model and applied at a
regional or global scale. In this study, it is being used as
a stand-alone model to study the ability of CLM’s de-
fault land types and soil parameters to characterize the
general trends in fluxes and soil states observed at a
local field experiment. The Land Surface Process (LSP)
model (Liou et al. 1999) is a field scale model intended
to be linked with a passive microwave emission model
to allow assimilation of remotely sensed microwave
data to improve soil moisture estimates by SVAT mod-
els.

2. Parameterizations in the CLM and LSP models

The CLM was developed as part of a multi-institu-
tional project to provide land surface fluxes (Dai et al.
2003) that are used as model forcings for the lower
boundary of the Community Climate System Model
(CCSM) (Blackmon et al. 2001) and incorporated into
the Community Climate Model, version 3 (CCM3) by
Zeng et al. (2002). Bonan et al. (2002) incorporated the
Community Land Model, version 2 (CLM2), which is
based on the original CLM, into the Community Cli-
mate System Model, version 2 (CCSM2).

Because CLM is designed to simulate land surface
processes on a global scale, only simplified parameter-
izations of soil and canopy properties and transport
mechanisms are included to minimize physical soil and
vegetation parameter requirements. For each of the 18
International Geosphere–Biosphere Program (IGBP)
land-cover classifications (Loveland et al. 2000), values
for vegetation physical parameters are included in the
model. Upon identifying the cover type, the only addi-
tional data supplied by the user are soil clay and sand
percentages, soil color, latitude and longitude, and
model forcings. Forcing data include downwelling solar
and longwave radiation, air temperature, relative hu-
midity, precipitation, wind speed, and atmospheric
pressure.

The LSP model was developed by the University of
Michigan’s Microwave Geophysics group (UM-MGG)
to link traditional land surface models with passive mi-
crowave emission models thus allowing data assimila-
tion (Liou et al. 1999). Because microwave emission
from a terrain is highly dependent on temperature and
moisture distribution within the top 5 cm of the soil and
canopy, the LSP model relies heavily upon detailed bio-
physically based soil and canopy properties and trans-
port mechanisms. While assimilation is used to improve
the characterization of surface moisture states, the
changes in near-surface estimates will propagate down
to deeper soil layers and affect land surface flux esti-
mates in future time steps. Judge et al. (2003) describe
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recent modifications and further calibration to the LSP
model using field observations. Within LSP, the user-
provided parameters include soil texture, longitude,
latitude, leaf area index (LAI), canopy height, and
canopy biomass. Required weather forcings are identi-
cal to CLM except that pressure is not required.

Both CLM and LSP discretize the soil profile into
layers. Each model allows soil properties to differ by
layer. The soil layers’ thickness increases with depth for
both models. CLM has a 10-layer profile with the thick-
ness of each layer determined by a unitless scaling fac-
tor and an exponential function that increases with
depth. Given a typical vertical scaling factor of 0.025,
the thickness of the uppermost layer of CLM is 1.75 cm,
while the thickness of the lowest layer is 113.7 cm. The
bottom depths for the eight CLM layers are 1.8, 4.5,
9.06, 16.6, 28.9, 49.3, 82.9, 138.3, 229.6, and 343.3 cm.
The LSP layers’ thicknesses also increase exponentially
with depth to a maximum thickness of 38 cm in the
bottom layer that extends from 504 to 542 cm below the
ground surface. However, the LSP profile has 61 layers
with 8 layers in the top 5 cm having thicknesses of 0.20,
0.54, 0.58, 0.62, 0.67, 0.72, 0.77, and 0.83 cm from the top
layer to the eighth layer, respectively. Each layer’s
thickness may be defined as appropriate for the appli-
cation. CLM has one canopy layer, while LSP has a
photosynthetically active canopy layer and a thermally
insulating, nonphotosynthetic thatch layer.

The parameterizations of hydrological processes,
such as evapotranspiration, infiltration, and runoff vary
significantly between the two models. Table 1 summa-
rizes the differences between the parameterization
schemes and the mechanisms for characterization of
land surface processes for CLM and LSP. Both CLM

and LSP separate precipitation into interception and
throughfall based on stem and leaf area index. In CLM,
surface flux estimates from multiple land-cover classi-
fications are calculated using a tile-mosaic approach
similar to Koster et al. (2000). However, because the
study area contained a single vegetation type only one
land cover is specified in this simulation. Both models
separate bare soil evaporation from transpiration and
use a diffusion approach to calculate the former and an
aerodynamic approach for the latter. The aerodynamic
approach refers to a scaling of the difference between
the specific humidity in the atmosphere and at the
canopy surface using the aerodynamic and stomatal re-
sistances. CLM’s transpiration process uses a bulk aero-
dynamic approach where the canopy transpiration rate
has an upper bound based on the biosphere–atmo-
sphere transfer scheme (BATS) model (Dickinson et
al. 1993) and a variable stomatal resistance component
from the LSM model (Bonan 1996). The surface fluxes
and transpiration within the LSP are based upon the
CLASS model’s aerodynamic approach (Verseghy et
al. 1993). While both methods use similar concepts,
CLM’s stomatal resistance depends on photosynthesis
as related to sunlight, shade, atmospheric CO2, atmo-
spheric and canopy vapor pressure, temperature, fo-
liage nitrogen, and soil water (Bonan 1996; Dai et al.
2001). LSP’s stomatal resistance uses a composite value
whose resistance increases as a function of incoming
solar radiation, vapor pressure deficit, soil moisture
suction in the root zone, and air temperature (Verseghy
et al. 1993). CLM extracts transpired water from the
soil layers based on the root distribution by layer as
characterized by a root fraction from surface to depth z
given as f(z) � 1 – 0.5[exp(�az) � exp(�bz)] where a

TABLE 1. Comparison of methods for parameterization and characterization of land surface processes for CLM and LSP.

CLM LSP

Parameters
Soil texture User defined User defined
Porosity Empirical calculation User defined
Saturated hydraulic conductivity Clapp and Hornberger User defined
Thermal conductivity Empirical calculation de Vries (1963)
Wilting point User defined User defined
Water retention curve Clapp and Hornberger Rossi and Nimmo (1994)
Root depth Empirical calculation/IGBP User defined
Leaf area index Empirical calculation/IGBP User defined
Canopy height IGBP User defined
Roughness length IGBP User defined

Processes
Soil evaporation Diffusion Diffusion (Philip and de Vries 1957)
Evapotranspiration Aerodynamic (BATS and LSM based) Aerodynamic (CLASS based)
Infiltration Richard’s equation Richard’s equation (modified)
Subsurface heat transport Fourier’s equation Diffusion (Philip and de Vries 1957)
Runoff Surface runoff and baseflow (TOPMODEL based) Hortonian flow
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and b are constants. LSP removes soil water by layer
based on a weighting function that combines the root
fraction, as derived from an exponential root distribu-
tion, and the soil moisture suction (Verseghy et al.
1993).

CLM and LSP use different physical approaches and
numerical algorithms to linearize the nonlinear mois-
ture and thermal transport equations. Within the soil
column, CLM uses a heat diffusion approach for energy
transport and Richard’s equation for moisture trans-
port. CLM determines the water movement across
layer interfaces using a first-order Taylor expansion
and solves the resulting equation using a tridiagonal
matrix solution. The energy flux across CLM layer in-
terfaces is solved using the Crank–Nicholson numerical
scheme and a tridiagonal matrix solution (Dai et al.
2003). These methods generate soil moisture and tem-
perature profiles at the same temporal resolution as the
time step of the simulation. The LSP model simulates
one-dimensional coupled moisture and energy trans-
port in soil using the Philip and de Vries (1957) diffu-
sion model. It uses a block-centered finite-difference
approach to linearize the nonlinear coupled processes
(Judge et al. 2003). The temporal resolution in the
model is based on parameterized convergence criteria.

In CLM, soil physical properties are determined
from the soil texture, sand and clay content, and the soil
color. Estimation of soil thermal and hydraulic proper-
ties, specific heat capacity, thermal conductivity, poros-
ity, saturated matrix potential, saturated hydraulic con-
ductivity, and the Clapp and Hornberger (1978) B ex-
ponent (B � 2.91 � 0.159 � %clay) (Bonan 1996). The
LSP model uses the Rossi and Nimmo (1994) relation-
ship based on the Brooks and Corey (1966) formulation
to estimate the retention curve and the soil texture
characterized using a silt/sand/clay percent. The modi-
fication allows direct integration of the model into
Mualem’s (1976) hydraulic conductivity model. Infiltra-
tion processes within CLM use the Richard’s equation
with the inclusion of a parameterized depth of ponded
water used for minimal detention storage between time
steps. In the LSP model, the infiltration rate is esti-
mated using a quasi-analytic solution to Richard’s
equation for vertical infiltration in a homogeneous soil
with a constant initial moisture profile (Green and
Ampt 1911; Philip 1957, 1987, 1990).

LSP generates runoff by saturation excess with the
depth of runoff corresponding to the water not in-
filtrated at the end of each time step. CLM’s sur-
face runoff is based upon the watershed scale model
TOPMODEL (Beven et al. 1995) as adapted for land
surface modeling (Stieglitz et al. 1997). Details on
CLM’s runoff scheme are presented by Niu et al.

(2005). To summarize, a CLM grid cell consists of satu-
rated and unsaturated areas determined from a three-
parameter gamma distribution of the topographic in-
dex. Separate surface and subsurface runoff calcula-
tions are performed over the saturated and unsaturated
areas of the watershed. All precipitation runs off of the
saturated area while the soil moisture in the top three
layers controls surface runoff in unsaturated areas. For
the saturated area, subsurface runoff is determined us-
ing a TOPMODEL approach based on the estimated
water table depth (Dai et al. 2001). Saturated hydraulic
conductivity decreases exponentially with depth. The
unsaturated area estimates vertical drainage based on
the saturated hydraulic conductivity of the lower layers
using the BATS approach (Dickinson et al. 1993).

The TOPMODEL approach to estimating surface
runoff and baseflow generation mechanisms is reason-
able for CLM. CLM is intended to be used on a re-
gional or global scale. TOPMODEL can provide ef-
fective runoff characterization at this scale. Because
wetlands have low topographic relief, little or no chan-
nelization, and strong confining layers, modeling drain-
age using the TOPMODEL approach will likely over-
predict vertical drainage. To examine the effect of the
TOPMODEL runoff characterization, in this study the
soil column was simulated using two scenarios. The first
applies the CLM subsurface runoff generation mecha-
nism without modification. The second eliminates sub-
surface runoff and uses a no-flux boundary condition at
the lowest soil layer.

3. Study area and experimental observations

The study was conducted in a wet prairie subcommu-
nity in the Paynes Prairie Preserve, a large highland
marsh ecosystem (29°34�14�N, 82°16�46�W). Paynes
Prairie State Preserve is a 5600-ha regional basin in
north-central Florida that contains marsh wetland com-
munities and pasture. The study site is a relatively flat,
treeless plain with moderately dense ground cover.
Typically, this site is inundated for 50 to 100 days each
year. The site’s soils include Emeralda fine sandy loam,
Wauberg sand, and Ledwith Muck. The soils consist of
sands with an organic surface layer that are underlain
by clay. Field observations showed that the majority of
the root zone was contained in the upper 10-cm soil
layer with approximately 95% of the root zone con-
tained in the upper 25-cm soil layer. The mean canopy
height during the study period is approximately 1.0 m.

A tower-based eddy flux and meteorological station
were located in the prairie wetland. Jacobs et al.
(2002a) provide a complete description of the instru-
mentation, study area, and data development. Near-
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surface volumetric soil water content was recorded by
CS615 moisture probes at three depths: 7.6, 12.7, and
17.8 cm. The probe’s measurement error is �2.5%
volumetric water content. The soil temperature was
measured with a CS107 temperature probe at the same
depths with an additional temperature measurement at
2.5 cm. Measurement error associated with the tem-
perature probe is �0.5 K. Thirty-minute average values
of net radiation, latent heat flux, sensible heat flux, and
ground heat flux were recorded.

The study period is during a steady dry-down condi-
tion from 4 to 17 May 2001 during which the depth to
the water table increased from 62 to 86 cm. The period
is characteristic of the transition from first stage (po-
tential) to second stage (limited) soil water conditions
(Brutsaert and Chen 1995) as defined by soil mois-
ture (Jacobs et al. 2002a). There was no precipitation
during the study period. The study period occurs within
a 40-day dry down from saturated conditions from 17
April until 27 May. The period leading up to the study
period, 17 April to 3 May had no rainfall events ex-
ceeding 0.3 mm. Prior to the dry down, the water table
was above the surface from mid-March to mid-April
2001.

4. Simulation design

a. Forcings

Meteorological observations during the experiment
described in section 3 were used to force the CLM and
LSP models. Required forcings are comparable to the
measurements except for atmospheric pressure. Esti-
mates of incoming short- and longwave radiation were
derived from measured net radiation. Daytime values
of the longwave radiation balance were estimated using
Diak et al.’s (2000) remotely sensed radiation estima-
tion scheme based on Geostationary Operational En-
vironmental Satellite (GOES) data (Jacobs et al.
2002b). The diurnal surface albedo was determined for
a cloud-free day using measured incoming shortwave
radiation, measured net radiation, and GOES esti-
mated net longwave.

b. Initialization

The CLM and LSP initialization schemes require the
initial soil temperature profile and the initial soil mois-
ture content profile. The soil temperature profile is ini-
tialized using measured values for the top 23 cm. For
the lower profile, the initial temperature is set equal to
the temperature measured at 23 cm. The soil mois-
ture profile is initialized using measurements in the top
17 cm of the profile. The profile is saturated below
62 cm. Because no measurements were available below

17 cm and soil water suction and hydraulic conductivity
are relatively constant between the 0.20 m3 m�3 value
at 17 cm and the saturated 0.30 m3 m�3 value at the
water table, the initial soil moisture is assumed to in-
crease linearly with depth between 17 cm and the water
table.

c. Parameterization

Soil texture was determined based on the soil com-
position of Wauberg Sand from the Soil Characteriza-
tion Laboratory soil composition profile (University of
Florida-Institute of Food and Agricultural Sciences
1985). The soil texture is classified as predominantly
sand (�95%) from the soil surface to 0.61 m, clay sand
to 2.1 m, and sandy clay below 2.1 m. Based on field
observations, the top 2 cm had a high organic content.
The soil texture values for the Wauberg Sand layers
were interpolated vertically to obtain the 10 CLM lay-
ers. CLM’s soil characteristics gradually transition from
95.2% sand and 3.3% clay in the top three layers to
41.6% sand and 43.8% clay in the bottom layer. LSP’s
top two layers were characterized as 50% sand and
3.3% clay. The remaining LSP layers were based on
UF-IFAS soil texture characteristics. CLM’s Clapp and
Hornberger B parameters range from 3.4 for the top
layer to 9.9 for the bottom layer. CLM’s parameteriza-
tion scheme results in an exponential decrease of satu-
rated hydraulic conductivity with depth while LSP’s
saturated hydraulic conductivity is approximately con-
stant below 1 m.

Table 2 summarizes the vegetation parameters used
in the CLM and LSP models. LSP’s vegetation param-
eters are user defined based on observations, while re-
flectance and transmittance values are calculated for
each time step based on canopy characteristics and so-
lar angle. CLM uses the IGBP land-cover types with
default plant physiology (leaf optical properties, sto-
matal physiology, leaf dimension) and vegetation struc-
ture (height, roughness length, displacement height,
root profile, monthly leaf, and stem area) characteris-
tics for land cover. Because marsh is not one of the 18
IGBP land-cover classifications, the broader param-
eters for a “permanent wetland” were used. However,
the vegetation types found within a permanent wetland
can greatly differ from the vegetation types found in a
prairie wetland marsh community. Prairie wetland veg-
etation changes annually in response to recent hydro-
periods. A relatively dry multiyear period preceded the
study period and resulted in uplands plants consistent
with pastures (Jacobs et al. 2002a). Because the near-
infrared reflectance and transmittance parameters for a
permanent wetland absorb more shortwave radiation
than that of a grassland, the values of near-infrared
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reflectance and transmittance for “grasslands” were
used.

5. Results

The simulation results are evaluated by comparing
the modeled soil moisture, soil temperature, and sur-
face heat fluxes with measured field data. To avoid
overemphasizing extreme values, the mean absolute er-
ror (MAE), which is less sensitive to large differences
(Willmott 1982), is reported in addition to the root-
mean-squared error (RMSE).

a. CLM subsurface runoff intercomparison

CLM was used to model the study site using the two
subsurface runoff generation scenarios. The first sce-
nario utilizes the default CLM subsurface runoff
mechanism that exports water from the soil column
based on a function of the soil parameters and the es-
timated water table depth. The second scenario elimi-
nates the subsurface runoff generation mechanism
within CLM and removes no soil water through base-
flow. Figure 1 illustrates that the first scenario results in
a physically unrealistic drying out of the soil column,
particularly at the lower depths, as compared to both
the second scenario and measured results. As the soil
dried, low and high biases were also observed for the

modeled latent and sensible heat fluxes, respectively.
Given that the baseline runoff approach of CLM results
in an unrealistic drying of the soil column, the following
sections use CLM without subsurface baseflow.

b. CLM and LSP intercomparison

1) SOIL MOISTURE

The observed measurements of soil moisture were
compared to the simulated moisture for the CLM and
LSP soil layer that contained the measurement point.
Figure 2 shows the evolution of modeled and measured
soil moisture and summary statistics during the study
period. Measured values at 7.6 cm showed a 5–6 m3 m�3

TABLE 2. Vegetation parameters used by CLM and LSP.

CLMa LSP

Maximum leaf area index (-) 6 3.5b

Minimum leaf area index (-) 0.5 2.0b

Stem area index (-) 2 N/A
Aerodynamic roughness length (m) 0.25 0.05b

Displacement height (m) 1 0.35b

Leaf dimension (m) 0.04 N/A
Visible leaf reflectance 0.11 Calcc

Near-infrared leaf reflectance 0.58 Calcc

Visible stem reflectance 0.36 Calcc

Near-infrared stem reflectance 0.58 Calcc

Visible leaf transmittance 0.07 Calcc

Near-infrared leaf transmittance 0.25 Calcc

Visible stem transmittance 0.22 Calcc

Near-infrared stem transmittance 0.38 Calc3

Root parameters a � 2, b � 6d Zr � 1e

Canopy top height (m) 0.5 0.5
Canopy bottom height (m) 0.01 0

a All CLM parameters were taken from the IGBP land-cover clas-
sification.

b LSP canopy data were input based on measured data.
c LSP reflectance and transmittance values are calculated for each

time step based on solar angle.
d a (m�1) and b (m�1).
e R(z) � [exp(�3z)� exp(�3zr)]/[1 � exp(�3zr)], where z and zr

(m) (Verseghy et al. 1993).

FIG. 1. Comparison of measured volumetric soil moisture
(m3 m�3) with CLM using both TOPMODEL subsurface runoff
generation processes and no subsurface runoff generation at (a)
7.6, (b) 12.7, and (c) 17.8 cm. RMSE units are m3 m�3.

1252 J O U R N A L O F H Y D R O M E T E O R O L O G Y VOLUME 7



decrease in soil moisture over 14 days. CLM’s top layer
at 7.6 cm has a higher modeled water content than
observed during the first two days of the experiment.
However, the relatively high dry-down rate resulted in
the simulated layer having lower moisture than the ob-
served beginning on day 128. The bias increased over
the study duration. The LSP model simulated a dry-
down rate at the 7.6-cm layer of 3 m3 m�3 over the
14-day period, which matches the observed rate. The
initial offset in the modeled soil moisture results in a
bias of about 3 m3 m�3 for the entire experimental pe-
riod.

In general, both models captured the magnitude and

depth of soil water extraction due to evapotranspiration
as well as the daytime fluctuations in moisture. LSP
simulated the complete phase and amplitude of the
measured soil moisture more realistically throughout
the experiment period. Differences between the ob-
served and the LSP modeled moisture were largely due
to the soil water profile rapidly equilibrating to a profile
with a slight wet bias. This profile reflects LSP’s soil
physical properties and suggests that the model prop-
erties differ somewhat from those found at the site.

The LSP model simulated realistic soil moisture at
12.7 cm with a low MAE of 0.006 m3 m�3, while the
CLM soil moisture values showed increasing negative
bias over the duration resulting in a MAE of 0.03 m3

m�3. Both CLM and LSP provide reasonable moisture
content estimates at the deepest measurement depth
(17.8 cm). CLM’s moisture contents are slightly drier
(0.01 m3 m�3) than measured, while LSP’s modeled
water contents are slightly wetter (0.02 m3 m�3).

While, CLM’s daytime dry down appears to function
appropriately, CLM was unable to replicate the move-
ment of water upward from the wetter, lower layers.
For example, in the top layer the soil moisture mea-
surements typically declined by 0.7 m3 m�3 during day-
time, but increased by 0.4 m3 m�3 during nighttime for
a net decrease of approximately 0.3 m3 m�3. Daytime
root water extraction from the surface layers results in
an observed soil water profile that increases with depth.
The large gradient of soil matric potentials drives soil
water upward in the soil profile during the evening as
measured and modeled by LSP. However, CLM’s soil
moisture values remain constant at night. That LSP and
CLM results differ is likely due to variations in soil
water retention curves, unsaturated hydraulic conduc-
tivity, and possibly LSP’s much shorter time step.

The volumetric soil moisture errors identified in this
study are consistent with other studies’ results. In
PILPS phase 2(b), Shao and Henderson-Sellers (1996)
recognized �3% volumetric water content error mar-
gins as reasonable, while Mohr et al. (2000) found error
margins in near-surface soil simulations of �5% volu-
metric soil moisture. To some degree, these error
ranges reflect typical instrumentation measurement er-
rors associated with a CS615 moisture probe.

2) SOIL TEMPERATURE

The modeled and observed soil temperature profile
comparison follows the soil moisture comparison with
an additional temperature measurement at 2.5-cm
depth (Fig. 3). Overall, both models show good agree-
ment with the observed phase and amplitude of the
diurnal fluctuations and capture the warming trend
over the study period. A strong diurnal temperature

FIG. 2. Comparison of measured volumetric soil moisture
(m3 m�3) with CLM and LSP modeled at (a) 7.6, (b) 12.7, and
(c) 17.8 cm. RMSE and MAE units are m3 m�3.
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signature was observed and ranged from 6 K at 2.5 cm
to 2 K at 17.8 cm. CLM’s simulated diurnal temperature
range typically exceeded LSP’s range by approximately
1 K. This could be the result of the different param-
eterizations used by the two models to simulate heat
transport in the soil. Despite higher moisture contents,
LSP’s soil temperatures generally show higher fluctua-
tions in temperature than the measurements. The
smallest temperature errors occur in the 12.7-cm layer
where LSP soil moisture most closely matches measure-
ments. Soil moisture errors would cause invalid soil
heat capacity estimates and incorrect thermal transport
of energy in the soil. At 7.6 cm, simulations from both
models lead measured diurnal fluctuations by 2 to 3 h
throughout the study period. Lower layers do not have
this discrepancy.

Measured values at 2.5 cm increased by 1.5 to 2 K
during the experiment period, reflecting observed dry
down and warming conditions. For the top layer, mod-
eled temperatures underestimated peaks during the ini-
tial period, but overestimated daily maxima by up to 3
K at the experiment’s end. At 7.6 cm, simulated
maxima for both models are within 1 K of measured
maximum early in the experiment, but differences
reach up to 3.0 K by the end of the experiment. At 12.7
cm, the modeled diurnal cycles early in the simulation
period are slightly underestimated. Agreement im-
proves during the experimental period with the final
diurnal cycle exhibiting good agreement with the mea-
surements. The deepest measurements at 17.8 cm com-
pare well with both simulated time series for the first 10
days while the final three days showed a small warm
bias.

For both models, modeled errors decrease with
depth because diurnal fluctuations are damped by the
increasing soil thickness. The largest errors, occurring
in the top two layers for both models, fell within 3 times
the instrument error of �0.5 K. These results compare
reasonably well with similar modeling studies. Both
Chen et al. (1997) and Mohr et al. (2000) found errors
within �2 K for subsurface temperatures. Offline simu-
lations of PILPS phase 1 found ranges between models
of 1.4 K for tropical forest and 2.2 K for grassland in a
multiyear study. Similar studies of the LSP model have
resulted in average differences of 0.1 K between mod-
eled and observed temperatures in the top 10 cm of soil
for winter wheat stubble (Judge et al. 1999) and differ-
ences of 1.8 and 1.0 K for bare soil and brome grass,
respectively.

3) SURFACE HEAT FLUXES

Figure 4 compares modeled energy fluxes with field
observations. The MAE and RMSE values in Fig. 4

FIG. 3. Comparison of measured subsurface soil temperature
and CLM and LSP modeled soil temperature at (a) 2.5, (b) 7.6, (c)
12.7, and (d) 17.8 cm. RMSE and MAE units are K.

1254 J O U R N A L O F H Y D R O M E T E O R O L O G Y VOLUME 7



were calculated using only daytime values (0600 until
1830) due to missing nighttime measurements. Both
models captured the diurnal variation in all energy
fluxes. Figure 4a shows that net radiation modeled by
the CLM and measured net radiation agree well. As
mentioned before, while the IGBP land-cover classifi-
cation was wetland, the grassland reflectance and trans-
mittance parameters provided a much better fit than
the wetland parameters. Because both downwelling
longwave and shortwave radiation force CLM, this
agreement demonstrates the accuracy of simulated re-
flected radiation or albedo and upwelling longwave ra-
diation. These results also ensure that the models are
forced using the available energy as observed. Because
the LSP model’s albedo function is generated using a
curve fitting the observations, a net radiation compari-
son is not valid.

CLM’s latent heat flux estimates are more realistic
than LSP estimates, with errors typically less than 20%
of the average measured latent heat flux (232.1 W
m�2). On average, CLM latent heat fluxes are within 10
W m�2 (4.1%) of observed values. In contrast, LSP
results have a large discrepancy between simulated and
measured fluxes for latent heat fluxes. For a given day,
LSP either underestimates or overestimates midday
evaporative fluxes. The result is that the MAE of the
LSP simulation is 37% of the average measured latent
heat flux and, on average, measured fluxes are overes-
timated by 27 W m�2 (10.5%). The LSP model overes-
timates on day 126 by �200 W m�2 resulted in a high
RMSE of 100 W m�2 for the study period. Eddy co-
variance systems, used to measure latent and sensible
heat fluxes, typically have average errors of about 30 W
m�2 due to issues with energy closure (Twine et al.
2000).

Both CLM and the LSP model have comparable
agreement for sensible heat fluxes with MAE errors of
approximately 50% of the average measured sensible
heat flux (98.7 W m�2). The CLM model overestimates
daily maximas significantly during days 126 and 136.
This resulted in a high RMSE of 60.9 W m�2. The
sensible heat flux estimates by the LSP model are more
consistently realistic than the CLM estimates.

The heat flux measured at the depth of 10 cm was
added to the soil heat storage in the 0–10-cm layer to
calculate ground heat flux. LSP and CLM’s ground heat
fluxes are compared to calculated ground heat fluxes
(Fig. 4). The MAE for the CLM daytime simulated
ground heat fluxes is nearly equal to the average mag-
nitude of the measured ground heat fluxes (22.6 W
m�2). The LSP daytime simulated ground heat fluxes
are quite reasonable throughout the experiment. Note
that in both the models, ground heat flux is a residual

FIG. 4. Comparison of modeled and measured surface fluxes for
(a) CLM net radiation, (b) CLM and LSP latent heat flux, (c)
CLM and LSP sensible heat flux, and (d) CLM and LSP ground
heat flux at the surface. MAE and RMSE values are in W m�2.
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term and large errors in latent heat fluxes in the LSP
model resulted in very small errors in the ground heat
flux to maintain the energy balance. Similarly, the low
errors in latent and sensible heat flux simulations from
the CLM model resulted in a relatively high error in the
ground heat flux measurements.

Surface flux simulations often provide the largest dis-
crepancies from measurements. Chen et al. (1997)
found reasonable agreement with ranges across model-
ing schemes of 30 and 25 W m�2 for sensible and latent
heat flux, respectively. Chang et al. (1999) also found
good agreement using the coupled atmosphere–plant–
soil model, with a monthly discrepancy of 7.1 W m�2 in
latent heat flux and 7.7 W m�2 for sensible heat flux.
However, the same study found discrepancies in diur-
nal amplitude of ground heat flux around 20 W m�2

with a phase difference of 2.5 h. Both Chen et al. (1997)
and Chang et al. (1999) calculated error margins based
on the full diurnal cycle. A trend evident in several
SVAT model validation studies (Acs and Hantel 1998;
Chang et al. 1999; Gonzalez-Sosa et al. 2001) shows that
latent heat fluxes are more accurately simulated than
sensible heat fluxes and ground heat fluxes. This trend
suggests that the model physics representing the pro-
cesses of latent heat flux are more comprehensive than
the model physics describing sensible or ground heat
fluxes. The results of the CLM simulation provide an-
other example of this tendency. In contrast, the LSP
model has more sophisticated sensible and ground heat
flux processes than the latent heat flux processes.

6. Discussion

Based on the preceding analysis of the figures and
the error statistics, the model results seem to be quite
reasonable. Both LSP and CLM provide realistic simu-
lations of fluxes and soil temperature and moisture.
The soil’s warming trend and its diurnal temperature
fluctuations are well represented. These findings sug-
gest potential application to biogeochemical and plant
dynamic studies whose conditions are strongly influ-
enced by soil temperature. Some issues were identified.
Both models gradually, but consistently, diverge from
measured temperature and water states. Their top di-
urnal temperature fluctuations lead measured values by
2 to 3 h. LSP’s latent heat fluxes had large midday
errors.

The findings also raise some serious concerns for the
application of SVATs to wetlands, particularly at a field
scale. An immediate challenge for CLM is that its
drainage approach is not appropriate for this marsh
wetland because it will rapidly dewater the site. Further
investigations across other wetland sites are required to

determine if this is a systematic issue. If so, other drain-
age parameterizations that do not depend on TOP-
MODEL parameter may be required.

While the water table constrains the root zone in
wetlands and other high water table environments,
CLM’s exponential root zone function is independent
of water table. As a result, the default CLM wetland
root zone is much deeper than observed. Furthermore,
CLM did not move water in the vadose zone from
lower to upper layers during the nighttime as observed
in the measurements. The cause and importance of this
movement is not known at scales exceeding the field
scale and requires further investigation. Interestingly,
the combined effect of an excessively deep root zone
and limited upward water movement may have resulted
in latent heat fluxes being reasonable as the errors ne-
gated each other. Although the top layer was too dry,
the canopy was not stressed because adequate water for
transpiration was available from the lower depths.

A significant success was that LSP, developed for
prairie grasslands, was able to characterize the wetland
dynamics with no changes to the model’s physical pro-
cesses. The inconsistent errors in evapotranspiration
suggest that Verseghy et al.’s (1993) resistance func-
tions need to be adjusted for wetland conditions. If
limited data exist to modify these functions, CLM’s
more successful approach should be considered. Fi-
nally, LSP’s rapid vertical movement of soil water is of
considerable interest. Problematically, the initial soil
water profile was rapidly reestablished at values that
differed from initial conditions. However, LSP pro-
vided an excellent characterization of the upward soil
water movement at night. An understanding of the
overall impact of soil water dynamics requires studies
to be conducted over longer periods.

7. Conclusions

The purpose of this research was to compare two
SVAT models’ applicability in a marsh wetland in the
southeastern United States for a 13-day dry-down pe-
riod. While all SVAT models rely on similar math-
ematical approximations of biophysical reality, differ-
ences among models result from their original function
as reflected in the choice of model physics, number of
soil layers, soil and vegetation parameterization, and
numerical solution methods. Here, the results indicate
that both models were able to reasonably simulate the
water and energy dynamics. CLM’s climate modeling
history showed in its flux modeling success, but weak-
nesses were revealed in characterizing soil water. For
this study, realistic soil moisture simulations were only
possible after CLM’s baseline TOPMODEL baseflow
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generation mechanism was removed. In contrast, LSP’s
origins in characterizing soil profile conditions for mi-
crowave brightness modeling resulted in better results
for the profiles than the fluxes.

Specific challenges for using these SVATs to model
marsh communities were the high water table and veg-
etation characteristics. Prior to applying SVAT models
to low relief topography or high water table regions, the
SVAT’s deep drainage and baseflow generation mecha-
nism as well as its ability to transport water upward in
the soil column should be examined. In addition, wet-
lands include a wide variety of plants that may not be
readily characterized by broad vegetation parameters.
Issues identified by this study were that CLM’s wetland
IGBP vegetation class requires some pasture param-
eters, CLM’s rooting depths greatly exceed observed
depths, and LSP’s canopy resistance scaling functions
may result in both the over- and underestimation of
latent heat fluxes.

Overall, this relatively brief experiment demon-
strates the potential for the application of SVAT mod-
els in marsh communities during a dry down. However,
additional studies are needed that include the seasonal
and interannual wetland hydroperiods having a full
range of conditions, including flood, drought, and burn-
ing, to identify issues related to long-term simulation.
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