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Abstract

In this study, a soil vegetation and atmosphere transfer (SVAT) model was linked with a microwave emission model to simulate
microwave signatures for different terrain during summertime, when the energy and moisture fluxes at the land surface are strong.
The integrated model, land surface process/radiobrightness (LSP/R), was forced with weather and initial conditions observed during
a field experiment. It simulated the fluxes and brightness temperatures for bare soil and brome grass in the Northern Great Plains.
The model estimates of soil temperature and moisture profiles and terrain brightness temperatures were compared with the observed
values. Overall, the LSP model provides realistic estimates of soil moisture and temperature profiles to be used with a microwave model.
The maximum mean differences and standard deviations between the modeled and the observed temperatures (canopy and soil) were
2.6 K and 6.8 K, respectively; those for the volumetric soil moisture were 0.9% and 1.5%, respectively. Brightness temperatures at
19 GHz matched well with the observations for bare soil, when a rough surface model was incorporated indicating reduced dielectric
sensitivity to soil moisture by surface roughness. The brightness temperatures of the brome grass matched well with the observations
indicating that a simple emission model was sufficient to simulate accurate brightness temperatures for grass typical of that region
and surface roughness was not a significant issue for grass-covered soil at 19 GHz. Such integrated SVAT-microwave models allow
for direct assimilation of microwave observations and can also be used to understand sensitivity of microwave signatures to changes
in weather forcings and soil conditions for different terrain types.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Accurate estimation of water stored in soil, snow, and
vegetation that is available to the atmosphere through
evapotranspiration, is a functional requirement of the Soil
Vegetation Atmosphere Transfer (SVAT) models. These
models simulate energy and moisture fluxes at the land sur-
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face and in the vadose zone. Examples of some SVAT
models include Biosphere Atmosphere Transfer Scheme
(BATS) [14,13], Simple Biosphere-2 (SiB-2) model [59],
Land Surface Model (LSM) [4], and Variable Infiltration
Capacity (VIC) model [41,42]. Typically, SVAT models
are linked with Atmospheric General Circulation Models
(AGCMs) to predict continental weather and near-term cli-
mate. These predictions are highly sensitive to initialization
parameters, including the stored water estimates by the
SVAT models [2]. Most initialization parameters for the
AGCMs, such as atmospheric temperature and moisture
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Fig. 1. A flow diagram of interactions between LSP and R model in the
LSP/R model.
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profiles and sea surface temperatures, are largely derived
from satellite observations. Stored water field, however, is
initialized with climatic soil moisture due to lack of an
operational method for estimating the stored water field
from satellites. Recent advances in microwave technology
has led to availability of satellites dedicated to providing
global soil moisture estimates in the near future [35].

Microwave brightness is sensitive to near-surface soil
moisture even through vegetation with green biomass
exceeding 5 kg/m2 – about that of mature corn [28,27,
57,24]. This sensitivity of microwaves enables a satellite
technique, called four-dimensional data assimilation
(4DDA) [54], for improving estimates of near-surface soil
moisture. In effect, the technique uses differences between
observed and predicted brightness temperatures to correct
modeled soil moisture [17,25,21,40,55,54,68,10]. While the
brightness is sensitive to moisture only in the upper few
centimeters of soil, a microwave emission model can be
linked to an appropriate SVAT model to yield soil mois-
ture profiles to depths of a meter or more [6]. The
frequently corrected near-surface moisture estimates prop-
agate deeper into the soil to provide improved estimates of
the stored water field in the root zone.

To allow direct assimilation of brightness observations,
the University of Michigan – Microwave Geophysics
Group (UM-MGG) has developed a biophysically based
SVAT model that is linked to terrain-specific microwave
emission models [45–47,20,36]. Unlike most SVAT models
intended for use with atmospheric models, the Land Sur-
face Process (LSP) model is a diagnostic model designed
to evaluate our current understanding of the biophysical
processes in capturing realistic energy and moisture flow.
It simulates one-dimensional coupled heat and moisture
transport in unsaturated soils [11,53] when forced with
observed downwelling short and longwave radiation, and
micro-meteorological observations of air temperature, rel-
ative humidity, wind speed, and precipitation. It is initial-
ized with observed soil temperature and moisture profiles.
The ‘‘base’’ LSP model has been extended to different ter-
rain and climatic regions. For example, winter wheat in the
US Southern Great Plains [33], dry heath in Arctic Tundra
[9], and wetland prairie in North Central Florida [70]. It
has also been used in climate sensitivity studies [43].

Estimates of soil and canopy moisture and temperatures
from these LSP models are used by microwave emission or
radiobrightness (R) models to estimate brightness tempera-
tures (see Fig. 1). The estimates of brightness temperatures
can then be compared with observed values for data assim-
ilation. The integration of LSP and R models allows for
assimilation of observed brightness temperatures directly
into the LSP/R model rather than assimilation of empiri-
cally derived soil moisture fields (for example, [68,10]).

The objective of this paper is to calibrate a rigorously
tested version [30] of the LSP/R model for summertime
conditions in Northern Great Plains in the midwestern
US. The model is calibrated for bare soil and brome grass
using data from our fourth Radiobrightness Energy Bal-
ance Experiments (REBEX-4). The calibration was
designed to provide best estimates for soil moisture and
temperature profiles because brightness signatures are pri-
marily functions of vertical distribution of moisture and
temperature in the terrain. In this paper, we briefly describe
the observations during REBEX-4, and the LSP/R model.
We discuss the calibration methodology and results for
bare soil and brome grass. We compare the modeled esti-
mates of temperature and moisture for soil and canopy,
and the predicted terrain brightness temperatures at
19 GHz with those observed in the field. Because the LSP
model used in this study is a physically based diagnostic
model of moisture and energy transport in soil, it provides
insights about linkage between control and movement of
soil moisture and microwave signature. Integrated LSP/R
models can be extended to other, more complex, terrain
types to understand the sensitivity of microwave signatures
to changes in weather forcings and soil conditions.

2. REBEX-4

The REBEXs are series of experiments conducted in rel-
atively homogeneous terrains that are representatives of
the selected regions [19,37,32]. These experiments provide
unique opportunities to understand microwave signatures
of different terrains because ground-based microwave
observations are conducted along with measurements of
micro-meteorological (henceforth, micromet), soil, and
vegetation parameters.

REBEX-4, the experiment that provided the data for
this study, was a collaborative experiment conducted
jointly with the Climate Research Branch (CRB) of Mete-
orological Service of Canada, Canada, from June through
September in 1996 at the US Geological Survey’s Earth
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Resources Observation System Data Center, about 30 km
north-east of Sioux Falls, South Dakota [31,22,23]. The
field site was chosen within 50 m of the REBEX-1 site
[19] to obtain a dataset spanning the four seasons for the
same location. During the experiment, microwave bright-
ness and micromet parameters were observed for an adja-
cent artificially created bare soil site and an undisturbed
brome grass site concurrently. The bare soil site was pre-
pared by spraying the grass with a herbicide, and ploughing
and discing the soil to create a relatively smooth surface.
This site was monitored by CRB and the grass site was
monitored by the UM-MGG.

Hand-held radiometers at 19.35, 37.0, and 85.5 GHz,
developed by the CRB [23], were mounted on a 3 m pole
to observe the bare soil site. These radiometers recorded
vertical and horizontal polarization measurements every
half hour. Switching between the polarizations was carried
out using an antenna positioner. The radiometers dupli-
cated the frequencies and the 53.1� incidence angle of the
Defense Meteorological Program’s Special Sensor Micro-
wave/Imager (SSM/I). A co-located micromet station
monitored weather conditions, downwelling and upwelling
solar radiation, and net radiation. Brightness temperature
and micromet observations were made every 10 min. Soil
temperatures and moisture were measured using soil
thermistors and Time Domain Reflectometry (TDR)
probes, respectively, at depths of 2, 5, and 8 cm at two loca-
tions within the site, and soil heat flux was measured at
2 cm-depth at three site locations every 30 min. Soil-core
samples were collected for bulk-density measurements
twice during the experiment. A detailed description of the
bare soil measurements are given in [23,22,29].
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UM-MGG observed the grass brightness using a second
generation Tower Mounted Radiometer System (TMRS2).
It consisted of dual polarized 19.35 and 37.0 GHz, and hor-
izontally polarized 85.5 GHz radiometers atop a 10 m
tower. The brightness observations were made every
30 min, while the micromet measurements similar to those
at the bare soil site were made every 10 min. Soil tempera-
ture was measured at the depths of 2, 4, 8, 16, 32, and
64 cm in two locations at the site every 30 min. Soil heat
flux was measured at a depth of 2 cm every half hour at
three locations within 2 m of each other. Soil moisture
measurements at the grass site were unreliable due to hard-
ware problems with the TDR probes and could not be used
for model calibration. Detailed description of the data col-
lected at the grass site is given in [31,29].

3. LSP/R model – biophysics and governing equations

3.1. LSP model

This section briefly describes how the transport of
energy and moisture at the land surface and in the vadose
zone is simulated by the LSP model. Fig. 2 shows the land
surface processes simulated in the model. A detailed
description of the model and its numerical validation is
provided in [45,29,30].

3.1.1. Vegetation

Vegetation cover is user-defined from 0% (bare soil) to
100% (continuous canopy). The model consists of bi-lay-
ered vegetation over a soil. The vegetation includes a pho-
tosynthetically active canopy layer and a thermally
z = 0
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z = depth in soil

qm = moisture flux between the nodes

qh = heat flux between the nodes

Qs = Soil-surface energy flux
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Qc = Canopy energy flux

n = depth of the lowermost  node

imulated in the LSP model.
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insulating, non-photosynthetic thatch layer. The thatch is
very simplistic in the model without moisture holding
capacity and does not affect the moisture exchanges
between canopy and soil, but it influences the exchange
of energy between the soil and the photosynthetically active
layer.

The energy fluxes in the vegetation are primarily driven
by insolation and TIR emission from the canopy, while
moisture fluxes are driven by precipitation and evapotrans-
piration. The energy and moisture transport equations for
the canopy are:

oX mc

ot
¼ qlðP c � Dc � EtcÞ

oX hc

ot
¼ �ðH c þ Lc � RncÞ ð1Þ

where Xmc and Xhc are the total moisture and heat contents
per unit area stored in the canopy, respectively, (kg/m2 &
J/m2); ql is the density of liquid water (kg/m3); and Pc, Dc

and Etc are the rates of precipitation, water drainage from
the canopy and evapotranspiration (m/s). Dc is a function
of LAI and Etc is function of aerodynamic resistance and
specific humidity, following [67]. Hc is the sensible heat flux
between the atmosphere and the canopy (W/m2); Lc is the
latent heat flux between the atmosphere and the canopy
due to evapotranspiration (W/m2) and; Rnc is the net radi-
ation (longwave and shortwave) absorbed by the canopy
(W/m2). The Hc is estimated using the bulk transfer ap-
proach with aerodynamic resistances given by Trenberth
[62], and Lc is estimated from Hc and Bowen ratio follow-
ing Peixoto and Oort [52].
3.1.2. Soil

The soil profile with different constitutive properties is
divided into 60 computational blocks. Because soil closer
to the surface is more influenced by rapid changes in
weather and downwelling radiance, thickness of the blocks
increase exponentially with depth. The moisture and energy
balance equations for the soil are [53,11]:

oX m

ot
¼ �r �~qm

oX h

ot
¼ �r �~qh ð2aÞ

X m ¼ qlðhl þ hvÞ X h ¼ CmðT � T 0Þ

þ L0qlhv þ ql

Z hl

0

W dh ð2bÞ

~qm ¼ �qlðDTrT þ Dhrhþ Kk̂Þ ~qh

¼ �krT þ L0~qv þ ðcpqv þ clqlÞðT � T 0Þ ð2cÞ

where Xm is the total moisture content per unit volume (kg/
m3); ~ql, ~qv, and ~qm are the liquid, vapor and moisture flux
densities (kg/m2 s), respectively; ql is the density of liquid
water (kg/m3); hl and hv are the volumetric liquid water
(m3/m3) and vapor content (m3 of precipitable water/m3),
respectively; h = hl + hv; T is the absolute temperature
(K); DT and Dh are the thermal and isothermal moisture (li-
quid and vapor) diffusivities (m2/K s), respectively; K is the
unsaturated hydraulic conductivity (m/s); Xh is the total
heat content per unit volume (J/m3);~qh is the heat flux den-
sity (J/m2 s), respectively; Cm is the volumetric heat capac-
ity of moist soils (J/m3 K); cp and cl are the specific heats
(J/kg K) of water vapor at constant pressure and of liquid
water, respectively; L0 is the latent heat of vaporization
(J/kg) at the reference temperature, T0; W is the differential
heat of wetting; and k is the thermal conductivity of soil
(J/m K s).

The constitutive properties of soil, such as moisture and
thermal diffusivities, tortuosity, thermal conductivity, and
water retention, are estimated from empirical models that
have earned acceptance in the literature [11,12,38,39,56,
45]. When vegetation is present, the upper blocks also serve
as a root-zone where moisture for transpiration is drawn
from the soil, as shown in Fig. 2. The suction from root
zone affecting the latent heat flux is modeled following
Verseghy et al. [67] and Noilhan and Planton [51].

The moisture and energy fluxes across the upper bound-
ary, i.e., at the interface between soil and vegetation, are
driven by net precipitation and radiation reaching the soil
surface as follows:

qmð0; 1Þ ¼ qlðDc � Es � Etr �RunoffÞ
qhð0; 1Þ ¼ Rns � H s � Ls ð3Þ

where qm(0, 1) and qh(0, 1) are the moisture and heat flux
densities at the interface between blocks 0 (vegetation)
and 1 (soil surface), respectively; Hs and Ls are the sensible
and latent heat fluxes from the soil, respectively (W/m2); Dc

is the rate of drainage from the canopy (m/s); Dc = total
precipitation � interception by the canopy; Es is the rate
of evaporation from the soil (m/s); Etr is rate at which
water is extracted from the root zone to maintain transpi-
ration (m/s); and Rns is the net radiation (longwave and
shortwave) absorbed by the soil (W/m2). The Hs and Ls

are estimated using bulk transfer approach and Bowen ra-
tio similar to that used for the vegetation.

The energy and moisture fluxes across the lower bound-
ary, i.e., at the interface between the nth and n + 1th com-
putational blocks, are set equal to the fluxes across the
interface between n � 1th and nth block (see Fig. 2). This
allows no change in the moisture and heat content of the
nth block.

The non-linear and coupled equations for conservation
of moisture and energy in soil (Eq. (2a)) are linearized
and solved using an explicit, forward finite difference
method [6,47]. It uses a block-centered grid where the soil
parameter values for each computational block are
assumed to be located at the center of that block. In the
model, the dynamic response to non-linearity is lagged in
time. Fig. 3 gives a flow diagram of how the transport pro-
cesses are simulated in the LSP model. To begin, the soil
and the vegetation properties are initialized and the initial
energy and moisture fluxes are calculated. The model is
forced with weather, and a two-dimensional Newton–
Raphson technique is applied in conjunction with a finite
difference method to balance energy and moisture fluxes
at the soil surface. The boundary-flux matching process is
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repeated until a specified convergence criterion is satisfied.
The resulting new fluxes are used to estimate the new sur-
face temperature and moisture. Once the surface tempera-
ture and moisture are estimated, the difference method is
employed to calculate the new fluxes, temperature, and
moisture for each soil block [30].

3.2. R model

The R model estimates the non-scattering emission from
a canopy layer modeled as an isothermal, homogeneous
dielectric layer (canopy-cloud), over a semi-infinite, homo-
geneous, and smooth-surfaced soil. The brightness of the
terrain, Tb, is:

T b ¼ T bs þ T bc;d þ T bc;u þ T bsky ð4Þ
where Tbs is the emission from soil at the top of the canopy
after being attenuated through the canopy (K); Tbc,d is the
downwelling emission from the canopy reflected by the soil
and attenuated through the canopy (K); Tbc,u is the upwell-
ing emission from the canopy (K); and Tbsky is the down-
welling sky emission reflected by the soil and attenuated
through the canopy (K).

The emission from soil depends upon the effective tem-
perature and reflectivity of the soil. The effective tempera-
ture is estimated as a first order approximation using
temperature gradient between the first two nodes of the soil
in the LSP model (top 2 cm). The relative permittivity and
reflectivity of the soil are estimated from a four-component
mixture model by Dobson et al. [15] and Fresnel equations,
respectively. The emission from the canopy depends upon
the temperature (isothermal in our case) and the relative
permittivity of the canopy. The relative permittivity is esti-
mated from the dual-dispersion model by Ulaby and El-
Rayes [63]. The attenuation through the canopy depends
on its optical depth (s), which is modeled empirically fol-
lowing [16,66], and is given by:

s ¼ � 2kncBc

qc

ð5Þ

where qc is the density of wet vegetated material (kg/m3); nc

is the complex refractive index of the canopy; Bc is the wet
biomass of the canopy (kg/m2); and k is the wave number.

4. LSP/R model simulation for REBEX-4

4.1. Input variables

The LSP component of the integrated model was forced
with downwelling solar radiation, wind speed, air tempera-
ture, relative humidity, and precipitation observed during
REBEX-4. The downwelling longwave radiation was not
measured during REBEX-4, and was estimated from the
observed downwelling and upwelling solar radiation, net
incoming radiation, and soil TIR temperature.

The R component of the model was forced with esti-
mates of temperature gradients in the top two nodes, mois-
ture and temperatures of the soil surface and the canopy
from the LSP model. Vegetation density and biomass were
obtained from REBEX-4. The sky brightness observed
during REBEX-4 could not be used because of calibration
problems at colder temperatures [36]. From our earlier
studies, the sky brightness at 19 GHz were found to vary
between 20 and 60 K, as estimated from the expressions
given by Ulaby et al. [64] using temperature and density
profiles from rawinsonde data at Huron, South Dakota,
about 200 km from the REBEX-4 site [18,34]. The sky
brightness were assumed to be 20 K for clear and 50 K
for cloudy days for the calibration.

4.2. Initial conditions

REBEX-4 observations provided the initial conditions
for moisture and temperatures for canopy, thatch, and soil
(upper 8 cm at the bare soil site). The initial soil moisture
values for the upper 24 cm at the grass site were obtained
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from a diurnal experiment conducted three days before
beginning of the calibration period. During this experi-
ment, three gravimetric measurements were made of soil
moisture in the top 24 cm using every 2 h for 24 h, using
a coring tool. The temperature profiles for the deeper layers
for both the sites were estimated from an annual model
[44]. The soil moisture profiles was linearly interpolated
for the soil nodes between 8 cm. The water table was
located at 2 m [3] near the bare-soil site, and between
24 cm and 2 m for the grass site. Deeper than 2 m, the soil
was saturated and the moisture content was equal to
porosity.

4.3. Soil properties

The soil at the REBEX-4 site was a silty clay loam. Esti-
mates of soil texture, wilting point, and field capacity were
obtained from a soil survey report [50]. However, at the
grass site, there was organic matter in the upper 5 cm of
the soil. Estimated range of porosities, 46–50%, were
obtained from the bulk density calculations during REB-
EX-4. The roughness length of the soil, i.e., the height
above the surface where the wind speed vanishes, was esti-
mated from [60]. The physical properties used by the LSP/R
model for the upper 5 cm are tabulated in Table 1.

Thermal conductivity, as a function of soil constituents,
particle shape, and moisture, was from an empirical model
by de Vries [12]. For simplicity, the shape of the soil parti-
cles were assumed to be spherical. During the model simu-
lation, the thermal conductivity of soil varied between 0.58
and 0.65 W/m K.

Soil hydraulic conductivity is modeled based upon two
parameter junction model [56,49]. The saturated conductiv-
ity was the only unconstrained constitutive property in the
bare soil model, and its value for each node was varied
within the allowed range Nestrud et al. [50], Judge and
England [31] to calibrate the model. The assigned values
that provided the best calibration results were
2 · 10�7 m/s in the top 1 cm of soil and 5 · 10�7 m/s in
the next 4 cm.

Two parameters in the model describe the radiation
properties of the soil, viz., TIR emissivity and shortwave
albedo. The emissivity for bare bare soil was set to 0.96
in the model [52]. The albedos of most agricultural soils
Table 1
Soil physical properties in the upper 5 cm at the REBEX-4 sites

Properties Bare Soil Site Grass Site

0–5 cm 0–1 cm 0–5 cm

Silt fraction (%) 65.1 60 25
Clay fraction (%) 31.0 30 2.5
Sand fraction (%) 3.9 1 1
Organic fraction (%) 0.0 8 71.5
Field capacity (m3/m3) 0.294 0.294 0.294
Wilting point (m3/m3) 0.145 0.145 0.145
Porosity (%) 48.0 50 50
Roughness length (m) 0.02–0.09 0.02–0.09 0.02–0.09
vary between 0.2 and 0.4 [1], but are functions of solar
angle, cloud cover, soil physical properties such as color
and roughness [60], and soil moisture [26]. For the bare soil
site, we used a variable albedo obtained by fitting observed
values to cubic polynomials for clear and cloudy days as
functions of the solar angle. For the grass site, the soil
albedo was a constant at 0.33.

For the R model, the dielectric constant for the dry soil
solids was 4.0 [65]. The soil was specular, incoherent, multi-
layer emitter with dielectric permittivity from four-compo-
nent mixing model developed by Dobson et al. [15].

4.4. Vegetation properties

During the calibration period, the brome grass canopy
was fully mature with an average height of 70 cm. In gen-
eral, the leaf area index (LAI) for mature grass canopies
ranges between 2 and 4 [47]. We found that LAI = 3.5 pro-
vided the best fit between the model estimates and the
observations. Because the REBEX-4 grass site had been
undisturbed for several years, the thatch was approxi-
mately 2–3 cm thick and accounted for �25–30% of the
canopy weight [29]. It was modeled as dead vegetation with
a transmissivity and heat capacity the same as dry vegeta-
tion. Table 2 gives the canopy properties included in the
model. The albedo of the canopy was estimated by curve-
fitting the observed values for a clear and a cloudy day, fol-
lowing the same procedure as for the bare soil. For the R
model, the dielectric properties of the canopy were esti-
mated from a dual-dispersion model by Ulaby and
El- Rayes [63].

4.5. Solution convergence

Because the R model is numerically simplistic, only the
LSP model was tested for solution convergence before cal-
ibration. The model was run using different spatial (node
spacing) and temporal (time steps) resolutions [29]. The soil
temperature and moisture estimates converged i.e., the
model estimates of moisture and temperature profiles did
not change as the time interval between each model update,
or the time steps, decreased. Similar convergence was
achieved as the inter-nodal distances decreased. In general,
the time steps and inter-nodal distances at which the solu-
tion converges depend upon the soil properties and the
strength of forcings at the upper boundary. The soil was
Table 2
Canopy properties at the REBEX-4 grass site

Properties Values

LAI 3.5 [unconstrained parameter]
Root depth (cm) 25 [31]
Height (hc) (cm) 70 [31]
IR emissivity 0.95 [62]
Roughness length 0.2 · hc [67]
Displacement height 0.65 · hc [67]
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discretized into 60 nodes with eight nodes in the top 5 cm
during the simulation. For a 5-day simulation, the model
estimated profiles achieved convergence when the time-step
was decreased to 3 s. A further decrease in the time-step to
2 or 1.5 s produced changes in the moisture and tempera-
ture estimates of 60.04% by volume and 60.05 K,
respectively.

As the number of nodes in the top 5 cm increased from 3
to 8, the temperature and water column estimates oscillated
within �0.05 K and 0.2 mm/m2, respectively. The oscilla-
tions decreased by half, as the number of nodes increased
a

b

c

d

Fig. 4. A comparison of the estimated and the observed soil temperatures for th
the mean difference, estimated � observed, and SD is the standard deviation.
from 8 to 13. For all the model simulations presented in
this paper, the time step was 3 s and the soil was discretized
into 60 nodes with eight nodes in the upper 5 cm.

4.6. Results and discussion

4.6.1. Bare soil

The bare soil conditions were simulated for 25 days,
from Day of Year (DoY) 193 (July 12) through 218
(August 5) in 1996. Fig. 4a–d show comparisons of model
estimated and REBEX-4 measured soil temperatures at
e bare soil at (a) 2 cm (b) 5 cm (c) 8 cm, and (d) heat fluxes at 2 cm. MD is
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depths of 2, 5, and 8 cm, and soil heat fluxes at 2 m, respec-
tively. Overall, the model captures the phases of the diurnal
variations in the soil temperatures. The modeled diurnal
amplitudes at the depths of 2, 5, and 8 cm match well with
the observations, as indicated by low mean differences
between the estimated and the observed temperatures and
their standard deviations. The amplitudes of the modeled
temperatures at 2 cm are slightly higher than observed
but the amplitudes at 5 and 8 cm match the observed values
well. Modeled heat fluxes at 2 cm matched well with the
observed fluxes as shown in Fig. 4d. This implies that the
modeled energy transport below the depth of 2 cm is real-
istic, whereas the transport in the upper 2 cm is overesti-
mated. Slight underestimates in the nighttime heat fluxes
by the LSP/R model are similar to those found in other
modeling studies [70]. The mean differences between the
model and the observed temperatures are as much as
twice the instrument error of ±0.5 K. Similar differences
were found by Mohr et al. [48], Chen [7] and Whitfield
a

b

c

Fig. 5. A comparison of the estimated and the observed soil moisture at (a) 2 c
and SD is the standard deviation.
et al. [70] in their model calibration and intercomparison
studies.

Fig. 5a–c compares the estimated and the observed soil
moisture at depths of 2, 5, and 8 cm, respectively. There
were two significant rain events during REBEX-4, on
DOY 198 (10.8 mm) and DOY 217 (8.3 mm). Several
minor rain events of 62 mm occured on DOY 193, 196,
203, 208, 209, 210, 211, 212, and 216. The model estimates
realistic mean moisture values at the observed depths as
given in. However, the estimated and the observed mois-
ture at 2 cm are approximately 180� out of phase. The
observed values shown in the Fig. 5a have not been cor-
rected for temperature and their phases track the thermal
variations in the soil. The period of the TDR probe-signal
is sensitive to the changes in soil temperature [24] and result
in these phase differences and also the stronger diurnal
variations for observed moisture values than the model
estimates at 8 cm. The values for mean differences in volu-
metric soil moisture between the LSP/R model and the
m (b) 5 cm and (c) 8 cm. MD is the mean difference, estimated � observed,
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observations are similar to those from other studies. For
example, Shao and Henderson-Sellers [61] and Mohr
et al. [48] obtained differences of ±3% and ±5%, respec-
tively during the PILPS phase 2(b) comparisons. Whitfield
et al. [70] found differences of about ±3% between the LSP
component of the LSP/R model and the observed soil
moisture values for a prarie wetland.

Fig. 6 shows the estimated and the observed horizontally
polarized (H-pol) soil brightness at 19 GHz. the Only the
results at H-pol are presented here because H-pol brightness
is more sensitive to soil moisture and surface features, such
as roughness at our observation angles during REBEX-4
[64]. The phases of the diurnal variations are captured well,
but mean values in the model are underestimated by�70 K.
Even though the artificially created bare soil site was some-
what smoothed by disking, the surface could not be modeled
as a smooth surface at 19 GHz. Schmugge et al. [58] found
similar large differences (�30 K) between the airborne
observations at 1.4 GHz and the calculated brightness using
the smooth-surface approximation. They attributed the dif-
ferences to surface roughness. Later, Choudhury et al. [8]
demonstrated that roughness effects could account for such
large differences (as great as 50 K at 1.4 GHz) with their sim-
plistic semi-empirical reflectivity model. As the roughness
effects increase with frequency, larger differences could be
expected at 19 GHz. Because surface roughness measure-
ments were not conducted during the REBEX-4 experiment.
We used a reflectivity model developed by Wang et al. [69] to
investigate the effect of roughness on brightness estimates
during REBEX-4. In the model, the Fresnel reflectivity is
modified using two empirical parameters, roughness height
h, and polarization mixing ratio Q. The reflectivity at polar-
ization p is,

rpðhÞ ¼ ½Qr0qðhÞ þ ð1� QÞr0pðhÞ� expð�hGðhÞÞ ð6Þ

where r0p and r0q are the smooth surface reflectivities at
polarizations p and q, and at incidence angle h, and
G = 1. Although, both h and Q increase with frequency,
the dependence of Q is stronger, while that of h is not.
Fig. 6. A comparison of the estimated and the observed H-pol brightness at 19
surface model by Wang et al. [69]. MD is the mean difference, estimated � ob
The values for h and Q varied between 0–0.6 and 0–0.3,
respectively [69]. For 19 GHz, h = 0.8 and Q = 0.2 pro-
duced the best fit between the observed and the estimated
soil brightness at H-pol during REBEX-4 (Fig. 6). The va-
lue of h required to provide the best fit lay outside the range
of values that Wang et al. [69] used. Theoretically, as the
roughness of a surface increases compared to wavelength,
the surface emissivity approaches that of a blackbody, i.e,
the brightness temperature approaches its physical temper-
ature. Consequently, the H-pol brightness increased signif-
icantly when a rough surface model was used.

4.6.2. Brome grass

The LSP/R model simulated the land surface processes
for 22 days from DoY 196 (July 14) through 218 (August
5) in 1996. The Figs. 7 and 8 compare the observed and
the modeled temperatures of canopy, thatch, and soil at
the depths of 2, 4, 8, 32, and 64 cm and provide the mean
differences and their standard deviations between the esti-
mated and the observed temperatures and heat fluxes.
The model canopy and thatch temperatures match well
with the observed temperatures, as seen by their low differ-
ences. The model temperatures of the deeper layers of 32
and 64 cm match well with those observed during REB-
EX-4. However, the model estimates in the top 16 cm have
a lower mean by �5 K and are phase-shifted with respect
to the observed temperatures. This indicates an incorrect
heat conductive flux below 2 cm. The soil physical proper-
ties obtained from the soil survey might not represent the
soil conditions at the undisturbed grass-site due to presence
of organic matter. We included organic matter only in the
upper 5 cm of the soil. The underestimated temperatures
and amplitudes could also be an indication of unrealistic
initial moisture profiles used in the grass model. As men-
tioned earlier, the profiles were obtained from a diurnal
experiment conducted three days before the start of the
simulation. The model estimates of soil moisture could
not be evaluated during the calibration due to sensor prob-
lems. Moisture storage in the thatch could also be signifi-
cant at this site and affect the water budget [5].
GHz for bare soil using the smooth surface approximation and the rough
served, and SD is the standard deviation.
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Fig. 7. A comparison of the estimated and the observed temperatures at the grass site. (a) Canopy; (b) thatch, and soil at (c) 2 cm (d) 4 cm. MD is the
mean difference, estimated � observed, and SD is the standard deviation.
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Heat fluxes into the ground at 2 cm match well the
observed values (Fig. 9), which implies that the energy
exchanges between thatch, canopy, and soil are being
realistically modeled, and that the correct amount of ther-
mal energy is being transported into the soil. As in the
bare soil model, underestimates in nighttime fluxes are
similar to those found in other modeling studies, for
example [70].
Fig. 10 shows the model estimated and observed H-pol
terrain brightness at 19 GHz. Estimated brightness
matches observed brightness well. Approximately, 98% of
the total emission at 19 GHz is from the canopy during
the REBEX-4, when the values for canopy biomass were
up to 3 kg/m2 and the smooth surface approximation for
the soil in the model did not result in big differences as
those observed for the bare soil site. This could also be
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Fig. 8. A comparison of the estimated and the observed soil temperatures at the grass site. (a) 8 cm (b) 16 cm (c) 32 cm and (d) 64 cm. MD is the mean
difference, estimated � observed, and SD is the standard deviation.
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due to soil surface being smoother under the thatch layer
for vegetation-covered soils.

Accurate H-pol brightness predictions reflect accurate
canopy moisture and temperature estimates by the model,
and validate use of the simple canopy emission model of
a homogeneous cloud over a smooth surface. Low bright-
ness temperatures are observed on rainy days, DoY 208,
209, 211, and 212 (Fig. 10).
5. Conclusions

The LSP/R model was calibrated for bare soil and
brome grass using the data from the REBEX-4 experiment.
It provided realistic estimates of soil moisture and temper-
ature profiles to be used with a microwave for assimilating
brightness observations, rather than assimilating soil mois-
ture retrieved semi-emipirically from brightness observa-



Fig. 10. A comparison of the estimated and the observed terrain brightness at 19 GHz for the grass site. MD is the mean difference, estimated � observed,
and SD is the standard deviation.

Fig. 9. A comparison of the estimated and the observed heat fluxes into the ground at 2 cm for the grass site. MD is the mean difference,
estimated � observed, and SD is the standard deviation.
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tions. Because the LSP model is a physically based diagnos-
tic model of moisture and energy transport in soil, it offers
insights about linkage between control and movement of
soil moisture and microwave signature. Future research
using such LSP models should examine estimates of uncon-
strained parameters more closely to minimize the need of
site-specific calibration for the intended application.

In the microwave emission model, the dielectric sensitiv-
ity to soil moisture was significantly masked by surface
roughness at 19 GHz, introducing a need to use empirical
roughness parameter values unless roughness is known.
Soil roughness was not a significant issue for grass-covered
soils because most of the brightness contribution at
19 GHz is from grass and the soil may be smoother under
the thatch in these conditions. Integrated LSP/R models,
such as the one in this study, can also be used to under-
stand sensitivity of microwave signatures to changes in
weather forcings and soil conditions for different terrain
types.
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