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Calibration of the L-MEB Model Over a
Coniferous and a Deciduous Forest

Jennifer P. Grant, Kauzar Saleh-Contell, Jean-Pierre Wigneron, Senior Member, IEEE, Massimo Guglielmetti,
Yann H. Kerr, Senior Member, IEEE, Mike Schwank, Niels Skou, Fellow, IEEE, and Adriaan A. Van de Griend

Abstract—In this paper, the L-band Microwave Emission of the
Biosphere (L-MEB) model used in the Soil Moisture and Ocean
Salinity (SMOS) Level 2 Soil Moisture algorithm is calibrated
using L-band (1.4 GHz) microwave measurements over a conifer-
ous (Pine) and a deciduous (mixed/Beech) forest. This resulted in
working values of the main canopy parameters optical depth (),
single scattering albedo (w), and structural parameters tt(H)
and tt(V), besides the soil roughness parameters Hr and Ngy.
Using these calibrated values in the forward model resulted in
a root mean-square error in brightness temperatures from 2.8
to 3.8 K, depending on data set and polarization. Furthermore,
the relationship between canopy optical depth and leaf area in-
dex is investigated for the deciduous site. Finally, a sensitivity
study is conducted for the focus parameters, temperature, soil
moisture, and precipitation. The results found in this paper will
be integrated in the operational SMOS Level 2 Soil Moisture
algorithm and used in future inversions of the L-MEB model, for
soil moisture retrievals over heterogeneous, partly forested areas.

Index Terms—Forest, L-band, microwave radiometry, soil mois-
ture, Soil Moisture and Ocean Salinity (SMOS).

I. INTRODUCTION

HE ACCURACY of radiometric (e.g., L-band or 1.4 GHz)
soil moisture retrievals over vegetated land surfaces de-
pends to a great amount on the properties of the vegetation
layer. A vegetation layer covering the soil scatters and atten-
uates soil emission and will add its own emission to the total
radiation measured above the canopy. This effect was modeled
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by Kirdyashev et al. [1]. The thicker or denser this layer, or the
higher the frequency of measurement, the smaller the influence
of the soil signal on the total above-canopy emission. Obvi-
ously, soil moisture retrievals will be less accurate over dense
forests than over sparse vegetation. Previous microwave forest
studies were therefore generally done at higher frequencies than
L-band, focusing on the measurement of forest biometric prop-
erties rather than assessing the surface properties underneath
the canopy (for a summary, see [2]).

Besides the effect of vegetation, the effect of moisture con-
ditions will also play a role in determining the sensitivity of
the radiometric signal to soil moisture. Soil emission decreases
with increased moisture content, but a vegetation layer, such
as a temperate deciduous or coniferous forest, will show the
opposite effect and have a higher emission with increased water
content [3], [4]. These opposite effects are due to the different
physical behaviors of each layer in terms of absorption and
scattering, and they complicate our understanding of the L-band
signal above vegetated surfaces.

From the few previous experimental forest studies at L-band
[5]-[8], a high accuracy of soil moisture retrieval over forests
is not to be expected. Not only may the vegetation layer of tree
canopy and understory be relatively dense, but in this type of
environment, a litter layer is often an additional cover of the
mineral soil. Studies over grasslands [9]-[11] have hinted at
the fact that this layer could highly attenuate soil emission,
although radiative transfer properties of litter are still largely
unknown.

The Soil Moisture and Ocean Salinity (SMOS) mission of the
European Space Agency will produce global measurements of
soil moisture over land surfaces and salinity over the oceans
on a temporal scale of two to three days [12], [13]. Pixel
dimensions will be on the order of 40 x 40 km?. It is easy
to see that at this scale, many pixels will contain at least
partial vegetation cover. In temperate, boreal, and tropical
zones, forests are a major occurring vegetation type and will
influence measurements in many pixels if not accounted for
in the retrieval algorithms. However, a priori information on
vegetation cover fraction will be available for SMOS, and if the
emission behavior of forests is also known beforehand, it could
be possible to retrieve accurate soil moisture values for the
nonforested parts of the mixed pixel in some cases [14]. For this
reason, the understanding of forest radiative transfer properties
is an important aspect within the context of the SMOS.

The forward model used in the SMOS Level 2 Soil Mois-
ture algorithm is the “L-band Microwave Emission of the
Biosphere” (L-MEB) model [15]. This model is based on a
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zero-order radiative transfer approach, which is often called
the tau—omega (7—w) approach in the literature after the two
vegetation parameters 7 and w, which are linked to canopy
transmissivity and scattering, respectively. Although physically
based, it is a relatively simple approach which is easy to use
and does not require detailed information on the vegetation/soil
layers beforehand, making it well suited to operational use at a
global scale.

The inversion of L-MEB for the SMOS Level 2 Soil Moisture
algorithm requires a calibration of the various soil and vegeta-
tion model parameters for different land cover types. Previous
calibrations have included bare soils, grass, and various types
of crops (for a summary, see [15]). This paper presents the
first calibration of the forward model L-MEB over forests
using experimental data. Previous forest studies in the context
of SMOS were all based on modeling and/or very short-term
experiments (e.g., [16] and [17]).

Parts of the coniferous and deciduous data sets used in
this paper have previously been presented in [7] and [8],
respectively. The main conclusions of those studies were the
following: 1) branches are more important absorbers/emitters
than leaves or trunks at L-band and 2) L-band variations in
ground moisture over a medium dense forest (total above-
ground biomass: ~11 kg m~2) with a distinctive litter layer are
detectable, but they have too small a dynamic range to result in
soil moisture retrieval with meaningful precision. Concerning
litter, this paper does not focus specifically on that aspect, as
the main purpose here was to calibrate the existing L-MEB al-
gorithm over forests. Other studies are currently under progress
to investigate the radiative transfer properties of such a layer.

This paper first gives an outline of the data sets and mod-
els used, including the description of a new experiment over
conifers. Then, it presents the calibration of the relevant canopy
and soil parameters in the L-MEB model, using experimental
forest data. Results are given for two types of temperate forest
(coniferous and deciduous), allowing for a general comparison.
For the deciduous forest, a relationship between canopy optical
depth and leaf area index (LAI) is also investigated. Finally, a
sensitivity study is done for the focus parameters, temperature,
soil moisture, and precipitation.

II. MATERIALS

In this paper, three data sets were used. The first is the “Bray”
data set, consisting of measurements over a coniferous forest
stand. The second is the “FOSMEX” data set, consisting of
measurements over a deciduous forest stand. The third data set
consists of numerical simulations for three stands in Les Landes
coniferous forest.

A. Bray Site and Data Set

The Bray site lies within the forest of Les Landes at ap-
proximately 20 km southwest of Bordeaux, France (latitude
44°42' N, longitude 0°46’ W, and altitude 61 m) and con-
sists of Maritime Pines (Pinus pinaster Ait). Tree age was
34 years at the time of measurement, resulting in a stand
height of approximately 22 m. Maximum values for the canopy
LAI are around 2.15, and the forest can thus be described

as “medium dense.” The understory consists mostly of grass
(mainly Molinia caerulea L. Moench). Soils are sandy and hy-
dromorphic podzols, with dark organic matter in the first 60 cm.
On top of the soil lies a thick litter layer, the upper part of which
consists mainly of dead grass, and the lower part consists of
grass roots, pine needles, and other organic matter (humus).

Downward multiangular microwave measurements at Bray
were made using the L-band (1.41 GHz) EMIRAD radiometer
of the Technical University of Denmark [18]. These measure-
ments were made from a 40-m-high tower at horizontal polar-
ization and angles of 25°, 30°, 35°, 40°, 45°, 50°, 55°, and 60°
from nadir. Full (—3 dB) antenna beamwidth was 25°, resulting
in a ~600 m? footprint at 45°. A thermal infrared scanner
[Heitronics KT 15.85D (9.6-11.5 um)] was fixed next to the
radiometer to obtain measurements of surface temperature over
the same area. Vertically polarized microwave measurements
were found to be influenced by some kind of disturbance
and were therefore not used. Simultaneous ground measure-
ments were made of soil and litter temperature, soil and litter
moisture content, and precipitation. The experiment was per-
formed between July and December 2004 and is described in
detail in [7].

Upward microwave measurements at Bray were made on
February 22, 2006, again using the EMIRAD radiometer. The
instrument was mounted on a structure [see Fig. 1 (top)],
allowing it to take H- and V-polarized measurements of the
forest at incidence angles between 90° and 0° relative to the
upward vertical (zenith), as shown in Fig. 1 (middle). Three
measurement series were taken at different azimuth angles, i.e.,
at 60°, 45°, and 0° (parallel) relative to the row direction of
the trees [see Fig. 1 (bottom)]. Sky measurements were also
taken for external calibration purposes, as explained in [7]. Sky
brightness temperature calculated from [19] was ~5 K.

B. Jiilich Site and FOSMEX Data Set

The FOSMEX experiment took place at the Jiilich site,
which lies within a mixed deciduous forest in West Germany
(latitude 6° 21’ 30" E, longitude 50° 50’ 30" N, and altitude
83 m). Within this site, the locations of the up- and downward
radiometric measurements were in close proximity to each
other. In the case of the upward measurements [8], the sole
observed tree species was a 70-year-old Beech (Fagus) with an
average crown height of approximately 20 m. At the location
of the downward measurements [20], the forest comprised
species of Oak (Quercus), Birch (Betula), and Beech (Fagus)
in similar proportions. The tree age here was between 40 and
80 years old, and the average crown height was approximately
24 m. In general, the forest can be described as “rather dense.”
The ground surface is covered by a 0-5-cm-thick litter layer
consisting of dead leaves, and the top 7 cm of the mineral soil
also contains a large percentage of organic matter.

Downward radiometric measurements at Jiillich were made
during the whole of 2005, with two hiatuses between Julian
Days 109-142 (April 19-May 22) and 227-280 (August 15—
October 7). The ETH Ziirich radiometers ELBARA (1.4 GHz;
dual polarization [21]) and MORA (11.4 GHz; vertical polar-
ization [22]) were installed on a 100-m-high tower over the
forest. Multiangular measurements were taken at angles of 46°,
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O O O Series 3 (0°)
Series 2 (45°)
Fig. 1. (Top) Upward measurements of the canopy at the Bray site, using the

EMIRAD L-band (1.4 GHz) radiometer mounted on a ~2-m-high structure.
(Middle) Schematic drawing (side view) of the experimental setup during the
Bray upward measurements. Measurements were made at incidence angles
between 0° and 90°, with 0° being the upward vertical. (Bottom) Schematic
drawing of the Bray upward measurements, as shown from above. Trees are
denoted by circles. Three series of measurements were made: at azimuth angles
60°, 45°, and 0° relative to the row direction of the trees.

50°, 54°, 58°, 62°, 66°, and 70° from nadir; however, only
angles < 60° were included in the final data set. Full (—3 dB)
antenna beamwidth was 12°, resulting in a footprint of
~ 1200 m? at 46°. Simultaneous ground measurements of soil
temperature and soil moisture content were taken, together with
precipitation and air temperature at 20 m. This experiment is
described in detail in [20].

Upward measurements at Jiilich were made from September
to November 2004 during the defoliation phase of the forest,
again at multiple angles (40° and 60°) using the radiometers
ELBARA and MORA. A detailed description of this experi-
ment can be found in [8]. Soil surface temperatures were mea-

sured in situ with thermistors (Campbell S140 TL107) installed
horizontally at 5 cm depth at 16 locations along two transects
between the trees in order to give representative temperatures
of the forest ground.

C. Synthetic Data Set Over Les Landes

Les Landes is a production forest in southwest France,
consisting mainly of Maritime Pines (Pinus pinaster Ait). A
synthetic brightness temperature data set was generated for the
purposes of initialization and comparison with the Bray bright-
ness temperature measurements described in Section II-A.
The coniferous forest geometric database of [23] was used
in combination with the Tor Vergata model (Section III-C) to
produce simulated brightness temperatures, as also described
in [24]. The synthetic data set includes the brightness tem-
peratures of three populations of trees (5, 26, and 32 years
old) at H and V polarizations, incidence angles 10°, 20°,
30°, 40°, and 50°, and soil moisture conditions from 0.05 to
0.4 m? - m™3 for a smooth soil of known temperature. The data
set was compared with the “L-MEB” model (Section III-A)
simulations, and optimum values of the necessary L-MEB
parameters were retrieved.

III. MODELS
A. L-MEB

The L-MEB model [15] is based on a simplified (zero-
order) radiative transfer equation, which is often called the
tau—omega or T—w model in the literature [1], [25], [26]. In this
model, multiple scattering is neglected, as is the reflection at the
vegetation—atmosphere interface.

The main equation is as follows:

T5(0,P) = esTey + (1 —w)(1 — )
X To (1+ (1= es)y) + Thsky (1 —es)7?. (1)

The total brightness temperature 7 (dependent on the inci-
dence angle 6 and the polarization P) results from the addition
of four terms: 1) the soil emission attenuated by the canopy
layer; 2) the direct canopy emission; 3) the canopy emission
reflected by the soil back through the canopy; and 4) the sky
emission reflected by the soil and twice attenuated by the
canopy layer. In this model, the subscripts “s” and “c” denote
the “soil” and the “canopy,” respectively. The sky brightness
temperature T3 5k, was calculated according to [19]. The vari-
able T is a thermodynamic temperature, e is the emissivity, and
w is the single scattering albedo of the canopy.

Finally, the variable ~ describes the canopy transmissivity,
which is related to the canopy optical depth 7 according to

(8, P) = exp(—79(6, P)/ cos ) 2)

where 7y(6, P) denotes the nadir (0°) optical depth calculated
from an angular observation at angle 6. Dividing by the cosine
corrects for the difference in physical length through the canopy
layer at different angles, but it does not take into account the
anisotropic effects of the canopy structure, which can change
with the incidence angle depending on the orientation of the
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canopy elements and the polarization of the measured signal.
Therefore, the extra parameter ¢¢(P) has been introduced in the
model to correct for the canopy structure

70(0, P) = 7nap (sin?(0) - t£(P) + cos*(0)) 3)

where the subscript “NAD” denotes the theoretical nadir values.
The soil emissivity es in (1) is calculated by

es(, P) =1— Rs(0,P) “)

where R is the rough soil reflectivity. The Fresnel equations
[3], [4] describe the reflectivity of a smooth soil (R) with a di-
electric constant € (calculated here using the method described
in [27]); however, in reality, this rarely occurs. Therefore, a
roughness correction is applied in the L-MEB model using a
version of the semiempirical approach of [28]

R.(0,P) = R -exp(—HR(e, P) - cos™n(P) (e)) NG

Hp and Np are the parameters describing the soil effective
(physical and dielectrical) roughness and the angular depen-
dence of this roughness, respectively.

When using this model, infrared temperatures were used for
T. and soil temperatures for 75 (1). In the case of the Bray
site, the latter consisted of effective soil temperatures calculated
over a depth of several times the wavelength A, as described
in [7]. For the lJiilich site, profiles were not available, and
measurements of soil temperature at 0-5 cm depth were used
as input for 75. As effective soil temperatures were found to lie
close to soil temperatures at 2—3 cm depth at the Bray site [7],
this is considered a valid approximation.

B. Upward Model

According to radiative transfer, when looking upward, the
measured brightness temperatures (73) for incidence angles
< 90° are composed of a vegetation and a sky component. As
a first approximation, the soil emission reflected by the canopy
is neglected. Equation (6) gives the model used for the analysis
of the upward measurements of brightness temperature

TB(evp):(l_w)'(l_’Y)'Tc‘FTB,sky"}/- (6)

C. Tor Vergata Model

The Tor Vergata model [17], [29], [30] is based on the radia-
tive transfer theory and uses a discrete approach, representing
vegetation elements (trunks, branches, and leaves/needles) by
geometrical shapes (cylinders) of suitable dimensions. The
dielectric properties of each element are calculated using a
semiempirical approach requiring information on moisture
status [3].

Scattering and extinction cross sections of the crown and
trunks are calculated according to the infinite length approxi-
mation. The understory layer is modeled as a simple absorbing
layer, and the soil is represented by a uniform dielectric half-
space with a rough interface. Soil permittivity is modeled using
the semiempirical model of [27]. The soil bistatic scattering
coefficient is obtained using the integral equation method [31].

By using the matrix doubling method [29], first, the scatter-
ing and extinction matrices of the whole crown are calculated,
and then, the same algorithm is used to combine the crown
with trunks, understory, and soil. In this way, the emissivity of
the whole medium can be computed from the energy conser-
vation law.

IV. METHODS
A. Minimization

The inversion of L-MEB is done by minimizing a cost
function CF [32]

" (T5(0, P) — T5(0, P))> <~ (i —pi™)’
CF:Z( B(7 ) 5 B(7 )) +Z (p 022)1 ) . (7)
1%

1 Ty 1

In the first term, the ° symbol indicates the measured value of
Tg. In the second term, p; is the value of the retrieved parame-
ter, and p}“i is the initial value of each parameter in the retrieval
process corresponding to an a priori estimate of the parameter
pi. o2 in the first term is the variance of the simulated values
of T, and o2 in the second term is a fixed variance which can
be used to constrain the model to a greater or lesser degree. The
possibility of constraining parameters is built into the model for
future processing of the SMOS observations, where a parameter
can be constrained based on the previous day’s value. However,
in this paper, it was chosen to work without constraints (i.e.,
no a priori knowledge was assumed) in order to find the “real”
optimum for each parameter. Therefore, the value ag =1 was
used in all cases.

Parameter retrievals were assessed using the root mean-
square error (RMSE) between the modeled and measured 7.
Several initializations for each parameter were tested in every
case. For the Les Landes retrievals, no prior knowledge of pos-
sible initial values was available; therefore, the retrievals were
additionally assessed using the efficiency of the regression or
skill score (SS). Best fit canopy parameters were subsequently
chosen by selecting initializations leading from min(RMSE)
to 1.1 % (min(RMSE)) and from 0.9 * (max(SS)) to max(SS),
and then taking the average of the resulting values.

B. Analysis Procedures

1) General: Before analyzing the data, all measurements
for which rainfall occurred during the past 24 h were deleted
from the data sets. Interception may lead to a significant in-
crease in canopy opacity and a strong increase in the absorption
and emission of the litter layer [11]. Under these types of
conditions, it will become difficult to accurately retrieve the
soil moisture. For this reason, an index which flags events
during which interception effects are likely is built into the
L-MEB model [15].

The six “focus parameters” throughout this paper were as
follows: w, ™naD, tt(H), tt(V), Hg, and Ng. In general, the
approach taken was the following:

1) to retrieve the values of the canopy parameters w, TNAD,
tt(H), and t¢(V) from the synthetic data set or the upward
measurements;
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2) to run the forward model (L-MEB) using the following in
order to calculate the best fit values of the soil parameters
Hg and Ng:

a) the values found in step 1);

b) the measured infrared and soil temperatures and soil
moisture content;

¢) the downward radiometric measurements.

In step 1), simultaneous three- or four-parameter retrievals
were done for each time of measurement using the upward
model (6) together with (2) and (3) and the minimization
method given by (7). In step 2), the best fit values of Hp
were assumed to lie between O and 2, and those of Ny are
between —2 and 2, as this is the range in which these values
have generally been found in other studies [33]. Criteria for the
best fit value here were the following: 1) lowest RMSE and
2) lowest bias, resulting between the observed and simulated
values of 7. The bias is a measure of the deviation of the
observed-simulated values from the 1 : 1 line and was calculated
as the average of (T obs — TB sim) for all measurements.

2) Les Landes Synthetic Data (Coniferous): The canopy
parameters w, TNaD, tt(H), and t¢(V) were simultaneously
retrieved from the synthetic data set over Les Landes using the
L-MEB model and the minimization method, as described in
Section IV-A. In L-MEB, myap and w are, in fact, effective
and interdependent parameters, as the model is based on the
assumption that scattering is predominantly in the forward
direction [25]. For this reason, direct measurement of these
parameters is not possible, and they can only be estimated from
inverse modeling. Simultaneous retrieval of two interdependent
parameters, such as 7nap and w, will only give reliable results
when no constraints are used during the retrieval and the data
set is sufficiently large. For this last reason, a four-parameter
retrieval was done only in the case of the synthetic data set.
The value of w found here for the 32-year-old population was
then fixed during retrievals from the two experimental data sets
(Bray and FOSMEX). The only known forest values for w in
the literature can be found in [34]; however, this procedure
was applied over average conditions at a large scale, and it
was therefore chosen to retrieve w more specifically in this
paper. Values found for the 32-year-old population for the other
three vegetation parameters were used as initial values in the
retrievals from the experimental data sets.

In addition to the aforementioned parameters, it was also
possible to calculate the canopy structure parameter b from the
synthetic data set. This parameter relates Tnap to the vegetation
water content (VWC) by rnap = b* VWC [10] and was found
to be related to different vegetation types by [35]. However,
it does not take into account the effects of canopy anisotropy.
Measurements over corn-covered [36] and grass-covered soils
[37] have shown a rather pronounced dependence of transmis-
sivity on polarization. To allow for such a possibility is the
reason why (3) has been incorporated in the L-MEB model.

3) Bray Data (Coniferous): The upward measurements at
Bray were used to simultaneously retrieve the values of Tnap,
tt(H), and ¢t(V), again using the upward model and the min-
imization method described in Section IV-A. As explained in
the previous paragraph (Section IV-B2), a fixed value of w was
taken from the Les Landes retrievals.

TABLE 1
PARAMETER VALUES RESULTING FROM THE INVERSION OF THE
L-MEB MODEL USING THE SYNTHETIC DATA SET OF LES LANDES.
CALCULATIONS WERE DONE FOR CONIFEROUS FOREST STANDS OF
THREE DIFFERENT AGES: 5, 26, AND 32 YEARS OLD. THE FIRST THREE
RowsS GIVE THE PARAMETER VALUES USED IN THE DATA SIMULATION.
THE FOLLOWING FIVE ROWS GIVE THE RETRIEVED L-MEB CANOPY
PARAMETER VALUES TOGETHER WITH THE RESULTING RMSE IN
EMISSIVITY, AND THE FINAL TWO ROWS SHOW THE b FACTOR
CALCULATED FROM A COMBINATION OF THE ABOVE

‘S years’  ’26 years’  ’32 years’
Tree density [trees/ha] 1421 497 368
Branch water content (BWC) [kg m™]| 0.2 1.5 1.3
Total water content (TWC)[kg m'Z] 1 10 8
TNAD 0.30 0.60 0.66
tt(H) 0.41 0.59 0.62
(V) 0.18 0.36 0.47
7] 0.12 0.07 0.07
RMSE (emissivity) of retrievals 0.010 0.005 0.0035
by tree structure parameter ( 7p=b1*TWC) 0.3 0.06 0.08
bp, branch structure parameter ( 7=bp*BWC) | 1.5 0.4 0.51

It should be noted that some caution should be exercised
with these results as the upward measurements at Bray were
made with the radiometer placed at the edge of the forest. This
could result in side-lobe effects leading to an underestimation
of brightness temperature (from a higher sky influence), par-
ticularly at low angles (i.e., toward zenith). In addition, the
side lobes could result in a relatively high influence of the
ground surface at high angles, although this would be expected
to result in a polarized signal, which was not apparent here. As
a precaution, the beamwidth of the main lobe (Section II-A)
plus the first side lobes (15° full beamwidth at half-power) was
taken into consideration, and subsequently, only measurements
between 30° and 60° were used.

4) FOSMEX Data (Deciduous): In the case of the
FOSMEX data, the same procedure was used as described in
the beginning of the previous paragraph (Section IV-B3) for the
Bray data. In the upward model, 7, was set equal to the T};,
measured at 20 m height. As the upward measurements were
made continuously throughout three months, they resulted in
a time series of each canopy parameter, which is something
not available for the Bray site. During the upward measure-
ments, defoliation was calculated through sampling of fallen
leaf biomass (LB) (in g - m~2), as described in [8], and it was
therefore possible to relate Tnap to LAIL The average value of
0.0172 m? - g~ ! for the specific leaf area of Beech (Fagus) was
taken from [38], as this was found to be irrespective of age and
is an average value for sunlit and shady leaves [39]. Leaf water
content measured at Jiilich was around 50%. Thus, LAI was
calculated as follows:

LAI=0.5-LB-0.0172 = 0.0086 - LB. )

V. RESULTS AND DISCUSSION
A. Les Landes Synthetic Data (Coniferous)

The results of parameter retrievals done over the synthetic
data set of Les Landes are shown in Table I, together with the
error associated with these retrievals (expressed by the RMSE
in emissivity). The parameters for the 5- and 26-year-old pop-
ulations are not validated in this paper but are included here as
useful initial parameter values in the case of younger trees, as no



GRANT et al.: CALIBRATION OF THE L-MEB MODEL OVER A CONIFEROUS AND A DECIDUOUS FOREST 813

TABLE 1I
L-MEB PARAMETER VALUES FOUND FOR THE (CONIFEROUS) BRAY
EXPERIMENT. (2a) RETRIEVED VALUES OF CANOPY PARAMETERS
TNAD> tt(H), AND ¢¢(V) FOR EACH OF THE THREE SERIES OF UPWARD
MEASUREMENTS AT BRAY, TOGETHER WITH THE RESULTING VALUES
OF RMSE. AVERAGE VALUES £ STANDARD DEVIATIONS ARE SHOWN
FOR EACH PARAMETER. (2b) BEST FIT VALUES OF SOIL ROUGHNESS
PARAMETERS Hp AND N (H) FOUND FOR THE BRAY DOWNWARD
MEASUREMENTS, TOGETHER WITH THE RESULTING VALUES OF
RMSE AND BIAS AFTER FORWARD MODELING WITH L-MEB

(2a) TNAD #1(H) V) RMSE [K]
Series 1 0.66 0.83 0.81 1.5254
Series 2 0.64 1 0.92 1.9683
Series 3 0.71 0.83 0.67 2.3022
average + stdev. 0.67+0.04 089+0.1 0.80+0.13
(2b) Hy Nr(H) RMSE [K]  Bias [K]
H pol 1.2 1.8 3.7503 -0.0118
Bray Experiment (coniferous)
300 T T ;
2901
__ 280t
X,
<. 2700
IJ‘“’{ :
2601
2501
24§}4O 250 2é0 2%0 2EISO 25;0 300

Tg opsH) (K]

Fig. 2. Comparison of the observed (T, obs) and the simulated (T8 sim)
H-polarized brightness temperatures for the Bray experiment using the L-MEB
forward model and downward measurements. Observations were excluded if
rainfall had taken place during the past 24 h. Model parameter values were
used as given in Table II. RMSE = 3.75 K; bias = —0.01 K.

other information is currently available. They also allow for a
comparison between the emission of different populations, with
the 26- and 32-year-old groups showing similar properties and
the 5-year-old population dominated by higher transmissivity
and scattering. The higher scattering could be due to a com-
pensation effect of the model related to an underestimation of
TNAD, as 7 and w are interrelated parameters (Section IV-B2).
However, it could also be caused by the smaller distances
between the scatterers in the case of young vegetation or by the
different branch orientation in the 5-year-old population [23].
Further validation with experimental data will be necessary to
fully understand this effect.

The value of w found here for the 32-year-old population is
similar to the values found in [34].

B. Bray Data (Coniferous)

Table II(a) shows the retrieved canopy parameter values
of 7naD, tt(H), and tt(V) for each of the three series of upward
measurements at the Bray site. As can be seen, the results of
measurement series 1 and 2 are more similar, whereas series
3 is slightly different, probably as a result of the different

azimuth angles relative to the row direction in this case (see
Section I1-A).

During the measurements made at the Bray site, the tree age
was 34 years, and the retrieved canopy parameters can therefore
be compared with those in the last column of Table I. The values
of Tnap are very similar in both cases; however, the t¢(P) pa-
rameters differ considerably. The upward measurements show
a more isotropic canopy (i.e., tt(P) closer to one) than that
expected from the simulations. However, in both cases, tt(H) >
tt(V), indicating that the effect of anisotropy on transmissivity
is stronger at the vertical polarization. The average values of
TNAD, tt(H), and ¢¢(V) shown in Table II(a) were used as input
in the L-MEB model (3) to obtain the best fit values of the
soil parameters Hp and Ng(H) from the downward Bray data.
Resulting values of RMSE and bias between the measured and
simulated values of T (H) using the L-MEB model are shown
in Table II(b). Fig. 2 shows a comparison of all observed and
simulated H-polarized brightness temperatures.

C. FOSMEX Data (Deciduous)

Table III shows the resulting parameter values found for the
FOSMEX data following the analysis procedure as described
in Section IV-B4. Table III(a) shows the average 4 standard
deviation over time of the retrieved values of 7nap, tt(H),
and £t(V).

The value for Tnap in Table III(a) is the average over all
defoliation states. In the case of a deciduous forest, a more
realistic approach might be to relate Tnap to the changing
tree biomass throughout the year. However, by using the mea-
surements made at Jiilich, little to no correlation was found
between Tnap and LAI, as shown in Fig. 3. Using this type
of relationship for LB monitoring over forests is therefore
not recommended. However, this comes as no surprise, as
other studies have previously shown [5], [8], [30] that at this
frequency, branches, not leaves (or trunks), are the main sources
of emission.

The average parameter values given in Table Ill(a) were
used as input in the L-MEB model, after which the measured
and simulated values of Tz were compared in order to find
the best fit values of Hp, Ng(H), and Nr(V). These are
shown together with the resulting values of RMSE and bias in
Table III(b). Fig. 4 shows the result of forward modeling for all
measurements at the H and V polarizations, respectively.

D. Comparison Between Experimental Data Sets

The results for both the Bray and the FOSMEX data lead to
errors in brightness temperature (expressed by the RMSE and
the bias) of a similar order of magnitude, although those for the
Bray data set are slightly higher. However, some caution should
be taken with a direct comparison of the RMSE values, as the
two experiments were not exactly identical in terms of setup
and measurements. Comparisons per parameter lead to the
following conclusions. First, the canopy optical depth at nadir
TnAD 18 higher for the deciduous site, even when the LAI here
is zero. Second, both sites show decreasing trends of 74 (6, P) as
a function of the incidence angle, i.e., t¢(H) and ¢¢(V) are both
< 1. In the case of an isotropic canopy, tt(P) = 1. The fact that
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TABLE 1II
L-MEB PARAMETER VALUES FOUND FOR THE (DECIDUOUS) FOSMEX EXPERIMENT. (3a) UP = UPWARD DATA SET. AVERAGE VALUES =+
STANDARD DEVIATIONS OVER TIME OF THE RETRIEVED VALUES OF CANOPY PARAMETERS TnAD, tt(H), AND tt(V), TOGETHER
WITH THE RESULTING VALUES OF RMSE. (3b) DOWN = DOWNWARD DATA SET. BEST FIT VALUES OF SOIL ROUGHNESS
PARAMETERS Hp, Ng(H), AND Ng(V), TOGETHER WITH THE RESULTING VALUES OF RMSE AND BIAS
FOR BOTH POLARIZATIONS AFTER FORWARD MODELING WITH L-MEB

(32) TNaD 1(H) V) RMSE [K]
UP 0.98 +0.08 0.54 +0.09 0.43 +0.06 1.7239 + 0.7859
(3b) H pol V pol
Hy Ne(H) Nu(V) RMSE[K]  Bias[K]  RMSE[K]  Bias [K]
DOWN 1 1 2 2.791 -0.009 3.194 0.680
1.5 FOSMEX Experiment (deciduous)
300 : : ;
1.4¢
1.3¢ 290l
1.2t %
2 " = . oS
Z * i <_ 270t 3 )
0.9F « * * 1 kA o *
R S5
0.8r * 260r i
07t e
06l 250} " o« Tl
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LAI[] 240 250 260 270 280 290 300
Tg ops(H) [K]
Fig. 3. LAI [from (8)] plotted against the retrieved values of 75y ap during the 300
defoliation period at the Jiilich site (FOSMEX data set).
290}
the angular dependence is more pronounced over the deciduous 280l o =-“"_}', B
site (i.e., lower values of t¢(P) are found; see Tables II and % e ¥,
IIT) therefore indicates that this canopy is less isotropic than 2. 270t RF e
. . . . 3 . it
that at the coniferous site. Third, the ratios between ¢¢(V) and i o SO
tt(H) (called rtt in L-MEB) are 0.90 and 0.80 for the Bray and 260r ¥ RS
FOSMEX data sets, respectively, showing that, at both sites, the ss0l AR
effect of anisotropy on canopy transmissivity and emissivity is
greater at the vertical polarization. From (2) and (3), it follows 240 . ‘ . ‘ ‘
that when t¢(V) is lower than ¢¢(H), transmissivity will be M0 0 B0 g W

higher at V polarization and canopy emissivity (1 — w)(1 — =)
will therefore be lower. This confirms that at L-band, the
influence of vertically oriented canopy elements, such as trunks,
is limited, and horizontal elements, such as branches, play a
greater role as a source of scattering and absorption, as noted
in the previous paragraph (Section V-C). Finally, concerning
the soil roughness parameters H i and Ny, it can be concluded
that there is no significant difference in roughness between the
two forests, both resulting in a best fit when Hgr ~ 1, which
corresponds to a rather high surface emission (5). The angular
dependence of the roughness at the horizontal polarization, as
expressed by Ng(H), is lower for the FOSMEX data than for
the Bray data, which is possibly due to the difference in litter-
layer thickness between both sites. As expected, the under-
story/litter layer at Jiilich is thinner than that at Bray because
although the deciduous tree species generally produce more
litter, decomposition is generally also faster than in the case
of the coniferous forests [40], [41]. A thicker litter layer can be
expected to attenuate more of the soil signal and consequently

B,obs

Fig. 4. Comparison of the observed (T obs) and the simulated (7B gim)
(top) H- and (bottom) V-polarized brightness temperatures for the FOSMEX
experiment using the L-MEB forward model and downward measurements.
Observations were excluded if rainfall had taken place during the past 24 h.
Model parameter values were used as given in Table III. H-pol: RMSE =
2.79 K; bias = —0.01 K. V-pol: RMSE = 3.19 K; bias = 0.68 K.

have a higher self-emission. However, the various aspects gov-
erning the behavior of the Hr and Ny parameters are still rela-
tively unknown, and here, they can mainly be seen as (effective)
fitting parameters although, in other studies, the Hp parameter
was found to be a function of soil moisture in the cases of
bare soil and grass covers ([33] and [42], respectively). Future
research will have to show whether this is also the case under
forests; however, in this paper, no such relationship was found.

E. Sensitivity Study

A sensitivity study was conducted by using the calibrated
parameter values (from Tables II and III) in the L-MEB model
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TABLE 1V
VALUES OF RMSE AND BIAS IN Ty FOUND AFTER FORWARD MODELING WITH L-MEB WHEN VARIOUS TYPES OF ERRORS ARE INCLUDED IN THE
DATA, RESPECTIVELY: (a) ERRORS IN L-MEB CANOPY AND SOIL ROUGHNESS PARAMETERS. (b) ERRORS IN TEMPERATURE AND
SOIL MOISTURE. (¢) INCLUDING MEASUREMENTS WHERE PRECIPITATION HAS TAKEN PLACE DURING THE PAST 24 h.
RESULTS (IN [K]) ARE SHOWN FOR BOTH BRAY AND FOSMEX (DOWNWARD) DATA SETS

(4a) Bray (H) FOSMEX (V) FOSMEX (H)
(0) reference RMSE 37503  3.194 2.791
Bias -0.0118  0.680 -0.009
1) rr(H) = (V) =1 RMSE 3.9688  3.1730 4.1465
Bias 0.7905  0.6039 2.7638
Q2 w=0 RMSE  13.7688 14.4618 15.0988
Bias 13.0381  14.0762 14.7977
3) Hy=0 RMSE  14.6763  3.9350 8.0307
Bias 131282 -1.4293 -7.4224
(4) Np=+1 (H),-1(V) | RMSE 4.0182 34248 2.7910
Bias 0.5057 15698 -0.0093
(4b) Bray (H) FOSMEX (V) FOSMEX (H)
5)+R2K RMSE  4.1747  4.0533 3.3491
Bias 1.8351  2.5835 1.8511
(6) +0.04 m°m’ RMSE  3.8262  3.1445 2.8554
Bias -0.6704  -0.0441 -0.5374
) Bray (H) FOSMEX (V) FOSMEX (H)
(7a) + rain, all data RMSE 3.8317 32013 2.7398
Bias 0.4067  0.2465 -0.6388
(7b) + rain, leaves RMSE - 33318 2.4265
Bias - 0.7832 -0.6650
(7¢) + rain, no leaves RMSE - 3.0786 2.9967
Bias - -0.2404 -0.6144

as a reference situation, then introducing an error in one par-
ticular variable, and running the forward model. The study
consists of three parts: 1) errors introduced in the canopy and
soil roughness parameters; 2) errors introduced in the phys-
ical temperatures and soil moisture values; and 3) including
observations where precipitation had taken place during the
previous 24 h. Table IV(a)-(c) shows the respective results in
terms of RMSE and bias in Tg.

First shown in Table IV(a) are the reference values, as
found in Sections V-B and C (Tables II and III). When the
assumption of an isotropic canopy is made in case (1), i.e.,
tt(H) and tt(V) are set to one, the errors increase for the
H polarization, slightly with the Bray data but more so with
the FOSMEX data set, resulting in model overestimations of
~1-3 K in T (H), respectively. At V polarization, there is
hardly any change in errors. As the main part of canopy
emission is determined by horizontally oriented elements (e.g.,
branches), T at H polarization will be more affected by a pos-
sibly erroneous assumption of isotropy. Second, the assumption
of no scattering, i.e., w = 0, was tested in case (2). This led to
very high errors in both the RMSE and the bias. The param-
eters w and 7 are interdependent, as mentioned previously
(Section IV-B2), and the values of Ty p in this paper are based
on the situation where w = 0.07. High errors are therefore
not surprising; however, this does illustrate how sensitive the
L-MEB model is to the erroneous values of w for a given value
of 7 NAD-

In case (3), the assumption of a smooth soil was tested by
setting Hp to zero, which led to a high error with the Bray
data. The errors with the FOSMEX data set were smaller, but
it is interesting to see that at H polarization, they are more
than double those at V polarization. This is opposite to the
results predicted by the physically based air-to-soil transition
model in [4]. However, the latter evaluation assumed isotropic
soil permittivities, and in doing so, it did not consider for
any prevailing orientation of structures in the surface layer.
The conflicting results found in this paper indicate that the
assumption made on the isotropic soil permittivity might not
be correct in the case of litter-covered soils or soils with a high
percentage of organic matter.

In [33], it is found that for a bare loamy soil, the best fit
values of Np were +1 at H polarization (which is close to the
values found in this paper) and —1 at V polarization. Using
these values in case (4) led to greater errors at H polarization
with the Bray data and at V polarization with the FOSMEX
data, as expected from the fact that the values found in these
two cases for Ng(P) (see Tables II and III) differed most from
+1. However, these errors are much smaller than those found
for erroneous values of Hp, and we can conclude that H g has
a much greater influence on modeling of the ground layer (soil
and litter).

In Table IV(b), case (5) shows the results when a constant
+2 K error is added to both the soil and canopy temperatures,
and case (6) has a constant +0.04 m® - m™~3 error added to
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the measured values of the soil moisture. The value of 0.04
m? - m~3 was chosen bearing in mind that this is the SMOS
anticipated accuracy for the soil moisture retrievals. The 2 K
error in temperature is often used in this type of modeling study.
Cases (5) and (6) show expected behavior: Case (5) shows
that a 2 K increase in temperature leads to an ~2 K model
overestimation (expected from the relationship T =~ T * e),
and in case (6), an increase in soil moisture, of course, leads to
a (small) model underestimation, as the soil emissivity reduces
with an increasing moisture content. As expected, the resulting
differences in RMSE compared with the reference situation are
very small, in line with the knowledge that sensitivity to soil
moisture is very low over forested areas.

Table IV(c) shows the effect of including rainfall data (ob-
servations where precipitation took place during the previous
24 h) in the forward model. During the Bray experiment,
precipitation occurred 8.2% of the time versus 9.6% of the time
during FOSMEX. Minimum, maximum, and average precip-
itation values of all rainfall periods at Bray were 0.2, 17.8,
and 1.2 mm/h, respectively. At the Jiilich site, the respective
values were 0.1, 16.7, and 0.8 mm/h. As mentioned previously
(Section IV-B1), canopy emission may increase significantly
during rainfall. However, in this paper, the inclusion of rainfall
data only led to very small differences in errors in all cases:
a slight overestimation with the Bray data and a slight under-
estimation with the FOSMEX data (case 7a). Because a large
part of intercepted precipitation is caught by leaves (needles),
the FOSMEX data were additionally split into a subset with
leaves (April 17-November 23) and without (remaining days)
to investigate whether this would lead to a significant difference
in error. However, as the results show (cases 7b and 7c, respec-
tively), the differences in RMSE and bias found here are small
in all cases, although the effects at the H and V polarizations
are reversed. At the V polarization, the error increases for the
“leaves” situation, whereas at the H polarization, this happens
for the “no leaves” situation.

VI. SUMMARY AND CONCLUSION

By using up- and downward L-band measurements over a
coniferous and a deciduous forest together with a synthetic
L-band data set over conifers, a calibration was made of the
L-MEB model used in the SMOS Level 2 Soil Moisture algo-
rithm. This has resulted in working values of the main canopy
and soil roughness parameters TNaD, w, tt(H), t¢(V), Hg, and
Npg, as shown in Tables I-III. Using these values in the forward
model resulted in an RMSE in brightness temperatures from 2.8
to 3.8 K, depending on the data set and polarization.

Previously, the “7—w”-type modeling approaches at L-band
are often corrected for the dependence of canopy optical depth
on incidence angle by dividing by the cosine of the angle.
However, this corrects for the difference in path length only,
and not for the difference in structure (i.e., polarization effects),
encountered at different angles. The canopy optical depth was
still found to decrease with increasing incidence angle for both
forest types after a “cosine” correction. At both sites, this effect
on optical depth was stronger for the V polarization than for the
H polarization. This paper therefore shows that an additional

angular correction using the tt(P) parameter in the L-MEB
model is essential for nonisotropic canopies.

At L-band, leaves are not the main sources of emission, and
little to no correlation was found between the canopy optical
depth and the LAI for the deciduous site. Using this type of
relationship for LB monitoring over forests is therefore not
recommended at this wavelength.

A sensitivity study was conducted by introducing various
types of errors in the L-MEB parameter values, then running
the forward model, and assessing the effect on T (P) in terms
of RMSE and bias. In most cases, the errors were small. Even
when the observations where precipitation had taken place
during the previous 24 h were included in the analysis, this
resulted in only a very slight increase in RMSE. However, the
model was found to be very sensitive to the erroneous values of
w for a given value of Ty ap, Which is most likely because these
two parameters are interdependent.

The results found in this paper will be integrated in the oper-
ational SMOS Level 2 algorithm and used in future inversions
of the L-MEB for soil moisture retrievals over heterogeneous,
partly forested areas.
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