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Global Sensitivity Analysis of the L-MEB
Model for Retrieving Soil Moisture
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Abstract—A global sensitivity analysis utilizing the extended
Fourier amplitude sensitivity test is used to determine the pa-
rameter sensitivity of the L-band microwave emission of the
biosphere (L-MEB) model. The results are analyzed from two
perspectives of calibration and inversion. First, the parameters
of surface soil moisture, soil roughness factor, vegetation optical
depth at nadir, and effective land surface temperature are the four
most sensitive parameters in the L-MEB model, demonstrating
their possibility to be retrieved in the multiparameter retrieval
approaches. Then, the high total sensitivity index (TSI) values of
surface soil temperature in the analyses emphasize the importance
of high-precision land surface temperature data in the surface
soil moisture retrievals, especially for rougher or more vegetated
surface conditions. Finally, our analysis indicates that TSI values
are high for the soil surface roughness and vegetation optical depth
model parameters but low for the vegetation structure, single
scattering albedo, and soil roughness coefficient model parameters
at incidence angles near nadir. This suggests that calibration
experiments performed at small incidence angles may be appro-
priate for some but not all of the model parameters, which char-
acterize the effect of soil surface roughness and vegetation on the
terrestrial brightness temperature. Consequently, new calibration
procedures that account for the different relative sensitivities of
these model parameters at larger incidence angles may need to be
developed in the future.

Index Terms—Global sensitivity analysis (SA), L-band mi-
crowave emission of the biosphere (L-MEB), passive microwave
remote sensing, soil moisture.
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I. INTRODUCTION

SURFACE soil moisture is an important variable in many
hydrological, meteorological, and climate models [1]–[5].

L-band micrometer radiometry has been shown to be one of
the most promising remote sensing techniques used to monitor
surface soil moisture at large scales [6]–[12]. The European
Space Agency’s Soil Moisture and Ocean Salinity (SMOS) mis-
sion, launched in November 2009, is the first satellite aiming
at surface soil moisture monitoring using the L-band, and its
baseline payload is an L-band (1.4 GHz) 2-D interferometric
radiometer [13]. Until now, various soil moisture retrieval re-
sults based on SMOS observation have been obtained, and their
accuracy has been accessed through both field observations and
other satellite-based soil moisture products [14], [15]. However,
the accuracy is reported to be varying depending on area
and RFI levels [16]. The newest satellite mission of the Soil
Moisture Active Passive (SMAP) has already been launched on
January 31, 2015. Its architecture includes an L-band radar
(1.26 GHz) and an L-band (1.41 GHz) radiometer and aims to
provide new soil moisture estimations at a finer grid resolution
of ∼10 km [17].

A number of land surface and radiative transfer models for
the passive microwave remote sensing of surface soil moisture
have been developed, and they can be categorized as either bio-
physical or empirical/semiempirical models. The biophysical
ones [1], [2], [18]–[24] characterize many physical parameters
dominating microwave emission from the land surface and
thus are able to examine the sensitivity of various frequencies
and techniques for soil moisture retrievals through remote
sensing in bare or vegetated areas [11], [12], [25]–[28]. The
empirical/semiempirical ones simplify the radiative transfer
process by fitting between physical model simulations and
actual observations and thus are of practical use for large-
scale and operational applications [29]–[31]. Currently, for
the simplification and accuracy in the surface soil moisture
estimations, a dedicated semiempirical radiative transfer model
of the L-band microwave emission of the biosphere (L-MEB)
was developed as the core of the processor in dealing with the
SMOS and SMAP passive microwave observations [31].

There are many empirical or semiempirical parameters, such
as QR, HR, τ , and ω in the L-MEB model (Table I) [32],
[33], which are distinct to different land surface types and thus
should be calibrated first before the retrieval process. Before
and after the launch of SMOS, several ground-based or airborne
experiments were carried out to conduct the calibration or eval-
uation of the L-MEB model in different regions and on different
spatial scales [31], [34]–[40]. However, due to the nature of
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TABLE I
LIST OF L-MEB MODEL PARAMETERS INCLUDED IN THE GLOBAL SA

the semiempirical model, the calibrated results in particular
locations and on particular scales need more verification before
they can be applied to other places and on different spatial
resolutions [31], [41]. As a result, a thorough and quantitative
understanding of the L-MEB model and its parameters, namely,
the model’s parameter sensitivity analysis (SA), is of great
importance to understand the existing calibrated results and to
instruct the future work when more calibration experiments are
conducted in other places.

Multiangle and multipolarization passive microwave obser-
vations in the SMOS and SMAP configurations have made it
possible to retrieve multiple parameters in the L-MEB model
simultaneously. The “3-P” approach [31], in which the three
parameters of surface soil moisture (SM, m3/m3), vegetation
optical depth (τ), and soil roughness factor (HR) are retrieved
simultaneously, is proposed as the default method to retrieve
SM in the SMOS data processor [31]. Until now, much of the
validation research has been conducted based on field experi-
ments, and the SM retrieval accuracy on different resolutions
of tens to thousands of meters is found to be from 0.02 to
0.1 m3/m3 [16], [41], [42]. However, in this “3-P” method,
the accuracy of the retrieved SM values depends largely on the
initial values and their searching ranges of τ and HR, as well as
the accuracy of other input parameters. As a result, to discuss
the systematic error sources and the possible improvements
to the traditional “3-P” approach, a numerical SA of the L-
MEB model is still needed. An additional benefit is an overall
understanding of the multiparameter retrieval method.

There are two types of SA methods: local and global [43].
The local methods are used to calculate the sensitivity of one
parameter while holding other parameters fixed to a normal
value. The global methods are characterized by obtaining the
sensitivity measures of many parameters at one time by ex-
ploring the multidimensional parameter space. Until now, many
SA works have been published based on the traditional local
SA method [44]–[46], which is appropriate to examine the
sensitivity of individual parameters. Currently, more attention
has been paid to the global ones [47], [48]. Ma et al. [47]
have applied the global method to analyze the parameters in
the advanced integral equation model and to get a better under-

standing of scatting for active microwave soil moisture re-
trievals. Neelam and Mohanty [48] applied a similar global
method to analyze the parameters in one zero-order radiative
transfer model, and they focused on the interaction between
parameters. In this paper, a global sensitivity approach of the
extended Fourier amplitude sensitivity test (eFAST) [49] is
adopted. The interactions and comparisons of the different
parameter sensitivities in the L-MEB model are then ana-
lyzed accordingly to instruct the application of the model
in future calibration activities and ultimately retrievals from
satellites.

This paper covers an introduction to the L-MEB model and
eFAST method. Then, the parameters of interest are summa-
rized, and the design of three SA tests is described. The SA
results are then discussed from the perspectives of calibration
and inversion. Finally, the results of the research are summa-
rized and concluded.

II. MODEL AND METHOD

A. L-MEB Model

The L-MEB model is a simplified radiative transfer model.
It represents the land surface with two homogenous layers,
namely, soil and vegetation. It uses the semiempirical Q-H
model to predict the reflection at the vegetation–soil interface
and adopts the τ − ω model to simulate the radiation transfer
between soil and vegetation. The Q-H model is expressed
as [31]

rGP (θ)=
[
(1−QR)r

∗
GP (θ)+QRr

∗
GQ(θ)

]
exp

(
−HR cosNRP (θ)

)
(1)

where rG and r∗G are the reflectivity of the rough and smooth
soil surfaces, respectively, and the subscripts P and Q repre-
sent horizontal and vertical polarizations, respectively. HR and
NR are two best-fit parameters used to simulate the effect of
roughness conditions. QR is a polarization mixing parameter,
and its value is very small at the L-band [36]–[38], [50]. r∗G
is calculated as a function of the incidence angle (θ) and soil
permittivity (ε) according to the Fresnel equation. ε can be
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computed as a function of surface soil moisture (SM, m3/m3)
and several soil texture parameters including bulk soil density
(ρb, g/cm3), sand content (Vsand, %), clay content (Vclay, %),
and soil temperature (TS , ◦C) based on the established dielec-
tric model, such as Dobson [51], Liou and England [18], or
Mironov et al. [52]. In this paper, the Mironov model is chosen
for the fewest input parameters of clay percentage (Vclay, %)
and SM.

The τ − ω model is expressed as [31]

TBP = (1 − ωP )(1− γP )TV

+ (1− ωP )(1− γP )TV rGPγP + (1− rGP )γPTS (2)

where rG is the soil reflectivity, the subscript P represents the
polarization of H or V, TS(K) and TV (K) are the effective soil
and vegetation temperature, respectively, and ω is the single
scattering albedo used to parameterize the vegetation scattering
properties. The transmission factor γ is calculated from a more
popular parameter called vegetation optical depth (τ) by

γP = exp(−τP / cos θ) (3)

where the subscript P still represents the polarization of
H or V.

Among all of the aforementioned parameters of the L-MEB
model, TS , TV , and τ require further elaboration. For TS ,
the vertical profiles of soil moisture and temperature should
be taken into consideration due to the penetration capability
of the L-band radiation. A simplified semiempirical equation
is used in L-MEB [36], [53]. Most previous studies assume
that the value of TV , effective vegetation temperature, was
approximately equal to that of TS [54]. This assumption is
acceptable while applying to SMOS data, with an overpass
at the local time of around 6:00 A.M. and 6:00 P.M. when
close to a minimal gradient in temperature is found. However,
it should be noted that, during the daytime, the temperature
gradients are always large and the assumption then becomes
invalid. Some modifications should be made in this situation,
which is common for many airborne experiments. In L-MEB,
another parameter of effective land surface temperature Teff is
proposed as

Teff = AtTV + (1−At)TS (4)

with

At = Bt (1− exp(−τNAD)) and At ≤ 1 (5)

where the parameters At and Bt account for the effect of
the vegetation structure with Bt = 1.7 as its default value.
In this paper, an assumption Teff ≈ TV ≈ TS is used for
simplification.

Regarding the optical depth τ of standing vegetation, many
researches have verified the linear relationship between τNAD

(τNAD is the value of τ at nadir) and the total vegetation water
content (VWC, kg/m2) [55], modeled as follows: τNAD = b×
VWC [56]. The value of the b parameter is related to vegetation
types [57]. As it is difficult to estimate VWC by means of

Fig. 1. Numerical example of the eFAST sampling (1000 sample points in a
two-input-parameter case) based on the Fourier transformation functions in (7).

remote sensing on a large scale, another parameterization of
τ as a function of the leaf area index (LAI) is proposed as
follows: τNAD = b′ × LAI + b′′ (b′ and b′′ are two empirical
parameters) and is used in the SMOS soil moisture retrievals
[31]. In L-MEB, the effect of vegetation structure on τNAD is
considered according to

τH(θ) = τNAD

(
sin2(θ) × ttH + cos2(θ)

)
τV (θ) = τNAD

(
sin2(θ) × ttV + cos2(θ)

)
(6)

where ttH and ttV are two parameters accounting for the de-
pendence of τ on vegetation structure. For isotropic vegetation,
ttH = ttV = 1.

B. eFAST Method

The eFAST method, an extension of the classic FAST method
[49], is a global, quantitative, and variance-based method of
SA. It combines the better sampling efficiency of the FAST
method as compared to the Monte Carlo approaches [58] with
the Sobol’ ability in considering the interactions among differ-
ent parameters [59] and is of great use in understanding the
complex nonlinear and nonmonotonic models. In recent years,
the eFAST method has been applied in many hydrological and
ecological models [60], [61].

For any model simplified as y = f(x), x = (x1, x2, . . . , xn)
to be analyzed in the eFAST method, with the parameters x1

to xn representing the total set of the n input parameters, the
multidimensional parameter space should be first converted
into a 1-D space through the Fourier transformation functions
named the searching curves as

xi(s) =
1

2
+

1

π
arcsin (sin(ωis+ ϕi)) (7)

where i = 1, 2, . . . , n, ϕi is a random phase shift in [0, 2π), and
s represents the sample order varying from 1 to the total number
of samples (Ns). ωi is the Fourier frequency to be properly
selected for each parameter. The selection of a set of values
within the value ranges for each parameter in this procedure
is called resampling, as shown in Fig. 1 with Ns = 1000 in a
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two-input-parameter case based on the transformation in (7).
The key to this procedure is the selection of some critical
parameters such as ωi and Ns, which are elaborated in detail
in Saltelli [49]. Briefly speaking, the minimum total sample
size Ns is defined as follows: Ns = (2Mωmax + 1)Nr, where
M is the given interference factor, ωmax is the largest value
among the set of ωi, and Nr is the number of searching curves
(with different ϕ values). Once the sample size Ns is given, the
recommended values of ωi and Nr can be chosen according to
a simple rule as the ratio ωi/Nr varies between 16 and 64.

Then, in the second procedure, the main sensitivity index
(MSI) and total sensitivity index (TSI) of each input parameter
are calculated through the Fourier amplitude sensitivity test.
In this procedure, the sample values in the first procedure are
taken into the model, and the model results are transformed in
its Fourier series expansion of

y = f(s) =

+∞∑
j=−∞

{Aj cos js+Bj sin js} (8)

where j ∈ Z = {−∞, . . . ,−1, 0, 1, . . . ,+∞} and Aj and Bj

are two Fourier coefficients expressed as

Aj =
1

2π

π∫

−π

f(s) cos(js)ds

Bj =
1

2π

π∫
−π

f(s) sin(js)ds. (9)

Then, the total variance D of the model output is obtained by

D =
1

2π

π∫
−π

f2(s)ds−

⎡
⎣ 1

2π

π∫
−π

f(s)ds

⎤
⎦
2

≈ 2

+∞∑
j=1

(
A2

j +B2
j

)
.

(10)

The partial variance Di of the individual parameter xi is
calculated based on the Fourier coefficients Aj and Bj with
respect to its specific Fourier frequency ωi as

Di =

+∞∑
j=−∞

Λjωi
= 2

+∞∑
j=1

(
A2

jωi
+B2

jωi

)
(11)

where Λ is the spectrum of the Fourier series expansion defined
as Λj = A2

j +B2
j .

Finally, the main and total sensitivity results of MSI and TSI
for the parameter xi are expressed in the following, respectively

MSI =
Di

D

TSI = 1− D−i

D
(12)

where D−i is the partial variance of all other parameters, but
xi, expressed as D−i =

∑
Dk, k 
= i.

The calculations of TSI and MSI are based on the principle
that the fraction of the variance D explained by a specific
parameter is proportional to the Fourier coefficient with its
corresponding frequency and its multiples. Compared to the

traditional FAST sensitivity parameter of MSI, the new eFAST
sensitivity parameter of TSI takes the interaction effects be-
tween the other parameters and the analyzed parameter into
consideration other than the effect of the analyzed parameter
only on the final sensitivity results, making it a more effective
index to be discussed in the SA. It should be noted that the
MSI values of all input parameters sum to close to 1, while the
total TSI value of all of the parameters could be higher than
1 for the interaction effect consideration. The differences will
be further elaborated in the following results and discussion
in Section IV.

III. PARAMETER SA TESTS

A. Parameters

To conduct the eFAST SA tests, a general and quantitative
understanding of the parameters in the L-MEB model is needed.
Table I summarizes the main parameters and their variation
ranges in the L-MEB model.

For the soil-related parameters, such as QR, HR, andNR, the
value of QR was set to be 0 at the L-band in accordance with
the previous studies [36]–[38], [50]. The SMOS default value of
HR was set to be about 0.2 for smooth surfaces and around 0.6
for rough surfaces [31]. However, the parameterization results
of HR with NAFE’05 data suggest that the values of HR pro-
posed for SMOS might be too low, and the new calibrated HR

values are between about 0.38 and 0.87 [41]. Wigneron et al.
[38] developed a new calibration method relating the roughness
parameters, including HR, with the standard deviation of the
surface height (SD), and it was found that the calibrated values
of HR increased from about 0.1 for SD = 5 mm to about
1.1 for SD = 50 mm. Furthermore, the dependence of HR on
the value of SM was also found in several previous studies
[34], [36], [37], [41], while Escorihuela et al. [62] suggested
that this relationship may be due to the difference between the
sampling depth (0–5 cm) of the ground-based soil moisture
measurements and the typical responding depth (0–2 cm) of
an L-band microwave radiometer under wet conditions. Thus,
the dependence of HR on SM is still uncertain. The values of
NR were set to vary between −2 and 2, and they differed in
polarizations [16], [37]. Results also indicated that the effect of
NR on TB was stronger at larger incidence angles [38]. More
recent studies focused on the parameterization of the difference
(NRH −NRV) by surface roughness parameters, such as the
standard deviation of the height (SD) or the correlation length
(ZS). The difference was found to be about 2 for smooth
surfaces and near 0 for rough surfaces [38]–[40].

For the vegetation-related parameters, the calibration results
of ttH and ttV were closely related to the vegetation types
[31]. The value of ω was found to be around 0.05 for both
corn and grass, and the abnormal value of 0.15 in the BARC
experiment might be due to the larger incidence angles (up
to 70◦) or errors in the calibration results of HR [34]. As a
result, a variation range of 0–0.1 for ω is provided in Table I.
Additionally, the variation range of τNAD is given as 0–0.5 in
Table I, corresponding to the low vegetation covers including
most agriculture crops and grasses. In this paper, all of the
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discussions about vegetation covers are confined to the scope
of these low vegetation covers other than tall woods and forest.

B. SA Tests

Using the parameters and their variation ranges of the
L-MEB model given in Table I, three SA tests are designed
according to the different sets of input parameters to be ana-
lyzed in the eFAST method.

Test 1—Parameters’ Sensitivity Comparison Analysis: In the
test, all parameters in Table I are included in the eFAST method,
and their sensitivities (TSI and MSI values), in terms of each
parameter’s relative importance on the terrestrial brightness
temperature as predicted by the L-MEB model, are analyzed
to discover the primary sensitive factors in the L-MEB model
at different incidence angles and polarizations. The differences
between the two sensitivity indexes are also compared to dis-
cuss the parameter interaction effects on the total sensitivity
results.

Test 2—Parameters’ Sensitivity Variation Analysis: In this
test, all parameters but HR or τNAD in Table I are included in
the eFAST method, and their sensitivities are calculated under
different roughness or vegetation conditions. The TSI variations
of these parameters are then analyzed to discuss the possible
error resources and the potential improvements to the current
multiparameter retrieval method.

Test 3—Calibration Parameters’ SA: In this test, all of the
parameters that need to be calibrated in the L-MEB model
are included in the eFAST method, and the other parameters
are set constant with the default values given in Table I. The
sensitivities of the calibration parameters and their changes are
analyzed under different soil moisture conditions to investigate
the reliability of the current calibration method of iteration
based on the observed brightness temperature (TB, K) and SM
values.

IV. RESULTS AND DISCUSSION

A. Test 1: Parameters’ Sensitivity Comparison Analysis

In this test, all parameters in Table I are analyzed in the
eFAST method. Both the TSI and MSI values represent the
sensitivity of the model results to the parameter variations,
and the higher TSI/MSI values indicate the higher ability of
that parameter to be retrieved in the inversion. Figs. 2 and 6
show the TSI, MSI, and their differences of all of these param-
eters at four different incidence angles of 5◦, 20◦, 40◦, and
60◦ for two different land cover types of bare soils (Fig. 2)
and vegetation covers (Fig. 6). Tables II and III then list the
numerical values of the two indexes in these experiments. In
the following discussions, all of the analyses are made on each
land cover type separately.

1) Test 1 for Bare Soils: The differences of the two sensi-
tivity indexes of TSI and MSI in the eFAST method can be
clearly observed in Fig. 2 and Table II that 1) for the nonlinear
L-MEB model, the total values of MSI of all parameters sum to
about 0.9, while the total values of TSI are a bit higher than 1;
2) comparing with MSI, the interaction effects among parame-
ters just increase the sensitivity results of TSI, and both TSI

Fig. 2. MSI, TSI, and their difference values of all parameters in the L-MEB
model for bare soils. (a)–(c) For H-pol conditions. (d)–(f) For V-pol conditions.

and MSI results keep the same variation trends as the incidence
angles increase. 3) Generally, the interaction effects among
parameters in the L-MEB model are increased as the incidence
angles increase, especially for the parameters of NR and SM in
the V-pol conditions, which can be clearly observed in Fig. 2(c)
and (f). As a result, the following analyses are simply based
on the TSI values for the completeness of the sensitivity index
consideration.

Meanwhile, the physical correctness of the global SA method
of eFAST is specially validated in Figs. 3 and 4 through the
property at the Brewster angle (around 70◦). Fig. 3(a) simu-
lates the H-pol and V-pol brightness temperature from the
L-MEB model at different soil moisture conditions and for
different incidence angles of 20◦, 40◦, 60◦, and 70◦. Fig. 3(b)
then gives the local SA results of TB to SM based on
Fig. 3(a). Fig. 4 conducts an analogous global SA based on
the eFAST method with the specific soil moisture condition of
0.2 cm3/cm3 and clay content of 30%. It can be clearly observed
in Fig. 3(b) that, for v-pol conditions, the local SM sensitivity
becomes around 0 when SM is between 0.15 and 0.2 cm3/cm3

at the incidence angle of 70◦. The global sensitivity results in
Fig. 4 also show that, around the Brewster angle (70◦), the V-pol
L-MEB model results are sensitive to nothing but the parameter
of Teff at the soil moisture condition of 0.2 cm3/cm3. All of
these results go in accordance with the property at the Brewster
angle when the specular reflectivity of the soil surface is 0. They
are used to prove the physical correctness of the eFAST analysis
results.

As the global SA results show in Fig. 2 and Table II, SM,
HR, and Teff are the three most sensitive factors for bare soils
at the incidence angles of 5◦–40◦, with the TSI values of about
0.5–0.6, 0.2–0.4, and 0.1–0.2, respectively. The sensitivities of
Vclay and NR are much lower than those of SM, HR, and Teff ,
with the TSI values of about 0–0.1. However, at the incidence
angle of 60◦, the sensitivity of NR increases significantly for
H polarization, and the sensitivity of Teff increases greatly
for V polarization. This indicates that, at the extreme high
incidence angles, the incidence-related adjust parameters, such
as NR, will severely affect the H-pol model results, while
the V-pol simulations are more sensitive to temperature-related
parameters.
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TABLE II
eFAST SENSITIVITY RESULTS OF ALL PARAMETERS IN THE L-MEB MODEL FOR BARE SOILS. (a) MSI VALUES OF ALL

THE PARAMETERS FOR THE BARE SOILS. (b) TSI VALUES OF ALL THE PARAMETERS FOR THE BARE SOILS

TABLE III
eFAST SENSITIVITY RESULTS OF ALL PARAMETERS IN THE L-MEB MODEL FOR VEGETATION COVERS. (a) MSI VALUES OF ALL

THE PARAMETERS FOR THE VEGETATION COVERS. (b) TSI VALUES OF ALL THE PARAMETERS FOR THE VEGETATION COVERS

Other incidence-related results can also be observed in Fig. 2:
1) an obviously decreasing SM sensitivity with increasing inci-
dence angle is found for both the H-pol and V-pol simulation

results, although the decreasing trend is much weakened for
the V-pol simulations and is disturbed by the tiny higher TSI
values at the incidence angle of 20◦; 2) another finding about
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Fig. 3. (a) Forward simulated L-MEB model results and (b) local SM SA
results with different soil moisture and different incidence angles.

Fig. 4. Global SA results of the L-MEB model parameters when SM =
0.2 cm3/cm3 and Vclay = 30% for different incidence angles and V-pol
conditions.

the SM sensitivities in Fig. 2 is that the obviously higher SM
sensitivity for the V-pol conditions than that for the H-pol con-
ditions is found at the larger incidence angles of 40◦ and 60◦;
and 3) for the other parameters of HR and Teff , the just opposite
sensitivity variation trends with increasing incidence angle are
found for both H-pol and V-pol simulations. It indicates that
the V-pol model results are more sensitive to temperatures, re-
sulting in their less sensitivity to roughness-related parameters
comparing with that in the H-pol cases.

However, some of these results are different from the tradi-
tional SA results of the L-MEB model, as shown in Fig. 5 (take
the parameter SM for example, when NR = 0): 1) the H-pol
SM sensitivity is consistently larger than that for the V-pol con-
ditions; 2) a slightly increasing SM sensitivity with increasing
incidence angle in H-pol simulations; and 3) a decreasing SM
sensitivity under the V-pol conditions. These differences can be
partially explained by the different implications of sensitivity
in the local and global SA methods. Traditionally, the local SA
method is gradient-based, and it analyzes one parameter in a
model each time by holding all of the other parameters fixed. As
a result, the local sensitivities are absolute and with their unique
units, which cannot be compared among parameters. Moreover,
the local sensitivity values are always unfixed, conditionally on
the settings of other parameter values. The situation is clearly
demonstrated in Fig. 5 when NR 
= 0 is set so that the results

Fig. 5. SM sensitivities to the L-MEB model at different incidence angles
with the traditional local SA method. (a) and (b) For H and V polarizations,
respectively.

are quite different from those when NR = 0 is used. While
in the global SAs, such as the eFAST, all of the parameters
in a model can be analyzed at one time. Their sensitivities
are calculated based on the idea of variation decomposition
so that the results are correlative with each other with the
total sensitivities of all parameters summing to around 1 in
general. Hence, the sensitivity of a parameter in the global
SAs is dimensionless and is actually the relative importance of
that parameter compared with other parameters in one model.
Meanwhile, the global sensitivity values are stable as long as
the parameters and their values ranges are given in the analyses.
As a result, the global sensitivities can be compared with each
other in one experiment or in different analogous experiments
concerning their relative importance, rather than the absolute
amounts in different and incomparable units, which makes
the main advantage of the global SA methods. To conclude,
the different sensitivity results in Figs. 2 and 5 maybe lie
in the different interpretations of sensitivity in their definitions,
which cannot be directly compared in applications. The global
sensitivities will be conducted in more and more applications in
all fields in the future.

To sum up, the sensitivity results in this global analysis
are quite different from those found from the traditional local
analyses, which can be explained by the different interpre-
tations of sensitivity in the global and local SA methods.
According to the global analyses, SM, HR, and Teff make the
three most sensitive parameters in the L-MEB model for bare
soils, with the exception when the extremely high incidence
angles are taken. It proves the retrievability of SM and HR for
bare soils in the traditional multiparameter retrieval methods.
The results also emphasize the sensitivity of Teff , especially
for V-pol conditions at the higher incidence angles, making it
another choice to be considered in the future multiparameter
retrieval combinations. As the incidence angle increases, the
V-pol model results are more sensitive to the temperature pa-
rameters, while the H-pol model simulations are more sensitive
to the roughness-related parameters.

2) Test 1 for Vegetation Covers: The comparison between
the MSI and TSI values for vegetation covers is similar to that
for bare soils in the aforementioned section, with the main
differences that the interaction effects among parameters in
the L-MEB model for vegetation covers are much stronger
than those for bare soils, which can be observed in Fig. 6(c)
and (f). However, the interaction effects are still not altered
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Fig. 6. MSI, TSI, and their difference values of all parameters in the L-MEB model for vegetation covers. (a)–(c) For H-pol conditions. (d)–(f) For V-pol
conditions.

associated with the sensitivity variation trends of TSI and
MSI with the increasing incidence angles, and the following
analyses are then also based on one sensitivity index of TSI in
Fig. 6(b) and (e).

For vegetation covers, as shown in Fig. 6(b) and (e), SM,
HR, τNAD, and Teff are the four most sensitive factors in the
L-MEB model for vegetation covers, with the TSI values
varying between about 0.1 and 0.6 individually. Note that their
rankings vary at different incidence angles. At low incidence
angles of 5◦ and 20◦, the most sensitive parameter is SM,
with the TSI values being about 0.4–0.5; the remaining three
parameters of τNAD, Teff , and HR are with sensitivity values
of about 0.1–0.3. However, at high incidence angles of 40◦ and
60◦, the parameters τNAD and Teff become the two most sensi-
tive factors, with the most sensitive parameter being τNAD for
H polarization and Teff for V polarization. In particular, com-
pared with the sensitivities at the incidence angles 5◦ and 20◦,
the sensitivity values of the other two parameters of SM and HR

are significantly decreased, with the low TSI values of about
0–0.3. Other parameters NR, tt, ω, and Vclay have relatively
low TSI values, varying between about 0–0.2, and an increasing
sensitivity trend with increased incidence angle is found for all
of these parameters, but Vclay.

Other incidence-related results that can be observed in
Fig. 6(b) and (e) include the following: 1) both the sensitivities
of SM and HR decrease as the incidence angle increases, and
2) a general increasing sensitivity trend for both τNAD and Teff

is observed for both H and V-pol conditions except for the
slightly decreasing Teff sensitivity in H-pol conditions and the
decreasing τNAD sensitivity at the extreme high incidence angle
of 60◦ under V-pol conditions. Similar to the behaviors for bare
soils in Fig. 4 (θ = 70◦), the abnormal behavior of sensitivity
results under V-pol and θ = 60◦ conditions can be partially
attributed to what occurs around the Brewster angle when the
TSI values of Teff are extremely high. Some of these results are
different from those for bare soils, mainly observed in H-pol
conditions for HR. The decreasing H-pol sensitivity of HR

for vegetated soils is together with the drastically increasing
sensitivity of τNAD, which can be explained by the radiative
transfer process theoretically: as the incidence angle increases,

the path length radiation traveling through the vegetation in-
creases, resulting to the increasing influences of vegetation on
the model results and the decreasing influences of the soil
emission. As a result, the sensitivity increases with θ for the
vegetation-related parameters like τNAD, tt, and ω, while the
sensitivities decrease for the soil-related parameters such as
SM and HR.

As the conclusion, SM, HR, τNAD, and Teff are the four most
sensitive parameters in the L-MEB model for vegetated covers,
proving their retrievability in the past and future multiparameter
retrieval methods. Additionally, like the situations for bare soils,
the V-pol model results are more sensitive to temperature pa-
rameters, while the H-pol model simulations are more sensitive
to the vegetation and roughness parameters, especially for the
higher incidence angles.

B. Test 2: Parameters’ Sensitivity Variation Analysis

In this test, all parameters but HR or τNAD are included in
the eFAST method, and their TSI values are analyzed under
different roughness or vegetation conditions. The effects of Teff

are specially considered by setting constant Teff values in the
analogous analyses. Like the explanation in test 1, the TSI val-
ues also indicate the feasibility of each parameter to be retrieved
in the inversion, and the TSI variations then reflect the stability
of their retrievability under different land surface conditions.
Due to the different influences of vegetation and roughness at
different incidence angles, the analyses are based on the data
acquired at two specific incidence angles of 5◦ and 40◦, and in
the following figures, only the H-pol results for 5◦ are kept in
order to save space as the sensitivity results at the low incidence
angles are almost the same for both H-pol and V-pol conditions.

1) Test 2 for Bare Soils: For bare soils, the variations of the
TSI values for all parameters but HR under different roughness
conditions are shown in Fig. 7(a)–(c), with subplots (a) for
H-pol and the incidence angle of 5◦, (b) for H-pol and θ = 40◦,
and (c) for V-pol and θ = 40◦. The effects of Teff are par-
ticularly considered in Fig. 7(d)–(f), with subplots (d) for
H-pol and θ = 5◦, (e) for H-pol and θ = 40◦, and (f) for V-pol
and θ = 40◦. The last three subplots are specially obtained
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Fig. 7. TSI variations of all parameters but HR for bare soils under different
roughness conditions, with a variable Teff of 0 ◦C–40 ◦C in (a), (b), and
(c) and a fixed Teff of 25 ◦C in (d), (e), and (f). (a) and (d) For θ = 5◦, H-pol.
(b) and (e) For θ = 40◦, H-pol. (c) and (f) For θ = 40◦ , V-pol conditions.

to discuss the sensitivity variations with HR with the default
constant Teff value of 25 ◦C in Table I. Essentially, Fig. 7 is
similar to Fig. 2 except for the different number of input
L-MEB model parameters explored by the eFAST method. All
of the findings are listed in the following.

First, the decreasing SM sensitivity from about 0.9–0.4 and
consistently increasing Teff sensitivity from about 0.1–0.5 are
observed in the first three subplots of Fig. 7, which indicate
that, in the traditional “3-P” method for bare soils, the SM
retrievability is decreasing independent of incidence angle and
polarization as the land surface becomes rougher, correspond-
ing to the obviously increasing Teff sensitivity to the for-
ward L-MEB model results. Then, the analogous experiments
in Fig. 7(d)–(f) with the known Teff value of 25 ◦C show
that, comparing to the decreasing SM sensitivity with HR in
Fig. 7(a)–(c), the decreasing trend in Fig. 7(a) has almost
disappeared when Teff is given in Fig. 7(d) when θ = 5◦, and
the decreasing trend in Fig. 7(b) and (c) is much mitigated
in Fig. 7(e) and (f) when θ = 40◦. This means that, in the
traditional “3-P” method for bare soils, the SM retrievability
will be consistently high as long as accurate input Teff data are
provided.

Second, there is an increasing NR sensitivity in Fig. 7(b) and
(c) for θ = 40◦, which aggravates the decreasing rate of the SM
sensitivity, especially for the H-pol conditions in Fig. 7(b). The
increasing NR sensitivity with HR is also observed in Fig. 7(e)
and (f) when the Teff value is known. All of these findings
indicate that the input error of the parameter NR would be
another important error resource in the SM retrieval under rough
surface conditions, especially for the larger incidence angle
conditions. Finally, the TSI values of Vclay are consistently
low in all subplots of Fig. 7, being around 0.05 and with a
slightly decreasing trend to about 0.02 as the surface roughness
increases, which means that, in the forward L-MEB model,
even if the underlying soil model may not correctly simulate the
effect of clay content on the soil dielectric constant, the impact

Fig. 8. TSI variations of all parameters but HR for vegetation covers under dif-
ferent roughness conditions, with a variable Teff of 0 ◦C–40 ◦C in (a), (b), and
(c) and a fixed Teff of 25 ◦C in (d), (e) and (f). (a) and (d) For θ = 5◦, H-pol.
(b) and (e) For θ = 40◦ , H-pol. (c) and (f) For θ = 40◦, V-pol conditions.

of the clay content error on the model results will be low. This
then indicates the consistently low possibility of Vclay to be the
error resource in the multiparameter retrievals under different
land roughness conditions.

To sum up, the aforementioned findings emphasize the first
importance of high-precision surface temperature data to be
provided in the traditional “3-P” approach when the lands be-
come rougher for bare soils. Additionally, an accurate NR value
is also needed to guarantee the accurate SM retrievals under
rough surface conditions and at the large incidence angles.

2) Test 2 for Vegetation Covers: For vegetation covers, the
variations of the TSI values for all parameters but HR are shown
in Fig. 8(a)–(c) under different roughness conditions, and the
analogous sensitivity variations with HR are then conducted
in (d), (e), and (f) with the constant Teff value of 25 ◦C.
Fig. 9 summarizes the variations of TSI values for all param-
eters but τNAD for different vegetation conditions in the first
three subplots, and the effects of Teff are particularly considered
in the other three subplots of (d), (e), and (f). In both figures,
subplots (a) and (d) are for H-pol and θ = 5◦, (b) and (e) for
H-pol and θ = 40◦, and (c) and (f) for V-pol and θ = 40◦.
Similar to that for bare soils, Figs. 8 and 9 are similar to
Fig. 6 except for the different numbers and the combinations
of the input L-MEB model parameter explored by the eFAST
method. All of the findings are listed in the following.

Similar to the cases for bare soils, the most evident findings
in Figs. 8 and 9 are that the sensitivities of SM and τNAD de-
crease consistently, while the Teff sensitivity increases greatly
as the land roughness increases as shown in Fig. 8(a)–(c); the
sensitivities of SM and HR decease consistently, while the Teff

sensitivity increases greatly as the vegetation becomes denser
as revealed in Fig. 9(a)–(c). In particular, the Teff sensitivity
is extremely high for rougher and more vegetated lands in
(b) and (c) of Figs. 8 and 9 at the incidence angle of 40◦,
resulting to the very low sensitivities of SM andHR/τNAD. The
results similarly suggest the decreasing retrievability of SM in
the traditional “3-P” method when the land is rougher or the
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Fig. 9. TSI variations of all parameters but τNAD for vegetation covers under
different vegetation conditions, with a variable Teff of 0 ◦C–40 ◦C in (a), (b),
and (c) and a fixed Teff of 25 ◦C in (d), (e) and (f). (a) and (d) For θ = 5◦,
H-pol. (b) and (e) For θ = 40◦, H-pol. (c) and (f) For θ = 40◦ , V-pol
conditions.

vegetation is denser. In both figures, the decreasing SM and
τNAD/HR sensitivities in (a), (b), and (c) are greatly improved
in (d), (e), and (f) when the Teff value is known, which indicates
the improved retrievability of these parameters with known Teff

values in the retrievals.
Other parameters like tt, NR, and Vclay usually have consis-

tently low TSI values under different roughness and vegetation
conditions, except for the parameter of tt in Fig. 9(b) and (c)
for a large incidence angle of 40◦. The unusual variation trend
of first increasing and then decreasing tt sensitivity with τNAD

in Fig. 9(b) and (c) is explainable, considering the fact that the
vegetation structure effect will decline when the vegetation is
dense enough. The parabolic variation trend of tt sensitivities
with τNAD is more obvious in Fig. 9(e) and (f) for the larger
incidence angle of 40◦ when the Teff sensitivity is eliminated.
All of these findings indicate the increased effect of tt on the
model results and the retrieval results for lands with medium
vegetation covers at the larger incidence angles, and the effects
will be further increased when the Teff values are known during
the simulations or retrievals.

Finally, a low but gradually increasing trend of ω sensitivity
is observed in both Figs. 8 and 9 for the larger incidence angle
of 40◦ in subplots (b) and (c). This increasing trend is more
obvious in the analogous subplots of (e) and (f) when the Teff

values are known, which indicate that, besides the parameters of
Teff and tt, the accuracy of ω would also affect the simulations
and retrievals greatly when the vegetation grows denser, mainly
for larger incidence angles and especially for simulations and
retrievals with known Teff values.

The results similarly suggest the decreasing retrievability of
SM in the traditional “3-P” method when the land is rougher
or the vegetation is denser, which can be partially improved by
employing the high-precision surface temperature data in the
multiparameter retrievals. From the perspective of algorithm
improvement, this also means that it would be an effective
choice to include the parameter of Teff into the combination

Fig. 10. TSI variations of the calibrating parameters under different soil
moisture conditions for bare soils. (a) θ = 5◦ for H polarization. (b) θ = 40◦

for H polarization.

of the retrieval parameters in the new multiparameter retrieval
methods. For the empirical parameters, the parameters ω and tt
affect the model results more than any other parameters, calling
for the needs of accurate calibration results to be provided
before the retrievals.

V. TEST 3: CALIBRATION PARAMETERS INCLUDED ONLY

The parameters to be calibrated in the L-MEB model include
the roughness-related parameters HR, NRH, and NRV only
for bare soils; for vegetation covers, other vegetation-related
parameters including τNAD, ttH , ttV , ωH , and ωV also need
to be calibrated before the retrieval processes.

The traditional calibration method means the retrieval of the
calibrating parameters based on the given TB and SM obser-
vations in nature. In this test, the sensitivity of the calibration
parameters is analyzed under different soil moisture conditions
as shown in Figs. 10 and 11, and the other parameters are set
as follows: Teff = 25 ◦C and Vclay = 30% given in Table I. The
TSI values here also represent the sensitivity of the modeled TB
values to the variation of each input parameter, and the higher
TSI values indicate the higher possibility of that parameter to
be calibrated as a result.

1) Test 3 for Bare Soils: In Fig. 10, the TSI variations of the
calibrated parameters with different soil moisture are compared
at two incidence angles 5◦ and 40◦. Only the results in H
polarization are shown because the results are similar for both
H and V polarizations.

It is shown in Fig. 10 that, at small incidence angles, the sen-
sitivity of HR is close to 1, and the sensitivity of NR approaches
0 for all soil moisture conditions. At larger incidence angles, the
sensitivity of HR declines to about 0.8, and the sensitivity of
NR increases to about 0.2. The high sensitivities of HR indicate
the high capability of the parameter to be calibrated for bare
soils, and the capability of NR to be calibrated is evident only
at large incidence angles.

It can also be seen in Fig. 10 that the TSI variations of HR

and NR with soil moisture are insignificant, indicating the high
stability of the calibration results under different soil moisture
conditions. Relatively consistent results can then be obtained
based on different soil moisture observations in the calibrations.

2) Test 3 for Vegetation Covers: For vegetation covers, the
TSI variations of the calibrated parameters with different soil
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Fig. 11. TSI variations of the calibrating parameters under different soil
moisture conditions for vegetation covers, with a variable τNAD of 0–0.5 in
(a), (b), and (c) and a fixed τNAD of 0.3 in (d), (e), and (f). (a) and (d) For
θ = 5◦, H-pol. (b) and (e) For θ = 40◦ , H-pol. (c) and (f) For θ = 40◦ , V-pol
conditions.

moisture in both H and V polarizations are compared at two in-
cidence angles 5◦ and 40◦ in Fig. 11(a)–(c), with subplots (a) for
H-pol and θ = 5◦, (b) for H-pol and θ = 40◦, and (c) for V-pol
and θ = 40◦. The case of V-pol and θ = 5◦ is omitted as it is
almost the same as that for H-pol condition. An analogous ex-
periment is additionally performed in Fig. 11(d)–(f) to discuss
the sensitivity variation of the other calibrated parameters when
the amount of vegetation is known. This experiment represents
an idealized version of what is attempted, for example, by the
SMAP mission where ancillary data are used to determine the
amount of vegetation before a soil moisture retrieval is made
[17]. Fig. 11(d)–(f) is similar to Fig. 11(a)–(c), except for the
constant τNAD value of 0.3 given in Table I.

It is shown in Fig. 11(a)–(c) that the parameters of HR,
τNAD, and ω are the three most sensitive factors in the calibra-
tion, but their TSI values vary a lot under different soil moisture
conditions. When the land is dry, the parameter ω is the primary
sensitive factor with extremely high TSI values. However, its
TSI values drop rapidly to a low and relatively consistent level
when the soil moisture is increased to about 0.10 m3/m3 at
low incidence angles and about 0.20 m3/m3 at high incidence
angles. For moist land, HR and τNAD become the first two most
sensitive factors in the calibration, with relatively consistent
TSI values of about 0.6 and 0.2 for HR and slightly increasing
TSI values between about 0.3–0.4 and 0.5–0.7 for τNAD at two
different incidence angles. The sensitivities of tt and NR are
very small at low incidence angles, with TSI values of about
0–0.05, and the values increase to about 0.1–0.2 at large inci-
dence angles, indicating bad retrievability and potentially poor
calibration results of these parameters in the current calibration
method.

When the amount of vegetation is known, like the case in
Fig. 11(d)–(f) for medium vegetation coverage with τNAD =
0.3, the most sensitive parameters in the calibration vary a lot
for different incidence angles. HR is the dominant sensitive

factor when the soils are wet at the low incidence angle 5◦,
while ω and tt are the two main sensitive factors at the large
incidence angle 40◦, with ω being more dominant for dry
soils and tt for wet soils. This indicates the potentially high
retrievability of HR at low incidence angles and good retriev-
ability of ω and tt at higher incidence angles, although the
reliability of the retrievals depends greatly on the soil moisture
condition. A more straightforward finding is that much higher
TSI values for the parameters of HR in Fig. 11(d) and the
relatively higher TSI values of ω and tt in Fig. 11(e) and
(f) are observed with known vegetation information, which
indicates better retrievability of these parameters compared
with that when the amount of vegetation is unknown as shown
in Fig. 11(a)–(c).

As a result, for unknown τNAD conditions, the following
can be concluded from the aforementioned findings: 1) a sat-
isfactory calibration result can be only found for the param-
eters of τNAD and HR, and only when the soils are moist
enough. 2) For dry soil conditions, the potentially poor results
in calibrating τNAD and HR are related to the extremely high
but decreasing sensitivity of ω. One possible explanation is
that the vegetation effect, referring to the attenuation effect
here, will exceed the effect of soil emission and the vegetation
emission in the L-MEB model when the land is dry enough.
However, in reality, the soils are usually moist for vegetated
land, especially for croplands and alpine grasslands, supporting
the current calibration method in calibrating τNAD and HR.
3) For the other semiempirical parameters ω, tt, and NR, the
current calibration method may be not suitable to calibrate
them, considering their low or inconsistent sensitivity values in
the eFAST method. For the future development of the current
calibration method, some different findings are found when the
amount of vegetation is known in the calibration. For example,
the incidence angles affect the calibration results greatly, with
potentially good calibration results of HR at low incidence
angles and better calibration results of ω and tt at larger
incidence angles. Furthermore, the reliability of the calibration
results depends largely on the soil moisture condition, and the
retrievabilty is much improved compared with the unknown
amount of vegetation conditions.

VI. CONCLUSION

In this paper, a variance-based SA has been used to conduct
a parameter SA of the L-MEB model. Three different SA tests
are designed. The global sensitivity results are found to be quite
different from those found in traditional local analyses. The
differences are explained, and the results are analyzed to direct
the applications of the L-MEB model in parameter calibrations
and surface parameter retrievals.

The eFAST method was used to conduct this analysis. It is
helpful in studying the reliability and the potential improvements
to the current multiparameter retrieval methods. Surface soil
moisture, soil roughness factor, vegetation optical depth at
nadir, and effective land surface temperature are the four main
sensitivity parameters in the L-MEB model. The results prove
the retrievability of the first three parameters in the traditional
“3-P” retrieval method and provide a new choice to include
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the effective land surface temperature in the combination of
the retrieval parameters in the future multiparameter retrievals.
The sensitivity variation analysis of these parameters under
different surface roughness and vegetation conditions also
emphasizes the importance of effective land surface temper-
ature, considering it imperative to have high-precision land
surface temperature data provided to guarantee the accurate
soil moisture retrievals in the traditional “3-P” retrieval method
when the lands become rougher or more vegetated. Another
interesting finding is that the V-pol global sensitivities of soil
moisture are always higher than those for the H-pol conditions
at the high incidence angles. The results are just opposite from
many other researches using the traditionally gradient-based
analysis methods. Such difference indicates that there is a need
to conduct further studies to give the explanations in the future.

The eFAST method is also valuable in discussing the current
calibration methods. A satisfactory calibration result for the
parameters of soil roughness factor and vegetation optical depth
at nadir may be achieved when the amount of vegetation is un-
known. However, the very low or inconsistent sensitivity of the
other parameters of vegetation structure factor, single scattering
albedo, and soil roughness coefficient indicates the possibly
poor calibration results of these parameters. Consequently, new
calibration procedures that account for the different relative
sensitivities of these model parameters at higher incidence
angles or different soil moisture conditions may need to be
developed in the future. Other calibration methods based on
the physical model simulations or more observations are also
needed to be considered. One improved calibration method
with known vegetation amount has shown better retrievability
of the calibrated parameters, although their retrievabilities vary
greatly with incidence angle and soil moisture.

The aforementioned strategy of discussing the feasibility of
a model and its effect based on a quantitative sensitive analysis
method like the eFAST method can also be used for the other
multiparameter models. However, several caveats should be
noted: the analysis is based on the mathematical statistics of the
model, and the correctness of the results depends on the the-
oretical foundation of the model. Furthermore, the discussions
about the application effects of a model are more instructive
rather than determinative, and more field experiment data are
still needed to verify or overthrow these discoveries.
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