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This paper focuses on the sensitivity of L-band multi-parameter retrievals across the range of angular measure-
ments available from the SMOS (SoilMoisture andOcean Salinity)mission. The SMOS core algorithmwas used to
evaluate two-parameter retrieval scenarios including soil moisture and one of either i) vegetationwater content,
ii) surface roughness, iii) vegetation temperature, or iv) surface soil temperature. For all pairs a range of param-
eter value combinations were compiled to run the model in forward mode. Subsequently, the resulting angular
brightness temperature simulations with two unknown parameters were compared against the brightness
temperature response derived from reference simulations using data from the National Airborne Field
Experiment 2005 (NAFE'05) in Australia. This paper showed that the two-parameter retrieval accuracy of soil
moisture is strongly affected by the surface moisture conditions, the polarization of the brightness temperature
data, and the choice of the secondary ancillary parameter to be retrieved. The synthetic analysis demonstrated a
tendency for better retrievals from dual-polarized data at large incidence angles (40–50°). Validation with
airborne brightness temperature observations at L-band did not demonstrate such a strong angular dependency,
although it confirmed that the simultaneous retrieval of soil moisture and vegetation properties is not preferable
as opposed to i) soil moisture and surface roughness or ii) soil moisture and surface soil temperature, especially
under dry moisture conditions.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Passive microwave observations have been proven as one of the
most promising techniques for near-surface soil moisturemeasurement
(Jackson, 1993; Njoku & Entekhabi, 1996; Schmugge, O'Neill, & Wang,
1986;Walker &Houser, 2004;Wigneron et al., 2003). The high sensitiv-
ity to moisture and the robustness of the sensor signal in response to
surface roughness and vegetation canopy effects make brightness
temperature measurements in the protected microwave range of
1–2 GHz (L-band) the spectrum window of choice. A range of retrieval
algorithms have been developed and tested using data collected from a
series of small-scale truck and tower-based experiments, and airborne
radiometers to a more limited extent (e.g. de Rosnay et al., 2006;
Jackson et al., 1999; Saleh et al., 2004; Schmugge, Wang, & Asrar,
1988; Schmugge, Jackson, Kustas, & Wang, 1992; Wigneron, Calvet,
Kerr, Chanzy, & Lopes, 1993; Wigneron, Kerr, Chanzy, & Jin, 1993;
Wigneron, Schmugge, Chanzy, Calvet, & Kerr, 1998). These results ulti-
mately contributed to the design of the first spaceborne instrument
dedicated to global soil moisture mapping: the Soil Moisture and
hl), jeff.walker@monash.edu
esbio.cnes.fr (Y. Kerr).

ghts reserved.
Ocean Salinity (SMOS) mission (Kerr, Font, Waldteufel, & Berger,
2000).

SMOS was launched by the European Space Agency (ESA) in
November 2009 and operates in the 1.400–1.427 GHz L-band
(McMullan et al., 2008). The satellite incorporates a novel interferomet-
ric synthesized antenna concept, utilizing over 69 small antenna
patches distributed along the Y-shaped satellite arms and central
hub (Kerr et al., 2010). This innovative satellite design yields multi-
incidence angle brightness temperature observations ranging from 0°
to 60° across a 900 km swath with an approximately 45 km spatial
resolution and a 2–3 day recurrence interval at 6 A.M. and 6 P.M. local
time. The sequence of snapshots obtained over the same pixel but at
different incidence angles is intended to enhance the soil moisture
retrieval tomeet the target accuracy of 0.04 m3 m−3, when the biomass
density is lower than 4 kg m−2 (Kerr et al., 2001).

The estimation of soil moisture from microwave observations
becomes more complex with the presence of a vegetation layer above
the surface compared to bare soil conditions. Although it is expected
that at around 6 A.M. overpass time, conditions will be such that the
vegetation and the soil surface will be close to thermal equilibrium,
the additional interaction of the emitted energy with the vegetation
canopy still needs to be accounted for. Consequently, a larger set of
ancillary input parameters is required to accurately describe the ground
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Table 1
Overview of the L-MEB input parameter values for the two experiment days.

Date NAFE'05 ground measurements Ancillary data

SM (std)
[m3 m−3]

VWC
[kg m−2]

Tveg
[K]

Tsurf
[K]

HR
a

[–]
NR

b

[–]
ba

[–]
ωb

[–]
ttH

b

[–]
ttV

b

[–]

09.Nov 0.43 (±0.06) 1.9 309 303 0.8 0 0.08 0 1 8
23.Nov 0.14 (±0.05) 0.7 309 303

a Sourced from Peischl et al. (2012).
b Sourced fromWigneron et al. (2007).
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state. While much of these ancillary data can be obtained from i) point
measurements at monitoring sites, ii) other spaceborne sensors, and
iii) data assimilationmodels, there are issueswith spatial and/or tempo-
ral discrepancies due to the variety of data sources. ThereforeWigneron,
Waldteufel, Chanzy, Calvet, and Kerr (2000) considered the use of dual-
polarized microwave data, acquired at multiple incidence angles by the
same instrument, as an approach to overcome the need for ancillary
data from external sources. They demonstrated the potential for simul-
taneous retrieval of soil moisture togetherwith ancillary data, described
as multi-parameter retrieval. Multi-angle observations also provide
a possibility to reduce the impact of noise, such as radio frequency inter-
ference as experienced by SMOS (e.g. Camps et al., 2010; Castro,
Gutierrez, & Barbosa, 2012; Oliva et al., 2012) by being able to identify
RFI sources through angular anomalies.

If compared to the SMOS configuration only a very narrow range of
angular observations is available, or if the SMOS angular range is
reduced for some reason, then the benefits of multi-angle soil moisture
retrievals might be compromised. In this context, it is necessary to
assess the multi-parameter retrieval capability under alternate angular
ranges and subsets of angles, to see if equivalent retrieval results can
be achieved. Since the main parameters of interest beside soil moisture
“SM” are: i) the vegetation water content “VWC” (through the vegeta-
tion optical depth), ii) the surface roughness conditions “HR”, iii) the
surface soil temperature “Tsurf”, and iv) the vegetation temperature
“Tveg” (in case of non-early morning brightness temperature measure-
ments), these variables will be the focus of this study. Specifically, the
questions addressed by this paper include:

1. What range of incidence angles for brightness temperature observa-
tions provides optimal multi-parameter results considering a maxi-
mum angular range for radiometric measurements of 0–50°?

2. Would a combination of brightness temperature observations from
different angular groups yield better results compared to a specified
range of incidence angles only?
Fig. 1. Schematic of simulating synthetic multi-angular brightness temperature data (TB) usin
NAFE'05 groundmeasurements. Part 2 describes the simulation of synthetic TBsim based on NAF
on the scenario chosen (scenario: SM–VWC; SM–HR; SM–Tsurf; or SM–Tveg). The final iterativ
calculates the root mean square error between the varying TBref and TBsim for each iteration st
A variety of land surface conditions are studied, including dry and
wet soils under a mature wheat canopy with moderate and high vege-
tation water contents, to investigate these questions. This study differs
from previous work on the sensitivity of multi-angle data measure-
ments in somuch that it includes a validation of findings from synthetic
experiments using airborne L-band observations acquired at farm-scale
resolution, while others have focused solely on ground-based observa-
tions (e.g. Calvet et al., 2011; Wigneron et al., 2000, 2004).

2. Radiative transfer model

The radiative transfermodel used to simulate thewheat canopy emis-
sion at L-band, and to test the multi-parameter retrieval across varying
ranges of incidence angles, is one of the core algorithms applied to
SMOS data (Kerr et al., 2011, 2012). A detailed description of the L-band
Microwave Emission for the Biosphere model (L-MEB) can be found in
Wigneron et al. (2007), together with a parameter analysis for crop
application and derived values for wheat canopy analysis. The inversion
of the model allows the retrieval of soil moisture and ancillary data
by minimizing the root mean square error between the simulated and
reference brightness temperatures.

The interaction and individual contributions of the soil and vegeta-
tionmedia on the composite brightness temperature (TB) are accounted
for in L-MEB using a radiative transfer approach, also called the tau-
omega model (Mo, Choudhury, Schmugge, Wang, & Jackson, 1982):

TB P;θð Þ ¼ 1−ω Pð Þ
� �

� 1−γ P;θð Þ
� �

� 1þ γ P;θð Þ � rG P;θð Þ
� �

� TC

þ 1−rG P;θð Þ
� �

� γ P;θð Þ � TG;

ð1Þ

with P representing the measured polarization (H for horizontal, and
V for vertical, respectively), θ the incidence angle, and TG and TC
corresponding to the effective soil and vegetation temperature [K],
g the forward model L-MEB. Part 1 illustrates the simulation of synthetic TBref based on
E'05 groundmeasurements and amatrix of two parameter value combinations depending
e comparison considers inclusion of a random TB error of maximum ±2 K for TBref and
ep to arrive at a mean TB RMSE map.



Table 2
Range of values (min-max) tested in multi-parameter retrieval combinations.

SM
[m3 m−3]

VWC
[kg m−2]

HR

[−]
Tveg
[K]

Tsurf
[K]

0–0.6 0–3 0–1.5 278–340 278–340
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respectively. The reflectivity of non-smooth soil surfaces rG(P,θ), which is
sensitive to the incidence angle and the polarization, can be quantified
using a modification of the Fresnel equation by including a set of soil
roughness parameters HR and NR(P):

rG P;θð Þ ¼ r�G P;θð Þ � exp −HR � cos θ NR Pð Þð Þh i
: ð2Þ

The Fresnel reflectivity r⁎G(P,θ) from a smooth, ideally flat surface can
be related in turn to soil moisture content through a dielectric mixing
model, such as the one developed by Dobson, Ulaby, Hallikainen, and
El-Rayes (1985) that was used in this study. The model variables
characterizing the canopy are the single scattering albedo ω(P) and the
vegetation transmissivity γ(P,θ). The latter, also known as vegetation
attenuation, is modeled as a function of the incidence angle and the
optical depth at nadir τNAD:

γ P;θð Þ ¼ exp −τNAD � sin2θ � tt Pð Þ þ cos2θ
� �

= cosθ
h i

ð3Þ

with the vegetation structure parameters ttH and ttV correcting the
optical depth for non-nadir viewing angles at each polarization.
Hence, the optical depth increases with the amount of water on/in the
canopy, which consequently reduces the transmission of the emitted
soil energy within the vegetation medium. L-MEB assumes a linear
relationship between the vegetation water content VWC and the nadir
optical depth:

τNAD ¼ VWC � b Pð Þ; ð4Þ

where the empirical vegetation parameter b(P) is mainly dependent on
the sensor frequency, polarization, canopy type and plant structure
(Jackson & Schmugge, 1991).
Fig. 2. Plots of mean TB RMSE distribution [K] for four scenarios of two-parameter combinati
difference in TBref and TBsim considering all dual-polarized TB data within 0–50° incidence an
row represents wet conditions (SM = 0.43 m3 m−3, VWC = 1.9 kg m−2) and the bottom row
3. Experimental dataset and model setup

The present study is based on both simulated brightness tempera-
tures and radiometricmeasurements acquired over awheatfield during
the November 2005 National Airborne Field Experiment (NAFE'05) in
south-eastern Australia (Panciera et al., 2008). The campaign was con-
ducted across selected focus farms in the Goulburn River catchment
(31°46′S to 32°51′S and 149°40′E to 150°36′E), where a combination
of airborne as well as extensive ground monitoring was carried out.
The primary sensor operated aboard the aircraft was the Polarimetric
L-band Multi-beam Radiometer (PLMR), which used six pushbroom
receivers at along track incidence angles of nominally ±7°, ±21.5°
and ±38.5°, respectively, for the flights analyzed in this study. The
multi-angle observationmodewas achieved by rotating the radiometer
by 90°, and thus allowing three beams measuring forward and three
beams backward along the flight direction. Due to an aircraft pitch of
about 6°, the actual angles of the six PLMR beams were approximately
1°, 13°, 16°, 28°, 33°, and 45° along track. The radiometer was calibrated
daily using cold/warm targets, with a calibration accuracy determined
as being 0.7 K and 2 K for H- and V-polarization, respectively
(Panciera et al., 2008). Themulti-angle flights of this studywere under-
taken at an altitude of approximately 750 m (AGL), providing a spatial
resolution of ~250 m.

Extensive ground monitoring was undertaken coincident with the
airborne observations. High-resolution near-surface soil moisture
measurements using the Hydraprobe Data Acquisition System (HDAS,
Merlin et al., 2007) were taken across the focus farms (Panciera,
Allahmoradi, Merlin, Young, & Walker, 2009). The Hydraprobe soil
moisture sensor calibration was developed in the laboratory and from
field samples, with a measurement accuracy of 0.04 m3 m−3. The data
used in this study were collected on four sampling days (once per
week) within a cropping field of mature wheat canopy on silty clay
loam soil, and capturing a dry down period within the observed time
frame going from almost saturated soil surface (~0.43 m3 m−3) to
moderate-dry soil conditions (~0.14 m3 m−3). The NAFE'05 in-situ
soil moisture was averaged from ~250 HDAS measurements and the
respective standard deviation calculated for use in the data analysis.
The vegetationwater content demonstrated a similar decrease from ap-
proximately 3 kg m−2 to 1 kg m−2. Additional ground information
about soil texture, surface roughness, soil profile temperature and soil
ons (SM–VWC, SM–HR, SM–Tveg, SM–Tsurf). The RMSE was calculated from the iterative
gle range. The contour lines indicate the level of RMSE in the parameter space. The top
dry conditions (0.14 m3 m−3, VWC = 0.7 kg m−2).
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Fig. 4. Comparison of two-parameter retrieval results derived from the airborne dual-polarizedNAFE'05 TBmeasurements, whichwere classified into five angular groups as shown on the
x-axis (1: 0–10°; 2: 10–20°; 3: 20–30°; 4: 30–40°; 5: 40–50°). The shaded area depicts the standard deviation of the NAFE'05 ground measured soil moisture with the average value
indicated by the blue line. Note that in each plot the left y-axis corresponds to the retrieved soil moisture and the right y-axis relates to the additionally retrieved parameter indicated
at the top of each column: i) VWC [kg m−2], ii) HR [−], iii) Tveg [K], and iv) Tsurf [K]. Panel (a) illustrates wet conditions with SM = 0.43 m3m−3 and VWC = 1.9 kg m−2, while panel
(b) illustrates dry moisture conditions with SM = 0.14 m3 m−3 and VWC = 0.7 kg m−2, respectively. The index of each row relates to a different parameterization (P) used for the
vegetation structure characterization in the retrieval model: i) P1: ttH = 1, ttV = 8; ii) P2: ttH = 0.2, ttV = 1.4; iii) P3: ttH = 1, ttV = 1. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Evolution of the mean dual-polarized TB RMSE distribution [K] across varying ranges of incidence angle for four scenarios of two-parameter combinations (rows 1 & 5: SM–VWC,
rows 2 & 6: SM–HR, rows 3 & 7: SM–Tveg, rows 4 & 8: SM–Tsurf). The black contour line indicates an RMSE level of 1.5 K. Panel (a) illustrates moist conditions with SM = 0.43 m3 m−3,
VWC = 1.9 kg m−2, and panel (b) illustrates dry conditions with SM = 0.14 m3m−3 and VWC = 0.7 kg m−2.
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Table 3
Classification of angular groups according to incidence angle [°] and polarization (d — dual, h — horizontal, v — vertical).

ID 1 2 3 4 5 6

Angular range 0–50d (all) 0–10d 10–20d 20–30d 30–40d 40–50d

ID 7 8 9 10 11 12 13 14 15 16

Angular range 0–10d,
10–20d

0–10d,
20–30d

0–10d,
30–40d

0–10d,
40–50d

10–20d,
20–30d

10–20d,
30–40d

10–20d,
40–50d

20–30d,
30–40d

20–30d,
40–50d

30–40d,
40–50d

ID 17 18 19 20 21 22 23 24 25 26

Angular range 0–10h,
10–20v

0–10h,
20–30v

0–10h,
30–40v

0–10h,
40–50v

10–20h,
20–30v

10–20h,
30–40v

10–20h,
40–50v

20–30h,
30–40v

20–30h,
40–50v

30–40h,
40–50v

ID 27 28 29 30 31 32 33 34 35 36

Angular range 0–10v,
10–20h

0–10v,
20–30h

0–10v,
30–40h

0–10v,
40–50h

10–20v,
20–30h

10–20v,
30–40h

10–20v,
40–50h

20–30v,
30–40h

20–30v,
40–50h

30–40v,
40–50h
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profile moisture were gathered from supplementary measurements
made by the ground team and/or in-situ monitoring stations.

The synthetic analysis of this current study was based on simulated
brightness temperature data that would represent the land surface
conditions of the NAFE'05 test field using L-MEB. Table 1 presents
an overview of the L-MEB parameter values used for the modeling.
Processing of the synthetic brightness temperatures was divided into
two parts, as indicated in Fig. 1. The first step focused on simulating a
reference set of dual-polarized brightness temperatures (TBref) across
incidence angles of 0–50° (top part in Fig. 1). This was achieved by
feeding the forward model with all available NAFE'05 ground truth
Fig. 5. Comparison of two-parameter retrieval results (blue diamond: SM, green circle: secondar
second parameter ground truth) obtained from synthetic, dual-polarized TB data. Different angu
in each plot the left y-axis corresponds to soil moisture and the right y-axis relates to the addit
four panels illustrate dry conditions, respectively. (For interpretation of the references to color
information and ancillary parameters (as given in Table 1). The resul-
tant multi-angular TBref were subsequently perturbed, taking into
account a random TB error of maximum ±2 K, corresponding to the
V-polarization calibration error of the PLMR instrument.

The second step of data processing involved the simulation of multi-
ple sets ofmicrowave responses (TBsim) by varying input data according
to a range of two-parameter scenarios. The scenarios considered were:
i) soil moisture and vegetation water content (SM–VWC), ii) soil mois-
ture and surface roughness (SM–HR), iii) soil moisture and vegetation
temperature (SM–Tveg), or iv) soil moisture and surface soil tempera-
ture (SM–Tsurf). For instance, according to the SM–VWC scenario it
y parameter) against NAFE'05 groundmeasurements (blue line:measured SM; green line:
lar group combinations (x-axis) were tested for the retrieval as given in Table 3. Note that
ionally retrieved parameter. The top four panels represent wet conditions and the bottom
in this figure legend, the reader is referred to the web version of this article.)
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was assumed that there were no NAFE'05 ground data available for
these two parameters, and a feasible range of values was set for each
individual parameter to simulate the multi-angular brightness temper-
ature response. Table 2 presents the upper and lower limits used for
each parameter. Consequently, soil moisture and one of either i) VWC,
ii) HR, iii) Tveg, or Tsurf were varied – as opposed to the fixed parameter
values used for TBref – to obtain the range of possible brightness temper-
ature responses for each scenario pair.

Next, the root mean square error (RMSE) was calculated between
the reference (TBref) and the simulated (TBsim) brightness temperatures
(see right side of Fig. 1), and the value stored in a RMSEmatrix referring
to the respective combination of parameter values of the scenario pair
(see Table 2). This process was repeated numerous times – considering
the varying amplitude in randomTB error for the TBref simulation – until
the difference between the RMSEmatrix of the current iteration and the
mean RMSE matrix calculated from the previous iterations was lower
than a certain threshold. Hence, the final RMSE matrix illustrates a
mean RMSE distribution map, describing the general sensitivity of
the retrieval model, when 2 K N TB error N −2 K was considered. In
order to examine the performance of multi-parameter retrievals
from L-band data acquired at various incidence angles, the brightness
temperature and RMSE model results were further classified into five
angular groups of 0–10°, 10–20°, 20–30°, 30–40°, and 40–50°. Conse-
quently, each of these five angular bins contained a minimum of ten
TB measurements per polarization.

For validation of the results obtained from the simulated TB datasets,
the airborne L-band observations from the NAFE'05 experiment were
used. The airborne measurements were processed under the same
angular configurations as the synthetic TB. The inverse L-MEBmodel re-
trieval results for SM, VWC, HR, Tveg and Tsurf were then compared to the
NAFE'05 ground measurements and the possible angular preferences
assessed.

4. Retrieval sensitivity to incidence angle configuration

With respect to the four available NAFE'05 campaign days, simula-
tions were performed for all stages of soil moisture and vegetation
water conditions. However, only the two moisture extremes, the
very wet case with SM = 0.43 m3 m−3/VWC = 1.9 kg m−2, and the
dry case with SM = 0.14 m3 m−3/VWC = 0.7 kg m−2 are presented
here, since the analysis of the remaining dates showed overall similar
results.

4.1. Analysis of synthetic L-MEB simulated brightness temperatures

The iterative re-calculation of the mean RMSE between TBsim and
TBref yielded a mean RMSE distribution map for each two-parameter
scenario that was tested (Fig. 2). The sensitivity of the retrieval model
was assessed by initially focusing on the pattern of the RMSE evolution
within the studied parameter space (SM and one additional parameter
of VWC, HR, Tveg, or Tsurf), when all incidence angles and dual-
polarized TB were considered. Across all four scenarios the derived
RMSE contour lines indicated a single global minimum as depicted by
Fig. 2. This implied that the minimization algorithm, which is the core
process in the retrieval, will most likely approach the “true” solution
rather than a local minimum. Moreover, the outline of the illustrated
minimum can be used to interpret the precision of the retrieval within
the considered two-parameter space. For example, a long valley may
result in a large error due to random noise in the TB observations,
which hampers the system to reach a definite solution. In particular,
the retrieval scenarios SM–HR and SM–Tsurf demonstrated a long ellipti-
cal valley covering a wide range of HR- and Tsurf-values, respectively.
The dominantly vertical extent of the minimum denotes low retrieval
sensitivity to soil moisture and higher sensitivity to the parameter on
the x-axis, which is simultaneously derived with soil moisture. The
two remaining scenarios SM–Tveg and SM–VWC displayed better
definedmean RMSEminima outlined by amore circular shape. Notably,
the position and shape of the global minima shifted for all parameter
combinations under dry conditions, generally leading to high retrieval
sensitivity to soil moisture as well as to the additionally retrieved
parameter. Note, the mean TB RMSE maps represent the general sensi-
tivity of the retrieval model, and the effect of random TB uncertainty
(in our case the impact of 2 K error in TB) is indicated by the standard
deviation of the TB maps. We tested different options with TB errors
of ±4 K and found that the shape of the global minima varied slightly
but kept the general pattern of the mean TB pattern shown in Fig. 2.
Thus, we concluded that the mean TB RMSE distribution is likely to be
independent of the TB uncertainty that is chosen.

Subsequent separation of the mean dual-polarized TB RMSE pattern
into five angular groups of 10° bins each is shown in Fig. 3. In general,
better defined global minima of small circular extent were observed
for large incidence angles, independent of the tested parameter space.
Conversely, the mean TB RMSE pattern derived from an angular range
of 0–10° demonstrated dominantly vertically or diagonally elongated
minima. This behavior suggested a range of equi-possible parameter
combinations of SM and the respective ancillary parameter, making
it more difficult to find the correct solution. For dry conditions, the
sensitivity to soil moisture increased slightly with respect to the more
horizontally positioned minima in all angular cases and parameter
combination.

Comparison of the two-parameter retrieval results with NAFE'05
ground measurements indicated no clear preference for any of the
angular groups for both moisture states. All angular groups performed
well for the soil moisture modeling. Though in the case of dry condi-
tions, especially for the retrieval of the secondary parameter, there
was a slight tendency towards less accurate parameter estimates from
TB obtained at small tomid-range angles. This effect was rather distinct
in the case of the SM–Tveg retrieval scenario.

Further analysis (not shown in this paper) of the retrieval model
sensitivity, by separating the dual-polarized TB data into single-
polarization, yielded a notably stronger scattering behavior of the
retrieval results especially in the low- to mid-angular groups and for
dry conditions — being most prominent for the Tveg retrieval. This
implies that the vegetation structure and surface roughness effects on
TBH and TBV differ substantially in those angular ranges and that the
use of dual-polarization observations might smooth out the diverse
contribution under such conditions. In contrast, TBH and TBV are almost
equal when acquired at near-nadir views, so not much additional infor-
mation is to be expected from dual-polarized TB.

4.2. Analysis of NAFE'05 airborne brightness temperatures

In terms of validating the synthetic study results, an additional anal-
ysis was carried out using the passive microwave measurements
obtained during the NAFE'05 campaign. The data set was processed
according to the same angular settings chosen for the synthetic model
simulations, focusing on five angular groups of TB data. However, due
to the PLMR configuration with its six fixed beams and slight variations
in aircraft pitch across the sampling dates, not all angular groups were
represented on all sampling days. An overview of results from the
two-parameter retrievals per angular group, as compared with the
NAFE'05 ground measurements, is presented in Fig. 4.

Contrary to the synthetic findings, the parameters were not accu-
rately retrieved across all angular groups. Large deviations from the
NAFE'05 ground measurements were observed for soil moisture and
the simultaneously retrieved ancillary parameters. With the lower
moisture conditions there was a slight improvement for the retrieved
soil moisture in the SM–VWC and SM–Tveg scenarios, but the overall
multi-angular model performance was still poor. Thus, two additional
parameterizations were tested, which account differently for the non-
nadir viewing impacts on the optical depth, through the vegetation
structure parameters ttH and ttV (see Eq. (3)). The vegetation structure
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plays an important role, especially for the wheat canopy of the NAFE'05
test site, as it is predominantly vertically structured in amature state. As
opposed to the initial configuration “P1” of ttH = 1 and ttV = 8
(Wigneron et al., 2007), alternate configurations “P2” with ttH = 0.2
and ttV = 1.4, both computed from the same experimental dataset in
an earlier study (Peischl et al., 2012), and “P3” with ttH = 1 and
ttV = 1 (referring to an isotropic case with no dependence on polariza-
tion and incidence angle) were also tested. The P3 parameterization is
often used in the case of grass and pasture land cover types.

With respect to the mean TB RMSE pattern, similar results to P1 as
illustrated in Figs. 2 and 3were found, but withmostly elongated global
minima, suggesting less retrieval sensitivity for P2 and P3. However,
comparison of the P2 and P3 retrieved parameter estimates with the
NAFE'05 measurements demonstrated a significant improvement for
both the soil moisture as well as the secondary retrieved parameters.
The retrieved soil moisture valueswere overall within the range of stan-
dard deviation except for a few cases, predominantly from the 10–20°
angular group. Regarding the simultaneously retrieved ancillary param-
eter, satisfying results were observed for HR and Tsurf. In the case of the
vegetation water content (VWC) as well as the vegetation temperature
(Tveg), themodel estimates were rather scattered with no specific trend
for moist or dry conditions. In terms of an angular preference, results
agreed with the synthetic findings from the dual-polarized retrieval,
that there was no optimal result either when the soil was wet and the
VWC high or when the soil moisture and the vegetation water content
were low.

In summary out of the three model configurations studied, the
initially tested parameterization P1 yielded unsatisfying results in con-
trary to its good performance in the synthetic analysis. Better retrieval
estimates were obtained using the two alternate parameterizations,
which considered either a minor or no angular dependence of the
vegetation structure on the optical depth. Moreover, results from the
airborne data suggested that a simultaneous retrieval of SM and HR or
Tsurf was better posed than SM and either VWC or Tveg.

5. Cross-combination of multi-angular L-band data

Here thefive previously assigned angular groups of synthetic TBdata
were merged into different combinations – mainly considering groups
of opposite polarization – to investigate if particular combinations
would lead to improved retrieval accuracy as opposed to focusing on a
single-polarization and angular group. All tested cross-combinations
are listed in Table 3 and the retrieval results are summarized in Fig. 5.

Qualitatively all retrieval results from the cross-combinations
demonstrated mostly no or minor variations from the NAFE'05 ground
measurements for soilmoisture and its ancillary parameters. The partic-
ular angular groups which yielded peaks in the parameter estimations
all had one aspect in common: that simulated TB data from small to
mid-range angles (0–10° or 10–20°) was used for the retrieval. This
feature was specifically prominent in the SM–Tveg scenario for the
retrieval of Tveg, and a bit less pronounced for VWC or HR estimates. A
stepwise improvement of the modeled parameters was clearly related
to the use of TB data from larger incidence angles in combination with
the small angular TB data. Best results were obtained when the 0–10°
observations were combined with the angles N40°, partially confirming
the ground-based studies by Wigneron et al. (2004), who found that
best soil moisture estimates were derived at H-polarization when the
difference in angle was N30° for biangular measurements. Conversely,
when V-polarized TB data from small angles was combined with large
H-polarized TB data no significant improvement was observed.

The scattering behavior of the retrieval results regarding different
angular cross-combinations was especially dominant under dry condi-
tions (low soil moisture and vegetation water content). These effects
are likely to be caused by the increased contribution of soil emission
to the overall brightness temperature response. The reduced relative
vegetation contribution to the overall brightness temperature response
makes it more difficult to retrieve the desired vegetation properties.
Moreover, the sensitivity to the effective surface soil roughness might
change with moisture content since the soil emission originates from
deeper layers of the soil column under dry conditions.

6. Conclusion

A two-step analysis of multi-parameter retrievals was conducted to
investigate the sensitivity of the retrieval to the angular viewing config-
urations of an L-band radiometer. The analysis was based on synthetic
and airborne multi-angle brightness temperature data acquired over a
wheat canopy.

It was concluded from the angular synthetic data study that the
circular global minima with small extent required for high retrieval
sensitivitywas generally achievedwhendual-polarized brightness tem-
perature measurements from large incidence angles (40–50°) were
selected. The sensitivity of the retrieval model decreased when – in
addition to the usage of TB data from small incidence angles – dry
conditions in terms of low surface soil moisture and vegetation water
content were observed. These circumstances also hampered the simul-
taneous retrieval of the ancillary data leading to stronger scattering of
the model estimates across the tested angular groups. Combining mi-
crowave data acquired at different angles and polarization yielded the
most significant retrieval enhancements,where TBdata obtained jointly
at angles between 0 and 10° (H-polarized) and 40–50° (V-polarized)
were used.

The validation study confirmed the synthetic results in terms of a
preference for dual-polarized over single-polarized microwave data
for two-parameter retrievals. However, best retrieval results were
often derived when the characterization of the vegetation structure
parameters was adjusted from ttH = 1, ttV = 8 to ttH = 0.2, ttV = 1.4
(calibrated values for wheat) or even ttH = 1, ttV = 1 (implying little/
no angular/polarization dependency). However, these parameter values
also yielded more elongated global minima, suggesting lower retrieval
accuracy. Moreover, the airborne retrieval did not confirm the synthetic
findings based on the extent of the globalminima that retrievals at small
angles were generally less accurate than other angular groups.

Overall, both the synthetic and the airborne results showed that a
simultaneous retrieval of SM–VWC or SM–Tveg was less preferable to
SM–HR or SM–Tsurf retrievals, based on the highly variable results that
were obtained. Especially in the case of dry conditionswhen the relative
vegetation contribution to the composite TB signal is decreasing, it was
complicated to retrieve information about the canopy independent of
the vegetation structure parameterization we applied.
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