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Abstract—This paper investigated the sensitivity of passive
microwave L-band soil moisture (SM) retrieval from multiangle
airborne brightness temperature data obtained under morning
and afternoon conditions from the National Airborne Field
Experiment conducted in southeast Australia in 2006. Ground
measurements at a dryland focus farm including soil texture,
soil temperature, and vegetation water content were used as
ancillary data to drive the retrieval model. The derived SM was
then in turn evaluated with the ground-measured near-surface
SM patterns. The results of this paper show that the Soil Moisture
and Ocean Salinity target accuracy of 0.04 m3.m~3 for single-SM
retrievals is achievable irrespective of the 6 A.M. and 6 P.M. over-
pass acquisition times for moisture conditions <0.15 m3.m=3.
Additional tests on the use of the air temperature as proxy for
the vegetation temperature also showed no preference for the
acquisition time. The performance of multiparameter retrievals
of SM and an additional parameter proved to be satisfactory
for SM modeling—independent of the acquisition time—with
root-mean-square errors less than 0.06 m .m~3 for the focus
farm.

Index Terms— Acquisition time, L-band, multi-incidence angle,
passive microwave remote sensing, soil moisture (SM), soil
moisture and ocean salinity (SMOS).

I. INTRODUCTION

NE of the main motivations for earth observing satel-

lite missions is the enhancement of meteorological and
climatic model predictions. Among others, the global soil
moisture (SM) is considered as a significant input parameter
to enhance model forecasts of climate and weather evo-
lution. After decades of intensive research in near-surface
SM remote sensing, the application of passive microwave
observations has been proved to be most promising [1]-[4].
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Not only has the L-band (1.4 GHz) passive microwave satellite
launched in 2009 by the European Space Agency heralded
the first dedicated mission for global soil moisture and ocean
salinity (SMOS) mapping [5], [6], but also its novel design
provides a unique opportunity to utilize multiangle observa-
tions of the same area on the ground to derive the ancil-
lary information required in the SM retrieval more reliably.
Moreover, the SMOS mission has a two- to three-day revisit
cycle, designed around a polar sun-synchronous orbit with
a 6 A.M. local solar time ascending node and 6 P.M. descending
node, the emphasis being on the 6 A.M. overpass time for
SM retrieval [7].

The basis for SM measurement from SMOS is the
relationship between a measured brightness temperature (TB)
and the dielectric constant of the near-surface soil, which is in
turn related to its moisture content. With this SM relationship
being affected by a range of factors, including surface
roughness and vegetation cover (e.g., type, vegetation water
content (VWC), growth state, and litter presence), the SMOS
mission uses the multi-incidence angle observations to
derive some of the ancillary parameters (e.g., vegetation
optical depth and surface roughness) and hence facilitate
the retrieval algorithm. However, the emphasis to date has
been on the morning SMOS overpass, as the ideal conditions
for SM retrieval at L-band are generally assumed to be
around dawn when the Faraday rotation occurring in the
ionosphere is at its minimum [8], [9] and the top soil
column is in close thermal equilibrium with the overlying
canopy. The latter simplifies the model by assuming
an effective temperature that represents both the near-
surface soil and canopy temperature, implying that there is no
temperature gradient in the vegetation or soil profile. However,
the afternoon SMOS observations might also hold valuable
SM information, and indeed yield better SM retrievals in
places like Europe where the ascending SMOS data are often
corrupted due to radio frequency interference (RFI) [10], [11],
requiring filtering or in severe case even complete masking.
These findings were supported by the study presented by
Al-Yaari et al. [12], who compared the SMOS L3 SM products
from ascending and descending overpasses with reference
surface SM products derived from the AMSR-E satellite and
a land data assimilation product provided by the European
Centre for Medium Range Weather Forecasts. Further varying
patterns in the accuracy of retrieval products obtained from
active and passive microwave satellite sensors at different
acquisition times were also demonstrated by Lei er al. [13].
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II. RADIATIVE TRANSFER MODEL

The model used for simulating the grass canopy emis-
sion at L-band in this paper is one of the core algorithms
applied to SMOS data [7]. A detailed description of the
L-band Microwave Emission for the Biosphere (L-MEB)
model can be found in [14], so only the pertinent details
are given here. In brief, inversion of the model allows the
retrieval of near-surface SM and additional model parameters
by minimizing the root-mean-square error (RMSE) between
observed and simulated TBs using initial ancillary input and
SM assumptions.

In L-MEB, the individual contributions of the soil and
vegetation media and their interaction on the composite TB
are accounted for using a radiative transfer approach called
the tau—omega model [15], [16]

TB(P,0) = (1—w(P)) x (1 —y(P,0)) x (1 +y(P,0)
x rG(P, 0)) x TC+ (1 —rG(P, 0))
x y(P,0) x TG (1)

with P representing the polarization (H: horizontal and
V: vertical), 6 representing the incidence angle, and TG
and TC corresponding to the effective soil and vegetation
temperature [K], respectively. The reflectivity of nonsmooth
soil surfaces rGP, which is sensitive to the incidence angle
and polarization, can be quantified using a modification of
the Fresnel equation by including soil roughness parameters
HR and NR(P)

G(P,0) =r x G(P,0) x exp[—HR x cos(NR(P))]. (2)

The Fresnel reflectivity from a smooth, ideally flat sur-
face r x G(P, 0) can in turn be related to SM content
through a dielectric mixing model such as that developed by
Dobson et al. [17] or Mironov et al. [18]. The latter is used
in this paper. The model variables characterizing the canopy
are single scattering albedo w(P) and vegetation transmis-
sivity y (P); the latter, also known as vegetation attenuation,
is modeled as a function of the incidence angle and the optical
depth at nadir tNAD

y (P, 0)=exp[—tNAD x (sin 26 x tt(P)) + (cos 26)/ cos ]
3)

with the vegetation structure parameters tt(P) correcting the
optical depth for nonnadir views 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
uses the commonly assumed linear relationship between the
VWC and the nadir optical depth

tNAD = VWC x b(P) “)
where the empirical vegetation parameter b(P) is mainly

dependent on the sensor frequency, polarization, canopy type,
and plant structure [19].
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III. EXPERIMENTAL DATA SET

This paper is based on airborne measured L-band
TBs acquired during the National Airborne Field Experi-
ment (NAFE) in Australia, which is described extensively
in [20]. The NAFE campaign was conducted for a three-
week period in November 2006 in the central region of
the Murrumbidgee River catchment, NSW, Australia. The
primary instrument aboard the aircraft was the Polarimetric
L-band Multibeam Radiometer (PLMR), which operates at a
frequency of 1.413 GHz with a 24-MHz bandwidth. Dual-
polarized measurements are acquired through polarization
switching, with an accuracy of 3 and 2 K for V- and
H-polarizations, respectively [21]. The PLMR is a patch-
array antenna capable of scanning the surface depending on
pitch of the aircraft with three viewing angles (+7°, +21.5°,
and £38.5°) in forward and backward directions of the flight
axis, when used in along-track configuration.

The NAFE’06 multiangle flights were undertaken along
a 75-km-long transect line in the Yanco region of the
Murrumbidgee River catchment, with a triple repetition per
flight and spatial resolution of about 500 m (Fig. 1). For com-
parison with SMOS characteristics, the prelaunch of SMOS
flights was centered around both 6 A.M. and 6 P.M. local solar
times, coinciding with the ascending and descending SMOS
overpasses. A total of six flight days with three morning and
three afternoon flights were available for this study, which is
the first to utilize this multiangle aspect of the NAFE’06 data
set [20].

The airborne observations were supported by ground mea-
surements at three focus areas located along the flight transect.
These so-called focus farms were of approximately
1 km x 3 km in size, and chosen to be colocated with
the permanent OzNet monitoring stations [22]. The long-term
OzNet stations mainly provide time series of profile SM,
profile soil temperature, and rainfall observations. In addition,
monitoring at the focus farms was supplemented with
temporary NAFE stations, which provided profile SM and
soil temperature, as well as rainfall and thermal infrared (TIR)
data of either the soil surface in the case of bare soil or the
canopy layer in the case of vegetation cover. Supplementary
data were collected by assigned ground teams focusing on

the following:
1) near-surface SM measurements using the Hydraprobe

Data Acquisition System (HDAS) [23];

2) biomass characterization including VWC,
reflectance, and leaf area index (LAI);

3) surface roughness measurements across each individual

farm using a pin profiler.
The three focus farms that were covered by the transect

flight included two dry land farms (Y7, Y10) with pasture
as dominant land use and one irrigated farm (Y1) with
different types of crops such as wheat, barley, and maize.
This paper focused on data collected across farm Y7
(see Fig. 1), which demonstrated a natural variability in SM
from 0.03 to 0.12 m®>-m~3 in response to a few small rainfall
events throughout the campaign. Biomass samples obtained
across the dry land focus farms demonstrated rather low VWC
of ~0.08 kg-m~2, whereas for vegetation samples obtained at

surface
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Fig. 1. (Top) Location of the NAFE’06 focus farms Y1, Y7, and Y10 and

the OzNet monitoring network (green dots) within the Yanco study area.
(Bottom inset) Y7 focus farm which was covered by multiangle transect
flights (gray shade), location of the corresponding monitoring station Y7,
and distribution of the intensive SM sampling grid (black points).

TABLE I
DAILY VARIABLE L-MEB INPUT PARAMETERS FOR FARM Y7

Date SM (std) VWC Tsurf  Tdeep
[DD/MM/YYYY] [m’m™] [kg m?] K] [K]
01/11/2006 0.02 (0.02) 0.03 293 297
03/11/2006 0.12 (0.02) 0.17 306 297
08/11/2006 0.05 (0.02) 0.03 292 296
10/11/2006 0.04 (0.02) 0.03 309 303
15/11/2006 0.13 (0.04) 0.17 288 295
17/11/2006 0.10 (0.03) 0.10 304 300

the irrigated cropping site Y1, VWC of 0.3-1.8 kg-m~2 was
measured (Table I).

IV. MULTIANGLE SOIL MOISTURE RETRIEVAL

The multiangle retrieval was performed using the L-MEB
retrieval algorithm developed for processing SMOS data [24].
The parameterization of soil texture, soil profile tempera-
ture, and bulk density was based on the available ground
measurements taken at or nearby focus farm Y7 (Table II).
Supplementary information for the characterization of grass
cover and surface roughness in the model was sourced
from [25] and [26]. Table II presents the main model parame-
terization applied to all observation days. The design of the
focus farm and the spatial resolution of PLMR yielded a total
of five independent PLMR pixels colocated at the farm with
a size of approximately 500 m x 500 m each. Within each
of these pixels, all angular TB measurements from the triple
flight repetitions were gathered and applied to L-MEB so as
to facilitate the multiangle SM retrieval per pixel. A total of
four retrieval scenarios for each of the morning and afternoon
data sets were studied, which are as follows:

325 T T T T
3201 linear regression line: y = 0.95x + 12.36 -

3151 —
o 310 : // _
X .

o 305} E
= 300} B
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Fig. 2. Linear regression applied to ground-measured TIR and surface soil

temperature (7guf) from 1-cm-depth measurements considering three types
of vegetation cover.

1) 1P single-parameter retrieval of SM;

2) 2P retrieval of SM and VWC;

3) 2P retrieval of SM and surface roughness (SM—HR);
4) 2P retrieval of SM and vegetation temperature.

Regarding the afternoon retrieval, two different approaches
with respect to the vegetation temperature information, which
is essential to run the L-MEB model, were tested. First,
the vegetation temperature was set equal to the air temper-
ature, as per the morning overpasses, where it is commonly
assumed that the vegetation temperature is expected to be
close to the air temperature at dawn. Second, the afternoon
vegetation temperature was estimated from a linear regression
derived between surface soil temperature Tgur at 1-cm-depth
and TIR temperature measurements of the overlying canopy
(see Fig. 2). The relationship was determined for specific types
of vegetation as well as for a mixed vegetation cover. Note that
only the duration of the afternoon overpass between 4:30 and
7:00 P.M. local solar times was considered when establishing
the relationship. Both options, either using Tj;, or using the
TIR—Tys-derived vegetation temperature, were tested as input
to run the L-MEB model. Even though the difference between
the observed temperature T and the TIR—Tj,s-derived vege-
tation temperature for the afternoon overpass was up to 12 K
for different dates, the forward modeling yielded no signifi-
cant improvement (<0.03 K) when the TB predictions were
compared with the observed TB responses across various dates
and angular ranges measured. The authors would like to point
out that the SM and vegetation conditions captured during
the field campaign showed limited range across the test dates,
so the impact of higher moisture conditions with respect to
the afternoon vegetation temperature and the subsequent effect
on the SM retrieval algorithm could not be fully tested with
this data set. The AACES field campaigns, which covered the
whole Murrumbidgee catchment including the NAFE’06 test
sites, will offer a wider range of SM conditions for further
analysis [27].
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TABLE 11
FIXED L-MEB INPUT PARAMETERS FOR FARM Y7
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Fig. 3. Comparison of 1P-retrieved soil moisture values (SMret) across
the focus farm Y7 per PLMR pixel (green shades) with the farm-averaged
ground-measured HDAS (average SMground in gray shades) observations per
sampling day. AM: morning flight. PM: afternoon flight.

A. Spatial Soil Moisture Pattern at Farm Scale

The single-parameter retrieval of SM conditions for all
five PLMR pixels at focus farm Y7 are compared with the
ground-measured near-surface SM content in Fig. 3. Across
the five pixels, and hence within the entire focus farm, there
were only minor variations in SM observed per day with the
standard deviation of HDAS measurements ranging between
0.02 and 0.04 m>-m~3. Similar variations were achieved
across the five PLMR pixels from L-MEB retrievals. Direct
comparison with the averaged ground-measured SM per farm
and observation day demonstrated a good agreement with the
model predictions with RMSE values of <0.03 m3-m~3. The
model results captured the variabilities and the magnitudes of
SM across the test dates caused by two precedent rain events,
on November 2 with 5-mm rainfall and on November 13 with
10.4-mmrainfall.

By introducing a second unknown parameter and running a
2P retrieval model, the modeled SM yielded similar RMSE
values of less than 0.03 m>m™> when SM was derived
simultaneously with either VWC or vegetation temperature
(Table III). In the case of the SM-HR retrieval scenario,
the corresponding RMSE was on average 0.03 m>-m~3 with
a peak of 0.06 m>-m~3 for one test date.

B. Comparison of Acquisition Time

In order to study the effect of acquisition time on the
SM retrieval performance using TB data acquired at various
incidence angles, the model results for all retrieval scenarios
(single- and multiparameter retrievals) were classified into

Soil texture [%] Bulk density Roughness [-] Vegetation [-]
Sand Clay [gm?] HR Q NR(P) b o(V) o(H) tt(P)
39 25 1.3 0.5 0 0 0.15 0.05 0 1
TABLE III

RMSE OF THE RETRIEVAL RESULTS FOR SM COMPARED
WITH MEASUREMENTS AT FARM Y7

1P retrieval 2P retrieval
Date
[DD/MM/YYYY] SM SM-HR SM-VWC SM-Tveg
[m3m'3] [m3 m'3] [m3 m'3] [m3m'3]

01/11/2006 0.02 0.04 0.02 0.02
03/11/2006 0.02 0.02 0.01 0.02
08/11/2006 0.01 0.01 0.00 0.00
10/11/2006 0.00 0.05 0.01 0.00
15/11/2006 0.01 0.06 0.00 0.00
17/11/2006 0.03 0.02 0.02 0.03
RMSE max 0.03 0.06 0.02 0.03

RMSE average 0.01 0.03 0.01 0.01

02 Morning overpass 02 Evening overpass

— O 2P SM-VWC

"-’E O 2PSM-HR

E 015 LT 0.15 5

é 0.1 0.1 2

3 8 o

3 ﬁ ] f

] 0.05 0.05

o

=

0 0
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2

Measured soil moisture [m°m™] Measured soil moisture [m°m™]

Retrieval . .
RMSE AM [m*m®]  RMSE PM [m*m?]
scenario

1P SM 0.01 0.02
2P SM-VWC 0.01 0.02
2P SM-HR 0.04 0.03
2P SM-Tveg 0.01 0.02

Fig. 4. Comparison of retrieved soil moisture values across the focus farm
Y7 per PLMR pixel with the ground-measured HDAS information classified
into morning (6 A.M.) and afternoon (6 P.M.) observations.

morning and afternoon. Consequently, the model-retrieved
SM values were compared with the ground-measured near-
surface SM conditions across the field campaign and quantified
in terms of the RMSE (see Fig. 4).

Across the range of moisture conditions captured during
the NAFE’06 campaign, only minor variations were observed
between the model predictions and the in situ measurements.
In general, the difference was between 0.01 and 0.04 m3-m—3
for morning overpasses and 0.02 and 0.03 m’*-m™3 for
evening overpasses—all results being well within the desired
SMOS target accuracy. Comparison of the three morning
and three afternoon flights did not exhibit any significant
difference or preference in acquisition time for SM retrieval
modeling. Thus, providing rather low SM conditions, no degra-
dation of SM quality is expected when using the descending
overpass L-band data from SMOS. Moreover, there may even
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Fig. 5. Comparison of PRs between the vertical and horizontal TB observa-
tions measured during the course of the NAFE’06 field campaign. Overlain
is the HDAS SM information averaged from all samples taken across focus
farm Y7.

be an improved accuracy in places like Europe where descend-
ing SMOS data are less affected by RFI than are ascending
data [8], [9].

V. POLARIZATION INDEX ANALYSIS

Further analysis of the NAFE’06 data set focused on cal-
culation of the polarization ratio (PR) (difference between
the horizontal and the vertical brightness observations divided
by the sum). The index is a normalized quantity which
describes the decreasing deviation from horizontal and ver-
tical emissivities corresponding to the increase of LAI Since
the contribution of the vegetation layer to the emission
is unpolarized and tends to be rather independent of the
polarization, the PR is often used to gather information on
the vegetation canopy, its density, and evolution. Moreover,
the index demonstrates a strong dependence on SM content
and varies from approximately 0.04 to 0.22 within the range of
SM encountered.

The NAFE’ 06 TB data were classified into five assigned
angular groups and the individual PR per incidence angle
determined for each sampling day (Fig. 5). Generally, there
was a higher PR for incidence angles >30° than that for the
smaller incidence angles, resulting in two groups of PRs for
all six sampling days tested. As described in [28] for view
angles >30°, there is a distinct difference in PR for bare soils
due to TBH being significantly larger than TBV. With increas-
ing vegetation presence, the signal becomes progressively
depolarized, ultimately resulting in TBH ~ TBV for dense
vegetation. Consequently, with regard to the previous analysis
of the air temperature Ty, versus the TIR—Tg,-derived veg-
etation temperature as a proxy for model parameterization in
terms of the canopy and surface temperature in the afternoon,
the demonstrated PR behavior supports the earlier findings.
The noticeable contrast between the low and high angular
groups and the related PR implies a rather sparse vegetation
cover which in turn allows a strong emission from the soil
without major scattering effects due to overlaying vegetation.

Thus, the usage of the TIR—T,s-derived vegetation tempera-
ture might not be able to demonstrate its full potential for the
given surface conditions.

Visual inspection of all PRs against the observed SM cer-
tainly presented a trend with respect to the moisture conditions
across all angular groups tested. There was an overall increase
in the PR with an increase in SM, as expected due to the
higher polarization impacts on the soil emission with higher
water content. Moreover, the slope varied across the groups,
being higher for the large angular observations compared to
the small angular measurements.

VI. CONCLUSION

This paper studied the SM retrieval performance from
airborne L-band observations in Australia for different times
of data acquisition. The multiangle radiometer data were
available for three morning flights around 6 A.M. local solar
time and three afternoon flights around 6 P.M. local solar
time, closely matching the ascending and descending overpass
times of SMOS. For SM retrieval over this pastured study site,
the L-MEB model was parameterized using ground measure-
ments in combination with empirical variables sourced from
the literature. The results showed that providing a sparse
dryland vegetation cover and rather low SM conditions for
afternoon retrievals, the canopy and surface soil temperature
information might be used as for early morning measurements,
by assuming air temperature values for both. It was not
possible to check the effect of higher SM and dense vegetation
presence on this assumption.

The comparison of the SM retrieval performance under
morning and afternoon acquisition times yielded similar
results, with all being less than or equal to the SMOS target
accuracy of 0.04 m>-m~3 for the SMOS L2 SM product. These
findings were consistent throughout the numerous retrieval
scenarios that were tested in this paper, including single- as
well as multiparameter retrievals.
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