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Abstract—The capability of multi-angle observations of the Soil moistmek @cean Salinity
(SMOS) mission is expected to significantly improve the inversiosoil microwave emissions
for soil moisture by enabling the simultaneous retrieval ovdgetation optical depth and other
surface parameters. Consequently, this paper investigatesatiensiip between soil moisture
and brightness temperature at multiple incidence angles usingrar L-band data from the
National Airborne Field Experiment (NAFE) in Australia in 2005. dkward radio brightness
model was used to predict the passive microwave responsergjeaafaincidence angles, given
inputs of i) ground measured soil and vegetation properties and ijltdefadel parameters for
vegetation and roughness characterization. Simulations were mauks aarious dates and
locations with wheat cover and evaluated against the availalderraér observations. The
comparison showed a significant underestimation of the measured brightnessitierapdry the
model, when using the default parameterization. This discrepancygsebsy led to a soil
moisture retrieval error of up to 0.3mi°. The analysis found that i) the roughness vélueas
too low, which was then adjusted as a function of the soil moisturde W) the vegetation
structure parametett, andtt, were reduced by calibrating them from a single flight antihggs
them for different moisture conditions and locations. The simulatiar between the forward
model predictions and the airborne observations was improved from rmse=32&5KK) to

rmse=2.3 K (5.3 K) for wet and (dry) soil moisture conditions, respectively.

Index Terms-L-band Microwave Emission of the Biosphere (L-MEB), Nationalbaime
Field Experiment (NAFE), Microwave radiometry, Multi-angle,nitde Sensing, Soil Moisture

and Ocean Salinity (SMOS)
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3
1
2
2 44 I. INTRODUCTION
5
6 45 The potential of passive microwave systems to monitor surfadensmisture has been
7
g 46  extensively studied during the past decdd¢$7] and are considered as one of the most relevant
10

11 47  techniques. Microwave remote sensing is in particular suitaldeadi) its high sensitivity to the
13 48  dielectric properties of the soil-water medium, which can bettirezlated to the water content,
16 49 i) the reduced interference with the atmosphere and surfacaressy iii) the low attenuation
18 50 effects of the vegetation layer and iv) its all-weather céipatiVioreover, at low frequencies the
20 51 penetration depth within the soil column is significant compared to etheelengths. Hence,
23 52  especially the protected L-band (~1-2 GHz) with a penetratior agpypically ~5 cm and low
25 53  sensitivity to canopy and surface roughness is preferred fquitp@se of soil moisture remote
54 sensing. Consequently, the strong scientific demand for large sdmlad_observations of soil
30 55 moisture data, with a sufficient temporal resolution for application hydrological,
32 56 meteorological and agronomical disciplin@$, led to the first spaceborne mission specifically
57 dedicated to the monitoring of soil moisture.

37 58 The Soil Moisture and Ocean Salinity (SMOS) satellite imasched in November 2009 by
39 59 the European Space Agency (ESA) and designed to provide global méps sidrface soil
42 60 moisture fields with an accuracy better than 0.04nthfor the nominal case of bare or low
44 61 vegetated soils (non-nominal cases include mountainous and urban aeas,dr very dry
46 62 soils, ice and significant snow covered surfag@f)10]. Importantly, the satellite’s new antenna
49 63 concept utilizes a 2-dimensional interferometric L-band radiontetevercome the constraints
51 64 given by the proportional relation between the antenna diamaterthee resulting spatial
65 resolution and hence achieves the desired pixel size of less than. 3okeover one of the

56 66 innovative features of SMOS is its capability of multi-inciderangle observations, that are
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obtained by the along-track movement of the satellite and the corresgandisi-simultaneous
acquisition of a series of brightness temperatures for a raragggtefs over the same location on
earth. Previous studig¢$1]-[13] have shown that there are significant angular signaturéseon
measured radiometer signal associated with various land suefstceels and that in some cases
it is difficult to separate the contribution of the vegetation ftbenactual soil emission based on
single angle measurements. Thus, by understanding these anqeadelecies, it has been
suggested that model parameters such as vegetation attenuatisurfand roughness may be
simultaneously estimated, resulting in an enhanced and presumalglyaocooirate soil moisture
retrieval [14]. Due to the absence of comparable spaceborne observationsrmgdhednovel
SMOS configuration, retrieval algorithms such as L-MEB (L-bandl slicrowave Emission of
the Biospherd15]) have been primarily tested and developed using syntheticagiond[16]
and small scale field experiments (SMOSRBX], MELBEX [18] and EuroSTARR$19)),
with the modeling of incidence angle relationships based on only at saftte possible land
cover types. Consequently, the derived relationships and the model tioteydwetween land
surface variables and observed brightness temperature respons® teedetified at larger
spatial scales and extended for a wider range of land surface conditions.

The objective of this paper is to compare multi-angle L-band fdata airborne observations
with simulated brightness temperatures using the L-MEB malground truth data as input.
Subsequently, the performance of the forward model parameterizatievaiuated based on
different soil moisture conditions and locations and additional paraasdtens are tested, that

included i) modifications of the modeled roughness and vegetation structure ciratoie
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5

1

2

2 89 [l. EXPERIMENTAL DATA SET

5

6 90 The multi-incidence angle airborne data used in this paper weraetguiNovember 2005
7

g 91 during the National Airborne Field Experiment (NAFE'05) in south-eAsstralia. The
10

11 92 campaign was conducted over a period of four weeks including a corohirgtiairborne

13 93 observations and ground measurements. A complete description of thenexyppeand the data

16 94  collection strategy is provided [20], so only the pertinent details are summarized here.
17

18

19 95 A. Study Area

20

21 96 The field experiment concentrated on the northern part of the GouRwuen catchment (32°
97 S, 150° E) located in New South Wales, Australia. The 40 km x 40 km stgohn had been
26 98 subdivided into two main focus areas within the Merriwa River andi River catchment.
28 99 Across each of these two focus areas several smaller Isi been selected for intensive
31 100 airborne and ground operations at farm-scale. The multi-incidergyte #ights, which are the
33 101 emphasis of this study, covered only three out of a total of dmhis farms including
35 102  Midlothian, Merriwa Park and Cullingral (Fig. 1). The observed terisifairly flat, with soil

3g 103 types ranging from clay loams to sandy s{#lis]. The regional climate can be described as sub-
40 104 humid and temperate with an average annual rainfall of 700 mm areha maximum annual
105 temperature of 30°C in summer and 16°C in winter. During the campeigyd the focus farms
45 106  were dominated by grazing lands with native grass cover and crdapithgise (mainly wheat,

47 107 barley and lucerne).

50 108 B. Airborne multi-angle Data

53 109 The primary airborne instrument used in the NAFE'05 campaign eaBalarimetric L-band
55 110 Multi-beam Radiometer (PLMR), which operates at a frequendy4df3 GHz with a bandwidth

57 111 of 24 MHz. During the field experiment the L-band radiometer wpilly used to measure
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dual-polarized brightness temperatures in pushbroom mode at six viewgleg &t7°, £21.5°,
+37.5°). However, regarding the multi-angle data collection, PLMRm@mted on the aircraft
in an along-track configuration, resulting in three PLMR beams poiritngard and three
backward with respect to the flight direction of the aircrafin§zquently, as the aircraft moved
along its flight path, this setup provided a minimum of six quasi-samebus multi-incidence
angle observations of the same location on earth with a 17° (3rd8)r@ beamwidth. The
nominal flight altitude was about 750 m which corresponds to a spasalution of
approximately 250 m. In general, an area of 1.5 km x 6 km was cdweffedr to five parallel
South-North oriented flight lines at each of the three farms. Dualipetl multi-angle data were
acquired on four days (once a week) at Merriwa Park, and one dayfaa®lidlothian and
Cullingral, respectively. Additionally, specific dive flights (i.esuccessive steep
ascents/descents) were conducted immediately following the-amgjie flights over the focus
farms in order to provide observations with an even wider range of incidence angf€5)~3
Calibration of the PLMR instrument was carried out on a dailisbizefore and after the flight
using both the sky (cold calibration) and a blackbody box (warnbreéibn) as target.
Supplementary in-flight calibration checks were made throughtfliover a large water body
that was continuously monitored in terms of surface water tenyperahd salinity. A detailed
description of the complete calibration procedures can be foyg2@JinConsidering the range of
brightness temperature measurements over land during the campa®gB00 K), the PLMR
accuracy was estimated 0] to be higher than 0.7 K for H-polarization and 2 K for V-
polarization. The calibrated radiometer observations have furtbargrecessed to provide local
incidence angle and effective footprint size information taking actmunt ground topography,

aircraft position and attitude. Finally, the data were filtame@liminate large aircraft yaw and
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7
1
2
2 135 roll angles due to turbulences and wind forces. As a result, surefjeots in the external beams
5
6 136  were also reduced.
7
8
9 137 C. Ground Data
10
g 138 Extensive ground sampling activities were conducted coincident with dirborne
13

14 139 observations, focusing on an area of approximately 1.5 km x 3.0 km atagaclsee Fig. 1).
16 140 The measurements of near-surface soil moisture (0-5 cm) waate using the Hydraprobe Data
141  Acquisition System (HDAJ22]), which consists of a Hydraprobe soil moisture sensor, a Global
21 142 Positioning System (GPS) and a handheld pocket PC that has a gheodgnéormation System
23 143 (GIS) installed to provide a visual output of the sampling locationtlaadorresponding soil
144 moisture observation. The HDAS measurements were made overia spatpling grid with
28 145 varying spacing from 6.25 m to 2 km. The high-resolution sampling (®.2512.5 m) was
30 146 mainly concentrated on an area of 150 m x 150 m within the cropping fields awv&eaik and
33 147  Cullingral and within a large patch of native grass at Midlothidre surrounding areas were
35 148 sampled at coarser spatial scales. The Hydraprobe standandossiiire product was calibrated
37 149 against gravimetric soil samples from the field and laboratats and corrected for temperature
40 150 effects, resulting in an estimated accuracy of +0.038Hj22]. The gravimetric samples were
42 151 further analyzed in terms of soil texture and soil propertiebléTd). Supplementary data
152 including land use, surface roughness, rock cover fraction, rocketatare, dew amount,
47 153 vegetation biomass and vegetation water content were also recorglechdtrm site. Climate
49 154 data  were available  through an existing in-situ monitoring nétwor
155  (www.eng.newcastle.edu.au/sasmas/SASMAS/sasmas.htm) camjldomg-term soil moisture
54 156 (0-5 cm, 0-30 cm, 30-60 cm and 60-90 cm), soil temperature (0-5 crd-3@am) and rainfall

56 157 data. During the campaign a few stations were temporarily adpdr with additional
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instrumentation including thermal infrared sensors (TIR), suréadletemperature profiles (1
cm, 2.5 cm and 4 cm) and leaf wetness sensors to determine thecpreselew. Midlothian,
Merriwa Park and Cullingral were each equipped with one permaa@htone temporary
monitoring station. The latter was always located within the -hegblution soil moisture
sampling area of the focus farm.

This paper focuses on the use of multi-incidence angle airbornevatises and ground data
collected across the cropping fields at Merriwa Park and CudlinBoth sites were covered by
mature wheat, whereas Midlothian was predominantly charactdnzedtive grass and lucerne.
Consequently, data collected across the Midlothian site was not aeksidehis study. Table |
summarizes the main features of the Merriwa Park and Cullistydy sites showing an overall
dynamic soil moisture range of about 0.05-0.5%nmfor Merriwa Park over the entire period.
Moist soil conditions were generally observed at the starthef dampaign in response to
significant rainfall in the area, while towards the end of tblel fexperiment the topsoil showed
substantial drying effects. Cullingral was only covered oncéd witlti-angle flights and
corresponding in-situ soil moisture measurements during the campéig spatial soil moisture

distribution across Cullingral ranged from 0.05-0.2%n1 on the observation day.

[ll. RADIATIVE TRANSFER MODEL

The radiative transfer model used in this study is the L-bardoMiave Emission of the
Biosphere (L-MEB) mode[15], which is the core element of the operational soil moisture

retrieval algorithm developed for SMQ33]. A detailed description of the model structure and

parameterization is presented[i®], so the following discussion concentrates only on the basic

principles of L-MEB.

The presence of vegetation and the resulting interaction with thewtace emission are
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described in terms of a simplified (zero-order) solution of theat@i transfer approach, also
known as the tau-omega model. This algorithm assumes that the infafeheevegetation layer
on thep-polarized soil reflectivity rgp) is accounted for by vegetation attenuatior)(and

scattering effects () and results in a composite brightness temperaliBg @s follows:

TB @ )0 o)A o)l @ Top) olo (1)

whereTg and Tc correspond to the effective soil and vegetation temperature [Klectgely.
The reflectivity of the underlying soil surfaces§) is a function of the wave polarization, the
observation frequency and the incidence angle, and can be quantifieshfemooth surfaces by
calculating the smooth surface Fresnel reflectivigg) and adjusting it through the use of a set

of soil roughness parameters (kg.andNy):

lp Tep* €XP Hocos()'™ . (2)

Note, thatN,, is introduced to parameterize the angular dependence of tlaeesudughness.

The attenuation effect caused by the canopy, also refer@ittansmissivity, is expressed as a

function of the vegetation optical depth)(and the incidence angle)(

exp p/cos() . 3)

p

The optical depth in turn can be computed as a linear function of thtatregevater content

(VWQ and the empirical parametbp, which is mainly dependent on the sensor frequency,
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polarization, canopy type and plant structi24:

VWC b, . (4)

nad

Since (4) is strictly valid for nadir observations=0°), two additional specific vegetation
structure parametets, tt, (h andv denoting horizontal and vertical polarization) are introduced
that account for the angular effect on the optical depth and henctheorvegetation

transmissivity:

» naa(SiN®() tt, cos’( ). (5)

Considering a value dfp>1 orttp<l results either in an increasing or decreasing trend of the
optical depth, respectively, as a function of the incidence anbk particular case df,=tt,=1
corresponds to the isotropic state, where the optical depth of thengtaadiopy is assumed to

be independent of both polarization and incidence angle.

V. MODELING APPROACH AND PARAMETERIZATION

The L-MEB forward model was used to generate dual-polarized brighteegeratures at a
range of incidence angles and moisture conditions by implemehengAFE’05 data described
in Section Il. The model set up was based on two types of input paramigtdefault model
parameters as a function of the land cover class and ii) groundnfatmation collected at the
focus farms. The available ground data for the two focus farmsivideRark and Cullingral

included soil moisture, soil texture, bulk density, soil profile temipee, vegetation water
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content and vegetation temperature data. The input soil moisturealeatated by averaging all
high-resolution, near-surface ground measurements falling withisatine PLMR footprint for
each observation day. The total number of HDAS measurements waallgelnetween ~250-
300 points per observation day and radiometer footprint. Further model inpudadch special
set of parameters for surface roughness and vegetation telniaiegton, i.e. variablellr andNgp
for the soil layer andtp, , andbp for the wheat canopy. These values were sourced from the
study by[15], in which the parameters had been calibrated from the PORBG&periment
over wheat at the Avignon test site in Frafig8]. This parameterization proposed (] is
hereafter referred to as the ‘default’ parameter set. Udiagground data and the default
parameterization, brightness temperature estimates werelatatt for both H- and V-
polarization and incidence angles ranging from 0-50°. The forwardlaiions were done for all
available dates at Merriwa Park and Cullingral with thMEB results compared against the
actual airborne multi-incidence angle observations of the correspaaynand test site. Further
to the default model simulations described above, two additional p&raseis were tested
based on modifications of the initial model parameterization (Tiblén the second forward
model approach the default parameterization was changed indearsngle model parameter;
the soil roughness valugr given in[15] was replaced by a soil moisture dependent roughness
value proposed bf26] for the same study site. The basis for using a soil rougivaéss as a
function of soil moisture is due to a phenomenon known as “dielectric rosgjhnehich
contributes to volume scattering of the signal coming from deedagers, and is assumed to
be caused by a variation of dielectric properties within thesdimn due to a non-uniform
distribution of the water particles at micro-scgf¥],[28]. Thus, in addition to the spatial

variations in the surface height (“geometric roughness”), it has Ipestulated that the
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“dielectric roughness” should also be accounted for in terms offectiee Hg parameter. The
study by [26] was based on high-resolution (62.5 m), single-angle PLMR data the
NAFE’05 experiment and suggested that the defagltvalue in L-MEB was too low for
vegetation with dominant vertical structure such as wheat and bislidés .that[29] also had to
increase thédg parameter for their studies when they used airborne L-banddatdhe same
test site but acquired by the EMIRAD radiometer, suggestingthieahigher roughness values
were not related to an instrument-specific bias of the PLMRuiment itself. Moreover|26]
found that the on-site calibratddr value demonstrated a notable temporal variation which
correlated with the observed moisture conditions during the field exgeti These results were
consistent with those published 0] over bare soil at the SMOSREX test site. Hej26]
developed a simple linear relationship betwd#fn and the soil moisture content for the
NAFE'0O5 test sites, which estimated lowetg values with increasing moisture content.
Considering these results, the second parameterization had beemskide a roughness value
specifically calculated for each observation date depending orothesponding soil moisture
information of that day. Note that since this linear functionoi$ type-specific, the defined
relationship between roughness effects and soil moisture igedifféor Merriwa Park and
Cullingral, where the soil texture changes from silty clagn to silty loam, respectively (see
Table I).

The third parameter set included two modifications compared to thaulddi-MEB
parameterization: iHgr calculated as a function of the actual soil moisture contenin(#se
second model approach) and ii) calibrated vegetation structure earigbéndtt, using the
available multi-incidence data for one of the four observation dayse Maggtation parameters

were estimated through an optimization routine which had been appli@dingle flight day
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13

1

2

2 272 over Merriwa Park (9 November 2005). The calibrated valuedtfoand tt, corresponded,

5

6 273 respectively, to a decread#, (<1) and increaset( >1) of the optical depth with the incidence
-

8 274 angle at each polarization, which was expected due to the dominanilyal structure of the

9

ig 275 wheat canopy. This parameterization was then applied to all melgapbservation days at
12

13 276 Merriwa Park to assess its performance. Subsequently, theatatibmodel variables were
15 277  further tested on airborne data from Cullingral in order to stoely robustness and to verify the
18 278 parameterization derived from the Merriwa Park study site.aBsemption that the remaining
20 279 vegetation values as proposed [dyp] for i) the vegetation parametér and ii) the single
22 280 scattering albedo were representative was justified based on: i) a site-spemafibration
o5 281 across the available observation dates that showed no significattover fromb=0.08 and

27 282 =0 and ii) the fact that the parameterization resulted fromxsmnsive literature review 4¢5].
283  Further analysis of the three parameterizations included thesioneof the L-MEB model to
32 284 solve an optimization problem for the retrieval of soil moistureemgia priori ground truth
34 285 information. The algorithm was based on a minimized cost functiorcéhailated the quadratic

286 difference between the measured and simulated brightness temperatures.

40 287 V. RESULTS ANDDISCUSSION

43 288 The comparison of the L-MEB predicted brightness temperature respotisthe airborne
45 289 multi-angle observations from Merriwa Park and Cullingral fordenoce angles ranging from O-
47 290 50° showed significant discrepancies depending on the model paresai@dn chosen (Fig. 2).
50 291 Using the default L-MEB parameterization, the forward model starsily underestimated the
52 292 multi-angle observations at H-polarization, whereas at V-pol@aizafespecially for large
293 incidence angles and wet soil conditions) the simulated brighteegsetatures were much

57 294 higher than those observed. Furthermore, the exhibited angular trerids dtial-polarized
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observations were only partially captured by the simulation sedtdéince, differences of up to
~40 K in brightness temperatures were observed, particuladynwtihe range of low angles.
While this difference decreased for the vertical polariaerve with larger incidence angles, the
simulated horizontal brightness temperatures were always lbnaerthe measured data. Note,
that for wet conditions at Merriwa Park during the first twoeobation days, the simulated
horizontally polarized curve is relatively flat due to the higlgetation water content and the
corresponding large value for the optical depth. The explanation bilnsrtdend is that both the
attenuation of the soil emission and the emission by the wheapygatself increased, causing
the effective composite brightness temperature of both media tdober ¢do the effective
temperature of the vegetation. So with larger incidence anpkesittenuation of the vegetation
increased with respect to the 1/cgsfelationship as shown in equation (3). Setting a default
value of 1 fortt, further assumes that there are no significant angular depersleccoss the
observed wheat canopy at H-polarization. The comparison of the pdediote observed
brightness temperatures across the four observation days avdIBark produced a root mean
square error (rmse) ranging from 38 K to 26 K for wet and dnglitions, respectively (Fig. 3),
when using the default parameters.

The overall model performance was improved by introducing thensoisture dependent
roughness valukl, (second model parameterization) from the site-specifibredion presented
by [26]. Consequently, an upward translation of the modelled brightnessregnrpecurves was
achieved resulting in a closer agreement with the actual waisers. The corresponding root
mean square errors ranged between 9.6 K (wet) to 2.9 K (dry), andthusresignificantly
reduced compared to the default model parameterization output. Howev@mtiated angular

behaviour was still unable to capture the observed brightness téunpdérand exhibited at large
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15
1
2
2 318 angles (> 25°), which was especially dominant for moist conditibMeariwa Park at the start
5 .
6 319 of the campaign. Moreover, for relatively low moisture content§.{<n?m?) the curve shift
-
8 320 forced by the moisture adjusted roughness value towards higher breggteénmgseratures was too
9
ig 321 strong. Hence, the predicted emissions tended to overestimate igiwndss temperature
12

13 322 measurements especially for dry conditions. A site-specifiorasibn ofH, based on the multi-
15 323 angle observations available for Merriwa Park (not shown inpg®r) confirmed a non-linear
18 324 relationship between soil moisture and surface roughness. Spégifieal calibration showed i)
20 325 a positive correlation between surface roughness and soil mdstuhey conditions resulting in
22 326 smallH, values for dry soil, and ii) a negative trend for soil moistieies of ~0.20 Am™ or

o5 327 higher by decreasing the roughness effect with increasoigtune content. These findings also
27 328 agreed with the results published[B{] who investigated the impact of soil moisture on surface
329 roughness using single-angle NAFE'05 data. In that study theeate of the roughness effect
32 330 for low soil moisture was associated with a reduced dieleb&gterogeneity at micro-scale
34 331 during the drying process of the clay loam soils that dominatsttigy area. That is, the micro-
332 scale variability and thus the dielectric roughness would peakteximediate soil moisture
39 333 content and decrease in very wet or very dry conditions. Hence, apply®duced roughness
41 334 parameter from a non-linear function for dry conditions would ultimateduce better results
44 335 when comparing the forward simulations and the airborne measurembatgurrent SMOS
46 336 Level 2 soil moisture retrieval algorithrfd3] include the sensitivity of surface roughness on soil
48 337  moisture in terms of a simple linear function such as that applifus study. The roughness
51 338 estimation, however, is confined by the field capacity as an uppieiahd a transition moisture
53 339 point as the lower limit, with both parameters being a functiorhefsbil texture (sand/clay

340 content). Above and below these two points the roughness value is antpastl the minimum
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H, value is expressed ByMIN=(2k )?[32], with k being the wave number andlefined as the
surface root mean square height. Note, that i) the correspondingiumnand maximunH;,
values are dependent on the actual land cover type observed and miatimaum HMAX
parameter is retrieved from the individual SMOS scene.

The L-MEB parameterization of the third model included i) thestooé dependent roughness
factorH, tested in the second model approach and ii) specifically atdithvegetation structure
parametersty, andtt, that account for the angular dependency of the vegetation attenddieon.
corresponding forward model results showed the overall best agreemle the airborne data
(rmse=2.5-5.3 K) and the trend of the predicted dual-polarization ceamsred that of the
measured data for both moist and dry soil moisture conditions. Compar#te tdefault
parameterization and the hig value of 8 obtained for the vertically dominated wheat canopy
[15], the vegetation structure parameters calibrated and testiisistudy were significantly
lower and closer to unity (~1). Though it should be noted, that an individiaktian of thettp
parameters for each single day suggested a valtte ©f3 in one case, but overall only minor
variations across the different dates were observed. Consequentlgalithrated vegetation
structure parameters from thd' @f November 2005 were validated on different moisture
conditions and locations (Cullingral), confirming the good results olstaiseng this particular
parameterization. Further analysis showed that using the individestilpatedtt values for
each observation day, instead of the values calibrated from tloe&hiber 2005, improved the
model rmse performance by 0.1 K at most. Moreover, the results deatedsthat the
adjustment of both angular correction parameters had a more sighifigpact on the predicted
brightness temperatures, when the ground measured vegetation ergtnt avas high (>1.9

kg/m?) and thus, the attenuation effects of the canopy and its own commitiatthe composite
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1
2
2 364 brightness temperature increased as well. Consequently, both stpetaneeters play a major
5
6 365 role especially for large incidence angles (> 30°) wheeepath length of the emitted energy
-
8 366 through the vegetation layer is longer.
9
ig 367 The soil moisture retrieval based on an iterative least-sqaégedthm resulted in a range of
12

13 368 soil moisture values depending on the model parameterizations choged)(FThe default
15 369 parameterization generally produced too low soil moisture valuesawnaximum difference of
18 370 ~0.3 mm>, if compared against the measured soil moisture. The overall dsedt with the
20 371 retrieved soil moisture being close0(04 nim™®) to the observed moisture conditions was
22 372 achieved using the optimized set of parameters, which included ihmaisture dependent

o5 373 roughness valul, and the calibrated vegetation structure vattge&hird model approach).

28 374 VI. CONCLUSION

31 375 This paper has presented simulations of brightness temperataresnge of incidence angles
33 376 and the subsequent comparison with multi-incidence angle airborne atimes\wover two wheat
36 377 canopy test sites in eastern Australia. The forward modell insthis research was the L-band
38 378 Microwave Emission of the Biosphere (L-MEB) model which is onéhefdore elements of the
40 379 SMOS soil moisture retrieval algorithm. Apart from the default model pdesination proposed
43 380 by [15], two additional parameterizations were studied, including modditstof the surface
45 381 roughness and vegetation structure characterization. The performfatioe individual model
47 382 approach was not only assessed based on changing moisture conditicaisp at different
50 383 locations in order to test its robustness. The agreement gbréticted and the measured
52 384 brightness temperature data from different the forward model p#eamations varied
385 significantly; with the observed discrepancy being much largewet conditions than for dry

57 386 soil moisture values. However, compared to the results using fdndtdeodel parameterization,
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a stepwise improvement was achieved by firstly introducingl arsnsture dependent roughness
factor and secondly by optimizing the vegetation structure pesm Consequently, the dual-
polarized brightness temperature predictions were improved by mingrihe rmse from 38.1
K to 2.3 K for wet soil conditions (~0.45°m™) and from 26.5 K to 5.3 K for dry soils (~0.13
m’m>).

This study proves that neglecting the sensitivity of the sur@eghness parametkly on soil
moisture leads to a significant underestimation of the soil stomisat L-band, which would
consequently affect the overall soil moisture retrieval accuaasthermore, it was shown that
the transmissivity of a dominantly vertical canopy structur@ the angular dependency of the
optical depth should not be neglected for vegetation water contents ofkgt@and wet soil
conditions (> 0.4 im™), otherwise the error introduced into the retrieved soil moigitoeuct
for the given data set could be up to 0.3m. Though it should be noted that considering the
spatial resolution of SMOS observations and a footprint size of appatedy ~42 km, which
captures a mixture of land cover types, the angular effeckab/ Ito be minor for SMOS
products. However, this issue needs to be investigated in future research to nddeesiiapact
of the angular vegetation structure effects on the soil moisttnieval at satellite scale. Based
on the demonstrated results, the effect of dominantly verticallgtated canopies should be
assessed by comparing the single-angle and multi-angle satumeiretrieval performance

using both passive microwave data from airborne observations and SMOS.
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TABLES

TABLE [. Characteristics of selected NAFE'05 focus farmghwmulti-incidence angle

observations

TABLE Il: Parameterization of the three forward models studied

FIGURES

Fig. 1. Locations of NAFE'05 Focus farms, multi-angle flighek, soil moisture measurements

and monitoring stations in the Goulburn River catchment, New South Wales, Australia.

Fig. 2. Dual-polarized brightness temperature estimates plogi@dsa incidence angle and
compared to multi-angle PLMR observations over wheat canopy aeaftabiMerriwa Park and
Cullingral. The forward simulations were based on three differeodlel parameterization
(default, Hr-cal, optimized) as given in Table Il. Note, that dhly data from 9 Nov 2005 at
Merriwa Park were used for model calibration (optimized modeljereas the remaining
datasets were used for validation purpose.

Fig. 3. Scatterplot of the L-MEB model simulations in comparis@h wdependent ground
data from Merriwa Park at different observation dates usinglefeeult model parameterization
(dots)[15], the site-specific roughness parameterization (cro§2éknnd the optimized model

parameterization (circles). The root mean square errors [K] are givafi model approaches.

Fig. 4. Scatterplot showing the retrieved against the measuredngsisiture values at the
Merriwa Park focus farm for the four available observation days.irilese application of the

L-MEB model was made for all three model parameterizations discussediomS¥c
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TABLE |
CHARACTERISTICS OF SELECTEINAFE’05 FOCUS FARMS WITH MULTHNCIDENCE ANGLE OBSERVATIONS
SoiL SAND CLAY VEGETATION SoIL MOISTURE!
SITE OBSEDFQQT IONS LAND COVER TOPOGRAPHY TYPE CONTENT  CONTENT ~ WATER CONTENT MIN -MAX
[%] [%] MIN-MAX [kg/m?] [m¥m?]
. Native grass + .
Mgg'r‘i’("a 4 agriculture Scf:”lﬂy s:g;r:?y 21 30 0.70 - 3.00 0.10 - 0.50
(wheat) ping
Native grass +
Cullingral 1 agriculture Flat Silty loam 36 26 0.14 - 0.47 0.03-0.09
(wheat/barley)
“across area with wheat cover
TABLE Il
PARAMETERIZATION OF THE THREE FORWARD MODELS STUDIED
MODEL ROUGHNESS VEGETATION COMMENT
H: Nih Ny | tt tt h v
Default 0.1 0 0 1 8 0 0  Parameterization proposgd bl
Hr-cal 1.5-1.6SM* 0 0 1 8 0 0  Soil moisture dependeht. componenf26]
1.6-1.0SM™*
Optimized  1.5-1.6SM* 0 0 02 14 0 0  Soil moisture dependeht [26] and optimized vegetation structure values
1.6-1.0SM™* calibrated from multi-incidence angle data from klea Park 09/11/2005

2SM: Soil Moisture, *Roughness function for Merriwa Park; **Roughnessction for Cullingra
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