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Soil moisture retrievals at L-band using a two-parameter inversion approach 1 

(CoSMOS/NAFE’05)  2 

Saleh K., Kerr Y., Richaume P., Escorihuela M., Panciera R., Delwart S., Boulet., G., Maisongrande P., 3 

Walker J.P., Wursteisen, P., and Wigneron J.P. 4 

Abstract 5 

COSMOS (Campaign for validating the Operation of Soil Moisture and Ocean Salinity), and NAFE (National 6 

Airborne Field Experiment) were two airborne campaigns held in the Goulburn River Catchment (Australia) at the 7 

end of 2005.  These airborne measurements are being used as benchmark data sets for validating the SMOS (Soil 8 

Moisture and Ocean Salinity) ground segment processor over prairies and crops. This paper presents results of soil 9 

moisture inversions and brightness temperature simulations at different resolutions from dual-polarisation and multi-10 

angular L-band (1.4 GHz) measurements obtained from two independent radiometers. The aim of the paper is to 11 

provide a method that could overcome the limitations of unknown surface roughness for soil moisture retrievals from 12 

L-band data. For that purpose, a two-step approach is proposed for areas with low to moderate vegetation. Firstly, a 13 

two-parameter inversion of surface roughness and optical depth is used to obtain a roughness correction dependent 14 

on land use only. This step is conducted over small areas with known soil moisture. Such roughness correction is 15 

then used in the second step, where soil moisture and optical depth are retrieved over larger areas including mixed 16 

pixels. This approach produces soil moisture retrievals with root mean square errors between 0.034 m3m-3 and 0.054 17 

m3m-3 over crops, prairies, and mixtures of these two land uses at different resolutions.  18 

 19 

Index Terms—SMOS, soil moisture, L-band, radiometry, soil roughness, COSMOS, NAFE 20 

I. INTRODUCTION 21 

The European Space Agency will launch the SMOS (Soil Moisture and Ocean Salinity) satellite during the summer 22 

of 2009. The generation of land products from SMOS brightness temperature (TB) measurements relies on the 23 

inversion of the microwave forward model L-MEB (L-band  Microwave model of the Biosphere; Wigneron et al., 24 

2007; Kerr et al., 2006). The L-MEB model assembles a set of equations describing the emission and scattering of 25 

the surface, vegetation and atmosphere at L-band (1.4 GHz). The optimisation of L-MEB for different surfaces has 26 

been addressed by numerous studies over the last twenty years, most of them based on the analysis of ground-based 27 

L-band data. This paper is part of the COSMOS ESA study (Saleh et al., 2007a), designed to test L-MEB over crops 28 
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and prairies using airborne L-band data from the COSMOS/NAFE campaign (Panciera et al., 2008). While the main 29 

focus of the COSMOS study is to address open issues regarding the microwave modelling of land surfaces, dedicated 30 

campaigns are planned with specific focus on the validation of land products (Delwart et al., 2008). A key aspect 31 

concerns modelling of the soil emission, as the relationship between the soil emissivity and the surface soil moisture 32 

(SM) at L-band is influenced by the dielectric profile at and near the surface as well as by the effective temperature. 33 

As a consequence, a site-specific characterisation of the soil emission, which is usually represented by the roughness 34 

parameters HR (Choudhury et al., 1979), and NR,p (Wang et al., 1983), is often conducted in soil moisture retrieval 35 

studies. These parameters are used to express the ratio between the reflectivity of a rough and a smooth surface 36 

through the exponential term exp(-HR • cosNR,p(θ)), with NR,p being dependent on the measured polarisation. The main 37 

concern regarding roughness is its effect on soil moisture retrievals. If roughness is underestimated in the model so 38 

will be the surface emissivity, and the retrieved soil moisture will be underestimated as a result. 39 

While several studies have addressed the generalisation of HR as a function of the measured surface roughness (Mo & 40 

Schmuggee, 1987; Wigneron et al., 2001) a global roughness correction is not available, and alternative methods 41 

need to be developed should roughness also play a role at satellite low-resolution scales (40 km). This is of great 42 

importance as rather high microwave roughness  (HR>0.3) was measured in experimental plots observed by ground 43 

radiometers at L-band (Escorihuela et al., 2007; Saleh et al., 2007b; Wigneron et al., 2007). These values are 44 

comparable to estimates from satellite data at higher microwave frequencies  (Pellarin et al., 2006), more sensitive to 45 

surface roughness. Therefore, L-band roughness could play an important role in soil moisture retrievals from 46 

satellite, and currently it is unclear whether its effect will be reduced by the lower spatial resolution and lower 47 

radiometric sensitivity of satellite radiometers compared to ground radiometers.   48 

A study on the validation of the L-MEB model from high-resolution airborne data of the COSMOS/NAFE campaign 49 

was recently completed by Panciera et al. (2009). The study suggested that while the vegetation parameters available 50 

in the literature are generally well suited to simulate the vegetation optical depth (τNAD), knowledge of soil roughness 51 

is essential. The authors estimated HR to be dependent of soil moisture, with HR ~1 for clay soils and soil moisture 52 

0.2 m3m-3. In order to determine soil roughness, the authors conducted site-specific retrievals of HR requiring 53 

measurements of the soil moisture and vegetation water content.  54 

In this paper we propose an alternative method to retrieve soil moisture in areas of unknown roughness and unknown 55 

vegetation water content with a view on operational applications. The method is based on a two-step two-parameter 56 

(2-P) inversion of the L-MEB model. First, HR and the microwave optical depth at nadir are retrieved in small and 57 
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homogeneous areas of known soil moisture, and a roughness correction dependent on land use only is obtained 58 

(either for crops or for prairies). This roughness correction is then applied to 2-P retrievals of soil moisture and 59 

optical depth beyond the calibration area, and it is shown to be valid at different footprint resolutions including 60 

mixtures of land use across the whole soil moisture range. The two-step inversion method was previously applied to 61 

ground-based L-band measurements in a natural grass plot (Saleh et al., 2007b), where the 2-P inversion of τNAD and 62 

HR provided the best approach to retrieve soil moisture in a surface with organic debris.  However, the approach had 63 

not been tested before using L-band measurements acquired at different resolutions and over different surfaces. To 64 

simulate the brightness temperatures of the surface, the study uses the SMOS ground processor breadboards. The 65 

SMOS breadboards are a set of routines using the same microwave model and parameterisations included in the 66 

SMOS Level 2 processor (Kerr et al, 2006), as well as the same rationale concerning the aggregation of simulated 67 

brightness temperatures over mixed pixels. 68 

This paper starts with a description of the experimental area and data sets, followed by the methodology involved in 69 

processing airborne passive microwave measurements. The parameter retrieval method is described afterwards, 70 

followed by the discussion of soil moisture retrievals over crops, grass, and mixed land uses at different resolutions. 71 

II. DATA SET 72 

A. The Goulburn River catchment 73 

The area of study is within the Goulburn river catchment (31.77 S to 32.85 S, 149.67 E to 150.60 E) in New South 74 

Wales (Australia). This is a semi-arid region of approximately 6540 km2, with a central plateau dedicated to crop 75 

growth and grazing. The climate of the catchment is sub-humid to temperate, with annual rainfall of approximately 76 

700 mm in 2005 (Rüdiger et al., 2007).  The experimental area during COSMOS/NAFE covered four focus farms in 77 

the Krui river sub-catchment, on the northwest side (562 km2), and four in the Merriwa river sub-catchment, on the 78 

northeast side (651 km2). A location map is provided in Figure 1a, while Table 1 summarises the characteristics of 79 

each focus farm used for this study in terms of soil type and vegetation. Radiometer calibration tests during 80 

COSMOS/NAFE took place at the Glenbawn Lake (Figure 1), east of the Goulburn River catchment, and also at the 81 

Alexandrina Lake near Adelaide (35°25′S 139°07′E) for COSMOS flights. 82 

[Table 1 about here] 83 
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B. Airborne measurements 84 

1) EMIRAD 85 

COSMOS flights used the EMIRAD fully polarimetric radiometer (Rotbøll et al., 2003) onboard an Aero 86 

Commander 500S Shrike aircraft. Onboard instrumentation also included an inertial navigation unit combined with a 87 

GPS receiver for aircraft attitude and position recording. Two Potter horn antennas were installed along-track (AT), 88 

one facing nadir (37.6 degrees half-power beam-width), the other at an angle of 40 deg towards the rear of the 89 

aircraft (30.6 degrees half-power beam-width). Microwave data were produced at 8 ms integration time. Baseline 90 

calibration was performed in the laboratory using a Standard Noise Generator (LN2) and an internal hot load, as well 91 

as in the aircraft to account for antenna cable losses. Once airborne, internal calibrations were performed to adjust the 92 

gain and noise temperature for each measurement. The measured radiometric performance was 0.9 K for 8 ms 93 

integration time and 300 K input temperature. The whole EMIRAD data set covered six weeks of data (14 November 94 

– 9 December 2005), and approximately 30 h of flight time.  However, in this study we only made use of EMIRAD 95 

flights supported by ground soil moisture measurements at high resolution (3 flights over grass at Stanley, 96 

Roscommon and Midlothian, and 3 flights over crops at Pembroke, Illogan and Merriwa Park, Table 2). These flights 97 

were single lines performed over each farm with a nominal footprint size of 350 m conducted in the early morning 98 

between 15 November and 23 November. Potential instrumental errors in the rear antenna at horizontal polarisation 99 

are being investigated and have been discarded for this study. Therefore, the analysis of EMIRAD data is based on 100 

nadir acquisitions at horizontal (H) and vertical (V) polarisation, and 40-degree observations V polarisation. As a 101 

result, EMIRAD data were not used to retrieve soil moisture but instead they were used to either compare forward 102 

model simulations to brightness temperature measurements, or for the retrieval of optical depth. Finally, infrared 103 

measurements at nadir were obtained concurrently to L-band data. For that purpose a Heimann KT15 sensor was 104 

used (full beam-width is 4 degrees).  105 

2) PLMR 106 

The Polarimetric L-band Multibeam Radiometer (PLMR) was installed onboard an Eco-Dimonna aircraft. The 107 

radiometer measured horizontally and vertically polarised radiation at six angles of incidence (+/- 7 deg, +/- 22 deg, 108 

+/- 38.5 deg) through an antenna patch array with half-power beam-width between 13 deg and 16.5 deg. 109 

Modifications to the manufacturer calibration were based on external measurements of the sky brightness 110 

temperature (cold point) and that of a microwave absorbent (warm point). These measurements were performed at 111 

ground level before and after each flight. Further details are available in Panciera et al. (2008), where the complete 112 
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PLMR flight plan can be found. The PLMR data set covered four weeks (30 Oct - 25 Nov 2005), with the last two 113 

weeks overlapping with EMIRAD flights. The flights considered for this study are also summarised in Table 2. 114 

These included six flights in the along-track direction (AT-PLMR) with nominal nadir footprint of 250 m at -3dB; 115 

flights in the across-track direction with a nominal footprint size at nadir equal to 60 m (CT1-PLMR), and 250 m 116 

(CT2-PLMR), all supported once a week by ground sampling at each farm. PLMR data were used to perform 117 

retrievals at all farms except at Illogan, where the number of multi-angular footprints was considered to be 118 

insufficient.   119 

[Table 2 about here] 120 
 121 

[Figure 1 about here] 122 
 123 

C. Ground measurements and ancillary data 124 

The ground data used in this study is a subset of the COSMOS/NAFE’05 data set (Panciera et al., 2008) and it 125 

comprises the following measurements: 126 

- Soil moisture. Surface soil moisture (SM) measurements were obtained from mobile probes (HydraProbe and 127 

ThetaProbe). These are capacitance probes with sampling depth of approximately 6 cm. Sampling spatial resolutions 128 

varied between 6 m and 500 m, and for this study an area of approximately 1 km2 within each farm labelled as 129 

HRES2 was considered (Figure 1b). A smaller area of about 150 m x 150 m within HRES2 included 6-m and 12-m 130 

sampling only, and we will refer to it as HRES1 (Figure 1b). All flights analysed in this study were supported by soil 131 

moisture samples both in the HRES1 and HRES2 areas. Soil moisture sampling took approximately five hours, 132 

whilst the duration of flights varied between 15 minutes and 2 hours. However, we found that temporal variations of 133 

soil moisture were less significant than spatial ones (not shown), and the whole sampling period was used to 134 

calculate the ground-truth soil moistures.   135 

- Soil temperature. Surface temperature (Tsfce) at 2.5 cm depth was obtained from temperature monitoring stations 136 

located within each farm. Deep soil temperature (Tdepth) was obtained from one station in the Krui area measuring soil 137 

temperature at 60-cm depth.  138 

- Soil texture. Soil texture was estimated from 30-cm depth soil samples obtained in the HRES1 area at each focus 139 

farm. 140 

In addition, the following ancillary maps were used to characterise the surface land use and topography: 141 

- Land use. A Landsat 5TM-derived land-use supervised classification was used to determine land uses covered by 142 
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each footprint. The classification was for October 2005 and the resolution was 25 m. The classification provided 13 143 

categories, grouped in this study into (1) Prairies, (2) Forest, (3) Open woodland, and (3) Crops. 144 

-Leaf area index (LAI). Leaf area index maps were derived from MODIS data (Duchemin et al., 2006) at a resolution 145 

of 250 m on days 02/11, 11/11 and 17/11.  146 

-Digital elevation model. A 250-m digital elevation model of the catchment area was also considered for the 147 

processing of airborne data described next. 148 

III. METHODOLOGY 149 

A. Aircraft data processing 150 

The retrieval of surface parameters like soil moisture is based on the comparison between simulations and airborne 151 

measurements of the surface brightness temperature. For these two brightness temperatures to be comparable a 152 

number of processing steps are required, as summarised next: 153 

Step 1. Ground location of the antenna footprint. For this step, a regular grid with the antenna directional cosines 154 

(function of zenith and azimuth angles in the antenna frame) is projected onto the surface in order to calculate the 155 

location and local incidence angle of each grid point (Tenerelli et al. 2008). This step takes into account the 156 

orientation of each antenna beam, and the aircraft attitude corresponding to each measurement. 157 

Step 2. TB simulations at the surface level. This step is used to retrieve necessary ground information (e.g. land use) 158 

at each point of the projected grid. Simulated brightness temperatures of the whole area covered by each antenna are 159 

calculated using the SMOS breadboards (Kerr et al., 2006) at each grid point. 160 

Step 3. TB simulations at the antenna level. For each acquisition, the rotation of the polarisation basis from the 161 

surface to the antenna level due to the aircraft movement is calculated, in order to obtain brightness temperatures at 162 

the antenna level from brightness temperatures at the surface. For this rotation (Eq. (11) in Waldteufel and Caudal, 163 

2002), the 3rd and 4th Stokes parameters are assumed to be zero at the surface. Brightness temperatures at the 164 

antenna level are then weighted by the antenna gain, and in this way become ready for comparison with the 165 

radiometric measurements.  166 

Given the characteristics of the site we considered footprints to be flat. Footprints including altitude variations higher 167 

than 5 meters across the -3dB area were discarded.  Note that Steps 1 and 3 can be generally neglected over land for 168 

very stable flights, small antenna apertures and homogeneous surfaces. They were included in the processing though 169 

to account for the multi-angular signature integrated by large aperture antennas, and for a better radiometric 170 
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description of heterogeneous areas. 171 

B. L-MEB main equations 172 

The L-MEB model main equations for soil and vegetation are summarised below. Symbols p and θ indicate a 173 

dependence on polarisation and angle respectively. The soil brightness temperature TBS (1) is obtained from the 174 

Fresnel coherent reflectivity r*
S,p and a set of roughness parameters HR and NR,p for non-smooth surfaces. The soil 175 

temperature TS (2) considered to contribute to the soil emission is a combination of temperatures, deep and near the 176 

surface, modified  by a factor dependent on the surface soil moisture (SM), and two fixed parameters w0 and bw0 177 

(default values are w0 = 0.3 m3m-3 and bw0 = 0.3, Wigneron et. al., 2007). 178 

(1) 179 

(2) 180 

 181 

The final equation for the surface brightness temperature TB (3) accounts also for vegetation, and a soil-vegetation 182 

composite temperature TGC described in Wigneron et al. (2007). In this study we considered vegetation and surface 183 

temperatures to be equal based on the data availability. Finally, the vegetation parameters in the model are the single 184 

scattering albedo ωp, the transmissivity γ and the optical depth parameters τNAD and ttp. 185 

 186 

(3) 187 

(4) 188 

 189 

C. Parameter retrievals 190 

The retrieval of model parameters and surface properties is based on the optimisation of the L-MEB model when 191 

contrasted with measurements as described in III.A. The inversion technique uses a modified least squares cost 192 

function (5) with the possibility to constrain the retrieved parameters (pi) and brightness temperatures (measured TBº, 193 

and modelled TB). 194 

! 
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                                 (5) 195 

In this study retrieved parameters HR, SM, and τNAD were allowed to change with variance σp
2=1. Such variance is 196 

higher than that expected one at the field scale as shown by field measurements, and therefore represents a low 197 
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constraint on the retrieved parameters. The standard deviation for TB measurements σTB was equal to 1 K. 198 

Either HR and τNAD, or SM and τNAD were retrieved from multi-angular dual-polarisation PLMR data; for EMIRAD, 199 

only two configurations were available (nadir, and 40 degrees at vertical polarisation), and either direct simulations 200 

of the brightness temperature or retrievals of one parameter (τNAD) were conducted. In the latter case, one optical 201 

depth was retrieved from simulations of TB at nadir and at 40 degrees at vertical  polarisation. The initial values for 202 

the retrieved parameters were set to 0.1 in all cases. 203 

Finally, for the selection of multi-angular TB measurements the surface was gridded at resolutions between 250-m 204 

and 500-m as detailed later in the paper. Footprints with the beam centre included in each cell were used to retrieve 205 

parameters that were taken as representative of each cell. Standard deviations of each retrieved parameter were also 206 

calculated as part of the optimisation procedure. 207 

IV. RESULTS 208 

In the soil moisture sampling areas both radiometers values were well above those simulated for a surface with small 209 

roughness, moderate biomass, and the measured soil moisture (e.g. HR=0.1, τNAD=0.15). Both the increased level of 210 

TB with respect to a planar surface as well as the low angular ratio between nadir and off-nadir measurements could 211 

only be explained in terms of the surface roughness through the roughness parameters HR and NR,p (1). This feature 212 

could not be attributed to instrumental errors in the aircraft data, ground instruments, surface temperature, or soil 213 

moisture, and was observed at different flying altitudes and both radiometers. The approach presented next aimed at 214 

minimising the effect of roughness on soil moisture retrievals using microwave measurements and knowledge of the 215 

land use only.  216 

A. Soil emission characterisation 217 

Estimates of soil parameters were obtained from CT1-PLMR flights (Table 2) in the homogeneous HRES1 areas, 218 

where a large number of soil moisture measurements were available (typically above 200). The reference soil 219 

moisture for the HRES1 area was the simple average of all soil moisture measurements within that area (SMfield, 220 

Figure 2). As summarised in the introduction, the selected approach was a two-parameter (2-P) inversion that fixes 221 

soil moisture, and estimates simultaneously HR and the optical depth at nadir (τNAD) from multi-angular brightness 222 

temperatures. In fact, 3-parameter (3-P) inversion tests where SM, HR and τNAD,3P were obtained simultaneously from 223 

CT1-PLMR data failed at retrieving SM correctly but provided optical depths comparable to those obtained from the 224 

2-P approach (τNAD,2P). While the root mean square error (RMSE) between τNAD,2P and τNAD,3P was under 0.04 for 225 
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grass and crops, the RMSE between SMfield and SM3P was above 0.2 m3m-3 whereas errors under 0.05 m3m-3 are 226 

desirable for satellite products (Walker and Houser, 2004) . These results suggest that 3-P retrievals fail because the 227 

inversion returns low soil moisture in rough soils, as for most configurations these surfaces are characterised by high 228 

brightness temperature and low angular ratio at a given polarisation. Therefore, roughness needs to be highly 229 

constrained in order to obtain good retrievals of soil moisture as found by other studies (Pardé et al., 2004; Wigneron 230 

et al., 2007). The 2-P inversion with known SM in the HRES1 area produced very good fits in terms of brightness 231 

temperatures (RMSE<3 K, R2>0.95), and clear differences between HR over crops and grass (Figure 2). Other 232 

parameters were ttp=1, ωp=0, NR,H=1 and NR,V=0, which resulted from best-fit model simulations conducted farm to 233 

farm with ancillary vegetation information (not discussed here).  Based on Figure 2, average values of HR over crops 234 

and grass were obtained.  235 

 236 

HR (crop)=1.0 (σ=0.2)                                          (6) 237 

HR (grass)=0.4 (σ=0.2)    238 

 239 

Note that at Roscommon farm (‘14’ in Figure 2) large roughness was obtained for rather dry soil (0.04 m3m-3) as well 240 

as very low optical depth compared to previous days. Because field and satellite measurements indicated no 241 

significant vegetation changes, we did not include that point in the averaged HR (6). We also determined that the 242 

differences in the averaged roughness parameter HR were negligible with a small standard deviation on the optical 243 

depth (high constraint, στ=0.01 in (5)) and a large one (low constraint, στ=1). 244 

The error in soil moisture retrievals in the roughness calibration areas (HRES1) was RMSE=0.040 m3m-3 (R2=0.94) 245 

for grass, and RMSE=0.046 (R2=0.94) m3m-3 for crops (Table 3), following a 2-P inversion of SM and τNAD and the 246 

constant roughness values in (6).  247 

The same roughness fit was applied to PLMR along-track data over crops (AT-PLMR, Table 2) in the HRES1 areas. 248 

These flights were obtained at a higher altitude (250 m nominal resolution), and the accuracy of the soil moisture 249 

retrievals was RMSE=0.044 m3m-3 (R2=0.68). 250 

Alternative methods to determine surface roughness were also explored, such as “field-to-field” 1-parameter (1-P) 251 

retrievals of HR with known soil moisture, and optical depth estimates based on field measurements of vegetation 252 

water content and satellite-derived LAI. Results of the 1-P inversion of HR led to mean roughness HR =1.1 for crops, 253 

and mean HR=0.5 for grass for τNAD=0.06 • LAI, with 0.06 being an optimised parameter. These roughness values are 254 
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close to those derived from the 2-P approach in (6), the main difference between the two being a higher sensitivity of 255 

HR to SM observed in the 1-P estimates of HR for crops. For example, in the 1-P case the roughness variation between 256 

dry (0.05 m3m-3) and wet (0.40 m3m-3) soils was approximately ΔHR=0.4 for crops (mean HR =1.1), and the 257 

correlation between HR and SM was R2=0.54. However, applying a constant roughness correction was explored 258 

further as a way to retrieve soil moisture in areas of unknown roughness and unknown optical depth as described 259 

next. 260 

 [Figure 2 about here] 261 
 262 

[Table 3 about here] 263 
 264 

 265 

B. Soil moisture retrievals in the HRES2 areas 266 

Soil moisture retrievals beyond the calibration area were investigated from low altitude flights (CT1-PLMR), and 267 

from higher altitude flights (CT2-PLMR, AT-PLMR and AT-EMIRAD). Reference soil moisture for validation in 268 

this region (HRES2) was obtained at either 250-m cells (CT1-PLMR, AT-PLMR, AT-EMIRAD flights) or 500-m 269 

cells (CT2-PLMR). The size of the grids was selected according to the size of the footprints, and to ensure multi-270 

angular measurements inside each cell. Within each of these cells, one reference soil moisture was obtained from 271 

averaging field soil moisture data, and only cells with more than 20 soil moisture sampling points were compared to 272 

retrievals. Therefore, each cell had a corresponding retrieved soil moisture (SMR) obtained from multi-angular TB 273 

measurements centred in the cell, and obtained concurrently to the optical depth τNAD (Figures 3 and 5). Table 3 274 

summarises the inversion results following this approach, i.e. 2-P inversions of SM and τNAD with the L-MEB 275 

parameters summarised in Table 4. Table 3 also shows results of a 3-P inversion (SM, τNAD, HR) for comparison. 276 

Results for crops, grass and mixed areas are discussed in detail next.  277 

[Table 4 about here] 278 
 279 

[Figure 3 about here] 280 
 281 

1) Crops 282 

Soil moisture retrievals over crops were conducted in 20 cells (including several days) where the crop fraction 283 

covered by the footprints was higher than 95%, in order to analyse ‘pure’ pixels (Figure 3). Using the roughness fits 284 

in (6) the accuracy in the soil moisture retrievals from CT1-PLMR data was high (RMSE=0.046 m3m-3), showing 285 

that the roughness relation derived from high-resolution flights was still valid outside the calibration area.  286 

As for flights in the HRES1 area, poor correlation (R2=0.3) was found between τNAD and estimates of LAI based on 287 
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three MODIS images, the average bias being equivalent to LAI=1 m2m-2 for τNAD=0.06 • LAI. However, we found that 288 

this is not a limitation for the accuracy of the soil moisture product. For comparison, note that results of 1-P 289 

inversions of soil moisture with optimised optical depth (τNAD=0.06 • LAI) had a RMSE=0.041 m3m-3. 1-P inversions 290 

used a roughness fit obtained from individual HR retrievals in areas with known soil moisture (HR=1.4 -1.1•SM, 291 

R2=0.54). 292 

PLMR-based results were then compared to AT-EMIRAD flights (TB0,H, TB0,V, and TB40,V) through direct modelling 293 

of the brightness temperature in the HRES2 area (Figure 4a). Direct simulations for these three configurations 294 

covered three different days and included three crop farms (SM range from 0.13 m3m-3 to 0.29 m3m-3). For these 295 

simulations a value of  τNAD = 0.13 was used, as derived from the PLMR data set (Table 3), mean soil moisture values 296 

measured in the HRES2 area, and the roughness fit in (6). For EMIRAD flights we used the surface infrared 297 

temperature onboard the aircraft as a proxy for Tsurf in (2).  Thermal infrared measurements had a standard deviation 298 

lower than 1 K across each farm, and therefore a constant value was used for the nadir and off-nadir simulations. 299 

Based on this approach, the RMSE between simulated and measured AT-EMIRAD brightness temperatures was 2.2 300 

K (R2=0.98, 157 footprints), including simulations at the Illogan farm that were not considered previously for the 301 

roughness calibration from PLMR data.  302 

[Figures 4a, 4b about here] 303 
 304 

2) Grass  305 

Soil moisture retrievals from CT1-PLMR flights over grass were possible in 26 cells across three different farms. The 306 

same 2-P approach as for crops was followed, and soil moisture could be estimated with an accuracy of 0.034 m3m-3 307 

(Figure 3). In addition, CT2-PLMR flights over ‘pure grass’ were analysed. At this resolution (250 m nadir) 308 

estimates were still good (RMSE=0.042 m3m-3, Figure 5) despite the increased cell size (500-m, in order to obtain 309 

multi-angular footprints).  310 

In terms of optical depths obtained from CT1-PLMR flights we observed differences between the farms, with mean 311 

τNAD ~ 0.28 at Stanley and Midlothian, and mean τNAD ~ 0.11 at Roscommon where the vegetation biomass was 312 

significantly shorter than at other farms in the HRES2 area.  313 

These optical depth values were used for comparison with AT-EMIRAD flights over the same farms (Figure 4b). In 314 

this exercise τNAD was retrieved for comparison with previous estimates obtained from PLMR data. Very good 315 

agreement was found between measured and simulated TBs at the Stanley farm (RMSE=1.7 K, R2=0.98), where the 316 

retrieved τNAD was 0.30. At Roscommon, the retrieved τNAD was 0.08 (RMSE=1.8 K), which is consistent with the 317 
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low values obtained from PLMR data at this farm too. This agreement in optical depths for fixed roughness and soil 318 

moisture indicates that measurements from the two sensors were similar. Results at Midlothian were less conclusive, 319 

as soil moisture measurements in the densely sampled areas were highly variable (σ(SM)/mean(SM)~1) on the day of 320 

EMIRAD flights. Outside the dense sampling region retrievals of τNAD varied between 0.2-0.3 (RMSE<1 K), but 321 

given the smaller number of soil moisture points these have not been included in Figure 3.  322 

Based on positive results of five of the six farms with AT-EMIRAD flights we consider the data from the two sensors 323 

to be in reasonable agreement. Also, the fact that roughness correction appears appropriate at different times of the 324 

day (early in the morning for EMIRAD, and up to the early afternoon for PLMR) indicates that surface temperature 325 

does not have a significant impact on the roughness correction.   326 

[Figure 5 about here] 327 
 328 

 329 

 330 

 331 
3) Land use mixing  332 

 333 
Finally, footprints including different land uses were analysed. For this exercise PLMR along-track flights were most 334 

appropriate. The retrieved parameters were obtained for 250-m cells, and the mixing factor was taken as a cell-335 

averaged value of the land use fractions of individual footprints falling into each cell. Cells at Midlothian and 336 

Merriwa Park satisfied the requirements to include multi-angular measurements and multiple land uses (crop-grass 337 

mixtures, or grass-open woodland mixtures). An illustration of these cells is shown in Figure 6 together with an aerial 338 

photograph of a woodland area.  339 

At Merriwa Park, three cells at the boundary of crop and grass fields were examined across four different days. Note 340 

that not all flights provided TB measurements of all cells, although each cell could be monitored at least twice. In 341 

terms of mixing, the crop fraction varied between approximately 20% and 60% in the antenna -3dB region (Table 5). 342 

At Midlothian, only areas with a small fraction of open woodland were supported by enough soil moisture sampling, 343 

and four cells were selected for the study. The woodland fraction varied between 7% and 30% (Table 5).  344 

The same approach based on a 2-P inversion of soil moisture and τNAD was followed, and the roughness distribution 345 

within the footprint was considered for the simulations. More precisely, the roughness corresponding to each antenna 346 

grid point was chosen based on the corresponding land use, this is HR =1 for crops, and HR =0.4 for grass and open 347 

woodland. 348 
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Retrievals in cells including crops and grass at Merriwa Park showed that the mean RMSE between the field soil 349 

moisture and the retrieved one was 0.046 m3m-3  (R2=0.98) when the roughness of each land use included in the 350 

footprint was considered to compute the brightness temperature (Table 5). The error was 0.059 m3m-3  (R2=0.94) 351 

when the roughness of the dominant land use (crop or prairie) was used instead.  352 

For woodland patches in grass fields (Figure 6) the same roughness correction as that of grass was assumed, and 353 

vertical scattering albedo ωV was 0.09 (‘default SMOS L2’). Soil moisture retrievals in these cells were close to the 354 

field measurements with RMSE=0.026 m3m-3 (R2= 0.70). Because the fraction of forest vegetation in open woodland 355 

areas was small, using the same roughness correction for grass and open woodland agreed with the observations. 356 

These results are positive as they provide good prospects for retrievals in mixed land uses, and highlight the 357 

importance of including appropriate roughness corrections in the simulation of mixed footprints.  358 

 359 

 [Figure 6 about here] 360 
 361 

[Table 5 about here] 362 
 363 

 364 
  365 

V. SUMMARY AND DISCUSSION 366 

This paper investigated L-band measurements over grass and crops obtained from two airborne-based L-band 367 

radiometers (PLMR and EMIRAD) during the COSMOS/NAFE’05 campaign in south-east Australia. The main 368 

objective of the study was to evaluate the performance of the microwave radiative transfer model which sits at the 369 

core of ESA’s SMOS soil moisture algorithm, and to point out differences between modelling outputs and 370 

measurements. In this respect, the analysis of the COSMOS/NAFE’05 data set showed that calibration of the surface 371 

roughness is key for successful soil moisture retrievals at L-band, at least at the investigated spatial resolutions (60-372 

375 m nadir), and an approach to overcome the limitations of unknown roughness was presented. Many studies 373 

report site-specific calibrations of surface roughness, but we still lack a clear understanding of the physical meaning 374 

of such roughness, and how it could be applied globally to minimise its effect on soil moisture retrievals. The 375 

approach developed uses a two-step two-parameter inversion of the radiative transfer model (L-MEB). This approach 376 

was tested from ground-based L-band measurements at high resolution before (Saleh et al. 2007b), but not at larger 377 

scales as observed from an aircraft, and over different types of surfaces.  378 

First, the L-MEB main roughness parameter HR and the optical depth τNAD were obtained simultaneously in small 379 

areas of known soil moisture using multi-angular radiometric brightness temperatures at H and V polarisations 380 
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(PLMR), and a roughness correction based on land use only was obtained. Then, simultaneous soil moisture SM and 381 

optical depth τNAD retrievals with a high constraint on roughness (effectively a 2-P inversion) were conducted beyond 382 

the calibration area, at different resolutions (60 m-250 m), and viewing configurations (across-track, along-track). 383 

The soil roughness correction was also used to simulate measurements of the second radiometer (EMIRAD) as a 384 

mean of validation, with errors in the simulated brightness temperatures around 2 K. Globally, soil moisture 385 

estimates were obtained with errors ranging between 0.03 m3m-3 and 0.05 m3m-3 compared to the mean field soil 386 

moisture, and included ‘pure crop’ and ‘pure grass’ areas, as well as mixed areas of crop and grass, and grass and 387 

open woodland.  388 

The main emphasis of the two-step two-parameter inversion approach is in reducing the influence of surface 389 

roughness to retrieve soil moisture from L-band data. More studies though are needed to evaluate the options for 390 

obtaining vegetation products from this approach. The fact that a low correlation between retrieved optical depths 391 

and leaf area index was found could be linked to using a constant roughness correction, as soil roughness has been 392 

shown to vary with soil moisture. Nevertheless, the main interest of the method lies in the opportunity for the 393 

calibration of surface roughness should it appear crucial at satellite scales, as only land use knowledge would be 394 

required.  395 

From an operational perspective, two steps towards calibrating roughness could be envisaged, first at the 396 

instrumented mission’s validation sites distributed across the world, then elsewhere. At the validation sites, two-397 

parameter retrievals (HR and τNAD) would provide the first estimates of roughness at the scale of a satellite footprint 398 

for the whole soil moisture range. In parallel, time series of brightness temperatures could be used to detect very dry 399 

and very wet soil to analyse roughness estimates obtained for extreme soil moisture conditions only. The interest of 400 

such experiment would be in investigating the extension of the calibration approach to non-instrumented areas, where 401 

very dry or very wet soil conditions could be determined either from brightness temperature time series, or change-402 

detection techniques applied to microwave active measurements (Wagner et al. 1999). In this way, studies pursuing a 403 

global correction of roughness based on the land use could be explored. Finally, the continuation of field experiments 404 

to improve our understanding of the physical basis for the emission of rough soils at L-band is essential, and 405 

upcoming airborne experiments will contribute to better understand the role of scaling in surface roughness.  406 

 407 

  408 

 409 
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TABLE 2 
SUMMARY OF FLIGHTS SUPPORTED BY INTENSIVE GROUND SAMPLING USED FOR THIS STUDY 

LABEL Sensor Configuration Resolution 
-3dB nadir 

Land 
use 

Number 
of farms 

Number  
of flights 

AT-EMIRAD EMIRAD Along-track 350 m Crop 3 3 
AT-EMIRAD EMIRAD Along-track 350 m Grass 3 3 

AT-PLMR PLMR Along-track 250 m Crop 2 4 
CT1-PLMR PLMR Across-track 60 m Crop 3 10 
CT1-PLMR PLMR Across-track 60 m Grass 3 10 
CT2-PLMR PLMR Across-track 250 m Grass 3 9 

        
 

TABLE 1 
FOCUS FARMS AT THE GOULBURN RIVER CATCHMENT 

Farm Land use Sand (s), 
clay(c) fracion 

LAI-range 
(m2m-2) from 
MODIS 250m 

Pembroke (11) Wheat s=0.06, c=0.7 2-2.5  
Stanley (12) Grazing s=0.06, c=0.6 1.5-2 
Illogan (13) Barley, oats s=0.2,   c=0.3 1.5-2.5 
Roscommon (14) Grazing s=0.7,   c=0.1 1.5-2 
Midlothian (22) Grazing s=0.1,   c=0.7 1.5-2 
Merriwa Park (23) Wheat s=0.2,   c=0.4 1.5-2 
Cullingral (24) Wheat s=0.2,   c=0.4 1-2 

 

TABLE 3 
SOIL MOISTURE  RETRIEVALS– CROPS  

Flight Area Roughness RMS SM 
[m3m-3] 

R2 SM 
 

Nr.  
cells τnad 

       
CT1-PLMR HRES1 3-P inversion >0.1 <0 12 0.14 
  2-P, HR= 1.0 0.046 0.94 12 0.13 
       AT-PLMR HRES1 3-P inversion >0.1 0.50 5 0.13 
  2-P, HR= 1.0 0.044 0.68 5 0.13 
       CT1-PLMR HRES2 3-P inversion >0.1  <0 20 0.12 
  2-P, HR= 1.0 0.046 0.93 20 0.13 
              

SOIL MOISTURE  RETRIEVALS– GRASS 
 

CT1-PLMR HRES1 3-P inversion >0.1 <0 8 0.15 
  2-P, HR= 0.4 0.040 0.94 8 0.15 
       CT1-PLMR HRES2 3-P inversion >0.1 <0 26 0.25 
  2-P, HR= 0.4 0.034 0.96 26 0.25 
       CT2-PLMR  HRES2 3-P inversion >0.1 <0 18 0.24 
  2-P, HR = 0.4 0.042 0.95 18 0.25 
       

                   SOIL MOISTURE  RETRIEVALS– MIXED  
( (1)HR OF DOMINANT LAND USE (LU), (2)HR FUNCTION OF LU) 

       
AT-PLMR HRES2-crop 2-P,HR (1) 0.059 0.94 9 - 
  2-P, HR (2) 0.046 0.98 9 - 
 HRES2-open 

woodland 
2-P, HR = 0.4 0.026 0.70 4 - 

 
TB DIRECT SIMULATIONS– EMIRAD  (* SEE TEXT) 

Flight Area Roughness RMS TB 
[K] 

R2 TB 
 

Nr.  
Pts τnad

* 
AT-EMI HRES2-crop 2-P, HR= 1.0 2.2 0.98 157 0.13  
AT-EMI HRES2-grass 2-P, HR= 0.4 1.7 0.97 87 0.08, 0.3 
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TABLE 4 
L-MEB PARAMETERS USED FOR RETRIEVALS 

Land use HR NR,H NR,V ωH ωV ttp 
Crop 1.0 1 0 0 0 1 
Grass 0.4 1 0 0 0 1 

Open woodland 0.4 1 0 0 0.09 1 

TABLE 5 
SUMMARY OF 250-M CELLS USED TO ANALYSE RETRIEVALS IN MIXED PIXELS FROM PLMR-AT DATA (AREAS COVERED BY 

CLOUDS/NO DATA TAKEN AS GRASS). SUPERSCRIPTS ‘R’ FOR RETRIEVED, AND ‘0’ FOR MEASURED 

FARM/DOY % open woodland % grass % crops SMR SMfield 
RMSE 
TB [K] 

Midlothian/315 7 93 0 0.36 0.38 (0.10) 1.9 
Midlothian/315 11 89 0 0.37 0.36 (0.11) 1.7 
Midlothian/315 16 84 0 0.35 0.31 (0.12) 1.6 
Midlothian/315 30 70 0 0.31 0.30 (0.13) 3.2 
Merriwa Park/304 5 64 31 0.32 0.35 (0.13) 4.4 
Merriwa Park/311 1 77 22 0.33 0.39 (0.04) 3.1 
Merriwa Park/311 6 60 34 0.32 0.36 (0.08) 4.7 
Merriwa Park/311 4 68 28 0.36 0.41 (0.08) 3.1 
Merriwa Park/320 2 46 52 0.15 0.22 (0.07) 1.9 
Merriwa Park/325 1 77 22 0.16 0.17 (0.06) 2.2 
Merriwa Park/325 2 39 59 0.13 0.13 (0.04) 2.2 
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Figure 1. (a) The Goulburn River Catchment Experimental Site: catchments, focus farms, and 
calibration lake, (b) Example of soil moisture sampling points at Merriwa Park (black dots), high-
resolution soil moisture sampling area used for model calibration (HRES1), and extended area HRES2 
used for model validation. 

(a) (b) 

HRES1 

HRES2 
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Figure 2. Surface roughness parameter HR retrieved over crops (inside ellipse) and grass (outside 
ellipse) from CT1-PLMR flights in the HRES1 area. Numbers correspond to farms (labels in Table 1) 
and bars are standard deviations of averaged field soil moisture in the HRES1 area (SMfield, x axis) and 
retrieved roughness (HR, y axis) respectively.  
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Figure 3. Soil moisture retrievals (SMR) over  ‘pure’ crops (top) and ‘pure’ grass (bottom) from CT1-
PLMR flights in the HRES2 area based on a 2-P inversion (SMR, τnad) with the roughness fit in (6). 
Bars indicate the standard deviation of the field soil moisture  (SMfield) and the retrieved soil moisture 
(SMR). 
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Figure 4. Comparison between AT-EMIRAD measurements (TB0,H, TB0,V, TB40,V) and simulations of 
the brightness temperature for crops (a) and grass (b) based on PLMR-derived roughness (6). Line 1:1 
(solid), and +/- 3K (dashed). 
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Figure 5. Soil moisture retrievals from CT2-PLMR fligths over grass in the HRES2 area based on a 2-
P inversion (SMR, τnad) with the roughness fit in (6). Bars indicate the standard deviation of the 
measured field soil moisture (SMfield) and the retrieved soil moisture (SMR). 
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Figure 6. Selected cells (white rectangles) for retrievals over mixed land uses. Left: Merriwa Park 
(crops and grass). Middle: Midlothian (grass and open woodland). Right: Example of an open 
woodland area (rectangle) inside a grass plot at Midlothian (dark patches are clouds). 
 
 
 
 
 


