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Chapter 8

Topography impact on ground-based

radiometric measurements

Since the Earth’s surface is not flat, the retrieval of geophysical variables from satel-

lite data must account for topography effects on the measurements. Moreover, to-

pography affects the distribution of soil moisture, which accumulates at the valleys,

and decreases at elevated peak zones. The topography issue may be important in the

case of SMOS since, considering the size of a SMOS pixel which can be on average

50 km × 50 km, there is a high probability of having pixels within a footprint which

are affected by topography.

In this chapter, ground-based measurements at L-band of a valley acquired using

the LAURA radiometer have been compared to simulated antenna temperatures to

assess the impact of topography. Four different scenarios have been simulated: (i)

an hypothetical flat scenario without vegetation, (ii) an hypothetical flat scenario

with the actual land cover map of the experiment site, (iii) an hypothetical scenario

without vegetation but with the digital elevation map of the experiment site, and

(iv) the actual experiment site, including both the digital elevation model and the

land cover map.

8.1 Introduction

Few airbone radiometric data at L-band are available to address the issue of topography

effects on brightness temperature [Berger et al., 2002, Walker & Panciera, 2005]. Thus, most

of the existing studies have attempted to characterise with models the topographic effects on

passive microwave measurements from satellite.

The first attempt to estimate the topography impact from simulated data was done by

Mätlzler & Standley [2000], who noted not only changes in the local incidence angle, but also

shadowing effects, and a variable contribution of the atmosphere as a function of altitude. These

effects were also observed in studies by Talone et al. [2007] and Kerr et al. [2003]. Pierdicca

et al. [2008] noted an overestimation of the brightness temperature at horizontal polarisation
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138 Topography impact on ground-based radiometric measurements

with respect to that of a flat terrain, whereas both under and overestimation occurred at vertical

polarisation. In Zurita [2008], data from the CoSMOS-Aus field experiment were analysed

[Walker & Panciera, 2005]. Errors in brightness temperature up to 5 K were estimated if

topography was neglected, and it was noted that polarisation mixing introduced a bias in the

simulations greater than 3 K, and had a larger impact at nadir.

These perturbing effects above may lead to a wrong estimation of soil moisture, having

uncertainties higher than SMOS 4% requirements [Barré et al., 2008]. SMOS soil moisture

retrieval level 2 algorithm does not allow taking into account topography perturbations since

computational requirements would be too high. So, retrieval algorithms are designed for flat

surfaces, and pixels are flagged as flat, moderate topography, and strong topography [Coret

et al., 2006, Mialon et al., 2008]. The last category precludes any soil moisture retrieval at the

SMOS scale.

Next sections describe the results of the Topography effects on RadiomeTry at L-band Exper-

iment (TuRTLE), conducted during two weeks in Spring 2006 [Monerris et al., 2008, Benedicto,

2007]. TuRTLE 2006 is a study of the topography issue from a ground-based radiometer, so the

atmospheric contribution in this case is negligible. However, topography impact on the local

incidence angle and polarisation mixing was observed and is presented hereafter.

8.2 TuRTLE 2006 experiment overview

The Topography effects on RadiomeTry at L-band Experiment (TuRTLE) 2006 was carried

out at the Parc Natural del Montseny, Barcelona, Spain (41◦48′ N, 2◦19′ E; Fig. 8.1(a)). The

LAURA radiometer was installed at 898 m altitude looking at a valley so that, as the antenna

moved in azimuth and elevation, observations of the descending and ascending mountain slopes,

as well as of the transition between the mountain peak and the sky could be done.

A two-dimensional digital elevation map and a land cover map of the site are represented in

Fig. 8.1(b) and Fig. 8.1(c), respectively. In both figures, the position of LAURA is indicated

with a black circle. The site is mainly covered by mixed woodland, and to a minor extent of

shrubs, crops, and bare areas as can be seen from the land cover map of the area in Fig. 8.1(c).

The numerical coding of each cover type is indicated in Table 8.1. Scans in azimuth covered the

area between lines labelled as ϕA = 130◦ and ϕA = 50◦ in the plots. On the other hand, the

Table 8.1: Land cover types at the TuRTLE 2006 experiment site. Values for the land cover map
reference and single scattering albedo, b-parameter, and vegetation water content (VWC) used as
inputs to the antenna brightness temperature simulator are presented.

Vegetation Type land cover # ω b VWC (kg · m2)

Mixed woodland 1–3 0.12 0.20 2
Shrub 7 0.12 0.20 0.3

Crop/mixed farming 17 0.05 0.13 0.5
Bare 13 - - -
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Fig. 8.1: Overview of the TuRTLE 2006 experiment site. (a) Google-Earth image. (b) Two-
dimensional digital elevation map. (c) Land cover map (see Table 8.1 for numerical coding of the
land cover type). In (b) and (c) the position of the LAURA radiometer is indicated with a black circle.
Lines indicate the direction of observation for the three azimuth angles: ϕA = 130◦, ϕA = 90◦, and
ϕA = 50◦.
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antenna elevation angle with respect to nadir varied from 45◦ to 105◦. Further information on

this experiment is given in Chapter 4, Section 4.8.

8.3 Simulation of the antenna temperature

Antenna brightness temperature was simulated for each pixel in order to compare model

results to LAURA collected measurements. The antenna brightness temperature at each obser-

vation position was simulated using a 30 m resolution digital elevation model (DEM) [de Cata-

lunya, 2004], and a 100 m resolution land cover map of the site [CREAF, 2006]. The cover map

was interpolated to obtain a 30 m resolution grid, as the DEM, since this was the reference grid

of the simulator. A geometric surface facet model was used to estimate the local incidence angle

and the polarisation mixing due to surface tilting at each observation position. Next sections

describe the formulation employed in the antenna temperature simulator.

8.3.1 Global coordinate system

The universal transverse mercator (UTM) ED50 coordinates have been selected as the global

coordinate system in the antenna brightness temperature simulator. The digital elevation map

was already referred to this system [de Catalunya, 2004], but the positions of the radiometer

and the observed pixel had to be converted to UTM ED50 coordinates. Figure 8.2 shows the

definition of the direction vector k̂ from the radiometer to the observed pixel, which can be

expressed in the antenna coordinate system as k̂ = − (sin θA cos ϕA, sin θA sinϕA, cos θA). The

matrix

¯̄Λ =













− cos θA cos γ − sin γ − sin θA cos γ

− cos θA sin γ cos γ − sin θA sin γ

sin θA 0 − cos θA













(8.1)

has been used to shift coordinates between the antenna and the global coordinate system.

The variable γ is defined as

γ = ϕo − αA − ϕA, (8.2)

where ϕo = 60◦ is the relative angle between the radiometer trailer’s orientation and the ge-

ographic North, and αA = 0.4452◦ is the UTM meridian convergence of the radiometer position.

Once the conversion matrix has been obtained, the coordinates of the direction vector k̂UTM

and the polarization vectors v̂UTM
A and ĥUTM

A in the global coordinate system are estimated as

k̂UTM = ¯̄Λ · k̂,

v̂UTM
A = ¯̄Λ · v̂A, (8.3)

ĥUTM
A = ¯̄Λ · ĥA,
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Fig. 8.2: Geometry problem in TuRTLE. The direction vector k̂ corresponds to the observed pixel’s
direction within the antenna pattern, P is the position of the pixel, and θlocal is the local incidence
angle. The direction vector k̂ is referred to the antenna coordinate system by the angles θA and ϕA.

where v̂A = ŷA = (0, 1, 0), and ĥA = x̂A = (1, 0, 0), and the superscript UTM indicates that

the parameters are referenced to the UTM ED50 coordinate system.

8.3.2 Determination of the pixels under observation

The pixel over the surface viewed by the radiometer changes with the antenna angles (θA, ϕA).

This pixel has an associated unitary normal vector n̂UTM, from which the local incidence angle

θlocal, and polarisation vectors v̂UTM
local and ĥUTM

local can be estimated. This situation is represented

in Fig. 8.2. In the antenna brightness temperature simulator, the position of the observed pixel

is estimated by finding the intersection of the line that passes through the radiometer coordinates

and has the direction vector k̂UTM, with the digital elevation model. The parametric equation

of this line can be written as

~PUTM = a · k̂UTM + ~PUTM
LAURA, (8.4)

where ~PUTM is the position vector of the pixel, a is a variable ranging from −∞ to ∞, k̂UTM

is the unit vector of the antenna pattern estimated in (8.4), and ~PUTM
LAURA is the position vector

of the radiometer, all expressed in global coordinates.

8.3.3 Estimation of the local incidence angle

In an hypothetical no-topography scenario, the local incidence angle θlocal is equal to the

antenna elevation angle θA. However, when topography is not negligible, the local incidence

angle is different from the antenna elevation angle and θlocal has to be estimated as

θlocal = arccos (k̂UTM · n̂UTM), (8.5)

for every pixel observed at a position (θA, ϕA), where n̂UTM is the vector normal to the

soil surface at point ~PUTM (see Fig. 78.2). It is important to note that, in this case, small
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antenna elevation angles measured from nadir correspond to large local incidence angles θlocal

and vice-versa.

8.3.4 Polarisation mixing

The antenna brightness temperature polarisation vectors at a pixel, ~vUTM
local and ~hUTM

local , usually

differ from those in the antenna reference system, ~vUTM
A and ~hUTM

A , due to the polarisation

mixing. If the polarisation vectors referred to the observed pixel are

~hUTM
local = ~kUTM × ~nUTM,

~vUTM
local = ~hUTM

local × ~kUTM, (8.6)

then, the electric fields in (θA, ϕA) are computed from (8.6) and the electric fields at the

pixel, Elocal
h and Elocal

v as [Claassen & Fung, 1974]
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, (8.7)

and, converting to the antenna reference frame,

(

Ex

Ey

)

=

(

cos ϕA − sinϕA

sinϕA cos ϕA

)(

Eθ

Eϕ

)

. (8.8)

Then, the antenna brightness temperatures in the antenna reference frame, Tx and Ty, may

be estimated from the electric fields, since Tx ∝ 〈|Ex|
2〉 and Ty ∝ 〈|Ey|

2〉.

8.3.5 Apparent temperature of the experiment site

The apparent temperature of a land cover observed by a downward-looking radiometer placed

at a height H about the terrain can be expressed, according to Ulaby et al. [1981, p. 222], as

Tmodel
AP (θA, ϕA; H; p) = TUP (θA;H) +

1

La(θA; H)
[Tmodel

B (θA, ϕA; p) + TSC(θA, ϕA; p)], (8.9)

where (θA, ϕA) is the direction of observation, TUP is the atmospheric upwelling emission,

Tmodel
B (θA, ϕA; p) is the simulated brightness temperature of the observed pixel, TSC is the atmo-

spheric downward radiation scattered by the terrain in the direction of observation, La(θA;H) is

the atmospheric loss factor, and p is the polarization (horizontal or vertical). The galactic terms

were computed from numerical models that include the antenna orientation and pattern, its

geographical coordinates, the date and time of measurements, atmospheric parameters, and the

galactic noise map at 1420 MHz [Reich & Reich, 1986]. Since the experiment was ground-based,
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the atmospheric attenuation was negligible (La = 1), and TUP was close to 0 K. Taking this into

account, the expression in (8.9) can be rewritten as

Tmodel
AP (θA, ϕA; p) = Tmodel

B (θA, ϕA; p) + TSC(θA, ϕA; p). (8.10)

The brightness temperature Tmodel
B (θA, ϕA; p) was estimated for the observed pixel at (θA, ϕA)

as in (3.26) [Ulaby et al., 1986, p. 888]. Soil reflectivity was estimated from the soil dielectric

constant [Wang & Schmugge, 1980], the local incidence angle θlocal, soil roughness, and the

specular Fresnel reflectivity [Wang & Choudhury, 1981]. The atmospheric downward radiation

(TDN ) scattered by the terrain was estimated as TSC = TDNΓ∗

soil . Input values used in simu-

lations were estimated from measurements and from Zhan et al. [2006] taking into account the

land cover map, and are listed in Table 8.1.

8.3.6 Integration over the antenna radiation pattern

Since LAURA’s antenna beamwidth is finite, the antenna temperature TA is estimated by

integration of the apparent brightness temperature over the antenna radiation pattern. Neglect-

ing the antenna cross-polar pattern, which is smaller than - 35 dB [Villarino, 2004, Camps et al.,

2004], and according to Ulaby et al. [1981, p. 204],

Tmodel
A (θA, ϕA; p) =

1

Ωp

∫∫

antenna beam

Tmodel
AP (θA, ϕA; p)|Fnpp

(θA, ϕA)|2dΩ (8.11)

where Tmodel
AP (θA, ϕA; p) is the apparent temperature in (8.10), |Fnpp

(θA, ϕA)|2 is the nor-

malised antenna radiation pattern, Ωp is the normalised antenna solid angle, and the subscript

p indicates the polarisation (H or V).

8.4 Comparison between radiometric measurements and simulations

Four different scenarios have been simulated using the antenna brightness temperature de-

scribed in the previous section. Although the experiment site was a mountainous area covered

by vegetation on a large percentage, simulations have been carried out considering the following

options: (i) an hypothetical scenario without vegetation and without topography, (ii) an hy-

pothetical scenario without topography, but with the actual land cover map of the experiment

site, (iii) an hypothetical scenario without vegetation, but with the digital elevation map of the

experiment site, and (iv) the actual experiment site, including both the digital elevation model

and the land cover map.

Measured and simulated antenna brightness temperatures are represented in Figs. 8.3(a)

and 8.3(b) as a function of the antenna observation angle referred to nadir, θA. Solid lines

indicate the radiometric measurements, and dashed and dash-dotted lines indicate simulations

with bare soils (scenarios (i) and (iii)) and soil covered by vegetation (scenarios (ii) and (iv))

respectively, and icons denote the polarisation (¤ for H-polarisation, and ⋆ for V-polarisation).

The solid vertical line depicted at θA = 90◦ indicates the antenna elevation angle corresponding
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Fig. 8.3: Measurements (solid lines) and simulated (dashed lines) antenna temperatures at H and V
polarisations as a function of the antenna observation angle referred to nadir. Simulations correspond
to (a) an hypothetical scenario without topography, with and without vegetation; and, (b) mountainous
scenarios, with and without vegetation. The solid vertical line depicted at θA = 90◦ indicates that the
radiometer boresight is horizontal.
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to the horizon.

In Fig. 8.3(a), simulations have been performed with an hypothetical flat surface scenario.

As it can be observed, simulations’ trend differs from measurements if topography is not taken

into account. Simulated antenna temperature rapidly decreases for θA > 65◦, because of the

large local incidence angle and the presence of the sky within the radiometer beam. On the

contrary, the decrease in the measured antenna temperature is only significant above θA > 95◦,

when the sky almost fills the antenna beam. On the other hand, Fig. 8.3(b) shows simulations

of the mountainous scenario, that is, the DEM of the site has been used. In this case, if the

vegetation effect is not simulated using (3.26), results differ from measurements although at large

observation angles the agreement is already much better than in Fig. 8.3(a). If the vegetation

canopy is simulated, the agreement is quite good over the whole range of antenna incidence

angles. In this case, the largest discrepancies between measurements and simulations, up to

20 K, are observed only at low antenna elevation angles (θA < 65◦), which correspond to the

largest local incidence angles.

Finally, Fig. 8.4 shows the measured and simulated antenna temperature images as a function

of the observation direction referred to the antenna reference frame. The sixth day of experiment

has been chosen as representative since the atmospheric, soil, and vegetation conditions were

almost identical during the experiment. Simulations agree with measurements except for a nearly

bare area near the radiometer, where the local incidence angle is high (θlocal > 65◦). Differences

are larger at H than at V-polarisation, which suggests that improvements in the model are still

needed for this case.

8.5 Conclusions

The TuRTLE 2006 ground based field experiment was conducted at El Brull, Parc Natural del

Montseny, 50 km north of Barcelona, Spain, in May 2006. The valley in front of the radiometer

was observed at seven incidence and nine azimuth angles, covering the entire mountain slope

and the mountain-to-sky transition. The antenna brightness temperature was derived from

measurements, and then compared to numerical simulations.

The agreement between simulations and radiometric measurements, show the large impact

on the land emission of the vegetation cover and topography through the variations in the local

incidence angle due to topography. This demonstrates that vegetation and topography effects

can be accounted for by using a land cover map, a high resolution DEM, and a facet model to

properly compute the variations of the local incidence angle, the polarisation mixing, and the

antenna pattern averaging.

At the SMOS scale, this work confirms the applicability of facet models when dealing with

topography as was done in Talone et al. [2007]. The largest discrepancies occur for almost bare

soils at large local incidence angle and H-polarisation, which suggests that further modeling

work is still needed in this case.

Airbone experiments over high topography areas would be necessary to increase the ex-

isting data set, and to provide observations of larger pixels as is the case of SMOS. Ground
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Fig. 8.4: Measured (above) and simulated (below) antenna brightness temperature at H and V
polarisations on the sixth day of experiment. Results are representative of the whole experiment since
the atmospheric, soil, and vegetation conditions were almost identical during the whole field campaign.

data should be taken homogeneously and intensively at high density concurrently with airborne

measurements.



Chapter 9

Other variables affecting the land emission

Previous chapters have focused on the impact of soil roughness and texture, vege-

tation (vines), and topography on the radiometric measurements at L-band. These

parameters have been identified as important factors affecting the L-band emission

that must be well characterised to estimate the soil moisture content from microwave

radiometers measurements. In this chapter, a brief summary of the state of the art

of other factors which may impact the land emission is presented for completeness

of this Ph.D. Thesis.

9.1 Reflection of Sun emission over land surfaces

Sun brightness temperature at L-band ranges from 105 K to a million Kelvin depending on

the solar activity. This strong emission can affect the radiometric measurements in two ways: (i)

directly, intercepted by the main or side lobes of the antenna radiation pattern, and (ii) indirectly,

through reflection on the Earth’s surface (known as Sun glint). Sun effects in 2-D aperture

synthesis radiometry imaging, cancellation techniques to remove them [Camps et al., 2004], and

Sun glint impact on the sea surface salinity retrieval [Reul et al., 2007, Vine et al., 2005, Camps

et al., 2005b] have been already studied in the context of the SMOS mission. However, few

studies have been performed to assess the land emission increase due to Sun and its impact on

the soil moisture retrieval, since soil reflectivity is smaller than water reflectivity and, thus, Sun

glint contribution over land is expected to be lower than over sea. Escorihuela et al. [2008] uses

ground based and airbone data from the SMOSREX and NAFE06 experiments, respectively,

and points out an average increase in brightness temperature at H(V)-pol of 17(7) K over an

agricultural area and for a zenith angular difference of 14◦ and an azimuth angular difference

of 20◦ between the radiometer (bandwidth of 14◦ across track and 17◦ along track) and the Sun

during NAFE06. An increment of 25 K at H-pol and 17 K at V-pol are found out over grass in

the SMOSREX site for a radiometer with a 13.6◦ beamwidth and an incidence angle of 40◦ .

As a small contribution to this issue, direct and reflected Sun measurements were acquired

at some moments during the T-REX 2006 experiment at Agramunt, Spain. Some results are

given hereafter.
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9.1.1 Solar radio flux

The solar radio flux Fλ is defined as the brightness at wavelength λ integrated over the solar

disc. Since the solar disc is small, Fλ in W·m−2·Hz−1 can be approximated to

Fλ = BsunΩsun (9.1)

where Ωsun is the solid angle of the Sun as viewed from the Earth, Ωsun = 8.22 · 10−5 sr,

and Bsun is the mean brightness expressed in W·m−2·Hz−1sr−1. Several stations around the

world are continuously measuring the solar flux at various wavelengths. Daily solar flux data at

1.415 GHz expressed in solar flux units (sfu; 1 sfu = 10−22 W·m−2·Hz−1) are available from the

four observatories in the Radio Solar Telescope Network (RSTN): Sagamore Hill and Palehua

(USA), San Vito (Italy), and Learmonth (Australia). These data can be accessed online through

the National Geophysical Data Center at Boulder RST [n.d.].

9.1.2 Sun brightness temperature

Assuming that the Sun is a uniform black-body and using the Rayleigh-Jean approximation,

the integrated solar brightness temperature Tsun(t) expressed in Kelvin can be estimated from

the solar flux Fλ(t) as

Tsun(t) =
λ2

2kΩsun
Fλ(t)10−22 (9.2)

where k is the Boltzmann’s constant. At L-band, this expression can be approximated to

Tsun ≈ 2000FL-band (9.3)

where FL-band is the solar flux at 1.415 GHz in sfu.

9.1.3 Sun antenna brightness temperature

The direct contribution from the solar radiation to the radiometer antenna temperature can

be obtained from the normalised antenna radiation pattern Fn and the beam solid angle Ωp as

TA =
1

Ωp

∫

Tsun(Ω)Fn(Ω)dΩ. (9.4)

If the integration range is small and the solar brightness temperature is constant, then (9.4)

can be approximated to

TA =
TsunFnΩsun

Ωp
. (9.5)

Substituting Tsun for the expression in (9.2) and knowing that the antenna gain is G =

(4π/Ωp)Fn, then

TA = 0.013FL-bandG. (9.6)
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Fig. 9.1: Antenna brightness temperature of Sun at 1.4 GHz computed from solar flux measurements
conducted at San Vito RSTN station (Italy) RST [n.d.], and LAURA antenna gain.

In the same manner, the value of the reflected Sun contribution can be estimated by multi-

plying the land reflection coefficient by the sun antenna brightness temperature computed from

(9.6) using the appropriate directional gain. Detailed computations would involve the integra-

tion of the bistatic scattering coefficients Ulaby & Dobson [1989], but this is out of the scope of

this work.

Values of TA at 1.4135 GHz during the first week of June, 2006, using as inputs to (9.6) the

solar flux measurements conducted at the San Vito station, and the LAURA radiometer gain

at the main lobe (20 dB) are represented in Fig. 9.1.

9.1.4 Radiometric observations of Sun

The radiometric data was acquired during the first week of June, 2006, in Agramunt, Spain

(41◦ 81N, 1◦ 1W, 356 m altitude). The experiment site consisted of a bare field, with a constant

soil moisture of 4% and a standard deviation of the height profile of 1 cm, see Fig. 9.2.

The LAURA radiometer was located at a bare field looking westwards. Measurements were

Fig. 9.2: The LAURA radiometer at the T-REX 2006 experiment site during the Sun measurements.
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continuously acquired from 4 p.m. until sunset, which corresponded to solar elevation angles

from 60◦ to 0◦ with respect to the line of horizon. LAURA was oriented so that the main lobe

pointed above the Sun position, and then automatic measurements at descending radiometer

elevation angles were acquired until an elevation angle of 55◦ with respect to nadir. This strategy

was repeated until sunset, and allowed the acquisition of the direct and reflected contributions

to the measured brightness temperature coming from the solar radiation. Measurements were

calibrated using a microwave absorber and the sky as hot and cold load targets, respectively.

The down-welling atmospheric brightness temperature was computed from numerical models

that include the antenna orientation and pattern, its geographical coordinates, the galactic

noise map at 1420 MHz [Reich & Reich, 1986], the date and time of measurements, and weather

parameters.

Sample brightness temperatures at V- and H-pol corresponding to June 8, 2006, are repre-

sented in Fig. 9.3. LAURA measurements at antenna angles from 80◦ to 115◦ from zenith at

H- (blue solid line) and V-pol (red solid line) are compared to simulations (icons) carried out

using the Wang & Choudhury [1981] model for the soil brightness temperature and numerical

methods for the sky brightness temperature. Green lines in Fig. 9.3 indicate the difference

between simulations and measurements.

An increment of 130 K on the brightness temperature at both polarisations is observed when

LAURA’s main antenna beam pointed the Sun. This is in accordance with theoretical estimates

using (9.6) and Fig. 9.1 (floor value between peaks), and indicates that solar radiation seems to

be polarisation independent (at least in these measurements). However, no significant increment

on the land brightness temperature due to Sun glint has been detected in measurements at the

range of incidence angles from 90◦ to 60◦ respect to nadir, which seems to indicate that scattered

Sun may not be a problem in SMOS, where scattering angles are larger than 45◦ , and typically

around 65◦ . This suggests that Sun glint over land is negligible due to the low value of the

terrain scattering coefficients (lower than -20 dB) at incidence angles larger than 45◦ [Ulaby &

Dobson, 1989].

Since the Sun scattered radiation over land is much smaller than that over sea, and we recall

that the scattering takes place in the alias region that is not imaged by the instrument [Camps

et al., 2005a], we can conclude that the spill over of the scattered Sun will be even smaller and,

to all effects, most probably negligible in the SMOS case.

9.2 Dew

The observed effect of dew on brightness temperature at L-band is rather low in comparison

to much more sensitive elements such as soil moisture, soil roughness, or vegetation water

content. Some initial studies concluded that signal was almost insensitive to dew Jackson &

Moy [1999], Wigneron et al. [1996]. Recent studies, however, point out some variations in the

radiometric measurements due to dew but with different conclusions. For instance, Hornbuckle

& England [2004], Hornbuckle et al. [2006, 2007] analyses the effects of dew on a corn field and

reports a 2 to 4 K decrease in the brightness temperature, specially at V-pol. On the contrary,
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Fig. 9.3: Brightness temperature at V- and H-polarisations corresponding to June 8, 2006, at antenna
elevation angles from 100◦ to 65◦ from nadir. Measurements from LAURA (solid blue and red lines),
simulations (icons), and the difference between both of them (green lines) are represented.

de Jeu et al. [2004] notes an increase of 5 K over a grass field. Escorihuela et al. [2009] observes

an increase of 0.5 and 1 K over a grass field at V- and H-pol, respectively, some time after dew

and suggests that it is due to the absorption of dew water by litter, so that the diurnal variations

of vegetation water content should be taken into account when studying the effects of dew.

9.3 Rain interception by the vegetation canopy and understorey

The matter of rain interception has also been studied by some authors in the attempt to

model land emission when there exists a vegetation canopy above the soil. In addition to the

standing vegetation, there may exist a layer understorey which may be considered transparent

to the microwave emission if dry [Jackson & Schmugge, 1991], but which becomes an important

microwave absorber and emitter when wet [Schmugge et al., 1988, Saleh et al., 2007b]. This

leads to a lower sensitivity of brightness temperature to soil moisture.

Putuhena & Cordery [1996] estimated the maximum interception by several types of forest

understorey as a function of the dry biomass, thickness, and fraction cover. They concluded

that the water intercepted by understorey represented between once and twice the dry vegetation

biomass for leaf type litters, and a lower percentage for stem and branch litters. Wigneron et al.

[1996] reported that intercepted water increased the emission at C-band and H-pol and proposed

a bi-frequency technique to estimate soil moisture and soil water content and storage during

irrigation. Finally, Saleh et al. [2006a,b] noted the possibility of flagging the presence/absence

of rain interception by the standing vegetation based on the polarisation ratio at 50◦ . However,

Saleh et al. could not develop an interception flag for the understorey.
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9.4 Frozen soils and snow

Frozen soils cover large areas at high latitudes and can be expected in winter in many

areas of the Earth. Since the dielectric properties of frozen soil are close to those of dry soil

Mätzler [1994], soil moisture retrieval algorithms may offer a misleading result. Zhang et al.

[2003] extended the semi-empirical dielectric mixing model for soil water mixture to describe

the dielectric constant change of frozen soil as a function of temperature. The authors reported

that freezing has a strong effect on the dielectric constant of soil, particularly at the beginning

of freezing. Schwank et al. [2004] found out good agreement between measurements of freezing

soils and impedance-matching models of the air to soil transition layer.

On the other hand, snow has very different dielectric properties. Fresh, dry snow is trans-

parent to microwave radiation, but as snow melts its dielectric constant increases and may be

totally opaque to microwave radiation when wet. At present, the L2SM prototype processor in-

cludes a flag for snow covered areas and the soil moisture retrieval will not be attempted in these

situations [Kerr et al., 2006]. Macelloni et al. [2006, 2007] shows some results of the DOMEX

2004 experiment, aimed to test the stability of L-band emission of the Antarctic plateau. The

authors confirm the high spatial and temporal stability of the snow layers and the possibility

of using the Dome-C plateau as a calibration target for future spaceborne radiometer missions

such as SMOS.

9.5 Conclusions

Although it is known that solar radiation at L-band can be an important source of interfer-

ence, few studies have been performed to assess the land emission increase due to Sun. Direct

and reflected Sun measurements were acquired in June 2006 in Agramunt, Lleida (North-East

of Spain). The LAURA radiometer was oriented so that the main lobe pointed above the Sun

position, and then automatic measurements at descending radiometer elevation angles were ac-

quired until an elevation angle of 55◦ with respect to nadir. This strategy was repeated until

the Sun set, and allowed the study of the direct and reflected contributions to the measured

brightness temperature coming from the solar radiation.

The sky brightness temperature at both polarisations increases 130 K when the Sun enters

the radiometer’s antenna main beam. This is in accordance with theoretical estimates, and

indicates that solar radiation is polarisation independent. No significative increment on the soil

brightness temperature due to Sun glint has been detected in the data. This suggests that Sun

glint over land at high incidence angles is negligible due to the low terrain scattering coefficients

at these incidence angles.

Dew, rain interception, snow, freezing soils have been not studied in this Ph.D. Thesis but,

as has been pointed out in the outline given in this Chapter, are among the factors influencing

the emission of land surfaces.



Chapter 10

Conclusions and future lines

The present Ph.D. Thesis has been performed in the context of the Soil Moisture

and Ocean Salinity (SMOS) mission pre-launch activities over land. A summary of

the state-of-the-art of ground- and space-borne sensors, and of experiments involv-

ing radiometric sensors and dealing with soil water content measurements is given

in Chapter 1. Then, the basic concepts of microwave radiometry and of soils physics

and land emission modelling are presented in Chapters 2 and 3, respectively. A de-

scription of the field campaigns over land carried out by the UPC during the last

years is provided in Chapter 4. The execution of these experiments, the data pro-

cessing, and the physical interpretation of measurements constitutes the core of this

Ph D Thesis. Emissivity of land surfaces depends upon the interaction of several

soil and vegetation characteristics such as soil moisture, roughness, and temperature,

and vegetation opacity and albedo. Data analysed in this work was acquired in ex-

periments performed over vineyards (SMOS REFLEX 2003/2006), different types of

flat bare smooth soil (MOUSE 2004), fields with different plough, but the same soil

type (T-REX 2004/2006), and mountainous sites (TuRTLE 2006). Measurements

were acquired using the L-band Automatic Radiometer (LAURA) which has a work-

ing frequency of 1.4 GHz, the same as SMOS payload, MIRAS. Results from the

experimental campaigns are given in Chapters 5 to 9. Main conclusions are outlined

in the following sections.

10.1 Conclusions on soil texture, soil roughness, vines, and topography effects

Soil texture influences the electromagnetic behaviour of soils since it affects their dielectric

constant. During MOUSE 2004, six types of bare flat soils with different soil moisture contents

were measured at five incidence angles. As expected, variations on the moisture profile were

noted depending on texture.

The emission of loams and sands showed a linear dependence on the percentage of field

capacity, especially at H-pol. In this case, the R-squared estimator at θ=35◦ was found to be

between 70% and 85%. On the contrary, clay showed no linear trend which, however, can not

153



154 Conclusions and future lines

be a general conclusion since clay data had a large scattering.

Soil emissivity was derived from radiometric measurements, and then soil moisture was

retrieved using three different expressions for the soil dielectric constant: the semi-empirical

models by Wang & Schmugge [1980] and Dobson et al. [1985], and polynomials derived from

laboratory measurements of MOUSE 2004 soil samples. The modified Wang & Choudhury [1981]

soil emission model, with Qs=0 and n=0, was used as forward model in the retrieval algorithm.

Best results were obtained when no constraints were applied to soil moisture and temperature.

The estimated soil moisture was compared with the soil moisture measured at different depths.

For loam and ferromagnetic soils best results were achieved considering as ground-truth data the

soil moisture in the 0–5 cm layer, 0–15 cm layer for sands, and 0–10 cm layer for clays. On the

other hand, when results for every dielectric constant model were compared, it was found out

that the Wang & Schmugge [1980] model had a better performance in the retrieval algorithm of

loam and ferromagnetic soils, while the Dobson et al. [1985] model offered best results for sands.

Results from MOUSE 2004 suggest that: (i) the SMOS Level 2 soil moisture processor should

select the soil dielectric constant model as a function of texture, since the root mean squared

error can vary from 2% to 7% depending on the soil texture, and (ii) soil moisture estimates will

be the averaged value in a soil layer which will depend on texture.

Soil roughness has a strong impact on land brightness temperature. This effect is more

noticeable in the case of dry soils. Data from bare soils with a standard deviation of height

varying from 8 mm to 33 mm was acquired during the T-REX experiments, and was compared

to predictions from numerical and semi-empirical soil emission models. The goodness of these

models is of key importance for an accurate soil moisture estimation from SMOS data.

As expected, dry soil emissivity at H-pol decreased almost linearly with increasing incidence

angle, being the decrement inversely proportional to soil roughness. Although similar emission

was measured at H-pol for all plough at low incidence angles, it was noted that emission decreases

slowly for rough soils than for smooth soils. Above θ = 50◦ , the decreasing slope of H-pol

emission was higher for all plough.

The sensitivity of V-pol to roughness is lower than that of H-pol. The trend of V-pol

emission was found to be different depending on whether the soil was wet or dry. When the

soil is wet the emission increased with the incidence angle, which is in accordance with most

model predictions. However, the trend for dry soils is decreasing with increasing incidence angle

and roughness. This may suggest the existence of a relationship between soil moisture and the

effective roughness.

The integral equation method (IEM) predicts an increase in V-pol emission with incidence

angle, which is not in accordance with measurements of dry soils. On the other hand, the

descending predicted descending trend at H-pol with increasing incidence angle is in accordance

to measurements, although IEM underestimates the soil emission both for dry and wet soils.

In a randomly ploughed field, without a significant tillage direction, the impact of choosing

an exponential or gaussian height probability density function in the IEM model is minimum,

whereas it was noted that the incoherent term of the reflectivity must be considered for rough

soils.
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In general, all semi-empirical land emission models follow the trend of dry soils measurements

at H-pol, whereas discrepancies exist for wet soils. Neither the semi-empirical models nor the

IEM describe the trend of dry soils V-pol measurements, being the error at this polarisation

larger as the incidence angle increases. The lowest error between predictions and measurements

for H-pol was obtained using the Wang & Choudhury [1981] model, but with the λ-windowing

standard deviation of height instead of the standard deviation calculated from the height profile.

The dependence on the incidence angle proposed by Wang & Choudhury (a squared cosine) had

been discussed by other authors which considered it to be too much strong at L-band. However,

this simple formulation has been tested with T-REX data with good results if the “averaged”

standard deviation in λ transects is used.

The SMOS REFLEX 2003/2006 experiments site was in the Valencia Anchor Station, a

selected area for the SMOS calibration and validation activities. No previous studies over vines

were reported in the literature prior to these campaigns. In the first experiment, fully developed

vines were characterised during two weeks, while controlled irrigations moistened the field. The

second experiment was planned to monitor changes in the L-band emission of vineyards during

different stages of plants development.

Since vines do not have a predominant vertical nor horizontal structure, the opacity and

the albedo were found to be independent on the polarisation. The Wang & Choudhury [1981]

model was used as the soil emission forward model in the retrieval algorithm, while the dielectric

constant model was the one from Wang & Schmugge [1980]. Good results were obtained for

incidence angles up to 55◦ , but he the convergence of the algorithm was rarely achieved above

that value. The error between ground-truth and estimated soil moisture was 2.3%, better than

the 4% required for SMOS. For incidence angles above 55◦ the convergence of the algorithm was

rarely achieved, probably due to the larger effect of the vegetation at large incidence angles,

not accurately described by the model. Higher order models should be accounted for at these

angles.

A diurnal oscillation of the emissivity, with a maximum around noon (if no rain) and a peak-

to-peak variation in the emissivity up to 0.05, was noted during SMOS REFLEX 2006, most

probably due to changes in the plants diurnal water balance. This highlights the importance of

having concurrent SMOS and ground-truth data during the CalVal activities. H-pol emissivity

is more sensitive to changes in plants and soil moisture than V-pol. However, in the presence of

rocks above the soil, the sensitivity of H-pol emissivity to soil moisture decreases since (i) the

increase in the rock fraction increases the effective soil roughness, and (ii) the dielectric constant

of rocks is lower than that of wet soils. The trend of the emission as a function of ground-truth

soil moisture was almost constant at the rocks side, since the radiometer did not sense changes

on the soil emission because of rocks. This will lead to an underestimation of the soil moisture

content by the retrieval algorithms.

Although the radiometric behaviour varies from one canopy to the other, at a larger scale

such as that of SMOS it is very likely that the vegetation types can be averaged over the footprint

and that it is not necessary to account for an accurate distinction between canopies.

Soil moisture retrieval from SMOS data will not be attempted for pixels which have been
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previously flagged because of their high topography. However, soil moisture will be retrieved

at mid- and low-topography pixels so an understanding of the effects of topography on the

radiometric signal is necessary. Radiometric measurements over a valley were acquired during

TuRTLE 2006 at seven incidence and nine azimuth angles, covering the entire mountain slope

and the mountain-to-sky transition. The antenna brightness temperature was derived from

measurements, and then compared to numerical simulations.

The agreement between simulations and radiometric measurements, show the large impact

on the land emission of the vegetation cover and topography through the variations in the

local incidence angle due to topography. Vegetation and topography effects can be accounted

for by using a land cover map, a high resolution digital elevation map, and a facet model to

predict variations of the local incidence angle, the polarisation mixing, and the antenna pattern

averaging. Topography effects can not be neglected and accounted for only by the introduction

of the vegetation canopy. The largest discrepancies were noted for almost bare soils at large local

incidence angle and H-polarisation, which suggests that further modelling work is still needed

in this case. At the SMOS scale, results confirm the applicability of facet model in mountainous

scenarios, as was tested with simulations in Talone et al. [2007].

10.2 Future lines and recommendations

The development of improved soil emission models should be a priority in view of the up-

coming missions devoted to the measurement of soil moisture from space. These must include

a better parametrisation of the soil texture variability, the soil surface roughness, and of the

transition layer between atmosphere and soil.

Scientific requirements demand an error in soil moisture estimates from SMOS data lower

than 4% so that soil moisture maps can be assimilated by hydrology models. This value is

the same as the tolerance of widely used hand-held soil moisture probes which measurements

are assumed as ground-truth data. Moreover, on the contrary to the sea surface salinity case

where spatio-temporal averaging is foreseen to improve the salinity estimates, in the case of soil

moisture its high spatial and temporal inhomogeneity complicates even more the correlation

between predictions and reality. The to-do list after SMOS launch is large, but important goals

can be achieved at the end of the process.

Few months before SMOS launch, there are still many open issues regarding the soil moisture

retrieval far from being closed. The experimental research performed in the past years has

improved our understanding of soil physics and has contributed to tune the existing land emission

models. However, this tuning has been achieved most of the times at the plot scale, with

coefficients obtained by best-fit for each particular scenario. We will have to wait for SMOS

measurements to see whether these results can be applied to a general case and to a pixel with

a size of the order of 50 km × 50 km. The selection of one forward model or the other shall also

have to wait for SMOS data to be available.

Other airborne field experiments would be necessary to increase the existing data set, and

to provide observations of larger pixels. These data could also be used to test pixel desaggrega-
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tion techniques with which to improve the resolution of SMOS, particularly important for soil

moisture applications.

Another interesting research line would be the combined use of radiometry and GNSS-R

reflectometry for soil moisture estimates. Soil moisture retrieval has already been satisfactorily

achieved by means of GNSS-R reflectometry [Rodŕıguez-Alvarez et al., 2008]. With this scope is

being performed the long-term GPS and RAdiometric Joint Observations experiment (GRAJO)

in Vadillo de la Guareña (Zamora), in the REMEDHUS site, which will be used also for SMOS

calibration and validation activities. At the plot-scale, the goal is to jointly use radiometry

and GPS-reflectometry data to study: (i) the influence of the vegetation on the retrieval of

geophysical parameters, and (ii) to characterise the roughness factor. Apart from this, a land

brightness temperature simulator of the site will be implemented together with disaggregation

and soil moisture retrieval algorithms to estimate soil moisture from airbone radiometric mea-

surements. This line of investigation may continue in parallel to SMOS calibration/validation

field experiments to improve the final soil moisture product and the performance of an hypo-

thetical SMOSops mission.





Appendix A

Numerical simulations of vegetation canopies

In this appendix the fundamental of the EMISVEG tool are presented. EMISVEG

is a numerical model developed at the UPC to efficiently compute the complete

modified Stokes emission vector (see Section 2.2.5) of vegetation-covered soils at low

microwave frequencies over a wide range of incidence angles. This tool was imple-

mented by Mart́ınez-Vázquez et al. [Mart́ınez-Vázquez et al., 2002, Ledesma, 2003]

and its description has been included here only for completeness. EMISVEG was

used to simulate the SMOS REFLEX 2003 site. Results have been briefly described

in Section 7.3.7 and have been submitted for publication [Mart́ınez-Vázquez et al.,

2009].

A.1 The polarimetric radiative transfer equation

The polarimetric emission, which is one of the key observables in radiometry, can be com-

puted by means of the radiative transfer equation (RTE) [Tsang et al., 2000, pp. 281-282]:

dē(θ, ϕ)

ds
= − ¯̄ke(θ, ϕ)ē(θ, ϕ) + F̄ (θ, ϕ) +

∫ 2π

0

∫ π

0

¯̄P (θ, ϕ, θ′, ϕ′)ē(θ, ϕ)dΩ′ (A.1)

where the extinction matrix ¯̄ke is given by p.274]:

¯̄ke =
2πn0

k













2ℑ(fvv) 0 ℑ(fvh) −ℜ(fvh)

0 2ℑ(fhh) ℑ(fhv) ℜ(fhv)

2ℑ(fhv) 2ℑ(fvh) ℑ(fvv + fhh) ℜ(fvv − fhh)

2ℜ(fhv) −2ℜ(fvh) ℜ(fhh − fvv) ℑ(fvv + fhh)













, (A.2)

being n0 the number of particles per unit of volume, k the wave number, and fpq the forward

scattering amplitudes, which are computed as the sum of the forward scattering amplitudes of

each individual scatterer (branches, leaves, ...).
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The emission vector F̄ in (A.1) is given by [Tsang et al., 2000, p. 282]:

F̄ (θ, ϕ) =
[

ka1(π − θ, π + ϕ) ka2(π − θ, π + ϕ) −ka3(π − θ, π + ϕ) −ka4(π − θ, π + ϕ)
]T

,

(A.3)

where

ka1(θ, ϕ) = ke11(θ, ϕ) −

∫

[

P11(θ, ϕ, θ′, ϕ′) + P21(θ, ϕ, θ′, ϕ′)
]

dΩ′, (A.4)

ka2(θ, ϕ) = ke22(θ, ϕ) −

∫

[

P12(θ, ϕ, θ′, ϕ′) + P22(θ, ϕ, θ′, ϕ′)
]

dΩ′, (A.5)

ka3(θ, ϕ) = 2ke13(θ, ϕ) + 2ke23(θ, ϕ) − 2

∫

[

P13(θ, ϕ, θ′, ϕ′) + P23(θ, ϕ, θ′, ϕ′)
]

dΩ′, (A.6)

ka4(θ, ϕ) = −2ke14(θ, ϕ) − 2ke24(θ, ϕ) + 2

∫

[

P14(θ, ϕ, θ′, ϕ′) + P24(θ, ϕ, θ′, ϕ′)
]

dΩ′.(A.7)

(A.8)

The phase matrix ¯̄P (θ, ϕ, θ′, ϕ′) is given by [Tsang et al., 2000, pp.126 and 271]:

¯̄P (θ, ϕ, θ′, ϕ′) = n0
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(A.9)

In (A.2) and (A.99) the fpq coefficients are the vector-scattering amplitude functions that

provide the amplitude, phase and polarisation information of the scattered field at q-polarisation

~Eq = êqfpq(θ, ϕ, θ′, ϕ′)e−jkr/r, when a plane wave at p-polarisation ~Ei = êpe
−j~kinc~r is incident

on each scatterer.This expression assumes a far-field situation, so the interaction between near

particles, such as leaves and grapes in a vine, is neglected.

The solution of (A.1) entails the following boundary conditions:

• ¯Tup,p(θ, ϕ, z = 0) is the soil’s surface emission, and

• ¯Tdn,p(θ, ϕ, z = h) is the down-welling atmospheric emission at the top of the vegetation

layer.

Since the soil emission (Tup,v and Tup,h) and the vegetation emission at L-band are larger

(about two orders of magnitude) than the atmospheric down-welling contributions, as a first ap-

proximation ¯Tdn,p(θ, ϕ, z = h) could be neglected at nadir. Nevertheless, since different elevation

angles are considered in the analysis performed in section 5, both the atmospheric downwelling

contribution (2.1 K at nadir) and the cosmic background (2.7 K at nadir) are accounted for in

EMISVEG, corrected by the cosine of the elevation angle, which is a good approximation up to

the maximum incidence angles we are dealing with.
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In the computation of the phase matrix in (A.9) the interaction between the vegetation

elements and the soil has been considered up to first order. This includes: (i) the direct scattered

field, (ii) the scattered field when the incident field is reflected on the soil, (iii) the scattered

field reflected on the soil when the incident field impinges directly to the element, and (iv) the

combination of b) and c). This assumption together with the far-field simplification helps to

maintain the overall computation complexity at an affordable level.

A.2 Geometric description of the SMOS REFLEX 2003 site

A uniform distribution of plants was used for modelling man-made scenarios such as the

SMOS REFLEX 2003 vineyard. To simplify the computation of the radiometric results, the

vine model was repeated within the illuminated area. The geometric description of the different

components used to model the scenario, with particular emphasis on the elements used to model

the vines, is presented in the following sections.

A.2.1 Soil surface

The soil at the site was modelled as a Gaussian rough surface characterised by its rms height

(σh) and their correlation lengths lx = ly = l. Actually a plowed terrain may present different

correlation lengths in the X and Y directions, thus inducing an azimuthal effect on the Stokes

elements. No slope of the terrain was considered.

A.2.2 Trunks and branches

The vegetation layer was modelled by a set of simple discrete scatterers for which an ana-

lytical formulation for the scattered fields exists. Trunks and branches are dielectric cylinders,

optionally with an external corrugation, which are arranged following a fractal geometry de-

scribed by Lindenmayer systems (L-systems) [Prusinkiewicz & Lindenmayer, 1990]. An iterative

method and rules describing the growth from the tree trunk to the branches, is schematically

shown in Fig. A.1. Figure A.2 shows a detail of the leaves in a terminal branch, a sample

of cereals and rice, and examples of the final stage of other types of plants generated with a

fractal geometry. Each element in the plant is characterised by its centre position in the tree

reference frame (~rj), its orientation (~kj), its length (Lj), and radius (Rj). Similarly, each plant

is characterised by its point of birth over the field of view (~rk,trunk), having for each scatterer

the absolute position in the global frame of the illuminated area.

The model used for vines is shown in Fig. A.3. It includes leaves, and an external corrugation

to model the roughness of the trunk and branches.

A.2.3 Stems and leaves

Stems and leaves were added to the tree model using an algorithm based on the density of

these elements so as to adjust the leaf area index (LAI) [Mart́ınez-Vázquez et al., 2002]. Stems,

like branches, were modelled by dielectric cylinders, optionally with an external corrugation.
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Fig. A.1: Random tree distribution over a rough soil inside the illuminated area (leaves not drawn)

(a)

(b) (c) (d) (e) (f) (g)

Fig. A.2: (a) Iterative growing process of a tree, (b) Detail of leaves in a terminal branch, (c) Samples
of cereals, (d) Clusters of agricultural crops, (e) Sample of bush, (f) Sample palm tree, and (g) Sample
of deciduous tree.

Fig. A.3: Geometric model of a vine with fruits
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Leaves were modelled as flattened ellipsoids in one dimension (disc: flat leave) or in two dimen-

sions (needles), and were positioned only over the stems. Due to the large number of leaves per

plant, the set of possible sizes and orientations was discretised so that the total computation

time remained acceptable. For the vine model in Fig. A.3, each final branch has between 6 and

12 stems (uniformly random distributed), and each stem holds a number of leaves that covers

all the stem length. Leaves are modelled as disks (flattened ellipsoids in one dimension).

A.2.4 Fruits

Grapes were modelled as dielectric spheres uniformly distributed over the tree top. In the

case of the SMOS REFLEX 2003 site, and in order to simplify the geometric and electromagnetic

models no clustering effects have been considered. Because of the typical high water content of

these components, the number of fruits was determined from the plant volumetric water content

(VWC) [kg], the water fraction (WF) [adimensional] of the fruits with respect to the whole

plant, and the dry matter fraction (DMF) [adimensional] of the fruits according to:

Nfruits =
(VWC · WF/dw) / (1 − DMF)

4
3πR3

(A.10)

where dw = 1.01 ·103 kg/m3, is the water density and R is the radius of the sphere modelling

each single fruit.

A.3 Electromagnetic description of the scenario

In order to give the maximum flexibility to EMISVEG, several scattering methods were

implemented covering the different shapes and dimensions of the elements in the scenario.

A.3.1 Soil surface

At horizontal and vertical polarisations the soil emission was estimated using the Wang

& Choudhury [1981] model. The Kirchhoff model [Tsang et al., 2000, pp. 925–942] was also

implemented in the simulator, with correlation lengths l = lx = ly. These coefficients, once

integrated over the upper hemisphere, provide the full-polarimetric emissivity vector of the soil.

In both cases, since the correlation length is the same in both directions, for a horizontal soil

the third and fourth elements of the Stokes vector are equal to zero. The effect of the soil

moisture content is introduced in the model through the simple dielectric constant model [Wang

& Schmugge, 1980].

A.3.2 Trunks, branches and stems

Two methods were implemented for the computation of the scattering by trunks, branches

and stems: the semi-exact solution [Ulaby & Elachi, 1990], and the physical optics solution for

multi-layer finite length cylinders with corrugation [Lin & Sarabandi, 1995].
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A.3.3 Leaves and fruits

The scattering by leaves was computed using the Rayleigh-Gans approximation [Ulaby &

Elachi, 1990] for ellipsoids in its different particularisations for flat ellipses, flat discs and needles.

Grapes were modelled as dielectric spheres, so the Mie scattering formulation of a group of

randomly distributed spherical scatterers was implemented [Tsang et al., 2000, pp. 352-362].
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F. Campoy, J. Fernández, I. Corbella, N. Duffo, F. Torres, and J. Arenas, “Sea surface

emission at L-band results from the WISE/FROG field experiments”, in Proc. Interna-

tional Geoscience and Remote Sensing Symposium, (CD-ROM), 20–24 September, An-

chorage (Alaska, USA), 2004.

28. R. Sabia, A. Camps, M. Vall-llossera, R. Villarino, J. Miranda, A.Monerris, and M.

Zapata, “Sea surface salinity retrieval within the ESA Soil Moisture and Ocean Salinity

(SMOS) mission”, in Proc. IEEE GOLD Remote Sensing Conference, 13 and 14 May,

Napoli (Italy), 2004.

29. M. Vall-llossera, A. Camps, I. Corbella, F. Torres, N. Duffo, A. Monerris, R. Sabia,
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R. Sabia, A. Monerris, I. Corbella, N. Duffo, and F. Torres, “Foam-covered and rain-

roughned sea surface emissivity at L-band results from the FROG 2003 experiment”, in

Proc. 8th Specialist Meeting on Microwave Radiometry and Remote Sensing Applications,

24–27 February, Roma (Italy), 2004.
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List of Symbols

Ar Effective area of the antenna

As Area of soil

At Total radiating area

b b-factor used to estimate the vegetation

optical thickness

B(θ, φ) Brightness

Bbb Brightness of a black body

Bf (θ, φ) Spectral brightness density

C Soil clay fraction

Cs Coefficient which intervenes in the esti-

mation of the soil effective temperature

c Speed of light, 3·108 [m/s]

cs Equivalent soil depth filled with solid

Ds Total equivalent density of the soil made

up of solids, water, and air

e(θ, φ) Emissivity

ebs Emissivity of a bare soil

es(θ, φ) Soil emissivity

E(z, t) Plane wave electric field

f Frequency [Hz]

Fn(θ, φ) Normalised antenna pattern

Ft(θ, φ) Antenna radiation pattern

FC Field capacity

G Radiometer gain

h Planck constant, 6.63·10−34 [Js]

hs Effective roughness parameter

hair-soil Transition layer thickness used to evalu-

ate the small-scale soil roughness (m)

k Boltzmann constant, 1.38·10−23 [J/K]

k̂ Direction vector from the radiometer to

the observed pixel

kλ Electromagnetic wave number

La Atmospheric attenuation

lc Correlation length of the soil roughness

profile

Lveg Attenuation due to a vegetation canopy

n Exponential of the cosine dependence of

soil emissivity with the incidence angle

p Polarisation (vertical or horizontal)

P Power collected by an antenna

P ini
n First-guess value of the parameter Pn

Pbb Power collected by an antenna
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Ps Soil porosity

Qs Cross-polarisation factor

R Distance between the antenna and the ra-

diating target

Rh Fresnel reflectivity of soils at horizontal

polarisation

Rv Fresnel reflectivity of soils at vertical po-

larisation

S Soil sand fraction

T Absolute physical temperature [K]

TAP Absolute temperature [K]

TUP Atmospheric upward radiation [K]

TSC Radiation scattered by the land surface

[K]

TDN Atmospheric downward radiation reflected

by the surface [K]

TB Brightness temperature [K]

TBh Brightness temperature at horizontal po-

larisation [K]

TBv Brightness temperature at vertical polar-

isation [K]

Tmodel
Bp Simulated brightness temperature at p po-

larisation (p is either vertical or horizon-

tal) [K]

Teff Effective soil temperature [K]

Th First Stokes parameter in brightness tem-

perature [K]

TN Noise temperature [K]

Tsoil Soil surface physical temperature [K]

Tsurf Soil surface temperature [K]

Tv Second Stokes parameter in brightness tem-

perature [K]

Tveg Vegetation physical temperature [K]

T∞ Deep soil temperature [K]

U Third Stokes parameter in brightness tem-

perature [K]

V Fourth Stokes parameter in brightness tem-

perature [K]

VWC Vegetation water content [kg/m2]

Va Volume fraction of air in soils

Vbw Volume fraction of bound water in soils

Vfw Volume fraction of free water in soils

Vs Volume of a soil sample [cm3]

Vsp Volume fraction of solid phase in soils

Vout Output voltage of a radiometer [V]

Vw Volume of water in a soil sample [cm3]

wd Dry weights of a soil sample [g]

wg Gravimetric soil moisture

ws Volumetric soil water content [m3/m3]

wt Transition moisture [m3/m3]

WP Wilting point [m3/m3]

ww Wet weight of a soil sample [g]

α Exponential of the soil dielectric mixing

model

∆f Bandwidth of the receiver

∆T Radiometric sensitivity

εs Soil dielectric constant

ε′s Real part of the soil dielectric constant
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ε′′s Imaginary part of the soil dielectric con-

stant

εa Dielectric constant of air in soils

εbw Dielectric constant of bound water in soils

εfw Dielectric constant of free water in soils

εi Dielectric constant of ice

εr Dielectric constant of rocks

εsp Dielectric constant of solid phase in soils

εx Dielectric constant of the initially adsorbed

water in soils

εw∞ High frequency limit of εfw ≈ 4.9

εw0 Static dielectric constant of water

ε0 Permittivity of free space, 8.854·10−12 [F/m]

λ Wavelength [m]

Γs Soil reflectivity

Γop Fresnel’s soil reflectivity at p-polarisation

τ Vegetation opacity [Np]

τo First guess of the vegetation opacity [Np]

τr Integration time of a radiometer [s]

τw Relaxation time of water [s]

ω Vegetation albedo

ωo First guess of the vegetation albedo

Ωt Solid angle of the transmitting antenna

ϕ Azimuth angle referred to nadir[degrees]

ϕA Antenna azimuth angle referred to nadir[degrees]

θ Incidence angle referred to nadir [degrees]

θA Antenna incidence angle referred to nadir

[degrees]

θlocal Pixel’s local incidence angle referred to

nadir [degrees]

ρb Bulk density of soil [g/cm3]

ρw Density of water [g/cm3]

ρws Density of wet soil [g/cm3]

ρp Soil particle density [g/cm3]

σλ Standard deviation of height assuming a

windowing of length λ

σs Standard deviation of the soil height pro-

file

σpp Co-polar term of the scattering

σpp Cross-polar term of the scattering

σPn
Standard deviation of the parameter Pn

σTB
Standard deviation of the brightness tem-

perature

στ Standard deviation of the vegetation opac-

ity

σω Standard deviation of the vegetation albedo
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List of Acronyms

AMIRAS Airbone Microwave Imaging Radiometer by Aper-

ture Synthesis

AMRS-E Advanced Microwave Scanning Radiometer - E

CASA Construcciones Aeronáuticas Sociedad Anónima

CESBIO Centre d’Etudes Spatiales de la

Biosphère

CIDE Centro de Investigaciones sobre la DEsertificación

CNES Centre National d’Etudes Spatiales

CLASIC Cloud LAndSurface Interaction Campaign

CoSMOS Campaign for validating the operation of SMOS

CSIC Consejo Superior de Investigaciones

Cient́ıficas

DC Direct Current

DoY Day of Year

EEOL End of the Extended Operational Lifetime

ESA European Space Agency

ESTAR Electronically Scanned Thinned Array Radiome-

ter

FC Field Capacity

FROG Foam, Rain, Oil slick, and GPS experiment

FOV Field Of View

GRAJO GPS and RAdiometric Joint Observations exper-

iment

GSFC NASA Goddard Space Flight Center

GPS Global Positioning System

IEEC Institut d’Estudis Espacials de Catalunya

IFAC Istituto di Fisica Applicata “Nello Carrara”

IR Infrared

IROE Istituto di Ricerca sulle Onde Elettromagnetiche “Nello

Carrara”

IRTA Institut de Recerca i Tecnologia Agroalimentàries

ISU Iowa State University

JRC Joint Research Centre

LAI Leaf Area Index

LAURA L-band AUtomatic RAdiometer

LCD Liquid Crystal Display

LEWIS L-band radiometer for Estimating Water In Soils

LICEF Light Cost Effective Front-end, SMOS antennæ

MBE Mean Beam Efficiency

MELBEX SMOS Mediterranean Ecosystem L-Band char-

acterisation EXperiment

MIRAS Microwave Imaging Radiometer by Aperture Syn-

thesis

MOUSE MOnitoring Underground Soil Experiment

NASA National Aeronautics and Space Administration

NIR Noise Injection Radiometer

ONERA Office National d’Etudes et de Recherches Aerospa-

tiales

PALS Passive/Active L/S band radiometer

RSLab Remote Sensing Laboratory

REFLEX REFerence pixel L-band EXperiment

RMSE Root Mean Squared Error
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SGP Southern Great Plains experiment

SM Soil Moisture

SMAP Soil Moisture Active and Passive

SMEX Soil Moisture EXperiments

SMOS Soil Moisture and Ocean Salinity

SMOSREX Surface Monitoring Of the Soil Reservoir EX-

periment

STARSS Salinity Temperature and Roughness Remote Scan-

ner

TDR Time Domain Reflectometry probe

TPR Total Power Radiometer

T-REX Terrain-Roughness EXperiment

TUD Technical University of Denmark

TuRTLE Topography effects on RadiomeTry at L-band Ex-

periment

UdL Universitat de Lleida

UPC Universitat Politècnica de Catalunya

UPS Uninterruptible Power Supply

USDA United States Department of Agriculture

UTV Università degli Studi di Roma Tor Vergata

UV Universitat de València

VAS Valencia Anchor Station

VWC Vegetation Water Content

WISE WInd and Salinity Experiment

WP Wilting Point
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Doménech, C., Sánchez, M.A., & Velázquez, A. 2001 (September). The Valencia Anchor

Station: A reference cal/val area for low-resolution remote sensing data and products. In:

Proc. First International Symposium on Recent Advances in Quantitative Remote Sensing.

4.6, 4.6.1, 7.2

Macelloni, G., Brogioni, M., Pampaloni, P., Cagnati, A., & Drinkwater, M.R. 2006. DOMEX

2004: An experimental campaign at Dome-C Antarctica for the calibration of spaceborne low-

frequency microwave radiometers. IEEE Trans. Geosci. and Remote Sens., 44(10), 2642–2653.

9.4



198 BIBLIOGRAPHY

Macelloni, G., Pampaloni, P., Pettinato, S., Santi, E., & Drinkwater, M. 2007 (November). The

DOMEX-2 experiment : a contribution to SMOS calibration. In: 7th SMOSWorkshop. 1.3.1,

9.4

Mart́ınez-Vázquez, A., Camps, A., Duffo, N., Vall-llossera, M., & López-Sánchez, J.M. 2002.
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Pardé, M., J.-P.Wigneron, Chanzy, A., P.Waldteufel, Y.Kerr, & Huet, S. 2003. Retrieving

surface soil moisture over a wheat field: Comparison of different methods. Remote Sens.

Environ, 87, 334–344. 7.1, 7.3.2

Parde, M., Wigneron, J.-P., Waldteufel, P., Kerr, Y.H., Chanzy, A., Sobjaerg, S.S., & Skou, N.

2004. N-parameter retrievals from L-band microwave observations acquired over a variety of

crop fields. IEEE Trans. Geosci. and Remote Sens., 42(6), 1168–1178. 3.4

Peplinsky, N.R., Ulaby, F.T., & Dobson, M.C. 1995. Dielectric properties of soils in the 0.3–1.3

GHz range. IEEE Trans. Geosci. and Remote Sens., 33, 803–807. Corrections: IEEE Trans.

Geosci. and Remote Sens., 1995, 33:1349. 3.2, 3.2.2

Pierdicca, N., Pulvirenti, L., & Marzano, F.S. 2008 (July). A simulation study to quantify the

relief effects on the observations performed by microwave radiometers. Pages 684–687 of:

Proc. IGARSS, vol. II. 8.1

Prusinkiewicz, P., & Lindenmayer, A. 1990. Algorithmic beauty of plants. New York: Springer-

Verlag. A.2.2

Putuhena, W.M., & Cordery, I. 1996. Estimation of interception capacity of the forest floor.

Journal of Hydrology, 180, 283–299. 9.3

Reich, P., & Reich, W. 1986. A radio continuum survey of the northern sky at 1420 MHz - Part

II. Astron. Astrophys. Suppl. Series, 63, 205–292. 8.3.5, 9.1.4

Reul, N., Tenerelli, J., Chapron, B., & Waldteufel, P. 2007. Modeling sun glitter at L-band

for sea surface salinity remote sensing with SMOS. IEEE Trans. Geosci. and Remote Sens.,

45(7), 2073–2087. 9.1

Robock, A., Vinnikov, K.Y., Srinivasan, G., Entin, J.K., Hollinger, S.E., Speranskaya, N.A.,

Liu, S., & Namkhai, A. 2000. The global soil moisture data bank. Bulletin of the American

Meteorological Society, 81(6), 1281–1299. 1.1
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