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Abstract 
 

Soil Moisture and Ocean Salinity (SMOS) mission, in orbit since November 2, 2009, provides 

valuable sea surface salinity and soil moisture data from L-band radiometric measurements. 

SMOS spatial resolution is close to 50 km, and one of the main goals is to achieve a resolution 

of tens of meters. At the moment, a resolution of 1 km is been achieved. 

In order to improve the spatial resolution, an approach combining passive L-band observations 

and visible/infrared satellite data (MODIS) is used. The downscaling algorithm is based on the 

‘Universal Triangle’ concept, which relates land surface parameters (VIS/IR Normalised 

Difference Vegetation Index (NDVI) and land surface temperature (LST)) to soil moisture. As a 

first approach, the algorithm is validated using only horizontally polarised brightness 

temperatures and observations acquired at a constant incidence angle, 42.5°. 

The effect of considering a range of soil moisture observations acquired at different incidence 

angles and also the impact of using both horizontal and vertical polarisations in the 

downscaling algorithm is evaluated in the present study. Different approaches on how to 

introduce this additional information in the original high resolution algorithm are considered. 

The study is focused in the OZnet soil moisture monitoring network in South-East Australia and 

it is validated with in situ data, provided by permanent and semipermanent stations over the 

Yanco region. 
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Resum del projecte 
 

La missió SMOS (Soil Moisture and Ocean Salinity), en òrbita des del 2 de novembre del 2009, 

proporciona dades de salinitat superficial del mar i dades d'humitat del sòl a partir de mesures 

radiomètriques de banda L. La resolució espacial d’SMOS és d’aproximadament 50 km, i un 

dels principals objectius és aconseguir una resolució de desenes de metres. De moment, s’ha 

aconseguit arribar a resolucions d'1 km. 

Per tal de millorar la resolució espacial, s’ha utilitzat un mètode que combina observacions a 

banda L i dades obtingudes per satèl·lit d’infraroigs (MODIS). L'algoritme per millorar la 

resolució espacial es basa en el concepte de ‘Triangle Universal’, que relaciona paràmetres de 

la superfície terrestre (Índex de Vegetació (NDVI, Normalised Difference Vegetation Index) i la 

temperatura de la superfície del sòl (LST, land surface temperature)) amb la humitat del sòl. 

Com a primera aproximació, l'algoritme és validat utilitzant només temperatures de brillantor 

en polarització horitzontal i observacions adquirides a un angle d’incidència constant, 42.5°. 

En aquest estudi s’avalua l'efecte de considerar diferents observacions d'humitat del sòl 

adquirides a diferents angles d’incidència i l'impacte de l'ús de polaritzacions horitzontal i 

vertical en l'algoritme per millorar la resolució espacial. També s’han considerat diferents 

enfocaments en la manera d'introduir aquesta informació en l'algoritme d'alta resolució 

original. 

L'estudi es centra en la xarxa de monitorització d’humitat del sòl, OZnet, al sud-est d'Austràlia i 

s’ha validat amb dades in situ, obtingudes de les estacions permanents i semipermanents a la 

regió Yanco. 
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Resumen del proyecto 
 

La misión SMOS (Soil Moisture and Ocean Salinity), en órbita desde el 2 de noviembre de 2009, 

proporciona datos de salinidad superficial del mar y datos de humedad del suelo a partir de 

medidas radiométricas de banda L. La resolución espacial de SMOS es de aproximadamente 50 

km, y uno de los principales objetivos es conseguir una resolución de decenas de metros. De 

momento, se ha logrado llegar a resoluciones de 1 km. 

Para mejorar la resolución espacial, se ha utilizado un método que combina observaciones a 

banda L y datos obtenidos por satélite de infrarrojos (MODIS). El algoritmo para mejorar la 

resolución espacial se basa en el concepto de 'Triángulo Universal', que relaciona parámetros 

de la superficie terrestre (Índice de Vegetación (NDVI, Normalised Difference Vegetation 

Index) y la temperatura de la superficie del suelo (LST, land surface temperature)) con la 

humedad del suelo. Como primera aproximación, el algoritmo es validado utilizando sólo 

temperaturas de brillo en polarización horizontal y observaciones adquiridas a un ángulo de 

incidencia constante, 42.5°. 

En este estudio se evalúa el efecto de considerar diferentes observaciones de humedad del 

suelo adquiridas en diferentes ángulos de incidencia y el impacto del uso de polarizaciones 

horizontal y vertical en el algoritmo para mejorar la resolución espacial. También se han 

considerado diferentes enfoques en la manera de introducir esta información en el algoritmo 

de alta resolución original. 

El estudio se centra en la red de monitorización de humedad del suelo, OZnet, en el sureste de 

Australia y se ha validado con datos in situ, obtenidos de las estaciones permanentes y 

semipermanentes en la región Yanco. 
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1 Introduction 
 

1.1 Motivation 
 

The amount of water in the soil and salinity in the oceans may not seem to hold a relationship 

but they are both key variables in the Earth’s water cycle as they affect directly to weather and 

climate. Variations of soil moisture and ocean salinity are a consequence of the continuous 

exchange of water between the oceans, the atmosphere and the land. 

Even though soil only holds a small percentage of the total global water budget, soil moisture 

plays an important role in the global water cycle. It is also an important component in the 

terrestrial ecosystem processes. It provides a link between the terrestrial surface and the 

atmosphere through its effects on surface energy and soil moisture fluxes. 

Along with temperature, salinity is one of the characteristics determining the water density of 

the oceans. Water density is affected by its temperature (lower temperature and high salt 

content means higher density 

Soil moisture is the most changeable component in the hydrological cycle, with a stability that 

lasts few days in many parts of the Earth. This implies the need of an strategy of obtaining 

temporal averages from consecutive measurements, for example, obtained by an earth 

observation satellite. 

Also, in-situ measurements of soil moisture are limited so, as to improve the understanding of 

the water cycle and, as a consequence, improve the weather and climate forecasting, more 

data is urgently required. 

All this leads to consider the use of remote detection from space to establish a global 

programme of measurements with time and spatial regularity, as for example, the SMOS 

mission. 

SMOS is not the first space mission of this kind that has been proposed but it is the first one 

that has been selected for development and commissioning. 

SMOS uses passive microwave remote sensing techniques from space that consists of an 

orbital radiometer capable of collecting the radiation emitted by the earth's surfaces at its 

frequency (1.4 GHz, L-band). The radiometer is possible to retrieve the salinity of the oceans 

and the moisture of the soil. 

At L-Band SMOS working frequency the atmosphere's contribution to the emission of 

brightness temperatures is negligible and therefore the soil emission will be measured on 

almost isolated basis. Thus, the atmospheric models will be able to almost directly subtract the 

contribution of the soil to the emission from the brightness temperature measured by the 

atmospheric radiometer. 
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Apart from the monitoring of global areas, the SMOS mission provides the scientific 

community with global measurements on soil moisture in appropriate temporal-spatial 

accuracy to hold climatic, meteorological and hydrological studies on a large scale.  

1.2 SMOS Mission 

1.2.1 Introduction 
The Soil Moisture and Ocean Salinity (SMOS) mission was launched on 2nd November 2009 

and it is the second Earth Explorer mission, and part of the European Space Agency’s Living 

Planet Programme. 

As stated before in (1.1), soil moisture data and ocean salinity are key variables linked to 

Earth’s water cycle. As there are currently relatively few global datasets of either soil moisture 

or ocean salinity, more regular data is urgently needed to improve the knowledge of the global 

water cycle and to provide a better weather and climate forecasting. 

To fill this gap of information, SMOS provides global soil moisture maps every three days with 

a ground resolution of 50 km and a 0.04 m3/m3 volumetric humidity accuracy. It also provides 

regular maps of salinity in the surface waters of the oceans every 30 days with a ground 

resolution of 200 km and 1.2 practical salinity units (psu). 

SMOS has a sun-synchronous, quasi-circular orbit with a mean altitude of 758 km, and with 6 

am/6 pm overpass times. 

The SMOS mission is a completely new approach in the field of remote sensing at L-band (1.4–

1.427 GHz) by employing a novel instrument called MIRAS (see section 1.2.2). The total launch 

mass is 683 kg, comprising 366 kg for payload and 317 kg for platform. 

 

1.2.2 SMOS MIRAS 
SMOS payload MIRAS (Microwave Imaging Radiometer by Aperture Synthesis), is an aperture 

synthesis radiometer which measures brightness temperature at 1.413 GHz. This novel 

instrument is the first-ever two-dimensional interferometric radiometer in space and it 

supposes a new measuring technique by adopting a completely different approach in the field 

of observing the Earth from space. 

Contrary to aperture synthesis radiometers (as SMOS MIRAS) the spatial resolution of real-

aperture radiometers depends on the antenna size. Therefore, they usually have large 

antennas with narrow beams to scan the field of view. As the retrieval of geophysical 

parameters such as the soil moisture or the ocean salinity has demanding requirements on 

spatial resolution, the use of real-aperture radiometers would imply antenna sizes on the 

order of 20 m of diameter from a low orbit satellite. 

The aperture synthesis approach allows for lighter structures composed of small antennas that 

effectively ‘synthesize’ a larger one, able to meet the required spatial resolution. As a negative 

point there is an increase in hardware, data processing and calibration complexity. 
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MIRAS consists of a central structure and three deployable arms, each of which has three 

segments. It is formed by a Y-shaped antenna array with the three mentioned arms, each arm 

having an approximate length of 4.5 m and 21 dual-polarisation L-band antennas spaced 

0.875λ. 

  
(a) (b) 

Figure 1.1 In (a), SMOS MIRAS deployed in the space. In (b), MIRAS brightness temperature 

imaging process, from www.esa.int. 

Real-aperture radiometers image the brightness temperature by scanning their antenna across 

the field of view (FOV) and, consequently, the image resolution is determined by the beam 

width of the antenna. Aperture synthesis radiometers generate an image indirectly by 

measuring the Fourier transform of the brightness temperature distributed over the FOV. 

MIRAS takes a two-dimensional brightness temperature image every 1.2 seconds with an 

hexagonal-shaped FOV of about 1000 km swath width. Over land, the radiometric sensitivity 

varies from 3.5 to 5.8 K and 2.5 and 4.1 K in the case of oceans. 

MIRAS provides observations at various incidence angles and radiometric resolutions 

depending on its position within the field of view during a satellite overpass (see Fig. 1.2). 

As the satellite moves along its orbital path, each pixel is observed under different viewing 

angles (from 0° to 65°; dashed contours centred at nadir in Fig. 1.2). SMOS observations are 

characterized for having a different pixel size, orientation, and noise level, depending on the 

pixel’s location within the instrument FOV. As the pixel’s distance to the ground-track 

increases, the pixel is imaged fewer times, its angular variation is reduced, and the 

instrument’s noise increases. 
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Figure 1.2 SMOS simulated field-of-view in the Earth reference frame, from (Piles et al., 2009). 

MIRAS has two operation modes: dual or full polarisation. In the dual polarisation mode 

brightness temperatures are measured at H- and V-pol alternately using an integration time of 

1.2 s, while in the full mode the third and fourth Stokes’ parameters are also used. 

1.2.3 SMOS products 
The SMOS mission products are divided into four categories: 

- Level 0 products: unprocessed SMOS data with added Earth Explorer headers. Level 0 

products include, for instance, satellite data, and calibration data from correlators. 

 

- Level 1 products are divided into three subcategories: 

 Level 1a products are calibrated visibilities grouped as snapshots. 

 Level 1b products are vectors of brightness temperatures referred to the 

antenna polarisation reference frame and grouped as snapshots. 

 Level 1c products are brightness temperatures referred to a fixed grid on a 

Earth ellipsoid and sorted into swath-based maps. Level 1c products are 

generated separately for land and sea applications. 

 

- Level 2 products are soil moisture or surface salinity swath-based maps which have 

been computed from Level 1c products. The conversion from Level 1c brightness 

temperatures to Level 2 maps includes a first step to mitigate the impact of Faraday 

rotation, Sun/Moon/galactic glint, atmospheric attenuation, etc. and is done 

separately for soil moisture and ocean salinity. 

 

- Level 3 products are based upon the spatio-temporal resampling of Level 2 products. 

 

- Level 4 products are improved Level 2/3 products through the use of auxiliary data 

from other sources. 
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Level 0 to Level 2 data products will be archived for 10 years after the end of the SMOS 

extended operational lifetime (EEOL) in orbit. Further information on these levels is given in 

(Zundo et al., 2005) 

.
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2 Basic concepts of radiometry 

2.1 Introduction 
 

Most of the energy received by the Earth is in form of solar electromagnetic radiation. Part of 

this energy is reflected when it reaches the atmosphere, part is absorbed and the rest is 

transmitted to the Earth’s surface (part of this is also scattered by clouds). When it reaches the 

Earth’s surface, part of this energy is absorbed and part of it is reflected outward and radiated 

to space after going through clouds and the atmosphere again (see Fig. 2.1 for a detailed 

scheme of the process). 

The energy absorbed in the previous stages is transformed into thermal energy, which leads to 

a temperature increase until the thermodynamic equilibrium is reached. 

Radiometry is the field of science that studies the thermal electromagnetic energy radiated by 

the bodies. 

 

 
Figure 2.1 Cycle of the solar electromagnetic radiation received by the Earth. 
 

 



15 
Study of high resolution soil moisture retrieval algorithms for the SMOS mission: Chapter 2 

 

2.2 Radiometry basic concepts 

2.2.1 Brightness and power collected by an antenna 
The power emitted by a source in a solid angle and by unit surface is called brightness, 

 (   ). Considering the emitting surface radiating with a radiation pattern   (   ) and a 

total area   ,brightness is given by: 

 (   )  
  (   )

  
 [          ] 

 
(2.1) 

 

The power intercepted by an antenna surrounded by a distribution of incident power  (   ) 

can be expressed as: 

  
    
  

    
  
  
 [      ] 

 
(2.2) 

 

where    is the effective area of the receiving antenna and R is the distance between both 

transmitting and receiving antennas. 

Considering the solid angle of the radiating antenna: 

   
  
  

 
 

(2.3) 
 

the expression in equation (2.2) can  be expressed as: 

        (2.4) 
 

If the incident brightness comes from an extended source, the power collected by the antenna 

can be expressed in terms of a differential solid angle   : 

      (   )  (   )   (2.5) 
 

where   (   ) is the normalised antenna pattern. 

If the brightness depends on the frequency, the spectral brightness density (  (   )) can be 

defined. The power received by the antenna is obtained by integrating equation (2.5) over the 

system’s bandwidth: 

  
 

 
  ∫ ∬  (   )  (   )    

 

  

    

 

 
 

(2.6) 

 

where    is the bandwidth of the receiving antenna and the factor 
 

 
 is necessary since the 

antenna collects only half of the randomly polarised thermal emission. 
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2.2.2 Thermal radiation 

Blackbody radiation: Planck’s law 
A blackbody is an idealised body that absorbs all the incident radiation. Following the 

thermodynamics principles, blackbodies are also perfect emitters, since otherwise their 

temperature would indefinitely increase. 

A blackbody radiates all the energy absorbed omnidirectionally when it reaches the thermal 

equilibrium and the spectral brightness follows Planck’s radiation law (see Fig. 2.2) and can be 

expressed as: 

   
    

  
(

 

 
  

  ⁄   
) 

 
(2.7) 

 

where   is the Planck’s constant (             [ ]),   is the frequency in   ,   is the 

Boltzmann’s constant (             [    ]),   is the absolute temperature in K and  is   

the speed of light (        [    ]). 

An approximation to Planck’s law for microwave frequencies is known as the Rayleigh-Jeans 

law. Considering that in this situation     ⁄   , using Taylor’s approximation: 

     (    
  

 
  )        (for    )  

(2.8) 
the spectral brightness in equation (2.7) can be expressed by: 

   
     

  
 
   

  
 

 
(2.9) 

 
with an error smaller than 1% if   < 117 GHz and       K. 
 
Then, the brightness of a blackbody     at a physical temperature T and a bandwidth    
follows a linear relationship between brightness and physical temperature at microwave 
frequencies: 
 

         
   

  
   

 
(2.10) 
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Figure 2.2 Planck’s radiation law. At microwaves frequencies, the graph shows how the 

Planck’s low can be approximated by a line, which means there is a linear relationship between 

brightness and physical temperature (from Ulaby et al., (1981)). 

 

The power collected by an antenna with normalized radiation pattern   (   ) surrounded by 

a blackbody at a constant physical temperature T is given by equations (2.6) and (2.9): 

    
 

 
  ∫ ∬

   

  
  (   )    

 

  

    

 

 
 

(2.11) 

 

Assuming the system bandwidth    small enough so that Bf can be considered constant over 

the frequency range, (2.10) can be expressed as: 

        
  
  
∬  (   )  

 

  

     
  
  
   

 
(2.12) 

 

where    is the antenna solid angle, which can be expressed as a function of its effective area 

  : 

   
  

  
 

 
(2.13) 
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Hence, equation (2.11) becomes: 

         (2.14) 
 

Nonblack body radiation 
Real material, also known as grey bodies, do not behave the same as blackbodies as, contrary 

to them, do not absorb all the incident power and, consequently, their emission is lower. The 

brightness  (   )), which now may depend on direction, has a similar expression to equation 

(2.10): 

 (   )  
  

  
  (   )   

 
(2.15) 

 
where   (   ) is the brightness temperature of a blackbody having the same brightness 
density. The brightness of grey bodies relative to that of blackbodies at the same physical 
temperature is known as emissivity  (   ): 
 

 (   )  
 (   )

   
 
  (   )

 
 

 
(2.16) 

 

where  (   ) <    , as grey bodies emit less than a blackbody. As a consequence,  (   ) will 

vary between 0 (perfect reflector) and 1 (perfect absorber, blackbody). Also, the brightness 

temperature   (   ) of a material is always smaller than, or equal to its physical temperature 

 . 

The apparent temperature     is an equivalent temperature related to the total brightness  

  (   ) incident over the antenna. They are related as follows: 

  (   )  
  

  
   (   )   

 
(2.17) 

 
The brightness temperature of the observed pixel (  ) is usually the main contribution to     

but also, other emissions as the atmospheric upward radiation (   ) and the land surface 

scattered radiation (   ), and also the attenuation of the atmosphere (  ), contribute to its 

expression: 

        
 

  
(      ) 

(2.18) 

 
The antenna temperature    is estimated from the normalised antenna pattern   (   ) and 
normalised solid angle pattern    as: 

 

   
 

  
∬   (   )  (   )  

 

  

 
 

(2.19) 
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3 High resolution soil moisture retrieval 

algorithm for SMOS mission 
 

3.1 Introduction 
 

In order to improve the spatial resolution, an approach combining passive L-band observations 

and visible/infrared (VIS/IR) satellite data (MODIS) is used. The downscaling algorithm is based 

on the ‘Universal Triangle’ concept, which relates land surface parameters (VIS/IR), Normalized 

Difference Vegetation Index (NDVI) and Land Surface Temperature (LST)) to soil moisture. 

3.2 Universal triangle concept 
 

The principle downscaling algorithms aim to achieve a combination of high accuracy and high 

spatial resolution measurements. The main steps in order to perform this relationship consist 

in building a linking model between the microwave low resolution measurements and 

aggregated high resolution VIS/IR data to obtain an specific set of regression coefficients, that 

are specific of each day and each image. The next step is to relate, through the linking model 

again and using the calculated regression coefficients, high resolution VIS/IR data with 

disaggregated passive soil moisture observations. 

Many studies have proved that there is only a unique relationship between soil moisture, NDVI 

and LST for a given region under specific climatic conditions (Carlson et al., 1994). If only 

cloudless pixels and non-containing standing water have been taken into account for the study 

dataset, a triangular (or trapezoid) shape appears when representing a LST versus NDVI graph 

(Carlson et al., 2007) (see Fig. 3.1). 

This triangle shaped relationship is due to the low sensitivity of LST to soil moisture variations 

in high vegetated areas and to the higher sensitivity when the area under study is bare soil.  

The right-hand border of the triangle (called ‘dry edge or warm edge’) is defined by points of 

highest temperature but which also contain different quantities of either bare soil or 

vegetation cover. It represents conditions of limited surface soil moisture (Petropulos et al., 

2009). 

The left-hand edge of the triangle (called ‘wet edge or cold edge’) is defined by points of cooler 

temperature that have different amounts of vegetation cover and have the maximum soil 

water content. 

Variations along the lower edge of the triangle reflect the combined effects of soil water 

content and topography variations across areas of bare soil (Chauhan et al., 2003). 
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Figure 3.1 Universal triangle: relationship between NDVI, LST and soil moisture. 

To express the unique relationship between soil moisture, NDVI and LST, the following 

regression formula (Carlson et al., 1994) can be used: 

   ∑∑        
     

 

 

   

 

   

 
 

(3.1) 

 

Considering only the first and second order terms, (3.1) can be expressed as: 

                                            
          

  (3.2) 

 

where LSTN and NDVIN are the normalized terms of LST and NDVI, respectively: 

     
       
         

 
 

(3.3) 
 

      
            

               
 

 
(3.4) 

 

Further studies (Piles et al. 2011) have proved that the addition of the SMOS    in (3.1) is 

needed to capture soil moisture variability at high resolution, as    includes information on all 

parameters that dominate the earth’s emission at L-band in addition to soil moisture (i.e. soil 

roughness, soil texture, soil temperature, vegetation opacity and vegetation scattering 

albedo). The relationship is as follows: 

   ∑∑∑         
     

 
   
 

 

   

 

   

 

   

 
 

(3.5) 
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Considering only the first and second order terms, (3.5) can be expressed as: 

                                          
          

 

          
                                         

(3.6) 

 

where TBN is the normalized term of TB: 

    
        

           
 

 
(3.7) 

 

In the present study, all the different downscaling approaches have as basic model the one 

formulated in equation (3.6). 

3.3 Methodology 
 

The objective of the downscaling algorithm is to obtain high spatial resolution soil moisture 

data (1 km) from SMOS retrieved low resolution L2 product and ancillary data from a VIS/IR 

satellite (in this study, MODIS). 

The main steps of the algorithm (scheme in (3.2)) are the following: 

1. Apply the linking model in equation (3.6) using SMOS L2 product (≈50 km resolution), 

SMOS L1C product (≈50 km resolution) and MODIS auxiliary data (LST, NDVI) 

aggregated at 50 km, to obtain the coefficients aijk. 

 

2. Apply  the linking model in equation (3.6) using the coefficients aijk obtained in the 

previous step, SMOS L1C product (resampled at 1 km) and MODIS auxiliary data (LST, 

NDVI) (1 km resolution), to obtain soil moisture at high resolution. 
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Figure 3.2 Scheme of the downscaling algorithm used in this study. 

3.4 Datasets used in the validation of the high 

resolution downscaling algorithm 
 

This study is focused in the Yanco area which is located in the Murrumbidgee catchment (see 

Fig. 3.3), southern New South Wales, Australia. The Murrumbidgee itself comprises an area of 

100.000 km2 monitored for remote sensing purposes. 
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Yanco is a square shaped region of 60 km by 60 km with a flat topography. The land use is 

mainly agricultural: pastoral, grazing, broad-acre cropping and irrigation areas.  

In order to validate the downscaling algorithms, in situ data of the period June 2010 to 

December 2010 has been used, which corresponds to winter and spring seasons. This permits 

to evaluate the method at different conditions. 

 

 

 
Figure 3.3 Map of the Murrumbidgee catchment where the different permanent stations of 

the OzNet Monitoring Network are shown: Murrumbidgee Sites (M’s), Yanco Sites (Y’s), 

Kyeamba Sites (K’s) and Adelong Creek Sites (A’s). 

 

3.4.1 SMOS Data 

Orbits selection 
In order to determine the dataset used, a study of the SMOS overpass time over Yanco is 

needed. 

SMOS has a revisiting time of three days, but it sees exactly the same place every 18 days. For 

this reason, a previous study of 18 consecutive days in the region under study is needed in 

order to know the exact coordinates of the different orbits overpassing the zone of interest. 

The SMOS L2 products files contain information of the orbit coordinates in a header. Reading 

this information for each orbit during the 18 days study, it can be determined the range of 

orbits that cover the zone under study. 

A complete study of the orbit’s overpass time in the Yanco region (see Fig. 3.4) is shown in 

Appendix A. 
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(a) 

 
(b) 

Figure 3.4 In (a), SMOS ascending orbit over Australia, 24th October 2010, 7.35 am. In (b), 

SMOS descending orbit over Australia, 24th October 2010, 20.07 pm. Both orbits cover the 

zone under study (Yanco) but they do not cover exactly the same area. After 18 days, the 

orbits will cover the exactly same area. 

L1C and L2 products 
SMOS products L1C (brightness temperature maps) and L2 (soil moisture maps), at 50 km 

spatial resolution, are used in the present study (see Fig. 3.5). 

The main goal in this project has been to analyse different approaches of the downscaling 

algorithm considering both horizontal and vertical polarisations and different incidence angle 

acquisitions (32.5°, 42.5° and 52.5°), to determine which approach obtain the most accurate 

solution. 

The 42.5° angle value is the most widely used as it is the angle that provides more number of 

views (as explained in section 1.2.2 related to SMOS MIRAS FOV, see Fig. 1.2). The L1C product 

at 42.5° is the result of a linear interpolation of all TB acquired at an angle between 37.5° and 

47.5° (42.5° ± 5°).  
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L2 products are the SMOS retrieved soil moisture obtained by inverting a geophysical model 

function. This inversion is performed by minimizing a cost function, using the iterative 

Levenberg-Marquardt method (Piles, 2010). 

  
(a) (b) 

Figure 3.5 SMOS L1C (a) and L2 (b) derived maps, respectively, from 24th October 2010, 

07:36h. 

 

3.4.2 MODIS Data 
The MODIS instrument is operating on both the Terra and Aqua spacecraft and views the 

entire surface of the Earth every one to two days. In the present study both Aqua and Terra 

satellites are used combined and separately in order to determine which option obtains better 

results in the downscaling algorithm. 

L3 MODIS products MOD11A1 and MYD11A1 (Terra and Aqua, respectively) are used as 

ancillary data providing daily and night Land Surface Temperature (LST) (for ascending or 

descending orbits, respectively) in the performance of the downscaling algorithm (see Fig. 3.6). 

Both products have a spatial resolution of 1 km. 

  
(a) (b) 

Figure 3.6 MODIS Day LST (a) and Night LST (b) derived maps, respectively, from 24th October 

2010. Empty areas in the maps are due to clouds masking effects. 
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L3 MODIS product MOD13A2 provides 16 day Normalized Difference Vegetation Index (NDVI) 

data at 1 km resolution (see Fig. 3.7). It will be used in the retrieval of high resolution soil 

moisture as there is no daily NDVI MODIS product available. 

 
Figure 3.7 MODIS 16 day NDVI derived map from 24th October 2010. No empty areas appear in 

this map due to clouds as it is the result of a composition of 16 days measurements. 

 

3.4.3 In Situ Data 
In order to validate the downscaling algorithm, in situ data of the Yanco area has been used. 

The data of the permanent in situ stations is provided by the OzNet Monitoring Network 

(http://www.oznet.org.au/). Figure 3.8 shows a distribution map of the permanent and 

semipermanent stations over the Yanco area. 

 
Figure 3.8 Map of the distribution of the permanent (blue dots) and semi-permanent stations 

(yellow) over the Yanco area. 

Permanent Stations  
There are 13 permanent stations in the Yanco region (see Table 3.1), all of them established in 

2003 except one, Y3, installed in 2001. This last station follows an old scheme for measuring 

soil moisture. 

http://www.oznet.org.au/
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The new permanent stations measure soil moisture at 0-5 cm, 0-30 cm, 30-60 cm and 60-90 

cm while the old station Y3 measures soils moisture at 0-8 cm. All of them are also 

continuously monitoring precipitation and soil temperature. 

During this study, station Y13 is not considered as there is no data available during the period 

under study. 

Site Longitude Latitude Land Use Vegetation Type 

Y1 -34,62888 145,84895 Grazing Improved pasture 

Y2 -34,65478 146,11028 Grazing Improved pasture 

Y3 -34,6208 146,4239 Grassland Grass 

Y4 -34,71943 146,02003 
Irrigated 
crop/grazing Improved pasture 

Y5 -34,72835 146,29317 Grazing Improved pasture 

Y6 -34,84262 145,86692 Irrigated crop Oats 

Y7 -34,85183 146,1153 Grazing Improved pasture 

Y8 -34,84697 146,41398 Grazing Improved pasture 

Y9 -34,96777 146,01632 Irrigated crop Oats 

Y10 -35,00535 146,30988 Grazing Improved pasture 

Y11 -35,10975 145,93553 Grazing Improved pasture 

Y12 -35,0696 146,16893 Crop/grazing Oats/improved pasture 

Y13 -35,09025 146,30648 Grazing Improved pasture 

Table 3.1 Description of the permanent stations in the Yanco area. 

 

A temporal evolution of the soil moisture measured in each permanent station is shown in 

Figure 3.9: 

 
Figure 3.9 Temporal evolution of the soil moisture measured at 0-5 cm in each permanent 

station during the period of 2nd June to 19th December. Empty periods correspond to station 

data missing. 

Semi-permanent Stations 
There are a total of 24 semi-permanent stations through the Yanco area (see Table 3.2), all of 

them installed in 2009 to support the SMAPEx experiment (Walker et. al, 2010). 
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They are divided in two areas, YA and YB, of 9 km x 9 km and they are continuously monitoring 

soil moisture at 0-5 cm and soil temperature at 1, 2.5 and 5 cm. 

The area comprised of YA and YB is equally distributed between irrigated cropping land and 

grazing dry land. 

During this study, stations YB1 and YB9 are not considered as there is no data available during 

the period under study. 

 

Site Longitude Latitude Land Use Vegetation Type 

YA1 -34,68425 146,089695 Cropping Stubble 

YA3 -34,67715333 146,139695 Grazing Perennial grass 

YA4a -34,706005 146,079365 Cropping Barley 

YA4b -34,70306167 146,1052867 Cropping Stubble 

YA4c -34,71421333 146,0942533 Cropping Wheat 

YA4d -34,71420167 146,0750583 Cropping Wheat 

YA4e -34,72139333 146,1029717 Grazing Perennial grass 

YA5 -34,71285833 146,1277117 Grazing Perennial grass 

YA7a -34,73520833 146,0819667 Cropping Wheat 

YA7b -34,737835 146,0986683 Cropping Stubble 

YA7d -34,7544 146,0777733 Cropping Stubble 

YA7e -34,75072833 146,0949283 Grazing Perennial grass 

YA9 -34,74137667 146,1536367 Grazing Perennial grass 

YB1 -34,94124315 146,2765412 Grazing Perennial grass 

YB3 -34,94269833 146,3401467 Cropping Wheat 

YB5a -34,96526833 146,3026183 Grazing Perennial grass 

YB5b -34,96337333 146,3184333 Grazing Perennial grass 

YB5e -34,97971167 146,32052 Grazing Perennial grass 

YB7a -34,98845667 146,2694067 Grazing Perennial grass 

YB7b/YB5d -34,98483333 146,2929917 Grazing Perennial grass 

YB7c -34,99837833 146,2785233 Grazing Perennial grass 

YB7d -35,00497 146,268525 Grazing Perennial grass 

YB7e -35,00773167 146,2880483 Grazing Perennial grass 

YB9 -35,00216667 146,3397767 Grazing Perennial grass 

Table 3.2 Description of the semi-permanent stations in the Yanco area. 

3.4.4 Coverage study 
In order to obtain the final datasets used in this study, only images with a 60% coverage over 

the zone under study have been considered. As explained in 3.3.1, under the orbits selection 

section, not all the orbits when passing over the zone under study cover the same exact area. 

This means that some orbits may pass over the region but just cover 10% of the pixels while 

others may cover 95% of the pixels. To be able to do a proper validation of the algorithm, a 

minimum number of pixels covered are needed. 

The complete coverage study for the Yanco area, consisting of a final dataset of 117 days, can 

be seen at Appendix B. 
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4 Study of the use of polarisations and 

different incidence angle acquisitions 

in the high resolution retrieval 

algorithm 
 

4.1 Introduction 
The main objective in the present study is to obtain a regression equation that describes the 

best and most appropriate downscaling algorithm. Considering a general expression for the 

equation: 

 ̂                      (4.1) 
 

The goal is to determine how many of the potential predictors (xi) must be included in the 

regression equation so as non-redundant information is present. 

In order to determine which set of predictors have to be included in the regression equation 

and which ones have to be discarded, a screening procedure is used. The most commonly used 

screening procedures are known as forward selection (or stepwise regression) and backward 

elimination. 

Supposing a set of M potential predictors, the process of forward selection consists of setting 

an initial regression equation with the uninformative prediction equation ( ̂    ), so all M 

potential predictors are examined to find the one with a better linear regression. This 

predictor is selected to join  ̂ in the next step, so the new regression equation is: 

 ̂          (4.2) 
 

where    is the best predictor in this step. 

Next steps follow the same scheme: at each step the process chooses the potential predictor 

of the set (not yet selected) that produces a best regression in conjunction of the potential 

predictors chosen on the previous steps. 

The process of backward elimination is the opposite procedure to forward selection. The initial 

regression equation contains all the potential predictors ( ̂                ), so as 

to each step of the procedure, the least important predictor variable is removed from the 

regression equation. 
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The regression formula used in the downscaling algorithm in chapter 3 is the equation (3.5) ( 

   ∑ ∑ ∑          
     

 
   
  

   
 
   

 
   ). It can be truncated in any value of I, j and k and 

also it can be expressed introducing other information in addition to     ,     and   . 

The main goal in this project had been to determine which information and how many terms 

(order of the equation) is better to use in order to obtain the most accurate solution. 

4.2 Results using the original version 
 

The initial regression equation used in this study is the equation (3.6) because it is the one that 

obtained the best results before we decided to do the present study: 

                                  
        

         
 

                                     

(4.3) 

 

In order to study different screening procedures, a complete analysis of this equation has been 

done to have a full knowledge on how the different coefficients behave in the downscaling 

algorithm. 

4.2.1 Results 
The soil moisture maps at 1 km resolution (se Fig. 4.1 (b) and Fig. 4.1 (c)) derived from the L2 

SMOS product (see Fig. 4.1 (a)) do not have any visual effect coming from the low resolution 

information (L1C) used in the algorithm  (as it happens in some of the other methods, see Fig. 

4.6). This result is positive as one of the principle objectives in the downscaling algorithm is to 

obtain high resolution soil moisture that, not also reaches good statistic results, but also 

generates maps where the high spatial resolution can be observed. 

 
(a) 
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(b) (c) 

Figure 4.1 In (a), an L2 SMOS product map over the Yanco area, Australia, from 19th November 

2010 at 7:25 am, with a 50 km spatial resolution. In (b) and (c), high resolution soil moisture 

maps (1 km spatial resolution) obtained with the regression equation in (4.3) and using as 

ancillary data MODIS AQUA and MODIS TERRA, respectively. 

 

4.2.2 Study of coefficients 
To determine how every coefficient behaves in the regression equation, a study of their mean 

values and the range of values of each of them have been done. A priori, one would expect 

that non-relevant coefficients have a near zero mean value while relevant ones would have a 

higher weight in the equation. Furthermore, a short range of variation will be expected. 

Apart from studying the coefficient values, it is important to determine the uncertainty of 

these coefficients to know how accurate they are. If no systematic errors in the measurements 

are assumed, the uncertainty of the coefficients can be calculated as: 

   √∑   
 

 

   

(
  

  
)
 

 

 
(4.4) 

 

 

Figure 4.2 (a) presents the regression coefficient values of the equation (4.3) and Figure 4.2 (b) 

their uncertainty values. Some coefficients have a wide range (ie.    or   ) and some 

coefficients have a lot of outliers (an observation that is numerically distant from the rest of 

the data) (ie.              ). 
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(a) (b) 

 

Figure 4.2 A representation of the regression coefficients and their uncertainties obtained in 

equation (4.3) are shown in (a) and (b). On each box of the graphs, the central red mark is the 

median, the central black dot the mean, the edges of the box are the 25th and 75th 

percentiles, the whiskers extend to the most extreme data points not considered outliers, and 

outliers are plotted individually, as red crosses. 

In the other hand, in order to analyse the different downscaling models and determine which 

one is the most appropriate or robust, a study of the discrepancy between observed values 

and the values expected in the model is needed. This is known as the goodness of fit. 

One of the most common used measures to determine whether the distance between 

observed and model expected values is short (desirable) or not is the Reduced Chi Squared. It 

is the root mean square deviation normalized to measurement errors: 

  
  

 

 
∑
(     )

 

  
  

 

 
  

 

   

 
(4.5) 

 

where    is the model estimate,    is the actual observation,    is the uncertainty of    and 

  (     ) is the degrees of freedom. 

   is a weighting value of the data incorporated into the set, an inaccurate measurement can 

be valued too high if    is not weighted properly and, viceversa, a precise observation can be 

underestimated. 

If the value of the reduced chi squared is more than 10, it may be because either the 

measurements are inaccurate or the uncertainty values are too optimistic. On the other hand, 

if the reduced chi squared is too small, the uncertainty measurements have been too 

pessimistic. 

Another point to consider when interpreting the result reduced chi squared are the deviations 

between the actual data and the model fit, as if it shows patterns or repeated structures it may 

be an indicative that the model is an inappropriate fitting function. 

Observing the resulting Reduced Chi Squared, it can be concluded that it does not present any 

kind of pattern but an increment of the error during the winter period (winter in Australia is 
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from 21st June to 21st September), event that can also be observed through the next 

approaches in the present study: 

 

 
Figure 4.3 An evolution of the Reduced Chi Squared error during the period studied (June 2010 

and December 2010) using the regression equation in (4.3). 

 

4.2.3 Comparison with in situ data 
To validate the downscaling algorithm, for each variation of the regression equation, in situ 

data is used (see 3.2.3). In an ideal model, when comparing downscaled and in situ data, the 

resulting regression line would have a slope valued 1 (or very close to 1). 

In the results of the actual downscaling method a slope of 0,59 can be observed in the 

regression equation (see Fig. 4.4 (a)) and the basic statistic parameters such as bias, standard 

deviation and RMSE (see Fig. 4.4 (b))remain quite low, close to zero, which is the expected 

outcome when doing an estimation. 

The evolution of the downscaled soil moisture, through the period of time studied, (see Fig. 

4.4 (c)) always remain slightly below the evolution of the in situ data. 

 
(a)                                                                                                            (b) 
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(c) 

Figure 4.4 In (a), a downscaled SMOS soil moisture data at 1 km versus 1 km aggregated in situ 

measurements. Horizontal errorbars represent the standard deviation of ground 

measurements within each 1 km pixel. In (b), histogram of the difference between 1 km 

downscaled soil moisture and in situ measurements. In (c), a temporal evolution during the 

studied period of the downscaled soil moisture, the in situ measurements and the L2 SMOS 

product. 

4.2.4 Comparison with in situ data: Stations study 
A study for each of the different stations in the Yanco area has been made (see Table 4.1). For 

this purpose, apart from considering the basic statistic parameters (bias, standard deviation or 

RMSE), the so called p-value has been taken into account. This parameter is a limit that tells if 

the station under study has to be considered for a further global study containing all the 

stations or not, it is a measure of how reliable the data of that station is. When the p-value is 

bigger than 0,05 that station is not taken into account for further studies as they are not 

statistically significant.  

Station R2 p-value Bias Stdev RMSE RMSEc Land use 

Y1 0,21 0,043424 0,03 0,06 0,07 0,05 Grazing 

Y2 0,83 3,58E-10 -0,11 0,05 0,12 0,04 Grazing 

Y3 0,43 8,45E-08 -0,01 0,05 0,05 0,04 Grassland 

Y4 0,42 4,92E-07 -0,07 0,08 0,1 0,06 Irrigated crop/grazing 

Y5 0,65 3,61E-18 -0,05 0,05 0,07 0,04 Grazing 

Y6 0,28 5,85E-03 -0,05 0,07 0,09 0,06 Irrigated crop 

Y7 0,59 1,06E-14 -0,02 0,05 0,05 0,04 Grazing 

Y8 0,58 3,50E-14 0 0,05 0,05 0,04 Grazing 

Y9 0,65 1,99E-18 -0,15 0,06 0,16 0,05 Irrigated crop 

Y10 0,61 3,20E-16 -0,1 0,07 0,12 0,05 Grazing 

Y11 0,59 1,68E-14 -0,04 0,06 0,07 0,05 Grazing 

Y12 0,68 1,11E-20 -0,11 0,07 0,14 0,06 Crop/grazing 

YA1* -0,06 5,85E-01 -0,15 0,1 0,18 0,08 Cropping 

YA3 0,43 4,30E-05 -0,2 0,11 0,23 0,09 Grazing 

YA4a 0,75 2,67E-16 -0,12 0,05 0,13 0,04 Cropping 

YA4b 0,4 1,64E-04 -0,13 0,1 0,16 0,08 Cropping 

YA4c* -0,19 5,42E-01 0 0,03 0,03 0,03 Cropping 

YA4d* 0,16 1,41E-01 -0,22 0,09 0,24 0,07 Cropping 
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YA4e 0,77 3,96E-15 -0,13 0,06 0,15 0,05 Grazing 

YA5 0,74 3,01E-16 -0,04 0,04 0,06 0,03 Grazing 

YA7a* -0,07 4,85E-01 -0,1 0,2 0,23 0,17 Cropping 

YA7b* 0,15 1,64E-01 -0,13 0,1 0,17 0,08 Cropping 

YA7e 0,6 5,53E-10 0 0,06 0,06 0,05 Grazing 

YA9 0,37 2,89E-04 -0,25 0,11 0,27 0,09 Grazing 

YB3 -0,57 4,41E-02 -0,07 0,05 0,09 0,04 Cropping 

YB5a 0,65 4,46E-12 0,03 0,05 0,06 0,04 Grazing 

YB5b 0,39 1,87E-04 -0,06 0,08 0,1 0,06 Grazing 

YB5e 0,64 7,06E-12 -0,07 0,1 0,12 0,08 Grazing 

YB7a 0,72 1,83E-15 -0,01 0,05 0,05 0,03 Grazing 

YB7b 0,77 1,34E-18 0,04 0,05 0,06 0,04 Grazing 

YB7c 0,51 3,94E-07 -0,04 0,06 0,07 0,05 Grazing 

YB7e 0,48 1,73E-06 -0,18 0,09 0,2 0,07 Grazing 

*p‐value > 0.05, result not 
statistically significant 

    Table 4.1 Study of the different statistical parameters for each station in the Yanco area using 

the regression equation in (4.3). The stations with a p-value higher than 0.05 are discarded for 

future studies as they are not statistically significant. 

4.2.5 Comparison with in situ data: Land use study 
After discarding the stations with a p-value higher than 0,05 in the previous step, a study for 

each of the different land uses of the Yanco area has been made (see Fig. 4.5). A priori it seems 

that the land use that gets a better regression fit is Grassland (land use 2) but its p-value is the 

highest among the other cases and the number of stations considered is just one, which makes 

it less reliable.  
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Figure 4.5 Study over the Yanco area considering the different land uses of the terrain. The 

best results obtained with this approach are in grassland land use. (Land use 1: Grazing (G); 

Land use 2: Grassland (GS); Land use 3: Irrigated crop (IC); Land use 4: Cropping (C)). 

 

Land use R2 p-value bias stdev RMSE RMSEc Number of Stations 

G 0,66 4,1872E-14 -0,05 0,05 0,07 0,04 21 

GS 0,5 1,4422E-06 -0,01 0,05 0,05 0,04 1 

IC 0,57 5,3764E-10 -0,1 0,06 0,12 0,05 2 

C 0,57 7,045E-06 -0,11 0,07 0,13 0,05 8 

Table 4.2 Summary of the study made in Fig. (4.5). (Land use 1: Grazing (G); Land use 2: 

Grassland (GS); Land use 3: Irrigated crop (IC); Land use 4: Cropping (C)). 
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4.3 Backward elimination 
 

4.3.1 First approach 
As shown before, in the backward elimination process the initial regression equation contains 

all the potential predictors, so as to each step of the procedure, the least important predictor 

variable is removed from the regression equation. 

In the first approach of this process, both horizontal and vertical polarisations have been 

considered as well as different angle acquisitions for each of them (acquisitions at 32.5º, 42.5º 

and 52.5º). The initial regression equation is given by: 

   ∑∑∑∑     

 

   

 

   

 

   

 

   

     
     

 
    
     

  
(4.6) 

 

where      and      are the normalised brightness temperatures for horizontal and vertical 

polarisations, respectively, and they are evaluated for incidence angles of 42.5°, 32.5° and 

52.5°. For the study, we only take into account the terms of first and second order in the 

equation (4.6). 

Results 
In this first approach the presence of low resolution pixels can be appreciated on top of the 

high resolution pixels. This is not a desirable effect as it can lead to confusion of whether it is a 

1 km soil moisture map or not. 

  
(a) (b) 

Figure 4.6 In (a) and (b), high resolution soil moisture maps (1 km spatial resolution) from 19th 

November 2010 at 7.25 am obtained with the regression equation in (4.6) and using as 

ancillary data MODIS AQUA and MODIS TERRA, respectively. 
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Study of coefficients 
Observing the statistics of the coefficients (see Fig. 4.7 (a) and (b)) it seems reasonable to 

discard the coefficients:                                ; as they are the ones with a most 

wide value range and uncertainty range, while also with more outliers. 

 
                                                                               (a) 

 
                                                                              (b) 

 
(c) 

Figure 4.7 A representation of the regression coefficients and their uncertainties obtained in 

equation (4.6) are shown in (a) and (b). On each box of the graphs, the central red mark is the 

median, the central black dot the mean, the edges of the box are the 25th and 75th 

percentiles, the whiskers extend to the most extreme data points not considered outliers, and 
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outliers are plotted individually, as red crosses. In (c), an evolution of the Reduced Chi Squared 

error during the period studied (June 2010 and December 2010) using the regression equation 

in (4.6) is shown. 

In the study of the Reduced Chi Squared (see Fig 4.7 (c)), the same conclusion as in (4.3) can be 

made: there is not a pattern presence but there is an increment of the error during the winter 

period. 

4.3.2 Second approach 
The initial regression equation is the same as in the first approach (4.6) but with the discarded 

coefficients already removed. 

The expression of the equation is given by: 

                                           
 
              

 
    

                                                        
             

 
                                     

                                        
 
               

 
       

        
 
                                                     

                                                              
                                                                

(4.7) 

 

 

Results 
Again, the presence of low resolution pixels can be appreciated on top of the high resolution 

pixels (see Fig. 4.8), although in this second approach they are slightly smoother. 

  
(a) (b) 

Figure 4.8 In (a) and (b), high resolution soil moisture maps (1 km spatial resolution) from 19th 

November 2010 at 7.25 am obtained with the regression equation in (4.7) and using as 

ancillary data MODIS AQUA and MODIS TERRA, respectively. 

Study of coefficients 
Observing the statistics of the coefficients (see Fig. 4.9 (a) and (b)) it seems reasonable to 

discard the coefficients:        ; as they are the ones with a most wide value range and 



41 
Study of high resolution soil moisture retrieval algorithms for the SMOS mission: Chapter 4 

 

uncertainty range, and also with more outliers. Compared to the first step, the uncertainty 

range is much more reduced in this second approach as well as the value range of the 

coefficients. Also, the mean values of the different uncertainties are closer to zero, which 

means that the coefficients are more accurate. 

 
(a) 

 

 
(b) 

 
(c) 

Figure 4.9 A representation of the regression coefficients and their uncertainties obtained in 

equation (4.7) are shown in (a) and (b). On each box of the graphs, the central red mark is the 

median, the central black dot the mean, the edges of the box are the 25th and 75th 

percentiles, the whiskers extend to the most extreme data points not considered outliers, and 
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outliers are plotted individually, as red crosses. In (c), an evolution of the Reduced Chi Squared 

error during the period studied (June 2010 and December 2010) using the regression equation 

in (4.7) is shown. 

Again, the study of the Reduced Chi Squared (see Fig. 4.9 (c)) presents a higher error during 

the winter period. 

4.3.3 Third approach 
The initial regression equation is the equation in the second approach (4.7) but with the 

previous step discarded coefficients removed: 

                                           
 
              

 
    

                                                        
             

 
                                               

                    
 
               

 
                           

                                                              
                                                                

(4.8) 

 

Results 

  
(a) (b) 

Figure 4.10 In (a) and (b), high resolution soil moisture maps (1 km spatial resolution) from 

19th November 2010 at 7.25 am obtained with the regression equation in (4.8) and using as 

ancillary data MODIS AQUA and MODIS TERRA, respectively. 

Study of coefficients 
Observing the statistics of the coefficients (see Fig. 4.11 (a) and (b)), it can be observed that 

they’ve reached a point where it is almost impossible to decide which coefficients should be 

discarded next. 

All the uncertainty values are very controlled (short range and mean very close to zero) so they 

can’t be used as an indicator of which coefficients should be taken in a forward step. 

Again, the study of the Reduced Chi Squared (see Fig. 4.11 (c)) presents a higher error during 

the winter period. 
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Also, the visual results obtained with this approach (see Fig. 4.10) are still far from the ones 

obtained in the original approach (4.3) as the low resolution data is taking too much weight, 

producing the appearance of low resolution squares that may confuse and lead to think it is 

not a 1 km resolution map. 

For all these reasons, the study of the differences approaches change to a forward selection 

process. 

 
(a) 

 

 
(b) 

 

 
(c) 
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Figure 4.11 A representation of the regression coefficients and their uncertainties obtained in 

equation (4.8) are shown in (a) and (b). On each box of the graphs, the central red mark is the 

median, the central black dot the mean, the edges of the box are the 25th and 75th 

percentiles, the whiskers extend to the most extreme data points not considered outliers, and 

outliers are plotted individually, as red crosses. In (c), an evolution of the Reduced Chi Squared 

error during the period studied (June 2010 and December 2010) using the regression equation 

in (4.8) is shown. 

4.4 Forward selection 

4.4.1 First approach 
After studying the results of adding more terms to the original regression equation (4.3) and 

concluding that the backward elimination process cannot improve (4.3), a forward selection 

process has been done. 

The initial regression equation just considers the different potential predictors of order one 

(no crossed terms). It can be expressed as follows: 

 

                            (4.9) 
 

Results 
In these first results of the forward selection process (see Fig. 4.12), a new event completely 

different from the results in the backward elimination process can be observed: the non-

presence of low resolution pixels on top of the high resolution pixels. This result is very 

important as not only the statistic parameters need to be reliable when deciding which 

approach is the best, also the visual result needs to show it is actually the result of a 

downscaling algorithm. 

  
(a) (b) 

Figure 4.12 In (a) and (b), high resolution soil moisture maps (1 km spatial resolution) from 

19th November 2010 at 7.25 am obtained with the regression equation in (4.9) and using as 

ancillary data MODIS AQUA and MODIS TERRA, respectively. 
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Comparison with in situ data 
The statistic parameters obtained in this first approach are slightly better than the ones 

obtained in the original regression equation (4.3): higher slope in the regression line, higher 

correlation, although the remaining parameters stay the same (see Fig. 4.13 (a) and (b)). 

The evolution of the downscaled soil moisture over the period under study keeps being below 

the evolution of ground-based measurements (see Fig. 4.13 (c)). 

 

 
 

(a)                                                                                   (b) 

 
(c) 

Figure 4.13 In (a), a downscaled SMOS soil moisture data at 1 km versus 1 km aggregated in 

situ measurements. Horizontal errorbars represent the standard deviation of ground 

measurements within each 1 km pixel. In (b), histogram of the difference between 1 km 

downscaled soil moisture and in situ measurements. In (c), a temporal evolution during the 

studied period of the downscaled soil moisture, the in situ measurements and the L2 SMOS 

product. 

4.4.2 Second approach 
After analysing the first approaching and concluding it improves the original regression 

equation (4.3), a new term is added: the vertical polarised brightness temperature at a 42,5º 

incidence angle. 

The new regression equation is: 
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                                   (4.10) 
 

Results 
Both visual results (first and second approach) are quite similar, none of them present the 

effect of low resolution pixels. Also, in the second approach (see Fig. 4.14) some high 

resolution details not present in Fig. 4.12 can be observed, mainly in the southern zone of the 

map. 

  
(a) (b) 

Figure 4.14 In (a) and (b), high resolution soil moisture maps (1 km spatial resolution) from 

19th November 2010 at 7.25 am obtained with the regression equation in (4.10) and using as 

ancillary data MODIS AQUA and MODIS TERRA, respectively. 

Comparison with in situ data 
The results on the slope of the regression line and the statistic parameters keep improving a 

bit, although no significant difference can be appreciated. The evolution of the downscaled soil 

moisture over the time keeps having the same characteristics. 

 
(a)                                                                                (b) 
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(c) 

Figure 4.15 In (a), a downscaled SMOS soil moisture data at 1 km versus 1 km aggregated in 

situ measurements. Horizontal errorbars represent the standard deviation of ground 

measurements within each 1 km pixel. In (b), histogram of the difference between 1 km 

downscaled soil moisture and in situ measurements. In (c), a temporal evolution during the 

studied period of the downscaled soil moisture, the in situ measurements and the L2 SMOS 

product. 

 

4.4.3 Third approach 
After analysing the second approaching and concluding it improves the previous equation 

(4.9), new information is added to (4.10): different angle acquisitions of brightness 

temperature. 

The new regression equation is: 

                                    (4.11) 

 

where 

             
                                 

 
 

(4.12) 

 

The different terms are added as one as in the first study (backward elimination process) it has 

been concluded that adding all these terms separately does not improve the outcome. 

Results 
The addition of the angles produces soil moisture derived maps with many more high 

resolution details, as appreciated in Figure 4.16. 
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(a) (b) 

Figure 4.16 In (a) and (b), high resolution soil moisture maps (1 km spatial resolution) from 

19th November 2010 at 7.25 am obtained with the regression equation in (4.11) and using as 

ancillary data MODIS AQUA and MODIS TERRA, respectively. 

Comparison with in situ data 
The addition of the angles makes the statistic parameters slightly worse but the improvement 

of the slope in the regression line is considerable, going from 0,65 to 0,86 (see Fig. 4.17 (a) and 

(b)). 

In this approach, the evolution of the downscaled soil moisture over the studied period 

overpass the in situ measurements at some points (Fig. 4.17 (c)). 

 
(a)                                                                                                           (b) 
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(c) 

Figure 4.17 In (a), a downscaled SMOS soil moisture data at 1 km versus 1 km aggregated in 

situ measurements. Horizontal errorbars represent the standard deviation of ground 

measurements within each 1 km pixel. In (b), histogram of the difference between 1 km 

downscaled soil moisture and in situ measurements. In (c), a temporal evolution during the 

studied period of the downscaled soil moisture, the in situ measurements and the L2 SMOS 

product. 

4.4.4 Fourth approach 
After analysing the third approaching and concluding it improves the previous approaches, 

new information is added to (4.11): different angle acquisitions of vertical polarised brightness 

temperature. 

 

                                                   (4.13) 

 

where 

             
                                 

 
 

(4.14) 

 

Results 
The addition of the angles of different polarisations produces soil moisture derived maps with 

many high resolution details as in the third approach, with no presence of low resolution 

pixels. This can be seen in Figure 4.18. 
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(a) (b) 

Figure 4.18 In (a) and (b), high resolution soil moisture maps (1 km spatial resolution) from 

19th November 2010 at 7.25 am obtained with the regression equation in (4.13) and using as 

ancillary data MODIS AQUA and MODIS TERRA, respectively. 

Comparison with in situ data 
Again as in the third approach, the addition of angles makes the statistical parameters slightly 

worse but the increment of the slope in the regression line is so significant that it almost 

reaches the ideal slope value of 1 (0,95≈1) (see Fig. 4.19 (a) and (b)). 

The evolution of the downscaled soil moisture over the time keeps being over the evolution of 

the in situ data as observed in the third approach (see Fig 4.19 (c)). 

 
(a)                                                                                   (b) 
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(c) 
Figure 4.19 In (a), a downscaled SMOS soil moisture data at 1 km versus 1 km aggregated in 

situ measurements. Horizontal errorbars represent the standard deviation of ground 

measurements within each 1 km pixel. In (b), histogram of the difference between 1 km 

downscaled soil moisture and in situ measurements. In (c), a temporal evolution during the 

studied period of the downscaled soil moisture, the in situ measurements and the L2 SMOS 

product. 

Comparison with in situ data: Stations study 
As there is no more individual information to add to the regression equation, the only way to 

proceed from here would be adding crossed terms in the equation. The study of the forward 

selection process has shown that adding crossed terms like in the original regression equation 

(4.3) leads to worse results. For this reason, it can be concluded that the approaching that best 

performs the downscaling algorithm is the fourth approaching. 

For this reason, a wide study of each station has been made for this approach, discarding the 

ones with a p-value higher than 0,05 for the global studies (see Fig. 4.20) 
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54 
Study of high resolution soil moisture retrieval algorithms for the SMOS mission: Chapter 4 
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Figure 4.20 Study of the different statistical parameters for each station in the Yanco area 

using the regression equation in (4.13). The stations with a p-value higher than 0.05 are 

discarded for future studies as they are not statistically significant. 

Station R2 p-value bias stdev RMSE RMSEc Land use 

Y1 0,38 0,00014334 0,1 0,09 0,14 0,08 Grazing 

Y2 0,82 7,50E-10 -0,07 0,05 0,08 0,04 Grazing 

Y3 0,44 4,70E-08 0,05 0,08 0,1 0,06 Grassland 

Y4 0,39 3,53E-06 0 0,1 0,1 0,08 Irrigated crop/grazing 

Y5 0,63 4,90E-17 0,02 0,07 0,07 0,05 Grazing 

Y6 0,2 4,27E-02 0,03 0,11 0,11 0,08 Irrigated crop 

Y7 0,51 8,88E-11 0,07 0,09 0,11 0,07 Grazing 

Y8 0,56 6,87E-13 0,07 0,09 0,12 0,07 Grazing 

Y9 0,63 6,54E-17 -0,07 0,09 0,11 0,06 Irrigated crop 

Y10 0,56 4,55E-13 -0,02 0,09 0,09 0,07 Grazing 

Y11 0,52 3,31E-11 0,04 0,09 0,1 0,07 Grazing 

Y12 0,64 6,36E-18 -0,04 0,09 0,1 0,07 Crop/grazing 

YA1* 0,08 4,60E-01 -0,09 0,12 0,15 0,1 Cropping 

YA3 0,41 7,13E-05 -0,15 0,12 0,19 0,09 Grazing 

YA4a 0,74 9,41E-16 -0,06 0,07 0,09 0,05 Cropping 

YA4b 0,46 8,83E-06 -0,06 0,11 0,13 0,08 Cropping 

YA4c* 0,41 1,60E-01 0,06 0,04 0,07 0,04 Cropping 

YA4d 0,28 9,00E-03 -0,16 0,11 0,19 0,09 Cropping 

YA4e 0,72 2,04E-12 -0,07 0,08 0,1 0,06 Grazing 
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YA5 0,7 4,55E-14 0,02 0,07 0,07 0,05 Grazing 

YA7a* -0,07 5,32E-01 -0,04 0,22 0,22 0,18 Cropping 

YA7b 0,29 6,11E-03 -0,07 0,11 0,13 0,09 Cropping 

YA7e 0,57 4,42E-09 0,06 0,08 0,1 0,06 Grazing 

YA9 0,35 5,52E-04 -0,19 0,12 0,22 0,09 Grazing 

YB3* 0,45 1,19E-01 0,02 0,05 0,05 0,03 Cropping 

YB5a 0,61 1,22E-10 0,09 0,09 0,13 0,07 Grazing 

YB5b 0,33 1,48E-03 0,01 0,1 0,1 0,08 Grazing 

YB5e 0,59 3,20E-10 -0,01 0,11 0,11 0,08 Grazing 

YB7a 0,71 9,42E-15 0,06 0,08 0,1 0,07 Grazing 

YB7b 0,74 6,87E-17 0,11 0,08 0,14 0,07 Grazing 

YB7c 0,49 9,72E-07 0,03 0,09 0,1 0,08 Grazing 

YB7e 0,41 4,60E-05 -0,11 0,11 0,16 0,09 Grazing 

*p‐value > 0.05, result not 
statistically significant 

    Table 4.3 Study of the different statistical parameters for each station in the Yanco area using 

the regression equation in (4.13). The stations with a p-value higher than 0.05 are discarded 

for future studies as they are not statistically significant. 

Comparison with in situ data: Land use study 
A study for each land use has also been made. If the study focus on the first land use (which is 

the one with more stations and that gives more certainty in the results), the slope obtained in 

the regression line is, again, very close to the ideal 1 (1,03≈1). The other statistical parameters 

remain quite close to the ones obtained through the whole study. 
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Figure 4.21 Study over the Yanco area considering the different land uses of the terrain. The 

best results obtained with this approach are in grazing land use. (Land use 1: Grazing (G); Land 

use 2: Grassland (GS); Land use 3: Irrigated crop (IC); Land use 4: Cropping (C)). 

 

Land use R2 p-value bias stdev RMSE RMSEc Number of Stations 

G 0,62 3,2787E-12 0,03 0,08 0,08 0,06 21 

GS 0,5 1,0062E-06 0,06 0,08 0,1 0,06 1 

IC 0,53 1,0292E-08 -0,02 0,09 0,09 0,01 2 

C 0,47 0,0002961 -0,07 0,09 0,11 0,07 8 

Table 4.4 Summary of the study made in Fig. (4.21). (Land use 1: Grazing (G); Land use 2: 

Grassland (GS); Land use 3: Irrigated crop (IC); Land use 4: Cropping (C)). 
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Study of coefficients 
To prove that this approach is the one providing better results, a study of the coefficients has 

been made. The values of the coefficient reach, at the most, the value one and they remain 

close to zero most of the time (see Fig. 4.22 (a)). The uncertainty of the coefficients has an 

almost zero range and it is fixed around zero (see Fig. 4.22 (b)). This shows that the coefficients 

obtained are reliable and stay quite constant for each image when this fourth approach is 

used. 

The study of the Reduced Chi Squared confirms the conclusion made from the previous 

approaches: the error increments during the winter period. 

 

 
 

(a) (b) 

 
(c) 

Figure 4.22 A representation of the regression coefficients and their uncertainties obtained in 

equation (4.13) are shown in (a) and (b). On each box of the graphs, the central red mark is the 

median, the central black dot the mean, the edges of the box are the 25th and 75th 

percentiles, the whiskers extend to the most extreme data points not considered outliers, and 

outliers are plotted individually, as red crosses. In (c), an evolution of the Reduced Chi Squared 

error during the period studied (June 2010 and December 2010) using the regression equation 

in (4.13) is shown. 
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Finally, comparing the four approaches in the forward selection process and the original 

method (see Table 4.5), it can be concluded that the fourth approach (considering 

polarisations and different angles acquisitions) is the most robust method as it reaches an 

almost ideal slope in the regression fit (0,95≈1) while keeping the other statistical parameters 

close to the ones obtained with the other methods. Also, the visual effect of the derived soil 

moisture maps at 1 km does not have any low resolution pixel presence and some details can 

be appreciated, as the river in the Murrumbidgee catchment. 

Method R2 Bias Stdev RMSE Regression line 

Original 0,55 -0,06 0,05 0,08 y=0,59x+0,03 

First approach 0,6 -0,06 0,05 0,08 y=0,61x+0,02 

Second approach 0,66 -0,07 0,05 0,08 y=0,65x+0,01 

Third approach 0,53 0 0,08 0,08 y=0,86x+0,03 

Fourth approach 0,52 0,02 0,09 0,09 y=0,95x+0,03 

Table 4.5 Comparison between the different statistical parameters studied in all the different 

approaches and the original method. 
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5 Conclusions and future lines 
 

5.1 Main conclusions 
 

In this project, the effect of considering a range of soil moisture observations acquired at 

different incidence angles and also the impact of using both horizontal and vertical 

polarisations in the downscaling algorithm has been evaluated. Different approaches on how 

to introduce this additional information in the original high resolution algorithm have also 

been discussed. 

The main conclusions out of this study are: 

 The use of additional information, such as brightness temperature acquired at 

different incidence angles and brightness temperatures at different polarisations, 

improves the statistical results of the downscaling algorithm. 

 

 The addition of terms in the original regression equation in the downscaling algorithm 

improves in some cases the statistical results but in the soil moisture derived maps low 

resolution visual effects are present. This effect is negative as we want to see the high 

resolution pixels in the maps. 

 

 The use of less terms in the original regression equation (considering only the terms of 

order one), provides better results, statistically and visually. 

 

 The effect of the addition of both polarisations can be perceived as an improvement in 

the bias, standard deviation, RMSE and slope in the regression equation. 

 

 The effect of the addition of different incidence angle acquisitions has the same results 

as the addition of the polarisations, but it has a very significant effect in the slope of 

the regression equation, making it almost ideal (ideally the slope would be 1). 

 

 The error in the downscaling algorithm increases in winter. This leads to think it is 

seasonally influenced. 

 

 The study of the different land uses has shown that the outcome of the algorithm 

depends on the kind of surface of the area under study. More irregular surfaces will 

provide a worse outcome of the algorithm. This also leads to the conclusion that there 

cannot be a group of unique regression coefficients for any zone in the world, the 

coefficients must be determined particularly for each region. 
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5.2 Future lines 
 

The future research lines opened by the work in this project are: 

 

 As it has been shown there cannot be global regression coefficients, determine unique 

regression coefficients for areas that have similar surface characteristics. 

 

  For each region, determine if there can be temporal unique regression coefficients. 

Study the effect of using the mean value of the regression coefficients in a dataset of 

images for a specific area during an specific period of time. 

 

  Consider other additional parameters in the downscaling algorithm such as the 

roughness of the surface. 

 

 

5.3 Publications from the project 
 

A poster presentation, entitled ‘SMOS-derived Soil Moisture Maps combining different Angles 

Acquisitions’, with some results of this project has been accepted at the SMOS SCIENCE 

Workshop, which was held in Arles (France) between 27th and 29th September 2011. 
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Appendix A: Orbits selection 
Date Overpass time Longitude 

01/06/2010 6:41 AM +164.031030 

  8:51 PM +131.460501 

02/06/2010 7:42 AM +148.793951 

  8:12 PM +141.201819 

03/06/2010 7:03 AM +158.551521 

  7:33 PM +150.942910 

  9:13 PM +125.934135 

04/06/2010 8:04 AM +143.267227 

  8:34 PM +135.675269 

05/06/2010 7:25 AM +153.008700 

  7:55 PM +145.416166 

06/06/2010 6:46 AM +162.710143 

  8:56 PM +130.092133 

07/06/2010 7:47 AM +147.425322 

  8:18 PM +139.880071 

08/06/2010 7:08 AM +157.229292 

  7:39 PM +149.620408 

09/06/2010 6:29 AM +166.844669 

  8:09 AM +141.834069 

  8:40 PM +134.241567 

10/06/2010 7:30 AM +151.637464 

  8:01 PM +144.044442 

11/06/2010 6:51 AM +161.378119 

  9:02 PM +128.759578 

12/06/2010 7:52 AM +146.107956 

  8:23 PM +138.515061 

13/06/2010 7:13 AM +155.848030 

  7:44 PM +148.270372 

14/06/2010 6:34 AM +165.635863 

  8:14 AM +140.625365 

  8:45 PM +133.016914 

15/06/2010 7:35 AM +150.309418 

  8:06 PM +142.763509 

16/06/2010 6:56 AM +160.102179 

  7:27 PM +152.391524 

  9:07 PM +127.368031 

17/06/2010 7:58 AM +144.708397 

  8:28 PM +138.622269 

18/06/2010 7:19 AM +154.550690 

  7:49 PM +146.950511 

19/06/2010 6:40 AM +164.181891 

  8:50 PM +131.557264 
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Appendix B: Coverage study 

 
L2   MODIS (Day)   MODIS (Night)   

     Days ASC DESC AQUA TERRA AQUA TERRA   ASC-AQUA ASC-TERRA DESC-AQUA DESC-TERRA 

01/06/2010 
0 0 33,3966245 0 56,3291139 40,6751055   0 0 0 0 

02/06/2010 
DATA MISSED 100 DATA MISSED 98,4388186 DATA MISSED 100   0 0 0 1 

03/06/2010 
100 DATA MISSED 86,1814346 21,8565401 99,2827004 100   1 0 0 0 

04/06/2010 
DATA MISSED 100 74,4936709 99,1139241 99,978903 100   0 0 1 1 

05/06/2010 
100 100 88,5654008 90,7805907 97,0042194 39,978903   1 1 1 0 

06/06/2010 
DATA MISSED DATA MISSED 98,185654 99,6835443 100 100   0 0 0 0 

07/06/2010 
DATA MISSED 100 34,6202532 97,7004219 34,5780591 2,78481013   0 0 0 0 

08/06/2010 
100 DATA MISSED 30,4852321 0 0 0   0 0 0 0 

09/06/2010 
DATA MISSED 100 6,26582278 96,5189873 100 100   0 0 1 1 

10/06/2010 
100 100 76,6244726 0 8,43881857 10,2531646   1 0 0 0 
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11/06/2010 
100 DATA MISSED 0,21097046 32,0464135 62,6160338 20,021097   0 0 0 0 

12/06/2010 
DATA MISSED 100 70,6118143 99,8312236 100 100   0 0 1 1 

13/06/2010 
100 DATA MISSED 96,4978903 94,4936709 100 100   1 1 0 0 

14/06/2010 
DATA MISSED 58,3333333 68,5443038 74,5780591 90,6118143 66,3080169   0 0 1 1 

15/06/2010 
DATA MISSED 100 37,9113924 70,2531646 53,9873418 99,7257384   0 0 0 1 

16/06/2010 
100 DATA MISSED 0 25,7805907 0 9,87341772   0 0 0 0 

17/06/2010 
DATA MISSED 100 6,64556962 0 97,3206751 99,1983122   0 0 1 1 

18/06/2010 
95,8333333 0 5,61181435 99,9156118 14,8101266 11,9831224   0 1 0 0 

19/06/2010 
0 0 5,08438819 0 51,1814346 67,2995781   0 0 0 0 

20/06/2010 
0 100 8,69198312 43,9029536 72,7848101 93,7763713   0 0 1 1 

21/06/2010 
100 DATA MISSED 9,02953586 4,30379747 0,04219409 17,3628692   0 0 0 0 

22/06/2010 
DATA MISSED 100 1,79324895 2,10970464 90,7383966 38,4388186   0 0 1 0 

23/06/2010 
100 83,3333333 0 45,8649789 4,57805907 9,36708861   0 0 0 0 

24/06/2010 
0 DATA MISSED 77,4683544 0 0 0   0 0 0 0 

25/06/2010 
DATA MISSED DATA MISSED 0,25316456 98,1223629 60,5063291 0   0 0 0 0 

26/06/2010 
100 DATA MISSED 88,1223629 0 100 98,9662447   1 0 0 0 
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27/06/2010 
DATA MISSED 100 98,8396624 99,7468354 99,978903 100   0 0 1 1 

28/06/2010 
100 100 2,13080169 81,4556962 1,54008439 14,2405063   0 1 0 0 

29/06/2010 
100 DATA MISSED 11,6455696 50,6540084 1,85654008 71,1603376   0 0 0 0 

30/06/2010 
DATA MISSED 100 85,5063291 85,8227848 94,978903 59,2194093   0 0 1 0 

01/07/2010 
100 DATA MISSED DATA MISSED 

DATA 
MISSED DATA MISSED 

DATA 
MISSED   0 0 0 0 

02/07/2010 
DATA MISSED 66,6666667 1,16033755 70,6329114 97,5949367 18,1223629   0 0 1 0 

03/07/2010 
100 100 76,0337553 0 97,7004219 99,1350211   1 0 1 1 

04/07/2010 
100 DATA MISSED 30,7805907 64,1350211 0 0   0 1 0 0 

05/07/2010 
DATA MISSED 100 17,0675105 0 5,73839662 56,2869198   0 0 0 0 

06/07/2010 
100 0 10,2109705 41,8776371 17,1518987 4,93670886   0 0 0 0 

07/07/2010 
0 0 99,535865 98,2911392 0,42194093 5,78059072   0 0 0 0 

08/07/2010 
0 100 95 37,8691983 99,978903 96,814346   0 0 1 1 

09/07/2010 
100 DATA MISSED 99,9367089 100 25,5907173 46,4978903   1 1 0 0 

10/07/2010 
DATA MISSED 100 0 0 0,37974684 3,67088608   0 0 0 0 

11/07/2010 
100 62,5 52,8059072 99,8523207 99,9367089 100   0 1 1 1 

12/07/2010 
0 DATA MISSED 98,8607595 0 54,1772152 0   0 0 0 0 
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13/07/2010 
0 100 0 51,5189873 14,4725738 0   0 0 0 0 

14/07/2010 
100 DATA MISSED 0 3,52320675 83,0168776 35,6751055   0 0 0 0 

15/07/2010 
DATA MISSED 100 92,0886076 100 100 100   0 0 1 1 

16/07/2010 
100 95,8333333 58,4599156 97,6160338 0,48523207 0,29535865   0 1 0 0 

17/07/2010 
DATA MISSED DATA MISSED 37,6371308 100 100 100   0 0 0 0 

18/07/2010 
DATA MISSED 100 2,48945148 67,7848101 0 0   0 0 0 0 

19/07/2010 
100 DATA MISSED 77,742616 0 100 100   1 0 0 0 

20/07/2010 
DATA MISSED 83,3333333 56,1603376 100 12,1097046 73,649789   0 0 0 1 

21/07/2010 
91,6666667 100 88,0168776 22,3628692 100 100   1 0 1 1 

22/07/2010 
DATA MISSED DATA MISSED 99,978903 70,0421941 99,978903 99,978903   0 0 0 0 

23/07/2010 
DATA MISSED 100 100 100 100 100   0 0 1 1 

24/07/2010 
100 0 94,535865 51,2658228 99,535865 95,2109705   1 0 0 0 

25/07/2010 
DATA MISSED 0 0 0 0 16,1181435   0 0 0 0 

26/07/2010 
0 100 94,7679325 0 85,8649789 79,6413502   0 0 1 1 

27/07/2010 
100 DATA MISSED 20,021097 98,8396624 9,28270042 1,68776371   0 1 0 0 

28/07/2010 
DATA MISSED 100 0 0 1,91983122 53,5021097   0 0 0 0 
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29/07/2010 
100 DATA MISSED 0 1,28691983 8,71308017 71,6666667   0 0 0 0 

30/07/2010 
0 DATA MISSED 0 0 0 0   0 0 0 0 

31/07/2010 
0 100 69,07173 0 5,10548523 17,742616   0 0 0 0 

01/08/2010 
100 DATA MISSED 6,85654008 6,72995781 16,1603376 92,8481013   0 0 0 0 

02/08/2010 
DATA MISSED 100 31,8565401 97,8691983 100 100   0 0 1 1 

03/08/2010 
100 100 74,2194093 100 0 20,6329114   1 1 0 0 

04/08/2010 
100 DATA MISSED 2,0464135 0 0 0   0 0 0 0 

05/08/2010 
DATA MISSED 100 71,1814346 99,1350211 64,3248945 64,6835443   0 0 1 1 

06/08/2010 
100 DATA MISSED 76,4767932 26,0548523 99,7679325 100   1 0 0 0 

07/08/2010 
DATA MISSED 91,6666667 53,6075949 100 10,8649789 0   0 0 0 0 

08/08/2010 
95,8333333 DATA MISSED 69,5991561 59,556962 87,0253165 38,9873418   1 0 0 0 

09/08/2010 
100 DATA MISSED 100 100 0 0   1 1 0 0 

10/08/2010 
DATA MISSED 100 2,53164557 5,37974684 0 59,978903   0 0 0 0 

11/08/2010 
100 0 2,42616034 0 30,3375527 2,21518987   0 0 0 0 

12/08/2010 
DATA MISSED 0 29,0295359 68,0379747 100 100   0 0 0 0 

13/08/2010 
16,6666667 100 71,1603376 0 3,08016878 10,9915612   0 0 0 0 
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14/08/2010 
100 DATA MISSED 0 99,978903 8,60759494 8,03797468   0 1 0 0 

15/08/2010 
DATA MISSED 100 0 0 76,2025316 73,6919831   0 0 1 1 

16/08/2010 
100 25 56,9831224 4,87341772 99,8523207 100   0 0 0 0 

17/08/2010 
0 DATA MISSED 69,9367089 99,6202532 60,4008439 79,4514768   0 0 0 0 

18/08/2010 
0 100 0 0 0 16,7721519   0 0 0 0 

19/08/2010 
100 DATA MISSED 62,1729958 100 49,2616034 34,07173   1 1 0 0 

20/08/2010 
DATA MISSED 100 50,4852321 0 40,5274262 44,4936709   0 0 0 0 

21/08/2010 
100 100 64,0295359 100 99,9578059 100   1 1 1 1 

22/08/2010 
100 DATA MISSED 11,7299578 25,5274262 0 0   0 0 0 0 

23/08/2010 
DATA MISSED 100 0 11,4978903 11,1392405 69,2194093   0 0 0 1 

24/08/2010 
100 DATA MISSED 6,64556962 99,5147679 35,4219409 0   0 1 0 0 

25/08/2010 
DATA MISSED 95,8333333 57,3417722 99,978903 36,2869198 14,6624473   0 0 0 0 

26/08/2010 
37,5 100 12,5949367 47,1518987 22,721519 0   0 0 0 0 

27/08/2010 
70,8333333 DATA MISSED 22,2151899 0 99,8945148 90,8438819   0 0 0 0 

28/08/2010 
DATA MISSED 91,6666667 2,06751055 87,2151899 100 96,5822785   0 0 1 1 

29/08/2010 
100 0 55,3164557 0 98,2489451 80,6540084   0 0 0 0 
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30/08/2010 
DATA MISSED 0 67,1729958 100 33,6708861 33,7130802   0 0 0 0 

31/08/2010 
37,5 100 37,0253165 12,4894515 0,61181435 1,43459916   0 0 0 0 

01/09/2010 
100 DATA MISSED 0 0 0 0   0 0 0 0 

02/09/2010 
DATA MISSED 100 49,978903 68,2489451 99,1350211 46,1814346   0 0 1 0 

03/09/2010 
100 8,33333333 55,9915612 19,7468354 0 0   0 0 0 0 

04/09/2010 
0 DATA MISSED 3,37552743 8,71308017 10,5696203 0,78059072   0 0 0 0 

05/09/2010 
0 100 69,2194093 0 34,978903 72,0042194   0 0 0 1 

06/09/2010 
100 DATA MISSED 11,4556962 98,0168776 99,0506329 95,7805907   0 1 0 0 

07/09/2010 
DATA MISSED 100 85,1476793 9,6835443 99,978903 100   0 0 1 1 

08/09/2010 
100 100 41,9831224 99,3881857 0 0,33755274   0 1 0 0 

09/09/2010 
37,5 DATA MISSED 0 10,7594937 18,0379747 24,1350211   0 0 0 0 

10/09/2010 
DATA MISSED 100 51,4345992 67,6793249 99,7468354 99,8523207   0 0 1 1 

11/09/2010 
100 DATA MISSED 92,0675105 99,3881857 98,0590717 99,7468354   1 1 0 0 

12/09/2010 
DATA MISSED 100 5,73839662 0 17,5316456 1,07594937   0 0 0 0 

13/09/2010 
91,6666667 100 2,08860759 99,978903 1,11814346 73,5443038   0 1 0 1 

14/09/2010 
16,6666667 DATA MISSED 0 0 6,20253165 0   0 0 0 0 
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15/09/2010 
DATA MISSED 100 4,76793249 64,8312236 33,4599156 87,257384   0 0 0 1 

16/09/2010 
100 0 0,08438819 0 78,2489451 93,9029536   0 0 0 0 

17/09/2010 
DATA MISSED 0 91,2869198 99,9578059 8,58649789 66,1181435   0 0 0 0 

18/09/2010 
66,6666667 100 24,4092827 12,3417722 100 52,9957806   0 0 1 0 

19/09/2010 
100 DATA MISSED 32,721519 99,978903 94,2405063 99,9156118   0 1 0 0 

20/09/2010 
DATA MISSED 100 90,7383966 100 100 100   0 0 1 1 

21/09/2010 
100 0 99,8734177 0 100 100   1 0 0 0 

22/09/2010 
0 0 58,9451477 100 100 100   0 0 0 0 

23/09/2010 
0 100 99,07173 0 99,978903 100   0 0 1 1 

24/09/2010 
100 DATA MISSED 99,8523207 100 0 36,4135021   1 1 0 0 

25/09/2010 
DATA MISSED 100 99,9156118 51,2869198 100 100   0 0 1 1 

26/09/2010 
100 100 100 100 6,81434599 70,4008439   1 1 0 1 

27/09/2010 
66,6666667 DATA MISSED 85,6329114 76,0970464 98,8818565 43,6708861   1 1 0 0 

28/09/2010 
DATA MISSED 100 0,10548523 0 73,1434599 10,6540084   0 0 1 0 

29/09/2010 
100 DATA MISSED 35,0632911 100 99,978903 98,9451477   0 1 0 0 

30/09/2010 
DATA MISSED 62,5 DATA MISSED 0 DATA MISSED 0   0 0 0 0 
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01/10/2010 
79,1666667 95,8333333 98,7974684 20,6329114 39,8945148 58,5232068   1 0 0 0 

02/10/2010 
20,8333333 DATA MISSED 40,3797468 49,07173 71,835443 100   0 0 0 0 

03/10/2010 
DATA MISSED 100 19,4725738 99,0295359 97,6371308 96,0970464   0 0 1 1 

04/10/2010 
87,5 DATA MISSED 3,08016878 98,7130802 85,8649789 98,7974684   0 1 0 0 

05/10/2010 
DATA MISSED 8,33333333 87,8270042 98,2700422 93,8607595 99,1561181   0 0 0 0 

06/10/2010 
100 100 34,3670886 99,6624473 52,9113924 0   0 1 0 0 

07/10/2010 
100 DATA MISSED 100 0 99,9578059 100   1 0 0 0 

08/10/2010 
DATA MISSED 100 91,7721519 100 99,9367089 100   0 0 1 1 

09/10/2010 
100 0 100 20,907173 100 100   1 0 0 0 

10/10/2010 
0 0 64,3037975 99,7468354 67,1097046 100   0 0 0 0 

11/10/2010 
0 83,3333333 37,9957806 98,3544304 0,50632911 31,7299578   0 0 0 0 

12/10/2010 
100 DATA MISSED 27,3417722 10,1898734 0 0   0 0 0 0 

13/10/2010 
DATA MISSED 100 0 0,44303797 0,907173 34,7679325   0 0 0 0 

14/10/2010 
100 83,3333333 15,7594937 0 0 0   0 0 0 0 

15/10/2010 
29,1666667 DATA MISSED 0 0 85,1898734 2,34177215   0 0 0 0 

16/10/2010 
DATA MISSED 95,8333333 13,0590717 0 88,5232068 99,8312236   0 0 1 1 
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17/10/2010 
100 DATA MISSED 0,88607595 16,350211 36,371308 2,32067511   0 0 0 0 

18/10/2010 
DATA MISSED 100 98,4599156 59,7046414 99,0506329 100   0 0 1 1 

19/10/2010 
100 100 99,5780591 99,6624473 99,7046414 100   1 1 1 1 

20/10/2010 
79,1666667 DATA MISSED 100 100 100 100   1 1 0 0 

21/10/2010 
DATA MISSED 100 67,4261603 99,9578059 98,2278481 99,8101266   0 0 1 1 

22/10/2010 
100 DATA MISSED 78,185654 100 9,1350211 63,3122363   1 1 0 0 

23/10/2010 
DATA MISSED 29,1666667 0 0 73,1012658 71,2658228   0 0 0 0 

24/10/2010 
100 100 79,4725738 100 69,3881857 35,5485232   1 1 1 0 

25/10/2010 
100 DATA MISSED 10,8649789 0 85,5274262 84,8734177   0 0 0 0 

26/10/2010 
DATA MISSED 100 85,9493671 100 5,92827004 13,2278481   0 0 0 0 

27/10/2010 
100 0 86,1181435 100 99,4725738 99,978903   1 1 0 0 

28/10/2010 
0 0 88,2489451 100 26,9198312 19,2405063   0 0 0 0 

29/10/2010 
0 100 DATA MISSED 

DATA 
MISSED DATA MISSED 

DATA 
MISSED   0 0 0 0 

30/10/2010 
100 DATA MISSED DATA MISSED 

DATA 
MISSED DATA MISSED 

DATA 
MISSED   0 0 0 0 

31/10/2010 
DATA MISSED 100 DATA MISSED 

DATA 
MISSED DATA MISSED 

DATA 
MISSED   0 0 0 0 
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01/11/2010 
100 DATA MISSED DATA MISSED 

DATA 
MISSED DATA MISSED 

DATA 
MISSED   0 0 0 0 

02/11/2010 
29,1666667 DATA MISSED 35,92827 98,6708861 95,7383966 81,4556962   0 0 0 0 

03/11/2010 
DATA MISSED 100 19,2194093 8,35443038 34,8523207 36,835443   0 0 0 0 

04/11/2010 
100 DATA MISSED 20,2531646 67,5105485 41,0337553 59,092827   0 1 0 0 

05/11/2010 
DATA MISSED 95,8333333 22,1940928 53,8185654 33,9029536 92,2995781   0 0 0 1 

06/11/2010 
87,5 100 56,9620253 98,3333333 64,3248945 79,9578059   0 1 1 1 

07/11/2010 
DATA MISSED DATA MISSED 74,07173 100 7,99578059 94,4303797   0 0 0 0 

08/11/2010 
DATA MISSED 100 6,75105485 0 12,8481013 0   0 0 0 0 

09/11/2010 
100 DATA MISSED 71,9831224 96,2869198 59,6835443 33,0590717   1 1 0 0 

10/11/2010 
DATA MISSED 45,8333333 31,2869198 6,89873418 0 0   0 0 0 0 

11/11/2010 
DATA MISSED 91,6666667 61,7510549 25,0632911 0 48,7130802   0 0 0 0 

12/11/2010 
75 DATA MISSED 49,6624473 40,2531646 25,3375527 18,8396624   0 0 0 0 

13/11/2010 
DATA MISSED 100 10,0843882 0 0 0   0 0 0 0 

14/11/2010 
95,8333333 0 0 67,4472574 0 0   0 1 0 0 

15/11/2010 
0 0 14,6413502 0 3,39662447 9,15611814   0 0 0 0 

16/11/2010 
0 100 0 99,07173 89,9578059 86,0970464   0 0 1 1 



74 
Study of high resolution soil moisture retrieval algorithms for the SMOS mission 

 

17/11/2010 
100 DATA MISSED 100 0 99,6202532 100   1 0 0 0 

18/11/2010 
DATA MISSED 100 50,0843882 100 99,7679325 95,443038   0 0 1 1 

19/11/2010 
95,8333333 100 99,8312236 100 98,6919831 100   1 1 1 1 

20/11/2010 
12,5 DATA MISSED 99,3881857 100 99,6835443 99,8523207   0 0 0 0 

21/11/2010 
DATA MISSED 100 53,7552743 100 89,6413502 100   0 0 1 1 

22/11/2010 
100 DATA MISSED 84,092827 99,978903 81,6455696 82,1940928   1 1 0 0 

23/11/2010 
DATA MISSED 87,5 0 85,2742616 0,78059072 26,0548523   0 0 0 0 

24/11/2010 
100 95,8333333 16,5189873 0 21,350211 37,3628692   0 0 0 0 

25/11/2010 
91,6666667 DATA MISSED 0 0,63291139 0 0   0 0 0 0 

26/11/2010 
DATA MISSED 100 29,3881857 0 2,06751055 83,8607595   0 0 0 1 

27/11/2010 
100 DATA MISSED 0 0 0 0   0 0 0 0 

28/11/2010 
DATA MISSED 54,1666667 0 0 7,25738397 2,70042194   0 0 0 0 

29/11/2010 
100 100 0,04219409 0,8649789 1,85654008 6,89873418   0 0 0 0 

30/11/2010 
95,8333333 DATA MISSED 0 0 0 0,2742616   0 0 0 0 

01/12/2010 
DATA MISSED 100 57,9957806 0 11,9409283 38,0801688   0 0 0 0 

02/12/2010 
100 0 27,0886076 85,3164557 24,0506329 42,9535865   0 1 0 0 
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03/12/2010 
0 0 10,4852321 0 3,39662447 28,2067511   0 0 0 0 

04/12/2010 
0 100 2,57383966 86,8565401 51,5822785 18,4810127   0 0 0 0 

05/12/2010 
DATA MISSED DATA MISSED 81,8565401 82,7004219 12,2995781 87,1729958   0 0 0 0 

06/12/2010 
DATA MISSED 100 2,13080169 15,9915612 0 0   0 0 0 0 

07/12/2010 
100 83,3333333 0 0 0 2,02531646   0 0 0 0 

08/12/2010 
0 DATA MISSED 0 0 6,47679325 16,0126582   0 0 0 0 

09/12/2010 
DATA MISSED DATA MISSED 38,8396624 99,8523207 0,69620253 0,54852321   0 0 0 0 

10/12/2010 
DATA MISSED DATA MISSED 99,556962 0 76,4556962 68,5443038   0 0 0 0 

11/12/2010 
DATA MISSED 100 74,5147679 99,6413502 8,69198312 87,3417722   0 0 0 1 

12/12/2010 
100 100 86,2658228 1,37130802 85,2320675 99,7257384   1 0 1 1 

13/12/2010 
100 DATA MISSED 83,0801688 99,7890295 87,8902954 93,1012658   1 1 0 0 

14/12/2010 
DATA MISSED 100 13,9240506 23,8818565 51,9831224 74,1561181   0 0 0 1 

15/12/2010 
100 DATA MISSED 0 78,7130802 29,0084388 59,4514768   0 1 0 0 

16/12/2010 
DATA MISSED 79,1666667 100 99,978903 0 69,5147679   0 0 0 1 

17/12/2010 
100 100 65,1687764 0 0 0   1 0 0 0 

18/12/2010 
70,8333333 DATA MISSED 19,535865 24,5780591 21,3291139 43,8396624   0 0 0 0 



76 
Study of high resolution soil moisture retrieval algorithms for the SMOS mission 

 

19/12/2010 
DATA MISSED 100 7,19409283 0 86,8565401 30,5274262   0 0 1 0 

20/12/2010 
100 0 20,5485232 63,6075949 37,3206751 0   0 1 0 0 

21/12/2010 
0 0 24,3881857 2,27848101 91,7721519 99,9156118   0 0 0 0 

22/12/2010 
0 DATA MISSED 100 99,9156118 98,4599156 100   0 0 0 0 

23/12/2010 
DATA MISSED DATA MISSED 100 100 99,978903 100   0 0 0 0 

24/12/2010 
DATA MISSED 100 97,9746835 100 90,464135 53,5654008   0 0 1 0 

25/12/2010 
100 62,5 0,48523207 99,4725738 10,5063291 5,5907173   0 1 0 0 

26/12/2010 
0 DATA MISSED 90,1476793 0 99,5991561 99,7046414   0 0 0 0 
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Appendix C: Soil moisture derived maps 

C.1 Original Version 
AQUA Ascending 

 

AQUA Descending 

 
TERRA Ascending 

 

TERRA Descending 

 

C.2 Backward elimination 

C.2.1 First approach 
AQUA Ascending 

 

AQUA Descending 
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TERRA Ascending 

 

TERRA Descending 

 

C.2.2 Second approach 
AQUA Ascending 

 

AQUA Descending 
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TERRA Descending 
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C.2.3 Third approach 
AQUA Ascending 

 

AQUA Descending 

 
TERRA Ascending 

 
 

TERRA Descending 
 

 

C.3 Forward Selection 

C.3.1 First approach 
AQUA Ascending 

 

AQUA Descending 
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TERRA Ascending 

 

TERRA Descending 

 

C.3.2 Second approach 
AQUA Ascending 

 

AQUA Descending 
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C.3.3 Third approach 
AQUA Ascending 

 

AQUA Descending 

 
TERRA Ascending 

 

TERRA Descending 

 

C.3.4 Fourth approach 
AQUA Ascending 

 

AQUA Descending 
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TERRA Ascending 

 

TERRA Descending 
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Appendix D: Stations analysis in forward 

selection model 

D.1 First approach 
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Station R2 p-value bias stdev RMSE RMSEc Land use 

Y1 0,22 0,029352 0,03 0,06 0,06 0,05 Grazing 

Y2 0,81 1,64E-09 -0,11 0,05 0,12 0,05 Grazing 

Y3 0,54 6,65E-12 -0,01 0,05 0,05 0,04 Grassland 

Y4 0,42 3,57E-07 -0,07 0,07 0,1 0,06 Irrigated crop/grazing 

Y5 0,67 9,95E-20 -0,05 0,04 0,07 0,04 Grazing 

Y6 0,29 3,91E-03 -0,06 0,07 0,09 0,05 Irrigated crop 

Y7 0,6 5,33E-15 -0,02 0,05 0,05 0,04 Grazing 

Y8 0,65 1,69E-18 -0,01 0,05 0,05 0,04 Grazing 

Y9 0,68 3,09E-20 -0,15 0,06 0,16 0,04 Irrigated crop 

Y10 0,63 5,64E-17 -0,1 0,07 0,12 0,05 Grazing 

Y11 0,62 1,20E-16 -0,04 0,05 0,07 0,04 Grazing 

Y12 0,72 1,92E-23 -0,12 0,07 0,14 0,06 Crop/grazing 

YA1* 0,01 8,95E-01 -0,15 0,09 0,17 0,07 Cropping 

YA3 0,44 2,04E-05 -0,2 0,11 0,23 0,09 Grazing 

YA4a 0,78 8,08E-19 -0,12 0,04 0,12 0,03 Cropping 

YA4b 0,46 8,68E-06 -0,13 0,1 0,16 0,07 Cropping 

YA4c* -0,28 3,52E-01 -0,02 0,04 0,04 0,03 Cropping 

YA4d 0,25 2,03E-02 -0,22 0,09 0,24 0,07 Cropping 

YA4e 0,76 1,24E-14 -0,13 0,07 0,14 0,05 Grazing 

YA5 0,75 5,60E-17 -0,04 0,04 0,05 0,03 Grazing 

YA7a* -0,04 7,24E-01 -0,1 0,2 0,23 0,17 Cropping 

YA7b 0,25 1,77E-02 -0,13 0,09 0,16 0,07 Cropping 

YA7e 0,6 2,78E-10 0 0,05 0,05 0,04 Grazing 

YA9 0,37 2,40E-04 -0,25 0,11 0,27 0,08 Grazing 

YB3* -0,51 7,23E-02 -0,09 0,05 0,1 0,04 Cropping 

YB5a 0,74 1,15E-16 0,02 0,04 0,05 0,03 Grazing 

YB5b 0,38 2,92E-04 -0,06 0,07 0,1 0,06 Grazing 

YB5e 0,67 1,59E-13 -0,08 0,1 0,13 0,08 Grazing 

YB7a 0,69 7,77E-14 -0,01 0,04 0,04 0,03 Grazing 

YB7b 0,74 8,76E-17 0,04 0,04 0,05 0,03 Grazing 

YB7c 0,56 8,81E-09 -0,04 0,05 0,06 0,04 Grazing 

YB7e 0,51 1,97E-07 -0,18 0,09 0,2 0,07 Grazing 
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*p‐value > 0.05, result not statistically 
significant 
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Grazing (G) = 1; Grassland (GS) = 2; Irrigated crop (IC) = 3; Cropping (C) = 4; 
 

Land use R2 p-value bias stdev RMSE RMSEc Number of Stations 

G 0,69 7,1204E-16 -0,05 0,05 0,07 0,03 21 

GS 0,59 2,1946E-09 -0,01 0,04 0,05 0,04 1 

IC 0,61 2,3893E-11 -0,11 0,06 0,12 0,05 2 

C 0,43 0,000977 -0,14 0,07 0,15 0,05 8 

 

D.2 Second approach 

  

  



90 
Study of high resolution soil moisture retrieval algorithms for the SMOS mission 

 

  

  

  

  



91 
Study of high resolution soil moisture retrieval algorithms for the SMOS mission 

 

  

  

  

  



92 
Study of high resolution soil moisture retrieval algorithms for the SMOS mission 

 

  

  

  

  



93 
Study of high resolution soil moisture retrieval algorithms for the SMOS mission 

 

  

  
 

Station R2 p-value bias stdev RMSE RMSEc Land use 

Y1 0,29 0,0046874 0,02 0,05 0,05 0,04 Grazing 

Y2 0,74 2,97E-07 -0,12 0,06 0,13 0,05 Grazing 

Y3 0,56 4,49E-13 -0,02 0,04 0,05 0,03 Grassland 

Y4 0,53 3,48E-11 -0,08 0,07 0,1 0,05 Irrigated crop/grazing 

Y5 0,72 1,05E-23 -0,06 0,04 0,07 0,03 Grazing 

Y6 0,31 1,89E-03 -0,07 0,06 0,09 0,05 Irrigated crop 

Y7 0,63 3,66E-17 -0,02 0,05 0,05 0,04 Grazing 

Y8 0,66 2,48E-19 -0,01 0,04 0,04 0,03 Grazing 

Y9 0,74 1,27E-25 -0,16 0,05 0,16 0,04 Irrigated crop 

Y10 0,67 7,58E-20 -0,11 0,06 0,12 0,05 Grazing 

Y11 0,69 1,81E-21 -0,05 0,05 0,07 0,04 Grazing 

Y12 0,74 1,97E-25 -0,12 0,07 0,14 0,06 Crop/grazing 

YA1* 0,11 3,38E-01 -0,15 0,08 0,17 0,07 Cropping 

YA3 0,52 3,25E-07 -0,21 0,11 0,23 0,08 Grazing 

YA4a 0,81 3,96E-21 -0,12 0,04 0,13 0,03 Cropping 

YA4b 0,55 4,46E-08 -0,13 0,09 0,16 0,07 Cropping 

YA4c* 0,25 4,13E-01 -0,03 0,03 0,04 0,02 Cropping 

YA4d 0,26 1,56E-02 -0,22 0,08 0,24 0,07 Cropping 

YA4e 0,8 2,72E-17 -0,13 0,06 0,14 0,05 Grazing 

YA5 0,76 4,31E-18 -0,04 0,03 0,05 0,03 Grazing 

YA7a* 0,09 3,76E-01 -0,11 0,19 0,22 0,16 Cropping 
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YA7b 0,3 4,56E-03 -0,14 0,09 0,17 0,07 Cropping 

YA7e 0,71 2,46E-15 -0,01 0,04 0,05 0,04 Grazing 

YA9 0,46 4,52E-06 -0,25 0,11 0,27 0,08 Grazing 

YB3* -0,09 7,82E-01 -0,09 0,03 0,1 0,03 Cropping 

YB5a 0,72 2,23E-15 0,02 0,04 0,04 0,03 Grazing 

YB5b 0,45 9,87E-06 -0,06 0,07 0,09 0,05 Grazing 

YB5e 0,68 4,43E-14 -0,08 0,1 0,13 0,08 Grazing 

YB7a 0,71 4,77E-15 -0,01 0,04 0,04 0,03 Grazing 

YB7b 0,79 2,53E-20 0,03 0,04 0,05 0,03 Grazing 

YB7c 0,67 9,44E-13 -0,04 0,04 0,06 0,04 Grazing 

YB7e 0,6 4,52E-10 -0,18 0,08 0,2 0,07 Grazing 

*p‐value > 0.05, result not statistically 
significant 

     

6 
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Grazing (G) = 1; Grassland (GS) = 2; Irrigated crop (IC) = 3; Cropping (C) = 4; 
 

Land use R2 p-value bias stdev RMSE RMSEc Number of Stations 

G 0,72 1,2047E-17 -0,05 0,04 0,07 0,03 21 

GS 0,59 2,2664E-09 -0,02 0,04 0,04 0,03 1 

IC 0,64 9,357E-13 -0,11 0,06 0,13 0,04 2 

C 0,46 0,00044428 -0,14 0,07 0,16 0,05 8 

 

D.3 Third approach 
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Station R2 p-value bias stdev RMSE RMSEc Land use 

Y1 0,3 0,00346 0,08 0,09 0,12 0,07 Grazing 

Y2 0,81 3,05E-09 -0,07 0,05 0,08 0,04 Grazing 

Y3 0,46 9,04E-09 0,04 0,07 0,08 0,06 Grassland 

Y4 0,37 1,42E-05 -0,01 0,09 0,1 0,08 Irrigated crop/grazing 

Y5 0,59 1,18E-14 0 0,07 0,07 0,05 Grazing 

Y6 0,27 6,07E-03 0,01 0,1 0,1 0,08 Irrigated crop 

Y7 0,52 5,20E-11 0,05 0,08 0,09 0,06 Grazing 

Y8 0,58 4,02E-14 0,05 0,08 0,09 0,06 Grazing 

Y9 0,6 3,21E-15 -0,08 0,08 0,12 0,06 Irrigated crop 
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Y10 0,57 1,25E-13 -0,04 0,08 0,09 0,06 Grazing 

Y11 0,53 1,23E-11 0,02 0,08 0,09 0,07 Grazing 

Y12 0,63 4,61E-17 -0,06 0,08 0,1 0,07 Crop/grazing 

YA1* 0,07 5,33E-01 -0,1 0,11 0,15 0,09 Cropping 

YA3 0,36 6,59E-04 -0,16 0,12 0,2 0,09 Grazing 

YA4a 0,72 8,10E-15 -0,07 0,06 0,09 0,05 Cropping 

YA4b 0,42 6,14E-05 -0,08 0,11 0,13 0,08 Cropping 

YA4c -0,8 9,09E-04 0,04 0,05 0,06 0,04 Cropping 

YA4d 0,3 4,95E-03 -0,17 0,1 0,2 0,08 Cropping 

YA4e 0,69 4,07E-11 -0,08 0,08 0,11 0,06 Grazing 

YA5 0,67 6,91E-13 0,01 0,06 0,06 0,05 Grazing 

YA7a* -0,07 5,42E-01 -0,05 0,21 0,22 0,18 Cropping 

YA7b 0,27 1,19E-02 -0,08 0,11 0,14 0,08 Cropping 

YA7e 0,53 8,98E-08 0,05 0,08 0,09 0,06 Grazing 

YA9 0,31 2,46E-03 -0,2 0,12 0,23 0,09 Grazing 

YB3 -0,59 3,43E-02 -0,04 0,07 0,08 0,05 Cropping 

YB5a 0,7 1,97E-14 0,07 0,07 0,1 0,06 Grazing 

YB5b 0,35 7,05E-04 -0,01 0,09 0,09 0,07 Grazing 

YB5e 0,59 3,27E-10 -0,02 0,1 0,11 0,08 Grazing 

YB7a 0,64 2,25E-11 0,04 0,07 0,08 0,06 Grazing 

YB7b 0,68 9,74E-14 0,09 0,07 0,11 0,06 Grazing 

YB7c 0,53 9,81E-08 0,01 0,08 0,08 0,06 Grazing 

YB7e 0,47 2,37E-06 -0,13 0,1 0,17 0,08 Grazing 

*p‐value > 0.05, result not statistically significant 
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Grazing (G) = 1; Grassland (GS) = 2; Irrigated crop (IC) = 3; Cropping (C) = 4; 
 

Land use R2 p-value bias stdev RMSE RMSEc Number of Stations 

G 0,63 1,3983E-12 0,01 0,07 0,07 0,05 21 

GS 0,5 1,1269E-06 0,05 0,07 0,09 0,06 1 

IC 0,55 2,5584E-09 -0,04 0,08 0,09 0,06 2 

C 0,44 0,0008162 -0,08 0,09 0,12 0,06 8 
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