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ABSTRACT 12 
This study provides the first results from an initial exploration of the so-called 13 
“simplified triangle” for estimating evaporative fraction (EF) and surface soil 14 
moisture (SSM) from remotely sensed data of land surface temperature (Ts) and a 15 
vegetation index (VI) derived from ESA’s Sentinel-3 satellite. The technique is 16 
implemented for 11 cloud free days of year 2018 in a typical savannah 17 
Meditteranean site located in Spain, which is part of the CarboEurope ground 18 
observational network. In overall, the preliminary results obtained demonstrated 19 
the potential of the technique in mapping both EF and SSM. A  Root Mean Square 20 
Error (RMSE) of 0.063 and 0.048 vol vol-1 and correlation coefficient (R) of 0.777 and 21 
0.439 for EF and SSM respectively was reported. Results are of considerable 22 
scientific and practical value in regards to the evaluation of the potential of the 23 
examined technique for deriving key biophysical parameters of the Earth’s system.   24 

 25 
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1. Introduction 28 

The land surface and atmosphere interact over a wide range of space and time scales, and 29 
include the interactions of numerous complex natural processes which influence the global 30 
climate system (Stoyanova and Georgiev, 2013; Petropoulos et al., 2016). Globally, climate 31 
change is facilitating large scale changes within the atmosphere, biosphere, geosphere and 32 
hydrosphere (Steinhauser et al. 2012). Quantification and management of such change have 33 
become an urgent and important research directions within numerous scientific disciplines 34 
(Coudert et al., 2007), as well as serving as essential information for politicians, policymakers 35 
and the wider global community (IPCC, 2009). In this context, accurate monitoring of 36 
parameters such as of evaporative fraction (defined as the ratio of instantaneous latent heat flux 37 
(LE) to net radiation (Rn)) and surface soil moisture (SSM) has a high priority within current EU 38 
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frameworks, particularly communities in water-limited environments or areas which rely on 39 
rain-fed agriculture, such as the Mediterranean (Amriet al., 2014; European Commission, 2009). 40 

Earth Observation (EO) allows today obtaining, at different spatial scales, temporally 41 
consistently coverage of both EF and SSM (Piles et al., 2016; Srivastava et al., 2019). Several EO-42 
based approaches have been proposed for this purpose utilising spectral information acquired 43 
at different regions of the electromagnetic spectrum (see reviews by Petropoulos et al., 2015; 44 
2018). Methods based in particular on the physical relationships between a satellite-derived 45 
surface temperature (Ts) and vegetation index (VI) have been very promising in that respect. 46 
Assuming conditions of full variability in fractional vegetation cover within the sensor’s field of 47 
view, when plotted Ts and VI in a scatterplot a triangular (or trapezoidal) shape emeges. shape 48 
arises from Ts being less sensitive to water content at the surface in vegetated areas than in 49 
areas of exposed soil. Such a scatterplot encapsulates  several key biophysical variables (e.g. see 50 
Gillies et al., 1997; Petropoulos et al., 2009; Maltese et al., 2015).  51 

 It has been demonstrated that the derivation of spatially distributed EF and/or SSM using the 52 
Ts/VI domain is feasible using a variety of approaches (see review by Petropoulos et al., 2009). 53 
Recently, Carlson & Petropoulos (2019) proposed a new technique for estimating both SSM and 54 
EF, which they named as “simplified triangle”. Silva-Fuzzo et al. (2019) demonstrated its use 55 
coupled with a crop prediction and a climatological water balance model for predicting 56 
soybean yield using MODIS data.  To our knowledge, implementation and verification of this 57 
new technique using ESA’s Sentinels-3 has not been conducted in detail as yet. This despite its 58 
promising potential of this new “simplified triangle” technique. Such an investigation would be 59 
undoubted of key importance since it would inform on the potential usefulness of this 60 
technique when combined with one of the most sophisticated EO satellites currently in orbit.  61 

In the purview of the above, the present study aims to explore, to our knowledge for the first 62 
time, the ability of the “simplified triangle” method used synergistically with Sentinel-3 data 63 
for predicting the spatiotemporal variability of both EF and SSM, at one experimental site 64 
located in Spain, belonging to the FLUXNET global in-situ monitoring network.   65 

 66 

2. Materials  67 

2.1 Study sites & In-situ data 68 

Our experimental site consisted of the Albuera (“ES-Abr”)  experimental site located in Spain 69 
(38.702 Lat &-6.786 Lon, see Figure 1). The site is representative of a typical Mediterranean 70 
savannah ecosystem type and is a relatively flat area (279m asl). In the site it is installed a dense 71 
ground monitoring instrumentation network for the long term measurement of several 72 
parameters characterising land surface interactions. ES-Alb is part of the CarboEurope 73 
monitoring network, which part of FLUXNET, the largest global observational network today 74 
acquiring micro-meteorological fluxes and several ancillary parameters (Baldocchi et al., 1996). 75 
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In FLUXNET, all ground measurements are conducted using standardised instrumentation 76 
across the network sites.  77 

In this study, ground measurements of the required parameters (i.e. LE, Rn, SSM at surface 78 
layer) were data collected from the ICOS (Integrated Carbon Observation System) database 79 
(http://www.europe-fluxdata.eu/icos/home) at Level 2 processing, to allow consistency and 80 
interoperability. Following the data acquisition, pre-processing that was applied to the data 81 
included the extraction of the specific days for which were available Sentinel-3 images at the 82 
experimental sites for that year, the computation of EF (as defined previously, i.e. LE/Rn). The 83 
final dataset of the in-situ measurements consisted of a total of 11 calendar days spanning the 84 
period from June to September 2018.  85 

  86 

Figure 1: Study sites geographical location in Italy (left) & Spain (right) (background image 87 
source: ArcGIS Online) 88 

 89 

2.2 Sentinel Data: Acquisition & Pre-Processing 90 

Sentinel-3 is an EO satellite constellation developed by the European Space Agency (ESA) as 91 
part of the Copernicus Programme. It consists of 2 satellites, Sentinel-3A and Sentinel-3B. The 92 
Sentinel-3 satellites constellation allows a short revisit time of few than two days for the OLCI 93 
instrument and few than one day for SLSTR at the equator.  The Sentinel-3 product used in this 94 
study included the Level 2 product named “SL_2_LST” (Birks, 2011). This product is the Land 95 
Surface Temperature (LST or Ts as defined previously) parameters provided to the users. The 96 
SL_2_LST product contains ten annotation files. The Fr is included among them. This Fr 97 
product was used in our study together with the LST/Ts  (SLSTR ATBD Land surface 98 
Temperature, 2012). For the current study, this product was obtained for a total of 11 days of 99 
the year 2018, spanning from the start of the summertime period to the early autumn. The 100 
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specific dates of the images used  are the following ones: 23/06, 06/07, 09/07, 17/08, 25/08, 13/09, 101 
20/09,21/09, 24/09, 5/09 and 28/09.To implement the method, first the Sentinel-3 images for the 102 
dates mentioned above were downloaded from CREODIAS (https://creodias.eu/). For each 103 
image, first a spatial subset was implemented covering the wider area of Spain only. Then, in 104 
each image product were retained only the layers of LST, Fr and NDVI. Then, each of those 105 
bands was masked for clouds and inland water using the masks already provided in each 106 
Sentinel-3 product. An example of which is illustrated in Figure 2 below for a selected day.   107 

            108 

 109 
Figure 2: An example of final pre-processed Sentinel-3 images used as input in the “simplified 110 
triangle” implementation. The Fr map is shown on the top and the LST map on the bottom in 111 
each case. Sentinel-3 image acquisition is 25/08/2018.The geographical location of the study site 112 
is also indicated within the image.  113 

https://creodias.eu/
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3. Methods  114 

Briefly, the method allows the estimation of two parameters, one being the surface wetness 115 
(Mo), and the other (EF) is defined as the ratio of evapotranspiration to net radiation (Rn). Mo 116 
applies only to the top few millimetres of the bare soil surface. Briefly, the method is based on 117 
constructing a scatterplot of radiometric surface temperature (Ts, or equally LST) versus the Fr. 118 
The basis of the method operation is illustrated in Figure 3.  119 

The method requires an estimate of the Fr, which Carlson & Petropoulos (2019) propose can be 120 
derived from scaling the normalized difference vegetation index (NDVI). This required 121 
defining the NDVIo, NDVIs, which represent the NDVI values for bare soil and full vegetation 122 
cover respectively (see Figure 3) and then scaling NDVI using the formulae below (Gilles et al., 123 
1997; Carlson, 2007): 124 

Fr =  �
NDVI − NDVI0
NDVIs − NDVI0

�
2
 (1) 

However, in Fr estimation, any other method can be equally used.  Since the Fr layer was 125 
already provided in the Sentinel product, no further computation of Fr was performed.  126 

 127 

Figure 3: Simple geometry of the triangle. NDVI varies between its minimum and maximum 128 
values, respectively NDVIo and NDVIs, where NDVI is here scaled in Fr (after Carlson and 129 
Petropoulos, 2019).  130 
 131 

NDVIs and Tmin, represent dense vegetation, define the lower left (wet or cold) vertex and the 132 
so-called ‘wet edge’ (or ‘cold edge’) of the triangle (refer to Figure 3). Similarly, NDVIo and 133 
Ts[max] define the lower right vertex of the triangle. The wet edge represents the limit of soil 134 
wetness and corresponds to the values of Mo and EF equal to 1.0. Another highly important 135 
feature, the ‘dry edge’ or ‘warm edge’ (also shown in Figure 3), represents the limit of soil 136 
dryness where Mo = 0 and extends from Ts [max] and NDVIo to NDVIs, which, for a triangle 137 
with a well-defined upper vertex, occurs at Ts[min]. Note that while Mo equals zero along the 138 
dry edge EF itself is non-zero along the dry edge except at the lower right vertex.  139 

The next step in the method implementation involves the scaling of Ts to a variable named T*. 140 
To do this, the Ts for dry/bare soil needs to be determined, which is representative of the 141 



Page | 6  
 

highest values of Ts for pixels found over dry/bare soil (Ts [max]) and the value of the 142 
minimum Ts representative of cool, wet pixels (Ts[min]) such as found over dense vegetation. 143 
Ts varies between its limits of Ts[min] and Ts[max]. The variable T* is scaled between 0 and 1 as 144 
defined below.  145 

T∗ ={Ts – Ts (min)} / {(Ts (max)–Ts (min)} (2) 

In our study, T* was derived from the Fr/Ts scatterplot and by scaling the LST layer of each 146 
Sentinel-3 image (using Equation 1 above). 147 

In the next step, Mo and EF are derived directly from Fr and T*. To do this, two important 148 
assumptions are made by the authors. The first is that transpiration (evaporation from the 149 
leaves) that always equals potential, at least when the vegetation is not at the wilting point. The 150 
second assumption is that the relation between EF and Mo varies linearly across the triangle 151 
domain. At bare soil fraction (equal to Mo), Mo is the availability of moisture on the surface, is 152 
the ratio between the lengths of a/d, both of these lengths being functions of the scaled 153 
radiometric surface temperature (T*) and Fr.  Thus, Mo and EF are estimated as follows:  154 

   Mo = 1 − T(pixel)/T(warm edge)    (3) 

EF = EFsoil(1 − Fr) + Fr EF𝑣𝑒𝑔 = Mo(1 − Fr) + Fr (4) 

Where EFsoil refers to the ratio of soil evaporation to net radiation. 155 

The above mathematical expressions are valid on the assumption made by Carlson & 156 
Petropoulos (2019) that both Mo and EF vary linearly within the triangle between 0 and 1.0, 157 
such as (for Mo) between the cold and warm edges of the triangle. In addition, for each value of 158 
Fr and EF from the combined vegetation and bare soil, the canopy EF is assumed to be the 159 
weighted value of EF for the vegetation fraction of the pixel (EFveg = 1.0, by definition). In our 160 
study, the steps described above concerning the  “simplified triangle” implementation were 161 
applied on each Sentinel-3 image, which resulted into obtaining two final image products for 162 
each image that was processed, namely the EF and Mo map. Figure 4 shows an example of a 163 
scatterplots set that was created for one of the exprerimental days on which Sentinle -3 dayta 164 
had been acquired.  165 
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 166 

Figure 4: An example of the derived scatterplots during the technique implementation, shown 167 
here for the case of Sentinel-3 image with acquisition date of 25/08/2018. The use of color in the 168 
scatterplots is to support visualisation only. 169 

 170 

3.2 Statistical Analysis 171 

Point-by-point comparisons formed the main validation approach. In order to perform the SSM 172 
comparisons, in particular, Mo was converted to SSM using the soils’ field capacity (an average 173 
value of which was used for each site). Similarly, in the in-situ data, the acquired volumetric 174 
moisture content (VMC, expressed as %) was converted to SSM. Also from the ground 175 
measurements, the EF was computed from the instantaneous latent heat fluxes (LE) and Rn. 176 
The statistical measures employed to quantify the agreement are summarised in Table 1 below: 177 

Table 1: Statistical measures used to assess the agreement between the predictions 178 
from the “simplified triangle” and the in-situ observations. Subscripts i = 1 … N 179 
denotes the individual observations’, P denotes the predicted values, and O denotes 180 
the “observed” values. The horizontal bar denotes the mean value. 181 

Name Description Mathematical Definition 

Bias / MBE Bias (accuracy) or Mean Bias 
Error ∑

=

−==
N

i
ii OP

N
MBEbias

1
)(1  

Scatter / 
SD 

Scatter (precision) or 
Standard Deviation 

2

1

1 ( ( ))
( 1)

N

i i i i
i

scatter P O P O
N =

= − − −
− ∑  

MAE 
 

Mean Absolute Error 1

1

N

i i
i

MAE N P O−

=

= −∑  

RMSD Root Mean Square Difference 22 scatterbiasRMSD +=  

R Pearson’s Correlation 
Coefficient 
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4. Preliminary results  182 

An example of the EF and Mo maps obtained from the “simplified triangle” technique 183 
implementation for the Sentinel 3 image acquired on 25/08/2018 is illustrated in Figure 5. As 184 
can be observed, predicted EF and Mo exhibited mostly a spatially reasonable range and also a 185 
realistic variability spatially across the area covered in the satellite field of view. This spatial 186 
variability seems to also be in agreement to land use/cover of the area, the Fr and Ts maps (see 187 
for example Figure 5 in combination with Figure 2) and the area topographical characteristics 188 
(i.e. slope, elevation). This observation, although it does not provide direct quantitative 189 
evidence of the EF product accuracy, suggests the examined method is able to provide 190 
reasonably the spatial variability in the EF and Mo.  191 

      192 



Page | 9  
 

 193 

Figure 5: An example of a map of EF (top) and SSM (bottom) derived from the “simplified 194 
triangle” implementation using the Sentinel-3 data. Image acquisition date is 25/08/2018. 195 

 196 

The main results from the quantitative comparisons obtained are summarised in Table 2 and 197 
also in the scatterplot shown in Figure 6, which illustrated better the agreement found for the 198 
individual calendar days included in this study. As can be observed, EF has been predicted 199 
reasonably well in comparison to the reference data (i.e. ground observations), with a good R of 200 
0.777, a RMSD of 0.063, a MBE of 0.028 and an SD of 0.057. As for the SSM comparisons, R was 201 
0.439 (lower in comparison to the EF comparisons), whereas the RMSD was 0.048 vol vol-1, well 202 
below the 0.1 vol vol-1 operational limit. MBE and SD were -0.04 and 0.027 vol vol-1 respectively. 203 
All in all, quantitative comparisons showed that the “simplified triangle” was able to provide 204 
predictions of both EF and SSM that were in good agreement to the collocated ground 205 
observations, which consisted the reference data. In terms of RMSD, prediction accuracy was 206 
better for EF in comparison to SSM, with the predicted EF slightly overestimated, whereas the 207 
predicted SSM was slightly underestimated. Because of the small number of tested days (11 in 208 
total), we cannot confirm that the MBE presented has statistical significance. It can be observed 209 
that the correlation between predictions and observations was significantly better for EF than 210 
the SSM comparisons.  211 

 Table 2: Summary of the statistical agreement for both EF and SSM for all days 212 

 Bias / MBE Scatter / SD MAE RMSD R 
EF 0.028 0.057 0.055 0.063 0.777 
SSM -0.040 0.027 0.04 0.048 0.439 

 213 
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    214 

Figure 6: Comparisons for all days on which the technique was implemented between the in-215 
situ measurements and satellite product values, for both EF (left) and SSM (right). Red lines 216 
represent the trend lines. 217 

As can be seen in Figure 6, the trend line for the EF scatterplot shows a good fit, exhibiting p-218 
value of 0.005. However for the SSM scatterplot trend line has a problematic p-value of 0.177. 219 
This caused by the small range of SSM in situ values that range from 0.073 to 0.096 vol vol-1 220 
while the SSM predicted by Sentinel-3 presents a higher range, with values between 0.002 and 221 
0.101 vol vol-1. This disparity in the range also affects the correlation coefficient and is reflected 222 
in the relatively high bias (-0.04 vol vol-1 while the RMSD is 0.048). 223 

 224 

5. Discussion  225 

The investigation performed in this work, the first application of the “simplified triangle 226 
technique” on Sentinel-3 EO data, resulted in promising results in deriving spatiotemporal 227 
estimates of both SSM and EF. The results support that the simplified triangle technique can 228 
provide reasonably accurate predictions of both parameters. Several studies (i.e. Chan et al., 229 
2016, Bindlish et al., 2015) have already made a strong case for the utility of the in situ SSM 230 
estimates in order to correctly assess the accuracy of satellite SSM products. 231 

In regards to EF, it is noted that higher estimation accuracy was achieved for the LE/Rn and 232 
H/Rn fluxes compared with other methods that use a slightly different estimation method for 233 
EF (Peng and Loew, 2014; Lu et al., 2015).  However, direct comparisons of results results 234 
obtained herein against results where EF has been estimated using different approaches is not a 235 
feasible practice and could lead to erroneous conclusions. Prediction accuracy of SSM with the 236 
“simplified triangle” was close or even improved compared to studies that use different Ts/VI 237 
methods (e.g. Carlson and Capehart, 1997; Gillies et al. 1997).  238 

There are various explanations for the imperfect agreement in the case of the EF comparisons, 239 
despite the estimated EF having strong correlation and low RMSD with the measured EF. 240 



Page | 11  
 

Cloud cover has been identified as a critical factor influencing the stability of EF predictions 241 
during daytime (Hall et al., 1992). Despite the images being collected from May to September, 242 
cloudiness could have affected the radiation received by the validation site. Instrumentation 243 
accuracy could have also negatively impacted the agreement between the estimated and 244 
measured EF. Generally, the instrumental uncertainty regarding measurement of Rn is of the 245 
order of 10%, tho            246 
angle/measurement volume (particularly in cases of sloped terrain). Also typical uncertainty in 247 
the estimation of Tair is ~ 2 oC. Uncertainty in the estimation of the turbulent fluxes by the eddy 248 
covariance system is typically in the order of 10-15 % (e.g. Petropoulos et al., 2015), and 249 
according to some researchers potentially more when the eddy covariance system is installed in 250 
non-flat terrain (e.g. Schmid and Lloyd, 1999). As of the SSM comparisons, the mismatch of the 251 
horizontal and vertical coordinates between the location of the station and the satellite pixel 252 
was shown to negatively affect correlation. Furthermore, the prediction from the satellite is 253 
responding to the soil water content in the top few milimeters of the soil, a much shallower 254 
layer than the ground measurements (Petropoulos et al., 2018; Deng et al., 2019).  255 

Another potential factor in both the EF and SSM retrievals could be related to the method that 256 
the Fr was computed. The present study utilized the Fr that was provided directly from 257 
Sentinel-3. This Fr is computed using a different approach than the NDVI scaling suggested by 258 
Carlson & Petropoulos (2019). To our knowledge, the sensitivity of the “simplified triangle” to 259 
the Fr and Ts computation method has not yet been sufficiently investigated to allow a 260 
quantification of the influence of the specific Fr method selected in this study. However, results 261 
of a preliminary investigation (results not shown in this study) indicate that the estimation 262 
method of Fr is affecting the predictions of EF and SSM significantly. For illustration purposes 263 
only, Figure 6 presents the difference in the scatterplots between the two Fr estimation 264 
methods. On the right, there is the scatterplot using the sentinel-derived Fr. On the middle is 265 
the Fr derived from NDVI scaling technique (Carlson & Petropoulos, 2019). The significant 266 
differences of the derived Fr consequently may have an important bearing to the “simplified 267 
triangle” technique implementation. This is an area requiring further investigation.  268 

 269 

Figure 6: An example of scatterplot created initially on the ordinate the NDVI (left), the Fr 270 
computed from the NDVI scaling (middle) and the Fr from the Sentinel product. All image 271 
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layers refer to the Sentinel-3 image with acquisition date is 25/08/2018. The use of color in the 272 
scatterplots is to support visualisation only. 273 

Finally, the spatial resolution differences between the CarboEurope point measurements            274 
(5 m x 5 m) and Sentinel-3 pixel resolution (1 km x 1 km) increase the degree of uncertainty of 275 
the validation for both EF and SSM (Stisen et al., 2008). In situ measurements cannot represent 276 
SSM or EF at the same spatial scale within the large footprint of the Sentinel-3 product. Thus, 277 
the averaged value of SSM is often represented as reference value. Several studies (Wagner et. 278 
al., 2013, Petropoulos et al., 2015b) have shown that point based measurements cannot 279 
sufficiently represent the absolute value of SSM for large pixels. Such representation can be 280 
achieved by upscaling the point estimates using techniques like those proposed by Srivastava, 281 
(2017). Dense in situ networks are very useful in this regard if present at the location of interest. 282 

 283 

6. Conclusions 284 

In this study, the ability of the so-called “simplified triangle” technique was evaluated when 285 
used with Sentinel-3 EO data. The ability of the method to predict EF and SSM was evaluated 286 
for 11 days of the year 2018 at an experimental site in Spain belonging to the CarboEurope 287 
operational network. To our knowledge, this study represents the first attempt to examine this 288 
specific technique’s accuracy using Sentinel-3 data in a typical Mediterranean savannah 289 
ecosystem.   290 

A satisfactory agreement for both EF and EF an RMSD was reported, with  Root Mean Square 291 
Error (RMSE) of 0.063 and 0.048 vol vol-1 and a correlation coefficient (R) of 0.777 and 0.439 for 292 
EF and SSM respectively. This prediction accuracy is comparable to that reported in other 293 
similar studies where the same technique has been implemented with dissimilar EO data. The 294 
RMSD for the SSM was below the 0.1 vol vol-1 limit. Evidently, the “simplified method” allows 295 
one to make estimates of EF and SSM and over an area using just a few simple calculations in 296 
conjunction with satellite or aircraft images made at optical wavelengths and thermal infrared. 297 
The technique seems to have a significant advantage over other methods belonging to this same 298 
group of models in that it requires no land surface model or an ancillary surface or atmospheric 299 
data for its execution and is easy to apply. Yet, more work is required to evaluate its predictions 300 
in a wide range of ecosystem, and environmental conditions globally and the sensitivity of the 301 
Fr and Ts to the EF and Mo predicted by the technique. All in all, the results of this study are of 302 
considerable scientific and practical value in regards to the evaluation of the potential of the 303 
examined technique for deriving key biophysical parameters of the Earth’s system.   304 
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