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1. Summary  

The ULL team participates in two main topics included in the C.1 project action. On the one hand, 

tasks are developed in order to quantify in advance the environmental benefits that the 

reforestation of the forest will have in terms of carbon sequestration. This is based on the analysis of 

water vapor and CO2 exchange measurements obtained with an eddy covariance system. On the 

other hand, for improving the fog collector mesh efficiency wind tunnel simulation studies are being 

considered as a tool for airflow behaviour examination in and around the design to detect 

turbulence or recirculation problems and to determine the flow conditions to be used in the wind 

tunnel tests. 

This document focuses firstly on the forest carbon sequestration topic and secondly on the wind 

tunnel simulations. 

Regarding forest carbon sequestration, the Life Nieblas Project will use an eddy covariance 

measurement system to monitor the CO2 fluxes of a wax myrtle-tree heath cloud forest in the Anaga 

Biosphere Reserve (Tenerife) at a site located in the highest part of the Park, which is exposed to the 

prevailing NE trade winds and is frequently affected by fogs. This forest represents an evolved state 

of the degraded area that will be reforested in Gran Canaria Island as the main project goal. Thereby, 

the results obtained will allow for quantifying in advance the carbon sequestration that the 

reforestation of the forest in Gran Canaria will have in the future.  

The eddy covariance system is currently the most preferred method for assessing the ecosystem 

carbon exchange. It is based on conceiving airflow as a horizontal flow of numerous rotating eddies. 

These eddies carry air "packages" to and from the vegetation. Each "package" has a vertical wind 

speed, temperature, humidity, and gas concentrations (H2O, CO2) that can be determined. The sum 

of the eddy covariance CO2 flux above the forest canopy provides the net ecosystem production, 

which represents the total amount of organic carbon available for storage. 

The eddy covariance technique is the standard method used to measure trace gas fluxes between 

ecosystems and the atmosphere. Many researchers using this type of equipment make their data 

available through networks, such as FLUXNET. This is a worldwide network that collects the datasets 

to create processed and robust eddy covariance data. Similarly, in the CARBOEUROPE project (2004 

– 2008) developed by 61 research centres from 17 European countries, the determination of the 

carbon, water and energy fluxes from representative land use/cover types of Europe was carried out 

by eddy covariance method. It is worth noting that the criteria established by FLUXNET and 

CARBOEUROPE on turbulent flows to consider them robust and reliable, are important and have to 

be taken into consideration for the scientific community to accept the eddy covariance 

computations and results as valid. 
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Fig. 1. Sketch of the eddy covariance system main instrumentation and the rotating eddies in the 

airflow above the forest canopy at the measurement site. 

 

2. Selection and adaptation of the measurement site  

For installing the instrumentation, a site was selected in the Anaga Massif Biosphere Reserve 

(Tenerife, Canary Islands) at 1015 m a.s.l. (28º 32′ 9.61′′ N, 16º 16′ 8.91′′ W). This is located in the 

highest part of the park and exposed to the prevailing NE trade winds, so it is frequently affected by 

fogs. The vegetation of the area is typical of hyperhumid conditions and windy crests. Myrica faya 

Ait. (wax myrtle) and Erica platycodon (Webb et Berth.) Rivas-Mart. et al. (formerly E. scoparia spp. 

platycodon) are the main tree species present.  

 

Fig. 2. Field site in the Anaga Biosphere Reserve situated in the north of Tenerife (Source: Grafcan). 

Special Conservation Area 

Field site 

Anaga Massiv Park 
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Fig. 3. Vegetation at the measurement site. 

 

The eddy covariance system uses precision instrumentation to be installed on top of a scaffolding 

tower. The tower was placed inside the forest and it was anchored to concrete bases with steel 

tension cables in order to ensure its stability. 

 

Fig. 4. Scaffolding tower for the equipment installation placed inside the forest. 

 

For operating the measurement equipment, an electrical supply was provided. This required the 

determination of the length (40 m) and type (3-wire) of cable necessary. In order to minimize energy 
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losses, it was decided to use alternating current (AC). Previous to the cable installation vegetation 

clearing was performed. Additionally, a security circuit breaker and an AC to DC converter were 

connected.  

 

 

Fig. 5. Power wiring installation for the eddy covariance system. 

 

3. Instrumentation reception and setup 

After solving the administrative issues needed for the equipment acquisition, the eddy covariance 

system was received on October 9th, 2021. Before proceeding with its installation in the field, all 

elements were mounted, connected and configured. This required a thorough reading of the 

instruction manual, a careful assembly and the learning of how to operate the equipment 

configuration and management softwares. 

The instrumentation mainly consists of an open-path gas (CO2/H2O) analyser (Li-7500D) with an 

integrated three-dimensional sonic anemometer (Gill Wind/Master/Pro).  

a) 

 

b) 

 
Fig. 6. Packaged Li-7500D Open-path gas (CO2/H2O) analyser (a), and the Gill Wind/Master/Pro 3D sonic 

anemometer (b). 
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For the data storing a SmartFlux3 is available. This was placed inside an outdoor cabinet and 

connected using further accessories devices and elements: the AC/DC power supply, an 8-port 

network switch, cables and connection terminals, and the security circuit breaker. 

 

Fig. 7. SmartFlux3 data storage system (white), network switch (yellow), AC/DC power supply (blue) 

and electronic components, mounted in the outdoor cabinet. 

 

Due to the complexity of the system, for the correct assembly and handling of the equipment many 

hours were dedicated during September – December 2021 for studying the manuals (assembly 

manual, Smartflux3 configuration manual, software manual). 

 

4. Performing the eddy covariance system configuration 

Configuring the software of this equipment requires parameters to be entered in the software as 

well as the proper orientation of the system with respect to the orientation of the wind. 

The parameters to be determined before starting the system to collect data are the following. For 

the sonic anemometer: Serial number, north offset, and anemometer height (measured at the 

centre of the measurement volume). For the gas analyser: North separation, east separation and 

vertical separation. 

In order to determine the displacement to the north in Cruz de Taborno, it was necessary to know 

the prevailing wind direction in the study area. For this purpose, the wind regime based on data 

from 2014 to 2019 was used. This data was analysed based on visibility conditions in the area due to 

frequent fog presence at site. The following fog conditions were considered: conditions of dense fog 

(visibility from 0 to 0.2 km), light fog (0.2 to 1 km visibility) and free of fog (visibility > 1 km). 
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Fig. 8. Wind rose diagrams under dense fog (a), light fog (b), and fog-free conditions (c) in the 

study site. 

 

In addition, the correct rotation of the eddy covariance system was studied for its ENE orientation in 

the field.  

By following the steps outlined in the equipment-mounting manual, various tests were carried out. 

Since this manual specifies that the analyser should go alongside one of the anemometer stringers, 

in a first attempt to meet this condition, the base of the analyser was rotated without rotating the 

anemometer and fixed, noting that the analyser protrudes the anemometer in the predominant 

direction of the wind. This mounting was considered invalid and was dismounted again to test other 

options. Once all the possible configurations that fulfil the initial condition were tested, it was 
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possible to place the system as described in the assembly manual, leaving the separation distances 

to the east and north (-19 cm and -4.1 cm, respectively). The centre of the anemometer was 

assumed to be at the origin (0,0) of the reference system as illustrated in the following figure.  

 

Fig. 9. Arrangement of the coordinate axis in the system for determining the separation distances to 

the north (+ to the north and - to the south) and to the east (+ to the east and - to the west). 

 

5. Eddy covariance system testing 

Once the software was configured and the instruments were fixed in the mast, the eddy covariance 

system was tested for proper functioning before taken it to the field.  

 

Fig. 10. Image of the eddy covariance system mounted, configured and ready to be tested. 
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During a testing period from October 27th at 10:00 until November 2nd at 08:30 data were obtained 

and are shown in the following figures.  

a) 

 
b) 

 
Fig. 11. Flux density data of CO2 in μmol/mol (a) and water vapor in μmol/mol (b) during the 

testing period. 
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Fig. 12. Atmospheric pressure (kPa) during the testing period. 

 

a) 
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b) 

 
Fig. 13. Ambient temperature (a) and dew point (b) during the testing period and given in ºC. 

 

6. Carrying out the field installation 

Once the proper functioning was verified, the equipment was dismounted and transported to the 

field site on November 2nd, 2021. The equipment was installed at the scaffolding tower placed inside 

the forest and was connected to an electrical supply. While the sensors were placed at the top of the 

scaffolding tower, the cabinet with the data storage system and accessories was mounted at its 

lower part. 

       
Fig. 14. Field installation of the eddy covariance on top of the scaffolding tower. 
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Fig. 15. Cabinet with the data storage system and accessories mounted at the tower. 

 

 

          
Fig. 16. Eddy covariance system completely installed and ready for collecting data. 

 

Once the installation was finished, the system was configured through the connection program Li-

7x00 A RS DS version 8.9.0. Specifically, the following parameters were introduced: size of the files 
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(30 min), the site coordinates and elevation, the height of the vegetation (6.5 m), the height were 

the anemometer was mounted (8.25 m), the north offset (240º), eastward and northward 

separation (-19 cm and -4.1 cm, respectively) and the variables to log. 

  

  

Fig. 17. Eddy covariance system configuration via Smartflux3 software. 

 

The following figures show the evolution of variables provided by the eddy covariance system in the 

field site in the period spanning from November 13th until November 19th. 

 
Fig. 18. Carbon dioxide density (µmol/mol) measured by the LI-7500DS gas analyser. 
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Fig. 19. Water vapor density (mmol/mol) measured by the LI-7500DS gas analyser. 

 

  
Fig. 20. Sensible heat flux, H, (W/m2) computed by the system. 

Positive sensible heat flux (H) maxima are observed in the central hours of the day (Fig. 20), 

coinciding with the temperature maxima. The evolution of latent heat flux (LE) depends on the 

micrometeorological conditions. Some outlier values are obtained, which may be a consequence of 

out-of-range records present in the water vapor density measurements (Fig. 21). 

 
Fig. 21. Latent heat flux, LE, (W/m2) computed by the system. 

The wind rose shows that the main wind direction from November 13th to 19th was ENE. This 

indicates that during these 7 days the study area was under the influence of the trade winds. 
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Fig. 22. Wind rose diagram computed by the equipment from the 3D sonic anemometer. 

 

7. Procedures applied to correct the eddy covariance results and application of control tests 
to verify data quality 

Once the equipment was installed, a comprehensive literature review on the physics behind the 

eddy covariance technique was performed.  

Eddy covariance systems are based on the theory that, as the wind moves, it does not move in one 

direction but in eddies, that is, in three-dimensional circular patterns (Burba, 2013). In its 

movement, the wind transports molecules of water vapor and other gases such as carbon dioxide. If 

the speed in all three directions of these eddies can be measured, then it is possible to determine 

the net exchange of these molecules between the surface and the atmosphere (Moorhead et al., 

2019). 

Under ideal conditions of stability and homogeneity, it is considered that the concentration of the 

atmospheric component to be studied (carbon dioxide or water vapor) does not experience a 

significant variation over time and that the vertical speed of the wind in the atmosphere is stable. 

Therefore, the existence of a non-zero mean vertical wind speed, due to the orientation of the 

anemometer, alters the calculation of the fluxes of the atmospheric components. To nullify this 

apparent speed, it is necessary to change the coordinate system of the anemometer to that of the 

main wind direction.  

Thereby, it is necessary to correct the raw data due to the orientation of the anemometer, 

fluctuations in air density, as well as to eliminate data that do not comply with the conditions of 

atmospheric stability and turbulence. Two methods have been studied for this, double coordinate 

rotation and planar fit. 

 

Application of the double coordinate rotation method 

When studying the coordinate systems transformations, it was found that a double rotation for each 

turbulent period, making the vertical and lateral components of the velocity equal to zero (Kaimal, 

1994; Tanner and Thurtell, 1969), is the most common technique to transform from the coordinate 

system of the anemometer to that of the main wind direction. 
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The first rotation, about the z axis, implies rotating clockwise with the yaw angle         
   

   
  

and setting     , such that the resulting velocities (denoted with the subscript 1) are 

                  

(1)                    

      

 

The second rotation, about the y-axis, implies that the points located on the x-axis lie in the mean 

direction of the streamline. The resulting velocities (denoted with the subscript 2) are obtained by 

rotating clockwise with an angle ϕ, and setting     , 

                 

(2)       

                   

where         
   

   
  is the pitch angle and depends on the tilt of the anemometer and the 

direction of the wind. 

 

Application of the planar fit method  

This approach is based on finding the mean plane of the local streamline parallel to the irregular 

surface of the terrain and rotating the coordinate system of the anemometer to the plane that best 

fits it, considering the axis of the anemometer perpendicular to the slope of the terrain. (Wilczak et 

al., 2001). 

The wind vector in the mean streamline coordinate system is defined as, 

                   (3) 

    

                      
         

                     
  (4) 

where   is the partial rotation matrix that places the z-axis perpendicular to the median plane of the 

streamlines,      is the measured wind vector and    is the mean error in the wind measurement due 

to instrumental errors. The components of the vector      are not rotated in the mean wind direction. 

The streamline coordinate system is defined such that        , 

         
   

   
     

   

   
                     (5) 

The planar fit method uses the wind data and the multiple regression technique to obtain the values 

for the coefficients b0, b1 and b2. Once b1 and b2 are known, there are two ways to proceed, 

depending on whether we are dealing with small angles of inclination or large angles of inclination. 

The slope angles of the terrain in Cruz de Taborno are greater than 10o and therefore the 

approximation for large slope angles should be applied. Taking equation (5) and adding the 



 

 18 

orthogonality condition     
     

     
     , the values of p31, p32 and p33 are determined as 

follows, 

    
   

   
    

   
 (6) 

    
   

   
    

   
 (7) 

    
 

   
    

   
 (8) 

 

Considering the previous equations, it follows, 

              (9) 

              
      

   (10) 

             
      

   (11) 

          (12) 

          
      

  (13) 

 

Once the matrix   has been determined, expression (5) is applied to obtain the velocities in the 

plane of the streamline. Next, these velocities are rotated in the mean direction of the wind by 

multiplication by the rotation matrix   , which depends on with          
   

   
  

    
         

          
   

  (14) 

                                                   

In order to find the plane that best fits the velocity data, the following equation is minimized, 

                        
 

 

   

 (15) 

where                 are the velocities measured for each time interval in the sonic anemometer 

coordinate system. Differentiating S with respect to b0, b1 and b2, it follows, 

                               

(16) 
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These 3 equations are then solved to obtain the linear regression of     on     and     (Wilczak et 

al., 2001). 

After studying these two techniques, it was decided to apply the double rotation, and if it is 

necessary, the planar fit would be used. The application of the double rotation is carried out through 

the EddyPro software, a program of the LI-COR data processing company. 

 

Procedure carried out for the correction of gas fluxes for air density fluctuation effects when using 

open-path gas analysers  

The system uses an open-path InfraRed Gas Analyser (IRGA) for measuring fluctuations in the 

density of CO2 and water vapor. On uniform surfaces with active heat and water vapor exchanges, 

fluctuations in air density appear when this type of gas analysers. To avoid the errors associated with 

this phenomenon, the Webb-Pearman-Leuning correction (WPL) derived from the variations in 

water vapor density can be applied. This allows for rectifying the measurements of the CO2 and 

water vapor fluxes provided by the IRGA (Webb et al., 1980). This correction is necessary, since 

otherwise errors may occur in the measurement of turbulent flows of up to 40% (Leuning et al. 

1982). 

Considering this correction, the CO2 flux can be written as: 

                         
     

    

     
               

     

  
          

  (17) 

The term in the rectangle bracket is the WPL correction. The first term is due to water flux and the 

second is due to heat flux, where       is the mean CO2 density measured by an IRGA;     is the mean 

dry air density calculated from air temperature, pressure, and water vapor density;    is the mean air 

temperature in Kelvin; μ is the ratio of dry air molecular weight to water molecular weight 

(1.60802); σ is the mean water vapor mixing ratio;     
         is the water vapor flux measured using the 

sonic anemometer and the IRGA and            is the heat flux (after rotations) calculated from the sonic 

anemometer. 

Similarly, for computing the latent heat flux, the WPL correction term is considered: 
 

                          
               

   

  
          

   (18) 

The term in the rectangle bracket is the WPL correction term. The first term is due to water flux itself 
and the second is due to heat flux. Where   is the latent heat of vaporization;     is the mean water 
vapor density measured by IRGA and     

         is the water vapor flux (after rotation and frequency 
corrections) measured using the sonic anemometer and the IRGA.  
 
Procedure carried out for the sonic temperature correction 
The sonic anemometer is capable of measuring a temperature determined by the speed of sound. 

This temperature, called sonic temperature, undergoes fluctuations and must be corrected for 

humidity so that its value corresponds to that of air temperature (Kaimal and Businger, 1963; 

Schotanus et al., 1983; Kaimal and Gaynor, 1991). 
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The dependence of the speed of sound (c) on the air humidity is given by: 

              
  

  
 

  

  
  

 

     
  

  
   

  (19) 

where    and    are the ratios of the specific heat of dry air and water vapor, respectively; Rd is the 

gas constant for dry air (Rd = 287.04 J kg-1K-1); T is the air temperature, Mv and Md are the molecular 

masses of water vapor and dry air, respectively; e is the water vapor partial pressure; and P is the 

total air pressure. 

The expression of the sonic temperature without considering the effects of the crosswind is, 

       
  

    
 (20) 

 
By combining equations (19) and (20) the relationship between the sonic temperature and the air 
temperature is obtained: 

             
  

  
 

  

  
  

 

     
  

  
   

  (21) 

Expressing equation (21) as a function of the specific humidity of the air (            ) and 
the perpendicular component of the wind speed with respect to the measurement reference axis, it 
becomes: 

                   
  

 

    
 (22) 

where Vi is the normal component of the wind on the i-axis of the anemometer. 
 
 
Procedure applied for data quality control 
Due to the complexity of the calculation procedure required for applying the eddy covariance 
technique, it is recommended to perform three tests for data quality control (Foken and Wichura, 
1996). 
 
a.- Stationarity test: Relative Non-stationarity test 
In order to apply the theory of turbulent fluxes, the stability condition must be fulfilled. Under these 

conditions, the structure of the flux surface layer should be independent of the measurement time 

interval. The objective of this test is to compare the statistical parameters (covariances) determined 

for the average period with those for smaller intervals. Thus, a relationship between the covariances 

of the averaging period (30 minutes) and the values of the covariances of 5-minute periods is 

defined as, 

           

 
 

            
  

            
 

 
   

           
 

  

(23) 

where s can be the temperature (T) in the case of sensible heat flux, the density of CO2 (ρCO2) for the 

carbon dioxide flux, the density of water vapor (ρv) for the latent heat flux or even the horizontal 
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components of the wind u or v. The subscript 'r' denotes that it is the variable after the coordinate 

rotation. 

RNcov will be classified into nine flags according to its value, flag 1 being the one that will represent 

the greatest stability and therefore determine the highest quality data, likewise flag 9 will indicate 

the worst quality data (Table 1). 

 
Table 1. Data quality flags of the eddy covariance system according to the atmospheric stability test (RNCOV), 
and the relative integral turbulence characteristics test (ITC), and the unification of the flags of both tests in a 
general quality system and its equivalence with the individual flags of the RNCOV and ITC tests. 

Relative non-stationarity 
test: RNcov 

Relative integral turbulence 
characteristics: ITCsw and ITCtau test 

Wind direction 

Grade Range (%) Grade Range (%) Grade Range 

1 (highest) [0, 15) 1 (highest) [0, 15) 1 (highest) [0 - 150
○
], [210 - 360

○
] 

2 [15, 30) 2 [15, 30) 2 [150 - 170
○
], [190 - 210

○
] 

3 [30, 50) 3 [30, 50) 3 [170 - 190
○
] 

4 [50, 75) 4 [50, 75)   

5 [75, 100) 5 [75, 100)   

6 [100, 250) 6 [100, 250)   

7 [250, 500) 7 [250, 500)   

8 [500, 1000) 8 [500, 1000)   

9 (lowest) ≥ 1000 9 (lowest) ≥ 1000   
 

 

 
b.- Turbulence conditions: Integral Turbulence Characteristics Test (ITC) 
ITC is defined as the standard deviation of a fluctuating variable, normalized by a scale factor, for 

example the friction speed. The most widely used scaling factor is stability, defined as the ratio of 

the aerodynamic height (z) and the Obukhov length (L) (Kaimal, 1994). 

The aerodynamic height is defined as, 

z= zm – d (24) 

where zm is the measurement height and d is the displacement height (for a forested surface d=2/3 

hc, where hc is the height of the canopy). 

The Obukhov length indicates the depth at which the surface layer is located, in which shear and 

thrust generate turbulent fluxes, creating turbulent kinetic energy. This is given by the expression 

(Rebmann et al., 2012): 

   
   

   
  

   
                  

 
(26) 

where k is the von Karman constant (0.41), g0 is the acceleration due to gravity, Ts is the sonic 

temperature and u* is the friction speed defined as, 
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      (27) 

If z/L > 0, the surface layer is stable, while when the surface layer is unstable z/L <0. A variable 

denoted as ITCα_model is defined based on two parameters (cα1 and cα2) that depends on the stability 

of the surface layer, 

                 
 

   
 
   

 (28) 

where α represents the variable of interest to study (T, w or u). For α being the vertical speed w or 

the horizontal speed u, the expression for the turbulence test is the following, 

          

              

 

 
          

 

  

 

 

        

  

           
 

(29) 

 
On the other hand, for α representing the temperature (T) the resulting expression is: 

          

              

 

 
          

 

    

 

 

        

  

           
 

(30) 

where T* is the scale temperature, which is defined as: 

    
          

  
 (31) 

 
The values of the parameters cα1 and cα2 will depend on the values of z/L and are shown in the 

following table (Table 2) (Aubinet et al., 2012). 

 
Table 2. Values for cα1 and cα2 according to the stability of the surface layer. 

Variable in variance cα1 cα2 z/L 

Vertical velocity 

0.21 3.1 0 < z/L < 0.4 

1.3 0 -0.032 < z/L ≤ 0 

2.0 1/8 z/L ≤ -0.032 

Horizontal wind speed 

a = U 

0.44 6.3 0 < z/L < 0.4 

2.7 0 -0.032 < z/L ≤ 0 

4.15 1/8 z/L ≤ -0.032 

Air temperature 

a = T 

1.4 -1/4 0.2 < z/L < 1 

0.5 -1/2 0.2 > z/L > -0.062 

1.0 -1/4 -0.062 > z/L > -1 

1.0 -1/3 -1 > z/L 
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Similar to the RNcov test, 9 flags are defined for the ITC test, where 1 represents the highest grade of 
stability (Table 1). 
 
c.- Wind direction in the coordinates of the sonic anemometer 
According to Foken et al. (2012) under conditions with wind flowing with angles 180 ±10º, data 

should be considered as low quality data and are rated with grade 3. The data considered as of 

average quality (rated with grade 2), are those that are outside this range but within the interval of 

29 - 180º. Finally, good quality data (rated with grade 1), correspond to conditions when the wind 

flows with any other angle (Table 1). 

These three quality tests can be grouped in the same general table that determines the quality 

grades from 1 to 9, taking into account the results of each of them (Aubinet et al., 2012). 

 
 
 
 
 
 
Table 3. Overall quality assessment system considering the grades obtained in each test. 

Overall quality 
Relative non-

stationarity test: RNcov 
Relative integral turbulence 

characteristics: ITCsw 
Wind direction 

1 (best) 1 1 - 2 1 

2 2 1 - 2 1 

3 1 - 2 3 - 4 1 

4 3 - 4 1 - 2 1 

5 1 - 4 3 - 5 1 

6 5 5 2 

7 6 6 2 

8 7 - 8 7 - 8 2 

9 (worst) 9 9 3 
 

 
 
In this way, the above scheme is organized so that the data from grades 1 to 3 can be used for 

fundamental research, such as the development of parameterizations. Numbers 4 to 6 can be used 

for systems in continuous operation of the FLUXNET software. Classes 7 and 8 are only indicative, 

and may be used for a filling procedure when dealing with missing values, but these data should not 

differ significantly from the data before and after the time series. Class 9 data must be excluded in 

all circumstances. 

Data rated with grades > 3 are discarded and those with grades 1 to 3 are used to for the fluxes 

calculation. 

 
In addition, those flux values that are outside the range established by CARBOEUROPE are rejected 
(Table 4). 
 
Table 4. Interval of reliable values established by CARBOEUROPE for the different fluxes. 

Fluxes Values interval 
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CO2 flux, FCO2 -50 – 50 μmol m
-2 

s
-1

 

Latent heat flux, LE -250 – 800 W m
-2

 

Sensible heat flux, H -250 
 
– 800 W m

-2
 

Momentum flux, t 0 – 5 kg m
-2

 s
-1

 

 

 

8. Data processing 

After studying the corrections to be applied to the raw data provided by the eddy covariance 

system, a comprehensive review of the processing software was carried out in order to apply these 

corrections appropriately. The software EddyPro, provided by the LI-COR company, allows for 

processing the raw data and for obtaining the resulting fluxes at the specified time interval (30 min). 

In addition, this software allows for applying the double rotation and flat adjustment methods, as 

well as calculating the RNcov and ITC quality tests if the ‘advanced settings’ option is used (Fig. 23). 
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Fig. 23. Processing options of the EddyPro software: advanced or basic settings. 

 

The number of raw data files that can be processed at one time depends on the processing time. It is 

not productive to process a month of data in one run as the processing time can exceed 8 hours on a 

conventional computer. Therefore, it was determined to process intervals of 15 days. 

 

9. Study of the quantification of forest carbon sequestration and water footprint 

The procedure to quantify carbon sequestration from the eddy covariance measurements and 

computations was studied. Firstly, it is necessary to know both the assimilation and the emission of 

CO2. Carbon assimilation occurs during the daylight hours and is represented by positive values of 

the net carbon exchange (NEE) or CO2 flux (FCO2), while carbon release occurs at night and is the 

nocturnal NEE (negative FCO2 values). Thus, carbon retention or sequestration can be obtained as the 

difference between the diurnal NEE and the nocturnal NEE (32). 

CO2 seq = NEEdiurnal – |NEEnight| (32) 

 
The loss of water by evaporation and transpiration from the ecosystem can be also determined as 

evapotranspiration (ET). The method for estimating the latter from the eddy covariance 

computations was studied 

. Thus, ET can be determined from the turbulent fluxes (LE and H), using the Bowen ratio (= H/LE): 

   
    

       
 

 

(33) 

where Rn is the net radiation (W m-2) and G is the soil heat flux (W m-2). In order to express ET in mm 

(L/m2) equation (33) should be multiply by the factor 1800 s in 30 minutes.  

The total water footprint of natural vegetations refers to the amount of water from precipitation 

that, after having been stored in the root zone of the soil (green water), is either evapotranspirated 
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or incorporated by plants. However, in cloud forests, fog water captured by the vegetation may 

represent a soil water input also. 

Since evapotranspiration is by far the largest component of the forest water use, the green water 

footprint, WF (m3 t-1), expressed as the volume of soil water consumed throughout the development 

cycle can be calculated by accumulating the ET (mm) and divide it by the vegetation yield, R (tons of 

biomass per hectare).  

   
      

 
 (34) 

The factor 10 is needed for converting depth of water (mm) into volumes of water per land area (m3 

ha-1).   

In order to determine to what extent the presence of fog represents an entry of water into the soil 

and, therefore, contributes to the water footprint, the development of a monitoring system is 

planned, in conjunction with ICIA partners, that should provide information to assess the wetting of 

vegetation as a consequence of fog water interception.  

 

10. Procedure for checking the relationship between atmospheric conditions and outliers 
detections 

Measurement failures were detected with respect to carbon dioxide and water vapor density data 

after processing them with the EddyPro software. The possible reasons for these failures were 

investigated and it was determined that these are associated with saturated air (relative humidity, 

RH≈100%) for long periods of time (more than one day) (Fig. 24). A possible consequence of this is 

the condensation of water droplets on the equipment. Since the analyser lens that can tolerate 

drops to a certain extent, if the droplets coalesce and grow large enough, the readings can be 

affected. In order to avoid this, we have tried to cover the lens with a wax such as that used in anti-

rain products. 
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Fig. 24. Relative humidity, RH; temperature, T; CO2 molar density, CO2molar; and water vapor density 

(H2O) for December 2021. 

 

Fig. 24 shows outliers in the water vapor density measured by the analyser, as well as gaps in the 

molar density of carbon dioxide, especially on days of maximum RH. In addition, when the RH < 50%, 

the CO2 density records are restored, taking values around 420 ppm. After reviewing the literature, it 

was found that the atmospheric CO2 measured at the US National Oceanic and Atmospheric 

Administration (NOAA) Mauna Loa Atmospheric Reference Observatory peaked in 2021. The 

monthly average value of 419 ppm recorded in May 2021 is the highest level since measurements 

began 63 years ago. Compared to the previous year, the average for May 2020 was 417 ppm. These 

data were released by NOAA and the University of California Scripps Institution of Oceanography. 

Therefore, we have to deal, not only with missing values, but also with outliers. 

As a consequence of this, we decided to reject the FCO2 and LE values in which the LI-7500DS lenses 

may be covered by water due to rain or fog events. In order to detect this condition, the data from 

fog catchers and rain gauges are used. These instruments are already installed in the same site and 

are operated through collaboration between ICIA and ULL. 

 

11. Procedure for the analysis of the computed variables  

In order to perform the analysis of the computed variables it was decided to write a computer code 

using a free high-level programming language software, GNU Octave. Once the analysis programs 

were developed and debugged, the turbulent flows obtained from the data processing were 

represented by applying only the rotation, WPL and sonic temperature corrections and, 

subsequently, applying the quality tests and the criteria established by CARBOEUROPE. 
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In addition, we found that the FCO2 values calculated during the night, when the friction speed is less 

than the speed limit (u* < 0.2 m s-1), should be rejected. During the night, under conditions of 

atmospheric stability, when u* is below the established limit, the existing small turbulence will not 

be able to mix the air from the adjacent layers. Thus, the CO2 exchanges that take place between the 

surface and the immediate atmosphere will not reach the height of the measuring instruments. 

  

Fig. 25. Daily NEE for November 2021 without considering the data filtering (left) and after the 

control quality tests (right). 

 

 
 

Fig. 26. Daily NEE for December 2021 without considering the data filtering (left) and after the 

control quality tests (right). 
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Fig. 27. Daily NEE for January 2022 without considering the data filtering (left) and after the control 

quality tests (right). 

  

Fig. 28. Daily NEE for February 2022 without considering the data filtering (left) and after the control 

quality tests (right). 

  

Fig. 29. Daily NEE for March 2022 without considering the data filtering (left) and after the control 

quality tests (right). 

 

The Fig. 27 – 29 illustrate how the data filtering eliminates a large number of NEE daily values, both 

outliers and values within the established ranges, as occurs in March (Fig. 29). This reduction of data 
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occurs not only with the carbon flux or NEE, but also with the fluxes calculated from the variables 

recorded by the IRGA.  

The time series of each flux, without considering the data filtering and after the control quality tests, 

are shown below. 

a) 

 

b) 

 

 Fig. 30. NEE, latent heat and sensible heat flux for November 2021, considering only corrections 

(a) and after applying the quality control tests (b). 
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a) 

 

b) 

 

 Fig. 31. NEE, latent heat and sensible heat flux for December 2021, considering only corrections 

(a) and after applying the quality control tests (b). 
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a) 

 

b) 

 

 Fig. 32. NEE, latent heat and sensible heat flux for January 2022, considering only corrections 

(a) and after applying the quality control tests (b). 
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a) 

 

b) 

 

 Fig. 33. NEE, latent heat and sensible heat flux for February 2022, considering only corrections 

(a) and after applying the quality control tests (b). 
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a) 

 

b) 

 

 Fig. 34. NEE, latent heat and sensible heat flux for March 2022, considering only corrections (a) 

and after applying the quality control tests (b). 

 
By representing the turbulent fluxes before and after filtering, it is observed how the elimination 

process affects NEE and LE, with large gaps appearing in the time series. Several consecutive days of 

data are eliminated, as in the case of January (Fig. 32b). The filtering seems to mainly eliminate the 

non-reliable values and NEE pikes, but in the case of the latent heat flux, LE, (depending on the 

water vapor measurements) the filtering carried out seems not to be sufficient, which suggests that 

the filtering technique should be extended (Fig. 31b, 32b, 33b, 34b). For this reason, the possibility 

of improving the results of LE by studying periods of dense fog or episodes of rain is proposed, 

eliminating these data and applying later a filling technique. 

 

  



 

 35 

12. Methodology for determining the carbon sequestration 

The procedure for obtaining the forest carbon sequestration from the eddy covariance system is 

described as follows and illustrated in Fig. 35. 

1.- Data download  

In situ download of the data recorded at high frequency (10 Hz) by the SmartFlux system. These data 

correspond to the following variables: CO2 and water vapor densities, ambient temperature, 

atmospheric pressure, dew point, sonic wind speed in the three directions (x, y, z), and sonic air 

temperature. 

2.- Data processing  

The software EddyPro can process the raw data downloaded from the SmartFlux system and 

provides the resulting fluxes at the specified time interval (30 min). This implies computing the 

different covariances necessary to find the turbulent fluxes. Previously, the processing options need 

to be specified (which rotation method to apply: the double rotation or planar fit methods; if quality 

tests should be used: the RNcov and ITC quality tests). 

The number of raw data files that can be processed at one time depends on the processing time. It is 

not productive to process a month of data in one run as the processing time can exceed 8 hours on a 

conventional personal computer. Therefore, it is recommended to process intervals of 15 days data. 

3.- Data post-processing  

After obtaining the turbulent fluxes, the developed code is applied to the EddyPro output files for 

filtering the data according to the quality control tests results and for eliminating outlier values 

based on the CARBOEUROPE criteria. 

4.- Verification of the integrity of the variables time series  

After post-processing, the files are verified and where date/time jumps occurred, a row with "nan" 

values is added. In this way, continuous time series of the variables (turbulent fluxes, wind speed in 

the three directions of space, ambient and sonic temperature, friction speed, ambient pressure, etc.) 

are obtained at the specified time interval (30 min).  

5.- Obtaining concomitant meteorological variables necessary for gap-filling  

Meteorological variables data (global radiation, vapor pressure deficit, relative humidity and 

ambient temperature) over the same time period are collected from the additional instrumentation 

and are pooled in one file as continuous time series (i.e., where “nan” values are used where 

date/time jumps occurred).  

6.- Data file for the annual period 

The output files obtained in steps 4 and 5 are merged into a single file (which has the same rows but 

a column number equal to the sum of columns of both files). Since this file must cover the entire 

annual period, the remaining months for which data are not yet available, are included using nan 

values. 

7.- CO2 Flux gap-filling  

In order to fill in the missing values in the carbon flux variable (FCO2) that result from the filtering 

process according to the quality tests, the marginal distribution technique (Falge et al., 2001) is 
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applied. This technique uses the meteorological conditions present before and after the date where 

there is a missing value to derive an FCO2 estimate based on an iterative approach. This procedure is 

applied with the free software available on the European Eddy Fluxes Database Cluster website 

(http://gaia.agraria.unitus.it/home/guidelines/codes), which requires an annual period file as 

described in step 6. Thereby a time series of FCO2 without gaps or missing values is available. As 

months are added to the annual file (in steps 4, 5, and 6), the FCO2 values estimation in previous 

months improves, because thereby more information on meteorological conditions and carbon flux 

is available in order to define the marginal distribution.  

8.- Carbon sequestration calculation 

The FCO2 time series that results from step 7, allows for computing carbon sequestration. Positive 

FCO2 values represent CO2 assimilation and occurred during diurnal hours, while negative values 

indicate CO2 emission to the atmosphere and take place at night. Adding the FCO2 values over a 

certain time period (e.g., daily or monthly) yields the CO2 sequestration (assimilation – emission), 

which can be expressed in terms of carbons amounts by multiplying by a factor of 0.216 to convert 

mol m-2 s-1 units to kg C ha-1 each 30 minutes. 

 

Fig. 35. Flow diagram of the procedure for calculating carbon sequestration.  
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13. Analysis of the carbon sequestration estimations 

For the calculation of carbon sequestration based on equation (32), a program was developed and 

debugged in Octave. This calculates the emission, assimilation and sequestration for each month 

(Fig. 36). 

 

Fig. 36. Carbon emission (upper panel), assimilation (middle panel) and sequestration (lower panel) 

expressed in kg CO2 ha−1 day−1 for each month.  

 

As can be seen in Fig. 36, the carbon sequestration for the March 2022 is not included. This is 

because after passing the quality control tests, a high number of night data were eliminated (Fig. 

29), and thereby it is not possible to perform correctly the calculation based on equation (32). 

When estimating a monthly average with the results obtained so far, it is observed that they are 

high compared to the sequestration values stipulated for tropical forests of ages in the range of 0 – 

20 years (Table 5). The cause of this overestimation should be studied, but it may be a consequence 

of the elimination of night time data, which results in lowering of emission values and therefore 

raising the sequestration values. In this case, it would be necessary to fill in the gaps present during 

night time. Further review is necessary to study the filling process. 

Table 5. Removal rate (t CO2 ha
−1

 year
−1

) of the planted forests and woodlots 

and subcategories, for stand ages of 0–20 years old (Bernal et al., 2018). 

Planted species  Climatic region  Removal rate (t CO2 ha
−1

 year
−1

) 

Oak Temperate, humid  9.5 

 Temperate, dry  5.3 

 Tropical, dry  18.4 

Teak Tropical, humid   30.8 

 Tropical, dry 12.7 

Eucalyptus Temperate, all  37.9 

 Tropical, umid   40.7 

 Tropical, dry  38.8 

Broadleaf
a
  Boreal  8.0 
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 Temperate, all  11.8 

 Tropical, humid  25.3 

 Tropical, dry  10.7 

Pine  Boreal  10.2 

 Temperate, humid  21.1 

 Temperate, dry  7.6 

 Tropical, dry  21.0 

Conifer
b
  Boreal  4.5 

 Temperate, humid  11.6 

 Temperate, dry  6.4 

 Tropical, humid  23.6 

 Tropical, dry  38.7 
a
 Excluding eucalyptus and teak 

b
 Excluding pine 

 

14. Methodology for determining the water footprint 

In order to carry out the procedure to obtain the forest water footprint from the eddy covariance 

system, additional variables (Biomet variables) are necessary: soil flux (G), average soil temperature 

(Ts) and net radiation (Rn). Additional sensors are thus required: a soil heat flux plate, thermocouple 

probes, and a net radiometer. These were connected to a CR1000 logger that is networked with the 

SmartFlux system such that these data can be downloaded from the latter. The forest water 

consumption is derived from the latent heat flux as described below: 

1.- Data download  

In situ download of the data recorded at high frequency (10 Hz) by the SmartFlux system. These data 

correspond to the following variables: CO2 and water vapor densities, ambient temperature, 

atmospheric pressure, dew point, sonic wind speed in the three directions (x, y, z), sonic air 

temperature, and the Biomet data (G, Ts, and Rn). 

2.- Data processing  

The software EddyPro can process the raw data downloaded from the SmartFlux system and 

provides the resulting fluxes at the specified time interval (30 min). This implies computing the 

different covariances necessary to find the turbulent fluxes. Previously, the processing options need 

to be specified (which rotation method to apply: the double rotation or planar fit methods; if quality 

tests should be used: the RNcov and ITC quality tests). 

The number of raw data files that can be processed at one time depends on the processing time. It is 

not productive to process a month of data in one run as the processing time can exceed 8 hours on a 

conventional personal computer. Therefore, it is recommended to process intervals of 15 days data. 

3.- Data post-processing  

Using the Tovi software (available at licor.com/tovi) the latent heat flux (LE) time series is verified, 

and missing values are replaced by estimations computed using the marginal distribution technique 

(Falge et al., 2001) based on the Biomet data and reanalysis data. Tovi uses the reanalysis data to be 

more precise and fill in the missing meteorological variables in the Biomet data. It connects directly 

to the database and incorporates them into the marginal distribution calculation process. Due to the 
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size of the islands, it can only apply the data from ERA5       

www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5, because it is the database available 

with the smallest grid (30 km). This fact will slow down the calculation of the gap filling. In addition, 

through Tovi we also apply the quality control tests, RNcov and ITC. 

4.- ET calculation using the Bowen ratio 

Using the code developed for processing the data file obtained in step 3, the forest 

evapotranspiration (ET) is computed from the turbulent heat fluxes (sensible, H, and latent heat, LE), 

the net radiation (Rn) and the soil heat flux (G) according to equation (33). The Bowen ratio is given 

by = H/LE. Since these variables are expressed in W m-2, in order to express ET in mm units, 

equation (32) should be multiplied by the factor 1800 s every 30 minutes. 

5.- Forest water footprint calculation 

The green water footprint (WF) represents the volume of soil water consumed during the growing 

process. It is computed from the evapotranspiration values using equation (34). 

The procedure is and illustrated in Fig. 37. 

 

Fig. 37. Flow diagram of the procedure for calculating forest water footprint.  

 

http://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
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15. Maintenance and routine inspection of the equipment 

Field visits are made at least once a week for downloading the data, and for verifying the correct 

operation of the equipment. Maintenance labours are also carried out. 

The operation of the equipment is verified by checking that the data are saved on the storage disk, 

as well as the recognition of the disk by the Smartflux3 system. 

Maintenance consists of cleaning the IRGA lenses. Once connected to the system, instantaneous CO2 

readings are observed, if these are in a range greater than 450 ppm, it is necessary to climb the 

tower to clean the lenses and apply the anti-rain product (Fig. 38). Due to the weather conditions in 

the area, frequently affected by trade winds and fog conditions, this process is carried out almost 

every week. 

       
Fig. 38. Data downloading through the Smartflux3 software and LI-7500DS lens cleaning. 

 

On the other hand, the wind can cause branches to fall on the tower that have to be removed as 

they can damage the equipment. 

In addition, adverse meteorological events (frequent during autumn and winter), power outages or 

voltage spikes occurred causing the system crashing. In these cases, the power was restored and the 

system rebooted. 

 

16. Issues and drawbacks 

1. Due to the duration of the administrative process required for hiring project personnel, the 

physicist incorporation to the project was delayed until September 2021. This process also involved 

a public call for employment with the corresponding candidates’ evaluation and the selection best 

candidate for the hiring proposal. Work activities have been intensified so as not to compromise the 

objectives achievement, however the period of data that was expected to be available for the study 

will be shorter. 
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2. In addition, the acquisition and reception of the equipment took longer than expected. Regarding 

the purchase of the eddy covariance system, the project proposal estimated a budget of 20000 € for 

the acquisition. However, the updated versions of this equipment have increased their price 

considerably since the original project proposal was written. This is due to the fact that eddy 

covariance systems are highly advanced technology and therefore their suppliers and the number of 

equipments sold around the world are small. A round of inquiries among different suppliers led to 

the conclusion that extra 13000 euros were necessary and were obtained by reducing the personnel 

costs of the physicist to be hired. 

3. During the eddy covariance system configuration (October 2021), software communication 

problems arose that resulted in a further delay of the field installation and the data collection. We 

contacted the LI-COR distributor in Spain and after several days sending them graphic 

documentation and carrying out all the tests dictated by the technical service, the head of the Dilus 

technical service decided that it was essential to connect remotely to the system. After 8 hours of 

connection, the solution to the connection failure with the eddy covariance system was not found. 

At the same time, we contacted the local provider, as an alternative to solve this problem. Several 

remote connections were made without success. The local provider suggested that perhaps it could 

be due to an incompatibility of the Smartflux3 software with the IP address available. A wireless 

router was then used in order to establish a remote connection without using such IP address. At the 

end of October, the test was carried out and the local technician was able to remotely access the 

system through the computer. The connection problem was diagnosed as an IP addresses 

incompatibility. After fixing an IP address to the Smartflux3 software and creating a local network in 

that range, the connection succeeded. It took long time dealing with this issue and solving it. 

4. The processing of data in a conventional computer did not result to be productive, such that 

running the process for a 15 day intervals took at least two hours, during which the computer could 

not be used. This problem was solved by using a computer with superior features (LENOVO LEGION, 

10th Generation Intel® Core™ i7 Processor; RAM 8GB/2933MHz), reducing the processing time by 

half. In addition, with this type of computer it is now possible to use other software while the 

processing is running. 

 

Fig. 39. Data processing with a gaming computer to avoid long periods of time. In this case the 

processing time was 45 min. 
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5. Atmospheric conditions in Cruz de Taborno sometimes make it impossible to download data, 

since under dense fog or rain conditions it is not possible to operate the Smartflux3 or the computer. 

For this reason, the installation of a resin booth of approximately 4 m2 in the vicinity of the ENAIRE 

facilities is planned. This required installation and purchase authorizations. To process the permits, it 

was necessary to write a project report to ENAIRE, as well as several field visits with ENAIRE 

technicians. The permission for its installation was obtained from ENAIRE, and the purchase was 

carried out. This resin booth is expected to be ready for use in July 2022. 

 

17. Wind tunnel simulation studies 

With the aim of improving the efficiency of the fog water collector meshes in the context of 

designing new and innovative collector designs, computer simulation studies were carried out in 

collaboration with the ICIA. These permitted for adaptation and optimization of the wind tunnel 

operated by ICIA. With these simulations the performance of the wind tunnel was improved in the 

sense of better reproducing the micrometeorological conditions that occur on the field, making later 

experiments with meshes in this tunnel under controlled conditions more reliable.  

Specifically, these simulations, carried out with the “SolidWorks Flow Simulation” (specific software 

for computational fluid dynamics), were useful for analysing the fog flow inside the tunnel and for 

studying the most relevant parameters (wind speeds, fog droplet size, relative humidity, etc.) 

affecting it in order to determine the optimal conditions to perform the real experiments. 

Conclusions can be also drawn about the most appropriate tunnel design for experimenting with fog 

collection meshes under the desired controlled conditions. 

In this sense, it was determined that the wind tunnel will perform better by adding a new module. 

This module will allow for appropriately introducing inside the tunnel, at the different desired 

speeds, the water droplets through lances. It should be placed at the beginning of the wind tunnel, 

prior to the contraction cone. Thereby, it is possible to recreate the fog inside the wind tunnel test 

chamber under different working conditions (different wind speeds). Some examples of these 

studies are shown below in Fig 40. 

  
Fig. 40. a) Design of the additional module for the introduction of water droplets in the wind 

tunnel; b) Flow-lance interaction simulation located in the first lightening (velocity profile). 
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Based on these simulation results, the wind tunnel module was implemented (Fig. 41). Further 

simulation studies allowed for a more complete study of the behaviour of the flow of humid air 

inside the tunnel, under different working conditions (some examples are shown in Fig. 42 and Fig. 

43). 

a) 

 

b) 

 
Fig. 41. a) Initial wind tunnel; b) Wind tunnel with additional module (adapted for the study of the 

capture of water from fog by means of meshes. 

 

 
Fig. 42. Simulation of the velocity distribution and trajectories inside the 2D wind tunnel model. 

 

 
Fig. 43. Simulation of the velocity distribution and trajectories inside the 3D wind tunnel model. 
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Worth noting are the simulations carried out for studying the impact on the characteristics of the 

flow, due to the placement of the instrumentation and the collection mesh in the test chamber. 

Some examples are illustrated in Fig. 44 and Fig. 45. 

 
Fig. 44. Velocity profile around the Pitot tube (test chamber). 

 

 
Fig. 45. Plant view of the wind tunnel (evolution of pressures and flow trajectories). 

 

Simulation studies are currently oriented towards the study of flows perturbed by the interaction of 

meshes of different characteristics and orientations (Fig. 46). 

a) 

 

b) 

 
Fig. 46. a) Isometry of the flat collector geometry and its geometric information; b) Plant view of 

the evolution of pressures corresponding to the flow of humid air passing through the mesh (75% 

shade). 
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18. Scientific popularization 

In order disseminate the partial advances and results achieved during the project execution, 

information was elaborated for communication to the general public. In addition, possible outcomes 

that would be worth presenting at a future international conference were frequently discussed and 

planned. 

 

19. Chronogram 

The different activities described in this report were carried out as indicated to the following 

schedule. 

Activity 
2020 2021 2022 

J A S O N D E F M A M J J A S O N D  E F M 
Literature review 
and dealing with 
initial issues and 
drawbacks 

                     

Wind tunnel 
simulations 

                     

Selection and 
adaptation of the 
measurement site 

                     

Instrumentation 
reception and 
setup 

                     

EC system 
configuration 

                     

EC system testing                      
EC system 
installation at the 
study site. 

                     

Study of 
procedures for 
applying fluxes 
corrections and 
quality control 
tests. 

                     

Data processing                      
Study of the 
quantification of 
forest carbon 
sequestration and 
evapotranspiration 
methods 

                     

Data evaluation 
and analysis of the 
computed 
variables 

                     

Analysis of the 
carbon 
sequestration 
estimations 

                     

Maintenance and 
routine inspection 
of the equipment 

                     

Scientific 
popularization 
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