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1. Brief

Life Nieblas is a Life Programme financed project provided by the European Commission that
support projects involved in climate action, natural habitat restoration and sustainable
development. In addition to the European financing, Life Nieblas counts with the financial support
from Cabildo de Gran Canaria as the public administration where this project has being developed.

Life Nieblas is a pioneer case study on the use of fog water collection as main source of water supply
for the irrigation and maintenance of reforested areas. Reforestation methods will take shape of
different technologies that have been observed to be beneficial or that have the potential to be
further developed including: Individual Fog Water Collectors, Cocoons (developed in another Life

pr2 2S00 W¢KS DNBSY [AYy]1Q0X 1 C5{ 6! dziz2zy2Y2dza

reforestation as control group.

Furthermore, Life Nieblas looks into the transferability and replication potential of the technology
tested. Not only will the project focus on the reforestation aspect but also on Fog Water Collectors
(FWC) technology as the main (and only) source of water. In this case, technology has been tested in
labs to improve FWC design and efficiency, they will not only become easier to install and transport
but also will collect more water by surface exposed.

The final objective of this project will be to adapt technology to be exported to different European
regions (and out of the EU) where fog conditions have the potential to improve water availability
and assist in natural habitat recovery. Eventually, finding transferability into the agriculture sector
where farmers can take advantage from collecting their own water. Henceforth, Life Nieblas will
contribute in climate change mitigation action (by reduction of emissions), carbon capture (by
natural habitat recovered) and with the development of sustainable technology.
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2. 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 CO, 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 and water footprint topics and
secondly on the wind tunnel simulations.

To estimate the potential environmental effects that the reforestation of the degraded landscape
area in Gran Canaria will have in terms of carbon sequestration, an eddy covariance measurement
system to monitor the CO, fluxes was installed in well-conserved cloud forest in Anaga (Tenerife).
This is an elfin cloud forest that represents an evolved state of the degraded area that is being
reforested in El Pinillo (Valleseco, Gran Canaria). The extrapolation of results obtained in the studied
site in Anaga to the reforested area in El Pinillo is based on the following similarities: i) steep areas
and exposed to the wind, ii) frequently affected by fog, and iii) at similar altitude (1015 vs. 1200 m
a.s.l).

The eddy covariance system is currently the most preferred method for assessing the ecosystem
carbon exchange. It is considered the best technique for CO, flux analysis due to its reliability and
advantages, i.e., a non-intrusive technique, which provides ecosystem representative data, based on
continuous measurements at only a single site. 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 (H,0, CO,) that
can be determined. The sum of the eddy covariance CO, 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
C 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.

3. Selection and adaptation of the measurement site

For installing the instrumentation, a site was selected in the Anaga Massif Biosphere Reserve
OCSYSNATSS /IFYyFINE LaAfFyRa0 G mamp Y | dAdPf d OHY
highest part of the park and exposed to the prevailing NE trade winds, so it is frequently affected by

fog. The vegetation of the area is typical of hyperhumid conditions and windy crests. Myrica fayaAit.

(wax myrtle) and Erica platycodor{Webb et Berth.) Rivas-Mart. et al. (formerly E. scopariapp.

platycodon) are the main tree species present.

Anaga Massif Park 3

»

Field site
E 3 @

-

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

JHINWW

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

4. Instrumentation reception ansetup

After solving the administrative issues needed for the equipment acquisition, the eddy covariance
system was received on October 9", 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 (CO,/H,0) analyser (Li-7500D) with an
integrated three-dimensional sonic anemometer (Gill Wind/Master/Pro).

b)

Fig. 6. Packaged Li-7500D Open-path gas (CO,/H,0) analyser (a), and the Gill Wind/Master/Pro 3D sonic
anemometer (b).

For data storing a SmartFlux®3 System was used. This was placed inside an outdoor cabinet and
connected using further accessory devices and elements: the AC/DC power supply, an 8-port
network switch, cables and connection terminals, and the security circuit breaker.



¢~L Life Universidad

=#Nieblas de Lalaguna

e
——,
NATURA 2000

Fig. 7. SmartFlux®3 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, the SmartFlux®3 System configuration manual, software manual).

5. Additional instrumentation

Net and global solar radiations were measured with a NRLite2 radiometer (Kipp&Zonen, The
Netherlands). Soil heat flow, temperature and water content were measured, respectively, with a
heat flux plate (HFPO1SC, Campbell Scientific Ltd., USA), two thermocouple pairs (TCAV, Campbell
Scientific Ltd., USA), and a TDR Trime-EZ probe (Imko GmbH, Ettlingen, Germany) at about 10 cm soil
depth close to the eddy covariance tower. These were connected to a CR1000 logger that was
networked with the SmartFlux®3 System such that these data can be downloaded from the latter.

6. Performing the eddy caviance 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
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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).

a) Visibility, @ <0.2 km N b) Visibility, @ =0.2 -1 km — N N

¢) Fog-free conditions _—
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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
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.
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North of Anemometer:
A Positive (+) Northward
) Separation
Magnetic ;
North

Center of gas analyzer
sample volume

East of Anemometer:
----------------------- Positive (+) Eastward
Separation

West of Anemometer:
Negative (-) Eastward
Separation

South of Aﬁemometer:
Negative (-) Northward
Separation

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).

7. 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 taking it to the field.

Fig. 10. Image of the eddy covariance system mounted, configured and ready to be tested.

During a testing period from October 27™ at 10:00 until November 2™ at 08:30 data were obtained

and are shown in the following figures.
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smart3-00540: DATA: Pressure (kPa)

Life
=s&Nieblas

LIFES9 COM/ES/00115

Universidad
de La Laguna

T
Oct 29

Oct 30
Time (UTC)

T
Nov 1

Fig. 12. Atmospheric pressure (kPa) during the testing period.
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Fig. 13. Ambient temperature (a) and dew point (b) during the testing period and given in 2C.

8. Carrying out the field installation

Once the proper functioning was verified, the equipment was dismounted and transported to the
field site on November 2", 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.

10
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Fig. 16. Eddy ovariance 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
(30 min), the site coordinates and elevation, the height of the vegetation (6.5 m), the height were

11
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the anemometer was mounted (8.25 m), the north offset (2409), eastward and northward
separation (-19 cm and -4.1 cm, respectively) and the variables to log.
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Fig. 17. Eddy covariance system configuration via SmartFlux®3 System.

The following figures show the evolution of variables provided by the eddy covariance system in the
field site in the period spanning from November 13" until November 19",
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Fig. 18. Carbon dioxide density (uLmol/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.

H (W/m3)

340 1
320
300 s
280
260 ! ’
240 *

220
200 T s
180 # ‘
160 ] + ln '] ‘
140 4 £ .
120 . 1 . ¢ -

100 ¢ s

80 ) .

60 A + . *
4 8 - Py .t ..n W' \

2 * ] t  em ’ . - . ? ~

.zg ! o . Wﬁm. ‘\ ..‘ L} .’ﬂ““"' Fa ‘\.' PN I g~ 4 \ l‘.'.a_o’\ o
oU% \n v o} IR .0 o % W v at
60 o e 135 .

-80

-100 ‘

-120 s !
-140

13Nov 0000 13Nov12:00 14Nov0000 14Nov1200 15Nov0000 15Nov 1200 16Nov00:00 16Nov12:00 17Nov00:00 17Nov 1200 18Nov00:00 18Nov 1200 19 Nov 00:00

Fig. 20. Sensible heat flux, H, (W/m?) 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).

LE (W/m?)

320 ?
300 ‘

80 . 1
i b o
80 1 ? L}
40 1L | Tt 1. 1! ] s s\ 1 1
e r A slellellt K] ] 1 A T 1he) s '3
. ~ . 13 allag's 1 [P il ] Jeisen il ¢ . % * %
o WM L awmantimals SRl mart U g AL £ 4 e AT || Pl PN LT Maata e Ll
20 'y {4 'L 1 l 'y | 4 1 O h] " 4 LR
£y i s ¢ 4
L ‘.

. ! l
80
13Nov00:00 13Nov12:00 14Nov00:00 14Nov 1200 15Nov00:00 15Nov12:00 16Nov00:00 16Nov12:00 17 Nov 00:00 17 Nov 1200 18 Nov 00:00 18 Nov 12:00 19 Nov 00:00

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

The wind rose shows that the main wind direction from November 13" to 19" 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.

9. 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 (Tanner
and Thurtell, 1969; Kaimal and Finnigan, 1994), is the most common technique to transform from
the coordinate system of the anemometer to that of the main wind direction.

14
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The first rotation, about the z axis, implies rotating clockwise with the angle — @0 &€& and

setting O[T, such that the resulting velocities (denoted with the subscript 1) are
0 6 WéH+ U i Qe
0 601 Q& 0 OéE+ (1)

o 0

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 , and setting0 T,
o 6 OéE% Ui Ok
0 0 (2)
0 6i % U W€ %o
where % @0 W& 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,

® ~d @ (3)
AlI|O ORIOEI OEIATTO
n T Al1O OEI (4)
OEI AIT@ET ATIQAIIO
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 (b T,
’ ol r] , r] \ 5 5y CARY
b w n— o] n— u w wo w Ll (5)

The planar fit method uses the wind data and the multiple regression technique to obtain the values
for the coefficients by, b; and b,. Once by and b, 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 10° and therefore the
approximation for large slope angles should be applied. Taking equation (5) and adding the

15



-4 Life

Universidad

Y =%Nieblas de La Laguna
N = wescounsnonm
NATURA 2000
orthogonality condition n n p , the values of ps;, P32 and ps3 are determined as
follows,
n , (6)
w W p
n , (7)
w W p
, p
n , (8)
W W p
Considering the previous equations, it follows,
OAT nin (9)
OEl n n n (10)
AlrO n n n (11)
OET n (12)
A0 1 n (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 orwith WO W&

AlIfTO ORI 1
Ay OFR1T AltOn (14)
] m p

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

Y 0 ® W6 Ul (15)

where 0 FO[® & ® are the velocities measured for each time interval in the sonic anemometer
coordinate system. Differentiating Swith respect to by, by and by, it follows,

26 0 or & 0
6 @ 6 ® 60 @ 60 (16)
o @ 60 ® o @ [0
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These 3 equations are then solved to obtain the linear regression of 0 on 6 and U[ 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 CO, 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 CO, 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 CO, flux can be written as:

0 v e  S&pxe= p ‘,,‘?,—\‘(toae\?e (17)
Q

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

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

dry air density calculated from air temperature, pressure, and water vapor density; “Yis the mean air
GSYLISNI GdZNE Ay YSEGAYT > Aa GKS NIXdA2 2F RNE
(1.60802)T ° A& GKS YSIy g0 0 SsNde whtetd2odiIluX rhekshraf dsingthe (G A 2 T
sonic anemometer and the IRGA and U Y is the heat flux (after rotations) calculated from the sonic
anemometer.

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

nooy 2 ¢ 4 ‘ l:) /)

00 _ o ' 022 p ,,TYUE‘Q\‘?‘3 (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 0 " 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).

The dependence of the speed of sound (C) on the air humidity is given by:
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n 0 g

where[ and[ are the ratios of the specific heat of dry air and water vapor, respectively; Ry is the
gas constant for dry air (Ry = 287.04 J kg K*); Tis the air temperature, M, and My are the molecular
masses of water vapor and dry air, respectively; e is the water vapor partial pressure; and Pis the
total air pressure.

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

. A
Y Y (20)

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

y "y I 0 Q
P = 5 T 0 o 21
)] | 0] . ( )
r nop g @
Expressing equation (21) as a function of the specific humidity of the air ( " j " " )and the

perpendicular component of the wind speed with respect to the measurement reference axis, it
becomes:

where V, 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 et al., 2012).

a.- Stationarity test: Relative Nestationarity 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,

B @ adee

lS 1o

Y 0 T
P (@ (23)

where Scan be the temperature (T) in the case of sensible heat flux, the density of CO, 6 ¢,) for the

OFNb2y RAZEARS Tt dzES ,)ifd Ge ldRebtyicathlixdr ed@rfthe ddriddbrBaNJ @ LI2 N

components of the wind U or v. The subscript 'r' denotes that it is the variable after the coordinate

rotation.
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RN,y 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 (RN-o\),
and the relative integral turbulence characteristics test (ITQ, and the unification of the flags of both tests in a
general quality system and its equivalence with the individual flags of the RN-gvand ITCtests.

Relative non-stationarity Relative integral turbulence Wind direction
test: RNy characteristics: ITG, and ITG,, test
Grade Range (%) Grade Range (%) Grade Range

1 (highest) [0, 15) 1 (highest) [0, 15) 1 (highest) [0-150 1], [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) X MJ 9 (lowest) X M N

b.- Turbulence conditions: Integral Turbulence Characteristics Test (ITC)
An index (ITG is computed, which expresses the turbulence degree (in percentage) as the relative

difference of the standard deviation of a fluctuating scalar (such as temperature, wind speed or
momentum) normalized by a scale factor (such as in the friction speed, or the scale temperature)
(Tillmann, 1972) with respect to the ITCcomputed in conditions of fully developed turbulence. The
most widely used scaling factor is stability, defined as the ratio of the aerodynamic height (z) and the
Obukhov length (L) (Kaimal and Finnigan, 1994).

The aerodynamic height is defined as,
z2=zZnZd (24)

where Z, is the measurement height and d is the displacement height (for a forested surface d=2/3
h,, where h. 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):

rzZ

" (0]
0
N0 ,,.
y O &ée (26)

Q

where K is the von Karman constant (0.41), Qo is the acceleration due to gravity, T 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 ITG v 2 isgdefined based on two parameters (& ,and G ) that depends on the stability

of the surface layer,
. a
w

‘0"Yo =
‘ B2

(28)

GKSNBE h NBLINBaSyida GKST W@drdliRdt 6 25NJ 2n T OASyAlySEINGSIAKIS (GZ2S N

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

e~y &y e

i~y (o (04

O"Yo T = -
p oV

hy GKS 2GKSNJ KFYRXZ F2NJ T theNSultIhgexdression ia: y 3
y
"0°Yo6 | S
‘ SYsS
& o
o8

OY0 pmm

where T* is the scale temperature, which is defined as:
Y2 e
"Y

Lz

o

(29)

(31)

The values of the parameters ¢ yand G ,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 ¢ ,and ¢ ,according to the stability of the surface layer.

Variable in variance G Gy z/L
0.21 3.1 0<z/L<0.4
Vertical velocity 13 0 -0.032<z/LXX n
2.0 1/8 z/L>K0.032
0.44 6.3 0<z/L<0.4
Horizontal wind speed
2.7 0 -0.032<z/LX n
a=U
4.15 1/8 z/L>K0.032
1.4 -1/4 0.2<z/L<1
Air temperature 0.5 -1/2 0.2 >z/L>-0.062
a=T 1.0 -1/4 -0.062 > z/L>-1
1.0 -1/3 -1>7z/L
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Similar to the RN, test, 9 flags are defined for the ITC testwhere 1 represents the highest grade of
stability (Table 1).

c.- Wind direction in the coordinates of tBenic anemometer

According to Foken et al. (2012) under conditions with wind flowing with angles 180 +109, 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 - 180¢9. 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 nor_1- Relative integ_ra_l tl.eruIence Wind direction
stationarity test: RN,y characteristics: ITG,
1 (best) 1 1-2 1
2 2 1-2 1
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

The above scheme allows determining which data should be used. Data associated with overall
quality 1 to 3 can be used for fundamental research, such as the development of parameterizations.
Those with values between 4 and 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.

Based on this procedure, the fluxes were calculated here only with good quality measurements,

O2NNBALRYRAYI (2 NBEAGNAOGASS 20SNI tt ljdz £ AGR

discarded.

In addition, those flux values that were outside the range established by CARBOEUROPE were also
rejected (Table 4).

Table 4. Interval of reliable values established by CARBOEUROPE for the different fluxes.

Fluxes Values interval
CO, flux, Feoz s0¢pn >YgEf Y
Latent heat flux, LE -250 ¢ 800 W m?
Sensible heat flux, H -250 ¢ 800 W m?
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Momentum flux, t 0c5kgm?s?

Night-time CO, flux values were also discarded if the friction velocity was less than the velocity limit
(u* < 0.2 m s™). This was because, 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 CO, exchanges that take place between the surface and the immediate
atmosphere will not reach the height of the measuring instruments.

10. Data processing

The data downloaded from the SmartFlux®3 System were recorded at high frequency (10 Hz) and
correspond to the following variables: CO, and water vapour densities, ambient temperature,
atmospheric pressure, dew point, sonic wind speed in the three directions (x, y, z), and sonic air
temperature.

The EddyPro® Software, provided by the LI-COR Company, was used 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. The number of raw data files
to process at one time depends on the required time. On a conventional personal computer, the
processing time for a month of data can exceed 8 hours. Therefore, it is recommended to
periodically process sets of 15 days data.

The Tovi® Software (available at www.licor.com/tovi) was used to verify the time series applying the
Relative Norstationarity and Integral Turbulence Characteristigsiality tests. In addition, this
software was used also for filling missing values in the variables based on the Marginal Distribution
Sampling (MDS) gap filling method (Reichstein et al., 2005), which requires the Biomet data (soil
heat flux, soil temperature and net solar radiation), ambient temperature, vapour pressure deficit,
and reanalysis data. Tovi® uses the reanalysis data to be more precise and fill in the missing
meteorological variables. It connects directly to the database and incorporates them into the
marginal distribution calculation process. Due to the size of the island, 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).

11.Procedure for checking the relationship between atmospheric conditions and outlier
detection

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,
REMANE:0 F2NJ £2y3 LISNA2Ra 2F GAYS éqeAAB thisliKl y 2y S
the condensation of water droplets on the equipment. Since the analyser lens 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; CO, molar density, CQuola; and water vapor density
0 120 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 CO, density records are restored, taking values around 420 ppm. After reviewing the literature, it
was found that the atmospheric CO, 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 F-o,and LEvalues 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 were already installed in the same site and
are operated through collaboration between ICIA and ULL.

12. 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, it was observed that the Fcp,values calculated during the night, when the friction speed
is less than the speed limit (u* < 0.2 m s*), 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 CO, exchanges that take place between the
surface and the immediate atmosphere will not reach the height of the measuring instruments.

The processed CO, flux time series can be partitioned into CO, assimilation and emission.
Assimilation occurs during the daylight hours and is represented by positive values of CO, flux or net
carbon exchange (NER, while carbon release occurs at night and is the nocturnal NEEnegative CO,

flux values).
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Fig. 25. Daily NEEor November 2021 without considering the data filtering (left) and after the
control quality tests (right).
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Fig. 26. Daily NEEor December 2021 without considering the data filtering (left) and after the
control quality tests (right).
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Fig. 27. Daily NEEor January 2022 without considering the data filtering (left) and after the control
quality tests (right).
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Fig. 28. Daily NEEor February 2022 without considering the data filtering (left) and after the control
quality tests (right).
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Fig. 29. Daily NEEor March 2022 without considering the data filtering (left) and after the control
quality tests (right).

Figures 27 ¢ 29 illustrate how the data filtering eliminates a large number of NEEdaily 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.
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Fig. 30. NEEIatent heat and sensible heat flux for November 2021, considering only corrections
(a) and after applying the quality control tests (b).
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Fig. 31. NEElatent heat and sensible heat flux for December 2021, considering only corrections
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(a) and after applying the quality control tests (b).
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Fig. 34. NEElatent 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 NEEand 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 NEEpikes, 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 LEby studying periods of dense fog or episodes of rain is proposed,
eliminating these data and applying later a filling technique.
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13. 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®3 System. These
data correspond to the following variables: CO, 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®3 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, indication of the processing
options is needed (which rotation method to apply: the double rotation or planar fit methods; if
quality tests should be used: the RN and ITCquality 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 postprocessing

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 foffijagm

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

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

FYR IINB a02NBR Ay 2yS FAES O2yidFrAyAy3a O2yiAydz dz
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.- CQ Flux gagfilling

In order to fill in the missing values in the carbon flux variable (Fco) 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 Fcpyestimate 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 R, without gaps or missing values is available. As
months are added to the annual file (in steps 4, 5, and 6), the F-p»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 Fcpatime series that results from step 7, allows for computing carbon sequestration. Positive
Feoovalues represent CO, assimilation and occur during diurnal hours, while negative values indicate
CO, emission to the atmosphere and take place at night. Adding the F-pyvalues over a certain time
period (e.g., daily or monthly) yields the CO, sequestration (assimilation ¢ emission), which can be

expressed in terms of carbons amounts by multiplyingby aft OG0 2 NJ 2 F n dPH mc st 2

units to kg C ha™ each 30 minutes.

Data download from the
SmartFlux®3 System: Data post-processing with the Tovi® Software:
water vapour and CO, |, |Data processing N LE and CO, flux gap-filling using the Marginal
densities, atmospheric, with EddyPro Distribution Sampling method, the T,, VPD,
pressure, air velocity, T,, the Biomet data and the ERAS reanalysis data.
VPD, etc.
|
I 1 A
Collection of Biomet The raw data obtained at high Calculation of carbon
variables (G, T, and R,) frequency (10 Hz) are processed, sequestration from CO,
through the CR1000 calculating the different assimilation and emission.
logger. covariances, turbulent fluxes,

rotation of the coordinate system,
and results are stored in periods of
30 minutes.

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

14. Analysis of the carbon sequestration estimations

The monthly variability of the hourly NEE or CO, flux can be represented with boxplots, where the
boxes are delimited at the top and bottom by the third and the first quartiles, respectively, while the
median divides the rectangle. The dashed lines extend to non-outlier maximum and minimum
values. The variability of CO, fluxes can differ significantly between months and the median and
maximum values exhibit an apparent cyclical trend (see figure below). CO, night-time (emission)
fluxes are lower than diurnal (assimilation) fluxes.
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Fig. 36. Monthly variability of the hourly CO, assimilation and emission fluxes.

From May to August, CO, assimilation and emission present high median and maximum values.
However, the greater vegetative activity in these months is accompanied by a larger CO, emission
due to higher temperature and lower ambient humidity.

Variation of monthly carbon assimilation, emission and sequestration is illustrated in the next figure.
Since monthly carbon storage was mainly positive during the study period, it is assumed that this
ecosystem behaves as a CO, sink. On a yearly basis the carbon storage was estimated at 5 t/ha.
Compared to other forest types, this cloud forest has a capacity to sequester carbon similar to
temperate (0.7 ¢ 7.5 t/ha) or tropical (3.2 ¢ 10.0 t/ha) forests. According to the Képpen climatic
characterization carried out for Cruz de Taborno, this area has a humid temperate climate. Net
carbon exchange studies carried out for different types of forests have shown that humid temperate
forests are net sinks of CO, (Baldocchi et al., 2001; Bernal et al., 2018). The amount obtained here is
close to those reported by Bernal et al. (2018) for temperate humid pine forests (5.8 t/ha) and for
young tropical humid broadleaf forests (6.9 t/ha), as well as for evergreen needle-leaf forests,
specifically Picea sitchensi&.7 ¢ 6.7 t/ha) (Valentini et al., 2000) and temperate forests broad-
leaved deciduous (5.0 ¢ 7.0 t/ha) (Baldocchi et al., 2001).
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Fig. 37. Seasonal variation of monthly carbon assimilation, emission and sequestration.

Conclusions

The eddy covariance system installed in the Special Conservation Area of the Anaga Massif is
currently the only system of its kind in the Canary Islands and based on this first long-term study of
carbon exchange in cloud forests, it was observed that monthly forest carbon sequestration is
variable according to the intensity of CO, assimilation versusemission. However, this cloud forest
behaves as a sink of atmospheric CO, throughout the year. Assuming that the reforested area in
Gran Canaria reaches a state of development similar to that of the forest studied, a 35 ha area will
contribute to mitigate anthropogenic climate change with an annual carbon sequestration of the
order of 5 t/ha, that is, approximately 175 tons of carbon per year.

15. Methodology for determining the forest 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
(Ty) and net radiation (R,). 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®3 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:
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1.- Data download

In situ download of the data recorded at high frequency (10 Hz) by the SmartFlux®3 System. These
data correspond to the following variables: CO, 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, Ty, and R,).

2.- Data processing

The software EddyPro can process the raw data downloaded from the SmartFlux®3 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, indication of the processing
options is needed (which rotation method to apply: the double rotation or planar fit methods; if
quality tests should be used: the RNy and ITCquality 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 postprocessing

Using the Tovi software (available at licor.com/tovi) the latent heat flux (LB 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
size of the islands, it can only apply the data from ERA5S
(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, RNy and ITC

4 - ET calculation

Using the code developed for processing the data file obtained in step 3, the forest
evapotranspiration (ET) is computed from the latent heat flux (LE, divided by the latent heat of
vaporization of water (2.45-10° J kg™") and the density of water (1000 kg m™). Since LEis provided in
W m™, in order to express ETin mm units, the factor 1800 s every 30 minutes must be used: ET
(mm)=7.347-10* LE(W m™).

5.- Forest water footprint calculatio

The green water footprint (WH represents the volume of soil water consumed during the growing
process. It is computed from the evapotranspiration values (ET) as illustrated in the following flow
diagram.
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Data download from the
SmartFlux®3 System: Data post-processing with the Tovi® Software:
water vapour and CO, Data processing LE and CO, flux gap-filling using the Marginal ET calculation from
densities, atmospheric, with EddyPro Distribution Sampling method, the T,, VPD, latent heat flux.
pressure, air velocity, T, the Biomet data and the ERAS reanalysis data.
s |
I ‘ 1
Collection of Biomet The raw data obtained at high Calculation of water
variables (G, T;and R,) frequency (10 Hz) are processed, foot, m ET
through the CR1000 calculating the different P e
logger. covariances, turbulent fluxes,

rotation of the coordinate system,
and results are stored in periods of
30 minutes.

Fig. 38. Flow diagram of the procedure for calculating forest water footprint.

In a forest stand, an important fraction of precipitation is intercepted by trees and understory and
evaporated back to the atmosphere. The rest infiltrates into the soil increasing green water supply in
the root zone. Tree roots take up green water, which is transported to leaves where it is transpired
to the atmosphere. However, in cloud forests, during foggy conditions the small water droplets
driven by the wind can impact the vegetation, accumulate and eventually drip to the soil surface. In
order to determine the frequency and intensity of canopy wetting due to fog water capture, a
system was developed to remotely monitor leaf wetness sensor readings. The technical
requirements of the prototype were: Leaf wetness reading, autonomous power system, low power
consumption, communications via radio in free band, local data acquisition and storage, IP65, and
reduced dimensions.

The system can work with an undetermined number of sensor nodes that send their data to a
central system or Gateway (LORAWAN receiver), which gives the data a readable format and
transmits it via RS232 to a computer or an acquisition and storage system. In this case, a CR1000X
datalogger (Campbell Scientific Inc.) was used. The sensor used is the PHYTOS 31 (METER Group
Inc.), which can detect small amounts of water if deposited on the surface of the sensor. This sensor
has the following advantages: i) imitates the leaf shape; ii) detects traces of water on its surface; and
iii) does not require calibration.

CR 1000

Measuromo:

¥
37

nsor (left), CR1000X

Fig. 39. Canopy wetness monitoring system. Sensor node with leaf moisture se
datalogger (centre), and Gateway or LORAWAN receiver (right).
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Fig. 40. Example of a downloaded data table (left) and reaI;time data capture by the datalogger
(right).

In order to detect foggy conditions suitable for fog water collection, a cylindrical wire-harp gauge of
the ASRC (Atmospheric Science Research Center, State University of New York) string collector type
as described in Ritter and Regalado (2017) was used. In addition, visibility reductions were detected
with a forward scatter infrared visibilimeter (C5120, Campbell Scientific Ltd.), which provides values

in the meteorological observable range (MOR).

Fig. 41. Canopy wetness detection system installed (left) and fog water collector (right).
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16. Analysis of the forest water footprint estimation

The water footprint (WF) concept provides a comprehensive measure of water usage and
consumption linked to producing goods and services. The WF developed by the Water Footprint
Network purports to quantify human appropriation of fresh water resources and is aimed toward a
variety of goals such as identification of business, process or product level water consumption, and
promoting sustainable use of water resources (Hoekstra et al.,, 2011). The green WF is typically
assumed to be equal to the amount of water that evaporates during the production of a product or
service.

However, in the context of natural forest, this concept extends beyond mere consumption,
highlighting the intricate role these ecosystems play in the hydrological cycle and their profound
impact on global and regional water balances. In general, Forest ecosystems are known to enhance
the quality of surface and groundwater by filtering out nutrients and pollutants from the air and
minimizing erosion and sediment transport (Brauman et al., 2007; Neary et al., 2009). Moreover,
forests contribute to the formation of clouds and rainfall, a phenomenon particularly observed in
tropical rainforests. The transpiration of water from leaves into the atmosphere also plays a vital
role in the climate regulation, affecting patterns of precipitation and temperature both locally and
globally. Hence, the water footprint of natural forests includes, not only the water transpired and
evaporated in the ecosystem, but also the importance in maintaining and improving the hydrological
cycle. Assessing the WF of natural forests entails evaluating both their direct and indirect water
usage. Direct usage encompasses the water transpired by the forest's vegetation and evaporated
from the soil and plant surfaces, essential for their survival and development. Indirect use, on the
other hand, includes forests' contributions to recharging groundwater, retaining soil moisture, and
providing ecosystem services like water purification and climate regulation (Launiainen et al., 2014).

The goal of calculating a forest's water footprint could be addressed in terms of computing the
vegetation water use efficiency. Thereby WF it can be defined as the ratio of the green water that
returns to the atmosphere through evapotranspiration against the biomass production. Taking
advantage of the availability of an eddy covariance system, biomass production can be indirectly
expressed as carbon storage, while evapotranspiration can be calculated from the latent heat flux
measurements.

The following figure illustrates monthly values of the variables used for calculating the forest green
water footprint (WF), derived from eddy covariance measurements during May 2022 and April 2023.
These exhibit variability without any observable seasonality. The resulting WF values are generally
between 0.25 ¢ 0.41 m? per kg of carbon sequestered. However, in the middle of the summer values
are much higher due to reduced sequestration (in July) and larger evapotranspiration (in August).
Additionally, monthly rainfall data are also presented to illustrate the extent to which this water
contributes to the WF.

38



Life Universidad

‘ =@N\ieblas de LaLaguna
-\“ T LFE19 COM/ES, /001199

N——
NATURA 2000

o
oo
T

o
o

Sequestration (t/ha)
o o
N LN

oo ©
o O o
I

ET (mm)
w b
o o

= N
o O

o

N
o
T

WF (m°/kg C)

P (mm)
N W
() (]

—_
o O

May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
2022 2023

Fig. 42. Seasonal variation of monthly carbon sequestration, evapotranspiration, water footprint
and rainfall from May 2022 to April 2023.

Canopy wetness detection and monitoring was successful. The following figure illustrates different
measurements during the end of June and the first half of July. During this period, several episodes
of fog incidence occurred (i.e., when visibility was less than 1000 m). The fog characteristics, and
probably also the wind speed, were generally suitable for collecting water droplets. Thereby, both
the fog collector and the vegetation were able to capture water. Consequently, and as shown by the
leaf wetness sensor data, the canopy likely experienced progressive wetting processes, each
followed by an evaporative drying process.
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Fig. 43. Evolution of canopy wetting (green line) and concomitant fog water collection (blue bars)
during the period 29th June ¢ 15th July. Shaded areas indicate visibility reduction to values below
1000 m, i.e., fog presence.

Conclusions

The eddy covariance system proved to be useful to quantify the forest water footprint expressed as
the ratio of evapotranspiration to the carbon sequestration. The system designed to detect and
monitor when the forest canopy becomes wet worked successfully in the presence of fog. This can
be useful in determining how collected fog water contributes to the forest's water footprint. We
found that fog presence at the site, characterized by artificial fog water collection and visibility
measurements, was coincidental with variations in leaf wetness. This suggests that the vegetation
was capable of intercepting fog droplets.

17.Maintenance and routine inspection of the equipment

Field visits were performed at least once a week for downloading the data, and for verifying the
correct operation of the equipment, that is, verifying that the data were saved to the storage disk
and that the SmartFlux®3 System correctly recognized this disk.

In order to minimize measurement failures under saturated ambient conditions (relative
K dzY A R A (i ®flomgiperiods of time (more than one day) due to the condensation of water
droplets on the sensors, the lenses were periodically treated with a water repellent (Rain-X® Rain
Repellent). It should be noted that although the analyser lens can tolerate droplets to a certain
extent, if the droplets coalesce and grow large enough, the readings could be affected.

Once connected to the SmartFlux®3 System, instantaneous CO, readings were observed, and if these
were in a range greater than 450 ppm, the lenses were cleaned and the anti-rain product was
applied (Fig. 44). Due to the weather conditions in the area, frequently affected by trade winds and
foggy conditions, this process was necessary almost every week.
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Fig. 44. Data downloading through the SmartFlux®3 System 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 to crash. In these cases, the power was restored and the
system rebooted.

18. 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

I Lzt AO OFff F2NJ SYLX 28YSyid 6A0K (GKS O2NNBaLRyl
best candidate for the hiring proposal. Work activities have been intensified so as not to
O2YLINRPYAAS (GKS 202S00A0SaQ | OKASOSYSyisz K2gSOSN
available for the study was shorter.

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

0§KS LIJzZNOKIFaS 2F GKS SRR& O2dIFNAIyOS aeaidSysz G4KS
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, the number of equipment sold

worldwide is small and the number of suppliers is limited. 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
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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 SmartFlux®3 System with the IP address available. A wireless
router was then used in order to establish a remote connection without using this 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 address
incompatibility. After fixing an IP address to the SmartFlux®3 System and creating a local network in
that range, the connection succeeded. It took a 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 days period 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,

MniGK DSYSNIGA2Yy LyaStt /2NBxu A1 t NRPOSaaz2NIr w! a
half. In addition, with this type of computer it was possible to use other software while the

processing is running.

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 SmartFlux®3 System or the
computer. For this reason, the installation of a resin booth of approximately 4 m? 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. After obtaining the permission from ENAIRE for its installation, the resin booth
was purchased and installed and additional cable connections were used.

19. 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 allowed 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, carriedout 3 A G K G KS a{2f AR22NJ &a Cf2¢g {AYd
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
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chamber under different working conditions (different wind speeds). Some examples of these
studies are shown below in Fig 45.

i B = 110

Fig. 45. 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).

Based on these simulation results, the wind tunnel module was implemented (Fig. 46). 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. 47 and Fig.
48).

la

— ]

Fig. 46. a) Initial wind t:.mnel; b) Wind tunnel with additional module (adapted for the study of the
capture of water from fog by means of meshes).

Reration = 182

Fig. 47. Simulation of the velocity distribution and trajectories inside the 2D wind tunnel model.
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Fig. 48. Simulation of the velocity distribution and trajectories inside the 3D wind tunnel model.

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. 49 and Fig. 50.

T 1050

'nam ]

Fig. 50. Plant view of the wind tunnel (evolution of pressures and flow trajectories).
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Simulation studies are oriented towards the study of flows perturbed by the interaction of meshes
of different characteristics and orientations (Fig. 51).

a)

Fig. 51. 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).

20. Scientific popularization

In order to disseminate the partial advances and results achieved during the project execution,
information was elaborated for communication to the general public.
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