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ABSTRACT

Eddy correlation also known as eddy measures gas exchange between canopy and the overlying atmosphere by evaluating the correlation
between fluctuations in the gas-of-interest’s mixing ratio and the vertical wind velocity and considered the most accurate approach for measuring
gas fluxes, mostly carbon dioxide and water vapor under ideal homogeneous conditions. It has been used in micrometeorology for decades to
quantify mass and energy transfer between urban, natural and agricultural ecosystems and the atmosphere. We assessed its application under
various homogeneous and non-homogeneous conditions. Our study indicates that fluxes of CO, and H,O correlate well with plants activity
only when turbulent conditions are present, in open fields. At such conditions, direct measurements of concentration of those gases are not an
accurate indicator for plants activity. On the other hand, in closed systems (e.g. greenhouses)- fluxes as measured by an eddy correlation system
can’t accurately be related to the state of the vegetation, but the fluctuations in the concentrations of CO, and H,O directly correlate to the actual
plants activity. Adapting conditions in greenhouses to limiting factors as temperature, increases CO, sequestration by plants, and may increase

productivity
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Carbon dioxide (CO,) concentration in the atmosphere
is well-known to be increasing, from mean monthly mixing ratio
values of 315 pmol CO, per mol air molecules (typically denoted
as parts per million [ppm]) in 1958 to 420 ppm in 2022 (Tans and
Keeling, 2022). A graphical description of this increase is given
by the Keeling Curve, named after Charles David Keeling, who
began monitoring CO, concentration in Mauna Loa, Hawaii in
1958, developed the methodology and explained the trends. For
example, one of his observations was that the concentration was
higher at night than during the day. Based on the literature, he
attributed this to the fact that during the day, turbulence mixes the
air upward, giving nearly constant readings (at that time ~310 ppm
CO,) in all locations, but during the night, cooler air accumulates
near the ground, and CO, increases due to plant respiration and lack
of mixing (Harris, 2010).

The importance of the Keeling Curve in Environmental
Science Education has been enormous: “The Mauna Loa curve,
simple and unambiguous, thrust itself before humanity’s eyes,
changing our view of the world. Keeling’s work was far ahead of

its time” (Nisbet, 2007). It certainly depicts the general trend of the
process and changes in the atmosphere. Seasonal fluctuations also
illustrate the changes on a timescale of weeks or months, as seen by
differences between winter and summer. But can such changes be
monitored directly and instantaneously to yield information on the
real-time influence of a process, such as photosynthesis, on the CO,
concentration above plants?

Although it is obvious to biologists and plant physiologists
that when a plant performs photosynthesis, it combines water from
the soil with CO, absorbed from the atmosphere, the measurement
of those processes in the atmosphere is complicated and non-
intuitive. As stated in the literature (Baldocchi and Meyers, 1998):
“Diagnosing and predicting how concentrations of trace gases may
vary with time in the atmosphere depends, in part, on the rates that
materials flow into and out of the atmospheric reservoir.” In this
sense, the influence of plant photosynthesis is obvious. Although
the process of photosynthesis is sometimes written as (Bassham and
Lambers, 2022):

6CO, + 6H,0 — C,H,,0, + 60, (1)
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this equation does not include the release of water to the atmosphere,
and a more correct notation, which emphasizes this release, is
(Bassham and Lambers, 2022):

6CO,, +12H,0, — CH,,0,+6H,0  + 60 )

2(g) 27( 2(2)

Equations (1) and (2) described the process known as
“gross” or “true” photosynthesis, and it happens only during the
day. “Net” photosynthesis, on the other hand, is true photosynthesis
minus photorespiration and dark respiration (Wohlfahrt and Gu,
2015), with the latter process being described by Equation (2) written
from right to left. Thus, the general picture is that plant activity
during the day (or active “true” photosynthesis) removes CO, and
adds water vapor. However, as Keeling noted, CO, concentration
during the day in an open field appears to remain constant. To
visualize those effects, we use eddy correlation (EC) (also called
eddy covariance) system measurements to discuss specific points of
interest. Full datasets of the different cases presented in the present
study (open, closed and mechanically controlled greenhouses and
an open agricultural orchard) are supplied as Supplemental Material
and might be used by researchers and educators to present these
types of relationships.

Eddy covariance/correlation method

Eddy covariance (EC) is a micrometeorological technique
used to measure the transport of gases, heat, and momentum across
the interface between a surface and the overlying atmosphere
(Burba et al., 2013), by measuring covariance between fluctuations
in vertical wind velocity and the parameter of interest, for example,
CO2 mixing ratio or concentration. The method has "the advantages
of'elegance and a sound theoretical basis, but it requires fast-response
sensors and rapid data acquisition" (Monteith and Unsworth, 2013),
and it is considered the main contemporary technique for direct flux
measurements on an ecosystem scale (Burba, 2021). It has been
widely used since the early 1990s; it has been applied directly over
fresh (Assouline and Mahrer, 1993) or hypersaline (Metzger et al.,
2018) lake surfaces, and also successfully implemented to quantify
irrigation for several field crops, including cotton (Mahrer and
Rytwo, 1991), soybean (Otero et al., 2015) and bahiagrass (Jia et
al., 2009). It was also applied to quantify evapotranspiration in tress,
e.g as in apple orchards (Odi-Lara et al., 2016), olives (Er-Raki et
al., 2009) and forest (Mizutani, 1997) trees.

A qualitatively visualization of the principles of the
method is presented by Burba et al.. (2013), and explains the process
in detail. In general, if we may describe the atmosphere as a series
of air parcels moving randomly in all directions. Each parcel has
its specific properties (velocity vector on three axes, gas contents,
temperature, density). By measuring the properties of each parcel
and summing them up (integrating them) for a certain time step,
while taking into consideration the velocity vector of each parcel,
we may be able to evaluate changes in the parameters, thus: fluxes.
Indeed, the method may monitor "carbon and water vapor flux of
ecosystem on a direct, precise, and continuous basis and proves
itself to be the most efficient method that reveals the interactions
between terrestrial biosphere and atmosphere on an ecological
scale" (Liang and Wang, 2020).
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Several important assumptions are made in the EC method. The first
two are: (i) the air- density fluctuations over flat and vast spaces
can be safely assumed to be negligible, (ii) the mean vertical flow
over a horizontal homogeneous terrain is considered to be negligible
as well, so there are no flow diversions or conversions (Burba and
Anderson, 2010). Under those two assumptions, fluxes can be
mathematically represented as:

F =~ p, w'xy' 3)
where the flux (F) is equal to the product of mean air density (
Pakg m—3), and the mean covariance between instantaneous
deviations in vertical wind speed (W' in m s-1) and the "mixing
ratio" or the gas mole fraction (x' in mol_mol™). This equation is
the classical formula for the eddy flux of any gas of interest, and is
a simplification of the general basic derivation (Burba et al., 2013).

A more detailed mathematical analysis can be found in the literature
(Guetal, 2012).

The EC method emerged for micrometeorology and
agriculture. However, considering the hundreds of EC stations that
are operational, and the availability of instrumentation that allows
accurate, easy and rapid analysis of the data, the method can also
be valuable for geological carbon capture, utilization and storage
(CCUS) (Burbaetal., 2013). From the carbon-balance point of view,
EC has contributed to an understanding of how whole ecosystems
behave due to changes in environmental factors and has "radically
altered how we study and measure the breathing of the terrestrial
biosphere in a changing world" (Baldocchi, 2020); it allows us to
quantify how the biosphere’s metabolism is changing, and enables
us to follow trends and metabolic fluxes, and to monitor "how
whole ecosystems are responding to multifaceted changes in CO2,
temperature, water, and management" (Baldocchi, 2020).

Here, we use EC data from different scenarios, not always
under conditions that are optimal or even correspond with the
assumptions made for the method, mostly to focus on the difference
between "fluxes" and "concentrations" of CO2 and water vapor in
the atmosphere.

MATERIALS AND METHODS
Experimental setup

EC measurements were performed using a LI-COR eddy
covariance system based on a LI7500 DS open path CO, and H,O
analyzer (LI-COR Inc., Lincoln, NE) and a Windmaster PRO
Gill Sonic Anemometer (Gill Instruments Ltd., Lymington, UK)
connected to SmartFlux® 3 system datalogging; the measurements
were processed with internal EddyPro 6.2.2 software running
in “Express mode”. Global radiation and outside temperature
were taken from the Northern R&D agrometeorological web
network (http://www.mop-zafon.net/) which has been supplying
meteorological data to farmers in northern Israel for more than 30
years.

The EC system was placed in March 2020 and in
September 2021 to March 2022 in a lychee tree greenhouse used
for agricultural research performed by Prof. Raphael Stern from
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Fig. 1: Lychee trees greenhouse and the measuring instruments
tower shown aside from the plants for clarity (photo kindly
provided by Mr. Barak Chen).

MIGAL Northern R&D, located in the Hula Valley in northern
Israel (33.1528N, 35.6228E, 69 m a.s.l.), at the top of the canopy
(3.3 m) (Fig. 1). Global radiation and air temperature data during
those periods were taken from the Cabul agrometeorological
station, about 3.8 km from the greenhouse (33.1170N, 35.6134E, 66
ma.s.l.).

Since April 2022, the instruments have been installed in
an open nectarine orchard in Kibbutz Yiftah, located in the Naftali
Hills in northern Israel (33.1260N, 35.5494E, 410 m a.s.l.). Global
radiation and air temperature data during this period were taken
from the Kadesh Valley agrometeorological station, about 1.1 km
from the orchard site (33.1193N, 35.5393E, 395 m a.s.L.).

Four 3-day “scenarios” will be presented:
a.  Closed greenhouse, lychee trees during March 2020
b.  Open greenhouse, lychee trees during December 2021

c. Closed greenhouse with automated mechanical curtains,
lychee trees during January 2022

d.  Open field, nectarine orchard during August 2022
RESULTS AND DISCUSSION
Scenario a: closed greenhouse, lychee trees, March 2020

During February and early March 2020, the EC system
was installed in a closed plastic greenhouse, with over 2.5 m tall
lychee trees, irrigated with geothermal water. Recent studies
(Elimelech, 2022; Stern, 2018) have shown that heating lychee trees
immediately after the accumulation of “chilling hours” accelerates
growth of their blossoms and results in early blooming and fruits
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that ripen in early May, about 1.5 months before regular commercial
orchards.

It is obvious that the assumptions for flux calculations
using an EC system are not valid in such a closed and limited
environment. However, the instruments measure parameters that
might be used without any calculations, such as CO, and water vapor
mixing ratio/concentration, air temperature, air pressure, humidity,
etc. Thus, those parameters represent the real micrometeorological
conditions in the greenhouse. Fig. 2 concentrates on 3 consecutive
days during that period. Fig.2 shows fluxes that are low, and both
CO, and H,0 fluxes exhibit strong positive and negative fluctuations
that do not seem to be coherent. Although a general trend can be
observed in the water vapor flux (positive flux -away from the plants
with considerable fluctuations during the day and flux close to zero
at night), those results cannot be considered accurate due to the lack
of fulfillment of the EC calculation assumptions. However, Fig. 2b
shows the results of direct measurements inside (temperature, and
CO, and water vapor mole fractions) and outside (temperature and
global radiation) the greenhouse.

On March 1, the outside temperature ranged from 7—15°C;
global radiation increased during the morning to ~250 W m™ but
in the early afternoon, cloudiness increased and global radiation
decreased to ~150 W m™. The temperature inside the greenhouse
followed the general pattern of the radiation, reaching close to
30°C in the late morning, but when the cloudiness increased, the
greenhouse cooled down by 10°C in less than 90 min. As the global
radiation increased again, the temperature rose to 31°C in about 1 h
(at 1530 h), and then steeply decreased when evening approached.
A similar trend can be observed on March 2. On March 3, there was
no cloudiness or daytime reduction in global radiation, so the inside
temperature reached values of >30°C, and remained high, even after
sundown (1700 h).

A very interesting correlation can be seen between the
greenhouse temperature and the H,O mole fraction. At first sight, it
can be assumed that this indicates constant relative humidity, since
saturation water vapor pressure increases with temperature, but a
detailed analysis shows that the relative humidity decreased during
the high-temperature periods. The H,O mixing ratio and temperature
correlated with a very good fit along the entire 3-day period
(correlation = +0.910). Indeed, many researchers have reported a
good correlation between ecosystem respiration and temperature
(Liang and Wang, 2020) as the principal component of terrestrial
ecosystem, plays an important role in sustaining global substance
and energy cycle, adjusting carbon balance and alleviating the
rise of atmospheric CO2 concentration and global climate change.
Vegetation production of terrestrial ecosystem in particular relates
to the process where atmospheric CO2 is absorbed by plants through
photosynthesis and dry matter is accumulated by transforming solar
energy to chemical energy. Vegetation production, as a major
ecological index to estimate sustainable development of ecosystem,
reflects the productivity of terrestrial ecosystem under natural
conditions. Vegetation covers over 90% of total terrestrial area and
its response to global change is very important in that the adjustment
to climate change and the mitigation of the rise of atmospheric
CO2 level mainly depend on vegetation’s adjustment and feedback
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Fig. 2: Measurements in a closed greenhouse with lychee trees
during March 2020. (a) H,O (solid line) and CO, (dotted
line) fluxes. (b) Interior (dashed) and outside (dash-dot)
temperatures, H,O (solid line) and CO, (dotted line) mole
fractions, and global radiation (long dashes). Horizontal
dashed line in panel (b) indicates regional average CO,
mole fraction of 405 mmol CO, mol™.

to climate change. Furthermore, about 40% of productivity
of terrestrial ecosystem is utilized either indirectly or directly
(Vitousek et al., 1997). The only period of misfit was on March 3
at around noon, when the temperature remained high, but the H,O
mole fraction decreased from >335 to ~20 mmol mol™'. This decrease
was accompanied by a clear increase in the CO, mixing ratio. This
combination of effects is generally ascribed to stomatal closing
caused by heat stress caused by the high temperatures. Even when
considering the short period of closed stomata due to heat stress,
a negative correlation between water vapor and CO, mole fraction
was obvious during the entire 3-day period (correlation = -0.846),
very clearly exhibiting the relationship expressed in Equation (2):
when no “true” photosynthesis occurs, CO, increases and H,O
decreases, and vice versa during the day with open stomata. As
mentioned above and seen in Figure 2a, the behavior of the H,O and
CO, fluxes in a closed greenhouse appeared random and chaotic, but
calculated correlation still yielded a relatively high negative value
(-0.801).

To summarize, in the closed greenhouse, even though it
is not hermetically sealed, the diffusion from “outside” to “inside”
is relatively slow, and during high photosynthetic activity, the CO,
mixing ratio decreases to values that are almost half of the known
average value of about 400 mmol mol air!, approaching values
of ~200 mmol CO, mol air”, close to those considered the lowest
threshold for active photosynthesis (Moore, 2015; Moss, 1962). We
could not find such low values anywhere in the literature. To ensure
that these values were not due to a malfunction in the equipment,
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Fig. 3: Measurements in an open greenhouse with lychee trees
during December 2021. (a) H,O (solid line) and CO,
(dotted line) fluxes. (b) Interior (dashed) and outside
(dash-dot) temperatures, H,O (solid line) and CO, (dotted
line) mole fractions, and global radiation (long dashes).
Horizontal dashed line in panel (b) indicates average CO,
mole fraction of 405 mmol CO, mol™.

they were confirmed with a Rotronic CP11 handheld CO,, humidity
and temperature measuring instrument. On the other hand, during the
night, CO, reaches values >600 mmol mol"'. A similar but opposite
behavior is observed for H,0O mixing ratio: values go down to ~10
mmol mol! at night or when the stomata are closed and increase to
>35 mmol mol"! during periods of high “true” photosynthesis.

Scenario b: open greenhouse, lychee trees, December 2021

On 12 March 2020, a strong easterly windstorm with gusts
>100 km h! partly destroyed the greenhouse roof. The greenhouse
was reconstructed, and an improved automatic system that opens
or closes curtains depending on the temperature was introduced.
Scenario b (Fig. 3) shows measurements performed on 27-29
December 2021—before the automatic system was operational;
the side curtains of the greenhouse were constantly open (day and
night), and the only coverage was from the roof.

Considering that the main assumptions for the calculation
of fluxes using an EC system were again not valid due to the
roof that hinders vertical turbulence and other greenhouses in the
surrounding area, the fluxes in Fig. 3a showed strong fluctuations;
nevertheless the general trend observed in March 2020 (Fig. 2a),
where water vapor flux is positive during the day and close to zero at
night, was maintained. However, the correlation with CO, flux was
very low (-0.136).

Fig. 3b shows the direct measurements, which differ
considerably from the measurements in March 2020. Outside
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Fig. 4: Measurements in a greenhouse with automatically
controlled curtains and lychee trees during January 2022.
(a) H,0 (solid line) and CO, (dotted line) fluxes. (b) Interior
(dashed) and outside (dash-dot) temperatures, H,O (solid
line) and CO, (dotted line) mole fractions, and global
radiation (long dashes). Horizontal dashed line in panel
(b) indicates average CO, mole fraction of 405 mmol
CO, mol™.

temperatures ranged between 2.8 and 21.6°C. Inside temperatures,
which in Fig. 2 differed considerably from the outside values,
follow them almost completely in Fig. 3. This can be ascribed to
the fact that the greenhouse was completely open to the outside
environment. Global radiation increased during the morning, and
some noon cloudiness was observed on December 28 with no
significant influence on the temperature. The direct and strong
correlation between the greenhouse temperature and the H,O mole
fraction observed in Fig. 2b was not apparent here (correlation =
+0.381), and we ascribe this to the open sides that allow rapid gas
exchange between the interior of the greenhouse and the outside.
Similarly, the steep decrease in CO, mixing ratio observed in
the closed greenhouse was not observed here, and the negative
correlation between water vapor and CO, mole fractions was not
very significant (-0.394). Thus, photosynthesis cannot be monitored
under these conditions by neither fluxes nor concentrations.

Scenario c: closed greenhouse with automated mechanical
curtains, lychee trees, January 2022

The automatic system was adjusted to open the curtains during the
day when the temperature inside increases above 30°C, and close
them when it decreases below 26°C. During the winter at night,
to avoid high heat stress on the trees, the curtains are left open if
the temperature increases above 20°C (Menashe Levy, personal
communication, 2022). Scenario ¢ (Fig. 4) shows measurements
performed in the greenhouse on 13-15 January 2022, with the
automatic curtain system fully operational.

As in the previous scenarios, the main assumptions for
EC calculation of fluxes were not valid. Indeed, the fluxes shown

0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 0:00

Fig. 5: Measurements in a nectarine orchard during August 2022.
(a) H,O (solid line) and CO, (dotted line) fluxes. (b)
Orchard (dashed) and meteorological station (dash-dot)
temperatures, H,O (solid line) and CO, (dotted line) mole
fractions, and global radiation (long dashes).

in Fig. 4a seem to show “random” fluctuations, as in the previous
scenarios. Interestingly, unlike the open greenhouse scenario, the
negative correlation between both fluxes was relatively high (-0.830)
and similar to the value observed in scenario a (closed greenhouse);
thus, as CO, flux decreases, H,O flux increases, and vice versa.

Fig. 4b differs from the open greenhouse (Fig. 3b) and
is relatively similar to the trends for the closed greenhouse (Fig.
2b). During this period, there was a relatively warm winter days,
and outside temperatures ranged between 12 and 29°C. During the
entire period, global radiation increased during the morning but was
influenced by some cloudiness. The inside temperature, similar to
Fig. 2b, differed considerably from the outside values, and from Fig.
3b. However, an interesting effect could be observed, ascribed to the
mechanical curtains’ action: while, for example, on 3 March 2020
(Fig. 2b), the inside temperatures increased to values above 30°C
and remained high for several hours, the “cooling” effect of the
open curtains can be clearly observed at noon on all 3 days during
January 2022: above a certain temperature, a sudden decrease in
this parameter is observed, accompanied by an increase in CO,
and decrease in H,O. Furthermore, we note that on January 15, the
inside temperatures increased again in the late afternoon (1630 h)
after steeply decreasing at noon, due to decrease in solar radiation
and completely unrelated to the temperature outside. We can explain
this as follows: at noon, the temperature reached the higher limit, the
curtains opened, and cooler air cooled the greenhouse. In the late
afternoon (but still daylight), temperatures reached the lower limit,
the curtains closed, and the greenhouse heated up again. This entire
effect can also be clearly observed in the fluctuations of H,O and
CO, mixing ratios.
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Fig. 6 : Shear velocity (u”) and turbulence kinetic energy (TKE)
for the four 3-day scenarios: (a) closed greenhouse (March
2020, dotted line), (b) open greenhouse (December 2021,
dashed line), (c) closed greenhouse with automated curtains
(January 2022, long dashed line) and (d) open field orchard
(August 2022, solid line).

The direct and strong correlation between greenhouse temperature
and H,0 mole fraction seen in the closed greenhouse was also
observed in this scenario, and even enhanced (correlation = +0.980;
Fig. 4b). The higher correlation (compared with scenario a) might
prove the efficiency of the curtain mechanism in avoiding periods
of high temperature stress as with the misfit observed in Fig. 2b on
March 3, although some stomatal closing still seemed to occur at
noon, as indicated by a decrease in H,O accompanied by a slight
increase in CO, mixing ratio. The negative correlation between
water vapor and CO, mole fractions is again obvious during the
entire 3-day period, with values similar to those observed in Fig.2b
for the closed greenhouse (correlation = -0.843), and considerably
higher than those measured in the open greenhouse (Fig. 3b).

CO, mixing ratio gives interesting information on the
“closure” of the greenhouse. At night, with the curtains closed, values
increase to over 500 mmol mol™. As the solar radiation increases
and photosynthesis begins, when temperatures are still low and the
curtains are still closed, the CO, mixing ratio decreases, reaching
values of ~300 mmol mol'. At noon, the temperature increases
and the curtains open, air with more CO, enters the greenhouse, its
mixing ratio increases and, in some cases (see January 15 at 1530
h), even reaches the mean regional value of ~400 mmol mol air.
In cases where the curtains close again due to colder temperatures,
mixing with the outside stops, and photosynthesis causes another
decrease in the CO, mole ratio (see January 15 at 1600-1630 h).
Thus, in the closed but automatically controlled greenhouse,
diffusion from the “outside” to the “inside” depends strongly on the
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curtain position.
Scenario d: open field, nectarine orchard, August 2022

The last scenario to be discussed is an outdoor orchard
during the summer. During the spring and summer of 2022, the
instruments were installed in an open nectarine orchard located in
northern Israel, 410 m a.s.l. Fig. 5 shows measurements performed
in the orchard on 20-22 August 2022.

Unlike the previous scenarios, here the assumptions for
the EC calculation of fluxes were valid: the field is large enough
and relatively homogeneous. Accordingly, fluxes shown in Fig.
4a appear to be significant, and the pattern emerging from the
measurements is clear: during the day, CO, flux is negative (toward
the plants) and H,O flux is positive (evaporation from the plants).
At night, water vapor flux is close to zero, while CO, flux exhibits
relatively low positive values due to respiration.

Thenegative correlation between both fluxes was relatively
impressive (-0.936). It is interesting to note some specific moments
along the graph. For example, for all 3 days at noon, cloudiness
formed and there was a reduction in global radiation (Fig. 5b). This
is particularly salient on August 21, when even a few millimeters of
rain were measured in some nearby regions. Immediately after the
cloudiness appeared, CO, flux increased (became less negative) and
H,O flux decreased (Fig. 5a). When the clouds vanished, the former
fluxes were restored. No such clear effect was noticed in scenarios
a—c.

As for the temperatures, since it is an open field, we
did not expect to see differences between the orchard and the
meteorological station nearby (Fig. 5b). It is interesting to note
that there was some correlation between temperature and water
vapor mixing ratio (0.709), but it was considerably lower than that
observed in the closed greenhouse. On the other hand, CO, mixing
ratio remained almost constant during the day, with a slight increase
at night when the air was stagnant, as noticed decades ago by
Keeling (Harris, 2010), and mentioned in the introduction.

Fluxes or concentrations?

As we can see from the different scenarios, when trying to
deduce photosynthetic activity, there is no single parameter that can
give an accurate indication. In some cases (scenarios a and c, closed
or mostly closed greenhouse), the changes in the “total amount”
or “concentration” of the gas described by its mixing ratio/molar
ratio can yield important information on the gross photosynthesis.
In completely open systems (scenario d), “concentration” does
not deliver accurate information due to turbulence and rapid gas
exchange, but in those cases, the fluxes (Fig. 5a) accurately describe
the plant activity. In partially open systems (open greenhouse,
scenario b), neither fluxes nor concentrations “work™: the fluxes
are inaccurate due to the roof that hinders turbulence, and the
concentrations fail to describe the process, because the open sides
allow relatively rapid gas mixing between the inside and outside.

In looking for parameters that might give an indication
of which measurement will be appropriate, we assume that they
should be related to turbulence. Turbulence properties are described
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by the Monin—Obukhov similarity theory (MOST), which provides
a set of equations that relate turbulence to atmospheric parameters
(Moorhead, 2018). A key parameter in MOST is the friction or shear
velocity (u*), which relates shear stress to air density, and gives
information on the vertical transport of momentum, or turbulence
generation (Camuffo, 2014). Other relevant parameters associated
with eddies in turbulent flow are the turbulence kinetic energy
(TKE), defined as the mean kinetic energy per unit mass, the
dimensionless stability parameter that is derived from the height of
the measurement, and several parameters included in the "Obukhov
length" (among them u*, temperature, kinematic heat flux, air
density and heat capacity). EddyPro software evaluated all of these
parameters based on the EC system described in the materials and
methods section.

Fig. 6 shows u” and TKE evaluations for scenarios a—d,
offering a perspective on the conditions required to decide which
parameter to use: when turbulence is hindered by the greenhouse
roof and side curtains (scenarios a and ¢), both u” and TKE are
almost zero. On the other hand, when turbulence reigns (scenario
d, open field orchard), both values are almost zero during the night,
but reach large values during the day. Scenario b has open sides,
but also upper coverage. Some turbulence is indeed observed, as
reflected by low but noticeable values of both u” and TKE. The
measured values during almost the entire 3-day period are 10-20%
of the shear velocity and 1-5% of the TKE in the open field. Results
for the stability index (not shown in the figure, due to the chaotic
fluctuations of the values) also yield similar information: since
values of this parameter might be positive or negative depending on
the conditions, the regular average value is meaningless. However,
the root mean square of the stability index yielded, for scenarios a—d,
dimensionless values of 78.9, 1.31, 51.5 and 0.581, respectively.
As with the other turbulence-related parameters, lack of turbulence
(large values of stability index) are observed for scenarios a and c.
The strongest instability (lowest stability index) occurs in scenario
d, whereas scenario b exhibits low stability, but still higher than in
the open field.

CONCLUSIONS

When turbulence as measured by shear velocity, TKE
or stability index is considerable (as in scenario d), CO, and water
vapor fluxes yield direct information on photosynthetic activity.
When turbulence is hindered, either partially (scenario b) or almost
completely (scenarios a, ¢), the fluxes cannot deliver any information
on photosynthesis. However, where turbulence and diffusion from
the surrounding are almost completely avoided (closed greenhouse,
scenarios a, ¢), information about plant activity can be accurately
obtained from changes and fluctuations in gas (H,O and CO,)
mixing ratios or concentrations.

Measurements confirm the advantage of regular
agricultural practices in greenhouses, as avoiding high temperatures
for long periods by opening side curtains during the warm hours
winter: indeed, scenario ¢ and additional not-shown measurements
during that period demonstrate that such activities avoid heat stress
to the plants.

As described by Baldocchi (2020), eddy correlation
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measurements allows us “to find surprises and discoveries by
serendipity, which has its own intrinsic merit.” The method yields
a huge amount of measured micrometeorological information that
might help us (students, educators, and scientists) better understand
the behavior of the biosphere as it is influenced by atmospheric
conditions. The differences between fluxes and concentrations, and
their clear relationship to turbulence, is not obvious, and should be
taken in consideration when analyzing plants behavior.
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