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ABSTRACT: With global warming, heat stress is a phenomenon that is having a major impact on agricultural production. The
extreme amounts of conductive heat during periods of drought to which soil surfaces and plants are subjected produce heat
stress in crops. To predict these extreme conditions and anticipate actions to adapt our staple crops, an assessment of the
energy potential within soils based on long-term hygrothermal behaviour has been carried out. This document assesses the
conductive energy flux penetrating cultivated land in the Yamoussoukro area, based on biophysical properties, with the aim of
controlling average seasonal and annual changes in energy fluxes. The study considered the closed energy balance model and
modified it to obtain an estimate of heat fluxes in real time and space. The results showed that the Yamoussoukro area has
two dry seasons contrasted by two rainy seasons with decreasing rainfall since 2013. High amounts of conductive energy were
obtained between November and April, and between August and September, varying between -50 W/m? and -25 W/m?, while
they were high (0 to 50 W/m?) in the rainy seasons. The calculated average annual net radiant heat flux, latent heat flux,
sensible heat flux and conductive heat flux are 221.405 W/m?, 218.592 W/m?, 44.290 W/m? and -22.270 W/m?, respectively.
The lightness indices varied from 0.26 to 0.7, while the leaf area indices of the cocoa leaves varied from 2 to 5.42 m?/m?2.

KEYWORDS: Net radiant heat flux, latent heat flux, sensible heat flux, conductive heat flux, biophysical parameters, cultivated
land.

1 INTRODUCTION

As climate change warms the planet’s surface, crops are being exposed to excessive amounts of thermal energy [1]. This is
because cultivated land is a heterogeneous environment whose surfaces are exposed to the effects of direct and indirect solar
radiation [2]. During the day, solar radiation heats the earth’s surface. Except for energy losses through turbulence, some of
the sun’s energy is transmitted by radiation to the earth’s surface and penetrates the soil to give life to the environment (plants,
microorganisms, etc.). Heat within the soil is an inseparable component of the energy balance at the earth’s surface. This heat
is important in the energy balance generated by the earth’s surface during periods when solar radiation is unavailable [3]. For
this reason, knowledge of the energy balance within soils is of interest to several fields of application [3, 4] including agriculture,
civil engineering, bioenergy, communication networks, biology, meteorology, hydrogeology, etc. [5, 6].

The energy balance of soils consists mainly of heat fluxes from net solar radiation, latent heat fluxes and sensible heat fluxes
producing a conductive heat flux in the soil [4]. Consequently, the resulting conductive heat flux plays a crucial role in the
variation of environmental hydrothermal properties and plant development. This is made possible by thermo-hydric exchanges
in the soil-plant-atmosphere system. Heat propagation in soils is essentially by conduction [2]. In the absence of the necessary
plant cover, the intensity of conductive energy within the soil is sometimes significant and can exceed the needs of the plants.
A large amount of this conductive energy acts on plant roots, causing heat stress to crops [7].

To cushion the effects of excessive heat, accurate prediction of the conductive energy flux of cultivated land will enable
crops to be grown that are adapted to the soil and climate, thereby increasing crop productivity. In fact, this practice will enable
plants to withstand bad weather. Plant cover therefore plays a vital role in the heat and water exchange between the soil-
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plant-atmosphere system [8]. Unfortunately, the exact estimation of the conductive energy flux in the soil layers necessary for
plant development is often difficult because of the study assumptions made, which leave out certain important biophysical
parameters.

Several models have been developed in the past to estimate the heat flux within soils. These models fall into two broad
categories: models based on direct measurements of soil heat flux and models based on indirect methods. Direct methods
involve estimating soil heat from the temperature gradient using multi-layer [8, 9, 10] or single layer [11] observation data,
and models based on the integration of soil heat fluxes requiring temperature and moisture measurements in deep soils [12].
Indirect techniques are based either on the ratio of heat stored in the soil at a reference depth where the heat is measured by
plates, or are derived from the gradient method [13], or on the residual of the energy balance equation [14, 15], or on the
propagation of heat in sinusoidal or harmonic form, or on Fourier’s law [13, 16].

However, most of the direct and indirect models that escape the closed energy balance [9, 17, 18, 19, 20], generate
significant calculation errors and do not provide an optimal representation [21, 22]. Previous techniques for estimating soil
energy fluxes are confronted with energy imbalance problems related to the estimation scale, soil surface heterogeneity and
turbulent fluxes [18, 23]. These problems influence the calibration and validation of these models [16, 24]. Measurement
errors, corrections and heat flux fingerprints have attracted a great deal of scientific attention [18, 19, 24, 25, 26, 27]. This
observation makes the present study an evaluation of thermal potentials based on the principle of closed energy balance.

In addition, as weather conditions and soil surface heterogeneity change, energy and moisture exchanges between the soil
surface and its surrounding environment are affected [28]. The main exchanges of heat and water vapour that drive global and
local weather conditions between the earth’s surface and the atmosphere are mainly via turbulent and diffusive fluxes in the
earth’s surface layers. Many weather and climate phenomena are therefore influenced by processes associated with land-
atmosphere interactions, in which soil moisture and its control through evapotranspiration play a major role [29]. The
projection of reliable regional climate parameters requires the establishment of improved models of the soil-plant-atmosphere
system. In indirect methods, the exchanges between the soil surface and its feedback processes with the atmosphere, under
different climatic regimes for land properties and land use, must be represented [28]. In establishing models of conductive
energy flux into or out of soils, albedo [30] plant properties and environmental parameters must be taken into account along
with the role of vegetation.

The aim of this article is to assess the conductive energy flux of cultivated land based on meteorological and biophysical
data. Specifically, the overall objective has been divided into three parts: i) Assessment of average hygrothermal parameters
in the Yamoussoukro area from 2011 to 2021; ii) Estimation of energy fluxes within croplands from biophysical parameters; iii)
Establishment of the relationship between turbulent energy fluxes and available energy fluxes.

2 MATERIALS AND METHODS
2.1 MATERIALS
2.1.1 PRESENTATION OF THE STUDY AREA

The study site is a cocoa field located in the village of Ménou, belonging to the department of Yamoussoukro, situated
between latitudes 6 20’N and 700”N and longitudes 440’W and 530”W with an area of 478938 km? [31], in central Céte
d’lvoire. This 320mx960m field has been used exclusively for growing dated cocoa for more than 15 years. The site is subject
to a humid tropical climate with forest vegetation [32] consisting of mesophilous forest, gallery forest and shrubby Savannah,
as well as two rainy seasons, with mean annual rainfall and temperature of 1148 mm/year and 26.39°C, respectively [33]. The
Yamoussoukro area is not very hilly and is marked by wooded Savannah plateaux. The geomorphological landscape of this area
is characterised by pediplains with quasi-rectilinear slopes, flat lowlands and flattened, low granite mountain ranges with an
average altitude of 200 m [31, 32]. The soils studied are moderately humified ferralitic with sandy-clay textures on granitic and
sedimentary rocks, which are the most abundant in this department. [35]. The volumetric moisture content of the saturated
soil, the field capacity and the wilting point are 0,641 m3/ m3,0,435 m3/ m3 and 0,201 m3/ m3 respectively.

2.1.2  METEOROLOGICAL DATA
Weather forecasting in an area requires decadal data [36]. This study used meteorological data recorded in 1-minute steps

over 11 years (2011 to 2021) by the Vantage Pro2 station installed at INP-HB (lvory Coast). The station consists of two main
components: outdoor sensors (ISS) version 6152EU and a reception console. The ISS measures outdoor temperature, outdoor

ISSN : 2028-9324 Vol. 43 No. 3, Sep. 2024 860



Sahi Roland Diomande, Yao N’Guessan, and Kotchi Rémi N’Guessan

relative humidity, global irradiation, precipitation, wind speed and direction. Temperature and relative humidity were
measured using a digital sensor placed in a standardised, naturally ventilated shelter. Rainfall is measured using a double tilting
trough (when a trough is full, the system tilts and the console counts 0.225 mm of rain) and the troughs are emptied
automatically. The anemometer/wind vane can be detached from the ISS to measure wind speed and direction, and is fitted
with a 12 m cable. Among the data measured, ambient temperature, relative humidity, precipitation, global irradiation and
wind speed were used as input parameters for the model. Each data unit contained 95040 values (24 hours X 30 days X 12
months X 11 years), making a database of 475200 values.

2.2  METHODS
2.2.1 EVALUATION OF AVERAGE HYGROTHERMAL PARAMETERS IN THE YAMOUSSOUKRO AREA (2011-2021)

The meteorological data was processed and analysed, and the average daily, monthly and annual values were used as input
parameters for the model. The meteorological database was analysed using Microsoft Excel software, which enabled temporal
variations in the environmental parameters considered to be observed. The estimation of solar and rainfall potentials made it
possible to determine the average daily, monthly and annual variations in global solar irradiation, the brightness index, rainfall
and relative air humidity in the Yamoussoukro area.

The clearness index (K;) indicates the degree of reduction in global solar radiation incident by the sky, providing information
on the transparency of the atmosphere in a given area [37]. This index corresponds to the ratio between the intensity of global
solar radiation and the intensity of extraterrestrial solar radiation [38] :

G
K, = E [Eq. 1]

G : average global solar radiation intensity (W/m?) ; R, : extraterrestrial solar radiation (W/m?2).

The extraterrestrial solar radiation intensity of a surface reflects its capacity to receive solar radiation outside the
atmosphere. This energy potential is invariant from one year to the next, but depends only on the number of days in the year,
the coordinates of the sun and the geography of the site under consideration. It is expressed as follows [39] :

R, = 37.6.d,[w, sin(p) sin(§) + cos(¢) cos(6) sin(w,)] [Eq. 2]
d, : earth-sun distance, w. : hour angle at sunset, @ : latitude of location (radian) ; § : declination of location (radian).
The distance from the earth to the sun is calculated by the equation:

d, =1+ 0.033.cos [3%* n,-] [Eq. 3]

n; : number of day j in the year.

2.2.2  ESTIMATION OF ENERGY FLUXES WITHIN CULTIVATED LAND BASED ON BIOPHYSICAL PARAMETERS
2.2.2.1  NET ENERGY BALANCE EQUATION AT GROUND SURFACE

Accurate assessment of energy fluxes at the earth’s surface requires the energy balance equation to be closed [24, 37, 38,
39]. The energy balance equation at the earth’s surface governs the periodic variation of net solar radiation, sensible heat flux,
latent heat flux and conductive heat flux [43]. Neglecting the effects of photosynthesis and the amount of energy stored in
soils due to their low intensities, the net energy balance equation at the earth’s surface is given [2, 3] :

Rper = Gy + (H + AE) [Eq. 4]

Gy : flux of heat by conduction in the soil at time ¢t and depth z; (W.m2) ; H : flux of sensible heat or heat by convection at
the soil surface at time t (W.m™) ; AE : flux of latent heat or evapotranspiration at time ¢t (W.m2).
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2.2.2.1.1  STuDY HYPOTHESES
The relationships between the components of the soil-plant-atmosphere system have been established on the basis of the
following assumptions:

e Heat fluxes through net solar radiation and convection are the main sources of energy for soils and plants;

e Heat exchanges within the soil take place vertically in both directions (downwards by conduction and upwards by
evaporation) ;

e The spatio-temporal characteristics of a layer of soil and ambient air measured/calculated at a given depth/height for a
given time are constant;

e Plants in the same plot have the same average size (average canopy height), leaf resistance and leaf temperature;

e Cultivated land has a constant rate of plant cover.

2.2.2.1.2 NET SOLAR RADIATION INTENSITY

Net solar radiation represents the proportion of global solar radiation that reaches the ground surface directly or indirectly.
The variation in net solar radiation intensities is expressed by the Stefan-Boltzmann law [45] :

Ruet = (1 — a).Rgq + &. cr(saTam4 - Ts4) [Eq. 5]

€ : ground surface emissivity; o : Stefan-Boltzmann constant (5.67. 1078 W/m2.°K*) ; g, : effective emissivity of the
atmosphere; T,,, : ambient air temperature; T : soil surface temperature measured at a depth of 8cm; Rg,,; : downward solar
radiation; a : albedo of the ground surface. The albedo of a natural dual surface covered with vegetation is 0.25 compared with
a value of 0.13 for bare ground surfaces [46].

The downward radiation is given by the formula [47] :
Rewa = (as_bs %) Wy [Eq. 6]

ag = 0.2 and bg = 0.5 : values of empirical regression coefficients recommended in the literature [48] ; n;: actual daily
sunshine duration; N : maximum daily sunshine duration; % : relative sunshine duration (n_i/N € [0 ; 1]);W_d : daily
astronomical radiation (W.m?).

The maximum sunshine duration is expressed by the relationship [49] :
N = %. ar cos(— tan( @) .tan(6)) [Eq. 7]

The actual daily sunshine duration was obtained by counting the hours during which the intensity of global solar irradiation
is non-zero.

The declination was calculated using the expression [49] :
6 = 23.45.sin ((2n(n_j + 284)/365) [Eq. 8]
The daily astronomical radiation intensity is calculated using the relationship :
W, = %KD.IO. [wg. sin(p) .sin(6) + cos(p) .sin(wy)] [Eqg. 9]

Kp : correction coefficient for the Earth-Sun distance or correction factor for the eccentricity of the Earth’s orbit; I : solar

constant (1657 %) ; we: hourly angle.
The Earth-Sun distance correction coefficient is a function of the number of days in the year and is evaluated by:

2.1(n;—94)

K, =1—0.034. sin(
180

) [Eq. 10]
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The hour angle at sunrise is calculated by the relationship :
W, = arcos(— tan(p). tanl(((ﬁ))] [Eqg. 11]

The expression for the hour angle at sunset (w.) is the opposite of that at sunrise. In fact, w, = w, at sunrise and
we = —wy, at sunset. The hour angle (w,) is counted positive in the afternoon and corresponds to w. while its values are
negative pre-morning, corresponding to w; .

The emissivity of the earth’s surface is represented by the relationship:

= &y fc(§) + &4. fs(&) + 4. Ae. f5(§) [Eq. 12]

fc (&) : fraction of vegetation cover where ¢ is the correction angle of the fraction of vegetation cover or the observation
angle; f5(&): fraction of uncovered soil surface; Ae: model tolerance (4de € [0 ; 0.02]) ; &, : emissivity of a soil surface
completely covered by vegetation in the spectral region between 10.5 um and 12.5 um (&, = 0.985 £ 0.007); &4 : emissivity
of a bare soil surface in the spectral region between 10.5 um and 12.5 um (sg =096 + 0.01). The value of the emissivity of
the earth’s surface calculated in this study is 0.986.

The vegetation cover fraction is defined as the vertical projection of the surface proportion of the landscape occupied by
green vegetation [50]. The vegetation cover fraction is a function of the leaf area index (LAIl) of the plants and is represented
as follows:

—0.5*LAI

fe(@) =1—exp (T@)) [Eq. 13]

To determine the leaf area index, the LAl MOD15A2 version 2021 product was used per season with an applied spatial
resolution of 500 m at a height of 10 m. The link to the MOD15A2 LAI product is as follows (http://eospso.gsfc.nasa.gov ) [51].
The MODIS product has been widely used and provides accurate resolution [42, 47, 49]. The value of the canopy fraction
correction angle (&) simulated in this study is 5°. This correction angle is the angular value that maximises the fraction of the
uncovered soil surface, while it minimises that of the vegetation cover. The fraction of the soil surface not covered by plant
leaves is calculated by the relationship [50] :

fs(§) = 1— fc(§) [Eq.14]

The effective emissivity of the atmosphere is given by equation:

YA
e, = 1.24 (—ram+z73.16) [Eq. 14]

e, : air vapour pressure at the reference surface (kPa).

The air vapour pressure at the reference surface is given by the expression [29] :

e, = 0.6108. exp (L) (ﬂ) [Eq. 15]

Tam+237.3/ \100

RH, : relative humidity of the ambient air (%).
2.2.2.1.3  EVALUATION OF SENSIBLE HEAT FLUX
2.2.2.1.3.1 MODIFICATION OF THE SURFACE ENERGY BALANCE SYSTEM (SEBS) MODEL

The Surface Energy Balance System model is used to evaluate the evaporative fraction of the soil and the transpiring fraction
of the plant surface. Based on equations from previous studies, the sensible heat flux and evaporative heat flux equations have
been transformed to give an improved expression. This new model makes up for the deficiencies in the complexity of previous
SEBS models. A ground surface covered by vegetation subject to the seasonal effects of environmental parameters (wind
speed, rain, sunshine, etc.) is subject to sensible heat flux. Vidal [47] has highlighted the influence of aerodynamic resistance
(1,¢) and soil resistance (75,;;) on variations in sensible heat flux. However, this author and previous studies did not take into
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account the influence of stomatal resistance of plant leaves on sensible heat flux. The introduction of plant leaf resistance is of
interest insofar as plant leaves are part of the shading sources of irradiation profiles at the soil surface. In the present study,
the impact of resistances (stomatal resistance of plant leaves, soil resistance, aerodynamic resistance (for the layer above the
canopy) and air resistance (1) (for the layer below the canopy) ) on the variation in sensible heat flux was taken into account.
The modified form of the sensible heat flux equation is written:

-1

_ PairCpair _ z—dy _ z—dg Zoh
H = k.p L8P — (T —T,,,). ln(ZOh) v (520) + v, (22)|  [Ea.17)
a

Teaves: Stomatal resistance of collected leaves (s/m) ; 1,;; : vapour diffusion resistance of the soil (s/m) ; i, : equivalent air
resistance between the aerodynamic resistance at the reference surface, calculated at 10 metres (1, ) (s/m), and the resistance
of the layer of air below the canopy (7,,,), calculated at 2 metres from the ground surface.; Cp 4; : specific heat of the air (J/kg)

. . . . 0.34838+P . . .
; Wh: correction function for sensible heat stability, L : Obukhov’s length; pgi = Tgfs”" : density of the ambient air (kg.m"
a ’

3); Pyt : measured atmospheric pressure (kPa) ; z : height at which wind speed is measured, expressed as z = z;, + 2 (m), (z,,
is the average height of the canopy (m) ) ; d, = g.zh : height of the zero displacement plane (m) ; k = 0.46 : Von Karman
constant; zyy,: length of thermal roughness (m) ; T,: average of ambient temperatures measured at 2 metres (T,,,) and 10
metres (T,.).

The stomatal resistance of leaves depends on the turgidity of the guard cells. This resistance is controlled by solar radiation,
rainfall, relative humidity of the ambient air, wind speed, soil type and the density of the leaves themselves [53] The stomatal
resistance of the leaves was measured during the day and at night using an SC-1 porometer [54]. The average value of this
resistance is 300 s/m, for several leaves collected in dry and rainy seasons, was used.

The underlined term in equation (Eq.17), is calculated from the wind speed measured at height z and the ratio between the
length of mechanical roughness (z,,,) and the length of thermal roughness (z;) [44] :

(£) -k = [im(52) = ¥ (572) + ¥ (52)] (Eq. 28

Y., Stability correction function for momentum transfer; z,,, : mechanical roughness length for momentum at the earth’s
surface (zy,, = 0,13.z;,); 1 : wind speed measured at reference height at 2 metres (m/s) ; u, : friction velocity (m/s).

The stability correction function for momentum transfer is expressed as follows:

o (52) 0 () = (2) - 0 (22) e 1

L L M om

This expression originates from the work of SU in 2002 [55] and was improved by Hamimed et al., in 2018 [56]. The latter
relied on similarity theory using the parameter k. B~ to relate the thermal roughness length to the mechanical roughness
length as follows [55] :

Zom _ 1
zon  exp(kB™1) [Eq. 20]

kB~1: characteristic parameter of the model.
2.2.2.1.3.2  RELATIONSHIP BETWEEN THERMAL ROUGHNESS LENGTH AND MECHANICAL ROUGHNESS LENGTH

From Figure 1, it was assumed that the relationship [Eq.20] is only valid for characterising the density of the plant layer
(thickness of the intermediate layer) because this layer balances the thermomechanical properties in the ambient air (¥_h =
Y _m). For a better estimate of the sensible heat in the air layer below the thickness of the plant leaves and the sensible heat
produced above the plant surface, the above relationship is no longer appropriate. A new relationship based on a
proportionality coefficient was established. This new relationship considered that the variations in the quantities of heat and
motion (thermal properties and environmental mechanical properties are different (¥_m # ¥_h)). In this relationship, the
thermal properties (thermal roughness length and stability correction function for sensible heat) and mechanical properties
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(mechanical roughness length and stability correction function for momentum transfer) are linked by a proportionality
coefficient K according to the relationship:

Zom _ 1
zon  exp(kB~1) * K [Eq. 21]

(o (22)
EACORACD

The purpose of the proportionality coefficient is to take into account the reduction in heat flux as it reaches the ground
surface after passing through obstacles caused by the layers of plant leaves and environmental factors. The parameters of the
momentum stability function such as aerodynamic resistance, the ambient temperature (T,.) and mechanical roughness length
were measured above the average canopy surface while those of the sensible heat transfer stability function, the ambient
temperature (T,,,), soil surface temperature and soil resistance were measured below the lower leaf boundary layer. The
intermediate layer characterises shading (a layer resistant to thermal and mechanical diffusion). The intermediate layer
minimises the intensity of heat transfer by radiation, convection and conduction. According to SU et al., (2019) [57], the study
of the energy balance at the earth’s surface consists of decomposing the cultivated domain into three vertical layers (surface
below the leaves, density layer of the leaves and layer above the canopy) by considering the sensible heat fluxes and long-
wave radiations in the tree canopy, the forest airspace and the soil surface layers of forest ecosystems. Figure 1 summarises
the different levels of measurement of the model’s characteristic parameters.

é v () v (B)
Zom e s Tze

Suchas K = k'.

Aerodynamic bmit

Upperlayer
H=10m

Upper bmit of leaf layers

Intermediate layer

Lower imit of leaf layers

Lowest layer

|Soil surface

2 Troil T: (at 8 cm)

Soil layer

Fig. 1.  Conditions for finding equilibrium between the stability correction functions for quantities of motion and sensible heat transfer

In the intermediate layer, thermomechanical equilibrium is reached when K = 1, which corresponds to an equilibrium
between the thermal and mechanical properties, i.e. k' = 1 et =¥, (Z do) + ¥, (Zom) = -y, (Z do) + ¥, (Zzh)

According to the first principle of thermodynamics, all systems naturally seek a state of equilibrium. Unfortunately, because
of the variability of meteorological parameters, thermomechanical equilibrium is never reached outside the intermediate layer.
In the search for a state of thermomechanical equilibrium, an expression for the sensible heat flux has been derived from the
momentum stability correction function (inflow) and the sensible heat transfer correction function (outflow of leaf density) :

z—dg Zg
M: 1 * J! _Wm( L )+l[lm( Lm) [Eq 22]
o = a0 K o )
where k' = -2, with k, = "€ g f, = —soil_
kq’ Ta Tleaves
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The heat flux from the sun passes through the layers of plant leaves and cloud cover to penetrate the soil, according to the
proportional relationship below:

2
k' = (Tieaves) [Eq 23]

Ta*Tsoil

an

n:=1"leave(i)

Where 1; =t —
leaves np—n;

Equation [Eq. 21] becomes :

) () 0 (o () o () e

Relations [Eq. 18] and [Eq. 24] allow us to write:

o (52 o (2) =k« ((2) - i (22) ) 025

From the equations established above, the expression for sensible heat was finally established. The net energy balance
model is based on realistic physical conditions, which makes it more favourable and usable in environmental conditions where
climatic variations are felt [53, 54]. The relationship between the sensible heat flux of a soil surface covered with vegetation is
given by :

-1
_ PairCp,air _ z—dg " _ z—dg
=kt 1) fin (529) + o (2) k- in (5 ) )| e

The relative (4,.) and real (A) evaporative fractions were evaluated by [55] :

ALE H—-H
A, = =1- wet [Eq. 27
T AEwet Hdry_Hwet[ q ]
And,
A= AE — Ay AEyet [Eq_ 28]

T Rp=Go  Rn—Go

Eet : evaporation from the ground surface; y : psychrometric constant; H,,. : sensible heat flux in wet conditions; Hg, :
sensible heat flux in dry conditions.

Recent models for estimating evapotranspiration from plant cover dissociate evaporation from the soil surface from
transpiration from the plant cover and their interception. Evapotranspiration simulates changes in canopy structure and
stomatal resistance. The Penman-Monteith formula was used, the advantage of which was that it took into account the
evapotranspiration of a closed plantation [55, 56]. The balance of the energy balance at the surface of the plant cover results
from the balance of the energy fluxes of all the surfaces present: leaves, stems and soil surfaces. This involved defining the
expression of the sensible heat flux of the soil-plant-atmosphere system [47] by superimposing the layers that exchange
energy. For gaseous exchange, leaf surfaces were considered to have the same temperature and the same average stomatal
resistance. Since the leaf resistances were considered to be connected in series, the sensible heat fluxes under dry and wet
conditions were calculated:

PairCpair  esea
Ho = O R et Y
wet = (1+5) ¢
¥
A-Eyer = (Rn — Golwer — Hwer (b)
Hyry = (Ry — Go)ary (€)

[Eq. 29]
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The resistance to turbulent transfer was estimated by considering theoretical approaches, in particular those of Businger
et al., (1971) [62]. These approaches are based on the use of logarithmic profiles of mass and energy transfer in the ground
surface boundary layer and the ground surface-atmospheric air surface boundary layer coupling operated at the flux level on
the basis of the convective boundary layer. Integration of the wind speed and friction profiles leads to two similarity functions
(Y., and Yy,). These functions are parameterised by the regime of convective exchanges of quantities of movement and heat.
In SEBAL models, the resistance to turbulent transfer expresses the introduction of plant parameters [23]. Thus, the resistance
to water vapour diffusion in the soil is defined by the relationship [63] :

Tsoil = €XP (arss — by 9" sa ) [Eqg. 30]

a,ss = 8.2 and b, = 4.3 are empirical constants whose values are given by the authors; 6 : soil water content measured
between 0 and 5 cm in the soil (%) ; 8%¢,; : water content at soil saturation (%).

The equivalent air resistance is given by:
Ty = Tye + Tym [EQ. 31]

The characteristic parameters of the aerodynamic boundary layer used to calculate the aerodynamic resistance were
measured at a height of 10 metres. This resistance is expressed as follows [20] :

Too = ——.1n (Z_do).ln (Z do) [Eqg. 32]

k2.Uuam Zom

And the air resistance of the layer below the canopy is deduced from that of the leaf layer, and the aerodynamic resistance
is calculated as follows:

Tae

Tleaves _m
= % Tieaves [Eq 33]

ram
Tleaves

Vidal (1989) [47] used the expression of Perrier (1982) to calculate the length of thermal roughness as a function of leaf

area index and canopy height
L =y
Zop = (1 — exp (— T) exp (—)) [Eq. 34]
Zp
The values of the parameter k. B~ for a surface covered with vegetation were calculated using the relation [18] :

)ﬁ@wzmamawx )

k.Cq

4Ct(#)(1 ex (

C; = 0.01 : Canopy heat transfer coefficient; u, : friction velocity or friction speed in m/s; u: wind speed measured at 2
metres and 10 metres; C; = 0.2 : leaf flow resistance coefficient; C; : soil heat transfer coefficient; n* : model parameter.

k.B7! =

+ KBs . £&(§) [Eq. 35]

The n* parameter is a function of the ratio of friction speed to wind speed, the leaf area index, the coefficient of resistance
to leaf flow and the heat transfer coefficient of the plant canopy. This parameter is calculated using the relationship [59, 51] :

 _ CdLAI

2%’

The ratio between friction speed and wind speed is given by the expression:

7 [Eq. 36]

% = 0,32 — 0.2.exp(—15,1) . LAI [Eq. 37]

The ground heat transfer coefficient (C;) is given by the equation:
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c: =P “/3.R, 2 [Eq. 38]

P.: Prandtl number with a value of 0.7; R, : Reynolds number.

The Reynolds number is calculated as follows:
R, = hT“ [Eq. 39]

hg : height of ground roughness, assumed constant with a value of 0.009 m; v : kinetic viscosity of the air.

The friction speed is a fictitious function that considers the variation in the intensities of the transfers of momentum and
heat as being constant and homogeneous phenomena. The kinetic viscosity of air is calculated by the formula :

v =1,327.10"5 ("—")( Is )1'81 [Eq. 40]

P 273,16

P, : standard atmospheric pressure with a value of 1013.15 hPa; P : atmospheric pressure measured at the site.

The estimated parameter kB™1¢ on a bare ground surface is given by the relation [23] :
kB! = 2;46.R,/+ — In(7,4) [Eq. 41]
The height of the zero displacement plane is defined by the expression :
3
dy = 2 %n [Eq. 42]

The density of air is expressed by the relationship [26] :

_ P 0,378.RHg.es
Pair = -

P . ) (Eq. 43]

R, = 287,04 Kg]"K : gas constant for air; RH,, : relative air humidity (%).

The relative humidity of the air is related to the specific humidity of the air q, (Kgwater/K9nmia air) bY the relationship:

P
RHg.eg

Ga = 0.622.(———0,378) [Eq. 44]

The psychrometric constant (y) is defined by [27] :

Cp _ CpP

Y = T ve22a [Eq. 45]

Cp: specific heat of air at constant pressure (J/kg/°K) ; A : latent heat of vaporisation (J.kg?).

The correction for the specific heat intensity of the air at constant pressure takes into account the specific humidity of the
air and the latent heat of dry air according to the relationship [28] :

Cp = (14 0,84.9,). Cpy [E. 46)

Cpq: latent heat of dry air (= 1004,64 J/Kg/°K).

The specific latent heat of vaporisation (1) is expressed by :
A =4,2.(597 — 0,6.(T, — 273)).1000 [Eq. 47]

The Clausius-Clapeyron equation is used to calculate the saturation vapour pressure gradient at room temperature. This
function relates the saturation vapour pressure of the air to the ambient temperature:
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A=

37:2565 (13.3185 — 3,952T,4q — 1,9335T;qq% — 0,5196T,04°) [Eq. 48]

with T}.,4 : radiometric temperature

The radiometric temperature is calculated by the equation:

Traa = (fc(&). Tobg + f5(8). T¢)* [Eq. 49]

T,eq : Canopy temperature, measured by an IR-8BT infrared thermal camera with a 80x80 pixel infrared image for
temperature ranges from -20° to +380°C.

The air vapour pressure at saturation (eg) is calculated using the relationship [65] :
es = Py.exp(13,3185.Tyqq — 1,976Tyqq° — 0,6445T,44° — 0,1299T,44*) [Eq. 50]
2.2.2.1.4  ASSESSMENT OF LATENT HEAT OR POTENTIAL EVAPOTRANSPIRATION

Latent heat is the energy equivalent of evapotranspiration and refers to the processes involved in transforming water from
aliquid to a gaseous state. This heat represents the height of water evaporated per unit of time. This energy promotes a change
in the state of water at the soil surface and plant transpiration through the leaves, resulting in a vapour pressure gradient and
arenewal of the air mass (turbulence). The contribution of transpiration to evapotranspiration is variable and can reach almost
100% for dense plant cover. Evapotranspiration is an appropriate index of the moisture status of the soil surface on a timescale
[32] known as real evapotranspiration. It is the sum of the heat flux evaporated by the soil surface and the heat flux transpired
by the vegetation, corresponding to the residual of the energy balance. The expression for evapotranspiration (1. E) can be
deduced from equation [Eq. 26 (b) ] [66] :

LE = A.(R, — G,) [Eq. 51]
2.2.2.2 ESTIMATING THE CONDUCTIVE ENERGY FLUX OF CULTIVATED LAND

The conductive heat of cultivated land, calculated under in situ conditions, is governed by variations in environmental
thermohydric properties (radiation balance, amount of rainfall, relative air humidity) and biophysical properties (plant
properties, wind speeds). By modelling the above parameters, the soil conductive heat flux equation is deduced from the net
closed energy balance equation:

Gy = Ryt — (H + AE) [Eq. 52]
2.2.3  INTERACTION BETWEEN TURBULENT ENERGY FLUXES (Rn—G0) AND AVAILABLE ENERGY FLUXES (H+AE)

Turbulent energy expresses the energy losses produced on a given surface, whereas available energy is the energy supplied
to this surface to meet the needs of users. The interactions between turbulent and available energy fluxes can be understood
[61, 62] by calculating the difference between the heat flux from net solar radiation and the conductive heat flux from the
ground as a function of the sum of sensible and latent heat fluxes.

3 RESULTS AND DISCUSSION
31 AVERAGE HYGROTHERMAL POTENTIAL OVER ELEVEN YEARS (2011-2021)
3.1.1 MONTHLY VARIATIONS IN MEAN GLOBAL SOLAR IRRADIATION, RAINFALL AND RELATIVE HUMIDITY (2011-2021)

Figures 2a and 2b show the monthly variations in relative humidity, global irradiation and average rainfall measured over
11 years. In Figure 2a), the relative humidity of the air increases from 65% to 82% with rainfall (from 0.7 mm/day to 7.5
mm/day), with the highest values observed in June and October, with 7.5 mm/day and 6.9 mm/day respectively and an average
monthly humidity of 80%. As for Figure 2b), average monthly global irradiation is high from mid-November to April and from
mid-July to mid-September, with an average of 496 Wh /m?/month, for low rainfall. Contradictory trends are observed in the
period from mid-May to mid-October, with an average of 450 Wh /m?/month.
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Fig. 2.  Average monthly variations in ambient air humidity, global solar irradiance and daily precipitation

Figures 3a) and 3b) show the monthly and annual variations in average rainfall over the 11 years. Analysis of Figure 3a)
shows that June and October have more rainfall, with 35 mm/month and 35.1 mm/month respectively, whereas January and
February have less rainfall, with 1.1 mm/month and 2.4 mm/month respectively. In addition, the months of May, June,
September and October have average rainfall of over 20 mm/month. An analysis of Figure 3b) reveals rainfall variability over
the eleven years. The years 2013, 2015, 2017 and 2021 have average rainfall in excess of 50 mm/month. From 2013 to 2020,
there is a downward trend in annual rainfall.
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Fig. 3.  Precipitation variations: (a) monthly and (b) annual

From the above analyses, it can be deduced that the Yamoussoukro area has two rainy seasons: the main rainy season,
which extends from mid-May to mid-July, and the short rainy season, which runs from mid-September to mid-November. The
two main rainy seasons are identified by rainfall peaks. The rainy seasons mark the growth of plants that produce pollen grains
and other fine plant particles that can be transported by natural (mainly wind and run-off water) and man-made agents. The
combination of plant particles and dust particles in the air forms aerosols [69]. During rainy seasons, pronounced vertical wind
shear profiles are created, leading to a high degree of convective organisation. In addition, the sky is cleaned by the large
quantities of rain that eliminate aerosol loads. Produced from the cloud layers, the relative humidities and large amounts of
rain increase the intensity of diffuse irradiation, providing a small amount of solar radiation reaching the earth’s surface.
According to the work of Kniffka et al. (2019) [36], precipitation destabilises local radiation budgets. Pante et al. (2021) [70]
analysed spatio-temporal variations in precipitation, aerosols, radiation, clouds and visibility at surface stations and in space
to identify potential indicators of anthropogenic air pollution on rainfall trends. To do this, they used meteorological data from
1983 to 2017. The results of their work showed that rainfall in dry seasons in the Yamoussoukro area remains below 4 mm/day,
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while it is around 8 mm/day in rainy seasons, with relative humidity of up to 95%. These results confirm those obtained in our
studies. The results of their work went on to show that climate trends in the Yamoussoukro region have been decreasing rainfall
since 2015, which is in line with our results. The Yamoussoukro region, on the other hand, has two dry seasons: the short dry
season between mid-July and mid-September, and the long dry season between mid-November and April. The four seasons
alternate in such a way that the rainy seasons are interrupted by the dry seasons. In the dry seasons, aerosol movements are
increased by the cessation of heavy rain and the drying of the air [71]. From November onwards, we see the arrival of the
harmattan, which produces significant advection from the southern monsoon and transports aerosols over long distances.
These phenomena increase cloud cover, reducing horizontal visibility and radiation at the earth’s surface. The moderation of
the strong winds caused by the rapid retreat of the monsoon in February favours an increase in the amount of irradiation.
Maranan et al. (2018) [71] studied the relationship between weather, climate and air pollution in southern West Africa from
1998 to 2013. The results of their work gave profiles similar to those observed in our work.

3.1.2 MONTHLY AND ANNUAL VARIATIONS IN THE CLARITY INDEX FROM 2011 To 2021

Figures 4a), b, c, and d) illustrate the monthly and annual profiles of the lightness index in the Yamoussoukro region. Analysis
of this figure allows us to classify the monthly evolution of the clarity index into two categories:

e C(Class 1: from November to February, the lightness index falls from 0.577 to 0.47, and from July to September, it falls from
0.64 to 0.54.

e C(Class 2: from March to June, the clarity index increases from 0.61 to 0.64, and from mid-September to October, the clarity
index increases from 0.54 to 0.58.

In addition, the monthly trend shows that the clarity index varies between 0.26 and 0.7. Finally, annual variations in the
clarity index (Figures 4b, c, and d) show an irregular, non-linear character with rainfall from one year to the next. This makes it
difficult to compare rainy years based on annual values. However, the values of this index give an indication of its variational
range for a given region.

Yéboua et al., (2019) [72] carried out a study based on one year’s data (2017) to classify solar radiation in the Yamoussoukro
region. The method of averages of the brightness index was used with a distribution independent of season and site. The results
showed a variation in lightness index from 0 to 0.7 for processed data. This first range is in line with the results of our studies.
However, the second range of clarity index values in their studies varied from -1 to 0.7 for biased data. Since the clearness
index is a parameter varying from 0 to 1 [73], this range shows not only the incapacity of their method, but also that their
study, which used data from a single year, will not be able to be generalized because of the high climatic variability. Ayodele
and Ogunjuyigbe (2015) [73]

studied monthly, seasonal and annual variations in global solar radiation, brightness index and scattering fractions at Alice
(South Africa) using eight years of data (2000-2008). The results of their work showed that the largest mean value of the
clearness index was 0.62 and the smallest mean value was 0.54, obtained in summer and winter, respectively, compared with
large and small values of 0.66 and 0.58 obtained in our study, respectively.

The clearness index is an atmospheric attenuation characteristic that fluctuates with season, geographical location, time of
year and climatic conditions. The small clarity index values of 0.33, 0.29 and 0.35 were obtained in July, August and September,
respectively, confirming the results of our studies. The higher the rainfall, the higher the clarity index. Apeh et al. (2021) [37]
evaluated monthly, seasonal and annual variations in global solar radiation, the clarity index and diffuse fractions in Alice,
South Africa, from 2017 to 2020. The results of their work showed that the clearness index evolves with monthly rainfall but,
inversely, with global irradiance. The maximum values of the clarity index (0.74) were obtained in rainy seasons, when the
earth’s surface faces the sun, compared with the low values of 0.11 obtained in dry seasons, when the earth’s surface is inclined
to that of the sun. Furthermore, they concluded that the clarity index is influenced not only by atmospheric conditions such as
dust and turbidity, but also by the sun’s movements. The large discrepancies observed between mean and minimum values in
the rainy season reflect unstable weather conditions due to high humidity, the presence of shifting cloud layers, and fluctuating
solar radiation at the earth’s surface. In the dry season, however, the sky is in a state of dynamic stability.
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Fig. 4. Variations in the clearness index in the Yamoussoukro region: (a) : monthly, (b) : annual maximum, (c) : annual averages and
(d) : annual minimum.

3.2 ENERGY BALANCE IN CULTIVATED LAND BASED ON BIOPHYSICAL PARAMETERS
3.2.1 BIOPHYSICAL PARAMETERS OF COCOA CROPS AND EVAPORATIVE FRACTIONS
3.2.1.1  LEAF AREA INDEX

Figure 5 illustrates the variation profile of the monthly leaf area index. Analysis of this figure shows that LAl increases
progressively from May, with a value of 3.5 m?/m?, to October, with a maximum of 5.4 m?/m2. Outside this range, LAl drops
and remains virtually constant with values below 3 m?/m2. Overall, LAl rose from 2 m?/m? to 5.42 m?/m?2.

Leaf area index (LAI) provides information on crop growth trends over the year. It represents one of the most important
biophysical parameters of plants. LAl is a decisive parameter for understanding the state of crop development. Leaf area
increases with rainfall, which shows an increase between April and October, with a discontinuity marked by the late effects of
the short dry season between September and October. In the dry seasons, the drying out of the leaves reduces the density and
thickness of the leaves produced by the increase in radiative balances. Our results were confirmed by those of [47, 52, 69].

In fact, from December to mid-April, crops are in a state of thermal stress governed by a water deficit (drop in relative air
humidity and rainfall), reducing leaf size and sometimes contributing to the loss of some leaves. With the presence and gradual
increase in rainfall and relative air humidity observed from April onward, leaf surfaces increase along with plant organs until
they reach their maximum size. Leaf size remains almost constant until a new thermal cycle produces opposite effects. Zhao
et al. (2020) [50] proposed a probability theory-based method for estimating canopy fraction using leaf area index and global
leaf agglutination index monthly from 2013 to 2015 in Europe. The results of their study showed that LAl varies between 3
m?2/m? and 8 m2/m?2. This range is higher than that obtained in our study because the food crops they studied grew strongly
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with the canopy in rainy seasons. Unlike the rice plants, the cocoa trees we studied had already reached maturity and did not
undergo any particular variation in size, apart from their leaves. Goswami et al., (2015) [75] studied the relationships between
LAI, biomass and leaf area index for six plant species in Barrow, Alaska, from 1972 to 2008. Results showed LAl variation from
0.83 m?/m? to 6 m?/m2. They noted that LAl increased with biomass and was a function of plant species.
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Fig. 5.  Variation in leaf area index (LAI)
3.2.1.2 DAILY AND ANNUAL VARIATIONS IN RELATIVE AND REAL EVAPORATIVE FRACTIONS

Figures 6a) and 6b) respectively illustrate the results of daily and annual variations in the fraction of water likely to be
evaporated, known as the relative evaporative fraction or potential evapotranspiration (ETP), and the fraction of water
evaporated, known as the real evaporative fraction or real evapotranspiration (ETR). According to figure 6a), the relative
evaporative fraction shows a high frequency of dispersion from November to April, with values ranging from 0.35 to 0.9
mm/day, with an average of 0.51 mm/day. Relative evapotranspiration is high and continuous from May to July and in October,
with intensities ranging from 0.6 mm to 0.7 mm per day. As for the analysis of the profile of the actual evaporative fraction,
values are practically constant in the dry seasons at 1.5 mm/day, and increase in the period from May to October, varying from
2 mm/day to 6 mm/day.

Analysis of Figure 8b) shows that the years 2011-2016 and 2020 have average relative evaporative fractions greater than
1 mm/year. In particular, the years 2015 and 2016 have high average relative evaporative fraction values between 1.4 and 1.7
mm/year. If we consider the evolution of real annual evaporative fractions, we see that they vary from 5 mm/year to 120
mm/year. The years 2015 and 2021 show the highest values of real evapotranspiration, with 82 mm/year and 119 mm/year,
respectively.

Liu et al. (2019) [76] examined the variation of the actual evaporative fraction from the relative evaporative fraction at
hourly, diurnal and daily scales calculated and measured by Eddy’s Covariance technique at different stages of the 2015 and
2016 rice evolution in China. The results showed that the relative evaporative fraction varies during rice growth from 0.8 to
0.92 mm/day with an average of 0.79 mm/day and reaches a maximum of 1 mm/day during the late maturity phase of the
plant. Daily values of this fraction are high at sunrise and sunset, due to high ambient humidity, and decrease with increasing
solar radiation intensity. Moreover, this fraction decreases sharply with decreasing soil moisture. The difference in seasonal
evaporative fraction values is attributed to the phenological characteristics of crops, which are influenced by weather
conditions.

In addition, the results of their work showed actual evaporative fractions ranging from 0 to 3.835 mm/day and from 0 to
3.816 mm/day in 2015 and 2016, respectively. The relative evaporative fraction values obtained in their study are lower than
those in our study, although they worked on annual crops. On the other hand, annual crops grow rapidly throughout the year,
but have lower evaporative fraction values than multiannual crops. As for cocoa crops, despite the slow evolution of their
evaporative fraction, they have maximum values because they have reached maturity (crops over 15 years old). The results of
Liu et al. agree with those of our work. Timmermans et al, (2013) [77] evaluated the actual evapotranspiration of a rice field,
and the results of their study gave an average daily variation of between 0 and 7 mm/day, while relative evapotranspiration
ranged from 0 to 14 mm/day. From July to August, the actual evaporative fraction varied from 3.14 mm to 6.73 mm per month.
The values of this fraction are higher than those of our work, as these authors worked in a subtropical climate in the presence
of cold monsoon winds, which increased relative humidity and reduced the intensity of global solar radiation. They also
concluded that actual evapotranspiration increases with leaf area index. According to the findings of Chavez et al. (2008) [78],
weather instability is felt on a small (hourly) scale. It is therefore recommended to carry out a large-scale assessment (daily,
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monthly or annual) of actual evapotranspiration to overestimate its values. This actual evapotranspiration is largely influenced
by available surface energy. Wu et al. (2015) [67] evaluated annual actual evapotranspiration in 2011 and China. The results
gave an annual average value of 270.6 mm per year. This value is significantly higher than that of our study due to the low solar
potential in their study area.

e . ETR I . EEEEETP = ETR
E . . & |2 £
g b s g 'g - 80 §
E 1} o ﬁ g 15 - .3
= . 0T  m - ©
2 = w & § 60 €
g i i _E g 1.0 =
] [T g. 40 S
g w5 g \ g
[=% ' g [ >
= 0z % o 0.5 20 E
g = 2 \ ©
= 01 $ ® "3
E © 2 & 00 -uss 0 <
3] . 5 L& U LR =
< % e R % %R R R R LY LY % 2 o, o, o, o, o, ‘o

% & G 1]

2 S O O~ S R
Days Years

Fig. 6.  Daily and annual variations in relative and real evaporative fractions
3.2.2  ENERGY BALANCE IN CULTIVATED LAND

Table | shows the average values of energy fluxes modelled for cocoa-growing land over eleven years (2011-2021). Analysis
of this table gave mean values for net solar radiation heat flux of 221.405 Wh/m?/year, latent heat flux of 44.290 W/m?/year,
sensible heat flux of 218.592 W/m?/year, and conductive heat flux of -22.270 W/m?/year.

Moorhead et al., (2017) [74] evaluated the average energy flux values using a lysimeter and scintillometer. The results of
the study showed that sensible heat measured with a lysimeter varied from -761.7 to 426.4 W/m?, with an average of -11.4
W/m?. The lysimeter gave a wider range of sensible heat values than the scintillometer, due to the measurement scales
associated with the two different types of equipment.

Table 1. Average energy flux

Average R, (W/m?/year) Average H (W/m?/year) Average AE (W/m?/year) Average G, (W/m?/year)
221,405 44,290 218,592 -22,270

Figures 9a) and 9b) show, respectively, the daily and monthly variations in the soil energy balance. Analysis of Figure 9a)
shows that latent and sensible heat fluxes evolve in contradictory ways. Net solar radiation heat flux and latent heat flux have
the highest values, while conductive energy flux and sensible heat flux have the lowest. The sequential analysis of energy flux
trends was carried out by splitting their annual profile into three parts: from January to April (period 1), from May to September
(period 2), and from October to the end of December (period 3). High values for net solar radiation heat flux and sensible heat
flux are obtained in periods 1 and 3. In period 1, net solar radiation heat flux, sensible heat flux and conductive heat flux (in
absolute values) are high. Net solar radiation heat flux and sensible heat flux decrease from 250 W/ m?/day to 230 W/ m?/day
and from 150 W/ m?/day to 50 W/m?/day, respectively, while conductive heat increases from -50 W/ m?/day to -10 W/ m?/day.
In period 3, net solar radiation heat flux and sensible heat flux undergo progressive increases to reach new high values, as does
conductive heat, which decreases, but with lower intensities than in period 1. However, in period 1, latent heat flux has lower
intensities than net radiation heat, while the opposite phenomenon occurs in period 3.

During period 2, the conductive heat flux undergoes a strong dispersion, governed by the daily variability of the latent heat
flux. Conductive heat increases from -10 W/m?/day to 45 W/m?/day until the end of September. During this period, the latent
heat flux increases from 150 W/m?/day to almost 300 W/m?/day, reaching higher values than the net solar radiation energy
flux, and then decreases from July onwards, reaching low values in August. In contrast to latent heat flux, net solar radiation
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heat flux and sensible heat flux decreased to low intensities of 245 W/ m?/day to less than 200 W/m?/day and 50 W/m?/day
to 10 W/m?/day, respectively, in August.

Analysis of the monthly energy fluxes in ascending order (Figure 9b), showed that February (in period 1) and November (in
period 3) have the lowest amounts of conductive heat in the year, with -55 W/m?/month and -40.5 W/m?/month, respectively.
In contrast, in period 2, the month of July shows the highest levels of conductive heat, with 14 W/m?/month. In absolute terms,
conductive heat evolves in the same direction as sensible heat flux and net solar radiation flux.

Energy and water exchanges between the components of the soil-plant-atmosphere system at the earth’s surface are
produced by the radiation balance, plant transpiration and evaporation from water and soil surfaces. These processes have a
considerable impact on the energy balance within the soil. While latent heat explains the transpiration of plant leaves and the
evaporation of water surfaces in the universe [77, 78], sensible heat explains the evaporation of soil surfaces in the atmosphere.
The combination of latent and sensible heat results in evapotranspiration. Latent heat fluxes are energy losses produced by
aerodynamic and hydric factors (soil water and canopy water) that destabilize the large quantities of solar energy in the soil.

The above-mentioned system operates as an open system, exchanging heat, water and matter [29] between its three
components in the search for thermo-hydric equilibrium between them. Solar radiation is the only source of energy for this
process, whose intensities at the earth’s surface are represented by the heat flux of net solar radiation. Part of the solar
radiation is reflected by airborne particles, plant cover and soil mineral surfaces, and the remaining part of the radiation flux is
absorbed by the soil, increasing its conductive heat (in absolute terms) and sensible heat. Conductive heat flux is higher the
drier the ground surface and the clearer the sky. These facts lead to a decrease in latent heat flux in the dry season and are
contrasted in the rainy season. From October to the end of December, despite the high intensity of net solar radiation, the
quantities of sensitive and conductive energy fluxes are lower than in the period from January to April, due to the presence of
the harmattan, which are dynamic factors contributing to the reduction of net solar radiation intensities through the
contribution of the cool monsoon winds. The overall observation of monthly and annual variations in heat fluxes enables us to
group them into two classes: class 1 is made up of periods 1 and 3 with negative conductive heat flux values, and class 2 is
made up of period 2 with largely positive conductive heat fluxes.

The negative signs explain thermal penetration into the soil (energy gain for the soil), while the soil loses its energy [81]
(represented by the positive sign) with the universe by plant transpiration, explained by the increase in turbulent energy
(presence of rain and ambient humidity, wind). When plant leaf density decreases, it contributes to an increase in conductive
heat flux. This was observed in the work of Taylor et al. (2019) (2019) [69] and Pante et al. (2021) [70], who found that
deforestation and urbanization enhance convective triggering by increasing turbulent fluxes of sensible heat. Latent energy is
the main consuming source of radiant energy fluxes [76], which decrease sensible and conductive energy fluxes. The reasons
are governed by the decrease in plant transpiration rates during the plant growth phase and the increase in advection observed
when latent heat flux exceeds net solar radiation heat flux which decrease sensible and conductive energy fluxes. The reasons
are governed by the decrease in plant transpiration rates during the plant growth phase and the increase in advection observed
when latent heat flux exceeds net solar radiation heat flux [74].

Nelli et al., (2019) [42] evaluated the closure of the surface energy balance in an arid environment through a comprehensive
analysis of surface radiation and heat fluxes at seasonal and diurnal time scales using the Eddy Covariance method. The results
showed that sensible heat flux intensity remains below 20 W/m? throughout the year, while latent heat flux intensity is below
30 W/m?2. The differences in amplitudes are due to differences in climatic conditions. Their study area has an arid climate, so
the high east wind speed allowed cooling of the plant canopy surfaces. This contributes to a reduction in surface and internal
heat flux, in contrast to a humid tropical climate with high solar potential. During the day and dry seasons, a three-way balance
prevails between sensible heat, ground heat fluxes and net surface radiative flux, while at night and in the rainy seasons, the
last two attempt to balance each other out essentially. These fluxes are around 25% greater in the dry season than in the
winter.

Moorhead (2019) [81] measured evapotranspiration using a scintillometer to calculate energy fluxes in two regions in
Amarillo, America. The regions studied have cold climates. The results of their work showed that the daily mean latent heat
flux was between 10 W/m? and 20 W/m?, and the daily mean sensible heat flux was between 5 and 15 W/m?. The differences
in turbulent heat fluxes between the two regions are mainly due to vapour pressure deficits.

Sensible heat flux is the energy that increases atmospheric temperature, causing advection, while latent heat corresponds
to the energy available for water evaporation. This also justifies the strong increase in sensible heat flux with net radiation
intensity and ambient temperature in dry seasons, compared with its low values in rainy seasons [82]. In dry seasons, radiation
intensity is at a maximum, so it limits the flux of water between the components of the soil-plant-atmosphere system to reduce
biological phenomena (plant transpiration and microbial respiration) ; low latent heat values are therefore obtained. As a result
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of evaporation from soil surfaces due to the effects of radiant reflection in the universe, sensible heat flux and conductive heat
flux are reduced in relation to sensible heat flux. In addition, latent heat intensity remained lower than that of net solar
radiation. On the other hand, unexpected events are sometimes produced by major advection phenomena that cool the
ambient air, minimizing the effects of net radiant fluxes and intensive biological and water exchanges. Large crops with high
leaf density dampen solar radiation thermal effects more, thus minimizing net surface flux, and hence conductive and sensitive
fluxes, than crops with deciduous leaves. Our results are similar to those of Su et al., (2019) [83]. According to the work of Lee

et al. (2016) [68], trees perform better than grasslands in mitigating heat stress and promoting heat attenuation within the
soil.
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Fig. 7.  Soil energy balance: a) Heat flux from vegetation-covered soil; b) Conductive energy within the soil

3.3  RELATIONSHIP BETWEEN TURBULENT ENERGY FLUXES (Rn—G0) AND AVAILABLE ENERGY FLUXES (H+AE)

The study of the variation of Rx,—Goas a function of H+AE yielded a linear regression line with a regression coefficient R?
de 0,997. of 0.997. The equation for predicting the available energy flux components from the turbulent energy fluxes obtained

isy=1.008x + 17,29. The variations in Rn—Goand H+AE are in the range from -200 W/m? to 600 W/m? (Figure 10). These results
are in line with those reported in the literature [83, 84].

Lui et al., (2020) [76] studied mean diurnal variations in energy balance components at different phenological stages of rice
over two years (2015-2016). The results showed that turbulent heat flux is controlled by latent heat flux, given that heat
transfer phenomena are continuous processes. At night, transpiration from leaf surfaces and evaporation from soil surfaces
increase ambient humidity in the absence of solar irradiation. As a result, thermal energy stored in the soil, canopy air and
biomass during the day is partially released during the night. These phenomena rapidly reduce the available energy to the
benefit of turbulent energy. However, during the day, the progressive increase in solar radiation intensity inevitably leads to
an increase in available energy, while sensible heat is consumed by latent heat, reducing the turbulent energy flux. According
to their results, if R,, — G, < 0 and LE > 0, then turbulent energy flux dominates that of available energy and vice versa.
According to the results of work by Su et al., (2009) [66], turbulent fluxes are strongly affected by advection, which unbalances
the energy available at the ground surface by increasing evaporation from the land surface. These energy transition processes
are cyclical from one day to the next and from one season to the next, and they explain the symmetrical negative and positive
evolutions between available and turbulent energy fluxes. Low wind speeds, high humidity and high precipitation in the rainy
seasons mean that the wetter the earth’s surface, the greater the evaporation, and the more stable the atmosphere. These
processes lead to reduced turbulence and atmospheric mixing. The opposite is true in the dry seasons.
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4 CONCLUSION

The present study used 11 years of meteorological data and plant biophysical properties to accurately assess conductive
heat flux within croplands, under in-situ conditions. Our study used the closed-energy balance model to develop an improved
version to determine daily, monthly and annual heat flux variations in the Yamoussoukro area. The results showed that rainfall
in this area has been falling since 2013, increasing sensible and conductive heat fluxes. Two typical seasons were observed,
including a short dry season, a long dry season, a short rainy season, and a long rainy season.

Crop growth depends on rainfall and is reduced by the dry seasons, which have a strong influence on the evolution of the
leaf area index (LAI). LAl is practically constant during the long dry season, with a value of less than 2 m?/m?, and increases
progressively during the rainy season, reaching a maximum of almost 6 m2/m?. Consequently, in dry seasons, latent heat fluxes
are high, with rapid growth in the plant’s biophysical properties. On the other hand, conductive energy quantities are high in
dry seasons, ranging from -50 W/m? to 50 W/m?2. Excessive values in dry seasons demonstrate a demand for irrigation or the
adaptation of crop types that can withstand hygrothermal changes. The water requirements of cultivated land for better plant
development are felt when conductive heat has high intensities (a state of thermal stress).

This model has the advantage of being developed for all crops of interest in different zones. It can also be used in any
application requiring knowledge of heat fluxes within the soil at any spatiotemporal scale.
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