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Abstract

In 2022, an eddy covariance site was established in a young oil palm plantation
in southeast Dangbo, Bénin, to study the exchange of CO,, energy, and water
vapor. This study aims to present the first one-year analysis of seasonal dy-
namics in energy balance components and net ecosystem exchange above this
type of ecosystem in Africa. The first results show that on average during the
2023 year, 55% of net radiation is consumed into actual evapotranspiration,
demonstrating the significant amount of latent heat flux in the energy balance,
as expected at this tropical humid site. The sensible heat flux was substantial,
ranging between 60 and 200 W-m™, while net radiation varied between 440
and 650 W-m™ Carbon uptake and net release of CO, into the atmosphere
were permanent at the site. However, the CO, uptake increases more when
rainy events become regular. On average, the mean nighttime CO, flux was ~8
pumol-m~*s~, while during the daytime it was ~—20 umol-m~2-s™".
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1. Introduction

In Benin, oil palm plays an important economic role and is the most productive
oil crop. Due to its importance in the economy and food security of rural com-
munities, there is nowadays a huge expansion of village palm plantations. Know-
ing that the environmental impacts of such a plantation are currently a highly
controversial topic [1]-[3], this study responds to the need to understand the dy-

namic of carbon dioxide exchange from this ecosystem into the atmosphere in
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southeastern Benin. While the Intergovernmental Panel on Climate Change
demonstrates the link between greenhouse gas emissions from anthropogenic
sources and global warming [4]-[6], each economic actor seeks virtuous argu-
ments by announcing their relative carbon neutrality [7]-[10], often by offsetting
their carbon dioxide (CO.) emissions through the planting of hectares of forest
[11]. Despite the fact that these actions can be considered as an illusion and do
not encourage changes, carbon sequestration of some ecosystems is still uncertain,
especially in tropical humid areas, particularly in Africa, where few stations are
deployed [12].

Regarding cultures having the most economic relevance, palm oil, an oleaginous
crop, provides 39% of vegetable oil world production with 7% of oleaginous planta-
tion areas compared with soybean (61%), colza (18%), and sunflower (14%) [13].
In Benin, palm oil occupies a predominant position in agricultural production,
trade, and consumption of fats [14]. Due to its importance in the economy and
food security of rural communities, the Beninese government, through its devel-
opment project, launched in 2020 an official program that supports palm oil plan-
tations within the country. Whilst the global demand is projected to double by
2030 [15], it is also expected that palm oil plantations will tend to expand in order
to meet this demand. However, the land cover changes that this expansion will
induce will probably lead to changes in the earth system through among others
albedo, surface temperature, carbon dioxide, sensible heat and evapotranspiration
exchanges [16]-[20].

Many studies have focused on surface ecosystem exchanges using the eddy co-
variance technique worldwide [21]-[23]. However, in the West African tropical
humid region, water vapor, CO, and energy fluxes were first analyzed by [19] [20]
[24]-[26]. In northern Benin, the first study was conducted by [20], who investi-
gated water vapor and energy fluxes over one year (2008) above a cultivated area
and later compared the dynamics of two contrasting vegetation types over two
years [19]. The authors pointed out 1) contrasted surface responses depending on
the season and 2) the importance of surface temperature, which directly drives the
longwave radiation budget and indirectly the water vapor fluxes through transpi-
ration limitations. The CO; flux response to climatic and edaphic factors was stud-
ied over a cultivated area, a degraded woodland, and above a clear forest by [25]
[27] [28]. Soil moisture was the main controlling factor of ecosystem CO, dynamics
with a larger uptake in the wet compared to the dry season [25] [27] [28]. The CO,
fluxes over the clear forest were always higher than those of cultivated savannah
[28] and the degraded woodland was close to an equilibrium state according to its
carbon exchanges with the atmosphere [27].

To our knowledge, no study has reported on the ecosystem scale CO, and H,O
of palm oil plantations in Africa using eddy covariance measurements. The objec-
tive of this study is to highlight one year (2023) dynamics of energy, water vapor
and net ecosystem exchanges from this ecosystem located in a sub-equatorial cli-

mate (southeast Benin) also called the “tropical savanna climate (Aw) according
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to the classification Koppen-Geiger” [29], ~54 km away from the Atlantic Ocean
(Figure 1). The materials and method used are presented in Section 2, and the
preliminary results are examined and discussed in Section 3. The last section con-

cludes this study.
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Figure 1. Geographical location of: (a) the Ouémé department and Dangbo municipality in Benin; (b) the eddy covari-
ance site in the Dangbo municipality; (c) the Google earth view of the study site, the blue circle indicated the location of

the flux tower.

2. Materials and Method

2.1. Description of the Site and Instrumentation

The study site is a young (~5 years old) palm oil plantation in Dangbo (latitude
6.607°N, longitude 2.543°E), a tropical humid region within the Ouémé Valley,
the second most fertile valley in the world after the Nile. The eddy covariance site
is located less than 2 km away near the “Institut de Mathématiques et de Sciences
Physiques” and has been funded by the UNESCO OWSD Early Career Fellowship
under the ASEEW@ (Assessment of Surface Ecosystems Exchanges in West Africa)
research project. The climate of the region is sub-equatorial Guinean, character-
ized by consistently high temperature (air and soil) and high relative humidity
(>50%) throughout the year [30]. This climate type is also called, according to the
Koppen-Geiger classification, a tropical savanna climate (Aw) [29]. The Dangbo’s

region is characterized by the alternation of two wet (rainy) seasons alternating
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with a long dry season (December-February) and a short dry season (July-Au-
gust), which rarely exceeds two months [30]. The relief of the region has two ge-
omorphological units: a plateau at altitudes of between 20 and 200 m, with pro-
nounced undulations, and a floodplain no more than 10 m above sea level, in the
north-south direction and adjoining the plateau in the east-west “toposequence”
[31]. The dominant soils on the plateau where the flux tower is located are “fer-
rallitic soils” [32].

2.2. Measurement of CO;, H,0 and Energy Fluxes and
Environmental Variables

Fluxes of energy, CO, and H,O were measured by the eddy covariance technique
using a 3D sonic anemometer (CSAT3B, Campbell Scientific Inc.), and an open-
path CO,/H,O analyser (LI-7500A, Li-Cor Inc.), installed toward the predomi-
nant winds from southeast at a height of 9.2 m. The signals of the sensors were
sampled at a frequency of 20 Hz. Measurements of this system comprise the wind
speed in the three directions (z, v; w), the sonic temperature, water vapor and CO,
molar densities. In addition, downward and upward shortwave and longwave ra-
diation components were measured using a radiometer (CNR4, Kipp & Zonen).
One heat flux plate (HFP01SC, Hukseflux Thermal Sensors, Delft, The Nether-
lands) was buried 0.01 below the surface to measure soil heat flux. The HygroVue
5 (Campbell Scientific) was employed to measure air temperature and relative hu-
midity whereas the WindSonic4 (Campbell Scientific), a 2-D Sonic Wind Sensor,
is used to measuring wind speed and wind direction. Soil electrical conductivity,
relative dielectric permittivity, volumetric water content and soil temperature in
the top 5 cm, 10 cm, 20 cm and 30 cm thick layers respectively, were measured
using TDR sensors (CS650, Campbell). Precipitation was measured at 1 m above
the ground using an unheated tipping-bucket rain gauge. All the environmental

variables were measured every 10 s and recorded every 5 min.

2.3. Data Processing and Flux Computation

All flux data are processed with the EddyPro (v7.0.6) software with the following
settings: 1) flux averaging is set to 30 min and raw data containing 30% of gaps
are not used to compute fluxes; 2) double rotation to align the sonic anemometer
with the streamlines; 3) density correction for sonic temperature after [33]; 4) high
frequency spectral corrections after [34] and 5) quality control tests based on ap-
proach developed by [35]. After EddyPro, all abnormal data generally caused by
instrument malfunction and sonic anemometer error generated often by rainy
events, were excluded during flux data processing. In this study, data measured
from 1 January 2023 to 31 December 2023 were used for analysis.

The sensible heat (H) and water vapor (LE) fluxes are calculated (Equations (1)
and (2)) as the covariance between the fluctuation of the wind speed in the vertical
direction w'(m-s™) and the fluctuation of the temperature 7"(K) for the sensible

heat and the fluctuation of the absolute air humidity ¢'(g-m™) for the latent heat.
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In Equations (1) and (2), p (kg-m™) is the density of dry air at a given air temper-
ature; Cp (J-kg™"-K™"), the specific heat at constant pressure and A [J-g™'], the latent

heat of vaporization of water.
H=pC,WT’ (1)
LE = AwW'q". ()

The station also includes measurements of the four components of the radiation
balance allowing thus the estimation of the energy balance (Equation (3)), an in-
dependent diagnosis to check the consistency of Hand LE computed from (Equa-
tions (1), (2)).

Rnet—-G=H +LE 3)

Rnet is the net radiation (W-m™) and G the ground heat flux (W-m™2) measured
by the heat flux plate. The net radiation was calculated from measured incoming
and outgoing short- and longwave radiations.

From some simplification of the conservation of mass balance equation [36],
net ecosystem exchange (NVEE, umol-ms™') was calculated as the sum of the tur-
bulent vertical flux (F pmol-m*s™') measured by the eddy covariance system at
the reference height z(m) and the rate of change in storage of CO, (Sg pmol-m=2s"),
estimated from CO, measurements at the reference height (Equation (4))

NEE = F. + S _lwo[r®y, (4)

\ oV ot
Vis the molar volume of the dry air (m*-mol™), ¢ the molar fraction (pmol-mol™),
tthe time (s). Overbars in Equations (1), (2) and (4) refer to the Reynold averaging

operator and the (') the fluctuation term.

3. Results and Discussion

3.1. Annual Cycle

Figure 2 presents the 2023 half-hourly annual cycle of weather and surface con-
ditions obtained for the first time at this location. As it can be seen in Figure 2(a),
the first rainy event in 2023 occurred unexpectedly during the dry season, in Jan-
uary, bringing 16.9 mm of precipitation. This slightly reduced the incoming
shortwave radiation (SWin), but not to the same magnitude as what was observed
between July and August (Figure 2(b)). Rainfall events remained sporadic until
March, when they became more frequent until June and July. Following a brief
hiatus with limited number of events between July and August, there was a restart
of rainy events from September until nearly the end of the year, indicating the
short wet season (Figure 2(a)). The months of June and July were identified as the
months with the highest precipitation, recording over 400 mm of rainfall (Figure
3), contributing to an annual total of 1440 mm.

Despite the amount of rainfall and yearly distribution of rainy events, the an-
nual cycle of the 2023-year was also notably characterized by elevated air and un-

derground temperatures values, even at a depth of 30 cm (Figure 2(c), Figure
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2(d)). The soil temperature at 30 cm depth consistently exceeded 25°C indicating
how warm this soil layer was (Figure 2(d)). At ~5 cm under the ground, the max-
imum recorded temperature reached approximatively 45.32°C in May. Obviously
the amount of rainfall (547 mm) fallen between January and May 2023 was not
sufficient to lower the underground temperature at this depth (Figure 2(d)). The
Volumetric soil Water Content (VWC) at the four distinct layers (5, 10, 20 and 30
cm) corresponded closely with precipitation dynamics, exhibiting values ranging
from 0.017 and 0.208 cm?®cm™ (5 cm); 0.04 and 0.275 cm?®cm™ (10 cm); 0.04 and
0.2625 cm*-cm™ (20 cm); 0.104 and 0.33 cm®cm™ (30 cm).
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Figure 2. Temporal dynamics of the half-hourly measurements of: (a) rainfall; (b) incoming shortwave radiation; (c) air tem-
perature during the daytime (blue color) and nighttime (black color); (d) soil temperature at 5 cm (black), 10 cm (red), 20 cm
(green), and 30 cm (blue) depths, respectively; (e) volumetric soil water content at 5 cm (black), 10 cm (red), 20 cm (green),
and 30 cm (blue) depths, respectively, during the 2023-year.

The diurnal daily range of air temperature never goes below 5°C evidencing
indeed the warmest state of the air during the 2023-year at the site (Figure 2(c)).
This is similar to what was observed at another site near this one but during the
2021-year [33]. The air and underground temperature dynamics (Figure 2(c),

Figure 2(d)) follow nearly those of incoming shortwave and outgoing longwave
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radiations. They increase at the beginning of the year to reach their first maximum
in March (~1040 and ~550 W-m™ respectively) and their lowest annual magnitudes
(~500 and ~450 W-m™? respectively) were observed during the short dry season
(between July and August) characterized by a rapid decrease (from ~0.3 to ~0.1
cm®cm™?) of the volumetric water content at 30 cm depth (Figure 2(e)).
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Figure 3. Monthly cumul of precipitation at the site during the studied year.

3.2. Energy Balance Components

Figure 4 illustrates the half-hourly energy balance components along the 2023-
year. The half-hourly fluxes obtained with eddy covariance were not gap filled.

The results show that over the entire year, Rnetis below 800 W-m™ with a pro-
nounced seasonal behavior. We can observe higher values of Rnet mainly occur-
ring in March (650 W-m™2) and December (610 W-m™) with somehow more avail-
able energy to the partitioning into soil heat flux (G), sensible heat (/) and latent
heat (LE) fluxes. The lowest values of Rnet (<500 W-m™2) happen in June, July,
August and September alike the incoming shortwave radiation (Figure 2(b)).
These months coincide with periods with low level cloud [37] which diminishes
radiation and consequently less available energy to be dissipated into convective
fluxes (heat and water vapor exchanges). More details characterizing the radiation
characteristics and patterns near the site can be found in [30].

Surprisingly, the soil heat flux (G) did not follow precipitation dynamics and
stayed high even during months when water availability was elevated (Figure
2(e)). Its lowest value was observed however in August, a “relatively dry” month
with less solar radiation at the surface [30] [37]. The sensible heat flux showed a
pronounced seasonal cycle with a maximum of (~220 W-m™?) between January
and March during the warmest months and a daytime minimum of 60 W-m™
occurring during the wet months. Aside periods with relatively long gaps, the

amount of the latent heat flux (LE) was important (Figure 4(c)) during months
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with high soil and air temperatures and even during low soil water content (Figure
2(c), Figure 2(d)). It also appears from the annual cycle that more available en-

ergy was converted into actual evapotranspiration (AET) as this is expected for
this tropical humid site (RH > 50% all year long). During the studied year, the

highest rate of water loss through actual evapotranspiration (~350 W-m™) was
observed between March-May and November-December.
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Figure 4. Temporal dynamics of the half-hourly measurements of: (a) net radiation; (b) soil heat; (c) latent heat and (d) sensible

Linear regression of turbulent fluxes (< + LE) against available energy (Rnet —
G) (Figure 5) was used to evaluate the energy balance closure of the 2023-year.
The slope was 0.77, which indicates that the turbulent fluxes were underestimated

when compared to the available energy. The intercept was 15.74 W-m™ and R?,
DOI: 10.4236/acs.2025.151013

0.90. These values are however close to those available in literature where authors
often reported that (LE + H) were underestimated by 10% - 30% [38], which stem
from unaccounted processes such as advection, neglected energy sink or even

sampling error [23]. The energy balance closure presented in this study is similar
282

to what is commonly found with eddy covariance method in previous studies [38]
and especially in the West African humid regions [20] [26] [39].
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Figure 6. Monthly diurnal cycles of the energy balance components throughout the 2023 year at the site. Net radiation (Rne, red),

latent heat (LE, blue), sensible heat (H, green) and soil heat (G, orange) fluxes.

In Figure 6, the monthly mean diurnal cycles of net radiation, soil heat, sensible
and latent heat fluxes, computed from the half-hourly data, deviate in accordance
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with the change of seasons. Rnet shows an almost symmetric pattern, more in
December and January, typical of clear sky conditions [30]. However, it owned
two highest daily maximums (650 and 610 W-m™2) reached respectively in March
and December, while the lowest daily minimum (440 W-m™2) occurred in July-
August. The soil heat flux (G) acquired with the sensor was not in phase with the
daily course of net radiation and had relatively low values despite the high tem-
perature gradient in the soil. Figure 6 reveals also that the latent heat flux provides
the most atmospheric moisture (350 W-m™2) throughout the year, and stays higher
than 200 W-m™ across the year. The sensible heat flux was not negligible with an
apparent seasonality that follows the precipitation regime.

3.3. Net Ecosystem Exchange

Figure 7 displays the half-hourly values of the net ecosystem exchange (/NEE)
during the 2023-year. Note that gaps in the yearly measurements of NEE were not
filled in this study. NEE varied to a large extent during the observational period
that ranged from ~-25 pmol-m2s™ to ~10 umol-m*s™'. Carbon uptake by the
ecosystem (negative values of NEE) followed closely the precipitation regime
(Figure 2(a); Figure 3). At the beginning of the year, it increases (in absolute
value) gradually with rainy events to reach a maximum of about —22 umol-m2s!
on average between April and May, then decreases slowly after with the diminu-
tion of rainfall (Figure 3), before starting to increase concomitantly to the rainfall
to nearly the end of the year. However, the positive values remain almost constant,
with an average of ~8 umol-ms™'. This suggests that at this time step that envi-
ronmental and climate conditions seems to not affect mostly the nighttime CO,
fluxes at the site. The nighttime NEE values obtained at the oil palm site were
slightly higher compared to those (~6 umol-m™2s™) found by [27] above a de-
graded woodland in sudanian climate (~1200 mm/y average of rainfall). However,
they were close to values (~8.2 umol-m*s™') observed over a clear forest site [28]
located also in sudanian climate. When rain become regular, CO, uptake increases
and when soil moisture reaches a sufficient and almost stable level, from May to

June, assimilation carries on and even continues to increase regularly, suggesting

20 —

NEE [umol m s ]

| | | |, '

L, : ‘ L plif i
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Figure 7. Temporal dynamic of the net ecosystem exchanges at the oil palm site Dangbo site during the 2023-year.
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continuous growth of vegetation. Finally, the maximum values of the daytime av-
erages of NEE was lower than those reported above the forest site (28.2 £ 1.2
pmol-m-s7') [28] but higher than uptake from a cultivated savannah (17.6 + 0.8
pmol-m=2s7") [25].

4. Conclusion

This study is the first continuous CO,, H,O and energy flux measurements above
the oil palm plantation using the eddy covariance technique, to our knowledge, in
Africa. The first outcomes of this study enable us to gain insight into the seasonal
dynamics of these exchanges in southeastern Benin. Their dynamics seem indeed
to be controlled by the rainfall regime. At the beginning of the 2023 year, the latent
heat flux increases from 233 W-m™ in January to reach its first annual maximum
(350 W-m™?) in March, concomitantly with the net radiation before experiencing
a slight decrease induced by a decrease in the available energy at the surface. Re-
sults also showed that the turbulent carbon dioxide flux remains important with
more absorption of CO, from the atmosphere into the vegetation during periods
with regular rainy events. On average, nighttime CO, emissions were close to
those observed over a forest site, while the daytime uptake was lower. However,
the author cautions against this comparison due to differences in both the ana-
lyzed years and climate. Further investigations are needed to gain a valuable un-

derstanding of the physical processes which occur within this ecosystem.
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