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Abstract
The description of atmospheric turbulence on heterogeneous surfaces and more specifi-
cally during stable stratification conditions, remains nowadays a relevant and open issue in
micrometeorology. To partially remedy this problem, we investigate in this study, the
behaviour of turbulence above a heterogeneous cultivated surface during stable and unsta-
ble conditions. The analyses were realized according to seasons using almost seven years
of eddy covariance measurements acquired at 4.95 m height. The results showed that the
turbulence kinetic energy per unit mass was on average less than 0.5 m2 s−2 at night but
increased during the day. It hits around local noon a peak value ~ 1.6 m2 s−2 on average.
The peak value is relatively lower (~ 0.92 m2 s−2) during the wet season compared to other
periods (1.6 m2 s−2). The average value of turbulence intensities are Iu = 0.44, Iv = 0.50
and Iw = 0.22 following u, v, w wind speed directions. During stable conditions, there are
turbulent movements when the flux Richardson number is less than a critical value estimated
approximately to 0.17. The flux-variance similarity functions that characterize the behaviour
of turbulence are seasonally dependent, especially under stable conditions. However, each
of these functions obey the Monin–Obukhov Similarity Theory whatever the stratification
except those of temperature under near-neutral conditions. The results obtained indicate that
the atmospheric turbulence is relative to the type of ecosystem and the height ofmeasurement.
This process is led by aerodynamic parameters and wind speed.
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1 Introduction

At many locations, the physical structure of the Atmospheric Boundary Layer (ABL) has
changed continually during recent decades.One of themain reasons, and especially in tropical
zones, is deforestation due to the expansion of cultivated areas (Lambin et al. 2003; Zeng et al.
2018, 2020; Guzha et al. 2018; FAO 2022). This transformation of natural ecosystems affects
the exchanges of greenhouse gases, mass and energy which occur in the ABL (Mamadou
et al. 2016; Guzha et al. 2018; Zeng et al. 2020). Knowing that these exchanges are mediated
by atmospheric turbulence, understanding this turbulence remains essential to parameterize
the earth-atmosphere interactions as well as to improve both regional and global climate
models.

Studies related to atmospheric turbulence over cultivated areas could be of particular inter-
est. In fact, the seasonal variability in cultivated areas, driven mainly by crop growth, make
them dynamic in terms of aerodynamic parameters, which could in turn induce a seasonal
dependence of the turbulent characteristics over these types of ecosystems. Moreover, the
description of turbulence over heterogeneous surfaces (e.g. heterogeneous cultivated areas)
is not yet well understood, contrary to homogeneous surfaces. Another issue in the ABL
studies lies in the description of the turbulent processes during nighttime periods when the
atmosphere is generally stable. These different challenges are related to the limits of the
Monin-Obukhov Similarity Theory (MOST) which has long been used to describe the tur-
bulent processes in the ABL. Indeed, this theory describes relatively well the atmospheric
boundary layer above a flat and homogeneous surface under small stratification conditions
(Foken 2017; Kaimal and Finnigan 1994; Stull 1988).

The study of turbulence structure in the stable boundary layer is of great practical impor-
tance, especially for studies related to air pollution (Mahrt 1999; Grachev et al. 2007).
However, the processes that occur during stable stratification are very complex. Indeed, atmo-
spheric observations show that with increasing stability, turbulent motions decrease, become
more intermittent, then eventually disappear (Grachev et al. 2013). Under strong stable strat-
ification, the flow is characterized by anisotropic, intermittent turbulence and wave motions
of varying amplitudes and periods (Sun et al. 2015). Such a flow may not fully satisfy the
usual conditions for defining turbulence (Mahrt 2014). The description of turbulent motions
from flux-variance similarity functions according to MOST is therefore limited by a critical
flux Richardson number Rf c in particular under stable conditions (Grachev et al. 2013). Rf c
allows indeed distinguishing between turbulent and non-turbulent flows, but different values
of Rf c have been reported in the literature. Ellison (1957) demonstrated analytically that the
flux Richardson number cannot exceed a critical value of about 0.15. However, the work of
Kondo et al. (1978) on a large rice field suggests that the value of Rf c ranges between 0.1 and
0.4. More recent studies have also revealed values within this range. This is the case of the
work of Grachev et al. (2013) carried out on the Arctic pack ice during the SHEBA (Surface
Heat Budget of the Arctic Ocean) experiment in the Beaufort Gyre, which showed that Rf c
is between 0.20 and 0.25. Similarly, Bou-Zeid et al. (2018) obtained Rf c ≈ 0.21.

Furthermore, turbulent mixing is also parameterized using Turbulence Kinetic Energy
(TKE) (Babić et al. 2016a), which represents a measure of turbulence intensity. It has a keen
interest in atmospheric numerical modelling (Babić et al. 2016a; Namdev et al. 2022) and
in determining atmospheric dynamics and coupling (Kalapureddy et al. 2007). Sometimes,
TKE is used as a starting point for turbulent diffusion approximations (Stull 1988).

In this work, turbulence is studied in a tropical region over a cultivated ecosystem using
data measured from August 2007 to December 2013 by an eddy covariance system installed
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in Nalohou’s village, located in the northwest of Benin (West Africa). The site is not topo-
graphically complex but rather heterogeneouswith varied crops. Our objective is to determine
the flux-variance similarity functions and to evaluate the intensity of atmospheric turbulence
at this heterogeneous site under stable and unstable conditions. To reach this objective, the
scientific questions we are trying to answer are:

(1) What is the critical value of the flux Richardson number on this cultivated site?
(2) How do the similarity functions of wind speed components and scalars (temperature,

humidity, CO2) behave and what are the potential factors determining them?
(3) How do the TKE and turbulence intensity vary at the studied site?

The answers to these questions will help to identify the potential limitations of the applica-
tion of MOST for a good parameterization of the atmospheric turbulence behaviour through
similarity functions and turbulence intensity over a tropical cropland. The remainder of this
paper is structured as follows: Sect. 2 presents the study site, thematerial and the data analysis;
Sect. 3 describes the theoretical framework of the TKE, turbulence intensity, flux Richardson
number and the Monin–Obukhov similarity; Sect. 4 presents the results and discussion; and
finally Sect. 5 offers the conclusion.

2 Site and Data Used

2.1 Study Site

The Nalohou site (9.74° N, 1.60° E, 449 m) is located in north-western Benin inWest Africa,
in the Donga watershed, which occupies 586 km2 of the area. Nalohou lies in a tropical
region characterized by a dry and a wet (or rainy) seasons separated by transitional phases
(moistening and drying). The length of the seasons varies year to year. From 2007 to 2013,
the dry season usually begins in late December and lasts on average less than 2 months. The
wet season is longer, approximately 6 months. It often starts in April and ends in October.

The site area is flat with a slope lower than 3% and the vegetation cover is dynamic; one
can find a succession of different crops interspersed with a fallow period. During the wet
seasons, different types of crops are planted. The main food crops produced on the site are
yams, cassava, and maize. There are also some cash crops, such as cotton and cashews. The
soil is almost bare during the dry season, while grass completely covers it during the fallow
periods. More details about the site can be found in Guyot et al. (2012); Mamadou et al.
(2014) and Ago et al. (2014).

2.2 Meteorological and Eddy Covariance Data

Meteorological sensors have been installed on the site since 2005 for the measurement of
air temperature, humidity, pressure, radiation, wind speed and direction at 2 m height, soil
temperature at several depths (10, 20, 40 cm) below the surface and rainfall. These sensors
operate at a low frequency and data are averaged to the half-hour.

High frequency measurements (20 Hz) started in August 2007 with a sonic anemometer
(CSAT3Campbell Scientific, Logan (UT)USA)which allows to obtain the three components
of wind speed (u, v, w) and the sonic temperature, and with an open path gas analyzer
(LI-7500, LI-COR, Lincoln (NE), USA) for the measurements of CO2 and water vapour
concentrations. These sensors are placed at a height of 4.95 m and the data acquired after
processing are averaged over a time interval of 30min. Several corrections (peak suppression,
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double rotation, sonic - Licor time lag correction, density correction for sonic temperature,
spectral andWebb corrections) are applied to the high frequency data with the EdiRe software
(version 1.5.0.28, University of Edinburgh). The ‘block de-trending’ has been used to obtain
fluxes as well as all velocity variances used in this study.

To characterize the atmospheric turbulence in our study, some filters were applied to the
half-hourly data:

– All data measured during rainy events were discarded since the licor used was open-path.
– The data of the covariance between vertical wind speed fluctuations w’ and those of the
longitudinal wind speed component u’, temperature T’, humidity q’ andCO2 concentration
c’ (w′u′, w′T ′, w′q ′ and w′c′), were excluded when judged to be non-stationary using the
test proposed by Foken and Wichura (1996) with a critical value of 30%.

– The standard deviations data ofwind speed componentsσ u,v,w and temperatureσ T acquired
by the sonic anemometer when there is no turbulence were rejected for absolute values
of sensible heat flux lower than 10 W m−2. Similarly, the standard deviation data of air
humidity σ q were filtered when |LE| (absolute value of latent heat flux) is lower than 5
W m−2. Finally, the night-time data of σ c (standard deviation data of CO2) for which the
friction velocity u* < 0.1 m s−1 (Ago et al. 2014) were discarded from the dataset.

The analyses were done in the Monin–Obukhov’s stability parameter ζ interval of − 2 to
2. Especially for the determination of the flux-variance similarity functions, a more rigorous
filter was applied to data when (1) the mean wind speed (U) is less than 1 m s−1 for all
stratifications and (2) the flux Richardson number is higher than its critical value Rf c in
stable conditions only; this is to get rid of data measured in non-turbulent conditions. The
extreme peaks of the normalized data of standard deviations of wind speed components and
atmospheric scalars data were also discarded. Finally, the standard deviation data for each
of the wind speed components normalized by the friction velocity retained were 27402 in
the unstable condition and 5223 in the stable condition. Those of temperature, humidity
and carbon dioxide concentration normalized by each of their appropriate scale parameters
were 26863, 22418, 23293 in unstable condition and 5224, 4473, 6064 in stable condition,
respectively.

3 Methodology

3.1 Turbulence Kinetic Energy and Turbulence Intensity

Turbulence Kinetic Energy (TKE) is one of the most important quantities used to study the
turbulent atmospheric boundary layer (Stull 1988). It is directly related to the transport of
momentum, heat, andmass in the boundary layer (Stull 1988) and provides information about
the energy content of eddies (Rodrigo and Anderson 2013). The TKE budget equation with
each of these individual terms describing the physical processes that generate and dissipate
turbulence is given by Eq. 1 from Stull (1988). The relative balance of these processes deter-
mines the ability of the flow to maintain turbulence or to become turbulent, thus indicating
its stability state (Stull 1988):
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The terms I–VII represent the local storage, advection, buoyant production or consump-
tion, mechanical or shear production, turbulent transport, pressure correlation and dissipation
of TKE, respectively.We note g the gravitational acceleration, ρ the air density, p the pressure
and e the TKE per unit mass. The latter is defined by:
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By scaling Eq. 2 by the square of the friction velocity (u*2), one can notice that turbulent
kinetic energy is linked to the standard deviation of wind speed components normalized by
u* as follows:
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The turbulence intensity for longitudinal u, transverse v and vertical w directions is given
by:

Ii=u,v,w = σi

U
. (4)

3.2 Flux Richardson Number

An appropriate measure of stability is also necessary to study processes which occur in the
ABL. Indeed, the latter responds to changes in stability caused by either the heating or the
cooling of soil (Kaimal and Finnigan 1994). The flux Richardson number (Rf ) is, according
to Kaimal and Finnigan (1994), a good measure of stability effects in the surface layer. Rf
is defined as the ratio of buoyancy production or consumption (term III of Eq. 1) to shear
production (term IV of Eq. 1) of the TKE budget:

R f =
g
Tv

w′T ′

w′u′( ∂U
∂z

) ; (5)

where Tv is the virtual temperature. In the casewherewe have onlywind speedmeasurements
at a single altitude (such as the case of this study), the profile or vertical gradient of wind
speed (∂U/∂z) can be estimated using the bulk difference between the measurement height
z and d + z0 (Eq. 6) where U(d + z0) = 0 m s−1 with z0 the roughness length and d the
displacement height in the zero plane (Foken 2017):

∂U

∂z
= U (z) −U (d + z0)

z − (d + z0)
. (6)

Several methods for estimating these aerodynamic parameters (d and z0) are proposed in
the literature (Brutsaert 1982; Rotach 1994; Martano 2000; Toda and Sugita 2003; Tsai and
Tsuang 2005; Kent et al. 2017). In this study, d has been computed using the relationship:

d = 2

3
hveg, (7)
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proposed by Brutsaert (1982) while z0 was determined using:

z0 = 0.17 + 0.097hveg, (8)

established by Mamadou et al. (2014), where hveg is the vegetation height.
During stable stratification, Rf provides information on the development of turbulence

from its critical value above which the airflow is or becomes laminar, i.e., dynamically stable
(Stull 1988; Foken 2017). Otherwise, the flow is dynamically unstable or turbulent.

According to Grachev et al. (2013), the turbulent to non-turbulent flow transition problem
does not have a rigorousmathematical resolution. From the equations for turbulent energy, the
mean square temperature fluctuation and the covariance of temperature and vertical velocity,
with some speculative hypotheses about the dissipative action of turbulence, Ellison (1957)
had shown that the transition condition from turbulent to laminar flow is associated to a
critical flux Richardson number. Similarly, experimental studies have shown that Rf is a
monotonically increasing but bounded function of Ri or ζ in stable condition (e.g., see Fig. 3
of Rogachevskii et al. (2021) and Fig. 7 of Babić et al. (2016a)). There is thus a finite
asymptotic value of Rf (Freire et al. 2019) above which the flow is not well turbulent. This
value was determined in this study from the distribution of Rf with respect to ζ.

3.3 Monin–Obukhov Similarity Theory

Atmospheric turbulence in the ABL is studied by the Monin–Obukhov Similarity Theory
(MOST), also known as surface-layer similarity using the flux-gradient and flux-variance
similarity functions obtained by dimensionless analysis (Stull 1988; Kaimal and Finnigan
1994; Foken 2017). The flux-variance similarity functions are the standard deviations nor-
malized (by the appropriate scaling parameters) of the components of wind speed (u, v, w),
temperature T , humidity q, and carbon dioxide concentration c, all defined as functions of
the atmospheric stability parameter ζ:

⎧

⎨

⎩

φi (ζ ) = σi=u,v,w

u∗ wi th u∗ =
√

| − u′w′|,
φi (ζ ) = σi=T ,q,c

x∗ wi th x∗ = − w′x ′
u∗ .

(9)

The expression of ζ is given by:

ζ = z − d

L
wi th L = − u3∗Tv

κgw′T ′ , (10)

where κ is the von Karman constant.
The expressions for these universal functions of ζ are not predicted by MOST and must

be determined empirically. They are, for example, often expressed as Eq. 11 (Kaimal and
Finnigan 1994; Moraes et al. 2005; Fortuniak et al. 2013; Nadeau et al. 2013):

φi (ζ) = αi (1 + βi ζ)
γi ; (11)

where αi, βi and γ i are empirical coefficients. In this work, the expressions for φi (ζ ) are
determined by the least squares method using the Mosaic package on R (version 4.1.0)
software.

Note that the φi (ζ ) relationships can be influenced by self-correlation effects induced by
u* lying on both sides in Eq. 9 (Klipp and Mahrt 2004; Babić et al. 2016a, b). The degree of
self-correlation is evaluated in this study following the approach proposed byKlipp andMahrt
(2004). This consists of simulating 1000 random datasets using the real observation data as
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a base value from which random sampling with replacement are made (Klipp and Mahrt
2004). Indeed, for each simulated random data set, each of the variables (σi , u∗, T , w′T ′,
w′q ′ et w′c′) implicated in Eq. 9 is redistributed randomly with replacement independently
of the other variables. New values of φi random and ζrandom are determined and the linear
correlation coefficient between them is calculated. The average of the linear correlation
coefficients between φi random and ζrandom from the 1000 simulations represents a measure
of self-correlation since the random data no longer have any physical significance (Klipp
and Mahrt 2004; Nadeau et al. 2013; Babić et al. 2016b). The actual fraction of variance
explained by physical processes is thus given by Rdif

2,

R2
di f = R2

d − R2
r . (12)

Rd is the linear-correlation coefficient for the original data and Rr is the average correlation
coefficients for 1000 trials of random data.

4 Results and Discussion

4.1 Climatic Conditions Prevailing at the Study Site

The temporal dynamic of the meteorological variables allows appreciation of the evolution
of the atmospheric boundary layer during the studied period. Figure 1 illustrates the variation
of the stability parameter and other meteorological variables (incoming short-wave radiation,
air and soil temperatures). The seasonal variations of wind roses by atmospheric stability are
presented in Fig. 2. The atmosphere is generally stable (ζ > 0) at night and unstable (ζ < 0)
during the day at the study site (Fig. 1b). In the region where the study is performed, the dry
season is marked by the harmattan winds, where northeasterly winds loaded with dry and
hot air masses, but less hot at night (Fig. 1c), come from the Sahara (Afeti and Resch 2000;
Lothon et al. 2008). An inversion of the wind direction is observed during the West African
monsoon. The increase of air temperature (Fig. 1c) due to insolation from January to March
(Fig. 1a) induces a convection between the continent (hot) and the ocean (cold), leading to
episodes of humid southwestern winds coming from the Gulf of Guinea and resulting in rainy
season.

The beginning and the end of seasons were identified in this study based on wind direction
and absolute air humidity (qa) (Mamadou 2014; Mamadou et al. 2014), which take into
account synoptic changes and microclimatic conditions, respectively (Lothon et al. 2008;
Doukouré 2011). Then, the qa thresholds of 6 and 16 g m−3 were used to delimit the length
of dry andwet seasons, respectively. Indeed, based on the relationship betweenwind direction
and absolute humidity, Mamadou (2014) found that the qa thresholds allow disentangling
northeast and southwest winds. The moistening (drying) phase which precedes the wet (dry)
season has then absolute air humidity values between 6 and 16 g m−3. It is important to note
that these thresholds were not applied to the half-hourly humidity data but to their 20 days
sliding window (Mamadou 2014).

For the 2007–2013 period, Fig. 2 shows that the dominant winds are from the northeast
direction during the dry season, whereas during the wet season we observe mostly southwest
winds regardless of the stratification of the atmosphere. The wind speed is generally less
than 3 m s−1 with an occurrence of relatively stronger winds up to ~ 6 m s−1 in unstable
conditions and especially during the dry season (Fig. 2). The air temperature (Tair) is 28.30±
3.2 °C (median value ± semi-interquartile range) in unstable condition and 23.21 ± 2.04 °C
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Fig. 1 Boxplot of the distribution of Swin as a function of months (a), diagram of the mean diurnal cycle of
the stability parameter ζ (b), Boxplot of the distribution of air temperature according to seasons and stability
condition (c) and mean diurnal cycle of the difference between soil and air temperature according to seasons
(d), observed from August 2007 to December 2013 at the Nalohou site

in stable condition, with a median value of incoming shortwave radiation (Swin) received
between 0630 and 1800 LT (local time=UTC+ 1 h), of 473Wm−2 (Fig. 1a) and an annual
precipitation accumulation ranging from 934 (obtained in 2011) to 1470 mm (obtained in
2010). The soil temperature (Tsoil) at 10 cm depth on average equals 29.54 ± 3.98 °C in
unstable condition and 29.39 ± 3.35 °C in stable condition (Fig not shown) and is higher
than the air temperature (δT = Tsoil − Tair > 0). However, during the dry season and the
drying period, Tsoil < Tair approximatively between 1000 and 1800 LT (Fig. 1d). This finding
can be explained by the high incoming solar irradiance during these time slots and the low
relative humidity during these periods (dry season and drying period) of the year. Indeed, the
wind roses show that during the periods when Tair > Tsoil the dominant winds come from
the northeast direction, which corresponds to the harmattan winds. In addition, Mamadou
et al. (2014) highlighted a dampening effect of the outgoing longwave radiation related to the
presence of vegetation (fallow) of almost 3 m height at the site, especially during the drying
period.
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Fig. 2 Wind roses observed in stable and unstable conditions during each season and transition phases at the
Nalohou site. The colors darkgray, gray, lightblue, blue and darkblue represent wind speeds between 0–1, 1–2,
2–3, 3–4 and 4–7 m s−1, respectively

4.2 Surface conditions, Footprint Analysis and Turbulent Fluxes

The Aerodynamic parameters (z0 and d) that characterize the study site have been estimated
using Eqs. 7 and 8, and the vegetation height (hveg) data were simulated using the Anterior
Precipitation Index (API) model (Pellarin et al. 2009; Mamadou 2014). Indeed, the deter-
mination of hveg is based on a hypothesis that vegetation growth is essentially related to the
water available in the soil and that the API needs only precipitation data as model input to
provide soil moisture (Pellarin et al. 2009). The hveg is manually reset (hveg = 0 m) on the
burning date, which often happens during the drying period. In this period, measurements
might be too close to the canopy when hveg > 2.5 m as suggested by Aubinet et al. (2012) but
hveg is generally less than 3 m on the site.

The estimation of z0 and d during the years 2007–2013 are presented in Fig. 3, which
shows an ascending growth of z0 and d each year and an inter-annual variation especially
between April and November, the growing period of plants. This result is naturally explained
by the relatively distinctive development of different types of crops and herbaceous fallow.
During the dry season, the soil is almost bare (d = 0 m) and the roughness length is very
small (z0 = 0.17 m) relative to the wet season and transitional periods, during which the soil
is covered with various crops and herbaceous fallow (d �= 0 m) and z0 varies from ~ 0.17 to
~ 0.46 m (Fig. 3).

The contribution area to the measured fluxes (footprint) during the different seasons and
transition phases under both stability conditions are shown in Fig. 4. The footprints were
computed with the two-dimensional parameterisation Flux Footprint Prediction (FFP) model
(Kljun et al. 2015) with the estimated data of aerodynamic parameters (d and z0) and other
variables (wind speed and direction, Obukhov length, standard deviation of the lateral com-
ponent of thewind speed, friction velocity andmeasurement height). The analysis reveals that
the major directions of flux contribution measured during seasons/transition phases (Fig. 4)
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Fig. 3 Inter-annual variation in displacement length (a) and roughness height (b) obtained over the Nalohou
site

Fig. 4 Footprint climatology for Nalohou station for each season and transition phases under unstable and
stable condition. The black “+” depicts the mast location. Footprint contour lines are shown from 10 to 90%
with an interval of 10%

are in accordance with the dominant wind directions observed during each season/transition
phase (Fig. 2). Under stable conditions, the footprint area is about twice as large as the
footprint area under unstable conditions, especially during the dry season and the moistening
phase of the atmosphere. However, in the wet season, it is smaller relative to the other periods
(Fig. 4). Overall, during all seasons, isolines (from 10 to 70% of the total surface considered)
which mostly contributed to measured fluxes are composed of crop area and some isolated
shrubs. Some contributed sources (80–90%) appear from a riparian forest located ~ 100 m
near the flux tower.

Momentum (τ), sensible heat (H), latent heat (LE), and carbon dioxide (Fc) fluxes mea-
sured at the Nalohou site as a function of ζ are presented in Fig. 5. The seasonal diurnal cycles
of each of these fluxes are also illustrated (Fig. 5). All fluxes in absolute values (|τ|, |H|, |LE|
and |Fc|) reach their maximum when 0 > ζ > −0.5, that is, under unstable and near-neutral
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Fig. 5 The variations of momentum (τ), sensible heat (H), latent heat (LE), and carbon dioxide (Fc) fluxes with
respect to the stability parameter ζ and the average diurnal cycles of these fluxes. The black circles represent
the measurements for all seasons. The lightgray points with pink, green, blue and gold borders represent the
hourly averages of fluxes in dry, moistening, wet and drying seasons, respectively
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conditions. H and LE fluxes vary between − 50 and 400 W m−2; − 0.5 < τ < 0 kg m−1 s−2

and − 30 < Fc < 20 μmol m−2 s−1. The average diurnal cycles of fluxes show that those
obtained in the wet season (blue points) are particularly different from those measured during
the other periods. In the wet season, there is both a higher emission (absorption) of CO2 and
actual evapotranspiration during the night (day) compared to other seasons because of the
presence of growing crops and a relatively denser vegetation in the footprint area. Conversely,
H is lower compared to other seasons due to the thermodynamic conditions (lower air and
soil temperatures) (Fig. 1c), and the lowest magnitude of |τ| can be attributed to that of wind
speed (Fig. 2). This is because higher wind speeds induce a larger momentum flux (Wang
et al. 2016). However, it is the combined action of wind speed and underlying surface rough-
ness that determines τ (Wang et al. 2016). This flux is more associated to the development
of mechanical turbulence, which explains its lower nighttime values (stable stratification)
(Fig. 5) since the turbulence is not well developed (Aubinet et al. 2012).

Under unstable conditions, the sensible heat flux is upward from the surface to the atmo-
sphere (H > 0 W m−2) due to solar radiation. In stable conditions, the radiative cooling of
the soil due to sunset leads to a downward sensible heat flux (H < 0 W m−2).

4.3 Flux-Variance Similarity and Critical Flux Richardson Number

4.3.1 Relationship Between the Normalized Standard Deviations of the Vertical Wind
Speed Component andWind Direction

In order to examine whether there are flow disturbances in any wind direction, we have
illustrated in Fig. 6 the normalized standard deviation of the vertical component of wind
speed (σw/u*) as a function of wind direction when the atmosphere is near neutrality (− 0.05
< ζ < 0.05). According to MOST, σw/u* must be constant near neutrality while Panofsky and
Dutton (1984) suggested a value of ~ 1.25 over an “ideal” terrain for this ratio.

In this study, we found when − 0.05 < ζ < 0.05 that σw/u* varies between 1.1 and 1.5 as a
non-monotonic functionwith respect to wind direction in thewet season and during transition
periods, whereas during the dry season σw/u* is similar to a nearly constant function on
average equal 1.20 ± 0.08 (Fig. 6). It could be thus deduced that the wind circulation seems
not to have been disturbed during the dry season where the soil is almost bare, contrary to the
wet season and transition periods where the soil is covered with heterogeneous vegetation
that may affect the air flow. However, the wind direction varies less between 0° and 70°
in the dry season compared to the other seasons. It is also noted that σw/u∗ shows similar
variation in this wind sector (~ 0° to 70°) during other periods than the dry season. This
means that the airflow is probably not disturbed in this sector. On the other hand, the change
of the agricultural area at the riparian forest in the wind sector ~ 60° to 240° (see Fig. 4)
may influence the airflow in this sector. This could explain the variations of σw/u∗ between
~ 60° and 240° (Fig. 6) since σw/u∗ becomes almost constant (regardless of the season) in
the wind sector ~ 240° to 300°, then increases to between 300° and 330° where the small
tree cluster is located (see Fig. 4). We can finally summarize that σw/u∗ is influenced by a
directional effect of wind associated with the large-scale heterogeneity of the canopy in the
footprint area.
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Fig. 6 Relationship between the normalized standard deviations of the vertical wind speed component as a
function of wind direction during near-neutral stratification (|ζ|< 0.05). The black points represent the bin-
averages (of 20 individuals) of the gray points and the error bars represent the 95% confidence intervals on
the averages

4.3.2 Critical Flux Richardson Number

Figure 7 shows the dependence of Rf with respect to ζ . Rf admits a finite asymptote at Rf =
Rf c ≈ 0.17 when ζ → + ∞ (Fig. 7). This critical value is an approximation of the actual
critical value of the flux Richardson number since the latter was calculated using approximate
values of the wind speed gradient. The approximation for the wind speed gradient is likely
to be a better estimate close to the critical Richardson number since the wind shear tends
to vary less strongly with height in very stable conditions. However, this approximation
seems logical because the critical value obtained is in accordance with the results obtained
by Arya (1972) and Kondo et al. (1978), who found, respectively, Rf c = 0.15–0.25 using
the equations of Reynolds stress and turbulent energy and Rf c = 0.1–0.4 over a rice field.
Besides, Grachev et al. (2013) explain that some small-scale turbulence occurs in the Rf >
Rf c regime, which is not a Kolmogorov turbulence. The data measured in these conditions
could thus bias the results of the similarity functions under stable conditions. This is the
case of the study done by Pahlow et al. (2001) and re-analyzed by Basu et al. (2006). The
latter have removed non-turbulent effects from the data used in Pahlow et al. (2001) work
with discrete wavelet transforms to demonstrate that the conclusion drawn by Pahlow et al.
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Fig. 7 Variation of flux Richardson number Rf with respect to the stability parameter ζ. The black points
represent the bin-averages of 40 individuals of the gray points and the error bars represent the 95% confidence
intervals on the averages

(2001) regarding the invalidity of z-less stratification for σ u/u∗ under very stable conditions
is biased by the inclusion of non-turbulent motions.

4.3.3 Similarity Functions

The expressions of the similarity functions were determined for each season and each tran-
sition phase in stable and unstable conditions. Note that the observations of σ T /T*, σ q/q*
and σ c/c* were not taken into account during the fitting for ζ ∈ [− 0.01, 0.01], ζ ∈ [− 0.05,
0.05] and ζ ∈ [− 0.05, 0.05], respectively, due to the large dispersion of these ratios over
these intervals. Figure 8a and b show the distributions of these ratios as a function of ζ and
their fitted curves.

The σ u/u*, σ v/u* and σw/u* are on average equal to 2.31 ± 0.37, 2.45 ± 0.49 and
1.26 ± 0.12, respectively, in near-neutral condition and increase very little with ζ in stable
condition (Fig. 8a). These values in near-neutral condition (except for σ v/u*) are close to
those expected (σ v/u* = 2.39, σw/u* = 1.25) for horizontally homogeneous and flat field
(Panofsky andDutton 1984). Under unstable condition, σu,v,w/u∗ increase as ζ decreases and
reach around double their amplitudes under stable conditions (Fig. 8a). However, a seasonal
variation of all similarity functions was observed at the study site, notably under stable
conditions (Fig. 8a, b). Nevertheless, each of the similarity functions obtained respects the
Monin–Obukhov similarity theory whatever the season/transition phase and the stratification
of the atmosphere, except σ T /T*, which is a function of ζ to the power − 1 when − 0.08 < ζ

< 0.1 (Fig. 8b).
The comparison of models obtained in this study with those available in litterature and

especially in tropical regions (Moraes et al. 2005; Lohou et al. 2010; Hounsinou et al. 2022)
reveal differences but some similarities were noted (Fig. 8a, b). The variation of φw(ζ )

when ζ < 0 (Fig. 8a) and that of φT (ζ ) when ζ < − 0.1 (Fig. 8b) are close to those of
Lohou et al. (2010) on a glade surrounded by woodland, crops and fallow in northern Benin.
Likewise, that of φv(ζ ) in the dry season is close to the model obtained by Moraes et al.
(2005) on a rice field located in an alpine area in southern Brazil when − 10−1 < ζ < −
10−2 (Fig. 8a). Moreover, the seasonal dependence of similarity functions observed in this
study has been also noted previously by Hounsinou et al. (2022) over a woodland forest
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Fig. 8 a The normalized standard deviations of wind speed components as functions of ζ under unstable and
stable conditions and b the normalized standard deviations of atmospheric scalars as functions of ζ under
unstable and stable conditions. The lightgray points with pink, green, blue and gold borders represent the
bin-averages (of 30 individuals) of the 30 minutes measurements in dry, moistening, wet and drying seasons,
respectively. The pink, green, blue and gold solid curves represent the models established in this study for
the dry, moistening, wet and drying seasons, respectively. The expressions of the fitting models obtained
are written on the figures. The lightgreen curves represent the Lohou et al. (2010) models, the cyan curves
represent the Moraes et al. (2005) models and those established by Hounsinou et al. (2022) are represented
by the pink, green, blue and gold dashed curves for the dry, moistening, wet and drying seasons, respectively

(Fig. 8a, b). But seasonally, the similarity functions of the woodland forest differ from those
established herein. Indeed, the forest site is located 13 km apart from the heterogeneous site
involved in this study. Weather conditions of these two sites were not significantly different
as already demonstrated by Mamadou et al. (2016), who had compared two annual cycles
(from July 2008 to June 2010) of meteorological variables (incoming short-wave radiation,
air temperature and vapour pressure deficit (VPD)), soil water content and leaf area index
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Fig. 8 continued

(LAI).However,major differences have been evidenced, as expected, inLAI and soilmoisture
dynamics (see Fig. 2 in Mamadou et al. (2016)). Hence, we hypothesize that aerodynamic
parameters would be the main factors which determine the flux-variance similarity functions.
Also, these ratios could depend on the measurement height since they were acquired at the
forest at 18 m height while at the culture site they were taken at 4.95 m. The relative impact
of the measurement height on the similarity models had been indeed suggested by Liu et al
(2017), who made a comparative study of all flux-variance similarity functions at several
altitudes over the city of Beijing, China. In addition, the results obtained by Hurdebise et al.
(2017) over a forest in Belgium have shown that the efficiency ofmomentum transfer depends
on the difference between the measurement height z and the displacement height d.

Moreover, σw/u* depends on the wind direction during quasi-neutral conditions (Fig. 6)
and all similarity functions depend on the seasons, especially under stable conditions.
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Table 1 Results of self-correlation assessment for all flux-variances similarity functions

φu φv φw φT φq Φc

Rd
ζ < 0 − 0.724 − 0.729 − 0.761 0.451 0.028 0.215

ζ > 0 0.16 0.181 0.228 − 0.191 − 0.017 − 0.04

Rr

ζ < 0 − 0.361 − 0.352 − 0.381 0.079 0.064 0.039

ζ > 0 0.105 0.107 0.225 − 0.03 − 0.018 0.012

Rdif
2

ζ < 0 0.394 0.407 0.434 0.198 − 0.003 0.045

ζ > 0 0.014 0.021 0.001 0.036 0 0.001

Knowing that changes in the wind direction lead to that of the season, one can finally argue
that there is a directional effect of wind on the flux variance similarity functions, especially
under stable condition.

4.3.4 Self-correlation Analysis

The results of the self-correlation assessment are shown in Table 1. The linear correla-
tion coefficient Rd between the real observation data of the normalized standard deviations
σu,v,w,T ,q,c and the stability parameter ζ varies between − 0.76 and 0.45 depending on the
variable and stability conditions (Table 1). As for the correlation of the randomized data
Rr , which represents therefore a measure of the self-correlation, it varies between − 0.38
and 0.22 acccording to the variable and the stratification (Table 1). The σ u,v,w/u* appear to
be more correlated with ζ, compared to σ x=T,q,c/x*. Similarly, the self-correlation is more
significant for φu,v,w(ζ ) than for φT ,q,c(ζ ). However, the real fraction of variance explained
by physical processes is larger (Rdif

2 ≈ 0.4) for φu,v,w(ζ ) than for φT ,q,c(ζ ) (Rdif
2 ≤ 0.2)

when ζ < 0, but Rdif
2 does not show a particular difference between all analyzed variables

when ζ > 0.
Considering that the values of Rdif

2 > 0.2 cannot be explained by self-correlation and
must have a physical reason (Barskov et al. 2022), we can argue that the similarity functions
φu,v,w(ζ ) and φT (ζ ) in the unstable condition can be explained by physical turbulence
processes even if they are influenced by self-correlation effects induced by u*. In general, the
self-correlation is more significant in the unstable condition compared to the stable condition
for all variables, but the real fraction of variance explained by physical processes is larger
in the unstable condition except for φq(ζ ). The self-correlation has a significant impact on
the total variance of φq(ζ ) in the unstable condition since Rdif

2 < 0. This suggests that q*
does not seem to be an appropriate scaling parameter in this stratification. Moreover, this
could be a limitation of the method of evaluating the self-correlation effect itself since the
self-correlation and the physical correlation may not be linear (Klipp and Mahrt 2004).
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4.4 Turbulence Kinetic Energy

The evolution of TKE per unit mass scaled by the square of the frictional velocity (e/u2∗)
with respect to ζ at the Nalohou site is shown under both stratifications in Fig. 9a. Under
stable conditions when the prevailing winds are from the northeast, e/u2∗ averages 6.86 and
6.24 during the drying phase and dry season, respectively. In contrast, it is relatively higher

Fig. 9 Variation of TKE per unit mass normalized with respect to stability (a), variation of TKE per unit mass
with respect to Buoyant production or consumption B = g

T
w′T ′ (c) and with respect to Shear production

S = −u′w′ ∂U
∂z (e), average diurnal cycle of TKE per unit mass (b), buoyancy term (d) and shear term (f)

123



ASL Turbulence aloft Heterogeneous Cultivated Landscapes

(9.12 during the moistening phase and 7.57 in the wet season) when the southwest winds are
prevailing. However, under unstable condition, e/u2∗ decreases from ~ 33 to ~ 6.5 when − 2
< ζ < − 0.1 and becomes almost constant when ζ tends to 0.

e/u2∗ increases rapidly as ζ becomes lower following the variation of the individual
σ u,v,w/u* values in Fig. 8a and e has a strong diurnal cycle (see Fig. 9b), consistent with
the diurnal cycle of stability. The cycle shows that e during the night time is averages less
than 0.5 m2 s−2 but begins to increase during the day with sunrise and the occurrence of
relatively stronger winds to reach its maximum around 1300–1500 LT, and then decreases
with time until sunset. The average maximum value of e obtained at the site was ≈ 1.6 m2

s−2 but it is relatively lower in the wet season, where the average maximum value is ≈ 0.92
m2 s−2. This result is in agreement with those obtained by Omokungbe et al. (2022), who
found relatively lower TKE during a month of intense rainfall compared to the TKE of other
months they studied in a tropical region in Nigeria. Mamtimin et al. (2021) also found that
TKE is lower in winter at a site in the Gurbantünggüt Desert in China.

The relatively lower daytime insolation and wind speed during the wet season (Figs. 1a
and 2) results, respectively, in lower Buoyancy and Shear productions compared to other
periods (Fig. 9d, f), given that they are the main sources of TKE (Wang et al. 2016; Tong
et al. 2022). Figure 9c, e prove that they show a good correlation with TKE. During nighttime
periods, the shear production (S) is practically the only contribution from the TKE since the
buoyancy production (S) is small and negative (Fig. 9e). This may partly explain the low
value of TKE during stable conditions.

The results of Barman et al. (2019) obtained from measurements at several altitudes on a
plateau in India also show that the TKE increases during the day and becomes low during the
night. Furthermore, the observations of these authors (Barman et al. 2019) show an increase
in TKE with measurement height.

4.5 Turbulence Intensity

Figure 10 shows the variation of turbulence intensity along the three wind directions (u, v and
w) with respect to U during the different seasons and transition phases and according to the
stratification of the atmosphere. The turbulence intensities Iu, Iv and Iw decrease rapidly with

Fig. 10 Relationship between turbulence intensity and wind speed. The lightgray squares (respectively trian-
gles) with pink, green, blue and gold borders represent the bin-averages (of 40 individuals) of the 30 min
measurements during dry, moistening, wet and drying seasons, respectively, under unstable (respectively,
stable) condition
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increasingU and when it varies between 0 and ~ 2m s−1 under unstable conditions and 0 and
~ 1 m s−1 under stable conditions (Fig. 10). However, when the wind speed becomes larger,
the turbulence intensity in all three directions becomes almost constant (Fig. 10) consistent
with the expectation of stability being more neutral. Similar results have been observed over
other ecosystem types (Jia et al. 2017; Jiang et al. 2021; Mamtimin et al. 2021; Omokungbe
et al. 2022).

Under unstable conditions, the average turbulence intensities are equal to 0.47, 0.54 and
0.23 following the u, v and w directions, respectively. Lower average values (Iu = 0.31,
Iv = 0.34 and Iw = 0.17) are, however, observed under stable condition. Similar to the
flux-variances similarity functions, turbulence intensities vary with the season. Following all
directions, it is lowest in the dry season. This could be explained by the frequency of high
wind speeds observed during this season compared to other periods. Overall, on average,
whatever the season and atmospheric stability condition at the studied site, Iu = 0.44, Iv =
0.50 and Iw = 0.22 (Iu ≈Iv > Iw).

5 Summary and Conclusion

The critical value of the flux Richardson number, the similarity functions, turbulence kinetic
energy (TKE) and turbulence intensities were analyzed in this study over a heterogeneous
cultivated area located in West Africa and using long-term eddy covariance measurements
(2007–2013). The results show an increase and decrease in TKE due to the different pro-
duction and consumption terms of its budget. Thermal production due to buoyancy related
to the temperature gradient and mechanical production due to wind shear increase in the
daytime, resulting in maximum kinetic energy thus favouring turbulent transfers in the ABL.
TKE is relatively low and nearly constant at night due to the relatively weaker winds at
night and the absence of solar radiation. During these periods when the atmosphere is stable,
a finite asymptotic value approximately equal to 0.17 of the flux Richardson number was
observed when the stability parameter becomes very large. Below this critical value, the flow
is or becomes turbulent. Results also show that the turbulence intensity is more important in
unstable conditions, during which all turbulent fluxes reach their maximum. When the wind
speed becomes high, turbulence intensity becomes constant. The average values obtained are
0.44, 0.50 and 0.22 following the directions u, v and w of the wind speed, respectively.

In accordancewith the results of a previous study on awoodland forest in the same climatic
zone as our study site, the similarity functions show a clear seasonal dependence, notably
under stable condition, but all similarity functions (except φT (ζ ), which is a function of
the stability parameter power − 1 near-neutral conditions) obey MOST regardless of season
and atmospheric stratification. Self-correlation effects caused by the friction velocity u*
have been observed on the similarity relationships, but those relationships explain well the
physical processes of turbulence in unstable condition (except φq(ζ )). On the contrary, the
self-correlation effect is less significant in stable stratification of the atmosphere, but the
actual fraction of variance explained by physical processes is very low.

Finally, the differences obtained when comparing the similarity functions of the cultivated
area and those of the woodland forest site, indicate that climatic conditions are not the major
factors of these functions, although they are conditioning the development of atmospheric
turbulence. All these findings suggest rather that the measurement height and the type of
ecosystem (aerodynamic parameter) could be factors influencing atmospheric turbulence at
the scale of this study.
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