
Atmospheric Research 268 (2022) 105985

Available online 27 December 2021
0169-8095/© 2022 Elsevier B.V. All rights reserved.

Integral turbulence characteristics over a clear woodland forest in northern 
Benin (West Africa) 

Miriam Hounsinou a,b,*, Ossénatou Mamadou a,b,*, Maxime Wudba c,d, Basile Kounouhewa b, 
Jean-Martial Cohard e 
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A B S T R A C T   

This study aims at investigating whether the Integral Turbulence Characteristics (ITC) obey the Monin-Obukhov 
Similarity Theory (MOST) above a forest site in a Sudanian climate, and at identifying the appropriate ITC 
models for this ecosystem. Data were collected from a 18 m tower equipped with an Eddy Covariance system, 
above the clear forest close to Bellefoungou’s village, Northwest of Benin, West Africa. The turbulence intensity 
parameters calculated for five years and half, were analyzed according to wind speed, stability conditions and 
seasons. From their relationships with the stability parameter, data driven models were then obtained by the 
nonlinear least squares. The results showed that, all similarity functions follow MOST with a 1/3 power law 
whatever the stratification of the atmosphere during all the seasons excepted the temperature which had a 
parabolic shape in near neutral condition (− 0.05 < ζ < 0.1). A seasonal dependence of all ITCs was evidenced 
under stable conditions. We also showed that the heat transfer is relatively more efficient than H2O transfer 
under both stability conditions. The established temperature and CO2 similarity models are found to be closer, 
and for some given stratification conditions, to those already existing in literature. But a noteworthy finding is 
that the models often used to assign a quality criterion to turbulent fluxes showed an overestimation relatively to 
those established ‘locally’ for u and w through all atmospheric stratification.   

1. Introduction 

Understanding atmospheric turbulence is essential for evaluation of 
weather forecasting and atmospheric models (Honnert et al., 2011; 
Kalverla et al., 2016; Lee et al., 2020) and the study of pollutant 
dispersion (Cohan et al., 2011; Kesarkar et al., 2007) in the Atmospheric 
Boundary Layer (ABL). The turbulence favors exchanges of momentum, 
energy, and mass in the ABL, but its random behavior makes it difficult 
to describe (Stull, 1988). The statistical description of turbulence has 
been well-developed since Kolmogorov and was summarized by Stull 
(1988). Hence, the calculation of turbulent parameters is universal, 
whereas the parameterization of turbulence in numerical models still 
needs to be improved. For this purpose, the Monin-Obukhov Similarity 
Theory (MOST) is often required. This dimensional analysis links tur
bulent processes over a homogeneous flat surface to a single parameter 

universal functions that have been documented during, for example, the 
Kansas experiment (Businger et al., 1971), and the International Tur
bulence Comparison Experiment (Dyer and Bradley, 1982), under quasi- 
stationary atmospheric conditions, when rotational effects in the fluxes 
are negligible and turbulent fluxes are almost constant with altitude 
(Nadeau et al., 2013; Stull, 1988). 

In particular, the MOST lies in expressing a relationship between the 
normalized standard deviations of the turbulent parameters and the 
atmospheric stability parameter (ζ). These normalized standard de
viations are also referred to as Integral Turbulence Characteristics (ITCs) 
(Foken et al., 2012; Foken et al., 2004; Mauder et al., 2006). The ITCs are 
indeed useful to assess the quality of eddy covariance measurements 
(Foken et al., 2012; Foken and Wichura, 1996; Mauder et al., 2006), to 
estimate the ecosystem exchanges by the flux-variance method (Guo 
et al., 2009; Hsieh et al., 2008; Tillman, 1972) and to parameterize 
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pollutant dispersion models (Cohan et al., 2011; Kalverla et al., 2016). 
Several previous studies carried out over homogeneous flat surfaces 

(Businger et al., 1971), forests (Lamaud and Irvine, 2006; Padro, 1993; 
Rannik, 1998), inland and coastal regions (Krishnan and Kunhikrishnan, 
2002; Singha and Sadr, 2012), heterogeneous ecosystems (Detto et al., 
2008; Lohou et al., 2010), cities (Al-Jiboori et al., 2002; Dallman et al., 
2013; Fortuniak et al., 2013) and mountains (Moraes et al., 2005; 
Nadeau et al., 2013) among others, have been reported in the literature. 
The major outcomes of these studies were that similarity functions vary 
according to environmental conditions leading to turbulence anisotropy 
and/or surface heterogeneity (Katul et al., 2013; Katul et al., 2011). In 
sudanian climate in the northern region of Benin (West Africa), Lohou 
et al. (2010) showed that in unstable conditions, the humidity turbulent 
characteristics at the surface are no longer driven by buoyant convection 
but by entrainment at the boundary layer top. However, that study re
mains till today, the solely performed using one year of eddy covariance 
data above a heterogeneous ecosystem in Benin. 

Another challenge of tropical regions such as West Africa is the low 
wind speeds that are more frequent (Jegede et al., 1997; Krishnan and 
Kunhikrishnan, 2002; Yadav et al., 1996; Matthew and Ayoola, 2020). 
Note that the structure of turbulence in the ABL associated with low 
wind speeds may be different from that of strong winds (Agarwal et al., 
1995). It is thus appealing to provide an adequate understanding of 
these turbulent parameters for this region where turbulent studies are 
rare compared to those carried out elsewhere in the world. This study 
aims at investigating the seasonal features of the integral turbulence 
characteristics, for stable and unstable stratifications, over an open clear 
woodland in the northern region of Benin (West Africa), using long-term 
continuous Eddy-Covariance measurements. In the present study, we 1) 
analyze the dependence of the integral turbulence characteristics for 
different seasons (dry and wet) and transitional phases (drying, moist
ening); 2) examine whether these relationships follow or not the MOST 
and build data-driven ITC models and 3) investigate the efficiency of 
turbulent transfer at the study site. From five years and half (June 2008 
to December 2013) of in-situ eddy covariance data acquired above this 
ecosystem, the normalized standard deviations of the three components 
of wind speed and atmospheric scalars (temperature, humidity and 
carbon dioxide) have been computed to answer two specific questions: 

- Do the relationships between these ITCs and the atmospheric sta
bility parameter vary from season to season?  

- Do the ratios obey MOST at the study site? 

2. Materials and methods 

2.1. Background: flux-variance similarity function 

According to the Monin-Obukhov’s similarity theory (MOST), the 
normalized standard deviations of wind speed components (u, v, w) and 
scalars (T, q, CO2) are supposed to be functions of the atmospheric 
stability parameter (ζ). These functions are called flux-variance simi
larity functions or integral turbulence characteristics. Tillman (1972) 
was the first to use them to estimate sensible and latent heat fluxes from 
variances. They were later suggested by Foken and Wichura (1996) to 
test the development of turbulence in order to assess the quality of eddy 
covariance data. These functions are expressed as: 

σx

x∗
= φ(ζ) = ax1 ( 1 ± bx1 ζ)±cx1 (1)  

or 

σx

x∗
= φ(ζ) = ax2 + bx2 ( ± ζ)±cx2 , (2)  

where σx represents the standard deviations of the variable x which can 
be the wind speed components or the atmospheric scalars. The 

coefficients ax1,2, bx1,2 and cx1,2 are determ ined from the dataset herein 
in this study. x* are the scaling parameters which can be respectively 
calculated as: 

u∗ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∣ − u’w’ ∣
√

, (3)  

T∗ = −
w’T’

u∗

, (4)  

q∗ = −
w’q’

u∗

, (5)  

CO2∗ = −
w’CO2’

u∗

. (6) 

u’, w’ [m/s], T′[◦C], q’ [g/m3] and CO2’ [mmol/m3] are the fluc
tuations of the u, w wind speed components, temperature, absolute 
humidity and CO2 respectively. w′T′ , w′q′ and w′co2

′ are respectively 
the covariance between the fluctuations of the vertical wind speed 
component and that of temperature, absolute humidity and CO2. The 
atmospheric stability parameter ζ is thus given by: 

ζ =
z − d

L
, (7)  

where z is the measurement height, d the displacement height and L is 
the Obukhov length that characterizes the relation between dynamic, 
thermal and buoyancy processes (Foken, 2017) and is defined as: 

L = −
u3
∗ T

κg w’T’
. (8) 

T is the virtual temperature, κ the von Karman constant and g the 
gravitational acceleration. 

2.2. Site and instrumentation 

The study was conducted at the Bellefoungou site (9.79◦N, 1.72◦E, 
445 m), a woodland open clear forest (Fig. 1), corresponding to the most 
wooded savannah in term of tree density (Cotillon, 2017). Vegetation 
consists of an open stand of trees with crown heights of around 15 m 
covering 60% – 80% of the total soil area (Ago et al., 2016). A peculiar 
characteristic of this ecosystem is in its dominant overstory species 
which include Isoberlinia tomentuosa, Isoberlinia doka, Burkea Africana 
and Vitellaria paradoxa (Houéto et al., 2012; Seghieri et al., 2009). 

The site is located in the Donga catchment and has a slight slope of 
2.5%. The displacement height computed from Eddy covariance data 
using approach developed by Martano (2000), was ~7.6 m and the 
aerodynamic roughness length (z0) was ~1.2 m (Mamadou, 2014). More 
details about the site are given by Mamadou et al. (2016). 

The climate is Sudanian, characterized by a succession of wet and dry 
seasons separated by two transitional periods (Lothon et al., 2008; 
Mamadou et al., 2014). Rainfall is around 1200 mm/yr on average, 
falling between April and October and mean annual temperature is 
about 25 ◦C (Galle et al., 2018). Low to moderate winds characterize the 
site (Mamadou, 2014). 

The instrumentation for the micrometeorological tower included a 
three-dimensional sonic anemometer (CSAT3 Campbell Sci., Logan (UT) 
USA) and an open path gas infrared analyzer (LI-7500, LI-COR, Lincoln 
(NE), USA). They were installed at 18 m above the surface and measured 
the three components of wind speed, sonic temperature, water vapor 
and carbon dioxide concentration at a 20 Hz sampling rate. Low fre
quency sensors for the measurement of meteorological variables such as 
wind speed and direction, air temperature and a complete radiative 
budget were also installed respectively at 18, 15 and 5 m on the tower 
and recorded with a 30 min time step. The rainfall was measured with a 
tipping-bucket rain gauge. More details on the measurement systems 
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can be found in Mamadou et al. (2016). 

2.3. Eddy covariance data processing and selection criteria 

The data given in this study cover five and a half years of continuous 
measurements from 28th June 2008 to 31st December 2013. 

Turbulent latent and sensible heat, carbon dioxide and momentum 
(LE, H, Fc, τ) fluxes as well as the standard deviations of wind speed 
components (σu, σv and σw [m/s]) and atmospheric scalars (σT [◦C], σq 
[g/m3] and σCO2 [mmol/m3]) were processed from the 20 Hz time series 
using the EdiRe software (Version 1.5014, R. Clement, University of 
Edinburgh). All the computations were performed to obtain half-hourly 
turbulent data and correction used following the standard procedure 
defined in Aubinet et al. (2000). These include de-spiking, double 
rotation, cross correlation for the derivation of the time lag between the 
sonic anemometer and the gas analyzer, density correction for the sonic 
temperature, spectral and Webb corrections. 

Three combined criteria were used afterwards to scrutinize the 30 
min data. The first was the stationarity test with a threshold of 30% 
according to Foken et al. (2012) and Foken and Wichura (1996). Sec
ondly, 30 min data were deleted for both during and 30 min after rainy 
events. Third, σu,v,w,T were rejected for |H| < 10Wm− 2; σq were removed 
when |LE| < 10Wm− 2 and σCO2 were discarded during nighttime hours 
using a critical u* threshold of 0.1 m.s− 1 provided by Ago et al. (2016). 
For the following ITC analysis, some isolated individual peaks that were 
not removed with the previous selection criterions have been discarded 
manually from the dataset. This is also to avoid biasing the fitting of 
ITCs. Finally, only turbulent data for which − 2 ≤ ζ ≤ 2 have been 
retained for further analysis. 

2.4. Computation of the integral turbulence characteristics and their 
corresponding models 

The ITCs have been obtained as the ratios of the standard deviations 
of turbulent quantities, normalized with appropriate scaling flux 

parameters (u*, T*, q* or CO2*), respectively for the three wind speed 
components, temperature, water vapor and carbon dioxide. For the 
fitting of ITCs, data for which the wind speed is lower than 1 m.s− 1 have 
not been taken into account. This, to avoid the cases where the turbu
lence is not at all developed. The remaining data were separated finally, 
according to the different seasons and transitional phases defined by 
Mamadou et al. (2014). 

The Bellefoungou forest was not subjected to changes (protected 
woodland forest) during the years presented in this study (from June 
2008 to December 2013) and no major difference in the inter-annual 
variability of the ITCs was observed. We therefore combined all data 
together and averaged them per class of 40 individual data points; 
separately for different seasons (dry and wet) and transitional phases 
(drying and moistening), and finally according to atmospheric stability 
conditions (unstable and stable). The number of data points of each 
season and per stability conditions used in this study are given in 
Table 1. 

The models of the ITCs were determined by the nonlinear least 
squares method that minimizes the errors for each season. The models 
obtained are evaluated by using some statistical tools as the Root Mean 
Squared Error (RMSE), the Mean Absolute Error (MAE) and the coeffi
cient of determination (R2) illustrated respectively from Eqs. (9) to (11). 

Fig. 1. Geographical location of the Bellefoungou forest site.  

Table 1 
Number of data retained per season under unstable and stable atmospheric 
conditions.  

Seasons Stratification σu,v,w/u* σT/T* σq/q* σCO2/CO2* 

Dry Unstable 1701 1650 789 1528 
Stable 2585 2445 1089 1511 

Wet Unstable 10967 10244 4674 9304 
Stable 7282 6787 4530 7414 

Moistening Unstable 2389 2240 1162 1120 
Stable 2203 2079 569 956 

Drying Unstable 2592 2459 1372 2277 
Stable 2460 2261 1233 1730  
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RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1
(yi − ŷi)

2

√

. (9)  

MAE =
1
n

∑n

i=1
∣yi − ŷi∣. (10)  

R2 = 1 −

∑n
i=1(yi − ŷi)

2

∑n
i=1(yi − y)2 . (11) 

With yi the observations and ŷi the data reproduced by the identified 
models. Wilcoxon’s nonparametric statistical test was then used to check 
for seasonal differences at 5% (p-value < 0.05) level of significance. All 
the analyses were done with the software R (Rx64 3.6.1). 

3. Results 

3.1. Meteorological and wind conditions 

The climate of the region is a Sudanian type characterized by two 
types of seasons (dry and wet) separated by two transitional phases 
(moistening and drying). This peculiar climate characteristic is driven 
by the Intertropical Convergence Zone’s migration. The dry season is 
dominated by North – East (NE) Harmattan winds while the wet season 
is marked by South – West (SW) winds coming from the Gulf of Guinea. 
Wind direction and absolute humidity were combined to identify sea
sons at the study site as defined by Mamadou (2014); Mamadou et al. 
(2014). 

For the years studied, total annual precipitation varied between 
1017 mm and 1708 mm. The year 2013 was the driest with a total 
annual rainfall of 1017 mm and an average global radiation of 217 
Wm− 2. The average annual global radiation ranged between ~187 
Wm− 2 (2008) and 218 Wm− 2 (2011). Average daily air temperature 
ranged between ~18 ◦C and 36 ◦C while the average annual wind speed 
stayed lower than 2 m/s. 

Wind speed frequency histograms for different seasons and transi
tional phases and according to the stratification of the atmosphere dis
played in (Fig. 2a & b) showed no major difference under unstable 
conditions whatever the seasons. During stable conditions however, 
higher occurrences in higher wind speeds (2 – 3 ms− 1) appeared in the 
dry season while the remaining seasons were marked by more lower 
wind speeds (< 2 ms− 1) (Fig. 2b). This can be clearly observed on the 
average diurnal cycle of the wind speed (Fig. 2c). 

The average diurnal course of the stability parameter shows that 
daytime data are characterized by unstable stratification whatever the 
season (~55% of total data) associated with a highest friction velocity 
(Fig. 2d & e). At the contrary for nighttime hours, stable stratifications 
were observed with a variability in terms of magnitude according to 
seasons. The drying period is characterized by the most stable nights, 
associated with more surface cooling and less atmospheric nebulosity. 

3.2. Flux variance similarity functions and their seasonal variability with 
respect to stability and wind speed 

According to the similarity theory, the normalized standard 

Fig. 2. Wind speed frequency density histogram (a, b) and composite diurnal cycle of: the wind speed (c), the stability parameter (d) and the friction velocity (e) at 
the site from the studied period during dry (black squares), wet (grey triangles), moistening (grey ‘x’) and drying (black ‘+’) seasons. 
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deviations of turbulent parameters should be universal functions of ζ. 
The empirical functions and curves built for each season and stability 
regime from the dataset of the studied site are given in Table 2 and 
Figs. 3 and 4 for respectively, the wind speed components and atmo
spheric scalars. To help comparison between different seasons and 
models proposed in literature, we aggregate results of Figs. 3 and 4 on 
Fig. 6. 

3.2.1. Normalized standard deviations of wind speed components 
The similarity functions of the wind speed components obtained at 

the site for each season and transitional phases are in the form of Eq. (1) 
with cx1 = 1/3 as predicted by MOST. The coefficients ax1 and bx1 vary 
according to season and transitional phases (Table 2) because the ratios 
do not have the same distributions during different seasons (Figs. 3, 4, 
6). 

During unstable conditions (ζ < − 0.1), the ratios σu,v,w/u* did not 
vary by season. However, the Wilcoxon test performed revealed some 
significant differences (0.00036 < p-values < 0.019) between the 
moistening phase and the wet season for σu/u* and σv/u*; the two 
transitional phases for σu/u* and finally, the dry and wet seasons for σv/ 
u*. In near neutral conditions (0 > ζ > − 0.1), the fitted curves showed 
again significant differences between seasons. The block average of the 
σu/u* is ~1.8 in dry seasons and increases to ~2 in wet seasons as ζ → 
0 (Fig. 6). The ratio σv/u*, shows similar magnitude as σu/u* while σw/u* 
is on average about 1.15 in dry seasons and 1.2 in wet seasons when 
− 0.1 < ζ < 0. Furthermore, the differences in these ratios between 
seasons and transitional phases are not all significant when − 0.1 < ζ < 0. 
Indeed, the σu,w/u* ratios are not significantly different between the dry 
season and the drying phase. The p-value associated to the Wilcoxon test 
are respectively 0.85 and 0.83 for σu/u* and σw/u*. The seasonal vari
ability of these normalized standard deviations of wind speed compo
nents as a function of the stability parameter are displayed in Fig. 6. The 
latter is indeed a combination of the blue curves in Figs. 3 and 4. 

In stable conditions, the similarity functions σu,v,w/u* vary however 
according to seasons (Fig. 6). The Wilcoxon test confirms that each of the 
ratios σu/u*, σv/u* and σw/u* is significantly different between dry and 
wet seasons with p-values << 0.05. This seasonal difference is in 
agreement with published literature data in West Africa (Jegede et al., 
1997). The ratios σu/u* and σv/u* were almost two times higher than that 
of σw/u* in all seasons. Under stable stratification, the ratio σw/u* was 
lower than that of obtained in unstable conditions. This would suggest 
that for the stable conditions, stratification limits the fluctuations and 
differences between variabilities for horizontal and lateral wind in
tensities compared to the vertical one, which can be associated with 
anisotropy (Stiperski and Calaf, 2018). In our study, similarities between 

u and v variances suggest a 2-component axisymmetric anisotropy. As ζ 
decreases, σu/u* and σv/u* also decreased from ~4.5 to ~1.5. For ζ ~ 0; 
σw/u* is about 1.2 and increases with increasing stability. The ratios σv/ 
u* near neutrality tends to 2 when ζ → 0 regardless of the season (Fig. 4). 
This constant value of σv/u* for near neutral conditions had been re
ported by Pahlow et al. (2001). The other normalized standard de
viations of the wind speed components also vary very little under near- 
neutral conditions. The mean values for each season obtained when |ζ| 
< 0.05 are presented in Table 3. The σu/u* values are thought to be small 
compared to those obtained elsewhere (Ramana et al., 2004; Tanny 
et al., 2018) but are in accordance with studies conducted in regions 
characterized by low wind speeds (Agarwal et al., 1995; Jegede et al., 
1997). 

To summarize, at the studied site, the similarity functions were 
obviously different during dry and wet seasons when 2 > ζ > − 0.1. 
However, these remained without relevant differences when ζ < − 0.1 
for the years analyzed herein. 

A variation of σu,v,w/u* in relation to the wind speed was also 
observed (Fig. 5). These ratios decrease with an increasing wind speed 
for all atmospheric stratification. The ratios σu,v/u* decrease from 8 to 2 
whatever the stratification of the atmosphere while U increases from 
~0.5 to ~3.5 m/s. Similarly, σw/u* decreases from 4 in unstable (2.5 
respectively in stable) condition to 1. According to Fig. 2b, the wind 
speed frequency densities in dry season were higher than those of the 
wet season especially for the stable stratification. These suggest that the 
observed seasonal differences during stable conditions could be attrib
uted to wind speed intensities. Furthermore, the greater roughness 
length of the forest in the dry season than in the wet season at the study 
site may be another factor that can explain the seasonal dependence of 
turbulence characteristics. More details are given in section 4.1. 

3.2.2. Normalized standard deviations of atmospheric scalars 
In stable condition, the ITCs associated with atmospheric scalars are 

different for each season and transitional phases (p-values < 0.005) 
aside from, σq/q* in wet season and drying phase (p-value = 0.45) and, 
σT/T* in dry season and moistening phase (p-value = 0.58) which are not 
significantly different. In near neutrality (0.01 < ζ < 0.1), only σT/T* 
obtained in the drying phase showed a significant difference with the 
σT/T* obtained in the dry and wet seasons (Fig. 6). 

During unstable conditions, the similarity functions of temperature 
and CO2 were independent of both wind speed (Fig. 5) and seasons 
(Fig. 6) but σCO2/CO2* is the highest during the drying phase (Fig. 6). As 
for the humidity similarity functions, they were dependent on the sea
sons (dry and wet) but do not vary with respect to the wind speed. When 
comparing the σq/q* functions obtained during the two transitional 

Table 2 
The fitting similarity functions for the normalized standard deviations of the wind components and scalars atmospheric as a function of the stability.  

ITC Stratification Dry Moistening Wet Drying 

σu/u* − 2 < ζ < − 0.1 1.74(1 – 10.15ζ)1/3 1.54(1 – 17.42ζ)1/3 1.60(1 – 11.93ζ)1/3 1.80(1 – 6.43ζ)1/3 

− 0.1 < ζ < 0 1.63(1 – 13.29ζ)1/3 1.83(1 – 7.04ζ)1/3 1.91(1 – 2.96ζ)1/3 1.68(1 – 9.13ζ)1/3 

0 < ζ < 2 1.59(1 + 3.78ζ)1/3 2.05(1 + 1.55ζ)1/3 1.96(1 + 3.64ζ)1/3 1.75(1 + 2.92ζ)1/3 

σv/u* − 2 < ζ < − 0.1 1.83(1 – 10.10ζ)1/3 1.66(1 – 13.68ζ)1/3 1.66(1 – 10.49ζ)1/3 1.94(1 – 5.29ζ)1/3 

− 0.1 < ζ < 0 2.17(1 – 1.03ζ)1/3 2.05(1 – 3.77ζ)1/3 1.97(1 – 2.38ζ)1/3 2.13(1 – 1.29ζ)1/3 

0 < ζ < 0.1 
0.1 < ζ < 2 

2.10(1 – 1.41ζ)1/3 

1.82(1 + 2.11ζ)1/3 
1.99(1 + 2.53ζ)1/3 

2.16(1 + 1.15ζ)1/3 
1.94(1 + 4.89ζ)1/3 

1.95(1 + 3.88ζ)1/3 
2.05(1 + 1.10ζ)1/3 

2.08(1 + 1.44ζ)1/3 

σw/u* − 2 < ζ < − 0.1 0.94(1 – 12.99ζ)1/3 0.95(1 – 12.15ζ)1/3 0.93(1 – 12.27ζ)1/3 0.94(1 – 11.64ζ)1/3 

− 0.1 < ζ < 0 1.11(1 – 3.13ζ)1/3 1.15(1 – 2.01ζ)1/3 1.17(1 – 1.54ζ)1/3 1.13(1 – 1.97ζ)1/3 

0 < ζ < 0.05 1.10(1 + 2.74ζ)1/3 1.18(1 + 3.41ζ)1/3 1.21(1 + 3.24ζ)1/3 1.12(1 + 2.51ζ)1/3 

0.05 < ζ < 2 1.14(1 + 0.73ζ)1/3 1.26(1 + 0.44ζ)1/3 1.27(1 + 0.58ζ)1/3 1.18(1 + 0.63ζ)1/3 

|σT/T*| − 2 < ζ < − 0.05 0.88(− ζ)− 1/3 0.90(− ζ)− 1/3 0.91(− ζ)− 1/3 0.87(− ζ)− 1/3 

− 0.05 < ζ < − 0.01 1.56 + 0.04(− ζ)− 1 1.40 + 0.05(− ζ)− 1 1.81 + 0.035(− ζ)− 1 0.94 + 0.06(− ζ)− 1 

0.01 < ζ < 0.1 2.09 + 0.04(ζ)− 1 2.46 + 0.03(ζ)− 1 2.40 + 0.03(ζ)− 1 1.91 + 0.09(ζ)− 1 

0.1 < ζ < 2 2.30 + 0.81(ζ)1/3 2.63 + 0.32(ζ)1/3 2.82 – 0.21(ζ)1/3 2.61 + 0.52(ζ)1/3 

|σq/q*| − 2 < ζ < − 0.05 2.78(1 – 8.39ζ)− 1/3 3.35(1 – 9.70ζ)− 1/3 3.65(1 – 41.80ζ)− 1/3 3.02(1 – 4.89ζ)− 1/3 

0.05 < ζ < 2 2.65(1 + 1.22ζ)1/3 3.94(1 – 1.13ζ)1/3 3.20(1 + 0.55ζ)1/3 3.20(1 + 0.72ζ)1/3 

|σCO2/CO2*| − 2 < ζ < − 0.05 0.91(− ζ)− 1/3 0.88(− ζ)− 1/3 0.93(− ζ)− 1/3 1.06(− ζ)− 1/3 

0.05 < ζ < 2 3.47(1 + 0.46ζ)1/3 3.74(1 + 0.55ζ)1/3 3.11(1 + 0.40ζ)1/3 3.60(1 + 1.66ζ)1/3  
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phases, their differences were lower (p-value = 0.29) suggesting that 
these ratios do not differ significantly in unstable conditions. Similar 
behaviors have been emphasized by Lohou et al. (2010) but for σT/T* 
and σCO2/CO2* above a heterogeneous ecosystem near the study site. A 
large dispersion of the turbulent humidity characteristics has however 
been highlighted in their study. Our results are finally in agreement with 
those of Ramana et al. (2004) who had shown that σT/T* was almost 
independent of season on a flat surface whatever the stratification of the 

atmosphere. 
The data for σq/q* and σCO2/CO2* when |ζ| < 0.05 as well as σT/T* 

when |ζ| < 0.01 obtained over the Bellefoungou forest show nonetheless 
a large dispersion, so they were not included when fitting similarity 
functions (Figs. 3 & 4). The ITCs of the q and CO2 exhibit similar scaling 
(Eq. (1)) to that of the wind speed components while σT/T* which is 
rather defined by Eq. (2). Note that σCO2/CO2* can also be expressed by 
the function (Eq. (2)) with ax2 = 0, in the unstable regime (ζ < − 0.05). 

Fig. 3. Integral turbulence characteristics and their fitted curves (blue lines) for unstable atmospheric stratification during different seasons and transitional phase 
(grey circles). The black points represent the block average and the vertical lines represent the 95% confidence intervals on the average. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Overall, obtained results revealed that all of these ITCs as a function of ζ 
(except σT/T* when − 0.05 < ζ < 0.1), obey the MOST with a ± 1/3 
power law whatever the stratification of the atmosphere, seasons and 
transitional phases (Figs. 3 and 4). The σT/T* as a function of ζ in the 
near neutrality (− 0.05 < ζ < 0.1) range showed on the contrary a 
parabolic shape (Figs. 3 and 4). According to Fortuniak et al. (2013), this 
feature in σT/T* close to the neutral stratification might be an effect of 

the increasing role of relative errors in the sensible heat measurements 
for | ζ | → 0. Similar result has been also reported by Pahlow et al. (2001) 
under stable conditions. 

The ax2 coefficient of σT/T* (Eq. (2)) becomes 0 when ζ < − 0.05 as 
well for |σCO2/CO2*|. Considering the fact that we demonstrated that 
these two ratios do not show significant seasonal differences, we can 
therefore compute the average of bx2 coefficients obtained for each 

Fig. 4. Integral turbulence characteristics and their fitted curves (blue lines) for stable atmospheric stratification during different seasons and transitional phase 
(grey circles). The black points represent the block average and the vertical lines represent the 95% confidence intervals on the average. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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season and transitional phases. Thus, we got 
⃒
⃒
⃒
⃒

σT
T*

⃒
⃒
⃒
⃒ = 0.89( − ζ)− 1/3 for 

the temperature and 
⃒
⃒
⃒
⃒

σCO2
CO2*

⃒
⃒
⃒
⃒ = 0.91( − ζ)− 1/3 for the CO2 (without taking 

into account |σCO2/CO2*| in the drying phase since it was significantly 
different (p-value << 0.05) from the moistening phase and the dry and 

wet seasons. By considering drying phase, 
⃒
⃒
⃒
⃒

σCO2
CO2*

⃒
⃒
⃒
⃒ = 0.94( − ζ)− 1/3. In all 

cases, the obtained coefficients for the temperature and CO2 similarity 
functions are very close. This suggests that the turbulence characteristics 
of heat and CO2 are obviously similar when ζ < − 0.05. 

3.3. Turbulent transfer efficiency 

The seasonal variability of ITCs may be also investigated with the 
correlation coefficients rwx (Eq. (12)) and further turbulent transfer 
relative efficiencies (Eq. (13)) which measure the relative efficiency of 
heat transport compared to water vapor and carbon dioxide (McBean 
and Miyake, 1972). 

rwx =
w’x’
σwσx

,with x = u, T, q,CO2. (12)  

rwT

rwx
=

w’T’
σwσT

/
w’x’
σwσx

=
σx

x*

/
σT

T*
,with x = u, q,CO2. (13) 

The turbulent correlation coefficients obtained from data analyzed 
are presented in Fig. 7. The |rwT|, |rwq| and |rwCO2| vary on average from 
0.57 to 0.2; 0.50 to 0.28 and 0.55 to 0.26 respectively, when ζ varies 
from − 2 to 0, unlike ∣rwu∣ which increases when approaching from un
stable or stable to neutral stratification. As expected, these findings 
showed that heat, water vapor and CO2 are more efficiently transported 
under unstable conditions than near neutral and stable conditions where 
the correlation coefficients are on average less than 0.35. 

Under stable conditions however, all transfers especially that of 
water vapor and momentum, are more efficient in the dry season 
compared to the wet season and transitional phases. During these con
ditions, both |rwT/rwCO2| and |rwT/rwq| > 1, suggesting that of heat 
transfer is more efficient compared to that the gases (H2O and CO2). But, 
in near neutral conditions (|ζ| < 0.02), the gases transfer is a little more 
efficient than that of heat. 

The fact that ∣rwT/rwCO2∣  ≃ 1 suggests that the heat transfer is similar 
to CO2 transfer. Keeping in mind that the ITC models for the CO2 and T 
were similar; this associated with the rwT and rwCO2, support thus the 
similarity of these transfers. The (∣rwT/rwq∣  ≃ 1.25) suggests that sen
sible transfer is slightly higher than H2O transfer for unstable stratifi
cation (Fig. 7). Therefore, this observed difference between H2O and 
CO2 transfers during convective conditions, may be linked to non- 
uniformity of H2O sources while the absorption of CO2 is uniformly 
controlled, mainly by radiation. Rannik (1998) concluded alike results 

Table 3 
The near neutral (|ζ| < 0.05) mean values and standard deviations (sd) of the 
σu,v,w/u* over the different seasons and transitional phases.  

Seasons σu/u* σv/u* σw/u* 

mean sd mean sd mean sd 

Dry 1.75 0.23 2.15 0.18 1.14 0.08 
Wet 1.98 0.31 2.03 0.31 1.21 0.09 
Moistening 1.98 0.30 2.08 0.29 1.20 0.09 
Drying 1.82 0.25 2.14 0.21 1.15 0.09  

Fig. 5. Relationship between the normalized standard deviations of wind speed components and atmospheric scalars and wind speeds under unstable and stable 
conditions and for all seasons. 
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at a complex forest site. Overall, |rwT| > |rwq| and |rwT| ~ |rwCO2|, 
confirming finally also that the temperature and CO2 fluctuations are not 
affected as much as water vapor fluctuations in all conditions. 

4. Discussion 

4.1. Characterization of the study site 

The above results indicate that the integral turbulence statistics of 
the three wind components and scalars (T, q and CO2) revealed some 
peculiar features that are discussed here. The novelty of this study, even 
though this could be critical, lies in the fact that the ratios in both stable 
and unstable regimes have been properly examined during all seasons, 
and similarity functions have been drawn. A clear seasonal variation has 
been found which is more pronounced mainly in dry and wet seasons for 
stable conditions. In sudanian climate, the canopy of the vegetation shed 
at least 50% of their leaves but never 100% between November and 
February (Awessou et al., 2016; Seghieri et al., 2012; Seghieri et al., 
2009). The November – February period corresponds to the dry season 
over the region. The fact that trees lose their leaves during the dry season 
(Seghieri et al., 2009) could contribute indeed to an increasing aero
dynamic roughness length. This may explain the observed seasonal 
difference of integral turbulence characteristics σu,v,w/u* especially 
under stable conditions. Indeed, a strong aerodynamic roughness length 
favors more wind shear which, in turn, can lead to the development of 

mechanical turbulence (forced convection) during the stable stratifica
tion of the atmosphere. This, as explained by Foken (2017), is also 
relevant to the development of a mechanical internal boundary layer 
above the site of a sudden changes in the surface roughness. Indeed, 
mechanical internal boundary layers occur because of the different wind 
gradients above two surfaces, for example smooth and rough surfaces. 

For the years investigated, some dispersion in the normalized stan
dard deviations was however obtained and also reported previously on a 
flat surface for low wind speeds (Ramana et al., 2004). One can therefore 
argue that, the turbulent ‘low-wind’ flow properties of boundary layer 
processes in sudanian climate (West Africa), have been performed from 
this study. 

When comparing dry and wet seasons and transitional phases under 
stable condition (Figs. 6 and 7), turbulent transfers are on average more 
efficient and the ratios (σu,v,w/u* and σq/q*) are lower in the dry season. 
Nordbo et al. (2013) explained that the σu,v,w/u* are generally lower for 
rougher surfaces, such as the studied site. It has been also found that the 
sensible heat is transferred more efficiently than that of water vapor 
(Fig. 7). According to Detto et al. (2008); Lamaud and Irvine (2006) and 
Lohou et al. (2010), this is due to the dissimilarities in the source of 
humidity compared to that of heat. Thisbecause the variability in water 
vapor flux sources at the surface can enhance its variance. In addition, 
the fact that (rwT > rwq) depends on the relative magnitude of sensible 
heat and water vapor fluxes resulting mostly from the moisture state of 
the surface (Lamaud and Irvine, 2006). 

Fig. 6. The fitted curves of the integral turbulence characteristics during dry (black squares connected by lines), wet (grey triangles connected by lines), moistening 
(grey ‘x’ connected by lines) and drying (black ‘+’ connected by lines) seasons. The literature models of Kaimal and Finnigan, 1994 (darkblue line), Rannik, 1998 
(darkgreen line), Andreas et al., 1998 (orange line), Moraes et al., 2005 (black dotted line), Lohou et al., 2010 (orange dotted line) and Mauder and Foken, 2004 (red 
line) are also represented. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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4.2. Comparison of the ITC models with others from the literature 

From the authors’ point of view, there are few similarity models 
available in the literature that reproduce clearly the observations of the 
study site (Fig. 6). Most of the models reported in this study here have 
been established on sites that are close to our study site either by 
vegetation, hence the models of Rannik (1998) elaborated on a forest; or 
by climate, hence the models of Moraes et al. (2005) developed in a 
tropical region and the models of Lohou et al. (2010) which are those 
determined by Andreas (except that of CO2). One cannot ignore the 
models determined at the Kansas site (Kaimal and Finnigan, 1994), 
which is an ideal site for the application of MOST and the models of 
Foken and Wichura (1996) reviewed by Mauder and Foken (2004) 
which are commonly used to assess the quality of the Eddy Covariance 
data (Fig. 6). The majority of these models overestimate the observa
tions of our study site. 

It is also important to note that few models have been established in 
the literature for CO2. Lohou et al. (2010) proposed one similarity 
function for CO2 but using only the daytime (between 10 AM and 14 PM) 
data. This form of the similarity functions is not significantly different 
from those obtained from this study especially when ζ < − 0.05. When 

has the curve of the similarity function of CO2 determined by Rannik 
(1998), we noticed that it was closer to the σCO2/CO2* curve that we got 
in drying phase when ζ < − 0.1. 

The models of σT/T* determined by Foken and Wichura (1996) and 
revised by Mauder and Foken (2004) are in agreement with the obser
vations of the study site under unstable conditions but under stable 
conditions, only the model ∣ σT

T*
∣ = 1.4(ζ)− 1/4 approaches the data pre

sented in this study when 0.02 < ζ < 0.1. The shape of the function ∣ σT
T*

∣ 

= 0.89( − ζ)− 1/3 found above the studied ecosystem when the atmo
sphere is unstable (− 2 < ζ < − 0.05) was suggested by Wyngaard et al. 
(1971). Foken and Wichura (1996) suggested a similar form (∣ σT

T*
∣ =

1.00( − ζ)− 1/3) only for ζ < − 1. This indeed, was found by several au
thors but with slightly different coefficients. For example, Fortuniak 
et al. (2013); Liu et al. (2017); Wood et al. (2010) and Quan and Hu 
(2009); found a coefficient of 1.6; 1.25; 1.4 and 1.5 respectively. 

The σw
u*

= 1.25(1 + 0.2ζ) function obtained from the re-examined 
Kansas results (Kaimal and Finnigan, 1994) and the σw

u*
= 1.20(1 +

0.2ζ) function proposed by Andreas et al. (1998) are near to the σw/u* 
observed in the site when the atmosphere is stable (Fig. 6). Overall, the 

Fig. 7. The turbulent correlation coefficients rwx (x = u, T, q, CO2) and relative efficiency of H2O and CO2 with respect to temperature during dry (black squares), wet 
(grey triangles), moistening (grey ‘x’) and drying (black ‘+’) seasons for unstable and stable conditions. 
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models obtained from this study for the wind components are quite 
different from those reported in the literature. In particular, the models 
established by Foken and Wichura (1996) and Mauder and Foken (2004) 
clearly overestimate the observations at our site (Fig. 6). This mismatch 
could lead to the elimination of good quality eddy covariance data if one 
uses the models proposed by these authors to test the conditions of 
turbulence development. The same remarks have been emphasized 
previously by Fortuniak et al. (2013) for urban areas. Given the use of 
these similarity functions to assign a quality criterion for half-hourly 
turbulent fluxes, it remains relevant to check whether “local similarity 
functions” agree with those mostly used in the literature (Foken and 
Wichura, 1996; Mauder and Foken, 2004) before using them for further 
quality control analysis. 

5. Conclusion 

The aims of this work are 1) to verify whether the integral turbulence 
characteristics for the three wind speed components and atmospheric 
scalars can be described by the Monin - Obukhov similarity theory for 
each season and stratification regime, and 2) to determine the similarity 
functions for each regime, above an open clear woodland in Northern 
Benin (West Africa). To achieve these aims, a continuous long-term eddy 
covariance data has been analyzed. 

The results revealed a seasonal dependence of all integral turbulence 
characteristics under stable condition and ITCs associated with wind 
speed components under near neutral conditions. The relatively lower 
wind speeds observed in the wet season when the atmosphere is stable 
resulted in relatively higher ITCs. We showed that the seasonal vari
ability of these ITCs could be related to both the wind speed intensities 
and the roughness length, especially in dry season. These favor the wind 
shear leading probably to more dynamical turbulence. A seasonal 
dependence was also observed in the normalized standard deviations of 
humidity under unstable conditions in accordance with the result of 
Lohou et al. (2010). Results also suggested that turbulent transfers are 
less efficient in the wet season than in the dry season, especially those of 
momentum and water vapor under stable stratifications. The heat is 
similarly transferred as CO2 when ζ < − 0.05; this is because radiation is 
the main variable governing such processes. 

Although some ITCs are seasonally dependent, especially under 
stable conditions, all ITCs respect MOST whatever the stratification of 
the atmosphere, except the temperature in near neutrality. In addition, 
the normalized standard deviations, especially those of the atmospheric 
scalars, have shown some scatter, indicating some of the practical lim
itations of the similarity theory. 

The novelty of this study, the first in the whole West African region 
above such an ecosystem, lies in the fact that data-driven models have 
been established for all wind speed components and scalars during all 
stability regimes. In particular, we have demonstrated a mismatch when 
comparing the obtained models with those often used to evaluate eddy 
covariance measurements. As a consequence, the use of the models 
established elsewhere could lead to a rejection (acceptance) of poten
tially good (bad) quality data. This could be investigated in further 
studies. 
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Mainassara, I., Mamane, A., Oi, M., Ouani, T., Soumaguel, N., Wubda, M., Ago, E.E., 
Alle, I.C., Allies, A., Arpin-Pont, F., Awessou, B., Cassé, C., Charvet, G., Dardel, C., 
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