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Abstract: CO2, CH4, and CO are the most critical atmospheric gases in terms of their impact on
the radiative system, air quality, and health. This work provides information on the direction of
source areas and potential sources of emissions and shows many aspects of these gases by a statistical
analysis using bivariate polar diagrams and local weather conditions (e.g., temperature, wind speed,
and wind direction), recorded at the Lamto station (LTO, 6◦31′ N and 5◦2′ W) in Côte d’Ivoire over
the 2014–2018 period. The results show that the main regions contributing to the high concentrations
of CH4 (>1925 ppb) and CO2 (>420 ppm) in the great dry season (GDS), great wet season (GWS),
short dry season (SDS), and short wet season (SWS) are the north and north-west sectors of Lamto.
In these directions, CH4 and CO2 concentrations are associated with wind speeds less than 6 m.s−1,
due to the influences of local sources as emissions resulting from the degradation of organic matter
submerged during the impoundment of the Taabo dam, and/or human activities linked to the
practice of intensive agriculture. In addition, the high concentrations of CO (>350 ppb) are observed
in GDS in the north, north-west, north-east, and east sectors for wind speeds less than or equal to
9 m.s−1, due to the influences of both local and distant sources. The correlation coefficients between
CH4 and CO and between CH4 and CO2 are positive and significant in all sectors. However, those
calculated between CO2 and CO have showed both low and high values in all seasons.

Keywords: CO2; CH4; CO; bivariate polar diagram; weather conditions; Lamto; Côte d’Ivoire

1. Introduction

In atmospheric science, the study of the relationships between CO2, CH4, and CO and
meteorological parameters on the one hand, and correlation and comparison techniques on
the other hand, are very useful. These techniques allow for identifying and characterizing
the various sources of these gases [1] and controlling trends through their emission. More-
over, to better distinguish these emission sources, it is necessary to characterize their spatial
and temporal distributions. For this purpose, analyzing the wind speed and direction at
small and large scales, as well as turbulence and atmospheric stability responsible for the
dispersion of the gaseous compounds, is important. The emission processes of these gases
are also dependent on ambient (or local) weather conditions because they are influenced by
short-wave radiation, temperature, humidity, etc. [2–4].
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The correlation between pairs of gases also leads to characterizing emission sources
rather than studying slopes from regression diagrams [5]. Indeed, Manoli et al. [6] un-
derlined that the analyses derived from the use of simple and static slopes could not be
suitable in many situations. In addition, some simple analysis techniques (e.g., boosted
regression trees, concentration weighted trajectory (CWT), etc.) and identifications (e.g.,
non-parametric wind regression (NWR), potential source contribution function (PSCF)) are
used and provide important information on sources that are difficult to characterize. The
modeling of the receivers is also used very frequently because it takes into account several
aspects, for example, the radiative and boundary layer processes, etc.

This modeling technique has the advantage of identifying and characterizing the
emission sources of CO2, CH4, and CO. However, given the complexity of some boundary
layer processes such as convection and/or turbulence, the air quality models sometimes
have a difficulty in providing information that allows for better identifying and characteriz-
ing emission sources. As a result, in situ data analysis remains one of the most adequate
approaches. Some studies [7–9] have shown that through an innovative technique ap-
plication on in situ data, this approach allows for collecting more information. One of
these techniques is to statistically analyze the atmospheric concentration levels of species
by clustering footprints calculated with the FLEXPART model [10–12]. This technique
allows (1) for characterizing the role of long-range atmospheric transport of air masses
and quantifying its impact on the variability of synoptic, seasonal, and interannual signals
of atmospheric species and (2) establishing source–receptor relationships. Applying this
approach on CO2, CH4, and CO concentrations measured at Lamto over the 2014–2018
period, Tiemoko et al. [12] have shown that high concentrations of these species were ob-
served when the air masses coming exclusively from north-east and North Africa transited
through some West African countries (Ghana, Togo, Benin, Nigeria, Niger, Burkina-Faso).
These authors have shown that these continental emissions explain ~40%, ~74%, and ~66%
of the variances of CO2, CH4, and CO, respectively. The results of this study have led to
specific conclusions and highlighted the impacts of distant emission sources. However,
in order to explain the totality of the CO2, CH4, and CO variances on the site, it is also
necessary to take into account the local impacts such as those resulting from the presence
of the Taabo hydroelectric dam near the Lamto station. Indeed, Rosa and Schaeffer. [13],
Galy-Lacaux et al. [14,15], and Delmas et al. [16] pointed out that these emissions have
proven to be significant in a tropical environment.

These facts here show the necessity of using another innovative technique, which is the
bivariate polar diagram [17,18] through the package Openair [19] for the R programming
environment. This bivariate method, which takes into account the local meteorological
conditions, in particular, wind speed and direction, is effective to determine potential
emission directions of the gases and their correlations between each wind sector. It is now
widely used by a large part of the scientific community for the air quality and climate
change studies [20]. These applications have shown good results in the determination
study of the potential emission sources of gases [21,22] and atmospheric pollutants [23,24].

This study aims to analyze the temporal relationships existing between local me-
teorological parameters and CO2, CH4, and CO, which are known for their significant
contributions to radiative forcing [25]. Therefore, we will determine the dominant sources
and identify the trends of their variations, as well as the probable causes of the high con-
centrations measured sometimes at the LTO station over the 2014–2018 period, using the
Openair package functions in the R environment.

This work is structured as follows: Section 2 describes the study area, data, and
methods used. Section 3 presents the results and discussion. Finally, we conclude and
provide some perspectives on future improvements of the work.
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2. Material Data and Method
2.1. Study Area

The region of Lamto (5◦2′ W and 6◦13′ N, Figure 1) is in an equatorial transition
climate [26]. Indeed, to simplify, Devineau [27] underlines that the rainfall regime at Lamto
is governed by a struggle influence between the monsoon in the south and harmattan in the
north. In the confluence area, the moist air (i.e., monsoon) is more or less depressed under
the hot and dry air mass (i.e., harmattan). The delimitation zone at the ground between
these two air masses is the intertropical front (FIT) and it is inclined from south to north.
This front moves from south to north and from north to south during the year in relation to
the thermal equator [28] and, at Lamto, it provides a rainfall regime of four seasons (i.e.,
two rainy seasons and two dry seasons).
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Figure 1. (a) Localization map of the Lamto region of Côte d’Ivoire (5◦2′ W and 6◦13′ N). The
green point indicates the location of Lamto, numbers in red are the mean annual precipitation
(1962–1997) of some synoptic stations, and the types of vegetation are located from north to south.
(b) Spatial distribution of land occupations. (c) Zoom image on the vegetation of Lamto (Adapted
from Tiemoko al. [12]).

The great wet season is from March to July (GWS), while the short wet season is from
September to November (SWS). Then, the great dry season appears from December to
February (GDS), while the short dry season (SDS) is confined to August. The mean annual
rainfall amount and temperature are 1200 mm and 27 ◦C, respectively. The vegetation
is mainly wet savannah (80% of the area) and forest (20% of the area). Anthropogenic
activities are those related to agriculture, fishing, and livestock farming. The Lamto region
is influenced by annual passes of bush fires destroying about 80% of the aboveground
biomass [29].

2.2. Data

The meteorological parameters (ground-base observation), such as temperature and
wind speed and direction, as well as CO2, CH4, and CO concentrations used in this work
were measured simultaneously over the 2014–2018 period at Lamto. CO2, CH4, and CO
concentrations were measured using the CRDS_Picarro_G2401 instrument. This instrument
model, based on cavity ring-down spectroscopy, has linear and stable responses, and it is
recognized for its high accuracy in measuring the molar fractions of CO2 (ppm), CH4 (ppb)
and CO (ppb). At Lamto, CRDS shows accuracies below 0.1 ppm, 0.5 ppb, and 16 ppb for
CO2, CH4, and CO measurements, respectively (see Tiemoko et al. [4,12]).
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Continuous measurements are calibrated to the international reference scale of the
World Meteorological Organization (WMO) using six calibration tanks from the Laboratory
of Climate and Environmental Sciences (LSCE). The air analyzed is taken continuously at
the top of a 50 m tower. The measuring system, data processing, and calibration strategy
are explained by Tiemoko et al. [4,12].

2.3. Methods
2.3.1. Bivariate Polar Plots

Bivariate polar diagrams show how a concentration of a gas varies with both wind
speed and direction in polar coordinates [18]. These diagrams have shown their perfor-
mance in a variety of situations, such as characterization of airport sources and character-
istics of dispersion in “canyon” streets (i.e., streets subject to atmospheric releases from
traffic) [19]. Wind direction and speed can be very important in discriminating various
sources of emission [30]. The diagrams use a useful graphical technique that can provide
directional information on sources as well as concentration dependence on wind speed or
temperature from polar coordinates [20].

To simplify, the bivariate polar diagrams are constructed in the following way: First,
the wind speed, wind direction, and concentrations data are divided into classes of wind
speed and direction, and mean concentrations calculated for each class. The wind compo-
nents are explained by Equation (1):

u = usin(
2π

θ
); v = ucos(

2π

θ
) (1)

where u is the mean hourly wind speed and θ is the mean wind direction in degrees with
origin of 90◦ E.

2.3.2. Bivariate CPF Methodology

The conditional probability function (CPF) [31] analyzes the impacts of point sources
from different directions and wind speeds. It estimates the probability so that the measured
concentration exceeds a fixed threshold for a given wind sector [31–33] while determining
the direction of the source zones that significantly affect the receptor site [34]. In this study,
four wind sectors (i = 90 degrees) were chosen and the threshold values were fixed at the
75th percentile over the entire study period in the four seasons of the Lamto rainfall regime.
Here, the threshold percentile choice takes into account the distribution of concentrations
as a function of wind speed and direction, and the trend of CO2, CH4 and CO species
obtained at Lamto area by Tiemoko et al. [12] over the 2014–2018 period. The CPF function
is defined by:

CPF∆θ =
m∆θ/C≥X

n∆θ
(2)

where m ∆θ is the number of samples or the number of exceeded pollution threshold in the
wind sector ∆θ, the concentration C is greater than or equal to a threshold value X, and
n∆θ is the total number of samples or the total number of hourly data from the same wind
sector ∆θ.

3. Results and Discussion
3.1. Local Meteorology

The wind regime (Figure 2) shows a predominance of south and south-west wind
sectors during the GWS, SDS, and SWS seasons over the 2014–2018 period. The presence
of these winds from the south and south-west sectors shows the significant influence of
the monsoon flow in the region. However, in GDS season, the predominant winds are
observed in three different sectors (i.e., south, south-west, and north-west). In contrast,
Lamto does not show predominant winds in the northeastern sector, where the highest
wind speed values are available. North-east winds are characteristic of the harmattan flow
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in the GDS season [35,36]. Winds from the southwestern sector are the majority and their
frequency of occurrence is about 27%.
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Figure 2. Seasonal wind increases over the 2014–2018 period at Lamto. GDS, GWS, SDS, and SWS
are the great wet, the great dry, the short wet, and the short dry seasons, respectively. Colors indicate
the wind speed scale.

To compare quantitatively the variation in wind speed over the four seasons, statistics
including the hourly average, minimum and maximum values of wind speed are presented
in Table 1. The average hourly small-scale wind speeds observed are 2.48, 2.49, 2.55,
and 2.21 m. s−1 in GDS, GWS, SDS, and SWS, respectively, indicating the existence of
relatively weak advection conditions affecting the Lamto area. Indeed, Adler et al. [37]
during the DACCIWA (dynamics–aerosol–chemistry–cloud interactions in West Africa)
ground-based field campaign emphasize that advection conditions are considered weak
when the average wind speed is inferior to 3 m. s−1. The maximum wind speed was
11.15 m.s−1 in GWS, which was 4%, 15%, and 20% higher than in GDS, SDS, and SWS,
respectively. The minimum wind speed was quite similar for all four seasons.

Figure 3 shows the average diurnal cycle of temperature (a), wind speed (b), and
wind direction (c) during the four seasons of rain regime (GDS, GWS, SDS, and SWS) over
the 2014–2018 period at Lamto. Temperature shows pronounced seasonal diurnal cycles
with average amplitudes of ~9.3 ◦C, 6.6 ◦C, 5.1 ◦C, and 6.6 ◦C in GDS, GWS, SDS, and
SWS, respectively (see Table 2). These amplitude values indicate that during GDS, the
temperature variations are significantly larger than the other three seasons, which show
almost similar diurnal variations. Thus, the high magnitude value observed during the
GDS could be due to the fact that this season is subject to favorable conditions for the rapid
increase (fires) and decrease (harmattan) in temperature on a diurnal scale. During all the
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seasons, the average hourly minimum temperature was observed in the early morning
(05:00 to 06:00 local time), while the maximum value in the early afternoon (14:00 to 16:00
local time). Moreover, diurnal cycles of wind speed (Figure 3b) show two significant peaks
at around 9:00 am and 7:00 pm and minimum values in the early morning (6:00 am to
8:00 am local time) and in the afternoon (1:00 pm to 3:00 pm local time) during the different
seasons. The wind speed minimum is in phase with the temperature minimum, while
the wind speed maximum occurs about 3 h after the afternoon temperature maximum.
As for the amplitude values (Table 2), we observe low and quasi-similar average values,
indicating a less significant change from one season to another in wind speed on a diurnal
scale. Since the diurnal cycles of wind speed and temperature are quite pronounced during
the different seasons, it was evident that the trend of day and night data of CO2 and CH4
that is highly dependent on these environmental parameters at an hourly scale, would
be significantly different. In Figure 3c, it clearly appears that the diurnal cycle of wind
direction in GDS is well pronounced (Table 2), similar to temperature (Figure 3a). During
this season, the minimum value of wind direction is reached between 00:00 and 02:00 local
time, which is associated with an average direction between 150 and 162◦ (south-east),
while the maximum observed between 15:00 and 17:00 local time is associated with an
average direction between 250◦ and 260◦ (south-west). However, GWS, SDS, and SWS
show diurnal cycles of wind direction that vary very little from one time of day to another
and from one season to another.
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Table 1. Wind data statistics for the four seasons GDS, GWS, SDS, and SWS.

Seasons
Wind Speed (m.s−1)

Average Minimum Maximum

GDS 2.48 0.21 10.84
GWS 2.49 0.15 11.15
SDS 2.55 0.26 9.36
SWS 2.21 0.23 8.35

Table 2. Diurnal seasonal amplitudes of temperature and wind speed during the four seasons (GDS,
GWS, SDS, and SWS) of the rainfall regime in Lamto over the 2014–2018 period.

Seasons
Diurnal Amplitude

Temperature (◦C) Wind Speed (m. s−1)

GDS 9.30 1.26
GWS 6.63 1.52
SDS 5.09 1.65
SWS 6.55 1.34

3.2. CPF and Bivariate Polar Plots
3.2.1. CH4

Figure 4 shows polar diagrams with two variables (i.e., temperature and wind direc-
tion, wind speed and wind direction) and the CPF of CH4 during the four seasons of the
rainfall regime (i.e., GDS, GWS, SDS, and SWS) at Lamto. Figure 4a shows that high values
of concentrations of CH4 (>1850 ppb) come from the northwestern and northeastern sectors
with agricultural areas and the Taabo hydroelectric dam, except for the SDS season for
which concentrations are below 1850 ppb. These concentrations are highest during the GDS
season, coinciding with the bushfire regime in the region. However, it should be noted
that fires in tropical forests tend to produce more carbon monoxide (CO) and CH4 per unit
of fuel burned [38]. Frequency and severity of droughts accentuate the occurrence of fire
events, and emit large amounts of CH4 into the atmosphere due to incomplete burning
of forest biomass [39,40]. During the year, high concentration values are associated with
wind speeds less than 6 m.s−1. In addition, the CPF function (Figure 3c) indicates that
only 25% of the concentration values above 1906 ppb come mainly from sources of the
north-west sector in GWS and SWS, and from all directions in GDS. These emission sources
of CH4 are local (i.e., wind speed is <6 m.s−1) and are related to the anthropogenic activities
above-mentioned. In the GDS season, these emissions are partly related to harmattan
wind fluxes. These winds blow from north to south carrying desert dust [35,36,41] and
polluted air masses due to Sahelian biomass fires [41,42]. Tiemoko et al. [12] showed that
these harmattan winds in the GDS season significantly contributed to the increased CH4
concentration and explained ~64% of its variance. In addition, the heat maps of CH4
concentrations (Figure 4b) show that the significant concentration values during all seasons
(>1970 ppb in GDS, >1925 ppb in GWS, >1850 ppb in SDS, and >1950 ppb in SWS) are
recorded in the north-west direction with temperature values between 20 ◦C and 26 ◦C.
However, at the diurnal scale, a lack of clear and significant correlation between temper-
ature and CH4 concentrations is found. These observations highlight the complexity of
the relationships between these two variables. Indeed, Figure 4 shows variable effects of
temperature from one season to another. The distributions of the significant values of CH4
concentrations are in no way related to any particular variations in temperature.
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3.2.2. CO2

Figure 5a,b show two-dimensional polar views of the CO2 concentrations recorded
at Lamto, as a function of wind speed (Figure 5a) and temperature (Figure 5b). Figure 5a
shows that the lowest molar fractions of CO2 are recorded in SDS, which is in accordance
with the general annual cycle observed in the work of Tiemoko et al. [4] (see Figure 5a of
Tiemoko et al. [4]). On the other hand, the significant CO2 concentration values (>420 ppm)
are recorded in the GDS, GWS, and SWS seasons, and in the north and north-west directions.
In these directions, significant concentration values are associated with wind speeds less
than 6 m.s−1, which reflect the influences of local emission sources [41]. A similar study [43]
has pointed out that the lower the wind speeds (~5 m.s−1), the higher the concentrations
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recorded are from local sources. Furthermore, in terms of the contribution of long-range
transport, Tiemoko et al. [12] pointed out that continental air flows explain 40% of the
variance in CO2 concentration. These different results show that the local and regional
influences on air quality in the Lamto region are predominantly from the north, north-east,
and north-west sectors, suggesting the main directions of local and regional emission
sources. In Figure 4b, it appears clearly that the variations in CO2 concentrations depend
on temperature variations in all directions and in all seasons. In addition, significant CO2
concentration values (≥415 ppm) are associated with areas where the temperature is below
27 ◦C. These observations highlight the effects of the atmospheric boundary layer (ABL)
and the photosynthesis and respiration activities of the vegetation in the CO2 concentration
levels. Indeed, for low temperatures generally at night, dispersed CO2 plumes are brought
down to ground level in stable atmospheric conditions under a contracted boundary layer,
which induces an accumulation of emissions from local sources. On the other hand, during
the day, the high temperatures contribute to diluting the CO2 concentration levels under
an unstable and dilated boundary layer. These observations are also shown in the work
of Gu et al. [44] and Tiemoko et al. [3]. Tiemoko et al. [4] reached the same conclusion in
the Lamto area over the 2008–2018 period. They observed a strong contrast between daily
and nighttime values of CO2. Indeed, these authors showed that the temperature is one of
the main factors influencing the carbon dioxide produced by vegetation. This influence
is significant on the seasonal concentration and its diurnal variation. The conditional
probability function (Figure 5c) shows that the over threshold value at the 75th percentile is
423 ppm. These over thresholds come mainly from sources in the north-west (GDS, GWS,
and SWS), north-east (GWS, SWS, and SDS), and south-east (SDS) sectors, corroborating
the previous results.

3.2.3. CO

Figure 6a,b show two-dimensional polar distributions of CO concentrations recorded
at Lamto, as a function of temperature (Figure 6b) and wind direction (Figure 6a). Thermal
maps for CO (Figure 6b) show high concentration values (>225 ppb) in GDS and GWS
seasons. In GWS, these significant values are associated with temperatures above 32
◦C, while low concentration values (<225 ppb) are related to temperatures below 32 ◦C.
This indicates that the temperature is positively correlated with CO in this season. These
observations were also observed from March 12th to April 1st, 2009 in central Christchurch
in the middle of the east coast of the Southern Island of New Zealand [45]. This positive
correlation between temperature and CO could be attributed to the influences of agricultural
activities (i.e., burning) in the area that have an impact on local meteorology. Furthermore,
in GDS, significant CO concentrations are observed for all temperature ranges, which
would indicate the domestic heating influence and combustion by biomass fires during
the season. Indeed, GDS represents the great dry season at Lamto and, in this period, fire
regimes are particularly intense [4,26]. In addition, the highest concentrations (>375 ppb)
come from the north, north-east, east, and east-south sectors. In SWS and SDS seasons,
CO concentrations are below 200 ppb for all temperature ranges. These observations
could result from the inactivity of potential CO emission sources. The velocity and wind
direction maps (Figure 6a) associated with CO concentrations indicate that the significant
concentration values in GDS (>350 ppb) come from the north, north-west, north-east, and
east sectors despite the greater wind advection (i.e., prevailing winds) in the south and
south-west directions (Figure 2). However, these high concentrations are observed for wind
speeds between 1 m.s−1 and 9 m.s−1. These observations suggest the existence of two
types of sources. Local sources characterized by wind velocities below 6 m.s−1 and regional
sources for wind velocities above 6 m.s−1. Regional sources are probably associated with a
harmattan flow plume carrying polluted air masses over long distances, as explained in
Section 3.2.1 in the case of CH4 [4]. These concentration hot spots in the GDS season are
consistent with those observed in the north-west direction for CH4 and CO2. This suggests
that active emission sources in GDS are similar. In addition, CO concentrations vary very
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slightly depending on the characteristics of the wind (i.e., wind speed and direction) in the
SDS and SWS seasons. The significant CO concentrations in GWS season are between 225
and 300 ppb in the south, north, and north-west directions and have a similar distribution to
that of GDS. In addition, the seasonal probability function (Figure 6c) at the 75th percentile
threshold shows that in GDS and SDS, the high CO concentrations (≥265 ppb) have very
significant contributions in the north-west, north-east, and east-south directions. These
different seasonal orientations could be due to the seasonal changes in wind fields [46]. On
the other hand, GWS and SWS seasons do not contribute to the 75th percentile threshold of
CO concentration levels, which is explained by the fact that anthropogenic activities (e.g.,
agricultural burns, bush fires), which are considered the main source of emissions of CO,
are dormant during this period of the year.
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(◦C) (b), and CPF plots (c) of CO concentrations over the 2014–2018 period at Lamto.

3.3. Correlation Statistic

In this work, the correlation statistic is very useful to characterize the behavior of CH4,
CO2, and CO gas concentrations emitted in the atmosphere. Similar emission sources or
gases that undergo similar chemical and/or physical transformations in the atmosphere
present high and significant correlation values [1]. In addition, Fu et al. [47] emphasized
the importance of correlation statistics in assessing the intensity of regional emissions of
air pollutants and greenhouse gas emissions. Moreover, this method allows for the assess-
ment of concentration exchange levels in source–receptor relationships in the observation
areas [12,47,48].
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The model applied here is the weighted Pearson correlation (R) [49] spatialized by
polar diagrams. Polar diagrams allow for a simple and more robust analysis of correlations
with respect to scatter plots. Indeed, these polar diagrams take into account the local
meteorology by providing several correlation values that depend on the climatic variable’s
behavior used (for example, wind speed and direction).

Figure 7a shows the polar diagram of the correlations between CH4 and CO obtained
as a function of wind speed and direction. The concentrations of CH4 and CO show high
and significant correlations (R ≥ 0.8; p-value < 0.001) in all directions in GDS and in the
north-east, south-east, and south-west directions in the GWS and SWS seasons. These high
and significant correlations show that CH4 emissions are due to a sum of contributions
from various active sources (e.g., livestock, garbage, etc.) alongside biomass combustion
that are present in the same season and areas. They are established for wind speeds
lower than 10 m.s−1 in GDS and 12 m.s−1 in GWS season. This indicates that CH4 and
CO emission sources are both local and distant [4,12]. In SWS season, these high and
significant correlations are mainly observed for wind speeds higher than 4 m.s−1. On the
other hand, the very low correlations (R < 0.4) are observed during GDS in the northern
direction for wind speeds of ~10 m.s−1, in the north-west and north-east directions in
GWS season, for wind speeds of ~2 m.s−1, ~4 m.s−1, and ~9 m.s−1, in the west, north,
and south-east directions during SWS season, for wind speeds of ~4 m.s−1 and ~5 m.s−1.
In SDS, very low correlations are mainly observed for wind speeds below 6 m.s−1 in the
west, north-east, east, and north-west directions. However, CH4 emission sources in the
north-west sector come from wetlands due to the Taabo hydroelectric dam and Bandama
river, whereas those in the north, north-east, south-east, and east sectors could come mainly
from combustion products. The positive and significant correlations observed between CO
and CH4 at Lamto region, a rural humid savannah area, are believed to be attributable to
anthropogenic emissions.

Figure 7b shows the correlations between CO2 and CO concentrations estimated as a
function of wind speed and direction. We observe (Figure 7b) overall low, but significant
(R < 0.5; p-value < 0.001) correlation values between CO2 and CO in all sectors during
the GDS and SWS seasons. In GWS season, we observe correlation values are between
0.5 and 0.6 in all directions. However, the correlation values obtained for the SDS season
are all non-significant, indicating the absence of values in the diagram. We recall that
this method only presents the correlation values when the significance is greater than
95 percent (i.e., p-value < 0.05). CO2 and CO emissions in the north-west directions in
GDS, and in the north-east directions in GWS and SWS seasons come from both near and
far sources, while those in SDS are mostly local. Moreover, these correlation variations
could be due to the effects of the emission/absorption binomial, which controls the CO2
concentration levels, unlike those of CO. These observations are also shown in the work of
Tiemoko et al. [4,12] with correlation values oscillating between 0.21 and 0.63, indicating
the influence of terrestrial biosphere fluxes on the atmospheric CO2 level. Indeed, CO2
concentrations in the atmosphere may vary due to the biosphere absorption, while CO
molecules can be removed by the reaction with OH radical [50]. Therefore, the variations
of CO2 and CO concentrations in the atmosphere are due to different processes. Most
recently, Tiemoko et al. [4] highlighted a strong monthly variability of the CO2/CO ratio in
Lamto from 2008 to 2018 with maximum and minimum values of around 0.15 ppm/ppb in
June and 0.01 ppm/ppb in January, respectively. The amplitude between these values is
0.14 ppm/ppb or 93.33% deviation. This high amplitude associated with the additional
effects of temperature and wind speed and direction can explain the different correlation
variations between CO2 and CO.
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Figure 7. Polar diagram of the correlations between CH4 and CO (a), CO2 and CO (b), and CO4 and
CH4 (c) over the 2014–2018 period at Lamto.

Figure 7c shows the polar diagram of the correlations between CO2 and CH4 obtained
as a function of wind speed and direction. The correlations are positive, high, and significant
(R > 0.8; p-value < 0.001)) in the north-west, south-west, and south-east sectors in GDS, in
the north-east sector in GWS, and finally in the east-north-west sectors in SDS and SWS
seasons. These significant correlations in the different directions cannot be clearly explained.
However, some studies [51,52] have pointed out that global CO2 and CH4 measurements
in some sites show significant mixing rates of both gases at high latitudes during winter
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in the northern hemisphere, and then decrease towards the equator. Indeed, due to the
persistent latitude gradients, mixing air mass from these different latitudes generates
positive correlations between CH4 and CO2 [51]. Moreover, the seasonal amplitude values
(~13.60 ppm for CO2 and ~75 ppb for CH4) calculated in the work of Tiemoko et al. [4] over
the 2008–2018 period would indicate that these emissions are the result of local sources
rather than advection of air mass from higher or lower latitudes. These sources, although
local, could be of anthropogenic origin. The significant correlation values calculated in
all seasons are associated with both low (<6 m.s−1) and high (>6 m.s−1) wind speeds.
However, the low correlations obtained for wind speeds less than 6 m.s−1 would result
from the effect of CO2 absorption by the biosphere on the one hand, and/or of the CH4
emissions from wetlands on the other hand. Thus, the causes of low correlations calculated
for wind velocities greater than 6 m.s−1 remain unknown. It should be noted that the air
masses analyzed can sometimes cross several areas (cf. work by Tiemoko et al. [12]), and
therefore some of the causes of the correlation’s variations could be related to these regions.
For example, Touré et al. [36] showed that air masses from Sahelian regions containing
dust can reach the Gulf of Guinea. Also, the atmospheric circulation in the lower layers
in West Africa shows a predominance of harmattan flow [12,28,53] from the north and
north-east towards the coastal regions of the Gulf of Guinea (e.g., Lamto region) during the
GDS season. These air mass cross-regions are considered as relatively important sources of
CO2 and CH4 high emissions (see Figure 8 in [54]).

4. Conclusions

Time series of atmospheric CO2, CH4 and CO concentrations recorded at Lamto over
the 2014–2018 period were analyzed by a statistical approach using bivariate polar diagrams
and associated CPFs taking into account local meteorological parameters (i.e., temperature
and wind speed and direction). The significant CO, CO2, and CH4 concentration values
appear systematically in GDS season. The preferred sectors of significant concentrations
are west-north-east directions for CH4 with wind speeds less than 6 m.s−1 during the
year. These emission sources are local and related to human activities. Also, the CPF
function indicates that 25% of these concentration values come mainly from north-west
sector sources associated with temperature between 20 ◦C and 26 ◦C. However, there is no
clear and significant correlation between temperature and CH4 concentration levels.

On the other hand, CO2 concentration variations show a certain dependence on
temperature variations in all directions and seasons. This highlights the combined effects of
the boundary layer and biospheric activities on changes in CO2 concentrations. Significant
concentration values are associated with wind speeds below 6 m.s−1, reflecting the influence
of local sources.

The CPF shows that concentration over thresholds at the 75th percentile vary signifi-
cantly from one season to another and come mainly from sources in the north-west (for
GDS, GWS, and SWS seasons), in the north-east (for GWS, SWS, and SDS seasons), and
south-east (for SDS season) directions. In addition, thermal maps for CO show that high
concentrations during GWS season are associated with temperatures above 32 ◦C and low
concentration values are related to temperatures below 32 ◦C. The significant concentrations
in GDS mainly come from the north, north-east, east, and south-east directions with wind
speeds between 1 m.s−1 and 9 m.s−1. The emission sources are both local and regional, and
the large-scale impact is the incursion of the harmattan flow that carries polluted air masses
from long distances. Correlation coefficients calculated between pairs of gases show very
significant correlations (≥0.8) between CH4 and CO in all directions in GDS season, and in
the north-east, south-east, and south-west directions in GWS and SWS seasons for wind
speeds less than 10 m.s−1 (for GDS) and less than 12 m.s−1 (for GWS). These correlations in-
dicate a similarity between the CO and CH4 emission sources in all sectors. These emission
sources are both local and regional. On the other hand, CO and CO2 concentrations show
very significant correlations in the north-west directions in GDS, and in the north-east in
GWS and SWS seasons. However, in SDS, the correlations are low and the emission sources
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are mainly local. Furthermore, the positive and significant correlations (>0.8) calculated
between CO2 and CH4 are present in the north-west, south-west, and south-east sectors in
GDS, in the north-east sector in GWS, and finally in the east-north-west sectors in SDS and
SWS seasons. These correlation values are associated with both low (<6 m.s−1) and high
(>6 m.s−1) wind speeds, while low correlations are obtained for wind speeds above 6 m.s−1.
In addition, bivariate polar plot methods that take into account the local meteorological
variables, particularly wind speed and direction, are certainly effective in determining the
directions of gas emission, but wind analysis cannot be directly associated with a distance
in order to correctly locate the sources. Thus, the implementation of other methods to
determine the distance between the receiver (i.e., measurement point) and the transmitter
(i.e., source) would improve interpretations and better affect the location of local sources.
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