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1. Introduction 

Concentration of key air pollutants depends strongly upon the stability conditions in the lower atmosphere. 

Thermal inversions, atmospheric stability, and mixed layer height are probably the most important 

meteorological conditions controlling atmospheric pollution dispersion [1]. Many studies on the effect of 

atmospheric conditions on air pollution related air pollution episodes with temperature inversions [2, 3, 4, 5] and 

several of the inversion climatologies are restricted to the surface inversions or the first elevated inversions [6, 

7, 8] as above the 700 hPa pressure level, both the frequency of occurrence and the mean potential temperature 

difference of inversions decrease very rapidly [9] and above 400 hPa, many inversions were found to be 

associated with the tropopause [10]. The first stable layer encountered in a temperature profile is, in many cases, 

an inversion layer and is important at the local scale, as it plays a central role in controlling air pollution 

dispersion [10]. Indeed, the nocturnal cooling of the ground is the main factor for the occurrence of the 

radiational inversion, with its base-height at the surface of the Earth (i.e. surface-based inversion). However, 

depending upon the large-scale synoptic meteorological forcing, an upper level thermal inversion can also exist 

topping the local Atmospheric Boundary Layer (ABL).  

The ABL is the lowest part of the troposphere in permanent contact with the Earth’s surface and responds to 

thermal and roughness surface forcing in timescales of minutes to hours [11]. Its state is conditioned by synoptic 

large-scale meteorological processes like horizontal air mass exchange for example under a cyclonic air mass 

advection [12] or an adiabatic compression through the formation of a high pressure anticyclone, on upper 

tropospheric levels [13, 14]. These large-scale synoptic processes constrain the temperature of the air mass in 

tropospheric levels without initial connection to the local surface temperature forming vertically localized 

positive upward thermal gradients called elevated inversion layers [15, 16]. Hence, subsidence inversions occur 

due to higher level, broad-scale sinking motions associated with high pressure systems along with lower level 

turbulence within the surface mixed layer [17]. The subsidence inversion will then be below the level of zero 

horizontal divergence where the vertical velocity will be maximized [10]. At daytime, elevated inversions are 

caused not only by subsidence but also by turbulence (turbulence inversion) that cools the air just below them 

owing to adiabatic expansion [10]. 
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Abstract 
 

This work examine the characteristics of the low-level (surface-based and elevated) 

temperature inversions above Abidjan (Ivory Coast) to a pressure level of 700 hPa by 

using daily (midnight and midday) upper-air meteorological data over the period 2007-

2015. The monthly and vertical variations of inversions, characterized by vertical 

gradients of temperature (strength), potential temperature, dew point temperature, 

depth, and inversion index, were studied. On the monthly basis, it is worth noting that 

elevated inversions were more common throughout the year than surface-based 

inversions. The frequency peak of elevated inversions was found in summer months 

whereas the peak of surface-based was in winter. Moreover, for the both midday and 

midnight soundings, the strongest inversions occurred in summer but a relative 

maximum strength of inversions was evidently shown in winter. The vertical variations 

of the characteristics of inversions helped us to highlight the types of inversions and the 

physical processes associated. The role of radiation inversions for air pollution 

dispersion was also discussed. 
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The climatology of the both surface-based and elevated inversions are found in the literature and are described 

by several authors using data from radiosondes [6, 7, 8]. Very few descriptions of temperature inversions have 

been made in West African coastal regions. Given the typical feature of the atmosphere of these regions, 

characterized by high activities of subtropical anticyclones of Azores in winter and St Helena in summer, high 

surface temperatures in summer inducing turbulent mixing in the ABL and an increased nocturnal cooling of 

Earth’s surface during winter clear nights, the study of low level temperature inversions should highlight 

important features to be described. However, the lack of upper-air soundings over relatively long periods at the 

West-African coastal stations is an important issue. Because of the importance of the inversion layers and their 

link with pollutions, it is worth noting to study their behavior and the variations in their general characteristics. 

The present work is one of the first known investigation that address the analysis of the thermal inversions in 

Abidjan. In this paper a comprehensive study on the diurnal cycle of inversion layers characteristics up to 700 

hPa including their frequency of occurrence, depth, strength, intensity and their physical origin, using 

radiosonde data from Abidjan upper-air station will be undertaken, aiming to examine the effect of local factors 

and large scale synoptic conditions. 

 

2. Data and methodology 

This study is based on the statistical analysis of the upper air data collected over a period of nine years from 

2007 to 2015. Abidjan, as shown in figure 1, is situated in the west–african coastal region (5°15’ N, 3°55’W) at 

an elevation of 8 m, in an extensive area of low relative relief. 

The radiosonde data are extracted from the NOAA’s Integrated Global Radiosonde Archive (IGRA) which 

consists of radiosonde and pilot balloon observations at over globally distributed stations. In order to study the 

diurnal cycle of low-level temperature inversions,  both daytime and nighttime radiosonde are needed. Except 

Abidjan upper-air station located at the international airport, there is no other station at the Guinean coast that 

continuously provides available daily radiosonde data (midday and midnight); soundings in Lagos, Cotonou, 

Lome or Accra either stopped several years ago or were non-homogeneous. Although in Abidjan there is a lack 

of data between 2000 and 2007, except this period, the radiosonde data are quasi-continuous as shown in figure 

2 which represents the monthly series of the total number of soundings from 2000 to 2015. It can be noted that 

more than 60% (respectively 80%) of the midday and midnight soundings have an average monthly number of 

observations greater than 25 over 30 (respectively 15 over 30). This looks like a good score, given the 

difficulties related to the upper-air soundings in the region. 

 
Figure1: Geographical location of Abidjan. 

The data are based on the so-called significant levels, between surface and 700 hPa for the both midday and 

midnight soundings. Variables include pressure, temperature, geopotential height, dew point depression, wind 

direction and wind speed (for further details on the data, see the NOOA’s website). The isobar level of 700 hPa 

is chosen as the reasonable upper limit for the study of the tropospheric inversion climatology as above that 

pressure level both the frequency of occurrence and the mean potential temperature difference of inversions 

decrease very rapidly [9]; where adjacent inversions were found, they were merged together to give a deeper 

inversion.   
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Figure2: Monthly time series of the number of (a) midnight and (b) midday soundings at Abidjan upper-air station. 

 
 For each layer that contains an inversion, the height of inversion base Hb, the depth of the inversion 

layer (∆H: difference in altitude between the top and the base of the inversion), and the strength of the inversion 

(∆T : difference in the dry-bulb temperatures between the top and the base of the inversion) are computed. In 

addition, two more properties are taken into account: the difference in dew point temperature between the top 

and the base of the layer (∆Td) and the difference in potential temperature between the top and the base (∆θ), 

called “intensity” of inversion. The intensity of inversions is directly proportional to their ability to inhibit the 

vertical movement of pollutants [10]. So, ∆θ is an important variable, particularly from the point of view of air 

pollution, since it denotes the ability of the inversion to inhibit vertical diffusion throughout its depth [10]. The 

value of ∆Td is a potential indicator of the physical origin of an inversion. Within anticyclonic subsidence 

inversions the dew point temperature decreases with height [18], and in frontal inversions, depending on the 

type of frontal inversion, it usually increases [19].  

 In this study, emphasis is placed on the monthly variation of the characteristics of temperature 

inversions to bring out their seasonal fluctuations. As the period covered by the study is not too long, 

interannual variations are not taken into account although they could give important indications about the 

impact of climate variability on inversions. So, the temperature profile data are derived and tabulated on a 

monthly basis. The statistical analysis of the temperature data is performed to determine the type, height, 

strength and intensity of the thermal inversions in the period covered by the study. Temperature inversions are 

identified using the detection algorithm developed by [20]. To find the frequencies with which surface-based 

and elevated inversions occur each month, the equations described by [21] are used: 

                                                                     (1) 

                                                                             (2) 

                                            (3)                        

                      (4) 

where Felev, FSBI and Fall are respectively the frequency of occurrence of elevated, surface-based and all 

inversions, Nelev and NSBI are respectively the number of elevated and surface-based inversions, Ninv is the total 

number of inversions, and Nall is the total number of soundings including those soundings in which an inversion 

was not detected. Therefore, although Fall is the frequency of occurrence of all inversions, Felev and FSBI are the 

frequency with which inversions, when present, are elevated or surface-based respectively [21]. For each 

sounding profile, it was possible to find several layers of temperature inversions. Hence, when considering a 

certain period of time (e.g. monthly), Ninv could be greater than Nall, so that Fall could possibly be greater than 

100%.  
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Then, a method utilized by Milionis and Davies (1992) is experienced: the atmosphere is separated into layers of 

50 hPa each, from surface up to the 700 hPa pressure level, to study the vertical variation and the diurnal cycle 

of the inversions characteristics. For each layer the mean ∆T , ∆H, ∆Td, and ∆θ are calculated and plotted as a 

function of the mean pressure of the layers. A simple index, defined by the authors, given by the product of the 

mean ∆θ at the layer and the number of inversions in the layer, is used to combine the frequency and the 

intensity of the inversions. 

 

3. Results and discussion 

Figures below depict the monthly variation and the vertical variation of the main characteristics of temperature 

inversions at Abidjan upper–air station. The standard deviations calculated for each parameter are not drawn in 

any of the figures that will be presented later in order to avoid unnecessary complexity. 

3.1. Monthly variations of the temperature inversions characteristics 

Figure 3 shows the monthly averaged frequency of surface-based inversions, elevated inversions and all 

inversions, calculated using the expressions from (1) to (4) above. 

Throughout the year, the surface-based inversions are more common than the elevated inversions. In general, 

the midday variation in the frequency of surface-based and elevated inversions does not show any evident 

particularity. At midnight, it can be seen that surface-based inversions are more common in winter months and 

there is a decreasing trend from January to October. The nocturnal maximum frequency of the surface-based 

inversions during winter months is closely related to the diurnal amplitude of surface temperature. This can be 

explained by clear skies during winter nights that promote cooling at the surface and by the relative stability in 

the boundary layer that reduce turbulent mixing. Such conditions could allow surface-based inversions to persist 

undisturbed for longer periods during the winter. In turn, in summer months, cloudy skies during nights and 

turbulent mixing in the ABL at daytime result in a reduced frequency of surface-based inversions and produce 

turbulent inversion in altitude that increase the frequency of elevated inversions. The two inversion types have 

opposite frequency trends, each type favored by different atmospheric conditions. 

Moreover, a clear change in the frequency of all inversions is evident in winter (December–January) and in 

summer (July–August–September) when the maxima are reached. This is due to the frequency peak of surface-

based inversions and elevated inversions in winter and summer months respectively. The monthly variation of 

the mean strength and the mean depth of all inversions are shown in figures 4 (a) and (b). The strongest 

inversions occur in summer (1.35°C at midday, 1.15°C at midnight), with another relative maximum strength in 

winter (0.95°C at midnight, 0.82°C at midday) and match well with the maximum frequencies described earlier. 

In summer where elevated inversions are more common, the midday strength is greater than the midnight 

strength. Indeed, the frequency of elevated inversions (of anticyclonic origin) is increased by turbulence and 

convective inversions generated by the turbulent mixing observed in daytime. On the other hand, in winter, 

inversions are stronger at midnight only in January and this is due to the effect of surface-based inversions 

which frequency increases in January in comparison with their summer frequency values. Hence, the frequency 

increasing of midnight surface-based inversions in winter (figure 3 (a)) was not enough to maintain the midnight 

inversions stronger than the midday inversions throughout the winter. In figure 4 (a), the behavior of both 

profiles observed between December and May is different from that observed between May and November 

where inversions are stronger at midday than at midnight. While in January the increasing in the frequency of 

surface-based inversions raised the strength of midnight inversions, this is not the case in February and March 

where inversions were rather stronger at midday than at midnight. On the other hand, in April, theses inversions 

become stronger again at daytime than at nighttime. Indeed, figure 3 (a) shows that the frequency of all 

inversions is low in April. Even if inversions are more frequent at daytime than at nighttime (figure 3 (a)), they 

are not stronger at midday than at midnight (figure 4 (a)) where the average difference of temperature reaches 

0.75°C. In spite of the erratic behavior of both profiles between December and May in figure 4, it is clear that 

the strength and the frequency of all inversions highlight a marked diurnal cycle in relation to the turbulent 

mixing at daytime and the radiational cooling at night in lower levels of the atmosphere. The types of inversions 

and their physical origin are more discussed in the next subsection. 

Similarly, at midday, the deepest inversions occur in winter (133 m) and in summer (160 m) whereas the 

minimum depth occurred in March (110 m). The same profile was observed earlier for the strength and this 

could suggest that the greater the temperature difference ∆T, the larger the depth ∆H, as it is shown in Figure 4  

where there seems to be a linear regression between ∆T and ∆H with a significant (5% level) correlation 

coefficient equal to 65,05%. 
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  Figure3: Monthly averaged frequency (2007 – 2015) of surface-based, elevated, and all inversions (%) at Abidjan. 

 

 

Figure4: Monthly averaged (a) strength and (b) depth over 2007 – 2015 of all inversions at Abidjan; variation 

of strength as a function of depth at (c) midnight and (d) midday over 2000–2015 at Abidjan. 

The differences between the midnight and midday depth profiles are the deepest inversion observed in March 

(173 m), the slightly decrease in ∆H observed in August, and the relatively high depth in October (145 m) which 

make the both profiles not correlated (figure 4(c)). The origin of the high value of ∆H noted in March could 

come from atmospheric conditions observed in that period especially during night; this could be an interesting 

feature to be studied, but it was not discussed here. 
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3.2. Vertical variations of the temperature inversions characteristics 

Figure 5 shows the vertical variation of the intensity ∆θ for each layer. ∆θ has maximum values in the layers 

850-800 hPa and 800-750 hPa. The same layers accommodate the maximum values of the number of inversions 

(figure 6), and consequently the maximum values of the inversion index (figure 7). However, examination of the 

vertical variation of ∆Td (figure 8), shows that there is a pronounced minimum at the layers 850-800 hPa and 

800-700 hPa. This implies that inversions in these layers are subsidence inversions mostly of anticyclonic origin 

and, to a lesser extent, of turbulent mixing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nevertheless, it is interesting to notice that the number of inversions in the layers 900-850 hPa and 850-800 hPa 

at midday is higher than at midnight. This difference in the number of inversions for midday and midnight can 

be explained by the absence of turbulence inversions at midnight. So, the elevated inversions at midday are 

caused not only by anticyclonic subsidence, but also by turbulence mixing in the ABL. Typical heights of 

daytime convective ABLs are about 1000-1500 m [22, 11], which roughly corresponds to 900-850 hPa. It is at 

these heights that the base of turbulence inversions is often located. In the process of vertical mixing the air 

carried upward is cooled adiabatically. 

Similarly the air brought downwards heated at the same adiabatic rate. After a prolonged mixing in the 

atmosphere, the air at the maximum height of turbulent penetration becomes colder than what it was before, and 

  

Figure5: Vertical variation of the mean potential 

temperature difference ∆θ in inversion layers. 

 

Figure6: Vertical variation in the mean number of 

inversions in each 50 hPa-depth inversion layer. 

  
Figure7: Vertical variation of the inversion index. 

 

Figure8: Vertical variation of the mean dew point 

temperature difference ∆Td in inversion layers. 
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that at the bottom of the turbulence layer will be warmer than what it was originally. The transition from this 

cold upper part of the turbulence zone to the air above with its temperature unaffected by adiabatic cooling 

comprises a temperature inversion. It is worth noting that in the layers 1000-950 hPa and 950-900 hPa the 

number of inversions is much higher at midnight than at midday in contrary to earlier descriptions in the layers 

900-850 hPa and 850-800 hPa just above. At midnight, as the ABL is stable on average, turbulence at midnight 

is much weaker than at midday and in the absence of anticyclonic subsidence, the turbulence inversion that is 

present during the day may disappear at midnight [10]. When anticyclonic subsidence conditions are present, 

the subsidence capping inversions of midday are not expected to be destroyed during the night, but instead to 

extend further towards the ground and perhaps strengthen as turbulence weakens [10]. So, these subsidence 

inversions, as they move lower during the night, are found and counted in the layers 1000-950 hPa and 950-900 

hPa, sometimes are merged with the ground radiation inversions and, hence, increase the frequency of 

occurrences at these layers. The ∆Td profile, which is not a monotonic function of height but has a point of 

inflection in low levels (around 950 hPa) reflects this phenomenon: below the height where the point of 

inflection is located, the inversion is due to radiation and, above the point of inflection, it is due to subsidence 

[10]. 

At the ground surface, the intensity ∆θ is lowest whereas the number of inversions exhibits a relative maximum. 

The index which is the combination of these two properties, slightly increases only at night. This last result 

shows that in the layers Ground-1000 hPa and 1000-950 hPa, the temperature inversions noted are mostly 

radiational. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The surface-based inversions (Ground-1000 hPa) are more frequent but less intense whereas the inversions in 

the layer 1000-950 hPa are much less frequent but more intense. The inversions in the layer 1000-950 hPa 

could, therefore, be described at midnight as the combination of surface-based inversions and downwards 

turbulence inversions on the one hand, and at midday as the persistence of surface-based inversions, on the other 

hand.  

Figure 9 depicts the vertical variation of inversion strength ∆T. At midday and midnight the strongest inversions 

are found in the layer 800-750 hPa (1 - 1.2°C). The inversion strength is lower at midnight than at midday, 

except at surface due to radiational inversions at night. Hence, it is evident that the weakest inversions at midday 

be located at surface (0.6°C), so that the layer 1000-950 hPa shows a relative maximum (1 °C). At midnight the 

minimum strength of inversions is found in the layer 950-900 hPa (0.6°C) which looks like a “ transition layer” 

between subsidence and radiational inversions. 

In all cases, figure 10 shows that the both subsidence and turbulence inversions are deep (up to 160 m) and 

surface-based inversions are shallow (on average, 80 m maximum) at midday and midnight. However, in the 

layer 1000-950 hPa there is an increasing trend of depth despite the low number of inversions. In this layer 

where the deepest inversion at midnight (175 m) and a relative maximum depth at midday (140 m) are located, 

the types of inversions was described earlier and the fluctuations of ∆θ and ∆Td tend to confirm these depth 

high values. Simultaneous determination and characterization of elevated and surface-based inversions has the 

potential to improve assessment on local air pollution meteorology [23]. Surface-based inversions play a major 

  

Figure9: Vertical variation of the mean strength ∆T of 

inversion layers. 

Figure10: Vertical variation of the mean depth 

∆H of inversion layers. 
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role in air pollution, especially during the winter when these inversions are strong in Abidjan. As pollutants 

from vehicles, fireplaces and industry are emitted into the air, the inversion traps these pollutants near the 

ground, leading to air poor quality. Moreover, during the winter months the seasonally variable Harmattan 

current transports large amounts of mineral dust at irregular intervals from the Chad Basin to the Sahel and 

Guinean coast where it reduces visibility, relative humidity and temperatures [24, 25]. This is one of the most 

important source of air pollution in winter at West-African coastal regions and the persistence of surface-based 

inversions increases the phenomenon. The aerosol concentrations cause irritation of respiratory tracts, and 

visibility reduction in car and air traffic that represent a serious problem during dust events. 

For instance, air pollution meteorology and pollutant transport processes are strongly dependent on 

meteorological conditions [26], in both the vertical (low value of inversion index) and the horizontal (strong 

winds) directions [10]. Strong winds near ground surface are often related to low-level nocturnal jets. [27] 

showed that nearly all year round, nocturnal low level jets occur with more or less intensity over several 

locations in West Africa and can peak up to 15–20 m/s below 500 m above ground level. The speed and depth 

of the low level jet depend on a range of factors, including baroclinity, terrain slope, surface cooling rates and 

many more [28, 29]. So, the height of the nocturnal jet is located in the layer 1000-950 hPa, where the frequency 

of inversions is much greater at midnight than at midday. A region of strong wind shear (related to the nocturnal 

jet) and stable stratification ( due to the radiation inversion) should occur just above the nocturnal surface-based 

inversion (80 m on average) and below the (nocturnal) low level jet (500-600 m on average), where conditions 

for the diffusion of pollutants are favourable. 

 

Conclusion 

Abidjan meteorological station located at the international airport, experienced both surface-based and elevated 

inversions although elevated inversions were more common throughout the year. For all characteristics 

(frequency, depth, strength), the monthly variation showed a marked diurnal cycle mainly related to the physical 

processes associated with the inversions formation. 

Depending upon the types of inversions and the physical processes associated, the atmosphere above the site 

included three main zones in constant interaction: 

• The first begin from 800 to 700 hPa where subsidence inversions within anticyclones were predominant. Their 

frequency, strength, depth and intensity showed in general extreme values. 

• The second zone from 900 to 800 hPa showed a monotonic variation in the inversions characteristics, and a 

pronounced diurnal cycle influenced by turbulent mixing in the ABL which effects produced turbulence 

inversions at daytime that could affect lower layers (1000-900 hPa) during night. 

• The third zone between surface and 950 hpa where surface-based inversions were found, induced by 

radiational cooling of ground surface at night, depicted evidently different characteristics from daytime to night.  

Except subsidence inversions in the layers 800–700 hPa, the diurnal cycle is much pronounced from ground 

surface to 800 hPa, where the nocturnal terrestrial radiation and the daytime turbulent mixing in the ABL 

strongly influenced the frequency, strength, depth and intensity of all types of inversion. The most conspicuous 

effect is located at surface where the midnight characteristics of surface-based inversions in winter could play an 

important role for the air pollution dispersion. Overall, this work provided useful information about the 

characteristics of the thermal inversions in Abidjan and examined the impact of the local inversion layers on the 

air pollution dispersion, in a country witnessing a rapid rate of urban and industrial growth. Like in Abidjan, 

West-African coastal cities are experiencing a rapid urban growth and a comprehensive study of the 

phenomenon should help to assess the spatial character of inversion climatology in the region and better plan 

industrial activities. 
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