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ABSTRACT

Monthly means, seasonal variances, and trends of a global climatology bound-
ary layer height (BLH) over West Africa are presented based on 36 years (1979 
- 2014) of six-hourly ERA-Interim reanalysis. In this region, we found that there is 
a link between the West Africa Monsoon (WAM) and the monthly means of BLH 
where largest values of BLH variances are developed in the tropics close to the Inter 
Tropical Convergence Zone (ITCZ). High temperatures and sufficient moisture are 
also available close this area. Seasonal trend magnitudes vary from -20 to 20 m per 
decade during the period 1979 - 2014 and characterize by negative trend over east of 
the Sahara region. Trends are only included in the analysis, if their probability ex-
ceeds the 95% significance level. Case study of diurnal variation was done during the 
African monsoon multidisciplinary analyses Special Observing Period 3 (AMMA 
SOP3) experiment (August 2006). We found that the lower boundary-layer appears 
around 875 hPa in the monsoon layer where the wind decreases at midday in interac-
tion through exchange processes with air originating from above the boundary layer. 
In the same time, the dust in Saharan Air Layer (SAL) seems to modify the atmo-
spheric boundary layer (ABL) thermodynamic attributes by altering the shortwave 
and longwave radiative budget.
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1. INTRODUCTION

The atmospheric boundary layer (ABL) is the part of 
the troposphere that is directly influenced by the presence of 
the earth’s surface. As noted by Stull (1988), it responds to 
surface forcing with a timescale of about an hour or less. The 
energy budget exchange with surface like friction, sensible 
and latent heat flux or terrain induced flow modification 
have thus to be considered. Hence, due to variations of so-
lar radiation, the exchanges are clearly influenced by diurnal 
changes. Solar radiation and atmospheric longwave radiation 
warm the surface and provide energy to drive weather and 
climate. Therefore, the boundary layer height (BLH) varies 
in time and space, ranging from hundreds of meters to a few 
kilometres. In the climatology literature, it is not common 
discussion of mixing height or other measures of planetary 
boundary layer (PBL) height (Seidel et al. 2012). Two fac-
tors can explain these reasons. Firstly, in climate models, the 

evaluation of PBL height in many schemes was less explic-
itly prescribed (Xu et al. 2015; Kang et al. 2016). Secondly, 
the climatologycal study of observational PBL are not fully 
understood, mainly because of the lack of direct measure-
ments of PBL height particularly in the Africa region.

West Africa is found to be a unique environment where 
several factors influence ABL processes during the rainy 
season (DeLonge and Fuentes 2012). They also found that 
strong flows (> 10 m s-1) associated with the West African 
Monsoon and sea breezes affect convective boundary-layer 
development. Farquharson (1939) found that sea to land 
flows dominate during the rainy season, particularly at night-
time. Onshore (sea to land) flows transport moist air, chang-
ing the inland moisture budgets and the boundary-layer ther-
modynamics on a daily basis (Parker et al. 2005; Schrage et 
al. 2007). However, Saharan Air Layer (SAL, Dunion and 
Velden 2004) also disturbs the diurnal growth patterns of 
ABL. The level of SAL is between 800 and 500 hPa (Carl-
son and Prospero 1972) and is located around 17°N when 
the wind moves westward through Sahel towards Atlantic 
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Ocean. A reduction of incoming solar radiation at the surface 
layers energy exchanges, reduces boundary-layer entrain-
ment rates, and leads to relatively shallower mixed layers 
(Slingo et al. 2006). Since the work of Flamant et al. (2007), 
it is known that SAL events affect the ABL in West Africa 
and as noted by DeLonge and Fuentes (2012) there is a dearth 
of field observations documenting such impacts. As noted by 
Seidel et al. (2010), studies of the PBL have been highly lo-
calized and of relatively short duration. Hence, these authors 
explore some issues pertinent to the development of such a 
climatology, which would have applications for example in 
interpreting BLH obtained in nontraditional ways, such as 
from ground-based and space-based lidar measurements of 
aerosols, from boundary-layer profiler observations, from 
cloud base estimates from ceilometers, and from Global Nav-
igational Satellite System radio occultation Measurements.

Seidel et al. (2010) have used daily observations of the 
global, land-based radiosonde station network from 1999 
to 2008 obtained from the Integrated Global Radiosonde 
Archive (IGRA) to estimate planetary BLH. Moreover, the 
data were not available for a given observation time and 
for all four seasons. Seidel et al. (2012) have analyzed the 
seasonal and diurnal variations of BLH over continental 
United States and Europe from 1981 to 2005, with radio-
sonde observation, a reanalysis (ERA-Interim) that assimi-
lates observations, and two contemporary climate models 
(Simulations from the NOAA Geophysical Fluid Dynamics 
Laboratory’s Atmospheric Model 3 and from the National 
Center for Atmospheric Research Community Atmosphere 
Model version 5.0). They found that reanalysis and climate 
models produce deeper layers than radiosonde observations, 
due to difficulties in simulating stable conditions. On 505 
radiosonde stations used in their study, only three were lo-
calized over West Africa. This is why, we analyzed in this 
work the data and surface-atmosphere BLH obtained from 
ERA-Interim data on the period of 36-years (1979 - 2014).

The goal of the present study is to investigate the cli-
matology of West Africa BLH and study processes govern-
ing ABL thermodynamics and dynamics. To determine the 
diurnal effects of atmospheric conditions that influence the 
most control on the BLH, during the rainy period, we evalu-
ated the relative importance of diurnal surface-atmosphere 
exchanges of energy as compared to the impacts of circula-
tion patterns, the WAM, on BLH dynamics and thermody-
namic over this region, during Africa Monsoon Multidisci-
plinary Analysis (AMMA) campaign SOP3 in August 2006. 
This study is organised as follows: in section 2, we present 
data and method used, the results are discussed in section 3, 
and conclusion is presented in section 4.

2. DATA AND METHODOLOGY
2.1 Data

We use 6-hourly ERA-Interim data during 36-years 

(1979 - 2014) on the latitude-longitude resolution of 0.75° × 
0.75° (available at http://data.ecmwf.int/data/). Wind speed 
(U), specific humidity (q), virtual potential temperature (θv) 
and BLH were derived from ERA-Interim. Vertical cross-
sections extending from 1000 to 500 hPa (every 25 hPa 
from 1000 to 750 hPa and every 50 hPa from 750 to 500 
hPa) were used to identify heat, moisture, and wind-speed 
gradients from 20°W to 30°E and from equator to 30°N. 
The vertical extend includes the three regions on the basis of 
the behaviour of the basic atmospheric parameters: the sur-
face, the free convection and the mixing layer. ERA-Interim 
has 60 model levels in the vertical and horizontal resolution 
of 0.75 degrees, which include boundary layer height esti-
mates where the boundary layer is fairly well resolved with 
the lowest model levels at about 10, 30, 60, 100, 160, and 
240 m above the model surface (Dee et al. 2011).

To study the vegetation of West Africa we have used 
dataset from the International Geosphere-Biosphere Pro-
gramme (IGBP) which defines ecosystems surface classi-
fications. The CERES (Clouds and Earth’s Radiant Energy 
System) 10-min data can be used to derive the land catego-
ries (https://climatedataguide.ucar.edu/climate-data/ceres-
igbp-land-classification).

The Global Precipitation Climatology Project (GPCP) 
was established by the World Climate Research Program 
(WCRP) to quantify the distribution of precipitation around 
the globe over many years. In support of this work, an inter-
national group of precipitation experts developed and pro-
duces the GPCP version 2 monthly Satellite-Gauge (SG), 
which associated precipitation error estimates and covers 
the period January 1979 to the present, with a delay of two 
to three months for data reception and processing (Adler 
et al. 2003), Pentad which provides precipitation estimates 
on a 2.5-degree grid over the entire globe at 5-day (pentad) 
intervals for the period January 1979 to present (Xie et al. 
2003), and One-Degree Daily (1DD) which provides precip-
itation estimates on a 1-degree grid over the entire globe at 
1-day (daily) for the period October 1979 to present (Huff-
man 2001), combined precipitation data sets. A backup FTP 
site for the version 2 and 1DD products is located at NASA 
Goddard Space Flight Center (GSFC). Version 2 super-
sedes all previous versions of the GPCP monthly product. 
All three precipitation products are produced by optimally 
merging estimates computed from microwave, infrared, and 
sounder data observed by the international constellation of 
precipitation-related satellites, and precipitation gauge anal-
yses. The precipitation gauge analysis used in the GPCP 
satellite-Gauge is used into study monthly variation of the 
climate over West Africa during 1979 - 2014.

Seven different methods are usually used to estimate 
BLH from radiosonde (Seidel et al. 2010). Four methods 
are traditional approaches often encountered in the PBL lit-
erature. They include (i) the parcel method, (ii) the level 
of the maximum vertical gradient of potential temperature, 

http://data.ecmwf.int/data/
https://climatedataguide.ucar.edu/climate-data/ceres-igbp-land-classification
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(iii) the base of an elevated temperature inversion, (iv) 
the top of a surface-based inversion, and by using Global 
Navigational Satellite System radio occultation data, which 
can be used to derive vertical profiles of atmospheric (v) 
refractivity, (vi) temperature, and (vii) specific humidity. 
Table 1 summary these seven different methods. Figure 1 
shows the values of BLH calculated from radiosonde during 
2006 in different towns over West Africa using six meth-
ods. At Ouagadougou (12°12N; 1°3W), the value of BLH 
which are calculated from the refractivity method are un-
der estimate whereas the surface-based inversion method 
over estimate. The same tendency can be found in Parakou 
(9°21N; 2°37E) and Tambacounda (13°18N; 12°49W). At 
Cotonou (6°22N; 2°26E), the six methods give (Fig. 1a) the 
values of BLH around 2000 m. Since radiosonde data are 
not regular in space and time, to study the climatology of 
BLH over West Africa, we will use the reanalysis data. In 
ECMWF ERA Interim, BLH is defined through Troen and 
Mahrt parcel lifting method (Troen and Mahrt 1986), and 
BLH data from ERA Interim is used in this work, near to 
values obtained from the refractivity method. We found that 
the Yule-Kendall index is near zero for ERA Interim data 
which show that these data are symmetric.

2.2 Methods

The concept of virtual potential temperature (θv in K) 
given in function of specific humidity (q in g kg-1) by the 
Eq. (1) is used to determine the height of the boundary layer.

.v q1 0 62i i= +^ h	 (1)

where q is the moisture and θ the potential temperature 
given by

T P P /R Cp
0i = ^ h 	 (2)

Where P is the pressure (in hPa), T the air temperature 
(in K), R = 287.05 J K-1 is the specific gas constant, Cp =  
1005 J kg-1 K-1 as specific heat capacity of air at constant 
pressure and P0 = 1000 hPa a reference pressure. Therefore, 
the relative humidity can be written as

Q
q 100#{ = 	 (3)

while Q is the specific humidity of a saturated air at the 
observed temperature and pressure.

It can be approximated as

. ( . )Q E P E0 622 0 378# #= - 	 (4)

with E as the saturated water vapour pressure (in hPa), cal-
culated in function of T (in °C) as (Bolton 1980; Lenouo et 
al. 2008):

. . ( . )E Exp T T6 112 17 67 243 5# #= +6 @	 (5)

Local seasonal trends in BLH are analyzed by calculate 
the areal weighted seasonal mean for BLH each year and 
use regression coefficient to calculate the trends, which per-
forms simple linear regression on multi-dimensional arrays. 
The linear trend model, also known as a trend-line model is 
another possibility is that the local mean is increasing gradu-
ally over time. Trends are only included in the analysis, if 
their probability exceeds the 95% significance level. If 95% 
confidence intervals for two seasonal means are calculated 
(approximately) by adding or subtracting two standard er-
rors, the intervals do not overlap, so the difference in means 
is statistically very significant. The magnitude of a given 
trend is estimated by linear regression, although the error is 
rarely normally distributed in BLH (Meukaleuni et al. 2016). 
For more discussion of the linear trend model, see Nau 2014. 
We also look for other statistical analyses as the standard er-
ror of the mean (SEM) which can be expressed as:

SEM
n
v= 	 (6)

where σ is the standard deviation and n is the number of val-
ues of BLH during August 2006, and considered the root-
mean-square deviation (RMSD) for the saisonnal variance.

3. RESULTS AND DISCUSSIONS
3.1 Climatology and Trends of BLH

Before examining the correlation between BLH and 
the precipitation, we present the map of vegetation in West 
Africa as represented in Fig. 2. CERES land classification 
from IGBPa_1198.map.nc. Surface types 1 - 17 correspond 
to those defined by IGBP (International Geosphere Bio-
sphere Programme). The last 3 surface types were defined 
for CERES. Surface type 18, Tundra; fresh snow, number 
19, and sea ice, number 20 are not permanent surface types. 
They are obtained daily from the National Snow and Ice 
Data Center. The IGBP surface type for Sahara is 16, for the 
Sahel zone is 1 and the Congo basin, which is dense forest 
in Central Africa to 4. This figure also shows the four ra-
diosondes sites over West Africa: Cotonou, Ouagadougou, 
Parakou, Tambacounda.

The distribution of monthly means of BLH (1979 - 
2014) is displayed in Fig. 3. These figures show the influence 
of the SAL on the BLH and the impact of monsoon. The dry 
region of SAL corresponds to high values of BLH over West 
Africa from May to September. Hence in the rainy season, 
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Method (Symbol) Description Reference

Parcel (par)
Height of the mixing layer is based on the vertical displacement of the air 

parcel on the surface. It corresponds to the height of the value of the virtual 
potential temperature at the value of the surface.

Holzworth 1964; Seibert et 
al. 2000

Maximum vertical gradient of 
potential temperature (Th)

The height corresponding to the maximum of the vertical gradient of the poten-
tial temperature

Oke 1988; Stull 1988; Sorbjan 
1989; Garratt 1992

Specific humidity (Sh) The height corresponding to the minimum of the vertical gradient of the spe-
cific humidity Ao et al. 2009

Surface-based inversion (Rh) The height corresponding to the minimum of the relative humidity Sokolovskiy et al. 2006; Basha 
and Ratnam 2009

Refractivity (N) The height corresponding to the minimum of refractivity Smith and Weintraub 1953

Inversion of the temperature in 
altitude (temp) Basis of altitude inversion of the temperature Bradley et al. 1993

Inversion of the surface temperature Top of the surface temperature inversion Bradley et al. 1993

Table 1. The seven methods used to derive BLH.

(a) (b)

(c) (d)

Fig. 1. Values of BLH (in meters) calculated from radiosonde during 2006 in different towns over West Africa using six methods: parcel (Par); 
maximum vertical gradient of potential temperature (Th); temperature inversion (Temp); surface-based inversion (Rh), specific humidity (Sh), and 
refractivity (N).
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Fig. 2. Map the vegetation of West Africa showing the four analysis regions defined in the texte. The position of the four towns Ouagadoudou (O), 
Cotonou (C), Parakou (P), and Tambakounda (T) are also marked. Surface types 1 - 17 correspond to those defined in the texte.

Fig. 3. Climatological (1979 - 2014) monthly means of BLH (in m) and 950 hPa wind over West Africa. BLH is in the color interval of 50 m whereas 
the wind vector in arrow as indicated by the legend. ITCZ appear in the month of July to September around 10 - 15°N.
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the cool air from the Ocean decreases the BLH in the coastal 
region in opposite of the dry air from Sahel which is charac-
terized by high values of BLH. This value is around 900 m,  
corresponding of the level of around 950 hPa. During the 
summer period (June to September), low values are located 
between the Equator and the monsoon front (around 15°). 
As evidence of the influence of the monsoon, the monthly 
variation of Inter Topical Convergent Zone (ITCZ) evolves 
during the year between dry and wet region. The ITCZ is 
strongly perturbed by the convective system over this re-
gion (Flamant et al. 2007). This evolution of the monsoon, 
gives by 950 hPa wind, shows that the monsoon arrives in 
the West Africa at April from south to the north before move 
in the north to the south at September. It is found in Fig. 2, 

between latitudes 9° and 24°N, the alternation of the south-
westerly wind from the ocean and the harmattan from Sa-
hara region at the surface. West African monsoon is defined 
by this alternation where north-easterlies occur constantly 
farther north, but only south-westerlies occur farther south 
during the rainy season (June to September). This figure also 
shows that the drought becomes shorter and less complete 
farther south. Hence, at 12°N about half the year, and at 8°N 
it disappears completely at the rainy season. In this region, 
the drought results from the arrival of dry surface air issuing 
from anticyclones formed beyond the Equator in the South-
ern Hemisphere (Flamant et al. 2007).

Figure 4 present monthly means of variations of pre-
cipitation in space, ranging from the equator to 30°N and 

Fig. 4. Climatological (1979 - 2014) monthly means of precipitation over West Africa from GPCP reanalysis where the country contours are repre-
sented by a dash. The interval of precipitation is 1 mm day-1.
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covering 20°W - 10°E during 1979 - 2014. From these 
graphs, there is a maximum of precipitation in June over 
West Africa equatorial coast. This maximum moves much 
more northward to set around the Sahara area during the 
months of July and August. In September, there is maxi-
mum precipitation extends almost from the Equator to 15°N 
and all this confined in the band (0° - 15°N, 10°E - 15°W). 
Figure 4 also shows that during the spring/summer, precipi-
tation migrates from the Guinea coast to the Sahel and back 
again, resulting in two rainy seasons per year in the south 
(April to June and August to October) and one in the north 
(July to September). The exchange of energy between the 
ocean and the surface of the continent allow creating and 
maintaining the lowland flow monsoon of southwest, which 
advects relatively cool moist air from the Gulf of Guinea 
onto the hot dry continent (Seidel et al. 2012).

To well understand the physical processes related 
to BHL, Figs. 5 - 7 show the climatology of the potential 
temperature at 950 hPa, the specific humidity ay 950 hPa 
and the vertical motion at 500 hPa with 950 hPa wind vec-
tor at 950 hPa. Hence, the Fig. 5 shows that the potential 
temperature is maximun during the rainy season in the dry 
zone of Sahara. These maximums zone also correspond to 
maximum BLH during this period. The meridional division 
of this region can be noted in the specific humidity map 
(Fig. 6) where four zones are clearly appear. The dry zone 
characterize by the Sahara, the semi-arid and semi-humid 
zone which move 8°N during January to March to around 
15°N at June to August before return in the coastal zone in 
October to December. The last zone near the equator where 
the monsoon is permanent with specific humidity of around 
15 g kg-1. This migration of the monsoon can be identify the 
ITCZ fluctuation in Fig. 7 over this region. The maximum 
vertical motion observed over the Congo basin can be link 
to the dense forest (also see Fig. 2).

Seasonally averaged values of BLH variance range 
from 10000 to about 70000 m2, with mean values around 
35000 m2 (Fig. 8). The year was divided in four periods: 
January to March (JFM), April to June (AMJ), July to Sep-
tember (JAS), and October to December (OND). In general, 
JFM and OND correspond to dry season whereas AMJ and 
JAS correspond to rainy season over West Africa. High 
values of variance are observed in the tropics close to the 
ITCZ, where high temperatures and sufficient moisture are 
available. The high values of variance over west coast of 
Sahara can be due to the Morocco highland. The root-mean-
square error was positive and lees than 0.2 which would in-
dicate a perfect fit to the data. As noted by DeLonge and 
Fuentes (2012), the unexpected variability observed in the 
ABL thermodynamic attributes during AMMA campaigns 
can partly be attributed to the presence of dust layers. Even 
in the rainy season, dry and dusty air is transported from the 
Sahara to the West African coast. Impacts of the SAL are 
often enhanced during periods (AMJ and JAS) with a strong 

Africa Easterly Jet (AEJ).
The magnitudes of BLH trends are displayed in the 

Fig. 9 when the level of significance exceeds 95% for the 
time series (1979 - 2014). Significant trends in BLH occur in 
the dry Sahara region over Tropical Africa. Regions with a 
positive trend outnumber the regions of negative trends with 
magnitudes varying in the time periods considered. Trend 
magnitudes vary between -20 to 20 m per decade during the 
period 1979 - 2014. The change of sign yields in a net de-
crease during 36 years from the dry period (OND and JFM) 
to the wet season (AMJ and JAS) in the band of latitudes 
10°N around Chad and Niger can be due to the migration 
of the ITCZ which is also linked to the southward decrease 
of convective available potential energy (CAPE) during the 
both periods. A similar result on the seasonal study of CAPE 
trends was found by Meukaleuni et al. (2016).

3.2 Diurnal Cycle of the Atmospheric Boundary Layer 
Height

Figure 10 presents the vertical variation of wind and 
virtual potential temperature in the boundary layer at (a) 
0000, (b) 0600, (c) 1200, and (d) 1800 UTC in August 2006. 
Between 10°W and 10°E, the lower BL appear around 875 
hPa in the monsoon layer. Wind decreases at the midday 
(Figs. 10c - d) when the virtual potential temperature [about 
300K at 0000 UTC (Fig. 10a)] grows to 310 K at 1800 UTC 
(Fig. 10d) where the fluctuation of θv is about 10 K. There-
fore, on the days with the strongest counter-flow, the SAL 
contributed to observed ABL features such as strong (> 5 K) 
capping inversions. When studying the case of 24 August, 
Jenkins et al. (2010) exhibited the strongest counter-flow, 
which was also part of the largest SAL event during NASA 
part of AMMA (NAMMA). The largest capping inversions 
reported in the present study (Fig. 10) and by others (e.g., 
Haywood et al. 2003) occurred during SAL events and were 
associated with sharp differences between the warm, dry 
desert air aloft (θv ≈ 313 K) and the cooler moister (θv ≈ 
304 K) oceanic counter-flow below. Lapse rates exceeding 
6.5 K km-1 above the mixed layer were also observed within 
these dry, dusty air layers.

4. CONCLUSION

A BLH was presented in terms of monthly means, sea-
sonal variances, and trends based on 36 years (1979 - 2014) 
of six-hourly ERA-Interim reanalysis to characterize and 
understand the various climate mechanisms that culminate 
in daily weather over West Africa. The monthly means of 
BLH show that the influence of the Saharan Air Layer on 
the BLH and also the impact of monsoon. It was found that 
the dry region of SAL corresponds to high values of BLH 
over West Africa from February to October, low values are 
between Equators to the end of the front of monsoon (around 
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Fig. 5. Climatological (1979 - 2014) monthly means of the potential temperature (θ in K) and 950 hPa wind over West Africa. θ is in the color 
interval of 2 K whereas the wind vector in arrow as indicated by the legend.
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Fig. 6. Climatological (1979 - 2014) monthly means of the specific humidity (Sh in g kg-1) and 950 hPa wind over West Africa. Sh is in the color 
interval of 2 g kg-1 whereas the wind vector in arrow as indicated by the legend.



Ndao et al.628

Fig. 7. Climatological (1979 - 2014) monthly means of the vertical motion (ω in Pa s-1) and 500 hPa wind over West Africa. ω is in the color interval 
of 0.02 Pa s-1 whereas the wind vector in arrow as indicated by the legend.
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(a) (b)

(c) (d)

Fig. 8. Climatological (1979 - 2014) inter annual variance of the seasonal BLH in m2, local averaged during (a) JFM, (b) AMJ, (c) JAS, and (d) 
OND over West Africa.

(a) (b)

(c) (d)

Fig. 9. Seasonal trends of BLH (in meter per decade), significant at the 95% level of JFM, AMJ, JAS, and OND during 1979 - 2014 over West 
Africa.
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15°) during the summer period (June to September). The 
monthly variation of Inter Topical Convergent Zone (ITCZ) 
evolves all during the year between dry and wet region over 
this region was also noted. Largest values BLH variances 
were developed in the tropics close to the ITCZ, where high 
temperatures and sufficient moisture are available. Signifi-
cant trends in BLH occur in the dry Sahara region over West 
Africa. For a numerical weather prediction system, BLH can 
be considered as an output variable to highlight problems 
in the energy and momentum exchange between the surface 
and the atmosphere (Caporaso et al. 2013).

Diurnal variation of wind, virtual potential temperature 
in the boundary layer were analysed during August 2006. 
The lower BL appear around 875 hPa in the monsoon layer 
where the wind decreases at the midday when the virtual 
potential temperature grows.

The data sets produced for this analysis are available as 
auxiliary material, and in further studies, they can be com-
pared to climate models data sets and their correlation with 
other atmospheric parameters will be useful.
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