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Abstract: Atmospheric analysis data from the European Center for Medium-Range Weather Forecasts
(ECMWF) have been acquired and are used to characterize the meteorological situation in Maroua,
Cameroon (10.614◦ N, 14.361◦ E) at 12:00 UTC. These are then used to simulate downward global
solar radiation (DGSR) with the moderate-resolution transmittance (MODTRAN) radiative transfer
code (RTC). In comparison with meteorological data measured during the year 2014 in Maroua,
ECMWF atmospheric quantities at ground level, in general, showed good correlation coefficients
and slight differences. It is shown that ECMWF atmospheric profiles can thus be used to complete
the scarce atmospheric data and to study the atmosphere state and dynamics, such as the African
monsoon phenomenon detected in this region, which regulates the rainy season. In addition, they are
more suitable to simulate clear-sky DGSR compared to MODTRAN standard atmospheric profiles.
The causes and effects of the substantial bias and weak correlation coefficient observed with ECMWF
wind data and the constant underestimation of simulated DGSR in comparison with ground-based
measurements are investigated. The paper emphasizes the need for a better characterization of the
Maroua atmosphere state and dynamics as well as the simulation of more accurate and reliable DGSR
under any atmospheric conditions.

Keywords: ECMWF atmospheric profiles; meteorological data; African monsoon; solar radiation;
MODTRAN

1. Introduction

The acquisition of atmospheric profiles and solar radiation data is a great challenge for developing
countries such as Cameroon. These parameters play an important role in climate monitoring,
environmental control and human activities [1,2], and they can be obtained through measurement,
remotesensing or simulation [3]. In Maroua (10.614◦ N, 14.361◦ E), a locality situated in the far-north
region of Cameroon, the meteorological situation is not well known. There is no recent and continuing
measurement, neither of diffuse, direct or global solar radiation, nor of atmospheric parameter and
constituent profiles. Not only are meteorological dataset profiles hardly accessible, but the existing
sunshine databases also present substantial disparities and contain some gaps [4]. The region is facing
some climatic disturbances that cause flood disasters and perturbations in farming practices and

Atmosphere 2018, 9, 44; doi:10.3390/atmos9020044 www.mdpi.com/journal/atmosphere

http://www.mdpi.com/journal/atmosphere
http://www.mdpi.com
https://orcid.org/0000-0002-5426-6045
https://orcid.org/0000-0002-7910-902X
http://dx.doi.org/10.3390/atmos9020044
http://www.mdpi.com/journal/atmosphere


Atmosphere 2018, 9, 44 2 of 17

varieties sown [5]. Consequently, the living conditions of the population, farmers in particular, are
seriously degraded as a result of these new weather conditions that may be induced by changes in the
general atmosphere dynamics in this region [6,7].

In fact, Maroua is situated 10◦ N in West Africa, where the phenomenon of monsoon has been
intensively studied during the African Monsoon Multidisciplinary Analysis (AMMA) project [8–11].
This occurs generally from May to September (Monsoon onset: May 15–June 30; peak monsoon
July 1–August 14; late monsoon: August 15–September 15) with important disparities [8,10]. As shown
in Figure 1, in West Africa, the atmospheric circulation is driven by the wet monsoon flux, coming from
the southwest of the Guinea Gulf, and the warm and dry Harmattan flux, blowing south-westward
from the desert [9]. During the winter, the wind blows from the cooler continent to the warmer ocean,
and the atmosphere is generally dry. During the spring, the sun elevation warms up the surface; the
continent is becoming warmer more rapidly than the ocean. The thermal contrast leads to a surface
pressure gradient between the ocean with high pressure and the continent with low pressure that
reinforces the Southern Hemisphere trade wind. The monsoon flux is then able to cross the Equator,
bringing a large amount of humidity that favors the cloud convection and the rain. This convergence
area near the surface, called the intertropical front (ITF), is positioned at about 20◦ N in summer and
5◦ N in winter. Higher in the atmosphere, the African easterly jet (AEJ) situated in the middle of the
troposphere (between 4 and 6 km), moves the convergence zone, called the intertropical convergence
zone (ITCZ), to the south.

Figure 1. Schematic picture of the seasonal meteorological circulations in West Africa from
http://www.amma-international.org/spip.php?article10. The yellow stars indicate the geographical
position of Maroua.

Given that meteorological data in Maroua are most often measured only at ground level,
efforts have to be made to acquire more atmospheric profiles and solar radiation data, in order
to complete rare existing in situ measurements.

For the year 1984, aerosol thickness, cloud fraction profiles and water content were deduced from
ground-level diffuse and global solar radiation measurements [12,13]. Unfortunately, this method could
not be applied after 1984, as a result of the suspension of regular and reliable measurements, leading to
an absence of a local recent database of diffuse and global solar radiation [4]. Nowadays, given that
the atmosphere sounding with weather balloons is no longer available in Maroua, endowment with
appropriate meteorological equipment is considered, but a certain time will be necessary to constitute
good database series. Thus, currently, the easiest way to obtain access to atmospheric data may
be by consulting global atmospheric databases such as standard atmospheric profiles, and real- or

http://www.amma-international.org/spip.php?article10
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near-real-time atmospheric data. These certainly have some limitations, but their usage may make the
computation of solar data more realistic and even more accurate [14,15]. Dedicated centers, such as the
European Center for Medium-Range Weather Forecasting (ECMWF), the National Aeronautics and
Space Administration (NASA), and the National Oceanic and Atmospheric Administration (NOAA),
collect and provide data for climate studies, weather forecasting or other purposes. Some, such as
ECMWF, have Maroua in their observational data coverage, but as far as we know, no study on the
validation of these data has been carried out in zone. We chose to use ECMWF databases that have
been tried and tested elsewhere [16–19].

Maroua is located in an area of high solar potential, which can be exploited to overcome the
local energetic and economic needs [20,21]. However, the control and exploitation of this solar
energy require good updated knowledge of site’s sunshine [22–24]. The Heliosat_2 method is used
to derive global solar radiation from Meteosat satellite images [25]. It has been exploited to retrieve
global daily solar irradiation in Cameroon but was established to be appropriate in Maroua only
for monthly variations [26]. This method is under improvement to take into consideration surface
albedo and vertical profiles and also to provide direct and diffuse irradiation as well as their spectral
distribution [27,28]. Solar radiation can also be retrieved with good agreement using a parameterized
solar radiative transfer model “CLIRAD-SW” radiative transfer code (RTC) and assuming a molecular
atmosphere [29]. For a real situation, this approach can still be taken if an appropriate model of the
atmosphere is used. This task requires robustness and flexibility of the RTC in the adjustment of
parameters, and the moderate-resolution transmittance (MODTRAN) RTC is largely used for this
purpose [30–34]. In addition, ECMWF global radiation data were validated against ground-based and
regional model simulations [35,36], meaning that it may also be possible to reproduce this experiment
in this region.

In summary, Maroua ground-level measurements should be consolidated and completed with data
of upper atmospheric levels, in order to fully characterize the state of its atmosphere. This task must
be reproducible over time in order to continuously provide meteorological observations and analyses
as required for environmental purposes. Therefore, the present work shows the advantages of using
relative recent measurements and accessible databases to fill the measurements gaps in Maroua. This
study presents a method for permanent access to atmospheric parameters through the extraction of
ECMWF vertical atmospheric profiles and their analysis. It also describes the simulation of solar radiation
components with the MODTRAN RTC in the standard atmosphere. The impact of the insertion of
ECMWF vertical profiles in simulations is finally evaluated by comparing simulated downward global
solar radiation (DGSR), in clear-sky and various aerosol conditions, with in situ measurements.

2. Data and Methods

In this section, we present the data acquired to characterize the Maroua atmosphere and the
process to use these as the input of the MODTRAN RTC.

2.1. ECMWF Atmospheric Profiles of 12:00 UTC

ECMWF routinely produces global analyses for the four main synoptic times 00, 06, 12 and
18 UTC and global 10 day forecasts on the basis of 12:00 UTC data [37,38]. We are interested in the
ECMWF analysis database made up of observations that can roughly be divided into conventional
(in situ) and non-conventional (remotesensing) observations. The ICARE Data and Services Center
of the University of Lille 1 Science and Technology (http://www.icare.univ-lille1.fr) provided a set
of ECMWF analysis data of 12:00 UTC over Cameroon for the year 2014. These data are given on
a 0.5◦ × 0.5◦ grid and include the following:

- At the surface level: surface pressure (Sp), total column water vapor (TCWV), total column ozone
(TCO) and total cloud cover (TCC).

- For 25 pressure levels, datasets of geopotential (φ), air pressure (P), air temperature (T),
relative humidity (H) and horizontal wind components (U and V).

http://www.icare.univ-lille1.fr
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From this database, the Maroua site surface and atmospheric parameters were selected, and
related parameters such as the height (Z) and horizontal wind speed (Va) were computed.

2.2. Measured Meteorological Data

In 2014, ground-level meteorological data were measured daily in Maroua (10.614◦ N, 14.361◦ E;
398 m) [4]. The Integrated Sensor Suite (ISS), the UV sensor and the solar radiation sensor of the
Davis Vantage Pro2Plus weather station [39] were used in that experiment. Data collected during the
campaign were the wind speed and direction, the atmospheric pressure, the temperature, humidity,
and global UV radiation in the spectral range (290–390 nm), and the global solar radiation in the
spectral range (300–1100 nm). These were archived with three temporal resolutions: 30 min from
January to August, 5 min for September and 1 min from October to December. We note that the
DGSR values are averaged on each archive interval. Referring to the available 12:00 UTC ECMWF
atmospheric profiles, 12:00 UTC meteorological data of this campaign were extracted to constitute an
annual meteorological measurement database that will be used for further comparison.

2.3. MODTRAN Radiance Simulation with Standard and ECMWF Atmospheric Profiles

This subsection is a brief presentation of some features of the RTC MODTRAN4 Version 1 Revision
1 used for the simulations. One can refer to the user manual [40] or MODTRAN report [41] for more
explicit explanations.

MODTRAN code is one of the state-of-art radiative transfer computer codes. It integrates
over the radiance contribution of a finite number of homogeneous layers in order to obtain the
transmittance or radiance for a specified atmosphere. The band model parameters are generated from
the high-resolution transmission molecular absorption database HITRAN96 [42,43], and the code has
a set of standard atmospheric profiles.

The inputs of each MODTRAN simulation stand on one single input file (file_name.tp5) constituted
of at least five CARDs. A CARD is a line of up to 80 characters using a fixed-format input. This file enables
the user to choose among six geographical–seasonal standard atmosphere models, derived from 1986
Air Force Geophysics Laboratory (AFGL) atmospheric constituent profiles, or to specify a user-defined
meteorological or radiosonde data profile (MODEL = 7). According to the Maroua geographical situation,
we chose the “Tropical Atmosphere” profile (MODEL = 1) for the standard simulations. The total amount
or vertical distribution of atmospheric constituents in this case was fixed to their default values. The
parameter IHAZE identifies the aerosol model type used for the boundary layer (0–2 km) and default
visibility (VIS). Table 1 presents the default aerosol models that could be used at the site of Maroua,
considering its geographical situation. The new model IHAZE = 5bis with VIS = 23 km, derived from the
model IHAZE = 5, has been added for comparison purposes. A wide range of cloud types, or none, can
also be inserted into the atmosphere modeling. Simulations were made in the spectral range (300–1100 nm)
with a resolution of 1 nm. Downward normal direct and diffuse solar radiation returned by MODTRAN
were finally summed to calculate the DGSR.

Table 1. Description of MODTRAN default aerosol models that can be used in the site of Maroua.
IHAZE is the aerosol model identifier and VIS represents the visibility.

IHAZE Description

0 No aerosol or cloud attenuation included in the calculation
1 RURAL extinction; default VIS = 23 km
2 RURAL extinction; default VIS = 5 km

5bis URBAN extinction; default VIS = 23 km
5 URBAN extinction; default VIS = 5 km
10 DESERT extinction; sets visibility from wind speed
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Setting MODEL = 7 in MODTRAN allowed for some adjustments to the previous standard
atmosphere, permitting the introduction of ECMWF atmospheric profiles. TCWV and TCO amounts
were inserted into CARD 1A, while wind speed data were introduced into CARD 2. At each ECMWF
level altitude, the corresponding P, T and H values were inserted, and the remaining level variables
were defaulted to tropical standard atmosphere values. These insertions were made into CARDs 2C,
2C1 and 2C2.

3. Results and Analysis

3.1. Comparison of ECMWF and Measured Meteorological Data at Ground Level

In order to simulate radiances with ECMWF atmospheric profiles, we checked the consistency
of the ECMWF data used as inputs to the measurements carried out at the site. For ground level,
this is presented in Figure 2 through the comparison of the pressure, temperature, humidity and
wind speed in Maroua in 2014. The corresponding annual averages, correlation coefficients (R),
root-mean-squared errors (RMSEs) and mean bias errors (MBEs) are summarized in Table 2. Surface
pressures correlated very well (R = 0.966). Despite that ECMWF data slightly underestimated low
pressure and overestimated high pressure, error was weak. For the temperature, the correlation was
also good (R = 0.894), and ECMWF data slightly underestimated the measurements (MBE = −1.6 ◦C).
The RMSE of estimation was also small. Concerning humidity, the correlation was good again
(R = 0.948). ECMWF data were slightly greater than measurements with an increasing error for high
humidity. We note that this may also slightly have accentuated errors in the DGSR, as humidity is
highly related to water vapor, which is a great modulator of solar radiation. The correlation coefficient
for the wind speed was, on the contrary, weak. In numerical weather prediction (NWP) models
such as ECMWF, turbulent diffusion under stable conditions is artificially enhanced to improve
the representation of near-surface temperatures and synoptic cyclones [44]. This practice, which
has often been used for tuning the large-scale performance of operational NWP models, is widely
recognized to be detrimental for an accurate representation of stable atmospheric boundary layers
[44–46]. Thus, it is not surprising that ECMWF data are greater than measurements, but the substantial
biases observed and the way measured wind data appear, as shown in Figure 2c, bring us to suspect
a problem with the anemometer used. These differences between ECMWF and measured winds
at the surface led us to be very cautious with the results obtained for IHAZE = 10, as the wind
surface is used to characterize desert dust uploading and visibility. Consequently, a comparison with
other wind databases such as MERRA (https://gmao.gsfc.nasa.gov/reanalysis/MERRA/) or CFS
(https://rda.ucar.edu/datasets/ds094.0/) is required to conclude on the accuracy of each source.

Apart from the wind speed, the ECMWF meteorological parameters at ground level are comparable
to measurements, given the close annual averages, good correlation coefficients, and slight RMSE and
MBE (Table 2). Additionally, the regression slopes indicated in Figure 2 are close to unity.

Table 2. Annual averages, correlation coefficient (R), Root-mean-squared error (RMSE), and mean
bias error (MBE) of the site measured pressure (P), temperature (T), humidity (H) and wind speed
(Va) in comparison with ground meteorological parameters extracted from European Center for
Medium-Range Weather Forecasts (ECMWF) data in Maroua in 2014.

ECMWF vs Measures Measures ECMWF R RMSE MBEAnnual Average Annual Average

P (mbar) 966.553 966.290 0.953 0.868 −0.264
T (◦C) 33.2 31.6 0.878 2.4 −1.6
H (%) 35.0 36.4 0.952 7.2 1.3

Va (m/s) 1.3 2.5 0.428 1.6 1.2

https://gmao.gsfc.nasa.gov/reanalysis/MERRA/
https://rda.ucar.edu/datasets/ds094.0/
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Figure 2. Comparison between meteorological parameters measured and those extracted from
European Center for Medium-Range Weather Forecasts (ECMWF) data in Maroua in 2014 for
(a) pressure, (b) temperature, (c) humidity and (d) wind speed at ground level. Solid lines represent
linear regression curves and dashed lines are slope unity.

3.2. ECMWF Atmospheric Profiles

3.2.1. Total Column Quantities

To characterize atmospheric conditions at the Maroua site, the surface pressure and total column
quantities for water vapor, ozone and cloud cover were extracted from the 2014 ECMWF database.
The annual variations of these quantities are illustrated in Figure 3, where horizontal segments
represent monthly averages. The TCC is particularly analyzed in Section 3.2.2.

Surface pressure is closely related to the atmospheric circulation described previously. During
the first dry period, the surface pressure decreased from 967.2 mbar in January to the minimum
value, about 964.0 mbar in April, when the monsoon flux takes place. Next, the pressure increased
to reach a stable level around the maximum (968.2 mbar) between June and September in the wet
period. Afterward, a slight decrease occurred during October and November, when the monsoon flux
withdraws. The variation in the surface pressure in Maroua followed closely the variation presented
in [47] at 10◦ N latitude with an annual average of 966.3 mbar. The regional circulation under the
monsoon flux and the displacement of the ITCZ from South to North explain these variations and lead
to the rainy season being between June and September in Maroua.

Regarding the TCWV average (32 kg/m2) in 2014, a dry period (November–April) and a humid
period (May–October) with potential rainfall appeared clearly. In January and February, the atmosphere
was influenced by the dry Harmattan wind with TCWV values of around 14 kg/m2. It gradually gained
water vapor under the monsoon to reach a maximum of around 50 kg/m2 from June to September.
From the beginning of October, the content in the water vapor decreased gradually to 15 kg/m2 in
December with the return of the Harmattan. The variations and values of the TCWV in Maroua
(10.61◦ N, 14.36◦ E; 398 m) that year were in the same order of magnitude as those measured by a
microwave radiometric profiler in Niamey (13.48◦ N, 2.17◦ E; 223 m) during the year 2006 [11].



Atmosphere 2018, 9, 44 7 of 17

962

964

966

968

970

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

(a) Surface_Pressure (mbar)

10

20

30

40

50

60

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

(b) Total_Column_Water_Vapour (kg.m−2)

0.0052

0.0054

0.0056

0.0058

0.0060

0.0062

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

(c) Total_Column_Ozone (kg.m−2)

Month

Figure 3. (a) Surface pressure, (b) total column water vapor, and (c) total column ozone variations
in Maroua in 2014, extracted from European Center for Medium-Range Weather Forecasts (ECMWF)
databases. Horizontal segments represent monthly averages and vertical dashed lines represent
month delimitations.

The TCO annual average was 5.8 × 10−3 kg/m2; its variation resembled a parabolic curve with
a minimum of around 5.4 × 10−3 kg/m2 and a maximum of around 6.0 × 10−3 kg/m2. The ozone
concentration followed the TCWV seasonal variations; thus the minimum occurred during the dry
season, while the maximum occurred during the wet season. These variations are usual and were
similar to those in N’djamena (12.12◦ N, 14.92◦ E), a neighboring area, where, although the high
insolation dry period appears to be favorable for an abundant ozone production, the contrary occurs
for the TCO variation, which is driven by wind dynamics over West Africa [48]. The same type of
evolution is also observed in tropical Indian regions (latitudes <20◦ N), where TCO concentration raise
and the peak has been related to the monsoon occurrence [49].

3.2.2. Total Cloud Cover

Clouds are great obstacles for solar radiation reaching the earth’s surface because of the well-known
parasol effect, which contributes to the thermal regulation of the earth [50,51]. Figure 4a presents the
temporal distribution of the ECMWF TCC over Maroua at 12:00 UTC in 2014, while the TCC frequency
histogram is represented in Figure 4b with bin widths of 0.05. January had the lowest TCC monthly
average (around 0.2), while the maximum value was found in August (around 0.7), corresponding
to the maximum of the TCWV. The annual average was about 0.45. During the dry season, the TCC
decreased from October to January and then increased until April. The monsoon onset corresponded
here to a TCC decrease and was followed by a peak in August with a small spacing period of cloud
occurrence. During the other months and particularly in the dry season, the TCC peaks were more
distant, meaning that there was a clear sky more often. In Figure 4b, the probability to have a cloudless
scene (TCC ≤ 0.05) during the year was weak, about 16%. For an overcast sky, this probability fell to
9%, certainly as a result of the short rainy season. Apart from these two cases, clouds are constantly
present in Maroua’s atmosphere, and each cloud fraction (in the range [0–1]) can equitably occur with
a probability of around 4%. The simulation of radiances for a cloudy scene requires the insertion of
cloud parameters into the RTC. As these were not available for this first study, the DGSR comparison
and statistical analysis were particularly focused on cloudless scenes identified in the first bin. It is
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nevertheless important to plan the retrieval of cloud properties in order to better characterize the
atmosphere and then simulate DGSR for these most recurrent scenes.
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Figure 4. (a) European Center for Medium-Range Weather Forecasts (ECMWF) 12 UTC total cloud cover
(TCC) variation and (b) its frequency histogram in Maroua in 2014. Horizontal segments represent TCC
monthly averages, and vertical dashed lines represent month delimitations.

3.2.3. Vertically Distributed Quantities

In addition to total column quantities, vertical profiles give information on the structure of the
atmosphere and can also be inserted into MODTRAN. We thus extracted the vertical profiles of the
temperature, pressure, humidity and horizontal wind components. We present these profiles in
Figure 5 in term of anomalies, which are the deviation of a parameter to its annual mean, at each
altitude level.

In Figure 5a, atmospheric pressure anomalies are more marked in the first kilometers of the
troposphere than in the upper levels. From the end of February to the beginning of June, deep in the
dry season, the hot surface warmed up the air, resulting in its convection and a depression area in the
first kilometers of the atmosphere. The same depression phenomenon occurred from mid-October
to -November. The rest of the year, there were high pressure conditions, particularly during August
and September in the rainy season. The pressure profiles were clearly linked to the temperature profile
evolution during 2014 (Figure 5b). Two warmer periods clearly appeared, one from the end of February
to the beginning of June, and the other from mid-October to -November. The coolest period occurred
from July to September during the rainy season. Some cold periods also appeared in December,
January and February that induced a corresponding pressure rise. In Figure 5c, we can observe that in
the first 10 km, the relative humidity logically followed the seasonal variations, with low humidity
and high humidity during the dry and monsoon seasons respectively. The relative humidity variations
presented similarities with the temporal series of the water vapour content registered in Niamey in
2006 [11]. Regarding the components of horizontal wind in the low troposphere (Figure 5d,e), U is the
zonal wind westerly oriented, and V is the meridional wind southerly oriented.

Two circulation regimes appear clearly: during the dry season, in the first 2 km of the atmosphere,
the zonal and the meridional wind component anomalies were negative, meaning that the wind blew
from the north, corresponding to the Harmattan wind. During the wet season (June–September),
both wind component directions were reversed (positive U and V anomalies) with the monsoon wind
coming from the south. The “false onset” of the monsoon occurred here between mid-April and -May,
considering the first arrival of the ITF in Maroua and its rapid retirement before the “true onset” of
the monsoon on May 20. This is also visible through the corresponding TCWV and relative humidity
peaks (see Figures 3b and 5c, respectively), which rose and remained high until October 7. In the
mid- and upper-troposphere, during the dry season, the subtropical westerly jet (STJ) blew. With the
arrival of the monsoon flux during the wet season, it was shifted northward (negative anomaly of U
wind) and was replaced in the mid-troposphere by the AEJ between May and October, as noticed in
Niamey in 2006 [11]. These phenomena, previously detected in Niamey in 2006 and largely explained
in [9], presented in Maroua a temporal shift of about 2 weeks. This delay could be due to the 12 year
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difference between the two databases used. However, further investigations are necessary, knowing
that the determination of the effective start of the rainy season is capital for sowing in such regions.
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Figure 5. Differences between the mean of atmospheric vertical parameters extracted from European
Center for Medium-Range Weather Forecasts (ECMWF) databases and (a) pressure, (b) temperature,
(c) relative humidity, (d) U component of wind and (e) V component of wind in Maroua in 2014.

The analysis of the ECMWF atmospheric profiles shows that the Maroua atmosphere state
and dynamics present many similarities with what was reported in some studies in West Africa, a
neighboring zone [9,11,47,48]. Adding to this, the good correlation coefficients obtained between
ECMWF and measured meteorological data at ground level show the capacity of ECMWF profiles
to characterize the Maroua atmosphere and therefore show the possibility to use these in solar
radiation simulation.

3.3. Setting and Computation of DGSR in Maroua

The most basic way to compute DGSR in Maroua with MODTRAN RTC is as specified in
Section 2.3, using the tropical standard atmosphere. Clear-sky DGSR was simulated for the six
aerosol models specified in Table 1. Maroua is mostly a semi-arid area, and in the absence of in
situ spectral data, the surface albedo was set to the common value for the desert albedo of 0.3. Full
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range (cloudless and cloudy) in situ measurements are represented in Figure 6a together with all
clear-sky DGSR simulated. Data from January to August are the averages of DGSR simulated at
12:00, 12:15 and 12:30 UTC in order to correspond to the 30 min averaged measurements during
this period. Starting in August, the measurement frequency was increased to 5 and 1 min averages.
These measured data were thus directly compared to 12:00 UTC simulations. All the simulated DGSR
curves have practically the same shape, mainly following the seasonal variations of the global solar
radiation measured during the year. The DGSR curves simulated are very smooth, with standard
profiles. Indeed, no specific information on daily atmospheric parameter variations is inserted, and
the databases used here comprised only parameter values averaged over long time periods. Maroua
ECMWF atmospheric profiles completed with standard values for missing data were used to refine
the simulations. To evaluate the impact of the use of these profiles, we computed the clear-sky DGSR
in this case with the six previous aerosol models and compared these again with the same in situ
measurements (Figure 6b). In addition to the seasonal variations, we observed more variability of
the DGSR, which appeared to be sensitive to the ECMWF profiles. The better representation of the
daily variation of humidity modified the DGSR in this case. Compared to the simulations, measured
DGSRs clearly presented many variations, as a result of cloud cover and rain, particularly during
the rainy season or when aerosol loading was large. Concerning the six aerosol models, for both
the standard and ECMWF profiles, the simulations were close to measurements in the following
order: IHAZE = 0, 10, 1, 5bis, 2 and 5. However, we note that the simulated DGSR was smaller
than the measured value for any aerosol model, while we expected the contrary at least for the case
IHAZE = 0 (no cloud and no aerosols). We have not yet been able to clarify this situation, even
with the adjustments of the DGSR simulation settings. Given that the ECMWF profiles presented
good correlation coefficients compared to observations, this bias was likely due to dust on the solar
radiation sensor or calibration issues. An alternative to overcome this difficulty would be to compare
observations and the simulated DSGR with other sources of surface radiative fluxes, such as CERES
SYN1deg-3HOUR retrievals (https://ceres.larc.nasa.gov/products.php?product=SYN1deg) or the
ECMWF forecast product. This will be considered in future work. Keeping in mind this problem, in
the following, we focus on the improvements as a result of the use of the ECMWF profiles and aerosol
models, not in terms of absolute values but in terms of correlations.
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Figure 6. Representation of clear-sky downward global solar radiation (DGSR) simulated with (a) a
standard atmosphere and (b) the insertion of European Center for Medium-Range Weather Forecasts
(ECMWF) atmospheric profiles in Maroua in 2014. Simulations were done for six moderate-resolution
transmittance (MODTRAN) default aerosol models. Corresponding DGSR measured is also represented
for both cloudless and cloudy days. Vertical dashed lines represent month delimitations.

https://ceres.larc.nasa.gov/products.php?product=SYN1deg
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To find statistics and to examine more rigorously the suitability of aerosols models, we removed
cloudy scenes visible in Figure 6 (blue line asperities) by establishing on DGSR data a cloud mask
setting (TCC < 0.05) to select clear-sky conditions. Statistics performed on these data are presented
in Table 3 for each aerosol model and for the standard and ECMWF profiles. R is the correlation
coefficient. The RMSE, MBE and mean absolute error (MAE) are expressed in terms of relative values
[52], as we now focus on data dispersion rather than on absolute values. Regarding the correlation
values in Table 3, we see that independently of the chosen case, R was greater than 0.75 and was
not specifically influenced by an aerosol type. Inserting the ECMWF atmospheric profiles slightly
improved the correlation for each aerosol model, except for IHAZE = 5 (urban aerosol model), for
which this slightly deteriorated. Errors were lower as a result of the use of the ECMWF atmospheric
profile, except for IHAZE = 5, for which they increased. Inserting the ECMWF profiles improved the
simulations, as the MODTRAN RTC considers the effect of the ECMWF humidity variation on aerosol
properties as a result of the induced water vapor condensation onto aerosol particles. The aerosol size
is therefore increased and their radiative properties modified [30]. Despite the bias existing between
the simulated and measured DGSR, we observed that for both the standard and ECMWF atmospheric
profiles, the DGSR was slightly underestimated for IHAZE = 0, 10; a little more underestimated for
IHAZE = 1, 2, 5bis; and highly underestimated for IHAZE = 5 (see also Figure 6a,b). Two groups of
aerosols appeared: the first induced high errors (IHAZE = 2, 5), and the second induced slight errors
(IHAZE = 0, 1, 5bis, 10). These two groups corresponded to visibility: (1) rural and urban aerosol
models with a low visibility (5 km) for IHAZE = 2, 5; and (2) models with very high visibility (no
aerosols), high visibility (rural and urban aerosol of 23 km visibility) and with a variable visibility set
by wind speed (desert aerosol).

Table 3. Correlation coefficient (R) and statistical error comparisons between measured and
simulated clear-sky downward global solar radiation (DGSR) for six moderate-resolution transmittance
(MODTRAN) default aerosol models. Simulations were done with a standard atmosphere and with
the insertion of European Center for Medium-Range Weather Forecasts (ECMWF) atmospheric profiles
in Maroua in 2014. Root-mean-squared error (RMSE), mean bias error (MBE) and mean absolute error
(MAE) are relative values in percent.

Standard Profiles ECMWF Profiles

IHAZE R RMSE MBE MAE R RMSE MBE MAE
(%) (%) (%) (%) (%) (%)

0 0.781 6.430 −3.682 5.170 0.819 5.308 −1.460 3.931
1 0.778 9.158 −7.499 8.364 0.814 7.541 −5.627 6.629
2 0.772 20.182 −19.475 19.731 0.802 19.331 −18.660 18.865

5bis 0.776 14.200 −13.183 13.646 0.804 13.768 −12.781 13.187
5 0.768 38.507 −38.131 38.131 0.766 41.633 −41.275 41.275
10 0.779 6.891 −4.456 5.754 0.817 5.544 −2.290 4.326

The case IHAZE = 0 (no aerosol) had the best statistics. This was an ideal case because the
atmosphere cannot be absolutely free of aerosols, particularly in the Sahelian region, where rain
is not recurrent. This case should give DGSR values higher than the measured values, but we
observed that measurements were higher than for all the simulated cases. For rural and urban
aerosol models, compared to the case with no aerosol, the correlation deteriorated at the same time
as the visibility decreased going from IHAZE of 1 to 2 and from IHAZE of 5 to 5bis. In MODTRAN,
the visibility is related to the extinction coefficient (EXT) according to the Koschmieder formula as
VIS = 3.912/EXT [41]. A visibility of 23 km corresponds to an extinction of 0.17 km−1; thus for the
2 km boundary layer height, it gives an aerosol optical depth (AOD) of 0.34. When the visibility fells
to 5 km, the AOD becomes 1.56, which is a relatively high value. The most realistic case for this site,
owing to R, RMSE and MBE values, was the case IHAZE = 10 for the desert aerosol model, which was
logical for this Sahelian site type and had the advantage of setting the visibility as a function of the
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wind speed, as opposed to the fixed visibility aerosol models. It worked better in association with
ECMWF atmospheric profiles that contained wind parameters, even if the correlation between the
measurements and ECMWF wind surface data was not perfect (see Figure 2). It would be interesting to
study aerosol properties and dynamics in this area and compare the model’s AOD to those effectively
measured or evaluated: this would give better selection criteria for the default aerosol model. In [53],
the importance of the aerosol composition in estimating incoming solar radiation is demonstrated
for Dakar and Niamey (West Africa) with comparable climate conditions. Thus, aerosols could be
better accounted for in future works with the adjustments of AOD values in the simulations, using
satellite or monitoring atmospheric composition and climate (MACC) data [54], thus ameliorating
DGSR estimations. Additionally, surface albedo was fixed to the planetary value 0.3 because of missing
information. Some studies [55,56] reveal that this parameter should be carefully designed in climate
models. In fact, surface albedo varies during the year, particularly in the rainy season when vegetation
arises in this sahelian zone [57]. The study of aerosol properties and surface albedo variation in Maroua
will be considered in further works.

To refine our comparisons and because the measurement sampling was modified in August, we
present the previous statistics in Table 4 only for the MODTRAN desert aerosol model under cloudless
conditions and for the two periods (January–May and October–December) in the dry season. During
the rainy season, there was no day with cloudless conditions at 12:00 UTC, and cloud microphysical
parameters were not available for this study. The correlation and the errors were much better in the
second dry period, after the rainy season. Differences arose certainly with the change in measurement
sampling, as DGSR values were averaged during the first dry period over a 30 min period, while in
the second dry period it was instantaneous values that were used. Another reason may be that the
rain had cleaned the sensor surfaces, which were likely dusty in the first dry period. The absence of
cloudless scenes during the rainy season leads us to conclude that efforts have to be made in order to
assess cloud microphysics to enlarge the number and produce more reliable DGSR data.

Considering only cloudless scenes rather than all the dynamical conditions in Maroua somewhat
restricts the conclusions of the study. Clear-sky irradiation of the measured data could have been
generated using the Long and Ackerman method [58] and compared with clear-sky irradiation
simulated with MODTRAN in the presence of ECMWF atmospheric profiles. This approach would
have produced clear-sky solar data for cloudy scenes, to compare their corresponding cloudless
MODTRAN simulations with ECMWF atmospheric profiles. Thus, together with the comparison
under clear conditions, the performance of our method under all atmospheric conditions would have
been evaluated. Unfortunately, the absence of measured diffuse irradiation necessary for the method
of clear-sky irradiation generation made this impossible. The difficulty faced here is another argument
to restart both global and diffuse solar radiation measurements in this region.

Table 4. Correlation coefficient (R) and statistical error comparison between measured and simulated
clear-sky downward global solar radiation (DGSR) for two dry season periods (January–May and
October–December), with the insertion of European Center for Medium-Range Weather Forecasts
(ECMWF) atmospheric profiles, in Maroua in 2014. IHAZE = 10. Root-mean-squared error (RMSE),
mean bias error (MBE) and mean absolute error (MAE) are relative values in percent.

R RMSE (%) MBE (%) MAE (%)

Dry period 1 0.759 6.702 −3.263 5.604
Dry period 2 0.909 2.610 −0.756 2.314

4. Summary and Perspectives

In this work, ECMWF atmospheric profiles have been used to characterize ground-level and
vertical atmospheric profiles in the site of Maroua, where in situ measurements are very scarce.
A set of 12:00 UTC daily atmospheric data of this site was extracted for the year 2014 and was
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used to simulate DGSR. Over the same period, a campaign was carried out to measure the pressure,
temperature, humidity, wind speed and global solar radiation at ground level. A comparison of
ECMWF atmospheric parameters with surface measurements has shown good correlation coefficients
and slight errors for pressure, temperature and humidity, whereas some discrepancies have been
observed for wind speed, making the ECMWF wind speed for this site to be used with caution.
For upper atmospheric levels, there was unfortunately no in situ measurement to compare with
the ECMWF data acquired to improve the characterization of the site atmosphere. However, the
ECMWF profiles showed variations close to what was observed in the West African region, particularly
in Niamey, Niger, with a Maroua meteorological variability driven by the biseasonal mode with a
monsoon flux. A delay of the monsoon true onset was observed in Maroua in comparison with
Niamey, Niger and needs to be investigated to ameliorate a prediction of the start of the rainy season.
The annual variation and magnitude of the TCO concentration were similar to those recorded in
N’djamena, and the peak occurred during the monsoon, as in Indian tropical regions. DGSR was then
simulated with MODTRAN RTC under two conditions: (1) with standard tropical atmosphere, and
(2) with ECMWF atmospheric profiles. The ECMWF TCC was used to choose cloudless days and find
statistics on solar radiation data. Compared to the simulation in standard atmosphere, the ECMWF
atmospheric profiles improved the correlation coefficient and reduced the errors, even in the presence
of aerosols. Simulations done with MODTRAN aerosols were sensitive to humidity, which was better
expressed along with other atmospheric components in ECMWF atmospheric profiles than in standard
profiles. This demonstrates that in the absence of in situ measurements, ECMWF atmospheric profiles
can well characterize the site at all altitudes. Notwithstanding the constant bias observed between
simulations and measurements, and likely as a result of calibration issues or dust on the sensor, these
are also suitable for computing and estimating solar radiation in its various components at this site.

Everyone should be involved in the fight against climate change; particularly, developing
countries should take an active part in all stages of the process. Thus, some efforts have to be
made in order to improve local capabilities in the monitoring of climate change technologies and to
ameliorate responses to emergencies. The case of Maroua in Cameroon is a perfect illustration of this
situation, and the present work is an overview of the processes to overcome it. This study is a first step
to show the possibility to use ECMWF atmospheric profiles in the characterization of the atmosphere
state and dynamics, when no in situ data are available or to complete existing data in Maroua. It also
presents an overview of efforts and improvements that still need to be made in order to reproduce the
measurements of ground-based meteorological data. Some remaining aspects to investigate in order to
achieve the previous goals are enlightened:

- In order to maintain a good data accuracy, calibration settings or cleaning must be performed on
solar radiation and wind sensors, and the lowest temporal resolution must be used in measuring.

- Wind data biases have to be investigated further in order to determine any source of inaccuracy.
A three-party comparison between ECMWF, measured, and MERRA or CFS wind data
is considered.

- Surface albedo variations, aerosol optical properties and cloud microphysics parameters could be
assessed with the use of satellite data retrievals (ECMWF, MACC, MERRA,... models) and could
thus better characterize the atmosphere.

- Another issue relates mainly to solar radiation simulation, which may gain accuracy with the
insertion of aerosol properties and surface albedo variations, and which could be more reliable
with the consideration of cloud parameters to simulate DGSR under any atmospheric conditions.
Validations may be performed by comparing these to CERES or ECMWF surface radiative
flux products.

The use of ECMWF atmospheric profiles responds to the important lack of meteorological data
and also gives access, through simulation, to diffuse, direct and global solar radiation components
that was no longer accessible at this site. Because this problem is not specific to the region of Maroua,
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the achievement of the present work will be helpful in other sites where in situ measurements are
also scarce.
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