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Abstract. According to the World Health Organization (WHO), the effects of outdoor and indoor air
pollution result in approximately 7 million early deaths each year. In Morocco’s case, the economic cost
of air quality degradation is about 1.62 percent of GDP. Also, several studies reported the significant
influence of local meteorological factors on the PM10 daily concentration during the synoptic climate
conditions and cyclonic circulation. In this sense, Agadir city is a coastal city, and its proximity to the
desert makes it very exposed to particles. Accordingly, this study allows, on one hand, to evaluate
the performance and to understand the limitations of the WRF-CHIMERE modeling system used to
simulate the maximum concentrations of PM10 in the city of Agadir, based on observations made in
spring and summer 2010. On another hand, in order to better understand the situation, the impact of
meteorological variables and anthropogenic emissions on PM10 is being investigated. The preliminary
results of air quality modeling pointed out some PM10 dispersion issues in the area of Agadir. In
particular, the results highlighted the influence of temperature and wind speed, which were correlated
with PM10 concentration. Besides, CHIMERE simulations suggested that anthropogenic emissions
control is essential to reduce PM10 by up to 15%. The PM10 underestimation is attributed to the
meteorological observation/model discrepancy and the effect of emissions. The results underline the
importance of meteorology on PM10 dispersion and have significant policy considerations for Moroccan
air quality strategy.
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1. Introduction
According to the World Health Organization (WHO), both long and short-term exposure to toxic
substances in the air have several toxicological impacts on humans, especially respiratory
and cardiovascular diseases and long-term chronic diseases, including cancer [19, 21, 23].
Most studies conclude that air pollution harms the ecosystem and especially the human
health. In particular, pollution from high PM10 is the most critical environmental issue.
Geographic diversity, meteorological, chemical, and anthropogenic activities are among the
main contributing elements to Particulate Matter (PM) [8, 13]. This latter is a complex and
non-uniform substance that can be a solid or a liquid suspended in the respiratory air. PM
differs in mass, size, form, and chemical structure, giving it different solubility and reactivity
[17,22].

As known, meteorological conditions and emissions have a huge and direct impact on
pollutant dispersion in a given environment. It allows researchers to study the effects
of meteorological parameters on the diffusion, dilution, and distribution of pollutants.
A good comprehension of the relationship between weather conditions and pollutants helps
predicting the future evolution and risk scenarios. Several studies reported that local climatic
conditions strongly influence PM10 daily variations in dry seasonal and synoptic meteorological
conditions [7]. The dependence of particles of 10 µm aerodynamic diameter (PM10) with
meteorological conditions such as relative humidity, temperature, and wind speed has been
examined in several worldwide regions [9, 10]. In particular, the impacts of such emissions
on air quality and human health have become a growing concern because of the population
density in coastal towns [20]. In terms of chemical composition, biomass combustion is the
primary source of ambient PM10 concentrations [15]. In fact, the study of carbon components
in particles revealed that forest fires were the dominant contributor of fine particles [14].
Analysis of emission trends is recommended for a comprehensive study of the origin of air
pollution. As a result, several studies have evaluated their characteristic impacts on pollutant
concentrations [16,18].

In the case of Morocco, the economic cost of atmospheric pollution in 2018 has been estimated
at 1.62 percent of the country’s GDP, according to Morocco’s Secretary of State for Sustainable
Development. This significant number has encouraged Morocco to devote special efforts to fight
against air pollution. In this perspective, many new studies in Morocco, precisely over the city of
Agadir, presented the evaluation of air quality. To locally prioritize air quality issues, a survey
was conducted in Agadir city, highlighting the need to periodically update the local Air Quality
Management (LAQM) and the Air Quality Monitoring Network (AQMN) implementation [5].
As a result of the high investment and upkeep costs of the air quality monitoring network, a
first air quality modelling based on CHIMERE_WRF was set-up and piloted for the first time in
Agadir city [2].

The geographical location of Agadir as a coastal city and its proximity to the desert makes it
very exposed to particulate matter. For this reason, this study provides a performance evaluation
and a better understanding of the limitations of the WRF-CHIMERE modelling system used
to simulate maximum PM10 in the city of Agadir, using observation data collected during the
spring and summer of 2010. Then, to fully understand the situation, the impact of meteorological
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variables and anthropogenic emissions on PM10 is investigated. Finally, preliminary results
of air quality modelling are used to highlight some PM10 dispersion problems in the Agadir
city. This paper is structured as follows: in section 2, we will present the observational data
and describe the WRF-Chimere model configuration used along with the statistical metrics.
Section 3 will describe the results of the spring and summer simulation. Finally, Statistical
analysis made on observed meteorological parameters and PM10 concentrations is presented.

2. Methodology
2.1 Observational Data
In order to assess the air quality in the city of Agadir, the Souss Massa Region has a regional
mobile laboratory and a ground station for air quality monitoring since 2010. Both are equipped
with Environment S.A. specific standardized analyzers to detect the harmful pollutants, along
with climatic variables. In this investigation, data collected from the ground station are taken
as reference observational data. The station is placed in a residential area in order to evaluate
background urban pollution.

Regarding the impact of emissions, 2010 was selected as it provides temporal homogeneity
between the monitoring data of pollutants and the global emissions inventory in Morocco. Based
on the available data, we selected the spring and summer of 2010.

2.2 Model Configuration
The modelling part was carried out using three models. Based on WRF data, the CHIMERE
model, version 2017r3, calculates the gas and aerosol concentration. The WRF (Weather Research
Forecasting) model, version 4.0, is used to compute meteorological data. Finally, the Emis-surf
model, version 2016b, provides gas and aerosol emissions.

2.2.1 Meteorological Model
The datasets are available from the University Corporation for Atmospheric Research. This
NCEP FNL global (final) operational analysis data is prepared on a 1◦×1◦ grid, with a resolution
time of six hours. This data originates from the Global Assimilation System (GDAS), which
continuously receives monitoring data from the Global Telecommunication System (GTS) and
other resources for numerous assessments. For several years, the Advanced Research Modelling
WRF has been under development. WRF can be used in several applications with scales ranging
from meters to thousands of kilometres. As a micro-physics option, for example, we have set
the WRF Single Moment 3 class scheme. It is a simple and powerful scheme with ice and snow
events suitable for mesoscale grid sizes [11]. The meteorological model evaluation is performed
by comparing WRF with the ground station observed data.

2.2.2 Air Quality Model
CHIMERE is a chemical transport model using a multi-scale Eulerian chemical transport
process [12]. It is developed to generate daily forecasts pollutants, for reproducing long-term
emission scenarios and studying typical cases. Several data inputs are used in this model,
such as weather, land use, and emissions. Chemical boundary conditions are taken from the
three-dimensional global chemistry-climate model LMDz-INCA, whereas aerosol boundary
conditions are taken from the global models GOCART and LMDz-AERO [1]. The EDGAR-HTAP
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v2 global emission inventory prepared for 2010 is used for anthropogenic emissions estimation.
The horizontal resolution is set to 0.1 degree.

2.2.3 Statistical Indicators
In this work, meteorological and air quality modelling results are compared with monitoring
data. The performance of these models in the Agadir area is evaluated based on seven statistical
indicators, including the Mean Fractional Bias (MFB), the Mean Fractional Error (MFE),
the Mean Normalized Bias (MNB), the Mean Normalized Bias (MNE), the Correlation Coefficient
(R), the Mean Bias (MB), and the Mean Squared Error (RMSE).

3. Results and Discussion
3.1 Model Performance
The comparative analysis between the monitoring meteorological values and the WRF values are
listed in Table 1. These results indicate a good correlation factor, with very acceptable errors and
RMSE, in good agreement with the literature [4]. Concerning the Spring period, temperature
and wind speed present a correlation of 80% and 60% respectively, which corresponds to a strong
relationship between modelled and observed data. The MB values suggest an underestimation
of temperature and an overestimation of wind speed. In the summer period, the meteorological
parameters show weak statistical performance, compared to the spring. For example, modelled
temperature, with MB of 2.12 ◦C and RMSE of 3.10 ◦C, indicates a weak relationship between
modelled and monitored data. Due to the scale difference, namely: local scale for measurement
and global scale for modelling, the wind speed correlation is 42%.

Table 1. Summary of WRF result evaluation for wind speed and temperature

Spring Summer

T WS T WS

Mean. Obs 20.10 1.34 27.10 1.59

Mean. Mod 20.00 1.34 25.00 1.64

MB –0.10 0.01 2.12 0.04

RMSE 0.28 0.10 3.10 0.12

R 0.81 0.64 0.73 0.42

From Table 2, the statistical indicators of maximal PM10 show an underestimation of
CHIMERE outcomes, in comparison to observations, and a low correlation between observation
and model. In the summer, the BIAS= −34.76 µg/m3 means an underestimation of PM10

by CHIMERE, the MFE= 57.55% and the RMSE= 34.79 µg/m3 are significant even if they
are normal compared to other studies and other models, where MFE = 60% and RMSE=
41 µg/m3 [1]. Underestimation may be due to input emission data issues and the effect of the
meteorological conditions. In reality, in marine regions, sea salts may be greater than predicted,
leading to the limitations of transport modelling and needs additional statistical processing to
assimilate modelling values in the absence of exact emission data. Seasonal comparison, based
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on statistical factors, shows good model performance, and the performance goal is achieved
in the spring (MFB≤±30% and MFE≤ 50%) while, in the summer, the model performance is
acceptable and meets the criteria (MFB≤±60% and MFE≤ 75%) [3].

Table 2. Summary of CHIMERE’s statistical analysis of PM10

Spring Summer

Mean. Obs 67.54 78.91

Mean. Mod 50.67 44.14

MB –16.86 –34.76

MFB –25.83% –57.55%

MFE 25.83% 57.55%

MNB –21.94% –44.57%

MNE 21.94% 44.57%

R 0.40 0.51

RMSE 21.36 34.79

3.2 Effect of Meteorological Factors
Observation data analysis, reported in Tables 1 and 2, indicate that the air temperature (T)
increases from spring to summer. The measured wind speed (WS) is between 1.34 m/s in spring
and 1.59 m/s in summer. Maximum seasonal PM10 concentrations ranged from 67.54 ug/m3 in
spring to 78.91 ug/m3 in July. From all these information, we can highlight the trend between
the PM10 and the climatic factors. In particular, Table 1 shows the correlations between PM10

and two meteorological factors, namely; temperature and wind speed. For air temperature,
a strong positive relationship of 80% is observed. The summer correlation is more marked
compared to the spring. Typically, clean days coincide with a lower temperature and vice versa,
reflecting the strong correlation between PM10 concentration and temperature. The availability
of solar heat can cause a more intense residence of PM10, resulting in a higher accumulation
and dispersion of the particles in the atmosphere [6].

For the wind speed, the relation with PM10 depends on the season. In spring, a weak negative
correlation is noted (r =−0.22), whereas, in summer, the correlation is positive (r = 0.25). In
the spring period, PM10 concentration and wind speed are inversely related. Under weak wind
conditions, PM10 has the ideal conditions to reach a high concentration, whereas, if the wind
speed is high, then, PM10 is carried away and dispersed in the atmosphere, resulting in a
decrease of its concentration. Hence, the strong horizontal dispersion is responsible for the
negative correlation of PM10 with wind speed. In turn, the summer period shows that high
PM10 concentrations are related to high wind speeds. Therefore, the positive correlation results
from strong winds which may have contributed to the liberation and transport of dust particles
from the Saharian soil surface [24].

In this sense, the impact of temperature on PM10 shows a good convergence between the
model and the observation. However, the wind speed effect shows a difference, especially in the
summer season. The underestimation of PM10 by the model, particularly in the summer, can be
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justified by the weak correlation between modeled and observed wind, which means that the
observation shows a considerable influence of wind speed on PM10 (r = 0.25).

Table 3. Statistical correlation between PM10 and meteorological parameters

T WS

Obs Mod Obs Mod

Spring 0.44 0.49 −0.22 −0.2

Summer 0.80 0.76 0.25 −0.1

3.3 Effect of Anthropogenic Emission
In order to determine the influence of anthropogenic emissions, we focused only on the spring
period. Anthropogenic emission effects are evident in the case of PM10. In fact, the cancellation
of anthropogenic emissions reduces PM10 by 15%, as illustrated in Figure 1.

 
 

 

Figure 1. The PM10 monthly mean concentration with and without anthropogenic emission

Figure 2 shows the monthly average PM10 variation with and without anthropogenic
emissions. The geographical location of the city of Agadir, at the frontiers of the Moroccan
Sahara, makes it more strongly affected by the PM10 of Saharan origin.

 
 
 

Figure 2. PM10 dispersion over Agadir city
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The maximum PM10 dispersion analysis reveals two main sources, the western part (Atlantic
Ocean) and the southern part (Moroccan Sahara), as shown in Figure 3. However, the highest
concentrations of PM10 come from the East-South direction. As known, mineral dust is a
dominant component of atmospheric particles. Then, the geographical location of Agadir, close
to the desert, makes it vulnerable to this type of desert particle. Furthermore, the dominant
winds over this period blow from the south and west of Morocco, as illustrated in Figure ??
which attributes the high density of PM10 reported in Agadir to the high density generated
in the Moroccan Sahara and the Atlantic Ocean. Further research should be dedicated to this
issue, and a microscopic study must be conducted to confirm such observations.

 
 
 
 Figure 3. Monthly Wind Rose on May (left), on April (right)

4. Conclusion
This study presents a chemical transport model implementation applied to air quality modeling
on the Moroccan territory, more precisely on the Agadir city, using WRF coupled with the
CHIMERE model and a set of measured data collected from a fixed ground station. The results
suggest an underestimation of temperature and PM10, against an overestimation of wind
speed, especially in summer. On one side, the underestimation of PM10 by the model, especially
in the summer, can be justified by the low estimation of wind and temperature, thereby
highlighting the considerable influence of both factors on the observed PM10. On another hand,
the anthropogenic emissions present an important factor that explains 15% of the concentration
origin, which justifies the PM10 underestimation.

In future studies, we will need to determine the relationship between meteorological
conditions and pollutants and to extend the study period to detect any seasonal variability
together with an inventory of high-resolution emissions that is not available for the moment
over Agadir city, and to provide a sufficient number of monitoring stations.
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