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Abstract. 

Ozone concentration generally affects a health system, including human health, and an 
ecosystem, including plant properties and soil processes. Based on high-performance 
computing, this study used the transport chemistry model CHIMERE to model ozone pollution 
in the city of Agadir. The aim is to investigate the integrating horizontal and vertical transport 
effect on ozone concentration and computation time. The findings are validated experimentally 
by measurements and also compared with other studies. The results highlighted four main 
points: First, the CHIMERE ozone modeling remains acceptable with a correlation coefficient 
of 70%. Second, the combination Adv00 based on the Upwind method gives good results in 
terms of ozone concentration with a significant implementation time, equivalent to 80 minutes 
for 360 hours of prediction, which means an optimization in computational performance. Third, 

it is required to optimize all possible parts of the modeling process to reduce costs and time. 
Fourth, detailed local emission information is recommended to get a clearer picture of the 
correction of the CHIMERE output. The present work can serve as guidance for the CHIMERE 
settings in the case of limited computational infrastructure for long-term studies and studies 
using a high spatial resolution to predict polluted air. 

Keywords: Optimization; Ozone pollution; Transport chemistry model; computational 

performance; Transport dominated problems. 

 

 

 

 

 

 

 

 

 

 

 



1.Introduction  

Internationally, ozone is classified as a greenhouse gas (Gad, 2014; Simpson et al., 2014). The 
ozone control is informed by the World Health Organization guidelines and the United Nations 
Climate Change Convention (WHO, 2020). Ozone is a secondary pollutant caused by the 
chemical transformations under solar radiation of primary pollutants such as nitrogen oxides 

and volatile organic compounds (Visser et al., 2019). Ground-level ozone (O3) concentrations 
increased dramatically in the second half of the 20th century due to increased emissions of O3 
precursors resulting from increased urbanization, severe industrial pollution, traffic emissions, 
agriculture, and energy consumption (Surya et al., 2020).  

Ozone is a danger to both the ecosystem and health (Manisalidis et al., 2020). In ecological 
terms, ozone affects plant properties and soil processes that determine plant-soil-microbe 
interactions, such as soil enzyme activities and decomposition, leading to changes in soil 
ecosystem function (Andrady et al., 2017; Cisneros et al., 2010). Ozone also affects foliar 
chemistry and the formation of BVOC emissions, affecting insect-plant interactions (Pugh et 
al., 2013; Xu, 2021). In health terms, based on the results of several fields and clinical inhalation 
studies, significant health effects are expected if concentrations exceed 240 ug/m3 for more than 
eight hours continuously (WHO, 2018). For example, healthy adults with asthma may 
experience a considerable decrease in lung function and airway inflammation, resulting in a 
profound deterioration of their health (Chen et al., 2018). 

In recent years, modeling has proven powerful to predict various pollutants (Liu et al., 2021; 
Sofiev et al., 2013). As a result, they are widely used in scenario mining to test theories and 
understand the environmental impact under different emission rates, meteorological conditions, 
and development scenarios (Hosseiniebalam & Ghaffarpasand, 2015). The two main reasons 

for such use are on the one hand its efficiency and on the other hand its low cost and availability 
(Baklanov & Zhang, 2020). Depending on the algorithms adopted, there are different 
approaches to model air pollution (Mallet & Sportisse, 2008). The most commonly used air 
quality models can be divided into three main sections: diffusion modeling, photochemical 
modeling, and receptor modeling (Belis et al., 2020; Pino-Cortés et al., 2022; Ulfah et al., 2018). 

Obtaining an accurate numerical simulation of ground-level ozone concentrations is a crucial 
challenge in air pollution (Todorov et al., 2020). The vertical and horizontal transport 
phenomena are essential for the flow dynamics study and simultaneously present a challenge 
for accurate numerical simulations and any new scheme development. 

The main objective of this research is to improve the transport component in the CHIMERE 
model (Mailler et al., 2017). It should be noted that many studies have been conducted in this 
regard, implementing either the rational conservative scheme or the horizontal transport scheme 
only (Gavete et al., 2012; Hutchison & Mitchell, 2011). This study is not strange in this regard, 
during which the implementation of four numerical combinations from the numerical method 
is used in the horizontal and vertical transport. The results validation used similar studies and 
observations data in Agadir city. 

Apart from the emissions and chemical process errors, the uniqueness of this work is the attempt 
to determine the integration effect of horizontal and vertical transport on ozone concentration 
and computational time. This paper is organized as follows: In Section 2, we present the model 
theory, the transport equation, and the finite volume methods that were evaluated. In Section 3, 



we introduce the CHIMERE model setup and describe the results of this simulation. While 

section 4 discusses these results and attempts to interpret them, section 5 finally provides some 
conclusions. 

2.Methodology 

2.1. Data set and study area 

Agadir is located in the Souss-Massa region in southern Morocco, situated on the northern side 
of the African continent (Bounoua et al., 2020). According to the Köppen Geiger classification, 
the Souss-Massa region has a warm Mediterranean climate with dry summers. The region is the 
first agricultural region of the country with a regional GDP of 17.3% and 9% and a total of 
451,165 hectares of cultivated land, which makes it a sensitive area to air pollution. The air 
quality surveillance in the Agadir city is based on two measuring stations, a fixed ground station 
and a mobile regional station, both equipped with special SA environmental standards analyzers 

to detect harmful pollutants and climate variables (Chirmata et al., 2017). Data extraction is 
from the mobile station situated in the urban area of Anza in the study period from July 1 to 
July 15. This period was chosen in which the station is under the strict supervision of the 
Ministry of Interior, Department of Energy and Environment of the Province of Agadir because 
it provides continuous hourly data equivalent to 360 hours continuous. 

2.2. CHIMERE concept 

The evolution equation of chemical species concentrations (fi) can be decomposed into some 

individual factors, as illustrated in eqution1(Menut et al., 2013). The species and meteorological 
variables are determined on the same grid. In the horizontal directions, the length of the grid 
cell is not significantly different from its neighbors. In the vertical dimension, the layer 
thickness increases exponentially with height. 𝜕𝑓𝑖𝜕𝑡 = (𝜕𝑓𝑖𝜕𝑡 )𝐴𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 + (𝜕𝑓𝑖𝜕𝑡 )𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑐𝑒 + (𝜕𝑓𝑖𝜕𝑡 )𝐶ℎ𝑒𝑚𝑖𝑠𝑡𝑟𝑦 + (𝜕𝑓𝑖𝜕𝑡 )𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + (𝜕𝑓𝑖𝜕𝑡 )𝐷𝑒𝑝𝑜𝑡       (1) 
 

2.3. Transport equation 

For realistic description, we started with the three-dimensional scalar advection problem (Goyal 

& Kumar, 2011). For each chemical species, the conservation equation is then numerically 
solved. (uf) indicating the mass flow corresponding to u velocity. 𝜕𝑓𝜕𝑡 = −𝛻(𝑢𝑓)      (2) 
This equation can be discretized and solved separately for each of the three orthogonal 
directions: zonal, meridian, and vertical, using the operator splitting technique and the 
CHIMERE design, including parallelepiped structured grids. This technique is more 
computationally and widely used in meteorological and chemistry-transport modeling. We 

notice δα(f), the variation of (f) due to transport in the direction α and F is (uf). After time and 
space discretization, the discretized transport calculations are as follows: 

𝛿𝛼(𝑓) = ((𝐹)𝑛+1 2⁄𝛼 − (𝐹)𝑛−1 2⁄𝛼∆𝑥 )∆𝑡     (3) 



The calculation of fluxes at cell interfaces (𝐹𝑛+1 2⁄𝛼 ) is a critical challenge in solving this 

equation. The characteristics of the transport scheme are determined by how these fluxes are 

numerically estimated. These numerical methods range from simple first-order numerical to 
higher-order methods. For simplicity, let's continue with a one-dimensional scalar advection 
problem for a typically atmospheric pollutant. we add an initial concentration f(x,0) =f0, during 
the time interval [0, T]. The concentration of one typical pollutant is denoted by f. As a result, 
the description is the general Cauchy problem. 

{𝜕𝑓𝜕𝑡 = 𝜕(𝑢𝑓)𝜕𝑥     ∀(𝑥, 𝑡) ∈ ℝ × [0, 𝑇]𝑓(𝑥, 0) = 𝑓0                                                  (2) 
2.4. Resolution Method 

The analytical solution of air pollution equations is possible for simple cases. In the CHIMERE 
model, the finite volume approach is adopted (Mazumder, 2016). The conservative form of the 
transport equation in one dimension in space is solved using the finite volume method. Firstly, 

the spatial domain is divided into cells called control volumes. It corresponds to a partition of 

[0, L], in one dimension. For time variable, let be [𝑡𝑛, 𝑡𝑛+1] a uniform division of [0, T], we 

designate time step as ∆𝑡 = 𝑡𝑛+1 − 𝑡𝑛. For space variable [𝑥𝑗−1 2⁄ , 𝑥𝑗+1 2⁄ ] is a division of [0, L], 

we define space step as ∆𝑥 = 𝑥𝑗+1 2⁄ − 𝑥𝑗−1 2⁄  , the control volume Ω𝑗 = [𝑥𝑗−1 2⁄ , 𝑥𝑗+1 2⁄ ], and the 

center points 𝑥𝑗 = 𝑥𝑗+1 2⁄ −𝑥𝑗−1 2⁄2  . 

The integral form on each of the control volumes of the conservation law is given by: ∫ 𝜕𝑓𝜕𝑡 𝑑𝑥 = 𝑄(𝑓(𝑥𝑗−1 2⁄ , 𝑡𝛺𝑗 )) − 𝑄 (𝑓 (𝑥𝑗+1 2⁄ , 𝑡))   (5) 
We note 𝑄(𝑓(𝑥𝑗−1 2⁄ , 𝑡), 𝑄(𝑓(𝑥𝑗+1 2⁄ , 𝑡) ,the fluxes inside the cell. By integrating in time:  

∫ 𝑓(𝑥, 𝑡 + ∆𝑡) − ∫ 𝑓(𝑥, 𝑡) =𝛺𝑗    ∫ 𝑄 (𝑓 (𝑥𝑗−1 2⁄ , 𝑡)) 𝑑𝑡 −𝑡+∆𝑡
𝑡𝛺𝑗 ∫ 𝑄 (𝑓 (𝑥𝑗+1 2⁄ , 𝑡)) 𝑑𝑡𝑡+∆𝑡

𝑡         (6) 
This term can be expressed as:  𝛾𝑗𝑛+1 = 𝛾𝑗𝑛 − 1𝛥𝑥 (𝑄𝑗+1 2⁄𝑛 −𝑄𝑗−1 2⁄𝑛 )   (7) 
where, we define the exact flux Q and the average values of the exact solution γ at time t, on 
each cell, we note F, the approximation of the function by:  

{  
  𝑄𝑗+1 2⁄𝑛 = 1𝛥𝑥∫ (𝑢𝑓)(𝑥𝑗+1 2⁄𝑡+∆𝑡

𝑡 , 𝑡)𝑑𝑡𝛾𝑗𝑛 = 1𝛥𝑥∫ 𝐹(𝑥, 𝑡)𝑥𝑗+1 2⁄𝑥𝑗−1 2⁄ 𝑑𝑥                     (8) 
F est une fonction d'interpolation déterminée par l'algorithme conservatif. Cet article utilise 
trois approximations F distinctes, correspondant à des approximations constantes, linéaires et 
quadratiques de F sur chacune des cellules centrales. Dans la prochaine section, nous passerons 
en revue les trois options de transport disponibles dans le modèle. 



2.4.1. Upwind Method 

The upwind method uses a condition on the velocity sign to determine the advection 
concentration into the neighboring cell via the considered surface (Falcone & Ferretti, 2016). 
If u is positive, the moving wave solution of the equation above propagates to the right, with 
upwind referring to the left side, while downwind refers to the right side. If u is negative, the 

moving wave solution propagates to the left. {𝑖𝑓 𝑢 > 0    𝐹𝑗(𝑥) = 𝛽𝑗   𝑖𝑓 𝑢 < 0  𝐹𝑗(𝑥) = 𝛽𝑗−1      (9) 
 

For the CHIMERE model, the function f defined by f = ρ.c with c is the concentration. 
Depending on the sign of the cell interface wind speed, the fluxes are described by the following 
equations: 

{𝑖𝑓 𝑢(𝑡)𝑗+1 2⁄ > 0                𝐹𝑗±1 2⁄ = 𝜌𝑗𝑢𝑗+1 2⁄ 𝑐𝑗𝑖𝑓 𝑢(𝑡)𝑗+1 2⁄ < 0          𝑄𝑗+1 2⁄ = 𝜌𝑗𝑢𝑗+1 2⁄ 𝑐𝑗+1      (10) 
 

2.4.2. Van Leer Method 

The Van Leer Method is a finite volume method for obtaining highly accurate numerical 
solutions for a given system, even when the solutions include shocks, discontinuities, or large 
gradient (Vanderheyden & Kashiwa, 1998). The concept is to use reconstructed states derived 
from cell-averaged states from the previous time step to replace the constant approximation of 

the Upwind method. For x ∈ Ωj, and taking into account the velocity u < 0. 𝐹𝑗(𝑥) = 𝛽𝑗 + 𝛼𝑗 (𝑥 − 𝑥𝑗−1 2⁄ )   (11) 
From the initial condition of each cell, we can determine the coefficient βj:  

{𝑖𝑓 𝑢𝑗+1 2⁄ > 0    𝐹𝑗 (𝑥𝑗−1 2⁄ ) = 𝛽𝑗 = 𝑓𝑗   𝑖𝑓 𝑢 𝑗+1 2⁄ < 0  𝐹𝑗 (𝑥𝑗−1 2⁄ ) = 𝛽𝑗 = 𝑓𝑗+1      (12) 
The concentration inside a grid cell is determined by a linear slope between the cell's two 
interfaces in the CHIMER model. It is a good compromise solution for long-range transport in 
meteorology between numerical accuracy and computational efficiency. 𝑐𝑗(𝑥) = 𝛽𝑗 + (𝑥 − 𝑥𝑗)𝛼𝑗   (Eq. 13) 
With 𝛽𝑗 = 𝑐𝑗  and according to the following cases, the slope is calculated  𝑖𝑓 𝑐𝑗 ∈  [𝑐𝑗−1, 𝑐𝑗+1]    𝛽𝑗 = 𝑠𝑖𝑔𝑛 (𝑐𝑗+1 − 𝑐𝑗−1)  × 𝑚𝑖𝑛 (𝑐𝑗+1 − 𝑐𝑗−12∆𝑥 , 𝑐𝑗+1 − 𝑐𝑗∆𝑥 , 𝑐𝑗 − 𝑐𝑗−1∆𝑥 )     (14) 
2.4.3. Piecewise Parabolic Method (PPM) 

Since PPM is a finite volume scheme, physical variables are represented as averages over a grid 
zone instead of single values at different points (Zhang et al., 2017). Then use the information 
from the average of the neighboring regions to fit a single monotonic parabola to the average 



area of each dependent variable. PPM is a computational technique developed for fluid flow 

modeling with heavy impacts and discontinuities. It can handle steep gradients in small 

meteorological flows. For x ∈ Ωj, and taking into account the velocity u < 0. We note 𝑥�̅� =(𝑥 − 𝑥𝑗−1 2⁄ ) Δ𝑥𝑗⁄ . 𝐹𝑗(𝑥) = 𝛽𝑗 + 𝛼𝑗𝑥𝑗 + 𝜑𝑗𝑥𝑗(1 − 𝑥𝑗)    (15) 
The coefficients βj, αj and φj are obtained by the following formulas:  

{  
  𝛽𝑗 = 𝐹𝑗 (𝑥𝑗−1 2⁄ )                                                     𝛼𝑗 = 𝐹𝑗 (𝑥𝑗+1 2⁄ ) − 𝐹𝑗 (𝑥𝑗−1 2⁄ )                             𝜑𝑗 = 6(𝑓𝑗 − 12(𝐹𝑗 (𝑥𝑗+1 2⁄ ) + 𝐹𝑗 (𝑥𝑗−1 2⁄ )))   (16) 

Generally, this formula is directly applied to determine the flux function. 

{   
   𝑖𝑓 𝑢(𝑡)𝑗+1 2⁄ > 0                        𝑄𝑗+1 2⁄ = 𝑢𝑗+1 2⁄ (𝐹𝑗(𝑥𝑗+1 2⁄ ) − 𝑢𝑗+1 2⁄ ∆𝑡2∆𝑥𝑗 (∆𝛽𝑗 − (1 − 2𝑢𝑗+1∆𝑡3∆𝑥𝑗 )𝜑𝑗))
𝑖𝑓 𝑢(𝑡)𝑗+1 2⁄ < 0             𝑄𝑗+1 2⁄ = 𝑢𝑗+1 2⁄ (𝐹𝑗+1(𝑥𝑗+1 2⁄ ) − 𝑢𝑗+1 2⁄ ∆𝑡2∆𝑥𝑗 (∆𝛽𝑗+1 − (1 − 2𝑢𝑗+1∆𝑡3∆𝑥𝑗+1 )𝜑𝑗+1))

 (17) 
3. Results 

3.1. Numerical experiments using CHIMERE model 

Because an analytical expression for solving the chemical concentration evolution equation 
under realistic conditions is not available, it is not practical to directly determine the numerical 
errors in the 3D CTM simulation. Investigating the different superimposed phenomena 
equations' effect on air pollution is imperative to increase the modeling quality. This study 
follows the same approach so that ozone concentrations are predicted using the CHIMERE 
model based on four combinations of numerical solving transport-dominated equations. The 
CHIMERE model reliability is justified by comparing the results obtained with other studies or 
ground measurements. The model performance is evaluated based on three statistical metrics, 
including the correlation coefficient (R), mean bias (MB), and root means square error (RMSE), 
which are given by the formula in Table 1. Given M, O, and n are the modeled concentrations, 

the observed concentrations, the predictions or measurements number, respectively. 

The Figure 1 illustrates the transport chemistry model general structure such as CHIMERE. For 
meteorology, u* represents the frictional velocity, Q0 is the heat flux experienced at the surface, 

and BLH is the boundary layer height. [c]CHIMERE and [c]Obs are the modeled and observed 
concentrations, respectively. The modeling process was conducted using three fundamental 
models. The CHIMERE model, version 2017r3, calculate gas and aerosol concentrations based 
on WRF and Emis-surf data. Meteorological data is computed using the WRF (Weather 
Research Forecasting) model, version 4.0. Finally, the Emis-surf model, version 2016b, 
includes gas and aerosol emissions information. 



The WRF advanced research model has been in ongoing development for several years. WRF 

can be used in numerous meteorological applications from meters to thousands of kilometers 
in scale (Dudhia, 2013). For data sets used in this model are available from the University 
Corporation for Atmospheric Research (UCAR). The CHIMERE model is a multi-scale 
Eulerian chemistry transport model. It is designed to generate daily pollutant forecasts, 
reproduce long-term emission scenarios, and study typical cases. This model depends on 
diverse inputs, such as meteorological conditions, land use, and emissions (A. Ajdour et al., 
2019). The chemical boundary conditions are from the three-dimensional global chemistry-
climate model LMDz-INCA, while the aerosol boundary conditions are from the GOCART and 
LMDz-AERO global models (Folberth et al., 2006). Anthropogenic emissions were estimated 
using the EDGAR-HTAP v2 2010 global emissions list (Ferreyra et al., 2016). The horizontal 
resolution was set to 0.02° with 20 vertical levels in the troposphere ranging from 500 hPa to 

200 hPa. The Figure 2 presents the WRF and CHIMERE domain.  

Table 1. Statistical indicators formulas 

 

 

 

 

 

 

 

 

 

 

Indicator Formula 

Correlation coefficient (r) ∑ (Mk − M̅)(Ok − O̅)√(Mk −𝑴)2√(Ok − O̅)2n
k=1  

Mean BIAS (MB) ∑ (Mk−Ok)nk=1 n  

Root-Mean-Square Error (RMSE) √∑ (Mk − Ok)2nk=1 n  

Figure 1. General structure of CHIMERE Model 



 

3.2. CHIMERE prediction positioning test 

The Table 2 presents an analytical comparison of observed and modeled ozone over Agadir. 
The comparative data includes 360 hours of ozone concentrations from July 1, 2016. The 
measured ozone values ranged from 11.40 to 68.50 ug/m3, while the CHIMERE values ranged 
from 44.92 to 100.69 ug/m3. In statistics, the average is the measure of the central tendency of 
a given data. Measurements gave an average of 44.06 ug/m3, while CHIMERE showed an 
average peak of one and a half times that observed, reaching 69.96 ug/m3. For the dispersion 

data relative to the mean, the measurements and the CHIMERE model showed converging 
standard deviation values, up to 10.74 ug/m3 for the observations and 9.83 ug/m3 in the 
CHIMERE case.  

Accurate and timely modeling with reduced computational time is essential to avoid the 

resulting risks and take appropriate action promptly pending supplementary support monitoring 
systems for future assessments. Generally, the CHIMERE model provides an overestimation of 
~32.19 µg/m3 for the peak values recorded at midday with high solar radiation intensity. The 
nighttime overestimation, in which usually the ozone concentration should be lower, is 
estimated to be about 33.52 µg/m3. We conclude that CHIMERE’s ozone gas modeling is still 
limited, especially during peak and night hours, consistent with other studies (Ascenso et al., 
2021; De Meij et al., 2009). We can note from the standard deviation that the data are clustered 
for models and measurements similarly. For eight consecutive hours, the World health 
organization limit is 100 ug/m3 (Chiquetto et al., 2019). The model exceeded this limit in some 
ozone peaks, while the measurements did not exceed it.  

The Figure 3 presents the time series of the average hourly O3 concentration for CHIMERE 
and the observation of the city of Agadir. This figure clearly shows the strong trend between 

A 

B 

Figure 2. A) WRF's domain (large in black) and CHIMERE's domain (small in black) B) zoom of 
CHIMERE domain model 



CHIMERE and the measurement. It also displays a tendency for both to increase throughout 

the study. The first line of Table 5 shows the calculated statistical parameters for the current 
study. 

In particular, the correlation coefficient indicates that the model maintains the trend despite the 
significant bias coefficient indicating the difficulty of predicting using CHIMERE. Against the 

observations, the hourly correlations show a correlation of 70%; as a result, the model performs 
well to the Russell and Dennis criteria (Russell & Dennis, 2000), the same thing this statistical 
score meets the Emery criteria (Emery et al., 2017). Regarding MB and RMSE, we could not 
determine the extent of their compliance with the Russell and Dennis (2000) and Emery (2017) 
criteria based on their dependence on other statistical scores. The previously mentioned criteria 
were based on cutoff values ranging from 40 ug/m3 to 60 ug/m3, and other studies reached 80 
ug/m3, which were excluded from this study. Ozone cutoff values varied from study to study, 
while the U.S. Environmental Protection Agency sets a limit of 60 ppb to measure the overall 
error (USEPA, 2015). The choice of cutoff values is to investigate the effect of higher 
concentrations on human health effects. The cutoff values are helpful to select the dangerous 

concentrations and remove the influence of low concentrations such as nighttime values (Arasa 
et al., 2012). At the same time, it does not give a clear idea of the modeling quality. The problem 
of various cutoffs from different comparisons complicates the overall interpretation of the 
modeled results. 

The Table 3 shows the statistical parameters calculated for the CHIMERE model compared to 
three other studies. The first study used in this comparison investigates the CHIMERE model 
performance in Agadir city in Morocco using two resolutions, C1 (0.1°=11 km) and C3 
(0.02°=2 km). The obtained numerical results are compared with spring and summer ozone 
monitoring data from 2010. The second study provides a quantitative performance evaluation 
and a better understanding of the potential shortcomings of the WRF-Polyphemus modeling 
system used to simulate air quality in Lebanon for the most common gaseous pollutants (CO, 
NO2, O3, SO2) as well as for the particulate species (PM10, PM2.5, EC2.5, OC2.5). The third study 
evaluates the NMMB/BSC-CTM online model by simulating the main gaseous pollutant 
concentrations in Europe for the year 2010. The model results are evaluated with ground-based 
observations, ozone probes, and satellite retrievals. 

Compared to the other three studies, the results showed a good correlation coefficient, which 
indicates that the model maintains the trend. As for the MB, we do not hide the fact that the 
third study gave the lowest value of MB compared to CHIMERE, as it is close to the value 

obtained in Study 2. Concerning the RMSE, the result is approximately the same as the one 
obtained in the third study. Comparing the results of the present study with the first study, which 
in turn was conducted on Moroccan, in Agadir city using CHIMERE, the current correlation 
coefficient is good despite the presence of MB and RMSE differences. 

The results obtained remain acceptable and consistent with the three approved studies. 
Although this comparison validated the results to further the study purpose, the differences are 
due to two main reasons: the different locations of each study and the methods adopted in the 
modeling process. As a clarification, the distinction between the current study and the first study 
is that the first study relied on 2010 data obtained from the fixed station, while the present study 
relied on 2016 measurements from a mobile station, Requires updating the spatial-temporal 
analysis to represent air quality monitoring stations (Baca-López et al., 2021). We can confirm 



from this study conducted in the same city that the large MB observed is associated with low 

nitrogen dioxide concentrations (Brancher, 2021). The CHIMERE discrepancy is generally 
associated with the lower resolution of the emissions information at each time step derived from 
the annual totals in the HTAP inventory database. Moreover, the model's horizontal accuracy 
is 0.02°, while the stations record very local values for the data (de Meij et al., 2009). Therefore, 
detailed information about the local emissions is recommended to get a clearer picture to correct 
the CHIMERE output, which we will do now. 

The Table 4 summarizes the four combinations selected for this study based on the numerical 
method used for horizontal and vertical transport. The Table 5 represents the effect of these 
combinations on the ozone results using four statistical factors. The correlation coefficient 
effect does not exceed 1%, while the mean bias and RMSE reach 0.72 ug/m3 and 0.84 ug/m3, 
respectively, switching from adv00 and adv21. Although congruence appeared significantly 
between all combinations, Figure 4 shows alternative views of the average hourly concentration 
differences with adv00 as the reference compared to the other formulations listed in Table 4. 
To determine delta1, delta2 and delta 3, we calculate the following differences delta1=CAdv10-

CAdv00, delta2= CAdv11-CAdv00 and delta3=CAdv21-CAdv00. According to Figure 4, the difference 
in concentration appears in the night period at 10 pm and from 2 am to 3 am. In the morning 
period from 7 am to 8 am, while in the night period precisely at 3 pm. For the computation time, 
significant differences appear, up to 80 minutes as a difference between adv00 and adv21. In 
other words, about 45% of the execution time using adv00, giving a representative ratio for this 
metric. 

In general, the statistical comparison of the numerical method combinations shows close 
statistical results without any significant differences affecting ozone concentrations. Using the 
Adv 00 method as a reference, the most pronounced deviations are observed at midday during 
the peak ozone period, at 3:00 pm, when the gap does not exceed 2 ug/m3. These findings are 
in good agreement with other studies investigating the same subject (Gavete et al., 2012; 
Hutchison & Mitchell, 2011), although they mainly neglect the effect of numerical method 
combinations on modeling time. A significant difference was observed in the execution time, 
which showed a time difference of 80 minutes for 360 hours of prediction. Adopting the same 
computational capacities in this investigation, over a study of one year, the difference, in this 

case, will be about 1946 minutes, which is equivalent to 32.43 hours. All simulations were 
performed using a remotely accessible high-performance computing (HPC) infrastructure 
(Kornyei et al., 2021) provided by the National Center for Scientific and Technical Research to 
the Moroccan research community. The infrastructure contains 19 nodes with the following 
capacity, 760 processor cores, 108 TB of storage, 5.2 TB of RAM, and 2 GPUs. This 
infrastructure is connected to a 5Gbps link to ensure high data transfer speeds from attached 
universities and institutions. The computational time is a decisive element in any modeling 
work (Nibart et al., 2021), which depends heavily on numerical methods and computational 
infrastructure. In this case, the Adv00 combination based on the Upwind method represents the 
optimal solution to the vertical and horizontal transport equation. According to the results of 

this study, it is categorically recommended to use the adv00 combination, especially for high 
spatial resolution, as in this study (0.02°), as the high resolution in the CHIMERE model 
requires a high computational time and a robust computational infrastructure. 

 

Table 2. Characteristics of measured and modeled ozone 



 O3(OBS)  O3 (CHIMERE)  

Range [Min; Max] [ug/m3] [11.40 ; 68.50] [44.92 ; 100.69] 

Average [ug/m3] 44.06 69.96 

Standard Deviation [ug/m3] 10.74 9..83 

Missing data [%] 0 0 

 

Table 3. Statistical parameters calculated for the CHIMERE model compared to three other studies. 

 Model Study area Correlation 

Mean 
bias 

[ug/m3] 

RMSE 

[ug/m3] 
Ref 

Present 
study 

CHIMERE Morocco 70% 25.90 27.09 - 

Study 1 CHIMERE Morocco 61% 13.60 13.93 
(Amine 

Ajdour et 
al., 2022) 

Study 2 Polyphemus Lebanon 60% 25.70 38.60 
(Abdallah 

et al., 
2018) 

Study 3 NMMB/BSC-
CTM 

Europe 60% 4.80 27.08 
(Badia & 

Jorba, 
2015) 

 

 

 

Figure 3. Hourly time series of measured and modeled ozone 



Table 4. The four combinations depending on the numerical method used during horizontal and 
vertical transport 

   Horizontal  

  Upwind (0) PPM (1) Van Leer (2) 

Vertical 
Upwind (0) Adv00 Adv10 - 

Van Leer (1) - Adv11 Adv21 

 

Table 5. The ozone evaluation of each combination studied 

 
Correlation Mean bias RMSE 

Running 
time 

Adv00 70% 25.90 27.09 178.42 
Adv10 69% 26.24 27.53 238.84 
Adv11 69% 26.57 27.90 255.54 
Adv21 70% 26.62 27.93 259.01 

 

 

Conclusion 

Air quality forecasting has been a concern for the scientific community in recent years. The 
main goal of this study is to improve the chemical transport component in the CHIMERE model 
using four combinations determined by numerical methods used in horizontal and vertical 
transport. Although the combination types examined did not affect the ozone concentration, 
they constituted a critical element in the modeling time determination. In addition to accuracy, 
the latter is one of the foundations of modeling. The results conclusively showed that the 
combination (Adv00) based on the Upwind method gives good results similar to other 
formulations in terms of ozone concentration while saving a significant amount of run-time, 
which means saving computing power. The results highlighted the value of understanding the 

Figure 4.The daily deltas between adv10, adv11 and Adv21 using Adv00 as a reference 



combined effects of the algorithm employed to simulate the transport phenomenon. As 

applications, this study can be used in all future modeling processes to prepare the CHIMERE 
model, especially studies using high spatial resolution or long-term studies based on limited 
computational infrastructure to predict air pollution. Finally, it can be adopted for a large-scale 
application and refers to a series of future studies. 
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