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Abstract 

The Weather Research and Forecasting-Chemistry (WRF- 

Chem) model was used to develop an operational air quality 

forecast system for the Metropolitan Area of Lima-Callao 

(MALC), Peru, that is affected by high particulate matter 

concentrations episodes. In this work, we describe the 

implementation of an operational air quality-forecasting 

platform to be used in the elaboration of public policies by 

decision makers, and as a research tool to evaluate the 

formation and transport of air pollutants in the MALC. To 

examine the skills of this new system, an air pollution event in 

April 2016 exhibiting unusually elevated PM2.5 concentrations 

was simulated and compared against in situ air quality 

measurements. In addition, a Model Output Statistic (MOS) 

algorithm has been developed to improve outputs of inhalable 

particulate matter (PM10) and fine particulate matter (PM2.5) 

from the WRF-Chem model. The obtained results showed that 

MOS increased the accuracy in terms of mean normalized bias 

for PM10 and PM2.5 from -43.1% and 71.3% to 3.1%, 7.3%, 

respectively. In addition, the mean normalized gross error for 

PM10 and PM2.5 were reduced from 48% and 92.3% to 13.4% 

and 10.1%, respectively. The WRF-Chem Model results 

showed an appropriate relationship between of temperature 

and relative humidity with observations during April 2016. 

Mean normalized bias for temperature and relative humidity 

were approximately - 0.6% and 1.1% respectively. In addition, 

the mean normalized gross error for temperature and relative 

humidity were approximately 4.0% and 0.1% respectively. 

The results showed that this modelling system can be a useful 

tool for the analysis of air quality in MALC. 

Keywords: WRF-Chem model, Fine particulate matter, air 

pollution in Lima, particulate matter, Model Output Statistic, 

air quality model 

INTRODUCTION 

Elevated aerosol concentrations exert adverse impacts on 

ecosystems and human health, reduce visibility and affect the 

radiative balance through direct and indirect effects [1]. 

“Studies have shown a direct correlation between heavy  

traffic in Lima and adverse health effects. One study found 

that children ages from 13 to 15 living within 100 meters of a 

heavily trafficked avenue are twice as likely to suffer asthma 

symptoms” [2]. Carbajal et al. [3] “conducted the study to 

determine if the exposure to the vehicular traffic was 

associated to the prevalence of asthma in population living in 

the North Zone of Lima”.  Carbajal et al. [3]  “observed a 

significant association between traffic flow and asthma among 

schoolchildren residing in the North Zone of Lima. In the 6 to 

7 years old group, there was a significant increase in the 

medical diagnosis of asthma, cumulative wheezing and 

current wheezing as the traffic flow index increased. In the 13 

to 14 years old group, there was a significant increase in the 

medical diagnosis of asthma and nocturnal coughing with 

increasing exposure to the traffic index” [3]. “These studies 

together show a pattern of dangerous health effects associated 

with the high traffic density and the forms of transportation 

currently in use in Lima” [4]. 

Lima, the capital city of Peru is the country’s commercial and 

industrial centre. The Metropolitan Area of Lima-Callao 

(MALC) is located at 770 W and 120 S by the central coast of 

Peru and it has an area of 2819.3 km2 [5] and has 10.419 

million inhabitants [6]. “Lima is located in a desertic area, 

bounded to the northeaster by a landscape that ranges from a 

large alluvial plain formed by the valleys of the Chillón, 

Rímac and Lurín rivers to a landscape of hills and finally 

mountains in the extreme east, which are located at more than 

1000 m above sea level” [7]; [8]. “Every day citizens of Lima 

travel across the city for work or personal reasons, like people 

http://www.ripublication.com/
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all over the world. Yet they face more obstacles in their daily 

travels, with a good portion of their time wasted sitting on 

overcrowded, unregulated, dangerous buses in traffic. Thus, 

the average person in Lima spends four hours a day 

commuting to and from work” [4]. This inhibits citizens living 

in lower-income areas from accessing potential jobs in 

wealthier parts of the city and damages the health of all 

citizens by polluting the air [4]. “The existing transportation 

forms within Lima, especially informal public transportation, 

result in congestion and safety issues and place a greater 

burden on the poor.  A vehicle runs at an average of 3 km h-1. 

in main avenues of Lima” [4]. “Traffic congestion makes the 

average commute in Lima over an hour each way and costs 

more than $1 billion a year in lost output and health problems 

caused by pollution. 52 percent of Lima’s buses and combis 

are over 20 years old” [4]. As a result, elevated inhalable 

particulate matter (airborne particles with an aerodynamic 

diameter less than 10 micron, PM10) and fine particulate 

matter (airborne particles with an aerodynamic diameter less 

than 2.5 micron, PM2.5) concentrations are a persistent air 

pollution problem in the Metropolitan Area of Lima-Callao 

(MALC), Peru [9]. Both PM10 and PM2.5 levels routinely 

exceed the 24-hour standard of 100 µg m-3, and 50 µg m-3 

respectively established by the Ministerio del Ambiente del 

Peru (MINAM, Ministry of the Environment of Peru). In 

terms of the seasonal cycle, the month of April normally 

exhibits elevated concentrations of PM10 and PM2.5 because 

atmospheric conditions over the Pacific Ocean induce a 

lowering of the boundary layer encompassed by very slow 

winds (< 1.5 m/s) that inhibit mixing and ventilation [10]. 

In order to provide better tools for decision makers, an 

operative air quality forecast system was developed, with a 

particular focus on hourly prediction of concentration ground- 

level PM2.5 and PM10, ozone, carbon monoxide, sulfur dioxide 

and nitrogen oxides. The air quality forecasts are available 

freely           for           consultation         at          the site: 

http://www.senamhi.gob.pe/?p=calidad-de-aire-numerico. Air 

pollution is being forecasted in Lima with the WRF-Chem 

(Weather Research and Forecast with Chemistry) model [11], 

[12]. The forecast system uses a combination of 

meteorological fields, topography data and emission module 

based on measurements of emission factors and ambient 

concentrations [12]. “The spatial representation of emission 

was built using the traffic and street maps as a proxy, to 

construct the module of mobile emission” (for details see [13]; 

[12]). 

The main source of air pollution is the automotive park 

composed of 1´ 450, 804 vehicles that are more than 14 years 

old [14]; [15]. “The fleet consists of light duty vehicles 

(47.7%), taxis (7.9%), pickup  trucks  (27.6%), buses (3.1%), 

trucks (12.3%) and motorcycles (1.4%)” [8]. In MALC, the 

vehicles total emissions inventory are for CO (137 891 

Tons/year), SO2  (7 022 Tons/year), NOx  (33116 Tons/year), 
VOC  (18  225  Tons/year),  PM10   Tons/year),  PM2.5   (2993), 

CO2 (3 879 620 Tons/year), Pb (419 Tons/year) [16]. “In 

MALC, there are 108 automobiles per thousand 

inhabitants, 

which makes of Lima one of the least motorized capitals of 

South America. For example, the ratio of automobiles per 

thousand inhabitants is 172 in Santiago, Chile; and 335 in 

Buenos Aires, Argentina” [14]. Vehicular emissions in Lima 

appear to contribute between 70% and 80% of the air 

pollution [3]. MALC is under the influence of South Pacific 

Anticyclone during all the year, resulting in prevailing 

southerly and southwesterly winds and persistent atmospheric 

stability leading high concentrations of PM10 and PM2.5 [7]. 

There are few studies addressing particulate air pollution in 

Lima [8]. Duarte et al. [8] “Investigated and compared the 

structural characteristics of water-soluble organic carbon 

(WSOC) in atmospheric aerosols collected in Lima. For the 

Lima city , the relative contribution of the four proton 

functional groups vary in the following order: the saturated 

aliphatic protons are the most important component (60%), 

followed by unsaturated (18%) and oxygenated (12%) 

aliphatic protons, and a less contribution from aromatic 

protons (10%). The source attribution in Lima confirmed the 

mixed contributions of biological material (e.g., pollen and 

fungal spores), secondary formation and urban emissions” [8]. 

Regarding chemical transport models (CTMs), no applications 

can be found in the scientific literature in MALC. Thus, in this 

work many difficulties had to be overcome, with the 

deficiency in the emission inventory being the worst, in 

addition to the difficulties in simulating meteorological fields 

over an area of complex terrain, with significant gradients. 

“Numerous studies have demonstrated the benefit of adjusting 

site-specific air quality model predictions using observational 

data to reduce systematic model error (bias)” [17]. “There are 

three reasons why statistical reinterpretation of dynamical 

Numerical Weather Prediction (NWP) output is useful for 

practical weather forecasting: (a) there are important 

differences between the real world and its representation in 

NWP models, (b) the NWP models are not complete and true 

representations of the workings of the atmosphere, and their 

forecasts are subject to errors and (c) the NWP models are 

deterministic. That is, even though the future state of the 

weather is inherently uncertain, a single NWP integration is 

capable of producing only a single forecast for any 

meteorological element, given a set of initial model 

conditions” [18]. 

The Model Output Statistic-MOS [19]; [20] is a type of 

statistical post-processing, a class of techniques used to 

improve numerical weather models' ability to forecast by 

relating model outputs to observational or additional model 

data (https://www.weather.gov/mdl/mos_home); [21]. 

The objectives of this work were the following: (i) evaluate 

the performance of the WRF-Chem model configurations in 

representing the meteorological and air quality variables 

associated with elevated concentrations of PM2.5 during April 

2016, and (ii) describe the air pollution forecast system 

developed for the Metropolitan Area of Lima-Callao. The 

WRF- Chem model and its configuration are described in 

Section 2. The model evaluation is presented in Section 3. The 

model 

http://www.ripublication.com/
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results and discussions are presented in Section 4; and the 

conclusions are summarized in Section 5. 

 
 

METHODS 

In this study, we used the WRF-Chem model version 3.8.1 

that is described below. 

WRF-Chem model description and configuration 

The WRF-Chem is a non-hydrostatic mesoscale numerical 

weather prediction system designed for atmospheric research 

and operational forecasting [11]. The WRF-Chem has a 

meteorological module coupled on-line with a chemistry 

module [11]. This chemistry module is an atmospheric 

chemistry approach for representing gaseous, aerosol, and 

aqueous chemistry processes [13]. Various user-selected 

combinations of chemistry schemes are available to represent 

the chemical and physical processes of gases and  aerosol, 

such as dry deposition; biogenic and anthropogenic emission; 

biomass burning; and aerosol schemes [13]. A detailed 

description of the WRF-chem model can be found on the 

website (http://ruc.noaa.gov/wrf/wrf-chem/). The gas-phase 

chemistry and aerosol modules employed in this study are the 

Regional Acid Deposition Model, version 2 (RADM2) [22] 

and the Modal Aerosol Dynamics Model for Europe-

Secondary Organic Aerosol Model (MADE-SORGAM) [23], 

respectively. The RADM2 mechanism is a compromise 

between chemical detail, accurate chemical predictions, and 

available computer resources [11]. The inorganic species 

included in the RADM2 mechanism are 14 stable species, 4 

reactive intermediates, and 3 abundant stable species (oxygen, 

nitrogen and water). The RADM2 mechanism represents 

organic chemistry through a reactivity aggregated molecular 

approach [24]. Similar organics compounds are grouped 

together in a limited number of model groups through the use 

of reactivity weighting [25]. This study considered the 

assimilation’s method AAS4 of WRF-Chem with NCL for 

visualizing of the model outputs [12]. 

 
 

WRF-chem model configuration 
 

 

Figure 1. Area of the 5 km modeling domain showing of 

measurements sites and WRF topography elevation (m). 

Numbers 1-4 represent sites with information on particles: 1 is 

SBJ, 2 is STA, 3 is SJL, 4 is CRB. While 5 represents the 

location of the CDM´s climatological station. 

 
 

Figure 1 shows the 250 x 250 km study area centered in Lima. 

The domain is horizontally divided into a 5 x 5 km2 regular 

grid such as described by Sánchez-Ccoyllo et al.  [26]. The 

number of vertical grids used was 27 and the number of 
horizontal grids was 50 points x 

50 points. Initial and boundary meteorological conditions 

were obtained from the National Centers for Environmental 

Prediction (NCEP), Final Analysis (FNL) data set with  0.250
 

of grid spacing, 26 vertical levels and are available  FNL 

every 6 hours: 00:00, 06:00, 12:00 and 18:00 UTC 

(http://rda.ucar.edu/datasets/ds083.3/). Parameters include 

surface pressure, sea level pressure, geopotential height, 

temperature, sea surface temperature, soil values, ice cover, 

relative humidity, u- and v- winds, vertical motion, vorticity 

and ozone profiles. In order to exemplify the application, the 

period from 28 May to 29 April, 2016 was chosen as the 

modeling period. To overcome the impacts of initial 

conditions, 3 days were simulated and considered as spin-up 

time. The configurations of the model WRF/Chem and those 

that are running operationally are presented in Table 1. 

 

Table 1. Motor vehicles emissions inventory in the Metropolitan Area of Lima-Callao (Tons/year) 
 

Vehicle type CO SO2 NOx VOC PM10 PM2.5 CO2 Pb 

Light Vehicles 36204 529 3879 3879 274 248 619066 149 

Taxis 39948 487 4559 4559 275 249 683255 151 

Pick up trucks 19939 435 1852 3129 241 219 336983 84 

Bus 8387 4798 13614 2525 1586 1456 1853521 0 

Trucks 3356 755 9059 1072 893 820 328288 0 

Motorcycles 30057 18 153 3061 2 1 58507 35 

Total 137891 7022 33116 18225 3271 2993 3879620 419 

Source: Adapted from [16] 

http://www.ripublication.com/
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Anthropogenic emissions in Lima 

Emissions are key factors affecting the accuracy of air quality 

modeling results [27], especially for the regions where the 

main source is the mobile fleet like in the case of Lima, 

impacted by the on-road vehicle fleet emissions. The vehicles 

emissions inventory for the Metropolitan Area of Lima-Callao 

for CO, SO2, NOx, VOC, PM10, PM2.5, CO2 and Pb are 

presented in Table 1. The anthropogenic emissions of trace 

gases and particulate matter in a 5 km horizontal resolution 

grid domain were considered to include emissions only 

coming from on- road vehicles through the use of a vehicular 

emissions model developed by the IAG-USP Laboratory of 

Atmospheric Processes [13]; [12]. This model does not 

include point sources nor biogenic sources, and considers the 

number of vehicles, vehicular emissions factors, and average 

driving kilometers for vehicle per day as basic parameters for 

the calculations of exhaust and evaporative emissions 

considering different vehicles types and different fuel types 

[12]. For the spatial distribution of NO, NO2, CO, SO2, VOCs, 

PM10 and PM2.5 emissions (see Figure 2), it is assumed that the 

vehicles within the modelling domain were distributed 

proportional to the road length in each grid cell [13]; [12]. 

Road length was calculated as the sum of five types of road 

(motorway, trunk, primary, secondary and tertiary) within 

each grid cell. The road map is available on the 

OpenStreetMap project and extracted from the Geofabrik’s 

free download server (http://download.geofabrik.de/) [13]; 

[12]. 

 

 
 

Figure 2. Emission rates for NO at 1300 UTC in the 5 km 

modeling domain in Lima 

 
 

The calculation of total emission in each grid cell where the 

road density is non-zero proceeds according to the following 

equation: 

= 𝑁 ∗ 𝐹𝐸 ∗ 𝐼𝑈 (1) 

 

Table 2. Model configuration options in the WRF/Chem 

version 3.8.1 simulations in Lima 
 

Attributes Model configurations 

Simulation period April 2016 

Domain Lima, Peru 

Physical options  

Short-wave radiation Goddard 

Long-wave radiation Rapid radiative transfer model 

Boundary layer Yonsei University´s scheme 

Land-surface Noah Land Surface Model 

Cumulus cloud Grell three-dimensional ensemble 

cumulus scheme 

Cloud microphysics Lin 

Chemical options  

Photolysis scheme Madronich photolysis (TUV) 

Gas-phase mechanism RADM2 

Aerosol option MADE/SORGAN 

Horizontal grid resolution 5 km 

Center of grid -12.4 ; -77.4 

where: 

E is vehicular emission in g day-1 

N is the number of vehicles 

FE is vehicular emissions factors in g km-1
 

IU is average driving kilometers for vehicle per day 

 
 

The total number of vehicles (1, 450, 804) was obtained on 

the basis of data for 2013 [15]. Emissions factors for six 

different vehicle types (light-duty vehicles, taxis, pickup 

trucks, bus, trucks, motorcycles) are shown in Table 3. The 

proportional distribution of vehicles is shown in Table 4, and 

both were obtained from PROTRANSPORTE reports [16]. 

For each type of vehicle, an average intensity of use was 

estimated from PROTRANSPORTE reports [16], as shown in 

Table 5. 

Table 3. Vehicular emission factor for each type of vehicle in g 
km-1 

 

Vehicle type CO NOx MP SO2 HC 

Light Vehicles 13.977 1.3225 0.3390 0.2280 1.7050 

Taxis 14.7548 1.4670 0.3950 0.23825 2.2014 

Pickup trucks 23.1785 1.0335 0.4250 0.4600 3.2380 

Bus 6.64825 9.59725 1.43175 3.98825 2.4410 

Trucks 8.6115 15.471 2.875 1.8450 3.6965 

Motorcycles 29.3800 0.0630 0.0000 0.0230 13.3200 

Source: [16] 

http://www.ripublication.com/
http://download.geofabrik.de/)
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N 

Table 4. Vehicle types and proportional of the number 

vehicles 

(MNGE) were used to evaluate the model performance in 

simulating aerosols and meteorological variables [29]; [26]. 

 

1. Mean error bias (MB) 

1 N 

MB  ( M i 
 Oi

) 
i 1 

 

2. Normalized mean bias (NMB) 

(1) 

NMB 
1 


N   

( 
M i 

 Oi ).100% 
  

 
(2) 

 
Source: [16] 

N   1 Oi 

3. Mean Gross Error (MGE) 
Table 5.  Intensity of use by vehicle type 1 N

 

 
MGE  | ( M i  

 Oi
) | 

i1 

 

4. Mean Normalized Gross Error (MNGE) 

(3) 

 

1 N | M  
 

 O | 
MNGE  (  i i ).100% (4) 

N 1 O i 
Source: Adapted from [16] 

 
 

It is assumed that all the grid cells would have the same 

temporal distribution of mobile emissions for each day based 

on the results of Lents et al.  [28]. The temporal distributions 

of light-duty vehicles- LDVs (two peaks during the day for 

LDVS at 0800 local time-LT and 1700, 1900 LT), and heavy-

duty diesel vehicles- HDVSs (two peaks during the day for 

HDVS at 0800 local time-LT and 1700, small peak at 1900 

LT) are shown in 

and Mi and Oi are the model result and observed variables 

respectively. N is the number of samples [29]. 

 

MOS Methodology 

In this study, the coefficients a and b, which are used to 

improve the forecast,  were evaluated using a linear regression 

with a linear function. It is also possible to use linear 

regression with non-linear functions. The calculation scheme 

is: 

Figure 3.  

Oi  a  b * Mi (5) 
 

10  

Mni  a  b * Mi 
8 

(6) 

Where  �̅�i  and  �̅�𝑖  are  the  average  hourly values  and  �̅�𝑛𝑖  is 

6 the new hourly value improved. Following this method it was 
possible to generate the new PM2.5 and PM10 data (see figure 

4 4). 
 
 

2 

 
 

0 

0 2 4 6 8 10 12 14 16 18 20 22 

local time 

 

 

Figure 3. Mobile emission hourly distribution, in each cell 

WRF-Chem model, for light-duty vehicles and heavy-duty 

vehicles in % (The values of daily emission were divided by 

factor 0.01) 

 
 

Model evaluation in Lima 

The mean bias (MB), normalized mean bias (NMB), Mean 

Gross Error (MGE) and Mean Normalized Gross Error 

 
RESULTS AND DISCUSSIONS 

Model performance was evaluated using the hourly PM10 and 

PM2.5 observations at 4 monitoring sites in Lima: San Borja 

(SBJ), Santa Anita (STA), San Juan de Lurigancho (SJL) y 
Carabayllo (CRB). The air pollution data that were being 

considered for evaluation of the simulations in Lima are 
obtained by the SENAMHI (Servicio Nacional de 

Meteorología e Hidrología del Perú, National Service of 

Meteorology and Hydrology of Peru) air quality network. The 
location of the air quality stations and their characteristic are 

presented in Table 6. During the evaluation period (April 

2016), the average concentration of PM10 was 56.4 µg m-3 for 

SBJ, 91.7 µg m-3 for STA, 108.6 µg m-3 for SJL, and 100.6 µg 

D
ai

ly
 e

m
is

si
on

 (%
) 

N 

Vehicle type Proportion of the 

total number of vehicles (%) 

Light Vehicles 47.7 

Taxis 7.9 

Pickup trucks 27.6 

Bus 3.1 

Trucks 12.3 

Motorcycles 1.4 

 

Vehicle type Use (km/day) 

Light Vehicles 21 

Taxis 126 

Pickup trucks 17 

Bus 219 

Trucks 19 

Motorcycles 296 
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m-3 for CRB. The average concentration of PM2.5 was 18.0 µg 
m3 for SBJ, 33.4 µg m-3  for STA, 34.5 µg m-3  for SJL, and 

32.8 µg m-3 for CRB (Table 7). The average 2016 PM10 

concentration for monitoring stations (see Table 7a) were 

highest 95.4 µg m-3 for SJL, 88.1 µg m-3 for CRB, 80.5 µg m-3 

for STA. The station with the lowest annual 2016 PM10 

concentration was 57.9 µg m-3 for SBJ. The hourly maximum 

2016 PM10  concentration  were highest 476.8  µg m-3 for STA   

and 
564.4   µg   m-3    for   SJL.   They   were   followed   by  lower 
concentration at the SBJ (394.1 µg m-3) and CRB (312.0 µg 

m-3). It is important that the stations with the highest PM10 

concentration are located in the eastern and north part of the 
city of Lima (such as STA and SJL located at eastern and 

CRB located at north of Lima city) (see Figure 1). This trend 

is due to the pattern of persistent local winds entering from the 
coast with a South- Southwest direction, causing the pollution 

loads to be transferred to the eastern and northern, which are 

critical deposition areas [7]. For PM2.5 (see Table 7b), a 

similar pattern is observed in Lima. The highest average  2016 

annual concentrations of PM2.5 are observed at STA (32.3 µg 

m-3), SJL (32.7 µg m-3) and CRB (29.5 µg m-3). The highest 

hourly maximum annual concentration of PM2.5 are also 

presented at STA (179.1 µg m-3), SJL (164.1 µg m-3), CRB 

(189.2 µg m-3) 

and SBJ (103.8 µg m-3). 

Figure 4 shows the comparison between the hourly measured 

and simulated values for PM10 and PM2.5 for the April 2016 

period at average four air quality stations (SBJ, STA, SJL and 

CRB). In this figure, the model reproduces the diurnal pattern 

of observed PM10 and PM2.5 concentrations, but under- 

predicts observed peak of PM10 concentrations and over-

predicts observed peak PM2.5  in April 2016 (in the morning at 

0700 to 0900 hour local and at night from 18 to 21 hour local) 

concentrations. When the MOS technique is applied to the 
PM10 and PM2.5 forecasts, the ability of the WRF-Chem 

model improves quite a lot during the first hours of the day (0 
to 06 local hours). Also, the corrected forecast of PM10 and 

PM2.5 with MOS reproduces the two peaks generated by 

traffic. 

 

Table 6. Site code of SENAMHI air quality station, description, characteristic, coordinates available for evaluation of the 

modeling results in Lima. 
 

Code Name of station Pollutants measured 1 h Site characteristic Longitude Latitude Elevation (m) 

SBJ San Borja PM10, PM2.5, SO2, NO2, O3, CO Residential 77° 0' 27.96" W 12° 6' 

31.06" S 

136 

STA Santa Anita PM10, PM2.5, SO2, NO2, O3, CO Vehicular 76° 58' 17.2" W 12° 2' 

34.8" S 

276 

SJL San Juan de 

Lurigancho 
PM10, PM2.5, SO2, NO2, O3, CO Vehicular 76° 59' 57.6" W 11° 58' 

53.7" S 

239 

CRB Carabayllo PM10, PM2.5, SO2, NO2, O3, CO Vehicular 77° 2' 1.1" W 11° 54' 

7.9" S 

190 

 
Table 7. Annual and April 2016 for PM10 and PM2.5 concentration in µg m-3 by the stations under study in Lima. 

 

year variable SBJ STA SJL CRB 

a) PM10      

2016 Mean 57.9 80.5 95.4 88.1 

2016 Max 394.1 476.8 564.4 312.0 

2016 Median 51.9 75.0 89.0 85.1 

2016 

2016 

Min 

SD 

4.9 

30.9 

6.1 

35.6 

8.8 

40.4 

11.0 

35.7 

April 2016 Mean 56.4 91.7 108.6 100.6 

April 2016 Max 156.3 317.9 564.4 267.8 

April 2016 Median 52.8 83.8 98.1 97.4 

April 2016 

April 2016 

Min 

SD 

16.8 

21.8 

32.5 

38.6 

37.8 

49.6 

19.5 

39.0 

b) PM2.5 
     

2016 Mean 18.5 32.3 32.7 29.5 

2016 Max 103.8 179.1 164.1 189.2 

2016 Median 15.8 28.3 28.8 25.4 

2016 

2016 

Min 

SD 

1.9 

11.3 

3.4 

17.4 

3.1 

17.7 

2.4 

18.0 

April 2016 Mean 18.0 33.4 34.5 32.8 
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Figure 4. Comparison between modeled and simulated hourly values for PM10 y PM2.5 (in µg/m3) during 
the April 2016 in MALC. PM2.5 Obs is PM2.5 observed, PM2.5 Mod is PM2.5 predicted, and PM2.5 MOS 

is PM2.5  predicted applied MOS. 

 

Figures 5 and 6 are showing the daily observed and predicted 

temporal variations of PM10 and PM2.5 concentration at the 4 

air quality stations (SBJ, STA, SJL and CRB) in Lima. In 

these figures, it is observed that the concentrations of particles 

located in sites more impacted by vehicular traffic such as 

STA, SJL, CRB stations are higher than the concentrations 

found in the residential area and with presence of trees (e.g., 

see SBJ station). The simulated PM10 concentrations 

(uncorrected) were generally under-estimated when compared 

to measurements (Figure 5). 
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Figure 5. The observed and predicted daily temporal variations of PM10 concentration at four sites in Lima for the 5 km modeling 

domain. 
 

This under- prediction could be associated with an under- 

estimation on the PM10 vehicular emission which is  

disregarded in this study such as industrial sources, dust 
resuspension, natural sources and biogenic sources. In 

addition, predicted surface winds were more intense than 
those 

observed, leading to a dilution of aerosol particles in Lima.  

On the other hand, the PM2.5 concentrations simulated 

(uncorrected) were generally over-estimated when compared 
to measurements (Figure 6). 
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Figure 6. The observed and predicted daily temporal variations of PM2.5 concentration at four 
sites in Lima for the 5 km modeling domain. 

 

 
This over-prediction could be associated with an over- 

estimation on the PM2.5 vehicular emission that is disregarded 

in this study. But, the high concentrations of PM10 and PM2.5 

observed, whose variability and trends were reasonably well 

captured by the WRF-Chem model. When applying MOS the 

forecast of PM10 and PM2.5 improves a lot for the air quality 
stations SBJ, STA and SJL, since for CRB it improves 

 
reasonably, but does not reproduce the daily variation of these 

atmospheric pollutants. 

To evaluate the WRF-Chem model against the measured of 

PM10 and PM2.5 concentrations, a model performance 

evaluation was carried out to complement the qualitative 

graphical time series analysis (Figures 4-6). A variety of 

statistical measures have been developed to quantitatively 

specify air quality model performance [30]. The US 
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Environmental Protection Agency guideline [31] states that 

the performance evaluations results would be acceptable when 

normalized bias, and gross error statistics fall within the range 

(±) 5-15%, and 30-35%, respectively. Table 8 shows the 

performance evaluations result of the PM10 and PM2.5 

modeling. For the whole period (April 2016), the normalized 

bias with WRF-Chem model is -43.1% and 71.3% for PM10 

and PM2.5, respectively, which indicate bad performance of 

WRF-Chem model (Table 8). While, the normalized bias after 

applied MOS is 3.1% and 7.3% for PM10 and PM2.5, 

respectively, which indicate improve PM10 and PM2.5 forecast 
(Table 9). 

 

Table 8. Comparison of species observations from four air quality stations in Lima before applied MOS. 
 

Statistical measure SBJ  STA  SJL  CRB  Total  

 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 

Bias 

(µg m-3) 

-26.4 7.3 -45.8 7.3 -57.6 11.8 -43.3 20.2 -43.2 11.6 

Gross error (µg m-3) 28.9 12.5 47.2 17.8 59.8 19.8 49.5 29.0 46.3 19.8 

Normalized Bias (%) -44.0 51.6 -46.1 36.8 -47.2 59.3 -34.9 137.5 -43.1 71.3 

Normalized Gross error (%) 49.7 76.2 48.6 61.6 51.3 76.5 45.3 154.9 48.7 92.3 

 
Table 9. Same table 8 but it is after applied MOS. 

 

Statistical measure SBJ  STA  SJL  CRB  Total  

 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 

Bias 

(µg m-3) 

0.2 0.09 0.01 0.05 -0.02 -0.04 0.4 7.3 0.2 1.8 

Gross error (µg m-3) 5.2 2.1 10.2 5.1 14.3 6.9 20.3 9.9 12.5 6.0 

Normalized Bias (%) 1.7 2.3 2.0 4.0 2.4 6.3 6.3 28.2 3.1 7.3 

Normalized Gross error (%) 9.2 11.2 11.0 15.3 12.7 20.8 20.8 33.9 13.4 10.1 

 

Figure 7 shows comparisons of the simulated and observed air 

temperature at 2 meter, relative humidity and wind speed at 

the Campo de Marte (CDM) meteorological station in April 

2016. The simulated diurnal variations of temperature and 

relative humidity are in good agreement with the observations. 

The model also generally reproduces the wind 

velocity compared with observations, but over-estimation of 

the wind speed during the daytime in April 2016. No 

precipitation during the simulation period was observed and 

also zero precipitation was simulated in the WRF-Chem 

model. 
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Figure 7. Temporal variations of simulated (blue line) and observed (red line) meteorological fields including near-surface (a) 

temperature, (b) relative humidity, and (c) wind speed at the Campo de Marte meteorological station in April 2016. 

 
Table 10 also shows the performance evaluation for 

meteorological variables results of the WRF-Chem modeling 

on an hourly basis in terms of the statistical measures 

described above. For the whole period of April 2016 (case 

study of  April 2016), the normalized bias was -0.6 and 1.1 for 

temperature and relative humidity, respectively, which 

indicate a good performance of WRF-Chem model. 

Table 10. Statistics of temperature and relative humidity from 

climatological station at Campo de Marte in Lima 

metropolitan area. 

 

 

 

 

 

 
 

Figure 8. Spatial distribution of predicted PM2.5 

concentrations (in µg m-3), for the modeling area at 1800 hour 
local on April 28, 2016 

 

 

 

 

 

 

 
Figure 8 presents the PM2.5 concentrations at 1800 local hour 

on April 28, 2016 for the entire grid. The coast of Lima 

induces the sea-breeze circulations then the air pollution is 
transported to eastern (STA and SJL) and north (CRB) of 

Lima city. 

 
CONCLUSIONS 

It is observed that the concentrations of particles located in 

sites were more impacted by vehicular traffic such as STA, 
SJL, CRB stations were higher than the concentrations found 

in the residential area and with presence of trees (e.g., SBJ 

station). The hourly maximum 2016 PM10  concentration  were 

highest 476.8  µg m-3 for STA   and 564.4   µg   m-3    for   
SJL.   They   were   followed   by  lower concentration at the 

SBJ (394.1 µg m-3) and CRB (312.0 µg m-3. For PM2.5 the 

highest hourly maximum annual concentration of PM2.5are 

also presented at STA (179.1 µg m-3), SJL (164.1 µg m-3), 

CRB (189.2 µg m-3) and SBJ (103.8 
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µg m-3). It is important that the stations with the highest PM10 

and PM2.5 concentration are located in the eastern and north 
part of the city of Lima (such as STA and SJL located at 
eastern and CRB located at north of Lima city). 

. The simulated PM10 concentrations (uncorrected) were 

generally under-estimated when compared to measurements. 

This under- prediction of PM10 could be associated with an 

under- estimation on the PM10 vehicular emissions that are  

disregarded in this study. It also did not considere industrial 

and biogenic emission. In addition, predicted surface winds 
were more intense than those observed, leading to a dilution 

of aerosol particles in Lima. 

The application of the MOS methodology in air quality 

forecast in Lima, for the whole period (April 2016) and 

considering all air quality network (SBJ, STA, SJL and CRB), 

increases the accuracy with mean error bias, mean gross error, 

normalized mean bias and mean normalized gross error for 

PM10  from -43.2  µg  m-3, 46.3  µg  m-3, -43.1% and 48.7%  to 
0.2 µg m-3, 12.5 µg m-3, 3.1% and 13.4% respectively. That 
statistical  evaluations  for  PM2.5   are  from  11.6  µg/m3, 19.8 
µg/m3, 71.3% and 92.3% to 1.8  µg/m3, 6.0 µg/m3, 7.3% and 
10.1% respectively. 

The results showed that the modelling tool can be used to 

forecast air quality in Lima and to evaluate the impact of 

different meteorological conditions on the air quality. 
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