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Global monitoring of Persistent Organic Pollutants (POPs) has allowed the knowledge of levels and
distribution around the world as well as the understanding of its transport through the atmosphere.
However, there are still some gaps in this regard, especially in some locations, as the case of Great
Mendoza, a medium-sized urban area located in the center-west of Argentina. In this work, the WRF/
CALMET/CALPUFF modeling system was used to estimate airborne levels of four families of POPs (PCBs,
PBDEs, DDTs and HCB) in the study area. The model was validated from measured data obtained from
eleven sites using passive air samplers with polyurethane foam disks (PUFs), subsequently analyzed by
GC-ECNI/MS. Considering both sets of data, measured and simulated airborne concentrations, five sta-
tistical performance metrics were calculated for each family of POP [Mean bias error, (MBE), Fractional
Bias (FB), Normalized Mean Square Error (NMSE), Factor of two (Fa2) and Pearson correlation coefficient
(r)]. Results exhibited a good agreement between modeled and measured data, showing that WRF/
CALMET/CALPUFF modeling system predicts POPs airborne concentrations with reasonable accuracy at a
local scale. Model output was used to examine the relative source contribution to ground-level con-
centrations and to assess the spatial variability of the studied POPs in the study area. Source appor-
tionment showed the prevalence of emissions from open burning of municipal solid waste (ranging from
9% to 90%) on the simulated atmospheric concentrations. HCB presented the lowest mean contribution
from this activity (37%) but the highest variability (SD ¼ 20%), followed by PCBs (69 ± 9%), and PBDEs
(84 ± 4%). The spatial pattern obtained from simulations exhibited that both, lowest and highest levels
predicted by the model, occurred in areas where no samples were taken, suggesting that the real
gradient in the POPs air concentrations would be much greater than those reflected by measured data.
This work highlights the usefulness of the implementation of an atmospheric dispersion model, not only
in the study of air quality and exposure levels but also as a tool for the proper design of monitoring
networks, taking into account the time and cost that sampling campaigns take, and the conclusions that
are intended to be made from the analysis of the obtained data.
Copyright © 2020, KeAi Communications Co., Ltd. Production and hosting by Elsevier B.V. on behalf of
KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Persistent organic pollutants (POPs) are characterized by their
persistence in the environment, ability to bioaccumulate and bio-
magnify in ecosystems, susceptibility to long-range atmospheric
transport as well as their significant adverse effects on human
lsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article
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Fig. 1. Great Mendoza study area with land use features and location of sampling sites.
U: Urban sites, S: Suburban sites, R: Rural sites.
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health and the environment [1]. International efforts have been
made to reduce levels and emissions of POPs, including the Stock-
holm Convention, an international treaty signed in 2001 and came
into force in 2004. The Convention considers a wide range of sub-
stances such as organochlorine pesticides; industrial chemicals and
unintentional byproducts, mainly from combustion activities [1].

Like other 31 Countries and States from Latin American and the
Caribbean [2], Argentina adhered to the Convention in 2005 [3].
With the objective of fulfilling this assumed commitment, some
actions have been carried out in Argentina, even before that date.
The related legislation was gradually updated, in order to ban the
manufacture, importation and use of this type of substances,
mainly organochlorine pesticides (OCPs) [4], and polychlorinated
biphenyls (PCBs) [5]. Likewise, there are still some POPs that have
not been regulated, such as polybrominated diphenyl ethers
(PBDEs), used mainly as flame retardants (FRs), which are still
unrestricted in the country. Beyond the regulatory efforts, certain
anthropogenic activities are not regulated and emit POPs to the
environment. In the case of OCPs, some current-use pesticides
include dichloro-diphenyl-trichloroethane (DDT) and hexa-
chlorobenzene (HCB) in their formulations, either as precursors
(dicofol that emits DDT) or as a minor part of the active ingredients
(PCNB and chlorothalonil that emit HCB) [6]. Regarding PCBs, they
were widely used in electrical transformers until they were regu-
lated by the Argentine law 25.670 from 2002, which aimed that by
2010 none installed equipment should remain in the entire terri-
tory of the Nation containing PCBs [5]. However, the elimination or
decontamination of these equipment has been gradual, leading to
the presence of point-sources.

Furthermore, some urban and industrial activities are associated
with POPs releases into the environment. Unintentional emissions
caused by open burning events or incineration of products con-
taining chlorinated or brominated compounds constitute a signif-
icant atmospheric source of PCBs, HCB and PBDEs, as well as dioxins
[6,7]. Likewise, the addition of FRs to consumer goods polymers
represents a well-known source of emission of PBDEs into the at-
mosphere [6].

Additionally to the legislation update, some studies aimed at
generating data about environmental levels and releases of POPs in
the country have been conducted. However, these studies are
scarce and there are still some gaps in this respect [6,8], with
limited information on air concentrations of POPs in Argentina.
Previous works have determined airborne levels of OCPs and PCBs
[7e10], with fewer reports about concentrations of PBDEs and HCB
[10e13]. These studies, like many others around the world
[10,13e18], used polyurethane foam disk passive samplers (PUFs)
to sampling and determining atmospheric concentrations of POPs.
These samplers are characterized by their high retention rate, low
cost and simple handling [19]. The data generated by them can help
to develop and test emissions estimates and can be used to validate
predictions from fate and transport models [20].

However, it is well known that the information achieved when
using PUFs, has limitations regarding the representativeness of the
taken samples due to the low temporal resolution and unknown
spatial resolution. These limitations must be considered to ensure
the validity of the data obtained and the conclusions drawn from
them [21]. The use of a dispersion model based on an emissions
inventory emerges as a complement of the analytical de-
terminations, to obtain greater spatial and temporal representa-
tiveness. By using this type of model, a relationship between
anthropogenic activities that produce the emissions and the levels
of POPs in the environment can be established. Among the wide
variety of models currently available, CALPUFF (California Puff)
model presents a superior capacity to estimate dispersion in
complex environments. The Guide on Air Quality Models of the
United States Environmental Protection Agency [22] recommends
its use over other regulatory models for applications where the
terrain contains variations in the relief and where land cover is not
uniform.

This work aimed to comprehensively evaluate atmospheric
POPs patterns and their spatial variability over Great Mendoza, a
medium-sized city in central-western of Argentina, characterized
by the combination of an urban nucleus with high population
density (about 1 million inhabitants in 2010) with rural peripheries
of intensive agricultural activity in the foothills of the Andes
Mountain Range. Determinations of atmospheric concentrations of
four POPs (DDTs, HCB, PCBs, PBDEs) using PUFs in eleven sites of the
study area are presented. Furthermore, the atmospheric dispersion
of selected POPs was simulated using the WRF/CALMET/CALPUFF
modeling system [23,24], based on a high-resolution emission in-
ventory previously elaborated by the authors, for the same com-
pounds determined analytically in the PUFs [6]. The implemented
model also served as a tool to evaluate the emission inventory
mentioned above.

The combination of both, determinations of atmospheric levels
of POPs and the operation and validation of the dispersion model,
constitutes the first study of its type in the study area, so this work
represents an important contribution to the knowledge and pres-
ervation of the air quality and public health. Furthermore, this work
addressed the gap in data and delivered base information about
POPs levels in the air in Great Mendoza. It will also serve as a
baseline against which future concentrations in the air can be
compared and as a tool for the proper design of monitoring net-
works, taking into account the time and cost that sampling cam-
paigns take, and the conclusions that are intended to be made from
the analysis of the obtained data.
2. Materials and methods

2.1. Study area

Great Mendoza (Fig. 1) is the most important urban area in
Western Argentina and the fourth in population of the country
(about 1 million inhabitants in the last census from 2010). The
conurbation is located in the west-central part of the country, in a
region of foothills and high plains, on the eastern side of the Andes,
between 32� and 37� 350 S, and 66� 300 and 70� 350 W. The ur-
banized area, about 16700 km2, extends in an irregular way to the
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northeast, east and south, since the Andes Range prevents the
growth of the city to the west. The surrounding area is a productive
river oasis and the most important wine region in the country,
accounting for nearly two-thirds of the country’s wine production.
Other important crops are apples, pears, tomatoes, onions, plums,
olives, cherries, peaches and quince. Major industrial complexes are
located in two areas in the periphery of the city to the SW and the
north edge, while the agricultural and food production is mostly
located on the south and east sides. Minor manufacturing facilities
are dispersed in small industrial districts near the urban center.
Several active urban waste disposal sites are situated in the pe-
riphery or integrated into suburban areas [6].

From the climatic point of view, Great Mendoza is located in a
semiarid region, with low relative humidity (<50%), very low pre-
cipitation rates (230 mm yr�1) and marked seasonality, with pre-
cipitation mainly occurring during Austral summer months. The
closeness of the Andes Mountains has a strong influence on local
meteorology and air quality, characterized by a day-night variation
due to a typical valley-mountain circulation [25].
2.2. Air sampling and analysis

The compounds targeted in this study are: 36 PCB congeners
(IUPAC no: 18, 28, 31, 44, 47, 49, 52, 66, 74, 87, 95, 99, 101, 105, 110,
118, 128, 132, 138, 146, 149, 151, 153, 156, 170, 171, 174, 177, 180, 183,
187, 194, 195, 199, 206, 209); 8 PBDE congeners (no: 28, 47, 99, 100,
153, 154, 183, 209), 2 DDT isomers (o,p0-DDT and p,p0-DDT), and
hexachlorobenzene (HCB).

Although the determination and quantification of PCBs and
PBDEs were carried out differentiating by congener and DDT by
isomer, the report of the results, as well as the dispersion modeling
were done in sum basis.
2.2.1. Sample collection
Passive air samplers with polyurethane foam disks (14 cm

diameter x 1.2 cm thickness; surface area 365 cm2, volume 207 cm3

and density 0.021 g cm�3, Tisch Environmental, USA) [26] were
used to collect air samples during the period from December 2010
to April 2011 (Austral summer) at 11 sites in the study area. The
filters were deployed for ~90 days (Table S10) in a stainless-steel
double-dome housing with the same PAS configuration as used in
the Global Atmospheric Passive Sampling (GAPS) network. The gap
width between the upper and the lower domes was described
previously [27]. The samplers allow for both gas-phase and
particle-phase chemicals to be sampled at similar rates, thus pas-
sive sampler results are best treated as indicative of bulk air con-
centrations [17,20,27,28]. The average temperature and wind speed
during the deployment period were 23 �C ± 4.1 �C and 1.9 m s�1 ±
0.7 m s�1 respectively.

Prior to their placement in the selected sites, PUFs were pre-
cleaned by Soxhlet extraction (one 24 h cycle with acetone and one
24 h cycle with hexane, both chemicals supplied by Merck, Ger-
many). Then, PUFs were dried in desiccators for ~24 h and stored in
1 L solvent-rinsed amber glass jars for shipping. At each site,
samplers were deployed approximately 5 m above the ground,
inside a solvent-rinsed stainless-steel chamber [19], and assembled
at the deployment site to avoid contamination. Stainless steel
chambers were designed to protect the disks from sunlight, pre-
cipitation and coarse particle deposition. Field blanks (n ¼ 4) were
collected by following the same steps as for the air samples but
without deployment. After collection, the PUFs were placed in
solvent-rinsed aluminum foil inside polyethylene zip bags and
stored in the freezer prior to extraction.
2.2.2. Sample analysis
PUFs disks were spiked with 150 mL of internal standards (IS)

(PCB-143, BDE-77 and 13C-BDE-209 at 100, 10 and 50 pg mL�1,
respectively). The PCB standard was obtained from Dr. Ehrenstorfer
Laboratories (Augsburg, Germany) and PBDE standard mixtures
were obtained from Wellington Laboratories (Guelph, Ontario,
Canada). After IS addition, samples were Soxhlet-extracted with
100 mL n-hexane:acetone (3:1, v/v) for 4 h. The remaining extract
was further cleaned up on ~8 g acidified silica (H2SO4 44% w/w;
Merck, Germany) and 0.5 g anhydrous sodium sulfate (Merck,
Germany) column. Analytes were eluted with 15 mL hexane and
10 mL dichloromethane. The eluent was further evaporated to
incipient dryness under a gentle N2 stream and finally recon-
stituted with 80 mL isooctane.

Detection and quantification of analytes were carried out by
using an Agilent 6890 GC (Palo Alto, CA, USA) coupled to an Agilent
5973 MS equipped with an electron capture negative ionization
(ECNI) source, and a 30 m � 0.25 mm � 0.25 mm DB-5 capillary
column (J&W Scientific, Folsom, USA). The ion source, quadrupole,
and interface temperatures were set at 170, 150, and 300 �C,
respectively. Helium was used as carrier gas at constant flow
(1.0 mL min�1), with methane as moderating gas. The electron
multiplier voltage was set at 2200 V. An aliquot of the extract (1 mL)
was injected in solvent vent mode (vent time 1.25 min, vent flow
54.2 mLmin�1, split-less time 1.50 min; initial injector temperature
at 92 �C, maintained for 0.03 min, then heated at 700 �C min�1 to
300 �C and maintained for 30 min). The temperature of the DB-5
column was programmed from 90 �C (1.25 min) to 310 �C at a
rate of 10 �C min�1 holding for 6.75 min. Bromine isotope ions (m/z
79 and 81) were acquired in selected ion monitoring (SIM) mode
for thewhole run time. The analysis of BDE 209was performed on a
15m� 0.25mm� 0.10 mmDB-5 capillary column. Heliumwas used
as carrier gas at an initial flow rate of 1.0 mL min�1 (kept for 5 min)
and then raised to 2 mL min�1 at 10 mL min�1. The oven temper-
ature program started from 90 �C, kept for 1.25 min, and then
increased with 15 �C min-1 to 310 �C, kept for 6 min. Methane was
used as moderating gas and the ion source, quadrupole, and
interface temperatures were 250, 150 and 300 �C, respectively.
Dwell time was set to 50 ms. The ECNI-MS was operated in SIM
mode at them/z 484.7, 486.7 and 494.7, 496.7 for BDE 209 and 13C-
BDE 209, respectively. For PCBs, HCB and DDTs, the two most
intense characteristic ions were monitored in specific time seg-
ments according to elution characteristics [29,30]. Typical dwell
times were 20e25 ms. Identification and quantification ions for
each POP and the corresponding ISs are shown in Table S9.

Quality assurance/control measures were applied to evaluate
the accuracy and reliability of the measurements. Multi-level cali-
bration curves were created for the quantification of POPs and good
linearity (r2 > 0.997) was achieved for the concentration range
found in the samples. The identification of analytes was based on
relative retention times to the internal standard used for quantifi-
cation, ion chromatograms of the congeners under study and the
intensity ratio of the ions monitored [30]. A deviation of the ion
intensity ratios within 20% of the mean values of the calibration
standards was considered acceptable. As a part of quality assurance,
analytical blanks consisted of 4 field blanks and 7 laboratory blanks
were extracted and analyzed along with exposed PUFs (samples) to
assess any contamination occurring while handling the PUFs and
instrumental analysis and to evaluate method accuracy. The data
was blank corrected using the average concentration detected in
the analytical blanks. Peaks were only integrated when the signal-
to-noise (s/n) ratio was >3; otherwise, they were considered below
themethod detection limits (LODs). Method limits of quantification
(LOQ) were calculated as 3*SD of the procedural blanks. For com-
pounds not detected in the blanks, the LOQwas calculated based on
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the signal to noise ratio of 10/1. LOQ for analyzed pollutants ranged
from 1 to 1000 pg sample�1 for PCBs; from 20 to 230 pg sample�1

for DDTs; from 1 to 30 pg sample�1 for PBDEs, and 40 pg sample�1

for HCB.
The conversion of the amount of POP accumulated in the

sampler to a concentration in air basis involved the derivation of
effective air sample volumes. The concentration in the air of the
target analytes was calculated using the amount accumulated on
the PUF disk (pg sampler�1) during the corresponding sampling
period, divided by the effective air sample volume (Vs). Vs was
estimated for each compound and sample using the template
provided by the GAPS network [31], which incorporates the average
temperature during the sampling period, the air-PUF partition co-
efficient for each target analyte and a default air sampling rate of
4 m3 day�1 [20,32]. The template considers linear and equilibrium
phases for multiple chemical classes with a wide range of volatil-
ities. This is relevant for more volatile compounds (e.g., HCB and
lower molecular weight PCBs) that reached the equilibrium with
the PUF filter during the deployment period, resulting in reduced Vs
compared to less volatile compounds. Deployment times are
detailed in the Supplementary material (Table S10).

2.3. WRF/CALMET/CALPUFF modeling system

The atmospheric transport of the emitted POPs was modeled in
the domain of interest using the CALMET/CALPUFF model [33]. The
objective of the modeling was to generate fields of atmospheric
levels of the studied compounds and to contrast this information
with the values of concentrationsmeasured in the air, and therefore
assessing the capacity of the model to predict the spatial distribu-
tion. The model outputs describe not only the POPs air concentra-
tions but also the contribution from each simulated emission
source.

The system consists of a meteorological diagnostic model in
three dimensions called CALMET and a transport, dispersion,
deposition and chemical transformation model called CALPUFF.

CALMET is a meteorological model that produces wind and
temperatures hourly fields in a three-dimensional gridded
modeling domain, necessary to run CALPUFF. Likewise, it associates
variable fields in two dimensions, such as mixing layer height,
surface characteristics and dispersion properties.

CALPUFF is a Gaussian puff dispersion, multilayer, non-
stationary and multi-component state model, which can simulate
the effects of variable weather conditions in transport, trans-
formation and removal of pollutants. CALPUFF performs its calcu-
lations considering terrain elevations, as well as land use features
on which the modeling is performed. Detailed algorithms for the
different physical processes involved in the dispersion and trans-
port of pollutants and details on applications of the model can be
found in the literature [22,33].

The modeling domain was organized in a grid of 90 � 90 km2,
with 8100 basic horizontal grid cells of 1 km� 1 km. Because of the
high-demanding computing needs of the models, only one month
was chosen to perform the simulations (January 2011). This could
supply an understanding of the general distribution of POPs
through the entire period (December 2010/April 2011), taking into
account that the months of sampling campaign belonged to the
same season, and POPs should have the same behavior during that
period.

For its operation the model required the following inputs:
Topography, land use and land cover: Terrain features were

incorporated using data from Shuttle Radar Topography Mission
(SRTM), available in a 1-arcsecond resolution (approximately 30 m)
courtesy of the U.S. Geological Survey [34]. Vegetation maps of the
Global Land Cover 2000 Project (GLC 2000) for South America, with
a 1 km resolution and data generated by the Department of Ge-
ography of the University of Maryland (UMD Global Land Cover)
were used for land use and land cover features [35].

Meteorological data: The CALMET module required meteoro-
logical fields on surface and height as inputs. However, only one
meteorological station was available in the study area (Mendoza
Airport- AERO) and one climatological station (Parque General San
Martin- PARQUE), both operated by the Argentine Weather Service
(Servicio Meteorol�ogico Nacional-SMN). Temperature and wind
profiles (radiosondes) are not continuously operated. Therefore, to
develop the required spatial and temporal resolution, the Weather
Research and Forecasting (WRF) model [36] was used to obtain 3D
fields covering the modeling domain and period [37]. The proced-
ure involved the use of outputs from the regionalWRFmodel as the
initial estimate for CALMET. For this purpose, an off-line prepro-
cessor called CALWRF (version 1.4) was used, which initialized
CALMET replacing the required hourly parameter values of the
planetary boundary layer (PBL) and the surface layer of the atmo-
sphere in each grid cell with those derived fromWRF. Likewise, this
option allowed the capture of some flow characteristics that cannot
be simulated with the inclusion of observational data due to the
low density of stations. An evaluation with tracers indicated that
the time fields of a mesoscale model improve the performance of
dispersion models at regional scales [38]. TheWRFmodel was used
and validated previously by the authors in the study area [24,39].
Table S5 of the supplementary material shows the configuration
and parameters used in the implementation of the WRF model.
Fig. 2 presents the wind rose obtained in the meteorological sim-
ulations (left), summarizing the average winds for the modeling
period. The same figure (right) presents average values of wind
speed and direction from the same period but taken from the
meteorological station (AERO) and the climatological station
(PARQUE).

Emissions data: The modeled compounds were DDTs, HCB, PCBs
and PBDEs. Emission sources within the area of interest were sur-
veyed and, based on this, we prepared our own emission inventory
of the modeled species, which has been previously published [6].
Total emissions data by source is shown in Table S1. Since selected
pollutants are not part of the default CALPUFF library, they were
included considering the two forms in which they are emitted: gas
and particles. More details about how this partitioning was calcu-
lated are presented in Section S1 of the Supplementary Material.
Particles weremodeled as particulatematter (PM) of three different
aerodynamic diameters: PM10 (10 mm or less); PM2.5 (2.5 mm or
less) and PM1 (1 mm or less). For each emitting source, a charac-
teristic particle-gas partition [40e43] and a size distribution for the
particulate fraction [44] (Table S4) was considered to divide the
total emission of each compound in the emission inventory. The
sources were modeled, according to their characteristics, like area
or point sources.

2.4. Model validation: statistical performance analysis

Data normality was verified for both datasets, measured and
simulated, by the Shapiro-Wilk test. A Kruskal-Wallis test was
applied for non-parametric distributions, in order to test differ-
ences between observed and simulated concentrations of POPs. For
all statistical tests, the significance level adopted was 5% (p < 0.05).
To evaluate the ability of the air quality modeling system to
reproduce the observed concentrations, five statistical performance
metrics were calculated for each of the four analyzed compounds:
Mean bias error (MBE), Fractional Bias (FB), Normalized Mean
Square Error (NMSE), Factor of two (Fa2) and Pearson correlation
coefficient (r) [45]. These metrics were allowed to assess the size of
the differences and the degree of correlation between predicted
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and observed values. MBE is the mean error. Large overestimation
or underestimation would be obscured by this measure. FB is a
linear measure of bias and reflects the degree of matching between
simulated and observed mean of the concentration distribution. It
ranges between þ2 and �2, with a perfect model resulting in
FB ¼ 0. A FB of 0.6 is equivalent to model underprediction by about
a factor of two. A negative value indicates model overprediction.
NMSE is a measure of variance and represents the relative scatter of
the concentration distribution. A perfect model would result in an
NMSE ¼ 0, with a value of 1.0 indicating that differences between
simulated values and observations are approximately equal to the
mean. Fa2 reflects the percentage of predicted concentrations lying
within a factor of 2 of observations. r involves statistical parameters
obtained by linear least-squares regression. A value of r close to 1
indicates a perfect correlation between observed and simulated
values, a sign of good model performance.

Additionally, scatter plots are presented (Fig. 3, right), to illus-
trate the scatter about the 1:1 (y ¼ x) line by plotting simulated (y-
axis) against the corresponding observed airborne concentrations
(x-axis), which indicates a model tendency towards under/over-
predictions [46].

3. Results and discussion

3.1. Air concentrations of POPs

The four POPs (namely
P

DDTs, HCB,
P

PCBs and
P

PBDEs) were
measured in air samples at concentrations above LOQs, and their
mean atmospheric levels (Cm, measured concentrations) in each
sampling point are reported in Table 1.

P
DDTs concentrations in air were within the range of

2.1e14.2 pg m�3. In general, the highest levels were detected in
samples from urban sites. This compound showed the greatest
variation (SD 3.7 pg m�3) among the studied POPs. These results
were comparable to those reported in other studies in South
America. Rauert et al. [10] found elevated DDT atmospheric con-
centrations in Sonora (Mexico) (8.9e95 pg m3) and at an urban site
of S~ao Luis (Brazil) (33e78 pg m3). At other sites in the Group of
Latin America and the Caribbean (GRULAC), they measured this
compound in the range of <0.7e8.3 pg m3, comparable with the
results obtained in this study. Pozo et al. [47] determined DDTs
atmospheric levels in the range of 1e30 pg m�3 in Concepci�on,
Chile. In Argentina, Tombesi et al. [8] measured air concentrations
of DDTs between 0.1 and 20 pg m�3 in different urban and agri-
cultural sites from Bahía Blanca. Both cases [8,47] also found the
highest levels in urban locations. Also in Argentina, Silva-Barni et al.
[7] reported DDTs airborne concentrations between 2 and
100 pg m�3 in Quequ�en Grande River basin, located in southern
Buenos Aires province, an area characterized by extensive agricul-
tural practices.

HCB atmospheric levels showed moderated variability in the
study area (SD 2.9 pg m�3), being in the range of 9.2e18.5 pg m�3.
In this case, there was no clear spatial trend, which could be
associated with the variety of emission sources of this compound
(see Table S1), which could be emitted from both, agricultural and
industrial activities [6]. Also, HCB presented an emissions pattern
distributed uniformly throughout the study area [6]. Comparing the
results obtained in this work with other studies in Latin America,
HCB levels here presented were lower, especially the max values.
Rauert et al. [10] measured this compound in the air of 9 sites in
Latin America and Caribbean countries in 2014 and 2015. They
found values ranging from 13 to 55 pg m�3 in 2014 and
8.8e108 pg m�3 in 2015. Guida et al. [15], reported HCB atmo-
spheric levels at protected areas from Brazil between 19 and
84 pg m�3, and Ornellas Meire et al. [14] also presented measure-
ments in Brazilian air, with values from 21 to 29 pg m�3.

Concentrations of ƩPCBs in the air were between 0.6 and
5.5 pg m�3, showing the smallest variation among sampling sites
(SD 1.8 pg m�3). The highest

P
PCBs levels were detected at urban

locations. However, the results of this study were generally lower,
by a factor of 4e65, than those reported for urban areas in other
Latin American cities, as Santiago de Chile (mean of 16 pgm�3) [47],
Bahía Blanca in Argentina (40e360 pg m�3) [8] or GRULAC sites
(0.08e128 pg m3) [10]. It is important to highlight that, in general,
these areas have a higher degree of industrialization compared to
Mendoza, which could explain the higher levels found.

ƩPBDEs concentrations in air ranged from 0.4 to 7.6 pg m�3.
Similar to

P
PCBs,

P
PBDEs concentrations were higher in urban

sites, in agreement with the emission sources identified previ-
ously in the study area [6].

P
PBDEs levels detected in this work

are similar to those reported in Argentina [11] (mean of
8.0 pg m�3), Chile [47] (mean of 5.6 pg m�3) and the GRULAC
region [18] (ranging between 0.40 and 18 pg m3 in 2014 and
0.86e20 pg m3 in 2015).



Fig. 3. Left: Comparison of measured and simulated values (pg m�3) in each sampling point. Right: Scatter plots of POPs airborne concentrations (pg m�3) measured vs simulated
values for all the sampling points.
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3.2. Validation of modeling system

In order to understand the modeling system performance,
simulations were statistically compared with the observational
data. Table 1 shows the atmospheric concentration values of
P

DDTs, HCB,
P

PCBs and
P

PBDEs (pg m�3) obtained through the
implementation of the model, in the sampling locations (Cs,
simulated concentrations).

Data normality was verified for both datasets, observed and
simulated values, by the Shapiro-Wilk test. None of the analyzed
groups resulted normally distributed. Consequently, a Kruskal-
Wallis test was performed, which determined that there were
no statistically significant differences between the values calcu-
lated by the model and those measured in the air for

P
DDTs,

P
PCBs and

P
PBDEs. This result suggested a good overall per-

formance of the applied model for these compounds. In the case
of HCB, both data sets presented statistically significant
differences.

Table 2 shows the performance metrics used to compare CAL-
PUFF model predictions with measured concentrations for

P
DDTs,

HCB,
P

PCBs and
P

PBDEs, following the method recommended by
Kumar [45] for validation of environmental models, appropriate
when the typical difference between predictions and observations
are approximately a factor of two [48].
The overall results revealed good model performance in repro-
ducing measurements at all locations, and they showed that the
modeling system is suitable for the simulation of atmospheric
levels of POPs in the study area. The metrics values were within the
range proposed as desirable for

P
DDTs,

P
PCBs and

P
PBDEs,

except for Fa2 for
P

PBDEs, which resulted in 0.64.
On the whole,

P
PCBs exhibited the best agreement, followed in

order by
P

DDTs and
P

PBDEs. The MBE<0 and FB>0 for
P

PCBs
means that the model tended to underestimate concentrations,
which might be due to unaccounted emission sources. Another
reason for this underestimation could be that modeled emissions
were only those coming from primary sources, and a background
level related to long-range atmospheric transport was not included.
Otherwise,

P
DDTs and

P
PBDEs to a lesser extent presented

MBE>0 and FB < 0, showing a tendency of the model to over-
estimations in these cases. NMSE and r-values further indicated
that simulations reproduced measured concentrations of

P
DDTs,

P
PCBs and

P
PBDEs fairly well, with best NMSE of 0.25 and best r

of 0.82 occurring for
P

DDTs.
Scatter plots (Fig. 3, right) correlating model predictions with

the corresponding field determinations are presented as visual
measures of performance, showing the agreement between simu-
lated and measured values. The left column in Fig. 3 illustrates how
the simulation was able in all cases to reflect the spatial pattern of



Table 1
Measured (Cm) and simulated (Cs) concentrations (pg m�3) for

P
DDTs, HCB,

P
PCBs and

P
PBDEs at the sampling points.

Sampling point Location
P

DDTs HCB
P

PCBs
P

PBDEs

Cm Cs Cm Cs Cm Cs Cm Cs

RURAL R1 �32.88�

�68.92�
3.5 4.3 13.1 5.4 1.8 1.0 0.4 0.4

R2 �32.87�

�68.73�
5.6 12.6 11.4 6.3 1.7 2.5 0.5 2.3

R3 �33.09�

�68.75�
2.1 2.4 12.5 5.3 0.6 0.4 1.1 0.5

R4 �33,19�

�68.93�
12.7 25.1 9.2 5.2 2.3 0.4 0.6 0.2

SUBURBAN S1 �32.90�

�68.87�
5.5 9.3 18.5 10.7 3.7 2.0 0.6 3.1

S2 �32.96�

�68.79�
7.0 11.7 16.8 5.9 1.6 1.7 1.2 1.6

S3 �33.04�

�68.88�
6.4 10.9 13.6 6.5 1.4 2.9 0.5 0.6

URBAN U1 �32.92�

�68.85�
14.2 9.8 11.1 5.0 5.1 4.5 6.5 4.6

U2 �32.89�

�68.80�
10.0 14.2 15.1 6.8 5.4 3.2 1.3 3.8

U3 �32.92�

�68.82�
8.7 15.4 11.5 5.4 5.5 3.3 7.6 4.5

INDUSTRIAL I1 �32.94�

�68.75�
5.1 13.6 17.0 9.2 2.2 1.3 2.1 2.0

Mean 7.3 11.7 13.6 6.5 2.8 2.1 2.0 2.2
Median 6.4 11.7 13.1 5.9 2.2 2.0 1.1 2.0
SD 3.7 6.0 2.9 1.8 1.8 1.3 2.5 1.7

Table 2
Statistical metrics calculated in order to evaluate the model performance.

Statistical metric Desirable value
P

DDTs HCB
P

PCBs
P

PBDEs

MBE Not defined 3.75 �7.1 �0.44 0.11
FB �0.5 � FB � þ0.5 �0.38 0.7 0.3 �0.05
NMSE �0.5 0.25 0.58 0.26 0.37
Fa2 �0.80 0.82 0.36 0.82 0.64
r 1̴ 0.74 0.8 0.71 0.74
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the observations, following the profile showed by these data, in
terms of the increase/decrease of levels when comparing one site
with another.

The metric values calculated for HCB resulted outside the
desired range, showing a tendency of the model to underesti-
mate the measured concentrations (FB ¼ 0.7 and NMSE ¼ 0.58).
However, the r-value for this compound resulted in 0.8, sug-
gesting a good fit for the modeled values regarding the spatial
trend and variability of the measured data. This can be corrob-
orated by observing the Fig. 3 (left), where it is shown that the
spatial variations were captured by the model quite accurately,
despite the underestimation reflected in Fig. 3 (right). Most
likely, this may be due to an underestimation in the magnitude of
the emissions, but not in their location and dispersion. It is
important to highlight that the model was based on the emission
inventory previously elaborated by the authors, and the model
implementation is the only way to validate this inventory. As was
detailed [6], the inventory was subject to its own uncertainty,
which was quantified as the probability that the emissions were
lower or greater than those estimated as average, generating a
“distribution of probable emissions”. Considering the obtained
results, it could be expected that using higher probable emis-
sions, the model would generate values of simulated concen-
trations closer to those measured, without affecting the pattern
of spatial distribution, which, as already mentioned, was very
well represented. Nevertheless, adjustments in the emission in-
ventory exceed the aim of this work.
3.3. Spatial distribution of POPs in the atmosphere of the study area

The concentration maps generated by the model (Fig. 4) showed
a marked horizontal gradient, with the highest concentrations
located around the emission sources. Terrain features, especially
the presence of the mountain range to the west, together with the
prevailing wind direction produced a pollutant dispersion towards
the northeast.

Modeled concentrations showed good agreement with the
emission inventory and land use features. For HCB and

P
DDTs,

which are used as part of the formulation of agrochemicals, the
dispersion pattern reached greater spatial distribution due to the
large proportion of the study area that reports agricultural activity.
On the other hand,

P
PCBs and

P
PBDEs showed higher maximum

levels, in accordance with the emissions inventory. These hotspots
were located around the main emission sources, especially those
sites where the open burning of MSW takes place. Because the
emission sources of

P
PCBs and

P
PBDEs presented a more limited

spatial distribution, the minimum levels of these substances were
also lower than for

P
DDTs and HCB.

It is noteworthy that the lowest or highest levels predicted by
the model occurred in areas where no samples were taken, which
means that the set of measured data, by themselves, may not have
correctly reflected the concentrations range in the study area. Fig. 5
exhibits the distribution of POPs airborne concentrations obtained
from measured and simulated data, in logarithmic scale for better
visualization. Boxes corresponding to measured data were made
from collected samples (n ¼ 11), while boxes representing simu-
lated data were prepared from the complete output data of the
model, which included 8100 values, in the center of each cell that
formed the modeling grid. This boxplot shows that, even when
measured data was able to represent the average POPs air con-
centrations in the study area, the allocation of the samplers did not
allow to reflect the real spatial gradient of POPs levels, since boxes
of simulated concentrations shows that spatial variability would be
much greater, towards both lowest and highest values.



Fig. 4. Modeled 1-month average POPs airborne concentrations (pg m�3) in the study area.

Fig. 5. Box and whisker plots showing the distribution of measured and simulated
POPs airborne concentrations (pg m�3) in the study area. The bottom and top of the
box are the first and third quartiles, the band inside the box is the second quartile
(median). The ends of the whiskers represent the minimum and maximum values, and
black dots are mean values.
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3.4. Source apportionment

The implementation of the model allowed an analysis of the
relative contribution of modeled sources to air quality in the study
area, which is especially important to make decisions and to
implement policies regarding the emissions ban/reduction.
At the sampling sites, source apportionment was conducted to

assess the contribution of each source category to airborne con-
centrations. In the interest of this work, sources were categorized
according to the emission inventory [6], based on the Stockholm
Convention, Annex C, Parts II and III [1].

P
DDTs were not consid-

ered in this analysis since it was determined that the only emission
source is the application of pesticides.

Tables S6eS8 summarize the contribution of modeled sources to
POPs airborne concentration at the eleven sampling locations, both
in percentages and concentrations. Results (Fig. 6) indicated the
prevalence of emissions from open burning of MSW (ranging from
9% to 90%) on the simulated POPs concentrations. HCB presented
the lowest mean proportion coming from this activity (37%) but the
highest variability (SD ¼ 20%). PCBs had a contribution from this
source of 69 ± 9%, and the PBDEs showed the highest percentages
and the lowest variability (84 ± 4%).

HCB showed the greatest difference in the profile of the
contribution of each site. For this compound, a clear spatial
pattern was not evidenced regarding the total levels, but it could
be noticed in the contributions by source, where the rural loca-
tions presented greater contribution from the application of
pesticides, followed by suburban locations and finally by urban
and industrial sites, where the highest percentage was contrib-
uted by open burning of MSW.

For PCBs, the open burning of MSW was the emission source
that contributed most to simulated levels in all the studied sites,



Fig. 6. Percentage contribution by source to the total atmospheric levels of POPs at the sampling points.
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exceeding 50% of the total in all cases. This pollutant also pre-
sented the greatest contribution from industrial sources, espe-
cially from the heat and power generation industry, with an
average of 14%, reaching up to 40% at sites closer to this facility.
Emissions from stockpiling and use of transformers represented a
very low proportion of total emissions, less than 1%, but their
contribution to simulated levels in the sites closer to the emission
zones (U1, U2, U3, I1) was considerable, in a range between 5% and
9%. In the case of the emissions produced by treatment of waste
oils, the situation was similar, since points located in the vicinity
of the treatment plant (S2 and I1) presented contributions from
this activity of 7%.

P
PBDEs presented the contribution pattern most uniform

among the studied POPs. The open burning of MSW represented
the largest contribution at all sites, in a range from 79% to 90%. Use
of FRs in consumer goods had more relevance in urban locations,
reaching 10% in U2. Sites located to the south of the study area (R3,
R4, S3) presented greater contribution from the generation of heat
and energy and production of polypropylene industries, due to the
proximity to the plants.

4. Conclusion

In this work, an assessment of the spatial distribution, patterns
and source contributions of POPs in the atmosphere of Great
Mendoza, Argentina, was carried out. The WRF/CALMET/CALPUFF
modeling system was used to simulate POPs airborne
concentrations in the study area, where different atmospheric POPs
sources are located. Analytical determinations in air samples
collected using passive samplers were also carried out in order to
validate the model.

Statistical analysis was executed, comparing modeled atmo-
spheric POPs concentrations against airborne concentrations
analytically determined. It showed a satisfactory agreement in the
study area. Therefore, themodeling system could be used to predict
POPs airborne concentrations with reasonable accuracy at a local
scale.

Model output was used to examine the relative source contri-
bution to ground-level concentrations in air, and to assess the
spatial variability of the studied POPs. Source apportionment
revealed the prevalence of emissions from open burning of
municipal solid waste (ranging from 9% to 90%) on the simulated
POPs concentrations, excepted for

P
DDTs, where the application of

pesticides was the only emission source.
The spatial pattern obtained from simulations exhibited that the

lowest or highest levels predicted by the model occurred in areas
where no samples were taken, suggesting that the real gradient in
the POPs air concentrations would be much greater. In this sense, it
is noteworthy the usefulness of the implementation of an atmo-
spheric dispersion model, not only in the study of air quality and
exposure levels, but also as a tool for the proper design of moni-
toring networks, taking into account the time and cost that sam-
pling campaigns take, and the conclusions that are intended to be
made from the analysis of the obtained data.
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