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RESUMEN

(Q�HVWH�WUDEDMR�VH�HVWXGLy�HO�WUi¿FR�YHKLFXODU�HQ�ODV�LQPHGLDFLRQHV�GH�OD�UXWD�SURYLQFLDO�Q~PHUR���HQWUH�ODV�
ciudades de Neuquén y Centenario, y su efecto sobre la calidad del aire. Se calcularon los niveles de concen-
WUDFLyQ�GH�PRQy[LGR�GH�FDUERQR��y[LGRV�GH�QLWUyJHQR�\�GLy[LGR�GH�D]XIUH��D�SDUWLU�GH�GDWRV�SHULyGLFRV�GH�ÀXMR�
vehicular considerando velocidades promedio por sectores, características de los vehículos en circulación y 
datos meteorológicos para un periodo de cinco años (2005-2009). Los cálculos se realizaron mediante el modelo 
de dispersión gaussiano para fuentes lineales CALINE, empleado para el cálculo de niveles de contaminación 
en áreas cercanas a autopistas y calles. En los casos analizados dentro del área de estudio las concentraciones 
críticas no superaron los límites establecidos por la legislación nacional argentina ni la internacional vigente. 
Los resultados describen el impacto sobre receptores cercanos a la ruta en áreas que comprenden un parque 
industrial y un área de producción frutícola. La vía analizada presenta intenso tránsito vehicular que superó 
ORV��������YHKtFXORV�SRU�GtD�GXUDQWH�HO�DxR��������(Q�XQ�SHULRGR�GH�FLQFR�DxRV��HO�LQFUHPHQWR�GHO�WUi¿FR�
diario ascendió a 12%. La mayor concentración en aire de los gases analizados se produjo durante el periodo 
invernal, en horas matutinas y en el sector de la ruta en que los vehículos aminoraban su velocidad en una 
]RQD�GH�SHDMH��VLWXDFLyQ�TXH�HQ�OD�DFWXDOLGDG�VH�KDEUtD�PRGL¿FDGR�HQ�EHQH¿FLR�GH�OD�FDOLGDG�GHO�DLUH�GHELGR�
a la eliminación de la estación de peaje.

ABSTRACT

9HKLFOH�WUDI¿F�DQG�LWV�HIIHFWV�RQ�DLU�TXDOLW\�ZHUH�DQDO\]HG�RQ�WKH�VXUURXQGLQJV�RI�SURYLQFLDO�URXWH�1R����
EHWZHHQ�WKH�FLWLHV�RI�1HXTXén and Centenario. Concentration levels of carbon monoxide, nitrogen oxides 
DQG�VXOIXU�GLR[LGH�ZHUH�HVWLPDWHG� IRU�D�SHULRG�RI�¿YH�\HDUV� ������������ WKURXJK� UHJXODU�GDWD�RI� WUDI¿F�
ÀRZ��FRQVLGHULQJ�DYHUDJH�VSHHGV�SHU�VHFWRU��WKH�FKDUDFWHULVWLFV�RI�YHKLFOHV�LQ�FLUFXODWLRQ�DQG�PHWHRURORJLFDO�
GDWD��&DOFXODWLRQV�ZHUH�PDGH�E\�DSSO\LQJ�&$/,1(��D� OLQH�VRXUFH�*DXVVLDQ�GLVSHUVLRQ�PRGHO�GHYHORSHG�
IRU�SUHGLFWLQJ�SROOXWLRQ�OHYHOV�QHDU�KLJKZD\V�DQG�DUWHULDO�VWUHHWV���,Q�WKH�FDVHV�DQDO\]HG�ZLWKLQ�WKH�DUHD�RI�
study, critical concentrations of gases did not exceed the limits established by Argentinean regulations nor 
current international standards. The results describe the impacts on receptors located near the route in areas 
WKDW�FRPSULVH�ERWK�LQGXVWULDO�DQG�DJULFXOWXUDO�DFWLYLWLHV��7KH�URXWH�DQDO\]HG�SUHVHQWV�KLJK�YHKLFXODU�WUDI¿F�
ZLWK�PRUH�WKDQ��������YHKLFOHV�WUDYHOLQJ�GDLO\�GXULQJ�������:LWKLQ�D�¿YH�\U�SHULRG��GDLO\�WUDI¿F�LQFUHDVHG�
E\������7KH�VWXG\�UHYHDOHG�WKDW�WKH�KLJKHVW�FRQFHQWUDWLRQ�RI�JDVHV�RFFXUUHG�GXULQJ�WKH�ZLQWHU�VHDVRQ�LQ�
PRUQLQJ�KRXUV��ZKHQ�YHKLFOHV�GHFUHDVHG�WKHLU�YHORFLW\�DW�D�WROO�DUHD��7KLV�VLWXDWLRQ�PD\�KDYH�EHHQ�PRGL¿HG�
in behalf of air quality due to the removal of the toll station.
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1. Introduction

Vehicles are the major agents responsible for the loss 
RI�DLU�TXDOLW\�LQ�FLWLHV��FRQWULEXWLQJ�WR�����RI�SRO-
OXWLRQ��1RWDEO\��YHKLFOHV�DFFRXQW�IRU�����RI�FDUERQ�
monoxide (CO2), more than 50% of hydrocarbons 
(HC), and almost 45% of nitrogen oxides (NOx) 
(Tomassetti, 2005), in addition to other substances 
containing volatile organic compounds (VOCs), 
sulfur and microparticles. In the last 40 years many 
studies have been carried out regarding these agents 
RI�SROOXWLRQ��HVSHFLDOO\�LQ�1RUWK�$PHULFD�DQG�:HVWHUQ�
Europe (Alcaide López, 2000). 

In Argentina, cities such as Capital Federal, Cór-
doba, Mendoza, Rosario, La Plata and San Miguel 
de Tucumán are more exposed to the effects of atmo-
spheric pollution due to their increasing population, 
LQDSSURSULDWH�ORFDWLRQ�RI�LQGXVWULHV��ORZ�SUHVHQFH�RI�
JUHHQ�DUHDV��DQG�D�JURZLQJ�YHKLFOH�ÀHHW��3HWFKHQH-
VKVN\���������7KH�FLW\�RI�1HXTXpQ��WRJHWKHU�ZLWK�LWV�
surrounding areas, has been characterized in the last 
GHFDGHV�E\�LWV�IDVW�JURZLQJ�SRSXODWLRQ�DQG�HFRQRP\��
ZLWK�WKH�VXEVHTXHQW�LQFUHDVH�LQ�WKH�QXPEHU�RI�PRWRU�
vehicles. 

2YHU�WKH�ODVW�IHZ�GHFDGHV�D�YDULHW\�RI�UHVHDUFK�
VWXGLHV�KDV�EHHQ�FRQGXFWHG�RQ�GLVWLQFWLYH�FLWLHV�ZLWK�
high vehicle density. The majority of these studies 
used quantitative in situ measurements or qualitative 
estimations by using a number of models. Venegas 
and Mazzeo (2002) applied an urban atmospheric 
diffusion model called DAUMOD, ZKLFK�PHDVXUHG�
the emissions of carbon monoxide (CO) and NOx 
produced by public transport motor vehicles in the 
FLW\�RI�%XHQRV�$LUHV��7KH�REMHFWLYH�RI�WKH�VWXG\�ZDV�
to determine the horizontal distribution of pollution 
originated by these sources of emission. 

Alcaide López (2000) analyzed the phenomena 
of distribution and dispersion in the city of Madrid, 
Spain through a Gaussian model of dispersion for a 
VSHFL¿F�FDVH�RI�GDLO\�WUDI¿F�ZLWK�VWDEOH�DWPRVSKHULF�
conditions. This study involved CO, NOx, SO2 and 
+&�DQG�ZDV�FDUULHG�RXW�LQ������

*DLROL�DQG�7DUHOD��������FRQGXFWHG�D�TXDQWL¿FD-
tion of atmospheric pollutants produced by motor 
vehicle parking lots and thermoelectric centers in 
%XHQRV�$LUHV�EHWZHHQ������DQG�������7KH�YHKLFOH�
HPLVVLRQV�ZHUH�REWDLQHG�DQDO\WLFDOO\�WKURXJK�LQGLUHFW�
GDWD�E\�DSSO\LQJ� WKH�DWPRVSKHULF� LPSDFW� VRIWZDUH�
SofIA, a computational model for pollutants disper-
sion, to determine the concentration of pollutants. 

Toro et al. (2001) determined hot emissions of 
CO, NOx, SO2�DQG�92&V�LQ�WKH�WUDI¿F�RI�WKH�FLW\�RI�
Medellín, Colombia. To carry out their analysis, they 
developed a model that calculates emissions in cells 
and generates an average rate per hour.

Tarela and Perone (2002) applied the SofIA 
Gaussian model of dispersion to calculate concen-
trations of NOx and PM10��SDUWLFOHV�ZLWK�D�GLDPHWHU�
of 10 μm or less) in Buenos Aires, Argentina. 

5XL]�DQG�3DEyQ��������VKRZHG�WKH�GLVWULEXWLRQ�
of average concentrations of CO in levels close to 
the surface in Bogotá. They documented emissions 
on the 10 busiest streets of the city. They found that 
WKH�PRQWKO\�YDULDELOLW\�RI�&2�HPLVVLRQV�ZLWK�PRVW�
adverse effects took place during the months of April 
DQG�2FWREHU�ZLWK�YDOXHV�FORVH�WR��������PJ�P–3. 

*DQWX]� DQG�3XOLD¿WR� ������� GHVLJQHG� D�PRGHO�
E\� XVLQJ� D� QHZ�PHWKRGRORJ\� RI� WKH� ³ERWWRP�XS´�
W\SH��7KLV�PHWKRGRORJ\�ZDV� XVHG� WR� HVWLPDWH� WKH�
spatial and temporal distribution of mobile sources 
of emissions, based on data obtained through an 
auto-transported measurement system in order to 
obtain experimental results in the city of Mendoza. 

Sanhueza et al. (2004), made an estimation of 
YHKLFOH�HPLVVLRQV�LQ�6DQWLDJR�GH�&KLOH�EHWZHHQ������
and 2005. They used the Mobile 6.2 model developed 
by the US-EPA. 

Charron and Harrison (2005) studied the emissions 
of PM2.5 and PM10 in a main street in London, studying 
the factors that produced more concentration.

D’Angiola et al. (2006) accomplished an annual 
inventory of CO emissions for motor vehicles in Bue-
QRV�$LUHV�LQ�������ZLWK�GLIIHUHQW�VSDWLDO�UHVROXWLRQV��
They took as reference the COPERT 3 methodology 
for the calculus of emission factors (EF) (Ntziachris-
tos and Samaras, 2000). 

Yura et al.��������DQDO\]HG�WKH�&$/,1(��HVWL-
mation for PM smaller than 2.5 μm on a suburban 
site in Sacramento and an urban site in London. In 
WKH�VXEXUEDQ�VLWH�WKH�UHVXOWV�ZHUH�EHWWHU�DGMXVWHG�WR�
measurements than in the urban case.

Nayeb et al. (2015) evaluated concentrations and 
emission factors from vehicles in the vicinity of a high-
ZD\�QHDU�7HKUDQ��,UDQ��¿QGLQJ�WKDW�SROOXWDQWV�H[SHUL-
ment an exponential decline in an area of 100 to 150 m 
IURP�WKH�KLJKZD\�

Venegas and Mazzeo (2009) compared concen-
WUDWLRQV�RI�&2�LQ�WKH�DLUÀRZ�RI�DQ�XUEDQ�FDQ\RQ�ZLWK�
values estimated through various dispersion models. 
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2EVHUYHG�GDWD�ZHUH�REWDLQHG�IURP�KRXUO\�VFKHGXOHG�
PHDVXUHPHQWV�RI�&2�FRQFHQWUDWLRQV�GXULQJ�D�ZKROH�
year in the interior of an urban canyon in Gottonger 
Strass (Hanover, Germany) and on the roof of a 
bordering building. 

Represa (2011) applied the model CALINE4 to 
determine the dispersion of CO produced by mobile 
VRXUFHV�LQ�/D�3ODWD��$UJHQWLQD��7KH�UHVXOWV�VKRZHG�
that the concentration of this gas did not exceed the 
limits established by regulations. 

,Q� WKH� SUHVHQW�ZRUN�� SURYLQFLDO� URXWH�1R�� �� LV�
FRQVLGHUHG�DV�D�OLQHDO�VRXUFH��:H�XVHG�WKH�*DXVVLDQ�
model of dispersion (a variant model of CALINE4) to 
calculate CO, NOx and SO2 concentrations, obtaining 
data from motor vehicles in different atmospheric 
conditions on the surrounding areas of this high-
ZD\��EHWZHHQ�WKH�FLWLHV�RI�1HXTXén and Centenario, 
$UJHQWLQD��7KH�VWXGLHG�URXWH�LV�D�KLJKZD\�ZLWK�DQ�
LPSRUWDQW�WUDI¿F�ÀRZ�WKDW�FURVVHV�D�UHVLGHQWLDO�DUHD�
DQG�D�OHHZDUG�SURGXFWLYH�DUHD�WKDW�FRXOG�EH�DIIHFWHG�
by the resulting pollution. 

2. Area of study

The area of study included the Neuquén-Cente-
QDULR�VWUHWFK�RQ�SURYLQFLDO� URXWH�1R�����ZKLFK�UXQV�
through residential areas, an industrial sector, and an 
DJULFXOWXUDO�DUHD��)LJ�����7UDI¿F�LQ�WKLV�DUHD�LV�LQWHQVLYH�

since Neuquén is an important commercial, adminis-
WUDWLYH�DQG�HFRQRPLF�FHQWHU��ZKLFK�DOVR�IXQFWLRQV�DV�
a touristic stop for many travelers during holidays. 

The route crosses the edge of the plateau and 
FLUFXODWHV� WKURXJK�WKH�ULYHU�YDOOH\��ZLWK�D�VORSH�RI�
DERXW�������P��7KH�SODWHDX�LV�FRYHUHG�ZLWK�GLVSHUVHG�
herbaceous and shrubby vegetation (Fig. 1), and fruit 
WUHHV�DUH�JURZQ�LQ�WKH�YDOOH\��'XH�WR�GLIIHUHQFHV�LQ�
the use of soil and the topography of the study area, 
VHYHUDO�VHFWRUV�ZHUH�FKRVHQ�IRU�DQDO\VLV��)LJXUH��D�
VKRZV�WKH�DUHDV�RI�VWXG\�DQG�DQ�LOOXVWUDWLYH�SKRWR�RI�
the region (vicinities of the former toll station). 

:H�XVHG�WUDI¿F�GDWD��WLPHWDEOH��W\SH�DQG�DPRXQW�
of vehicles) for the period 2004-2009 from the com-
pany Caminos del Comahue (toll operator, see Fig. 1), 
DQG�DYHUDJH�WUDI¿F�GDWD�IRU�WKH�VDPH�SHULRG�IURP�WKH�
3URYLQFLDO�+LJKZD\�'HSDUWPHQW�DQG�WKH�3URYLQFLDO�
'HSDUWPHQW�RI�6WDWLVWLFV�DQG�&HQVXV��:H�DOVR�XVHG�
meteorological data form the Neuquén station of the 
Servicio Meteorológico Nacional (Argentine Nation-
al Meteorological Service).

3. Methods and sources of information 

*DV� HPLVVLRQV�ZHUH� FDOFXODWHG�ZLWK�&23(57��� D�
computer program used to calculate emissions from 
URDG�WUDQVSRUW�ZKLFK�FODVVL¿HV�YHKLFOHV�LQWR�FDWHJRULHV 
DQG� VXEFDWHJRULHV� �W\SH�RI�JDV��ZHLJKW�RI�YHKLFOH��

b)

a)

Centenario

Chacras

Toll station

PIN sector

Neuquén

Fig. 1. (a) Satellite image of the Neuquén-Centenario stretch (red line) on pro-
YLQFLDO�URXWH�1R�����OHIW���7KH�VHFWRUV�VHOHFWHG�IRU�DQDO\VLV�DUH�LGHQWL¿HG�ZLWK�D�
JUHHQ�VTXDUH�DQG�DPSOL¿HG�WR�WKH�ULJKW��,QGXVWULDO�3DUN��3,1��ERWWRP���IRUPHU�
toll station (middle) and Chacras (top). (b) Photograph of the study area. 
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size and technology of the motor, etc.) (Ntziachristos 
DQG�6DPDUDV�� ������� DQG� DOVR�ZLWK� WKH� DLU� TXDOLW\�
dispersion model CALINE4 (Benson, 1992).

Dispersion and concentration of CO, NOx and 
SO2 ZHUH�DQDO\]HG�LQ�WKH�,QGXVWULDO�3DUN��3,1��DQG�
&KDFUDV�VHFWRUV��DV�ZHOO�DV�LQ�WKH�IRUPHU�WROO�VWDWLRQ�
�)LJ������)RXU�PRQWKV�ZHUH�VHOHFWHG�DV�UHSUHVHQWDWLYHV�
for each season of the year: March (autumn), July 
�ZLQWHU���2FWREHU��VSULQJ���DQG�'HFHPEHU��VXPPHU���
$Q�DYHUDJH�ZRUNLQJ�GD\�ZDV�HVWDEOLVKHG� IRU�HDFK�
month to estimate the emissions in three representa-
tive hours: 08:00, 12:00, and 18:00 LT.

(PLVVLRQ� IDFWRUV�ZHUH� FDOFXODWHG� DFFRUGLQJ� WR�
vehicle categories, type of motor, age of the vehicle 
ÀHHW��DQG�FXUUHQW�UHJXODWLRQV�LQ�$UJHQWLQD��1DWXUDO�
JDV�YHKLFOHV��1*9��ZHUH�QRW�FRQVLGHUHG��,W�ZDV�DV-
VXPHG�WKDW�WUDI¿F�ÀRZ�ZDV�KRPRJHQRXV�LQ�HDFK�DUHD�
RI�VWXG\��,Q�JHQHUDO��WKH�WUDI¿F�ÀRZ�LQFUHDVHG�DW�DQ�
average annual rate of 8.1% during the study period. 
The months of January, March, July and December 
VKRZHG�WKH�KLJKHVW�LQFUHDVHV�LQ�WUDI¿F�GHQVLW\��

2Q�D�ZHHNO\�EDVLV��WUDI¿F�GHFUHDVHG�FRQVLGHUDEO\�
GXULQJ�ZHHNHQGV��2Q�ZRUNLQJ� GD\V� SHDNV�ZHUH�
UHFRUGHG� DW� ������ DQG�������/7��ZLWK� DYHUDJHV�RI�
��������������YHKLFOHV�K�DW������/7��DQG����������
�����YHKLFOHV�K�DW�������/7��

)LJXUH���VKRZV�WKH�WUDI¿F�EHKDYLRU�GXULQJ�WKUHH�
ZRUNLQJ� GD\V� LQ� ������ GLVFULPLQDWHG� E\� GD\OLJKW�
KRXUV��)URP�������WR�������/7�WKH�WUDI¿F�ÀRZ�H[-
FHHGHG�������YHKLFOHV�K��DQG�IURP�������WR�������/7�
LW�ZDV�OHVV�WKDQ�������YHKLFOHV�K��

On average, for the three representative days in 2009, 
������RI�WKH�WUDI¿F�FRQVLVWHG�RI�FDUV�DQG�PLQLYDQV� 

�����RI� YDQV�� DQG������RI� EXVHV��7KH�SURSRUWLRQ�
RI�YHKLFOHV�DFFRUGLQJ�WR�WKH�W\SH�RI�JDV�ZDV�EDVHG�
on the Enterpreneurs Asociation of Motorvehicles 
Manufacturers (ADEFA) database (2006), Giacobbe 
et al.��������DQG�5DYHOOD�et al. (2006), assuming that 
����RI�WKH�DXWRPRELOHV�ZHUH�SRZHUHG�E\�JDVROLQH�
and 10% by diesel; and of the utilitarian vehicles, 
����ZHUH�SRZHUHG�E\�JDVROLQH�DQG�����E\�GLHVHO�

7UDI¿F�VSHHG�ZDV�HVWLPDWHG�EDVHG�RQ�¿HOG�REVHU-
vations subjected to the sector and vehicle category. 
)RU�WKH�3,1�DUHD��LW�ZDV�HVWLPDWHG�DW������NP�K–1 for 
cars and utilitarian vehicles and 60.0 km h–1 for vans 
DQG�EXVHV��,Q�WKH�WROO�VHFWRU��LW�ZDV�HVWLPDWHG�DW�D�PD[-
imum of 60.0 km h–1 and a minimum of 20.0 km h–1 
for all categories. Finally, in the farming sector, esti-
PDWHG�VSHHG�ZDV�����NP�K–1 for cars and utilitarian 
YHKLFOHV�DQG������NP�K–1 for vans and buses.

$WPRVSKHULF� VWDELOLW\�ZDV� HVWLPDWHG� E\� XVLQJ�
WKH� HPSLULF� FODVVL¿FDWLRQ� RI�7XUQHU� DQG� 3DVTXLOO�
(Pasquill, 1961; Turner, 1964) enumerated from 
��WR�������H[WUHPHO\�XQVWDEOH�����PRGHUDWHO\�XQVWD-
ble; 3: lightly unstable; 4: neutral; 5: lightly stable; 
���PRGHUDWHO\�VWDEOH�����H[WUHPHO\�VWDEOH���

)LJXUH���VKRZV�WKH�UHODWLYH�IUHTXHQF\�RI�DWPR-
spheric stability for the four months that represent 
the seasons of the year in three different hours of 
WKH�GD\��1HXWUDO�VWDELOLW\�ZDV�GRPLQDQW��,Q�PRUQLQJ�
hours during spring, summer and autumn, lightly 
XQVWDEOH�VLWXDWLRQV�ZHUH�SUHGRPLQDQW�LQ�FRQWUDVW�WR�
PRUH�VWDEOH�RQHV� LQ�ZLQWHU��1HDU�QRRQ�D� WHQGHQF\�
WRZDUG�XQVWDEOH�VLWXDWLRQV�ZDV�REVHUYHG��HVSHFLDOO\�
LQ�ZDUPHU�PRQWKV�DV�FRPSDUHG�WR�ZLQWHU��

7KH� KHLJKW� RI� WKH�PL[HG� OD\HU�ZDV� FDOFXODWHG�
LQ�GLIIHUHQW�KRXUV�RI�WKH�GD\�WKURXJK�WKH�VLPSOL¿HG�
PHWKRG��ZKLFK�XVHV�GDWD�RI�LQVRODWLRQ��ZLQG�YHORFLW\�
and atmospheric stability (Spadaro, 1999). This data 
ZDV�FRPSDUHG�WR�WKH�PRQWKO\�UHODWLYH�IUHTXHQF\�DW�
20:00 LT published by the Ministry of Energy and 
Mining (see Fig. 3) for 1959-1991 in Neuquén. 
7KLUW\�UHFHSWRU�SRLQWV�ZHUH�VHOHFWHG�IRU�HDFK�DUHD��
(see Fig. 4a-c). 

7KH�$45RDGV�PRGHO��EDVHG�RQ�&$/,1(���ZDV�
used to calculate hourly emissions of pollutants (CO, 
NOx and SO2���(QYLURZDUH���������,Q�WKLV�PRGHO��WKH�
SDWWHUQ�RI�WKH�WUDI¿F�ÀRZ�LV�GH¿QHG�E\�D�FRPELQDWLRQ�
RI�OLQNV��)RU�DWPRVSKHULF�VLPXODWLRQ��LQLWLDO�GDWD�ZHUH�
ZLQG�YHORFLW\�DQG�GLUHFWLRQ��PL[HG�OD\HU�KHLJKW��DQG�
atmospheric stability classes, according to the classi-
¿FDWLRQ�RI�3DVTXLOO�DQG�*LIIRUG��(QYLURZDUH���������
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)LJ�����+RXUO\�WUDI¿F�IRU�WKUHH�ZRUNLQJ�GD\V�GXULQJ�WKH�
year 2009. N: number of vehicles circulating through 
WKH�IRUPHU�WROO�VWDWLRQ��7UDI¿F�GDWD�ZHUH�SURYLGHG�E\�WKH�
company Caminos del Comahue.  
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The semi-empirical formulation of the model for 
D�OLQHDO�*DXVVLDQ�VRXUFH��ZKHQ�WKH�x axis is directed 
RQ�WKH�VDPH�GLUHFWLRQ�DV�WKH�ZLQG��FDQ�EH�H[SUHVVHG�
as (Hanna et al., 1982):

( )

( )[ ] ( )[ ]{ }
2

zσ
Hz

2
1

exp
2

zσ
Hz

2
1

exp

2

yσ
y

2
1

exp
uzσy2πσ

Q
z)y,C(x,

−+−−−

−=

 (1)

ZKHUH�C(x, y, z) is the concentration in the point (x, y, z) 
�ȝJ�P–3); Q is the rate of continuous emissions (g s–1); 
jy (m) and jz (m) are the standard deviations of the 
Gaussian concentration distributions vertically and 
ODWHUDOO\��UHVSHFWLYHO\��DQG�DUH�IXQFWLRQV�RI�WKH�GRZQ-
ZLQG�GLVWDQFH��x) and atmospheric stability; u is the 
DYHUDJH�YHORFLW\�RI�WKH�ZLQG��P�V–1) in the direction 
of the x axis; H is the effective height of the emission 
(m) (h [height of the emission duct] + AH [height of 
the plume]); z is the height above the ground (m); 
and y is the perpendicular distance to the direction 
RI�WKH�ZLQG��P���+DQQD�et al., 1982).

The model assumes that there are stationary me-
teorological conditions all over the area, an x axis 
LQ�WKH�GLUHFWLRQ�RI�WKH�ZLQG��D�ÀDW�VXUIDFH��DQG�WKDW�
the effects of turbulent diffusion are negligible in 
FRPSDULVRQ�WR�WKH�KRUL]RQWDO�WUDQVSRUW�E\�WKH�ZLQG��
This method excludes conditions of absolute calm.

4. Results and discussion

0RGHUDWH�DQG�FULWLFDO�FRQGLWLRQV�RI�ZLQG�ÀRZ�ZLWKLQ�
WKH�DUHD�ZHUH�FDOFXODWHG��)LJXUH���VKRZV�WKH�FRQFHQ-
tration of CO in a transect of the area of study, located 
EHWZHHQ� WKH�SRLQWV� ��� DQG���� �)LJ�� ����:LQGZDUG�
UHFHSWRUV��OHIW�PDUJLQ�RI�WKH�URXWH��VKRZHG�LQVLJQLI-
icant levels of gas concentrations.

7KH�KLJKHVW�FRQFHQWUDWLRQV�RI�JDVHV�ZHUH�IRXQG�LQ�
DOO�FDVHV�LQ�WKH�QHDUHVW�SRLQW�WR�WKH�WUDI¿F�ÀRZ��SRLQW����� 
6XUSULVLQJO\��ZH� IRXQG� D� JUDGXDO� GHFUHDVH� RI�&2�
FRQFHQWUDWLRQV�ZLQGZDUG�RI�WKH�URXWH��VSHFL¿FDOO\�LQ�
the east sector, at 08:00 LT, even though the highest 
WUDI¿F�GHQVLW\�ZDV�REVHUYHG�DW�������/7��$�SRVVLEOH�
explanation for this could be that velocity and tem-
SHUDWXUH�RI�WKH�ZLQG�DUH�KLJKHU�DW�������/7�RQ�WKLV�
location, causing more turbulence and gas dispersion, 
DV�ZHOO�DV�ORZHU�OHYHOV�RI�LPPLVVLRQ�

$�UHODWLYH�PD[LPXP�RI�JDV�FRQFHQWUDWLRQ�ZDV�
IRXQG�LQ�DOO�FDVHV�DW�WKH�SRLQWV���������DQG����GXULQJ�
the months of July and December, both at 08:00 
/7� �SRLQW������7KH�PD[LPXP� WUDI¿F�GHQVLW\�ZDV�
GHWHFWHG�LQ�'HFHPEHU�DW�������/7�ZLWK�D�PHDQ�RI�
�������� YHKLFOHV�K��+RZHYHU�� JDV� FRQFHQWUDWLRQ�
ZDV�ORZHU�DW�WKLV�WLPH��7KLV�FDQ�EH�DVVRFLDWHG�ZLWK�
KLJKHU�ZLQG�YHORFLW\�������m s–1) and air tempera-
WXUH��������C).

During October around noon (12:00 LT) a noto-
ULRXV�GHFUHDVH�RI�JDV�FRQFHQWUDWLRQV�ZDV�REVHUYHG�
for the three sectors. CO concentrations exhibited 
VLPLODU�YDOXHV�IRU�WKH�VHFWRUV�3,1�DQG�&KDFUDV��ZLWK�
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Fig. 3. Relative frequency (f [%]) of atmospheric stability 
in Neuquén as a function of the month at (a) 08:00 LT, 
(b) 14:00 LT and (c) 20:00 LT, for the period 1959-1991. 
Classes: 1: extremely unstable; 2: moderately unstable; 3: 
lightly unstable; 4: neutral; 5: lightly stable; 6: moderately 
VWDEOH�����H[WUHPHO\�VWDEOH��VRXUFH��0LQLVWHULR�GH�(QHUJtD�
y Minería [Ministry of Energy and Mining of Argentina]).
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greater velocities), and higher values in the former 
WROO�VWDWLRQ��UHDFKLQJ�OHYHOV�XS�WR�������μg m–3 in the 
closest point to the route. In December, NOx con-
FHQWUDWLRQV�ZHUH�IRXQG�WR�EH�VLPLODU�IRU�DOO�VHFWRUV�
and schedules. SO2 concentrations exhibited higher 
values in point 14 at 08:00 LT, reaching 1.5 μg m–3.

Considering mean concentrations in the closest and 
IDUWKHVW�SRLQWV�WR�WKH�URXWH��ZKLFK�DUH�����P�DSDUW���
the highest concentrations of CO and SO2 during the 
IRXU�PRQWKV�ZHUH�IRXQG�DW�WKH�IRUPHU�WROO�VWDWLRQ��EHLQJ�
����ORZHU�LQ�WKH�3,1�DUHD��ZLWK�LQWHUPHGLDWH�YDOXHV�
DW�&KDFUDV��a����OHVV�WKDQ�LQ�WKH�IRUPHU�WROO�VWDWLRQ��
VHH�)LJV����DQG�����7KHVH�GLIIHUHQFHV�ZHUH�JUHDWHU�IRU�
&2��VLQFH�&2�HPLVVLRQV�LQFUHDVH�ZLWK�ORZ�VSHHGV��

NOx�FRQFHQWUDWLRQV�ZHUH�����KLJKHU�LQ�WKH�&KDF-
UDV�DUHD�GXULQJ�WKH�IRXU�PRQWKV��ZLWK�VLPLODU�YDOXHV�
LQ�WKH�3,1�VHFWRU�DQG�WKH�IRUPHU�WROO�VWDWLRQ��ZKLFK�
PD\�EH�GXH�WR�WKH�KLJKHU�VSHHG�RI�YHKLFOHV��ZKLFK�
favors a higher emission of NOx. In all sectors, great-
HU�FRQFHQWUDWLRQV�RI�DOO�JDVHV�ZHUH�GHWHFWHG�GXULQJ�
July (~20% more than during March and October in 
areas close to the route and 45% in distant points) 
DQG�'HFHPEHU��a����DQG�����UHVSHFWLYHO\��)LJ�����

'XULQJ�-XO\�������JDV�FRQFHQWUDWLRQV�ZHUH�KLJKHU�
in comparison to the rest of the months, reaching 

SRLQWV�ORFDWHG�IDUWKHU�IURP�WKH�URXWH��ZKLOH�LQ�'H-
FHPEHU� WKH� UDWLRV� GLPLQLVKHG�ZLWK� WKH� LQFUHDVH� LQ�
distance to the route. This situation could be due to 
WKH�PL[LQJ�OD\HU�KHLJKW��ZKLFK�UHDFKHG�LWV�PLQLPXP�
in July (200-560 m) making the dispersion of gases 
GLI¿FXOW��DQG�LWV�PD[LPXP�LQ�'HFHPEHU����������P���
,Q�DGGLWLRQ��ZLQG�VSHHG�ZDV�ORZHU�LQ�-XO\��UDQJLQJ�
from 2.6 to 3.9 m s–1��LQ�FRQWUDVW�WR�'HFHPEHU��ZKHQ�
YDOXHV�ZHUH�EHWZHHQ�����DQG������m s–1.

7KH�VSDWLDO�GLVWULEXWLRQ�RI�FRQFHQWUDWLRQV�ZDV�DOVR�
calculated �)LJV�� ������ FRPSDULQJ�RSSRVLQJ� VLWXD-
WLRQV�GXH�WR�GLIIHUHQFHV�LQ�ZLQG�VSHHG��PL[HG�OD\HU�
KHLJKW�DQG�YHKLFOH�VSHHGV��7KH�¿UVW�FDVH�FRPSULVHV�
VLWXDWLRQV�ZLWK�ZLQG�VSHHGV�RI�����m s–1��)LJ���D��DQG�
10.6 m s–1��)LJ���b) during December at 08:00 LT, 
H[KLELWLQJ�DUHDV�ZLWK�PXFK�KLJKHU�FRQFHQWUDWLRQV�LQ�
the vicinity of the route. 

,Q�VLWXDWLRQV�ZLWK�LQWHQVH�ZLQG�WKHUH�LV�D�KLJKHU�
GLVSHUVLRQ�DQG� WKHUHIRUH� ORZHU�JDV�FRQFHQWUDWLRQV� 
,Q�WKH�QHDUHVW�OHHZDUG�DUHD�WR�WKH�URXWH�ZH�IRXQG�DQ�
SO2 FRQFHQWUDWLRQ� WKUHH� WLPHV�KLJKHU�ZLWK� VPDOOHU�
ZLQG�LQWHQVLW\��,Q�QRQH�RI�WKH�FDVHV�622 values ex-
ceeded those established by national or international 
UHJXODWLRQV� �$UJHQWLQH� ODZ���������������ȝg m–3; 
(XURSHDQ�8QLRQ��(8��VWDQGDUGV��������ȝJ�m–3).
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toll station and (c) Chacras sector 
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Figure 8 presents the spatial distribution of NOx, 
considering that vehicles circulate at higher speeds in 
the Chacras sector (Fig. 8c), intermediate speeds in the 
3,1�VHFWRU��)LJ���D��DQG�ORZHU�VSHHGV�LQ�WKH�IRUPHU�WROO�
station (Fig. 8b) during the same day and schedule. In 
situations that mainly differ regarding vehicle speeds, 
NOx�FRQFHQWUDWLRQV�ZHUH�IRXQG�WR�EH�IURP������WR������
ȝg m–³�LQ�WKH�¿UVW����P�OHHZDUG�LQ�DOO�WKUHH�VHFWRUV��DQG�
WKHQ�GHFUHDVHG�SURJUHVVLYHO\�WR�����ȝg m–³��\HOORZ�DUHD�
LQ�WKH�¿JXUH���7KH�DUHD�QHDU�WKH�URXWH�LQ�WKH�&KDFUDV�
VHFWRU�VKRZHG�WKH�KLJKHVW�FRQFHQWUDWLRQ�RI�NOx�������
ȝg m–³) due to the increase of emission factors caused 
by the high speed of vehicles. The measured SO2 and 
NOx levels did not exceed the values established by 
QDWLRQDO�DQG�LQWHUQDWLRQDO�UHJXODWLRQV��$UJHQWLQH�ODZ�

�������������ȝg m–3��(8�DQG�:+2�VWDQGDUGV��������
ȝJ�m–3 [OMS, 2005]).

7KH�VSDWLDO�GLVWULEXWLRQ�RI�&2�LV�VKRZQ�LQ�)LJXUH��� 
(see also Table I).The results indicate a higher con-
FHQWUDWLRQ�RI�&2�LQ�WKH�IRUPHU�WROO�VWDWLRQ��IURP�������
WR�������ȝg m–3 in the area close to the route [30 m 
OHHZDUG�RI�WKH�HPLVVLRQ�]RQH@��LQ�FRPSDULVRQ�WR�WKH�
&KDFUDV�DQG�3,1�VHFWRUV��ZKHUH�HPLVVLRQV�GLG�QRW�H[-
FHHG������ȝg m–3��PDLQO\�GXH�WR�GLIIHUHQW�WUDI¿F�ÀRZ�
speeds in those areas, since the CO emission factor 
LQFUHDVHV�ZLWK�ORZHU�VSHHGV��7KH�highest concentra-
tions did not exceed the limits established by national 
DQG�LQWHUQDWLRQDO�UHJXODWLRQV��$UJHQWLQH�ODZ��������
���������ȝg m–3��:+2�VWDQGDUGV�����������ȝJ�m–3 

[OMS, 2005]). 

a) b) c)
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Fig. 8. Spatial distribution of the NOx concentration (C) (in μg m–3) during July at 08:00 LT in the (a) PIN sector, (b) 
former toll station, and (c) Chacras sector.
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Fig. 9. Spatial distribution of the CO concentration (C) (in μg m–3) during July at 08:00 LT in the (a) PIN sector, (b) 
former toll station, and (c) Chacras sector. 
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The analysis of pollutants dispersion in the three 
VWXGLHG�VHFWRUV�GXULQJ�-XO\�DW������/7�VKRZHG�WKDW�
FRQFHQWUDWLRQV�ZHUH�KLJKHU�LQ�WKH�IRUPHU�WROO�VWDWLRQ��
reaching SO2 YDOXHV�RI�����WR�����ȝg m–3 in the vicinity 
of the route and of 0.5 ȝg m–3 at a distance of 200 m, 
ZKLOH�LQ�RWKHU�VHFWRUV�WKLV�FRQWDPLQDQW�GLG�QRW�VXU-
pass a distance of 100 m. This higher concentration 
of SO2 in the former toll station could be due to the 
fact that the emission factor for this molecule in-
FUHDVHV�ZLWK�WKH�GHFUHDVH�RI�YHKLFOH�VSHHG��6LPLODU�
to previous cases, the concentrations of SO2 did not 
H[FHHG�WKH�OLPLWV�HVWDEOLVKHG�E\�$UJHQWLQH�/DZ������ 
��������ȝg m–3��RU�(8�UHJXODWLRQV��������ȝJ�m–3).

In the analyzed cases, the meteorological vari-
DEOHV�ZLWK� JUHDWHU� LQÀXHQFH� RYHU� FRQFHQWUDWLRQ�
YDOXHV�ZHUH�ZLQG� VSHHG� DQG�PL[HG� OD\HU� KHLJKW��
7KHVH�UHVXOWV�DUH�FRQVLVWHQW�ZLWK�WKH�OLWHUDWXUH��$O-
caide López, 2000). 

7KH� KLJKHVW� FRQFHQWUDWLRQ� RI� SROOXWDQWV�ZDV�
detected along the route because emissions are gen-
HUDWHG�RQ�WKLV�KLJKZD\�DQG�DUH�GLVSHUVHG�OHHZDUG�

5. Conclusions

NOx exhibited the highest values among the analyzed 
SROOXWDQWV��ZLWK�HVWLPDWHG�FRQFHQWUDWLRQV�WKDW�URVH�XS�WR�
������RI�WKH�OLPLW�HVWDEOLVKHG�E\�:+2�(OMS, 2005) 
and the EU (measured in the Chacras sector during De-
FHPEHU�DW�������/7��ZLWK�YHU\�XQIDYRUDEOH�FRQGLWLRQV���

&RQFHQWUDWLRQ� OHYHOV� ZHUH� KLJKHU� LQ� -XO\� DV�
FRPSDUHG�WR�'HFHPEHU��GHVSLWH�WKH�IDFW�WKDW�WUDI¿F�
is 16% higher in December. This maximum in July 
ZDV�SUREDEO\�UHODWHG�WR�JUHDWHU�SROOXWDQW�GLVSHUVLRQ�
GXH�WR�D�JUHDWHU�LQWHQVLW\�RI�WKH�ZLQG��,Q�WKH�PRQWKV�
FRQVLGHUHG��FRQGLWLRQV�DW������/7�ZHUH� IDYRUDEOH�
for higher concentrations of gases in the surface, 
FRLQFLGLQJ�ZLWK�D�ORZHU�LQWHQVLW\�RI�WKH�ZLQG��7KH�
IRUPHU�WROO�VWDWLRQ�DUHD�VKRZHG�KLJKHU�FRQFHQWUD-
tions of CO and SO2��DVVRFLDWHG�ZLWK�WKH�GHFUHDVH�
of vehicles speed.

It must be considered that emission factors used in 
this study could underestimate emissions of older cars, 
VLQFH�WKH\�DUH�PRUH�DGHTXDWH�IRU�WKH�QHZHVW�PRGHOV�
�*DQWX]�DQG�3XOLD¿WR��������'¶$QJLROD�et al., 2006). 

Fig. 10. Spatial distribution of the SO2 concentration (C) (in μg m–3) during July at 08:00 LT in the (a) PIN sector, (b) 
former toll station, and (c) Chacras sector.
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Table I. NOx concentration (C) (in μg m–3) during July at 08:00 LT in the PIN sector, former 
toll station, and Chacras sector, and maximum concetration according to Argentinean and 
European Union regulations.

Contaminant

Concentration by sector Regulations

CPIN 

μg m–3

CTOLL 

μg m–3

CChacras 

μg m–3

CArgentina

μg m–3

CUE 

μg m–3

CO < 90.0 ����������� < 90.0 �������� 30 000.0
NOx ��������� ��������� ��������� 846.0 200.0
SO2 0.8-1.2 < 0.6 < 0.6 2620.0 350.0
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Besides, it must be mentioned that analysis of starting 
DQG�EUDNLQJ�FKDUDFWHULVWLFV�ZDV�QRW�WDNHQ�LQWR�DFFRXQW�
in the former toll area. 

$V�RI�������WKH�WROO�VWDWLRQ�ZDV�HOLPLQDWHG�GXH�WR�D�
UHJLRQDO�OHJLVODWLRQ��7KLV�OHG�WR�HQYLURQPHQWDO�EHQH¿WV�
IRU�WKLV�VHFWRU��VLQFH�WKHUH�ZDV�D�VLJQL¿FDQW�UHGXFWLRQ�
in the concentration of gases emitted by vehicles as a 
UHVXOW�RI�DQ�LPSRUWDQW�GHFUHDVH�LQ�WUDI¿F�MDPV�

,Q� GD\V�ZLWK� HDVWHUO\�ZLQGV� WKH�PRVW� DIIHFWHG�
DUHD�ZDV�WKH�3,1�VHFWRU��7KH�KLJKHVW�FRQFHQWUDWLRQV�
RI�SROOXWDQWV�ZLWKLQ�WKLV�DUHD�ZHUH�IRXQG�LQ�3DUTXH�
Industrial, a neighborhood located next to the route 
ZKHUH�PRUH� VHQVLWLYH� UHFHSWRUV�ZHUH� SODFHG��$O-
though the concentrations found in this analysis did 
not exceed critic values, it is recommended to take 
samples of the crops located in small farms adjacent 
WR�SURYLQFLDO�URXWH�1R����IRU�HVWLPDWLQJ�SRVVLEOH�GH-
posits of contaminants in fruits and other associated 
risks for human health. 

Control measures for the maintenance of engines 
and exhaust gas systems are also needed to keep 
HPLVVLRQV�ORZ��3URJUDPV�VXFK�DV�WKH�³7HFKQLFDO�,Q-
VSHFWLRQ�RI�9HKLFOHV´�WKDW�LV�DSSOLHG�LQ�$UJHQWLQD��DQG�
LPSURYHPHQWV�LQ�WKH�SXEOLF�WUDQVSRUW�V\VWHP�ZRXOG�EH�
useful to maintain adequate conditions of air quality. 

(YHQ� WKRXJK� ILHOG� GDWD� ZHUH� QRW� DFFHVVLEOH�
for evaluating our results, the literature suggests 
FRUUHODWLRQV� !� ����� LQ� HVWLPDWLRQV� PDGH� ZLWK�
CALINE4. Levitin et al. (2005) evaluated the 
PRGHO�UHVXOWV�ZLWK�GDWD�REWDLQHG�IURP�D�VWXG\�LQ�
Finland, and the hourly predictions of NOx�DW�WZR�
GLVWDQFHV�IURP�WKH�URDG�����DQG����P���HDFK�RI�WKHVH�
DW�WZR�KHLJKWV������DQG���P���VKRZHG�FRUUHODWLRQV�RI�
�����WR�������7KH�SHUIRUPDQFH�ZDV�EHWWHU�DW������P� 
2Q�WKH�RWKHU�KDQG��UHVXOWV�KDG�ZRUVW�FRUUHODWLRQV�
ZLWK� ORZHU�ZLQG� VSHHGV� DQG� IRU�ZLQG� GLUHFWLRQV�
parallel to the route. Ganguly and Broderick (2008) 
IRXQG�D�UHDVRQDEOH�OHYHO�RI�DJUHHPHQW�EHWZHHQ�WKH�
CALINE results and measurements based on graph-
ical and statistical analysis. Ganguly et al. (2009) 
IRXQG�WKDW�WKH�PRGHO�ZDV�LQ�JRRG�DFFRUGDQFH�WR�in 

situ measurements. 
Broderick et al. (2005) validated the model for 

&2�ZLWK�UHVXOWV�ZLWKLQ�� 50% of the measurements. 
7KHVH�DXWKRUV�VSHFL¿HG�WKDW�WKH�FDVHV�ZLWK�OHVV�DJUHH-
PHQW�EHWZHHQ�PRGHO�DQG�UHVXOWV�ZHUH�REVHUYHG�LQ�
VWDEOH�VLWXDWLRQV�ZLWK�ORZ�ZLQG�LQWHQVLW\��,W�PXVW�EH�
mentioned that these cases, though present, are not 
frequent in our area of study. 
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