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� A high resolution inventory of road transport emission is presented.
� A better spatial distribution of urban areas is obtained using DMSP-OLS satellite.
� Fuel consumption at district level is spatially reassigned to street segment.
� The proposed GHG emission inventory is compared to international databases.
� The information is organized under GIS environment for air quality models.
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a b s t r a c t

Air quality models require the use of extensive background information, such as land use and topography
maps, meteorological data and emission inventories of pollutant sources. This challenge increases when
considering the vehicular sources. The available international databases have uneven resolution for all
countries including some areas with low spatial resolution associated with large districts (several
hundred km). A simple procedure is proposed in order to develop an inventory of emissions with high
resolution (9 km) for the transport sector based on a geographic information system using readily
available information applied to Argentina. The basic variable used is the vehicle activity (vehicle e km
transported) estimated from fuel consumption and fuel efficiency. This information is distributed to a
spatial grid according to a road hierarchy and segment length assigned to each street within the cell.
Information on fuel is obtained from district consumption, but weighted using the DMSP-OLS satellite
“Earth at night” image. The uncertainty of vehicle estimation and emission calculations was tested using
sensitivity Montecarlo analysis. The resulting inventory is calibrated using annual average daily traffic
counts in around 850 measuring points all over the country leading to an uncertainty of 20%. Un-
certainties in the emissions calculation at pixel level can be estimated to be less than 12%. Comparison
with international databases showed a better spatial distribution of greenhouse gases (GHG) emissions
in the transport sector, but similar total national values.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Regional Air Quality Models (RAQM) are mathematical tools
used to simulate the physical and chemical processes involving
dispersion and reaction of pollutants in the atmosphere which
require the preparation of a detailed emissions inventory. Some of
za, Universidad Tecnol�ogica
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iafito).
the mostly used numerical meteorological and air quality models
are WRF/Chem (Grell et al., 2005); CMAQ (Binkowski and Roselle,
2003); CALPUFF (Scire et al., 2000) and AERMOD (Cimorelli et al.,
2003).

Input emission inventories necessary for RAQM are usually
organized in a chessboard grid associated to a Geographic Infor-
mation System (GIS). Point sources are associated with large in-
dustrial and power generation sources, which are well known data
(i.e., emission rate, stack height, exhaust temperature). Area sour-
ces are generally associatedwith specific groups of small residential
or diffuse emissions (i.e., material piles, soil erosion, and biogenic
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Table 1
Fuel consumption by district size in the year 2012.

Population range Total
thousand
inhab.

Diesel oil
thousand m3

Gasoline
thousand
m3

NCG
thousand
m3

Pop. < 25,000 2,850 892 487 48,108
25,000 < pop. < 150,000 11,538 3,843 1,993 487,719
Pop. > 150,000 25,729 4,457 4,369 1,619,202
Total 40,117 9,192 6,849 2,155,029

Population range Proportion % % %
Pop. < 25,000 7% 10% 7% 2%
25,000 < pop. < 150,000 29% 42% 29% 23%
Pop. > 150,000 64% 48% 64% 75%
Total 100% 100% 100% 100%

Population range Consumption l/Inhab. l/Inhab. m3/Inhab.
Pop. < 25,000 313.0 170.9 16,880
25,000 < pop. < 150,000 333.1 172.7 42,271
Pop. > 150,000 173.2 169.8 62,933
Total 229.1 170.7 53,719
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sources among others). Line sources are typically associated
(though not exclusively) to vehicular and mobile sources. However,
estimating emissions from mobile sources is complex because
vehicular traffic composition is inherently random, both temporally
and spatially, so mobile sources association with air quality models
is a difficult task.

Many scholars have addressed the estimation of emissions from
the road transport sector. For example Uherek et al. (2010) reviews
the causes and the impacts on air quality and climate generated by
road transport, including the mobility problem, emission factors
and models currently in use, citing several relevant articles. Several
road transportation inventories were prepared in order to estimate
national greenhouse gases emissions and to estimate the reduction
potential of this sector, mostly compiled by the IPCC (2007).

There are several ways to organize an inventory of emissions
based on fuel consumption (i.e. Singer and Harley, 1996; Yan and
Crookes, 2009; Hao et al., 2011; among others). Rentziou et al.
(2012) and Bastani et al. (2012) present a comprehensive litera-
ture review for vehicular activity and fuel consumption models and
study the main variables affecting the amount of kilometers driven
annually and discuss the uncertainties associated with estimates of
transport greenhouse gases (GHG) emissions.

The use of GIS in air quality models can be seen in the initial
methodological work of Bruckman (1992), Souleyrette et al. (1992),
Bachman (2000) and other works applied to cities and regions:
Gualtieri and Tartaglia (1998): Florence, Italy; Borrego et al. (2000,
2003): Lisbon, Portugal, Lin and Lin (2002): Taichung, Taiwan;
Puliafito et al. (2003), Mendoza, Argentina; Elbir et al. (2010):
Istanbul, Turkey; Puliafito et al. (2011): Bahia Blanca and Buenos
Aires, Argentina; Guttikunda and Calori (2013): Delhi, India.

Top-down approaches are used for the estimation of national
vehicular emissions inventories (Eggleston et al., 1991). Vehicle
activity and emission are estimated using national aggregate data
such as the population density, average number of trips and
average driving distances, vehicle fleet composition and fuel effi-
ciency. Emission factors are calculated by means of operational
models such as COPERT (Ntziachristos and Samaras, 2000); SMOKE
(Coats, 1995; Wang et al., 2011); MOBILE6 (MOBILE6, 2001; Zhang
and Batterman, 2010); IVE (Davis et al., 2005). D'Angiola et al.
(2010), show an example of the application of IVE model for
several South American megacities.

In recent years many international air pollutant emissions in-
ventories have been available in various scales. Baldasano et al.
(2008) present an emission inventory for Spain and Europe (HER-
MES) in very high spatial (1 km) and temporal (1 h) resolution used
for air quality forecast. Ferreira et al. (2013) present a comparison of
several databases on European territory: EMEP (European Moni-
toring and Evaluation Programme) (EMEP, 2010) and one devel-
oped by TNO (Netherlands Organization for Applied Scientific
Research) (Denier van der Gon et al., 2010). Ferreira et al. (2013)
show that regarding emissions from road transport sector (code
SNAP07) there exist major differences especially due to unequal
spatial disaggregation and databases used by EMEP and TNO.
Macknick (2011) shows that even databases prepared by interna-
tional organizations such as BP (2010), UN (2010) and IEA (2010)
may have up to 9% of discrepancies in primary energy consump-
tion and up to 2.7% in CO2 emissions from this consumption, due to
the methodology and the way national data are reported. TNO
developed the EDGAR database (Emissions Database for Global
Atmospheric Research) (EDGAR, 2011). EDGAR latest version v4.2,
provides global annual emissions data for all air pollutants and
GHG disaggregated by countries with a grid resolution of 0.1�. The
estimation of these emissions is subject to uncertainties in the
activity data from national statistics, adjustments for incomplete
time series and the use of general emission factors. Furthermore, if
the available geographic data have very coarse resolutions (large
districts) the expected global map is of low reliability. Hence, when
applying these international databases to RAQM (i.e., ranging from
hundreds to thousands of kilometers), the available international
databases either do not have always appropriate resolution or are
not sufficiently updated. Moreover, not all countries have the same
level of disaggregation of information both in quantity, quality or
spatial resolution that allows assembling a consistent regional in-
ventory model.

Therefore the purpose of this article is to show a practical top-
down methodological approach applied to the development of a
geographically distributed high resolution emissions regional in-
ventory of road transportation for Argentina; to improve the
existing emissions inventory applicable to a RAQM. While this
study was developed for Argentina, its methodological description
is transferable to any region or country, using only basic and
accessible information for many other countries.

2. Material and methods

2.1. Brief description of the study area

Argentina is located in the southern part of South America. It has
40 million inhabitants and covers an approximate area of
2,800,000 km2 of continental and insular territory. In 2012 the
gross domestic product (GDP) was 470 million USD (at current
prices) with an annual GDP/capita of 11,500 USD. The country is
divided into 23 provinces and an autonomous city. The provinces
are in turn organized into municipalities totaling 537 districts. Of
the latter, 48% have less than 25,000 inhabitants representing 7% of
the total population; 37% have between 25,000 and 150,000 in-
habitants (29% total population), and the remaining 15% have
150,000 representing 64% of the total population (Table 1). The
vehicle fleet reaches 11.5 million units in 2012, with an annual fuel
consumption of 8.8 million m3 of diesel oil, 6.5 million m3 of gas-
oline and 2000 million m3 of compressed natural gas (CNG) (Supl.
inform. Table A.1 and A.2). The road network reaches approxi-
mately 500,000 km, of which 38,000 km are highways (90% paved),
200,000 km are primary and trunk roads (20% paved) and
270,000 km are secondary and tertiary roads mostly unpaved.
Table A.3 (supl. inform.) show the references for the databases used
in this text (INDEC, ADEFA, DNVA, SENA, STNA, IGNA, OpenStreet
Map, among others). According to the GHG national inventories
presented by Argentina to the IPCC (Argentina, 2007) from a
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sectorial point of view, annual CO2 eq. emissions (for year 2000)
correspond: 132 Tg to energy, 125 Tg to agriculture, 11 Tg to in-
dustry, 14 Tg to waste, while land use changes and forestry captures
43 Tg, adding 239 Tg. Transport sector emits 43 Tg contributing to
32% of the energy uses and 18% of total emissions.

2.2. Basic data structure

The inventory was prepared using a geographical information
system (GIS). Databases were organized with the following primary
Fig. 1. Initial geographically referenced information using different types of representation
population by districts (Polygon shape); c) Location of Cities and Towns (point shape); and
information (Fig. 1): a) Maps of urban localities, fuel sales at urban
locations and Annual Mean Daily Traffic (AMDT) at control points in
trunk roads. b) Map of Argentina by district with information on
population density; c) Streets and roads maps: main city access,
trunk routes, national highways, provincial roads, primary and
secondary streets. d) Satellite image DMSP-OLS “Earth at night”
(EAN) with three bands intensities: Red, Green and Blue (R, G, and
B) (NOAA-NGDC, 2010).
in GIS shape format: a) Map of continental Argentina in South America; b) Argentine
main access routes (line shape); d) Night lights (“Earth at night”).
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2.3. Data processing

2.3.1. Grid resolution
Forecasting and managing urban air quality, especially deter-

mining the impact of near-source impacts of line sources cannot be
properly resolved with large grids (>15 km). But a higher resolution
does not necessarily imply improvements in the prediction skills
(Mass et al., 2002). There are several studies that investigate the
differences in the model predictions as the model resolution is
increased showing that depending on the type of pollutant, a 36 or
a 12 km grid spacing predict concentrations with roughly the same
error, although there are improvements with the use of higher
resolutions (z4 km) (Ching et al., 2006; Fountoukis et al., 2013).

From a methodological point of view, the highest spatial reso-
lution, for the here proposed emission inventory is 1 km, since this
is the resolution of the EAN image. However we would choose this
very high resolution (1 km) for air quality assessment at an urban
scale of typically of 100e500 km, where it could be possible to
calibrate vehicular fluxes and use fuel sales at a finer grid resolution
(i.e., 3 km or 1 km). Nevertheless for an extended area such as
Argentina a resolution of 9 km already produces a relative high
resolution inventory; on the other hand when usingWRF/Chem for
Argentina regional calculations we use three steps downscaling
typically of 27e9e3 km. Therefore for the present study we chose a
rectangular grid covering Argentina (1700 km EeW direction and
3800 km NeS direction), with cells of 9 � 9 km resolution as the
basic structure for information storage (Fig. 2a).
2.3.2. Distribution of population by cell
The best publicly available population density and other de-

mographic variables are included at district level, which normally
are larger than the size of the grid cell. Although there is a map of
urban locations represented as a point; however, it does not include
urban boundaries. Urban boundaries could be defined by street
segments density but they are not equally present for the entire
Argentine national map. Therefore urban centers as major emitters
were associated to the red band from EAN. Doll et al. (2006), Levin
Fig. 2. a) 9 km resolution grid shape over the Argentin
and Duke (2012) justify the use of these images to determine socio-
demographic variables. The satellite image EAN (Fig. 1d) was con-
verted to a polygon shape and then intersected with the base grid.
Likewise population data (Fig. 1b) was intersected with the base
grid incorporating the available population and socio-economic
data for each district. District m population is distributed accord-
ing to the intensity of the red band BR (x, y,m), included in the base
grid.

PobGRIDðx; yÞ ¼ PobDTðmÞ � BRðx; y;mÞP
x;yBRðx;y;mÞ

(1)

where PobGRID(x, y) (Fig. 2b) is the population assigned to the cell at
coordinates (x, y) and PobDT(m) is the population of each district m
(Fig.1b). BR varies from 0 for open areas (no lights) to amaximum of
0.8 at urban centers. Green band was not used since it is mostly
associated to streets and highway illumination defining a contour
larger than the urban boundaries as seen from visible satellite
images as Google-Earth or Landsat. On the other hand, BR defined
the city boundaries better. Blue band represents open areas
(mountain, sea or rural sites).
2.3.3. Consumption per cell
The basic information on fuel sales (FuelDT) (Supl. inform.

Table A.1) is obtained at the district level (m). Similarly to the dis-
tribution of the population at the grid level fuel consumption
(FuelGRID) is estimated as:

FuelGRIDðx; y; iÞ ¼ FuelDT ðm; iÞ � BRðx; y;mÞP
x;yBRðx;y;mÞ

(2)

where subscript i indicates the type of fuel (gasoline, diesel or CNG).
Table 1 shows fuel consumption compared to district population
size. It is observed that the consumption of gasoline and CNG is
almost proportional to the district population, its per capita con-
sumption varies only slightly with respect of district size; however
it is not true for diesel oil since it involves freight transport. Per
e territory; b) Population at grid level PobGRID(x,y).
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capita consumption of CNG is higher in more populous urban dis-
tricts, due to the higher presence of gas stations.

2.3.4. Redistribution of consumption per cell
It is assumed that not all fuel sold or assigned to the cell (Fuel-

GRID) is completely consumed in the same cell, but as vehicles move,
they partially consume their fuel from neighboring cells. Vehicle
traffic rate is proportional to the population density of each urban
center. Therefore FuelGRID consumption per cell is distributed
through a point spread function (i.e., Mertens and Replogle, 1977),
which is the convolution of FuelGRID with a bi-Gaussian filter
function bg(x,y). In this case a filter function of 15 � 15 cells was
used with a deviation d (variable for each fuel type) and maximum
values in xm and ym:

bgðx; yÞ ¼ exp

"
�
�
x� xm

d

�2
#
� exp

"
�
�
y� ym

d

�2
#

(3)

where bg(xm, ym) ¼ 1.

FuelCONV ðx; y; iÞ ¼
1P

u;vbg
�
u; v

�∬ u¼uf ;v¼vf

u¼u0;v¼vf
½FuelGRIDðu; v; iÞ

� bgðx� u; y� vÞ�dudv
(4)

FuelCONV is the proportion of the fuel consumed (or distributed)
in each cell of coordinates (x,y); uf,0 ¼ x ± xm/2; vf,0 ¼ y ± ym/2. This
step is necessary, otherwise rural routes or cells would appear with
no consumption or an underestimated consumption, while urban
cells would appear with an overestimated consumption. The width
of the filter function can be set for each fuel type d(i). Freight
transport using diesel oil had a wider distribution. This value is
calibrated with the daily flow rate as explained below.

2.3.5. Total domestic activity
In order to calibrate the model with data from road AMDT, it is

necessary to estimate VKT (vehicle km transported) activity by fuel
type. This is calculated through fuel sold by jurisdiction and esti-
mating average fuel efficiency Y, i.e., traveled km/liters per vehicle
and fuel type i (ADEFA, Yearbook 2012) (Table 2):

VKTDTðm; iÞ ¼ FuelDTðm; iÞ � gðiÞ (5)

2.3.6. Activity at cell and segment level
Similarly we can determine the activity of each cell VKTGRID from

the fuel assigned to each cell FuelCONV using Eq. (5).

VKTGRIDðx; y; iÞ ¼ FuelCONV ðx; y; iÞ � gðiÞ (6)
Table 2
Average annual national activity in the year 2012.

Variable/fuel Units Gasoline Diesel oil NCG Total

Registered number of
vehicles

Thousands 5237 4444 1796 1477

Percentage of vehicles % 46 39 16 100
Fuel consumption Thousand m3 6,849 9,193 2,155*
Fuel efficiency km/l 11 9 14**
Annual VKT Millions veh.-km 75,340 82,734 30,170 188,245
Percentage of VKT % 42 39 19 100
Daily traveled distance

per vehicle
km 39 51 46

Ref.: VKT: Vehicle-km traveled, NCG: Natural Compressed Gas. (*) NCG consumption
in millions m3; (**) NCG efficiency in km/Thousand m3.
However since the actual consumption is done on the routes it is
necessary to transfer the information from the grid to the segment
level by intersecting the line shape with the grid shapes.

The activity in each segment is
VKTSEGMðs; iÞ ¼ VEHSEGMðs; iÞ � LðsÞ; being VEHSEGM the vehicles us-
ing fuel i at the segment s, and being L the length of that segment.
Streets segments were classified into main access, trunk routes,
primary routes, secondary and tertiary roads. One cell has a single
activity value VKTGRID, but in each cell coexists s segments of
different lengths and hierarchies. Note that
VKTGRIDðx; y; iÞ ¼

P
s
VKTSEGMðs; iÞ is the activities summation of all

segments s. However, usually, there is no information on the
average daily vehicles for each segment; therefore this information
must be estimated from the consumption of the cell and the hier-
archy of the routes. Thus the segment hierarchy is used as a proxy
for segment vehicles flux:

VKTGRID ¼
X
S

VEHREF � J
�
s
�� L

�
s
�
; (7)

and

VEHREF ¼ VKTGRID
.X

S

� J
�
s
�� L

�
s
�

(8)

which means for example that the amount of vehicles in a given
segment is J(s) times the reference number of vehicle VEHREF. Co-
efficient J(s) takes into account traffic flow and use of the road, and
can be estimated usingmeasuring flow points AMDT. Table 3 shows
the average AMDT for different roads classes in Argentine roads.
Assuming a VEHREF ¼ 120,000, then main access and motorways
close to urban centres are considered with hierarchy #1 and it is
given a coefficient or ratio J(1) ¼ 1 (ratio ¼ Assumed/VEHREF).
Motorways are represented with 2 segments in the GIS map, so
each segment receives an equal assignment of daily traffic. National
roads connecting big urban centres (>150,000 inhab.) are given the
hierarchy #2 and J(2) ¼ 0.25; primary roads connecting medium
size urban centres (>25,000 inhab. and <150,000 inhab.), are given
the hierarchy #3 and J(3) ¼ 0.075. Roads connecting small urban
centres (<25,000 inhab.) in the rural area are considered with hi-
erarchy #4, J(4) ¼ 0.033. Secondary and tertiary streets area rural
roads with very low traffic flow are given hierarchies 5 and 6
respectively. Note that the hierarchy also determines the speed and
average fuel consumption for each category of vehicle. Speed of
traffic flow and vehicle type are both measured in around 30% of
the AMDT control points across the country, but it is not available
for motorways. Table A.4 (Supl. inform.) shows average speed and
vehicle proportions at rural roads measured at selected AMDT
control points. COPERT model assigns for light vehicles class:
25e45 km/h for urban roads; 50e80 km/h rural roads and
85e115 km/h for highways. In comparison rural argentine roads
Table 3
Average AMDT according to segment hierarchy.

Hierarchy and road class Number of points AMDT Ratio

Average Std. dev. Assumed

1 Motorways 55 112,890 55% 120,000(*) 1.000
2 National trunk roads 229 29,961 38% 30,000 0.250
3 Primary roads 243 9,763 24% 9,000 0.075
4 Provincial roads 570 3,838 32% 4,000 0.033
5 Secondary streets 336 1,281 32% 1,000 0.008
6 Tertiary streets 115 243 56% 250 0.002

AMDT: Annual mean daily traffic; (*)VEHREF ¼ 120,000; ratio ¼ Assumed/VEHREF.
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presents an average of 96 km/h for light vehicles and 76 km/h for
heavy vehicles. Urban average speed reaches 39 km/h considering a
time share of 20% in urban highways, 20% in main roads, 30% in
residential streets and 30% in downtown main streets (Puliafito
et al., 2010).

The activity of the segment is proportional to VKTGRID and
weighted by the average of the product of the road hierarchy J(s)
and the length of L(s) at segment s for each grid.

VKTSEGM
�
s; i

� ¼ VKTGRIDðx; y; iÞ � JðsÞ � LðsÞ
,"X

S

�JðsÞ � LðsÞ
#

(9)

Once VKTSEGM is calculated, the daily average vehicles VEHSEGM is
determined in each segment dividing VKTSEGM by the segment
length L(s). This value allows us to compare the results with
existing AMDT values. The width d of the bigaussian function in Eq.
(3) can be calculated by iterating Eqs. (3), (4), (6) and (7). Since
emissions depend on the vehicle fuel and type, an adequate dis-
tribution of vehicle is required. Being Sh(i,z) the distribution of
vehicle by type z and fuel i (Table 4), then vehicle at street levels are
distributed as:

VSEGMðs; i; zÞ ¼ VEHSEGMðs; iÞ*Shði; zÞ (10)

Nationwide fuel use is 45% gasoline, 15% CNG and 35% Diesel-Oil
(ADEFA, Yearbook 2012).
2.3.7. Emissions by jurisdiction cell and segment
The above process allows us to calculate vehicular emissions at

cell, segments or district level. The emissions EDT for pollutant k,
was calculated for a given fuel type i at district m (nation, province
or district) using an average fuel bulk emission FEF(k,i):

EDTðm; kÞ ¼
X
i

½FuelDTðm; iÞ � FEFðk; iÞ� (11)

Similarly, at grid level:

EGRIDðx; y; kÞ ¼
X
i

½FuelGRIDðx; y; iÞ � FEFðk; iÞ� (12)

Using the vehicular activity, the emissions are calculated using
an activity emission factor

EDTðm; kÞ ¼
X
i

½VKTDTðm; iÞ � AEFði; z; kÞ� (13)

EGRIDðm; kÞ ¼
X
i

½VKTGRIDðm; iÞ � AEFði; z; kÞ� (14)

Activity emission factors are specific for vehicle type and fuel.
For small scales or short termed inventories it is possible to include
Table 4
CO2 emissions according to road hierarchy (Gg/year) in the year 2012.

Hierarchy/Fuel # Seg. Length NCG G DO Total Urban Rural

Motorways 7,538 7,922 1,552 3,233 5,463 10,271 20% 3%
Trunk roads 12,514 38,317 1,026 3,072 5,755 9,854 10% 13%
Primary roads 25,800 78,011 1,530 4,412 8,217 14,167 13% 19%
Secondary roads 29,617 39,077 1,050 2,958 5,227 9,247 11% 10%
Others 2,933 5,275 42.1 128.3 243.2 413.6 0% 1%

Total 78,402 168,602 5,202 13,805 24,907 43,954 54% 46%

Ref.: NCG: Compressed Natural Gas; G: Gasoline; DO: Diesel-Oil; # Seg.: Number of
segments; Length: Total segment length (km).
an hourly variation coefficient that considers time dependence
(Baldasano et al., 2008).

At segment level emissions are calculated as follows:

ESEGMðs; kÞ ¼
X
j;i;z

½VKTSEGMðs; i; zÞ � AEFði; z; kÞ�

¼
X
j;i;z

½VSEGMðs; i; zÞ � LðsÞ � AEFði; z; kÞ� (15)

Each segment has the identification of the cell to which it be-
longs; therefore emissions per segment can be reassigned to the
grid. Therefore the cell emission is the sum of emissions from all
segments s:

EGRID
�
k; x; y

� ¼ X
s

ESEGM
�
s; k

�
(16)

Finally the total (national) emissions by pollutant may be
aggregated by districts, segments or cells:

E
�
k
� ¼ X

x

X
y

EGRID
�
k; x; y

�
(17)

while emissions from Eq (11) are calculated based on fuel sales
in the cell, Eq. (15) is carried out based on vehicle type discrimi-
nation at the segment level in each cell. This calculation is usually
performed in bottom-up models based on vehicle counts in the
streets (as in the HERMES model, Baldasano et al., 2008). In Eq. (12)
we could have used FuelCONV, however this distribution is used to
assign vehicular traffic on the segments, since there may be cells
with positive values of FuelCONV, due to dispersal effect of the
convolution, with no route segments associated to that cell. This is
particularly true in large rural areas of central and southern
Argentina.

3. Results

Fig. 3a) shows the distribution of fuel FuelCONV calculated with
Eq. (4). From this figure vehicular activities are allocated at grid and
segment level (seen as a GIS layer). Fig. 3b) shows a detail of central
Argentina for the assigned vehicles per segment according to type
and hierarchical routes. Thicknesses and colors indicate greater or
lesser amount of traffic. Table 4 resumes the distribution of trans-
port emissions according to the hierarchy of the route. It is noted
that 46% of all emissions are developed on motorways and trunk
routes, and 30% are developed in urban areas. Emissions of pol-
lutants emitted by combustion such as CO, CH4 and NOx (among
others) can be estimated using the appropriate emission factor
FFE(k, i) according to Eq. (12).

3.1. Calibration and sensitivity calculations

By spreading the fuel consumption (Eq. (4)) some values may be
distributed to neighbor countries or over the ocean. The missing
fuel values were less than 3% depending on the width of the spread
function. Although, the first case could be considered as trans-
boundary traffic, we compensated the missing values by adjust-
ing the total national emissions in Eq (14) to be equal to Eq (13).

Also the convolution function may assign fuel consumption to
cells with no street segments; therefore after computing vehicles in
each segment, we force Eq (16) to be equal to Eq. (13), by increasing
a fixed proportion the amount of vehicles in each segment. In this
way only cells with street segments have traffic emissions. The
differences before compensating were less than 12%.

We checked the vehicle assignments in each segment using 848
AMDT measuring points all over the country for different road



Fig. 3. a) Diesel-oil consumption (m3/year) distribution according to FuelCONV; b) Detail of the Buenos Aires e Rosario-C�ordoba area with roads hierarchy (RN: National Roads),
AMDT control points and traffic flow range of VEHSEGM.

Fig. 5. AMDT values (black line) and estimated values (gray lines) for National Road RN
9 for different values (90e260 km, step: 9 km) of the spread coefficient d in Eq (3).
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hierarchies (Fig. 3b). To test the sensitivity of calculations we per-
formed a Montecarlo analysis by assuming uncertainties of the
following coefficients: a) ±60% thewidth of the filter function d (Eq.
(3)); b) ± 30% fuel efficiency g (Eq (5)) and c) ±50% hierarchy
weights J. In each run the coefficients were selected using a uniform
random function. The average of more than 100 tries showed an
uncertainty in vehicle assignment of 22% with a correlation factor
of 0.95 (Fig. 4a). Fig. 4b depicts the frequency distributions for both
calculated and measured traffic flows, showing that AMDT values
are mainly distributed below 15,000 veh./day corresponding to
rural areas, while higher values are present in highways segments
close to urban areas.

Fig. 5 show the effect of changing the spread coefficient d on the
estimation of daily vehicle flow on National Route RN9, compared
to its AMDT values. The slope of the function is used to find the
proper value for coefficient d.
Fig. 4. a) Correlation of calculated vs. measured traffic flows at 848 segments; b) frequency distribution of measured and calculated AMDT flow.



Fig. 6. Annual CO2 emission map at the grid layer for road transport sector; a) EDGAR SNAP07; b) present work.
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4. Discussion and conclusions

The air quality models require the use of extensive background
information, such as land use/land cover maps, topography, mete-
orological data and emission inventories. In regional models,
preparation of such databases is a real challenge due to the involved
scales (hundreds to thousands of km) and also due to the scarcity of
available organized data. International emission databases not al-
ways have the same resolution for all nations since they are built
from national available statistics. In many cases theymay even have
very low spatial resolution associated to data from large districts
(hundreds of km). Fig. 6a shows the EDGAR (SNAP07) inventory
from the road transport sector for Argentina. If compared with
Fig. 6b (this study) it can be seen that the spatial distribution is not
similar although total emissions calculated by EDGAR for Argentina
(36,800 Gg in the year 2010) vary only by 15% according to this
study (43,950 Gg in the year 2012). The difference is that EDGAR
distribution has 99% of the cells below 5 Gg/year and 1% of the cells
range between 5 and 15 Gg/year, and only 16% of the cells are below
0.5 Gg/year (Fig. A.1 supl. inform.). The spatial distribution of CO2
emission in EDGAR map could be associated to the use of large
districts population density. In our study, 88% pixels are under 5 Gg/
year, 8% range between 5 and 15 Gg/year and few cells (3%) range
between 15 and 700 Gg/year. This remaining 3% of higher values
(>15 Gg/year) correspond to the emissions (of CO2) in big urban
centers. On the other hand, for the lowest values in our study, 50%
of the cells, corresponding mostly to rural areas, are below 1 Gg/
year. While EDGAR distribution is more uniform throughout the
country, the CO2 emissions in this study are mostly concentrated
around urban centers. To estimate traffic flow EDGAR uses a proxy
under the concept of segment length� population, varying linearly
between a minimumvalue for rural areas and a maximumvalue for
urban areas (Janssens-Maenhout et al., 2012), assuming that
vehicular flux density increases as it approaches urban centers.

For the purposes of the methodology proposed in this article,
the basic variable is the vehicular activity vehicle-kilometers
transported (VKT), estimated from fuel consumption per grid and
fuel efficiency. This information is then distributed according to a
road hierarchy and the length of the street segment. The basic fuel
consumption is obtained at the district level, but it is weighted by
the red band of DMSP-OLS satellite image “Earth at night”. In order
to distribute this consumption in rural areas, fuel consumption is
spread with a bigaussian function, which implicitly considers that
traffic flows are stronger near the urban areas and lower as they
move away from them. The uncertainty of vehicle estimation using
848 measuring daily traffic fluxes is less than 25%. Uncertainties in
the emissions calculation at pixel level can be estimated to be less
than 12%.

Finally it should be noted that although the basic grid is of
9 � 9 km, since the vehicular flux is distributed at the segment
level, it is possible to generate maps of higher spatial resolution,
especially for its use in air quality for local or regional scale. From a
methodological point of view the lower limit for the spatial reso-
lution is 1 km, since this is the resolution of the DMSP-OLS satellite
“Earth at night” image, but this will depend on the availability of
basic information at finer grid resolution. In fact, for Argentina we
would choose this resolution (1 km) for a smaller area, for example
at the urban regional scale of 100e200 km, where it could be
possible to calibrate vehicular fluxes and fuel sales at a finer grid
resolution (i.e., 3 km or 1 km). In subsequent studies finer resolu-
tion inventories will be prepared including other sources of emis-
sions, which will be included in this Atlas of Argentina.
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