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Abstract. This work presents the integration of a gas-phase and particulate atmospheric emission inventory
(AEI) for Argentina in high spatial resolution (0.025◦× 0.025◦; approx. 2.5km× 2.5 km) considering monthly
variability from 1995 to 2020. The new inventory, called GEAA-AEIv3.0M, includes the following activities:
energy production, fugitive emissions from oil and gas production, industrial fuel consumption and production,
transport (road, maritime, and air), agriculture, livestock production, manufacturing, residential, commercial,
and biomass and agricultural waste burning. The following species, grouped by atmospheric reactivity, are con-
sidered: (i) greenhouse gases (GHGs) – CO2, CH4, and N2O; (ii) ozone precursors – CO, NOx (NO+NO2), and
non-methane volatile organic compounds (NMVOCs); (iii) acidifying gases – NH3 and SO2; and (iv) particulate
matter (PM) – PM10, PM2.5, total suspended particles (TSPs), and black carbon (BC). The main objective of the
GEAA-AEIv3.0M high-resolution emission inventory is to provide temporally resolved emission maps to sup-
port air quality and climate modeling oriented to evaluate pollutant mitigation strategies by local governments.
This is of major concern, especially in countries where air quality monitoring networks are scarce, and the de-
velopment of regional and seasonal emissions inventories would result in remarkable improvements in the time
and space chemical prediction achieved by air quality models.

Despite distinguishing among different sectoral and activity databases as well as introducing a novel spatial
distribution approach based on census radii, our high-resolution GEAA-AEIv3.0M shows equivalent national-
wide total emissions compared to the Third National Communication of Argentina (TNCA), which compiles
annual GHG emissions from 1990 through 2014 (agreement within ±7.5 %). However, the GEAA-AEIv3.0M
includes acidifying gases and PM species not considered in TNCA. Temporal comparisons were also performed
against two international databases: Community Emissions Data System (CEDS) and EDGAR HTAPv5.0 for
several pollutants; for EDGAR it also includes a spatial comparison.

The agreement was acceptable within less than 30 % for most of the pollutants and activities, although a
> 90 % discrepancy was obtained for methane from fuel production and fugitive emissions and > 120 % for
biomass burning. Finally, the updated seasonal series clearly showed the pollution reduction due to the COVID-
19 lockdown during the first quarter of year 2020 with respect to same months in previous years.
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Through an open-access data repository, we present the GEAA-AEIv3.0M inventory as the largest
and more detailed spatial resolution dataset for the Argentine Republic, which includes monthly grid-
ded emissions for 12 species and 15 stors between 1995 and 2020. The datasets are available at
https://doi.org/10.17632/d6xrhpmzdp.2 (Puliafito et al., 2021), under a CC-BY 4 license.

1 Introduction

Many political, scientific, and professional efforts are de-
voted to understanding health and environmental problems.
Air quality and global change are certainly two big concerns
for the present (Al-Kindi et al., 2020; Haines et al., 2017).
Sophisticated numerical models, chemical transport models
(CTMs), and general circulation climate models (GCM) are
used to identify and proof the underlying physics and chem-
istry of these environmental and social problems: by predict-
ing the evolution and impact of atmospheric pollutants, as
well as their geochemical cycles over space and time. From
there on, these models are tools for evaluating and propos-
ing mitigation and reduction strategies (Hallett, 2002; IPCC,
2014; Nakicenovic et al., 2000; Ravishankara et al., 2009;
Solomon et al., 2009, 2020; Thompson et al., 2019).

Air quality models (AQMs) require the association of three
types of basic information: meteorological data, static topog-
raphy and land use data, and spatially gridded emission in-
ventories. Meteorological boundary conditions are usually
obtained from local measurements and/or global models such
as ERA-Interim (European Reanalysis) and NCEP GFS (Na-
tional Center for Environmental Prediction – Global Fore-
cast System) reanalysis data. Surface terrain information can
be obtained from satellite data such as those from the Shut-
tle Radar Topography Mission (SRTM3) (Rodriguez et al.,
2005), whereas land use and surface cover data are avail-
able from the European Space Agency (ESA) map GLOB-
COVER 2009 (Arino et al., 2010; Bontemps et al., 2011)
and/or from regional reports (e.g., Voante et al., 2009). Emis-
sion data are generally obtained from national or interna-
tional atmospheric emissions inventories (AEIs), which are
arranged with different spatial and temporal resolutions, such
as Emissions Database for Global Atmospheric Research
(EDGAR) (Crippa et al., 2016; EDGAR, 2019), Evaluating
the Climate and Air Quality Impacts of Short-Lived Pollu-
tants (ECLIPSE) (Stohl et al., 2015), Community Emissions
Data System (CEDS) (Hoesly et al., 2018), or the integrated
assessment model Greenhouse gas–Air pollution Interactions
and Synergies (GAINS) (Amann et al., 2011; Klimont et al.,
2017). A comparison among GAINS, CEDS, and EDGAR
is presented in McDuffie et al. (2020). A review for several
national inventories in China is compiled in Li et al. (2017).

Global and regional AEIs require a permanent update in
the spatial and temporal resolution of their data to keep track
of the local socio-economic developments to improve the
results of air quality models and/or global climate applica-

tions. Most inventories only present an annual account for
a particular year; for example, Huneeus et al. (2020) com-
pare time frame and available resolution of different emis-
sions inventories for countries and cities in South America.
National inventories usually include a compilation of green-
house gases (GHGs) to comply with international agency re-
quirements (i.e., UN-International Panel for Climate Change,
IPCC). Nevertheless, as these technical reports focus on to-
tal nation-wide emissions for political and governmental pro-
tocols, these standard national inventories have low spatial
resolution, normally reduced to a large subnational jurisdic-
tion (i.e, provinces, or districts), and provide low to medium
information on activity details. However, good practice in
air quality determination and modeling requires the use of
the finest possible spatial resolution grid, fine temporal res-
olution, and, whenever possible, technological details of the
emissions sectors and activities as well. Gilliland et al. (2003)
and De Meij et al. (2006) reported improved modeling results
when using high spatial and temporal resolution. The finer
the spatiotemporal resolution and the larger the number of
species and sectors considered for the emissions, the better
the air quality model performance achieved.

Local air quality models use an annual averaged static
emissions inventory, whose initial constant primary sources
are chemically transported with hourly dynamic meteorolog-
ical data, resulting in pollution plumes that evolve follow-
ing the weather conditions. Therefore, implementing a sea-
sonally variable monthly regional emissions inventory will
result in a remarkable improvement in the chemical predic-
tion achieved by air quality models, such as the Weather Re-
search and Forecasting (WRF) model coupled with Chem-
istry (WRF-Chem) (González et al., 2018; Grell et al., 2005;
Ying et al., 2009), CALPUFF (Scire et al., 2000), WRF-
CALPUFF (Lee et al., 2014; Tartakovsky et al., 2013), WRF-
Chimere (Ferreyra et al., 2016), or AERMOD (Cimorelli et
al., 2004; Kumar et al., 2006; Rood, 2014). This consider-
ation is important, especially in cities and countries where
air quality monitoring networks are scarce, as is the case for
most South American nations, including Argentina.

Atmospheric emissions of short-lived climate pollutants
(SLCPs), such as CH4, black carbon (BC), CO, non-methane
volatile organic compounds (NMVOCs), NOx (NO2+NO),
SO2, and NH3 affect air quality, ecosystems, and agricultural
production and participate in global warming with important
radiative effects. In addition, knowledge of the direct emis-
sions of CO2 and N2O (and the abovementioned CH4) is
important due to their dominant role as GHGs within future
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climate predictions. BC or soot comes from the incomplete
combustion of biomass and fossil fuel being a significant
constituent of fine particulate matter, an air pollutant asso-
ciated with premature death and morbidity. BC has radiative
effects by changing the surface albedo when it is deposited
or by changing the optical properties of clouds (Myhre et
al., 2009; Ramanathan et al., 2001). Methane is an important
GHG with high radiative efficiency; it has natural and an-
thropic sources in particular as a component of natural gas,
an increasing energy source (Shindell et al., 2004; West et
al., 2006). CH4, CO, and NOx are precursors of tropospheric
ozone, also one of the SLCPs, but since O3 is secondarily
produced it is usually not included within primary gas inven-
tories (Etminan et al., 2016; UNEP-WMO, 2011). Sulfate
aerosols (formed from SO2 and NH3) and nitrate aerosols
formed from NOx , NH3, and NMVOC emissions have cool-
ing radiative effects (Isaksen et al., 2009). Therefore, reduc-
ing SLCPs (except CH4) would produce an improvement in
air quality but would lead to postponing climate change mit-
igation, requiring some trade-off between air quality and cli-
mate change (Arneth et al., 2009). As is discussed in Stohl et
al. (2015), SLCP emissions, in contrast to long-lived CO2,
have different impacts on climate according to their geo-
graphic location and time of the year, changing their long-
term climatic effect on both GHG and SLCP through multi-
ple interactions (Jacob and Winner, 2009; Shindell, 2015).
Thus, detailed spatial and temporal AEIs will help to im-
prove the understanding of this regional and global interde-
pendence.

At the local and regional scales, the detail of temporal and
spatial knowledge of the activity included in an AEI will de-
termine the quality of AQM result. For example, the par-
ticulate material emitted by a thermal power plant generat-
ing electricity will depend not only on the fuel (natural gas,
gas oil, or coal) but also on the given generation technology
(combined cycle, turbo steam, etc.). Similarly, the increas-
ing use of nitrogen fertilizers in agriculture in Argentina in
the last 20 years has allowed the expansion of the agricul-
tural frontier, increasing yields and cereal production, but at
the same time increasing the emissions of nitrous oxide and
ammonia, leading to higher SLCP emissions. As a conse-
quence, more accurate AEIs will contribute to evaluating the
most efficient measures to reduce pollutants and to assess the
economic and health impact of each activity.

This article presents a gridded emissions inventory for a
dozen SLCPs and GHG species in Argentina with high spa-
tial resolution (0.025◦× 0.025◦; approx. 2.5km× 2.5 km)
and, for the first time, a monthly temporal resolution from
1995 to 2020, including many sectorial activity details com-
piled in several appendices. It is also a revised extended up-
date and compendium of previously published emission in-
ventories by Puliafito et al., (2015, 2017, 2020a, b) for the
years 2014 and 2016, but incorporating additional detailed
activities of the manufacturing sector and the monthly tem-
poral evolution for most of the activities and sectors consid-

ered (Table A1). We will refer to this inventory as “GEAA-
AEIv3.0M”: GEAA Argentine High-Resolution Inventory
version 3.0 with monthly resolution”.

We compare our results with the Argentine GHG inven-
tory for the Third National Communication of Argentina to
the IPCC (TCNA, 2015), which includes annual GHG emis-
sions from 1990 through 2014, which was updated in 2019
(TCNA, 2019), spanning from 1990 to 2016. Annual total
emissions of GHG and air quality pollutants are also com-
pared to the estimations presented in the EDGAR HTAPv5.0
inventory (Crippa et al., 2016, 2020; EDGAR, 2019) and the
Community Emissions Data System (CEDS) (Hoesly, et al.,
2018; McDuffie et al., et al., 2020).

2 Material and methods

This section describes the process of preparing the GEAA-
AEIv3.0M inventory: how the data from the different activi-
ties were collected, their sources and references, the method-
ological procedure used to estimate the emissions to the at-
mosphere, and how the geographical allocation of each activ-
ity was performed. Details of each sector are presented in the
Appendices and Supplement, providing only representative
tables and figures in the main text. Table 1a shows all sectors
and activities included in the GEAA-AEIv3.0M inventory, its
corresponding IPCC2006 code, the subsections where it is
described, and its geographical and temporal extension. Ta-
ble 1b indicates all species included for each activity with
their spatial and temporal resolution. Table 2 summarizes the
names of national agencies and institutions whose activity
data were considered here, as well as a compendium of the
main acronyms used throughout the text.

2.1 Study area and reshaping of databases

The inventory is focused on the activities performed on the
continental territory and close coastal maritime area of the
Argentine Republic (Fig. 1a). Argentina is located in the ex-
treme south of South America covering 2 778 000 km2 (IGN,
2020). Its political organization includes 24 provinces and
524 departments or districts, split between rural and urban
areas. Population information such as localities and cen-
sus fractions is available in high resolution. All pieces of
data were organized as a gridded map whose cells have a
resolution of lat 0.025◦× long 0.025◦ between 53 and 73◦

west longitude and between 21 and 55◦ south latitude. An
EPGS4326, WGS84 mapping is used (Fig. 1a). Thus, the
study area is made up of a regular grid of 1441× 912 cells
corresponding to the continental and coastal maritime sector
of Argentina. Figure 1 also shows the different scales associ-
ated with the mapping process of the available information.

Depending on the spatial extent, power plants, industrial
sources, or refueling gas stations can easily be associated
with a geographical point and residential consumption and
agricultural production with an area source, whereas trans-
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Table 1. (a) Sectors, activities, classification codes, and resolution considered in the GEAA-AEIv3.0M inventory. (b) Sectors, activities, and
pollutants considered in the GEAA-AEIv3.0M inventory.

(a)

Sector and activities Acronym IPCC Text Period/ Spatial
code section resolution coverage/

resolution

Fuel combustion 1995–2020 National
Monthly 0.025◦× 0.025◦

Power and heat production TPP 1A1a 2.3.1/3.1
Manufacturing’s own energy production, MFC 1A1b 2.3.5/3.4
fuel production, and transformation 1A1b 2.3.2/3.2
Refinery consumption ROC 1A1c 2.3.2/3.2
Oil and gas extraction at wells FPR 1Ab2 2.3.2/3.2
Fugitive emissions, venting, and flaring FUG
Road transportation ROT 1A3b 2.3.3/3.3
Domestic aviation DOA 1A3a 2.3.3/3.3
Railroad and navigation R+N 1A3c, d 2.3.3/3.3
Residential, commercial, and public office R+C 1A4a, b 2.3.4/3.4
combustion 1A4c
Fuel use in agriculture FAG

Manufacture processes (non-combustion) 1995–2020 National
Monthly 0.025◦× 0.025◦

Production of minerals, chemicals, and metals and MOP 2B + 2.3.5/3.5
pulp, paper, food, and drink 2C

Agriculture and livestock feeding 1995–2020 National
Yearly 0.025◦× 0.025◦

Enteric fermentation, manure management, and LF 4A + 2.3.6/3.6
feeding and manure deposited on pasture 4B
Rice cultivation, fertilizer application, and crop AG 4C + 2.3.6/3.6
residues 3C3

Fires 1995–2020 National
Monthly 0.025◦× 0.025◦

Biomass and savanna burning and fires from LULC OBB 2.3.7/3.7
Agricultural waste burning AWB 4F 2.3.6/3.6

port emissions (roads and railways) are associated with a
line with a length that can be on the order of hundreds of
meters to thousands of kilometers. For air quality modeling
purposes, these different source types were reshaped into a
single database in the form of grid map. The resolution of
the base information determines the size of the grid cell (in
this case approx. 2.5km× 2.5 km). Area or line sources can
either be included or not in a single cell. When sources sizes
were greater than one cell (i.e., consumption or production is
known at the district level), proxy known data were selected
to spatially disaggregate that variable (i.e., land use, popu-
lation). If the variable was smaller than one cell (e.g., small
census radii data in urban areas), all the sources contained in
that cell were added together (Figs. 1 and 2).

The activity data for each sector were obtained consulting
official national organizations and reports (Table 2). These
included the Statistics and Census Bureau (INDEC), the
Ministry of Energy (MINEN), the Ministry of Agriculture
and Livestock (MAyGN), the Animal Health Control Agency
(SENASA), and the Ministry of the Environment (MINENV)
through the Third National Communication of Argentina
(TCNA, 2015) to the UNFCC, with the subsequent Biennial
Updates (for 2014 and 2016).

Fuel production, processing, sales, and consumption for
various sectors are available monthly from 1994 to present
from public databases at MINEN. Electricity generation and
fuel consumption at power plants are available monthly
from 1994 to present at the energy distribution agency
(CAMMESA) and the Energy Regulation Agency (ENRE).
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Table 1. Continued.

(b)

Sector and activities C
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Fuel combustion:
Power and heat production × × × × × × × × × × ×

Fuel production (incl. fugitive emissions, venting, and flaring) × × × × × × × × × × × ×

Road transportation × × × × × × × × × × × ×

Domestic aviation × × × × × × × × × × ×

Railroad and navigation × × × × × × × × × × × ×

Residential, commercial, and public office combustion × × × × × × × × × × × ×

Fuel use in agriculture × × × × × × × × × × ×

Industrial processes (non-combustion):
Production of minerals, chemicals, and metals and pulp–paper–food–drink × × × × × × × × × × × ×

Agriculture and livestock feeding:
Enteric fermentation, manure management, and
feeding and manure deposited on pasture × × × × × × × × × × × ×

Rice cultivation, fertilizer application, and crop residues × × × × × × × × × × × ×

Fires:
Biomass and savanna burning and fires from LULC × × × × × × × × × × × ×

Agricultural waste burning × × × × × × × × × × × ×

Industrial production is available mostly monthly since 1990
from the respective industrial chambers (see subsections).
Transport data are available from several national transport
regulation agencies (CNRT: public transport, navigation, and
railroad; ANAC: domestic and international aviation).

2.2 Calculation approach

Depending on the specified detail, emission maps are con-
structed, in a bottom-up process, gathering activity data (i.e.,
fuel consumption, number of vehicles, energy generation),
or top-down approach using national aggregated activities
(i.e., population, total energy consumption, gross domestic
product) and then applying specific emission factors (EMEP,
2019).

The activity data are organized by sectors with monthly
resolution from January 1995 up to December 2019, and for
some sectors they include several months in 2020, according
to the available information. The general methodology ap-
plied is based on European regulations that are compiled in
the European Monitoring and Evaluation Program (EMEP)
(EMEP, 2013, 2019) and has been described elsewhere (Pu-
liafito et al., 2015, 2017, 2020a). Briefly, emissions are cal-
culated following the general Eq. (1).

E(p)=
∑[

A(i,j )×EF(i,j,p)
]
, (1)

where E is the total emission (i.e., Mgyr−1) for a pollutant p;
A is the activity of sector i, for technology j ; and EF(i,j,p)
is the emission factor for that sector, technology, and pollu-

tant. For example, the emissions (Mgyr−1) of CO (p), cor-
responding to the annual consumption of gasoline (j ), of the
private automotive sector (i).

The inventory was calculated by each individual sector
based on the following steps: first, identifying the source
of the emission in its geographical coordinates (latitude and
longitude); second, assigning the specific activity that con-
tributes to this emission to each coordinate; third, develop-
ing a consistent monthly activity evolution; fourth, applying
specific emissions factors for each species, source, and activ-
ity; fifth, organizing the information into a three-dimensional
map (latitude, longitude, time); and sixth, developing indices,
tables, figures, and statistics.

As mentioned above, air quality models (i.e., WRF-Chem)
require fine spatial and temporal resolution (i.e., hourly infor-
mation); however, the available original activity data are or-
ganized monthly in most cases. To obtain weekly and hourly
profiles, whenever possible, we evaluated the temporality of
each sectorial activity independently. For example, hourly
and daily electricity consumption is available from energy
distribution agencies. The evolution of road transport in large
cities is also well known. This information allows us to pro-
duce an averaged interpolated hourly emission profile, which
can later be used as a proxy for other sectors (i.e., use of nat-
ural gas for heating and cooking). Conversely, other sectors
such as agriculture and livestock breeding are only available
on an annual basis, and only lineal interpolation may be done
to obtain monthly values. Similarly, sectorial information is
spatially organized into districts. So, special care must be
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Figure 1. Spatial coverage and scales used in this inventory: (a) geographical location of Argentina in South America (provinces in white
outline), (b) main roads, (c) districts (black outline) and census fractions (grey outline), and (d) spatial grid with districts in background.

taken to discriminate the information into the merged grid-
ded map. In the next methodological subsections, details are
given for the spatial and temporal re-assignation.

2.3 Anthropic emission by activity sector

The calculation methodology for each subsector and activity
is briefly described below. The data supporting the activity
for each subsector, (i.e., monthly fuel consumption, house-
hold, technology, number of livestock), and other relevant in-
formation, were compiled and made available in an external
repository as described in the Data availability section.

2.3.1 Electricity production sector

The activity and consumption of the electric thermal power
plants (TPPs) are registered monthly in the Ministry of En-

ergy (Minem, 2020) and in the electric distribution agency
(Cammesa, 2020). The location of each power plant is well
known; thus in a GIS format, these sources are represented
as point sources (Fig. 2a). Power plant information included
the available machines and technologies (CC: combined cy-
cle; TV: turbo steam; TG: turbo gas; DI: diesel engine) and
the respective fuel consumption for each machine (NG: nat-
ural gas; FO: fuel–oil; GO: gas oil; CM: mineral coal; BD:
biodiesel) (Fig. 3a). The emission of each machine and plant
is calculated according to Eq. (1), using the proper emission
factors.

2.3.2 Fuel production sector

Emissions from the production and transformation of fuels
were calculated from consumption, venting, and flaring in re-
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Figure 2. Location of point sources. (a) Thermal power plants (districts in white outline). (b) Manufacturing industries (provinces in white
outline). Manuf. code. 2A: cement, calcium, glass, mining; 2B: chemical; 2C: steel, iron, aluminum; 2D: car-painting; 2E: other non-
specified, 2H: paper, food, beverages (see Table A3). (c) District distribution of annual gasoline sales for 2019. (d) Location of refueling gas
stations and their individual yearly gasoline sales.

fineries and the production from oil and gas in wells. Within
the solid fuel production sector (1B1), we estimated the gross
production of coal using the Argentine national energy bal-
ance (NEB). We applied two emission factors for mining
and post-mining operation (18 and 2.5 m3 CH4 t−1 gross pro-
duction of coal, respectively, according to IPCC Chap. 4),
which are based on mining activity in Río Turbio, Santa Cruz

(51.57◦ S, 72.31◦ E). The Ministry of Energy (Minem, 2020)
maintains a monthly record of upstream production and ex-
traction of gas and oil in the wells and downstream fuel pro-
duction, refineries’ consumption, and sales in the refineries.
Emissions were calculated from refineries’ consumption (in
wells and refineries) according to the type of fuel consumed,
using Eq. (1). Note that each well or refinery is represented
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Figure 3. (a) Evolution of monthly energy consumption by thermal power plants. (b) GHG emissions evolution (in terms of CO2eq Gg)
from energy consumption at thermal power plants. (c) Monthly fuel consumption for residential and commercial sectors. (d) Seasonal
average fuel consumption for residential and commercial sectors for the period 1995–2019. (e) Annual NOx emissions (in metric tons) from
manufacturing activities. (f) Annual PM10 emissions (in metric tons) for manufacturing activities. Ref. manuf. codes: 2A: cement, calcium,
glass, mining; 2B: chemical; 2C: steel, iron, aluminum; 2D: car-painting; 2H: paper, food, beverages (see Table A3).

as a point source, so the emissions are in their respective co-
ordinate within our GIS format.

2.3.3 Transport sector

Emissions can be calculated by applying general emission
factors by type of fuel and type of commercialization (Eq. 1)
(EMEP, 2019) for a top-down national total account. How-
ever, an inventory dedicated to AQM requires the spatial (and

temporal) allocation of consumption activity and emissions.
We used a bottom-up approach using GIS software: where
roads and railroads are represented by segments, airports, and
navigation ports by points. Activity and emissions are first al-
located in the respective segments and then integrated in the
respective grids, as described below.

Road transport fuel consumption for each district (Fig. 2c)
is available monthly for each type of fuel (gasoline, gas oil,
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natural gas, kerosene, and liquefied petroleum gas) and by
type of commercialization (sale to the public, public trans-
port, cargo transportation, and agricultural machinery) (data
available in the MINEM database, Table 2). Additionally,
monthly fuel sales are also available for each refueling gas
station (RGS). Thus, we use the location and fuel sales of
each commercial RGS (Fig. 2d) to estimate the spatial and
temporal road transport activity. Road transport fuel con-
sumption is directly proportional to vehicle kilometers trav-
eled (VKTs) on each route. The routes are represented as
segments on a GIS-type map (Fig. A1). These segments
intersect the reference grid map (with resolution cells of
long 0.025◦× lat 0.025◦). Thus, in each cell there will be
small segments that represent the route sections with their
respective lengths and hierarchies. The spatial distribution
of fuel consumption was carried out following Puliafito et
al. (2015), who synthetically distributed the consumption of
each RGS (FuelRGS) using a Gaussian function of variable
width (Eq. 2), according to the type of fuel and location of
the RGS (rural or urban). Then, apply a convolution (Eq. 3)
to calculate the contribution of each RGS in each cell of the
gridded map.

bg(x,y)= exp

[
−

(
x− xm

d

)2
]

× exp

[
−

(
y− ym

d

)2
]

(2)

FuelCONV(x,y,k)=
1∑

u,vbg(u,v)

×

∫∫ [
FuelRGS(u,v,k)

× bg(x− u,y− v)
]

dudv (3)

The estimated fuel consumption of each cell (FuelCONV)
is distributed proportionally to the hierarchy of the routes
(highways, main routes, residential and rural roads, etc.).
Once the fuel consumption per cell has been obtained, the
allocation of the VKTs will depend on the fuel efficiency by
vehicle type and fuel R(c,k) and the length of each segment
in the cell (Eqs. 4 and 5).

VKTGRID = R(c,k)×FuelCONV(k) (4)

VKTGRID =
∑K

k=1

∑J

j=1

∑I

i=1
h(j )× l(i,j )

× veh(i,c,k) (5)

Fuel efficiency is calculated at the national and provincial
levels, according to the balance of fuel consumption and
quantity and type of vehicles. Since hierarchy and length
are known for each segment, it is possible to calculate from
Eq. (5) the number of vehicles per segment. Finally, the emis-
sion can be calculated using VKTs and proper emission fac-

tors (Eq. 6).

EGRID(p)= VKTGRID(c,k)×EFc(c,k,p)

=

∑K

k=1

∑J

j=1

∑I

i=1
veh(i,c,k)

× l(i,j )×EFv(c,k,p), (6)

where EFc(c,k,p) is the emission factor for fuel burning
(g m−3 of fuel consumed), and EFv(c,k,p) is the emission
factor of each type of vehicle per kilometer traveled (gkm−1)
according to EMEP (2019). Figure 2c shows the fuel sales at
the district level, and Fig. 2d shows the distribution of the fuel
sales for each refueling gas station (RGS). Figure A1 shows
the calculated VKTs for gasoline vehicles and the CO emis-
sions, which are proportional to the VKTs. This procedure
(Eqs. 2 to 5) is then iterated comparing the estimated vehi-
cle flows with those counted by road maintenance agencies.
Changes in the hierarchy weights (h in Eq. 5) or Gaussian
function width (d in Eq. 2) were used to produce the conver-
gence (Puliafito et al., 2015).

Emissions from the domestic aviation sector are estimated
based on the landing and take-off (LTO) activity (up to 390 m
or 1000 ft height) and the fuel consumption for cruise phase.
Figure A2e shows the fuel consumption at Argentine air-
ports.

LTO emissions (ELTO) and cruise-phase emissions (EFLT)
were calculated following EMEP (2019).

ELTO(p,a)=
∑

k,t
NLTO(a,k, t)×EFLTO(k,p) (7)

Emissions during the cruise phase were calculated as the dif-
ference of total fuel consumption (EFUEL) minus LTO emis-
sions.

EFLT(p)= EFUEL−
∑

a
ELTO(p,a) (8)

k is the type of aircraft, and p is the pollutant. N is the num-
ber of LTOs by type of aircraft, and a is the airport in GIS
format. The LTO emissions were allocated over several cells
over each airport according to the orientation of the runways.
Cruise emissions were spatially allocated linking airports and
frequencies; however for AQM these emissions are not con-
sidered since they are emitted at 9000–10 000 m.

The activity data for the railway park were taken from
the National Transportation Commission (CNRT) (CNRT,
2020). Fuel consumption was distributed proportionally to
the length of the active railways by applying a hierarchy
system distinguishing between fully operating and intermit-
tent rail corridors. Figure A4 shows the railroad (RR) net-
work and the monthly freight and passenger activity. The
railroad passenger activity in Argentina is based on a train
system based in the city of Buenos Aires that comprises a
long-distance service and commuter trains. Many suburban
railway lines use electric traction; therefore, their respective
emissions are considered in the electricity generation sector.
The suburban diesel passenger railways were calculated us-
ing the transported passenger kilometers (PKTs), the length
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of the tracks (LRR) commonly used, and the appropriate
emission factor for that type of machine.

EGRID-PR(p)= PKTGRID×LRR×EFRR(p) (9)

The railroad freight network is organized to export the pro-
duction of grains and minerals through the fluvial ports along
the main rivers, mainly at Rosario, Santa Fe, Buenos Aires,
and the deep-water port in Bahía Blanca. In this case, the
monthly cargo movement (metric tons per kilometer trans-
ported – TKTs) and the fuel consumption of this subsector
are known. Emissions were calculated from fuel consump-
tion data and typical emission factors.

EGRID-RR(p)= TKTGRID×LRR×EFRR(p) (10)

Using GIS software, the consumption and emission of each
railway subsector and company (freight, passenger, suburban
rails) were allocated to segments and then integrated in their
respective grid map.

The navigation subsector includes the exhaust emissions
from propulsion and auxiliary engines during berthing and
maneuvering in harbor and during cruises from ocean-going,
in port, and inland waterway vessels. Domestic navigation in
Argentina is centralized in the De La Plata, Paraná, Paraguay,
and Uruguay rivers. The main active ports are Buenos Aires,
La Plata, Rosario, Santa Fe, Campana, San Nicolás, Goya,
Reconquista, Barranqueras, Formosa, Gualeguaychú, and
Concepción del Uruguay (Fig. A4). A general top-down ap-
proach was employed to estimate navigation emissions, us-
ing available statistics on fuel consumption for national and
international navigation, according to the general Eq. (1).
Port berths and routes to and from those berths were spa-
tially identified using existing geographic definitions of the
port boundaries. GIS tools were used to describe the tran-
sit routes using navigational charts. The national port au-
thority (SSPYVN, 2020) provided the activity data on every
port. Cruise emissions were spatially allocated proportion-
ally across the major shipping lines also using ship move-
ments.

2.3.4 Residential, commercial, and governmental sector

The main residential fuel used for heating and cooking in
urban centers is natural gas, the consumption of which is
known monthly for each province. To spatially distribute this
consumption, we used information of household census and
a map of census fractions from the National Statistic Office
of Argentina (INDEC, 2020). This map indicates the number
of households and population composition in very fine reso-
lution for cities and broader resolution for rural areas (Fig. 1c
and d). We complemented these data with information on un-
satisfied basic needs (UBNs) to include differences in con-
sumption by households (Puliafito et al., 2017).

Rg(x,y,k)= (Hg(x,y,k)×Rd(x,y,k))/Hd(x,y,k) (11)

Rg is the residential consumption of fuel k considered in cell
(x,y), Hg is the number of households in the same cell which
consume fuel k, Hd is the total number of households in dis-
trict d, and Rd is the consumption of fuel k in district d. This
disaggregation was performed for each type of fuel used for
cooking and heating.

In a smaller proportion, especially in rural areas, other
heating and cooking fuels are used like wood, coal, and
biomass. We assumed a consumption rate for cooking and
heating per household of 2.7 Mg (dry basis) for those house-
holds which only use biomass and of 0.25 Mg for the rest of
the households (i.e., FAO/WISDOM project in Trossero et
al., 2009). The emissions from domestic use of fuel in each
cell are calculated as follows:

ERESID(x,y,p)=
∑

k
Rg(x,y,k)×FFUEL(k,p), (12)

where ERESID(x,y,p) is the emissions of pollutant p at cell
grid (x,y) resulting from the use of fuel consumption k; and
FFUEL(k,p) is proper emission factors for pollutant p and
fuel type k. The emission factors from burning considered are
those established by EMEP/EEA (EMEP, 2016) for natural
gas stoves and heaters.

Emissions from the commercial sector (small workshops,
markets, shopping centers) and government/public office
sector (public buildings such as schools and hospitals) were
associated with residential emissions. These specific con-
sumptions are obtained from the classification of users of
natural gas, the main fuel used that produces local emissions.
Note that emissions from electricity consumption in the resi-
dential, commercial, and government sectors are included in
the electricity production sector.

2.3.5 Industrial sector

Emissions from the industrial sector were divided into two
groups, emissions from in situ fuel combustion and emis-
sions from the production process itself. The consumption
of electrical energy from the electrical network is considered
in the electricity production sector. Emissions from small
manufacturing activities, which do not have significant point
emissions to the atmosphere, were included as area sources
in the commercial sector.

A total of 42 sectors with production-specific emissions
were included, identifying more than 450 companies with
their spatial location (Fig. 2b). Production activity was ob-
tained from the professional chambers of each subsector.
These included the following subsectors: chemical, petro-
chemical, refineries, food (sugar, beverages, poultry), non-
metallic mining (lime, cement, glass), metallic minerals
(iron, steel, aluminum), paper, and cellulose (Table A3). Re-
garding fuel consumption, natural gas consumption is known
by type of industry and province; for other fuels (bagasse,
coal, or diesel) it was estimated from the national energy
balance (Minem, 2020). Based on this information, the con-
sumption was set proportional to the production and number
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of companies in each subsector and province. Electricity and
natural gas consumption and production are known for each
subsector; this information was used as a proxy to distribute
monthly consumption at each company. For the calculation
of emissions from fuel consumption, the general Eq. (1) was
applied. For the emissions of each subsector, we used the
emission factors proposed by EMEP (2019) or EPA AP-42
(EPA, 2016).

2.3.6 Livestock and agriculture sector

The inventory of agricultural and livestock activities in Ar-
gentina was presented in Puliafito et al. (2020a, b), who
considered only data from 2016. An ammonia inventory
of Argentina for this sector was presented by Castesana et
al. (2018). In this work we extended the year 2016 inven-
tory, considering the production of livestock and agricultural
activity from 1995 to 2019. To prepare this inventory, we
considered the location of livestock raising, the cereal pro-
duction, and the use of fertilizers (Fig. 4a and c). Animal
production is known annually, by type, age of the animal,
and production district. The geographical distribution was
made proportional to the number of productive establish-
ments (ranches or dairy farms) by department. The emission
factors depend on the type and age of the animal and the pro-
ductive zone.

The production of cereals and other crops is also known
annually, by type of crop within each department. The an-
nual quantity of used fertilizers is also known by type of crop.
The spatial distribution of the cultivated hectares by type of
crop was made using a land use map, distributing in each
department the cultivated area and type of crop in agricul-
turally available land. The monthly emissions were simply
estimated as proportional to 1/12 of the annual value since
the monthly distribution was not available.

2.3.7 Burning of agricultural residues and open fires

For the location of biomass burning, crop residue burn-
ing, and other biomass fires (natural and/or man-made), we
used the MCD64 collection C6 of the MODerate resolu-
tion Imaging Spectroradiometer (MODIS) sensor, aboard the
(MOD14) Terra and (MYD14) Aqua satellites (Giglio et al.,
2009, 2013), between 2001 and 2020. From years 1995 to
2000 we used information from national fire statistics (Envi-
ronmental Ministry, https://www.argentina.gob.ar/ambiente/
fuego/alertatemprana/reportediario, last access: 8 October
2021; CONAE, https://www.argentina.gob.ar/ciencia/conae/
aplicaciones-de-la-informacion-satelital/incendios, last ac-
cess: 8 October 2021). The MODIS collection provides two
types of products: fire points (fire events at a daily basis)
and burned area (monthly averages, with percentages cor-
responding to different land uses). The emissions were es-
timated using the appropriate emission factor corresponding

to the specific land use class of each burned area (Puliafito et
al., 2020a).

3 Results

The present inventory is a multi-dimensional database that
embraces spatial coordinates, latitude, and longitude, with a
spatial resolution of 0.025◦×0.025◦ (1441×921 cells) for the
whole continental and maritime Argentine domain, a tem-
poral resolution of 300 months from January 1995 to April
2020, 15 activity sectors, and 12 pollutants. It is, then, possi-
ble to think of multiple ways to organize and show the results.
Therefore, in this section we will only present some repre-
sentative figures and tables oriented to compare the absolute
and relative contribution of each subsector to the total emis-
sion of each species, as well as to highlight the spatial and
temporal variability for the whole country and within differ-
ent regions. Note that the whole database has been published
for its use in air quality/climate model applications in a stan-
dardized format within a free-access repository as indicated
in the Data availability statement. Figures 3 to 6 show se-
lected sectors and species distribution. Figures 7 to 9 cover
the results of comparing GEAA with other commonly used
inventories.

The appendices and Supplement provide the monthly and
annual emission time series, as well as basic representative
figures.

3.1 Electricity production sector

As of December 2019, Argentina had a total installed ca-
pacity of 39 704 MW, where 64.3 % (25 547 MW) corre-
sponded to sources of thermal origin, 28.5 % (11 310 MW)
to hydro, 5.3 % to renewable (2092 MW: 1609 MW
wind, 439 MW solar, and 42 MW biogas: 2 MW), and
4.4 % (1755 MW) to nuclear. In 2019 annual ther-
mal generation reached 80 137 GWh, hydraulic reached
35 370 GWh, nuclear reached 7927 GWh, and renewables
reached 7812 GWh. Figure 2a shows the spatial location
of thermal power plants in Argentina. Annual thermal gen-
eration for 2019 was produced using mostly natural gas
(17 209 200 cubic meters), diesel (403 800 cubic meters),
fuel oil (185.6 Gg), and mineral coal (221.8 Gg), with an av-
erage efficiency of 1858 kcalkWh−1. Figure 3a shows the
total energy consumed at TPP according to the type of gen-
eration. The GHG emissions variation, in terms of CO2 eq.
(GWP100: CO2 = 1; CH4 = 25; N2O= 298) (Myhre et al.,
2013), is shown in Fig. 3b and Table 3. The monthly evo-
lution for several pollutants is shown in Fig. A2a. The large
variations in these emissions were associated with three im-
portant variables. (a) There was a low-frequency variation
(with a maximum between May 2015 and May 2017 and
minimum in December 2002), corresponding to the eco-
nomic activity that impacts generation and fuel consumption.
(b) There was a variation of medium frequency, correspond-
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Figure 4. (a) Annual animal production for three types of livestock: beef cattle, dairy cattle, and poultry; (b) Annual evolution of GHG (in
gigagrams) from for three types: bovine (beef production), bovine (dairy production), other livestock breeds. (c) Annual evolution of main
agriculture indices: crop production (Gg), cultivated area (kHa), and use of fertilizers (Gg). (d) Annual emissions of N2O, NH3, and PM10
from fertilizer use and arable lands. (e) Average station burned area in kilohectares for the period 1995–2020, according to land type. (f)
Annual emissions evolution of PM2.5 (kt) for the period 1995–2020, according to land type.
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ing to the seasonal summer–winter variation, which depends
on the ambient temperature, with heavy consumption in the
summer months, for example, due to the use of air condi-
tioning. (c) There was a third variation of greater frequency
associated with the type of fuel. An increasing proportion of
natural gas use and a decrease in gas oil and coal are shown
in Fig. S3 in the Supplement. These have been reinforced
in recent years due to increased natural gas production from
the Vaca-Muerta basin (approx. 38.64◦ S, 69.86◦W) from
non-conventional wells (Minem, 2020; Rystad, 2018). Fig-
ure A2b also shows that during austral winter months TSP
emissions (and SO2) increased and those of NOx decreased.
This is due to the reduction in the use of natural gas (the main
residential heating fuel) and an increase in coal and fuel oil
in power plants to compensate for the natural gas reduction.
In summertime the opposite occurs, larger use of natural gas
and a reduction of fuel oil and coal result in higher NOx and
lower TSPs. Note that during diurnal high electricity demand
(peak hours) the thermal plants may also be covered by fuel
oil and gas oil. In terms of GHGs, emissions from electric-
ity production have steadily climbed around 2 % per decade,
from 7.1 % in 1995 (with respect to total annual – all sectors)
to 11.7 % in 2019. NOx values have increased from 10.2 %
to 14.5 % (with respect to total annual – all sectors) during
the same period.

3.2 Fuel production sector

Emissions from fuel production correspond to refineries’
own consumption (ROC), and extraction wells, for their own
operation of the activity and transformation (FPR). Fugi-
tive emissions from venting or flaring of surplus gas are
also included in the refineries and wells sector (FUG). Fig-
ure A2d shows the monthly variation between the years
1995 and 2020 of methane emissions, reaching a monthly
average of 28117± 3382 Mg per month for the three ac-
tivities. However, the total CH4 emission is dominated by
the refinery venting and flare activity. The increase after
November 2018 is mainly due to a growth in the produc-
tion of unconventional natural gas in the Vaca-Muerta basin
in the last 2 years (Fig. A2c). Figures S6 and S7 also shows
the activity and emissions of the extractive activity of gas
and oil (up-stream) at wells from their own consumption.
Monthly GHG emissions (ROC+FPR+FUG) have increased
from 2315.62 GgCO2eq in December 1995 until reaching
3344.28 Gg in December 2019. Table 3 show the total annual
emissions for oil and gas production for all pollutants con-
sidered. Fuel production and transformation (ROC+FPR+
FUG) represented 11 % in 1995 % and 13 % in 2019 of total
annual GHGs considered. Pollutants such as CO and NOx

have an annual contribution share of 0.2 % and 3.8 %, re-
spectively, for the year 1995 and 0.2 % and 3.5 % for the year
2019, respectively (Table 3 and Fig. 5).

3.3 Transport sector

Figure A1c shows the monthly country fuel sales variation
for the main fuels used in the road-transport sector (ROT)
from January 1995 to December 2019. Figure A1d presents
the total monthly emissions of CO, NOx , and PM10 from
the same activity. Table A4 shows a growth of 13 % in the
period from December 1995 to December 2019 for CO2
and CO2eq, 54 % for methane, 21 % for NOx , and 20 % for
CO and NMVOC for the same period. The main growth is
due to the higher consumption of gasoline while diesel oil
has only grown slightly and compressed natural gas (CNG)
has remained stable. However, similarly to the energy pro-
duction sector, fuel consumption is strongly linked to eco-
nomic activity (i.e., represented by the gross domestic prod-
uct (GDP) as we will discuss later in Sect. 3.7), showing de-
creasing consumption from 1995 to 2002, and then climbing
again. From August 2016 and on, a stagnation in gasoline
consumption appears, in accordance with a retraction in na-
tional economic activity. Figures A1c and d also show a 52 %
and 63 % reduction in NOx and CO ROT emissions, respec-
tively (comparing April 2020 with respect to April 2019),
due to the COVID-19 quarantine effect (which began on 20
March 2020, Table A5; Bolaño-Ortiz et al., 2020). Addition-
ally, Fig. S8 includes monthly and annual GHG emissions
(CO2, CH4, and N2O) and SLCP (BC, CO, NMVOC, NOx ,
SO2, NH3) from road transport. Regarding domestic aviation
(DOA), Fig. A2e shows monthly fuel consumption (m3) from
LTO, while Fig. A2f shows the respective monthly emissions
(CO2, CH4, N2O, NOx , CO, NMVOC, SO2 NH3, TSPs, and
PM). The aviation activity has been relatively stable with an
increasing trend since the year 2005. The year 2020 had a
complete stop due to COVID-19 restrictions, only partially
re-establishing after November 2020.

Figure A3 shows the active railroad network (Fig. A3a);
the average seasonal variability in RR activity (Fig. A3b),
in terms of tkm for freight and passenger kilometers for
transported passengers; and the monthly fuel consumption
and number of transported passengers (Fig. A3c). The pas-
senger activity is mainly Buenos Aires commuting activity
(> 95 %). With respect to fuel consumption (gas oil), RR
freight activity represents on average 45 %, and it is expected
to increase as crop production and export increases. Note
that following the agriculture exportation, freight RR shows a
marked seasonality, where the maximum austral winter activ-
ity (June–July) is up to 40 % higher than during the summer
(January–February). The inter-annual increase is also seen
in inland navigation since ports like Rosario, Santa Fe, and
Bahía Blanca are hubs for the soybean, wheat, and maize ex-
port. Both railroad and inland navigation activity have shown
an increase of 122 % in pollutant emissions since December
1995 with respect to December 2019.
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Figure 5. GHG participation by activity for Argentina for the years 1995 (a) and 2019 (c) (see Table 3) and sectoral SLCP pollutant
contribution share of emissions for Argentina: (b) 1995 and (d) year 2019. Reference codes are provided in Table 1a.

3.4 Residential, commercial, and governmental sector

Residential, commercial, and government (R+C) energy
consumption includes electricity (for lighting, air condition-
ing, and partially heating) and natural gas for cooking and
heating in a large part of the country (except for northeast
Argentina; see Fig. A3). For urban areas not connected to
the natural gas (NG) network, the heating energy consump-
tion is replaced by electricity, LPG, and kerosene; in rural ar-
eas with abundant biomass available (northeast of the coun-
try), charcoal and wood are used. According to data from
radio maps and census fractions, there are 12 171 560 homes
in Argentina (INDEC, 2020), of which 56 % are connected

to the NG network, 41 % use LPG, and the remaining 3 %
use wood, charcoal, or kerosene. The 2019 annual consump-
tion reached 10 680 070 (1000 m3) of NG, 855 184 (1000 m3)
of LPG, 285 113 Mg of wood, 341 473 Mg of kerosene, and
484 408 Mg of coal. The annual average per capita consump-
tion is 268 m3 of NG, 21.38 m3 of LPG, 12.11 kg of char-
coal, 7.1 kg of firewood, and 8.5 kg of kerosene. Figure 3c
shows that the annual fuel consumption of wood and LPG
has decreased since 2001 and 2007, respectively, compen-
sated for by a gradual increase in the consumption of NG
since 1995. Note that the residential fuel consumption shows
a very strong seasonal and regional cycle (Figs. 3d and A3)
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due to the large north–south extension of Argentine territory.
For the year 2019, NG use represents 80 % of the total R+C

annual emissions for CO2, 14 % for CH4, 91 % for NOx ,
15 % for CO, and 7 % for TSPs; also, the use of other fu-
els contributes 93 % of PM10 and 85 % of CO (Tables 3, A4,
and A5). Emissions from R+C electricity using fossil fuels
are considered in the thermal power plant sector.

3.5 Industrial sector

This subsection includes the monthly emissions from in-
dustrial manufacturing’s own fuel consumption (MFC) and
emission from the production process (MOP) from January
1995 to April 2020. Note that manufacturing electricity con-
sumption is considered in the thermal power plant sector.
Table A3 shows a list of the manufacturing activities con-
sidered, whereas Fig. 2b shows the location of the man-
ufacturer sector. The monthly fuel consumption averages
are 846 380 (1000 m3) of natural gas, blast-furnace gas, and
coke-oven gas together; 13 493 Mg of LPG; 36 234 Mg of gas
oil, diesel oil, and fuel oil; and 668 374 Mg of coal wood
and biomass. Natural gas is used as industry’s own main fuel
consumption followed by wood and crop residues, with the
latter especially used in the food elaboration subsector, like
sugar, paper, and wood production, due to local availabil-
ity of biomass. Seasonal fluctuations, in both consumption
and emissions, are due to variations in production, but they
are also conditioned by less availability of natural gas dur-
ing the winter months, which is due to residential consump-
tion. Monthly average GHGs from industry’s own fuel con-
sumption reached 2405.23 Gg per month of CO2eq, while for
NOx consumption reached 5 053.27 Mg, 28 861.79 Mg for
CO, and 1250.46 Mg for TSPs.

The MOP included the emissions from the manufactur-
ing’s own production process and included the following
subsectors: 2A glass production; 2B chemistry; 2C alu-
minum steel; 2D asphalt, painting; and 2H paper, food, bev-
erage. Figure 3e and f show the annual evolution of MOP
NOx and PM10 emissions. The chemical industry contributes
to 37.1 % of NOx emissions, followed by the food industry
with 36.5 % and the steel industry with 26.4 % with respect
to total MOP emissions. For PM10 emissions, the cement in-
dustry contributes 35.0 %, the chemical industry contributes
22.2 %, the steel industry contributes 20.6 %, the food indus-
try contributes 20.4 %, and automotive painting contributes
1.8 %.

3.6 Agricultural and livestock sector

Emissions from the agricultural livestock sector were cal-
culated annually from 1990 to 2019. Emissions from live-
stock included enteric fermentation (CH4) and manure man-
agement (CH4, NO2, NH3, NOx , NMVOC, and PM). These
emissions depend on the type of animal, age, type of pro-
duction, and productive areas. In terms of methane emis-

sions (i.e., CO2eq), the bovine sector dominates Argentina’s
GHG emissions (31 %), reaching 95 473 Gg CO2eq in 2019
(2781.09 Gg CH4; 87.09 Gg N2O). The historical series
shows an average of 96 301 Gg CO2eq between 1995 and
2019 for all livestock production (Fig. 4b), with a slight de-
crease in 2009 caused by a reduction in bovine animal pro-
duction. Total animal production has grown from 177 mil-
lion head in 1990 to 317 million head in 2019. While bovine
livestock has oscillated between 54.7± 3.4 million head, the
largest increase was in the poultry sector, from 30 million
birds in 1990 to 232.3 million in 2019, producing a signif-
icant increase in ammonia emissions (from 6.6 Gg NH3 in
1990 to 51.1 Gg in 2019; see Fig. 4a). Total ammonia emis-
sions in 2019 reached 211.63 Gg for all livestock.

Emissions from the agricultural sector are characterized
by a strong increase in cultivated area, increased production,
and increased use of fertilizers (Fig. 4c). Considering the pe-
riod from 1990 to 2019, these numbers more than doubled
from 17 700 to 37 873 kHa in cultivated areas; approximately
tripled from 51 457 to 172 089 Gg for cereal production; and
increased at least by a factor of 15 (from 260 to 4217 Gg) for
fertilizer use. As a consequence of this increase in fertilizers,
the largest emissions increases were for ammonia and nitrous
oxide, which changed from 38.09 Mg in 1990 to 529.44 Mg
in 2019 for NH3 and from 1.58 Mg in 1990 to 21.76 Mg in
2019 for N2O (Fig. 4d).

3.7 Burning of agricultural residues and fires

For this sector, accidental and/or provoked fires from
biomass burning were considered, from both agricultural
residues and other types of fires between 1995 and 2020.
Figure 4e shows an average seasonal burned area accord-
ing to main land types, and Fig. 4f shows the evolution
of PM2.5 (Gg) emissions for the period 1995–2020, ac-
cording to land type. Figure A5b shows the monthly av-
erage precipitation (1981–2018), calculated using the Cli-
mate Hazards Group Infrared Precipitations with Stations
(CHIRP) database (Funk et al., 2015; Rivera et al., 2018).
It clearly shows the correspondence with the land use map
(Fig. A5a) and directly with the availability of ground fuel
from biomass. Figure A5c shows the average monthly burned
area (2001–2020), which shows two distinct areas: north-
east (rain > 50 mm per month) and the semi-arid (rain > 20–
50 mm per month) central-west zone of Argentina. In the
northeastern area of Argentina fires predominate between
August and November, associated with burning of crop
residues and land changes (clearing forest for agriculture),
while in the central west of the country fire events increase
during the summer months (December and January) on dry
grasslands and pastures. These fires are associated with typ-
ical dry conditions in the previous winter and spring months
before the rainy season begins in late summer (February and
March). Figure A5c shows the emission of PM2.5 associated
with burning of biomass.
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According to land type use considering the 1995–2020 pe-
riod, annual burned area averages 1 064 423 Ha, with 14.7 %
forest, 27.1 % grassland, 25.6 % savanna, 22.0 % shrublands,
7.7 % cultivated areas, and the remaining 2.9 % correspond-
ing to other types of land use.

3.8 Summary and discussions of GEAA-AEIv3.0M
results

Table 3 summarizes the total annual emissions for the years
1995 and 2019, while Table A4 presents a single timeframe
with the monthly emissions for December 1995 and Decem-
ber 2019. From the point of view of the GHG emissions, the
main emission sector is livestock (38.5 % and 31 % for 1995
and 2019, respectively), showing a 7.7 % reduction trend due
to decreasing bovine production (see Fig. 5). Adding together
thermal power plants’ and manufacturing’s own fuel produc-
tion represents 16.8 % and 19.9 % of the total GHG emis-
sions (for 1995 and 2019, respectively), followed by 16.6 %
and 16.1 % for road transport (1995 and 2019, respectively).
The residential plus commercial sectors have increased from
7.6 % to 9.8 % for the above-referenced years. This is consis-
tent with population increase, as analyzed below. In absolute
values GHGs have increased from 263 391 Gg CO2eq in 1995
to 307 707 Gg CO2eq in 2019 (17.5 % increase with respect
to 1995). Note that the GEAA-AEIv3.0M GHG inventory
does not include land use changes nor sewage waste, since
its focused on air quality, and therefore these are not the total
GHG numbers for Argentina; in fact, TCNA (2015) reports
total CO2eq of 368.295 Gg for the year 2014. Most notably,
the main increases are observed for NH3 and N2O emissions
due to the use of fertilizers in agriculture (Fig. 4d). Indeed,
Argentina has increased its annual crop production from
51 735 to 172 089 Gg and annual use of fertilizers from 641
to 4217 Gg (1995 and 2019, respectively), while bovine pro-
duction has decayed slightly from 55 921 in 1995 to 54 698
head in 2019 (Fig. 4a). From a climate change perspective,
reducing N2O emissions through reducing crop production
is a critical economic option, since together with livestock
feeding, both activities represent the main export income for
Argentina. Thus, it is not expected that the percentage con-
tribution of N2O to Argentine GHGs will be reduced until
new nitrogen-use efficiency of crops could be incorporated
worldwide to reduce emissions (Solomon et al., 2020; UNEP,
2013).

Air quality SLCP sectorial shares are shown in Fig. 5b
and d for 1995 and 2019, respectively (see also Table 3).
Comparing those two years for a particular pollutant, e.g.,
CO, shows that the dominant sectors contributing to the to-
tal emissions remain unaltered and present only minor per-
centage changes: road transport is the most important sec-
tor, representing 69.7 % and 76.0 % for the years 1995 and
2019, respectively, followed by open fires (11.0 % and 5.2 %)
and burning of agricultural residues (2.2 % and 1.6 %, for
the years 1995 and 2019, respectively). Similarly, NOx emis-

Figure 6. Annual PM10 (outer ring), NOx (middle ring), and CO
(inner ring) emissions distribution according to different classi-
fications: (a) total emissions with respect to population density,
(b) emissions density (kgkm−2 yr−1) with respect to urban den-
sity, (c) total sectoral contribution (see Table 4). Reference codes
are provided in Table 1a.

sions are concentrated in road transport activity, 47.6 % and
42.8 %; thermal power plants’ and manufacturing’s own fuel
production contribute 16.7 % and 17.3 %; and residential and
commercial contributed 6.8 % and 7.1 % (1995–2019, re-
spectively). Fire and biomass burning represent the largest
source of particulate matter (TSP) (41.3 % and 23.4 % for
the years 1995–2019, respectively) coming from agricultural
waste, clearing forest for agriculture and livestock feeding,
and natural burning of grassland. Nevertheless, it should be
noted that the TSP contribution from different sectors is
highly variable from year to year (Fig. 4f).
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Table 4. Emission distribution of CO and NOx according to population density for the year 2019.

Density (d) Rural Urban Urban Urban Urban
very low low medium high

Inhabitantskm−2 d < 100 100 < d < 1000 1000 < d < 5000 5000 < d < 10000 d > 10000 Total
No. of cells 445 917.00 6508.00 1285.00 269.00 21.00 454 000.00
AREA (km2) 2 786 981.25 40 675.00 8031.25 1681.25 131.25 2 837 500.00
Popul. 2019 659 690 11 010 333 18 590 350 12 658 283 2 115 971 45 034 627
% Pop. 1.5 % 24.4 % 41.3 % 28.1 % 4.7 % 100.0 %

CO (Mgyr−1)

DOA 939.49 382.50 362.07 803.90 – 2487.96
R+N 1519.50 856.40 637.30 293.39 43.69 3350.27
ROT 1 891 902.61 504 092.42 418 483.32 248 576.30 52 026.75 3 115 081.40
MOP 4037.09 2366.40 55 431.16 226.96 – 62 061.61
ROC 274.77 408.66 2488.22 476.32 – 3647.96
FUG 127.57 657.48 2037.21 619.16 – 3441.42
TPP 7659.52 3415.03 1004.07 2449.97 – 14 528.58
R+C 7482.69 122 122.84 100 543.83 49 410.28 8485.55 288 045.19
OBB 271 743.78 5518.57 2295.39 550.57 – 280 108.31
MFC 206 177.34 47 437.49 45 502.24 25 138.23 157.27 324 412.57
AG – – – – – –

Total 2391 864.34 687 257.80 628 784.82 328 545.06 60 713.26 4097 165.27

NOx (Mgyr−1)

DOA 3062.42 638.05 703.51 1815.92 – 6219.91
R+N 13 964.98 7884.30 5862.93 2702.03 401.72 30 815.96
ROT 271 442.41 69 834.64 52 841.31 29 604.42 5705.48 429 428.25
MOP 855.57 536.36 948.55 59.02 – 2399.50
ROC 2441.80 3606.38 22 189.13 4298.32 – 32 535.64
FUG 2062.70 117.60 50.93 15.48 – 2246.70
TPP 61 421.78 29 418.21 7265.37 18 740.70 – 116 846.07
R+C 1181.68 39 165.14 110 402.61 74 925.87 14 790.28 240 465.58
LF 5943.46 631.22 92.73 6.52 – 6673.93
AG 67 825.59 – – – – 67 825.59
OBB 10 882.44 254.92 106.81 26.41 – 11 270.58
MFC 31 840.49 9344.20 11 524.93 3622.73 34.13 56 366.47

Total 472 925.33 161 431.02 211 988.82 135 817.42 20 931.60 1 003 094.18

The total Argentine population, surface extension, total emission, and emission density are classified according to the mean urban density within each cell.
Ref: (see Table 1a): PP: power plants; MFC: manufacturing’s own fuel consumption; ROC: refinery consumption; FPR: fuel production; FUG: fugitive, venting, and
flaring; ROT: road transport; DOA: domestic aviation; R+N : railroad and navigation; R+C (NG): residential and commercial (natural gas); R+C (OF): residential
and commercial (other fuels); FAG: fuel use in agriculture; MOP: manufacturing’s own process; LF: livestock feeding; AG: agriculture; AWB: agriculture waste
burning; OBB: open biomass burning.

The three concentric rings presented in Fig. 6 summa-
rize the sectorial contribution to the main primary air qual-
ity pollutants (see also Table 4): the outer ring is for
PM10, the middle ring for NOx , and the inner ring for
CO. Figure 6a shows the proportion of total annual emis-
sions with respect to urban population density. A total
of 57.0 % of PM10 emissions (70 189 Mg), 47.1 % of to-
tal NOx emissions (472 925 Mg), and 58.4 % of total CO
(2 391 864 Mg) are emitted in areas with low urban den-
sity (< 100 inhabitantskm−2), since many roads and ther-
mal power plants are in these locations, and Argentina has
a vast non-urbanized area (see Table 4). Note that 25.9 %

of Argentina’s population lives in towns with fewer than
1000 inhabitantskm−2, 69.4 % in urban centers with be-
tween 1000 and 10 000 inhabitantskm−2, and 4.7 % in dense
urban centers with greater than 10 000 inhabitantskm−2.
Air quality in urban areas is dominated by road trans-
port, residential and commercial emissions, and depend-
ing on the cities also power plants and industrial energy
consumption and production. For example, for NOx , the
population is exposed to average daily emissions of 0.5,
10.9, 72.3, 221.3, and 436.9 kgkm−2 d−1 for ≤ 100, > 100
and ≤ 1000, > 1000 and ≤ 5000, > 5000 and ≤ 10000,
and > 10000 inhabitantskm−2, respectively. However SLCP
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high emissions density per squared kilometer is emit-
ted in the denser urban area (> 10000 inhabitantskm−2):
1998 kgkm−2 yr−1 for PM10, 159 479 kgkm−2 yr−1 for
NOx , and 462 577 kgkm−2 yr−1 for CO (Fig. 6b), resulting
in those urban regions possessing lower air quality standards
than rural areas. Figure 6c shows the proportion of the same
SLCP (PM10, NOx , and CO) but as a function of the sec-
tors. These figures show that although CO and NOx have the
highest emissions density in urban centers and are dominated
by road transport and power plants, maximum PM10 is lo-
cated in medium-density areas (6990 kgkm−2 yr−1 at urban
density of > 5000 inhabitantskm−2

≤ 10000) and are domi-
nated by residential and road emissions. Nevertheless, in ab-
solute numbers PM is dominated by fire produced in agricul-
ture and forest areas, livestock feeding, and refineries.

The evolution of GHG and SLCP air pollutant emissions
clearly shows a strong dependence on population increase
and gross domestic product (GDP) changes. Figures A6
shows a normalized quarterly series of GDP, de-trended pop-
ulation and GHG. While population follows a linear trend
(0.04 % quarterly increase), GDP has a 6–8-year oscilla-
tion over the population increases, presenting local minima
for October 2002 and April 2020, and local maxima for
April 1998 and April 2013. GHG variation follows the GDP
changes with an extra annual seasonal variation. Note that the
medium-term 6–8-year oscillation and the annual seasonality
are appreciable in the use of fossil fuels for electricity pro-
duction, as described in Sect. 3.2. Finally, Fig. A6c shows the
GHG/cap and GHG/GDP variations, whose trends are fol-
lowed by the emission of many other pollutants (not shown).
Several conclusions may be extracted from the above re-
sults. First, GHG and air quality pollutants mainly follow
population increase modulated by economic activity, where
Argentina’s recurrent economic crises are very visible in
these time series. Second, GDP has fallen below population
increases since 2019, aggravated by the COVID-19 lock-
down crisis in 2020 (Bolaño-Ortiz et al. (2020); see Ta-
ble A5 for monthly values for April 2019 and April 2020).
Third, quarterly GHG/cap has been stable at 639± 65 kg per
capita during the whole period, which means there has there
been no major enhancements in personal consumptions, but
neither have been any improvement in the emissions effi-
ciency. Fourth, GHG and GDP show a quarterly variabil-
ity of 51± 21 g per US dollar, showing a slight decreas-
ing trend from 2004 to present, since less carbon is emitted
per expended US dollar, most probably due to technological
changes (note that the sudden increase in 2002 is produced
by the reduction of GDP during the 2001–2002 economic cri-
sis). Fifth, approximately one-third of GHG emissions come
from agriculture and livestock emissions, main export activ-
ities of Argentina. Another third arises from energy produc-
tion (TPP) and transport (ROT+DOA+R+N ), and the re-
maining third comes from the other sectors. Sixth, GHGs are
still coupled to GDP (and population), which means that re-
ducing GHG emissions in Argentina can only be done, at

present, at the expense of reducing activity intensity (i.e., re-
ducing economy), as is clearly seen in 2020 reduction due
to lockdown because of COVID-19. Seventh, air pollution in
urban cities is mainly produced by road transport (i.e., CO,
NOx , and PM2.5) and power plants (SO2 and NOx), and even
though the largest emission densities are in large urban areas,
due to the vast majority of rural areas in Argentine territory,
the total national emissions originate in the less populated
regions.

4 Inter-comparison of GEAA-AEIv3.0M with other
emissions inventories for Argentina

Since the present GEAA-AEIv3.0M inventory includes spa-
tial and temporal variation, its calibration requires a dou-
ble control and validation. For the temporal comparison we
use the Argentina national greenhouse gas inventory (TCNA,
2015) that compiled the total annual values for Argentina
between 1990 and 2014 and an updated version in 2019
(TCNA, 2019) spanning from 1990 to 2016 as well as the
international inventories EDGAR HTAPv5.0 and CEDS. It
should be noted that CEDS uses TCNA 2015 as a basis for
the Argentine information (Hoesly et al., 2018), but for some
species and sectors they differ slightly. There are also some
differences between TCNA 2015 and TCNA 2019. There-
fore, we will compare GEAA with four temporal series:
TCNA2019, TCNA2015, CEDS, and EDGAR.

Although the activity data for both studies for GEAA and
TCNA (and CEDS) were basically taken from the same na-
tional sources (mostly from the National Energy Balance),
the focus and methodology of each inventory vary. In TCNA,
activities and emissions are accumulated using a top-down
approach to obtain a nationwide annual total by sector. In
our case (GEAA-AEIv3.0M) the activities and emissions are
first located in each point, line, or area with a bottom-up ap-
proach, and then the totals are calculated as the sum of all
cells in the spatial grid. Therefore, the sum of the activities
by sector and year may vary. With respect to EDGAR, the
sum differs in particular in the use of proxy variables used for
its spatial disaggregation, which has already been discussed
elsewhere (Puliafito et al., 2015, 2017). A spatial compari-
son can also be made with the EDGAR inventory presented
in Sect. 4.2.

When comparing with other inventories, emphasis has
been placed on greenhouse gases (GHGs), since GHGs re-
late to the level of agreement (or discrepancy) with the activ-
ities of each sector, since their emission factors (EF-GHG)
are well established and are especially associated with en-
ergy consumption (Sato et al., 2019). On the other hand, air
quality emission factors (EF-AQ, those used for NOx , CO,
PM, and others) are highly variable, mainly due to uncertain-
ties in the environmental and technological conditions con-
sidered for each activity. For example, for an on-road ve-
hicle, the emission factors will depend on the outside tem-
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Figure 7. (a) Evolution of total annual CO2eq Gg emissions for the
GEAA (red), TCNA2015 (blue), TCNA2019 (light-blue), EDGAR
(green), and CEDS (brown) inventories for Argentina in 1990–
2019 (Tables 5 and A5). (b) Percentage difference in GHG emis-
sions ((GEAA− inventory)/GEAA) for 1995 through 2016, for
the considered activities (see also Tables A7 and A8). Note that
CEDS does not provides N2O profiles. GHGs are calculated as
(CO2eq = CO2+CH4 · 25+N2O · 298).

perature, engine temperature, type, and quality of fuel, idle
or regime status, slope, load, and age, among other factors
(EMEP, 2019). Thus, the used average EF-AQ will include a
mixed weighted operational condition. In the same line, al-
though electric vehicles have EF-AQ= 0, EF-GHG will still
depend on how the consumed electrical energy is generated.

4.1 Comparison with total annual values from TCNA,
EDGAR, and CEDS

Tables 5 and A7 summarize the total annual values for GHG
emissions (CO2eq Mg) for GEAA-AEIv3.0M and TCNA
2015 inventories, respectively. Note that the original TCNA
report included contributions from other sectors (land use
changes) not related to air quality that are not considered
here.

Figure 7a shows the annual values for the TCNA2019,
TCNA2015, CEDS, and EDGAR inventories, and Fig. 7b
shows the average annual differences by activity. In the Sup-

plement (file comp_geaa_ceds_edgar_tcna.xlsx; see the Sup-
plement for description) we present a sectorial comparison
for CO2, CH4, N2O, CO, NOx , SO2, and NMVOC among
the TCNA2019, TCNA2015, CEDS, and EDGAR invento-
ries. Table A7 summarizes the main results for the inventory
intercomparisons. Most of the activities (1A1, 1A2, 1A1bc,
1A3a, 1A3b, 1A4abc, 2B, 2C, 3A, 3B; see Table 1a) agree
within ±27.0 % for all inventories and the considered pollu-
tants.

CO2eq in GEAA and TCNA2015 agree for the sum of all
sectors within 7.1 % (Table A9). Higher discrepancies be-
tween GEAA and TCNA are found in N2O profiles, and sec-
tors 1B2 (FUG > 60 %), 1A3c-d (R+N : 13.3 %), and 3C
(AG: −12.5 % and AWB: −6.5 %). For fuel production, the
discrepancy arises from the way the activity is computed.
In the public energy 1A1a sector, GEAA and TCNA agree
within 1.5 %, while EDGAR and CEDS have 16 % larger
CO2 emissions and 95 % higher values for CH4. For NOx ,
CO, SO2, and NMVOC all profiles (GEAA-AVERAGE)
agree within 10 %, 32 %, 10 %, and 23 %, respectively. For
refinery consumption (1A1bc), manufacturing’s own fuel
consumption (1A2), all inventories and pollutants’ profiles
agree within 15 %, but CH4 for 1A1bc has larger dispersion
(GEAA-AVERAGE: 45 %). EDGAR also shows high dis-
crepancies for CH4, CO, and SO2 for these sectors (> 60 %).
Transport (1A3: ROT, DOA, R+N ) and residential, com-
mercial, and other (1A4) sectors also have good agreement
within 20 % for all inventories and most pollutants. CO pro-
files from EDGAR show the highest differences (59 %) for
1A4 stor while CEDS presents 21 % disagreement with the
mean of all five profiles. Fugitive emissions (sector 1B1
and 1B2) present the highest disagreement, in the solid fuel
transformation (coal) and oil–gas production and transforma-
tion. GEAA, TCNA2015, and TCNA209 agree within 20 %;
CEDS and EDGAR are more than 100 % higher for CH4 and
CO than GEAA. EDGAR has 2.5 times more CH4 emissions
for the fuel production sectors (1A1bc,1B1,1B2) than GEAA
and TCNA (see additional discussion below)

The methane emissions from fuel production and fugi-
tive emissions from oil and gas wells need a deeper study
since a bottom-up calculation from each possible source re-
quires in situ/airborne measurements to detect possible leak-
ages from local facilities (Allen et al., 2013; Roscioli et al.,
2015; Zavala-Araiza et al., 2014). New high-resolution satel-
lites promise new detection capabilities (i.e., GHGSat. https:
//www.ghgsat.com/our-platforms/iris/, last access: 8 October
2021).

4.2 Comparison with the EDGAR database

Spatial and total annual emissions were compared to the
EDGAR emissions inventory (EDGAR HTAP v5.0) for Ar-
gentina. In particular, the EDGAR monthly inventory is
available only for 2015 (Crippa et al., 2020), which was used
to compare the GEAA-AEIv3.0M monthly values. Table A8
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shows a summary of the statistics obtained from this compar-
ison. For this purpose, the GEAA-AEIv3.0M inventory was
adapted from a 0.025 to 0.1◦ spatial resolution compatible
with EDGAR.

Figure 8 shows the annual spatial differences between both
inventories for PM10 for the transport sector (Fig. 8a), for the
residential and commercial sector (Fig. 8b), and for the an-
nual total evolution for both sectors (Fig. 8c and d, respec-
tively; see also Table A10). Figure 9 shows the same infor-
mation as Fig. 8 but for NOx .

The GEAA-AEIv3.0M vs. EDGAR HTAP v5.0 compari-
son shows several interesting aspects. From the spatial point
of view, the residential emissions shown by EDGAR have
a distribution based on the districts with surface emissions
larger than the properly urbanized area; see for example,
green-blue areas in northwest Argentina (Fig. 8b for PM10)
which correspond to a mountainous and arid area, with prac-
tically no population and only minor industry based on agri-
cultural waste burning. According to Janssens-Maenhout et
al. (2019), EDGAR uses national and subnational adminis-
trative units as proxy population data using Gridded Pop-
ulation of the World, version 3 (GPWv3) provided by the
Center for International Earth Science Information Network
(CIESIN, 2005). This approach produces an overestimation
compared to the high-resolution population density map in
GEAA.

When appreciating the annual values, the differences of
PM10 (and other pollutants) show similar values between
the years 1995–2008, but thereafter they diverge. Firewood,
charcoal, and other primary energy sources used for heat-
ing and cooking in homes have been very variable but with
a decreasing trend since 2003, being replaced by increas-
ing use of natural gas and LPG (Fig. 3c). While natural
gas (NG) represents (on average) 56 % of residential en-
ergy, kerosene, charcoal, wood, and other primaries repre-
sent only 4 % of energy consumption at households. How-
ever, the PM10 emission factor ratio wood / NG is 600 to
700, and for NOx wood / NG is only 1.2 to 2. Then, any
overestimation of wood (and other primaries) will be more
visible in PM10 emissions (Fig. 8d) than for NOx (Fig. 9d).
As energy consumption inputs, EDGAR uses the Interna-
tional Energy Agency (IEA) World Energy Balances 2016
(Janssens-Maenhout et al., 2019); however wood and other
primary energy inputs may have been overestimated, given
the high variability, or they might have used a constant
per capita consumption. The 40 % higher values of annual
residential NOx emissions in GEAA and TCNA (Fig. 9d)
with respect to EDGAR are produced by a higher emis-
sions factor adopted in Argentina (TCNA) for NG emissions
(150 gGJ−1) compared to 51 gGJ−1 proposed by EMEP
(EMEP2019, Sect. 1.A.4b.i., Table 3.3). Had we adopted
51 gGJ−1 as from EMEP, then we would have obtained a
lower total of annual NOx emissions, consistent with less pri-
mary energy use (firewood, others).

Regarding transport emissions, the spatial distribution dif-
fers in the amount of traffic and emissions per route. On the
EDGAR map, equivalent emissions have been attributed to
primary and secondary routes (see light blue lines in Fig. 8b),
whereas the GEAA-AEIv3.0M distinguished among route
hierarchy (see red lines in Fig. 8b). Although the annual total
emissions are similar, this oversizing produces less emissions
on main routes for EDGAR. It should be considered that na-
tional freight transportation by trucks in Argentina (95 % of
land freights) is more important than freight transportation
by trains or ships.

Table A8 show the following aspects: on the one hand,
emissions from fixed sources, thermal power plants, and in-
dustries have a very similar representation between invento-
ries (< 25 % relative difference) and little variance, which in-
dicates that the activity is similar but with a slight difference
in the used emission factors.

On the other hand, for the fuel production and fugi-
tive emissions subsectors (1A1cb, 1B1, and 1B2), GEAA-
AEIv3.0M has an important difference with respect to
EDGAR, especially with methane emissions in EDGAR be-
ing more than 90 % larger than GEAA (for the sum of
subsectors). These differences totalize 598 Gg of CH4 (or
14 970 Gg CO2eq) per year (Fig. 7 and Table A7). Note that
for the 1B1 sector (fugitive emissions from coal mining), the
activity data for the GEAA inventory have been estimated
from the national primary energy balance, which possesses
large uncertainties (TCNA, 2015). Although EDGAR uses
the energy balances from IEA, which is based on national
energy balances, the amount of coal computed from CH4
emissions seems to be proportional to the total coal uses (net
production plus import of coal) (see Fig. S18).

Agriculture also shows important differences (> 150 %)
for nitrous oxide. These differences arise from direct and in-
direct emissions of N2O in manure management and man-
aged soil, but as GEAA does not include land changes, our
emissions might have been underestimated in comparison
to EDGAR. Estimation of biomass burning activity (AWB,
OBB) also has large uncertainties in determining burned crop
residues and land fires, resulting in relative emissions differ-
ences > 120 % between GEAA and EDGAR. In contrast, av-
erage CH4 emissions have a relative difference of less than
70 % for most the sectors. Similarly, for most of SLCPs, dif-
ferences range between 5 % and 65 %, with a general lower
estimation of pollutant emissions for GEAA-AEIv3.0M with
respect to EDGAR.

5 Data availability

The GEAA-AEIv3.0M inventory contains spatially dis-
tributed monthly emissions for CO2eq, CO2, CH4, N2O, CO,
NOx , NMVOC, NH3, SO2, PM10, PM2.5, TSPs, and BC be-
tween 1995 and 2020 and includes the following subsectors:
energy production, fugitive emissions from oil and gas pro-
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Figure 8. GEAA and EDGAR annual PM10 emissions from the road transport sector: (a) differences (t yr−1 per cell) and (c) annual series.
GEAA and EDGAR annual PM10 emissions from residential and commercial activities: (b) differences (t yr−1 per cell) and (d) annual series.
Maps are represented at 0.1× 0.1 resolution for 2015.

duction, industrial fuel consumption and production, trans-
port (road, maritime, and air), agriculture, livestock produc-
tion, residential, commercial, and biomass burning. The in-
ventory is available as NetCDF files with a spatial resolution
of 2.5km× 2.5 km resolution, between 53 and 73◦ west lon-
gitude and between 21 and 55◦ south latitude. The files can
be openly accessed through the Mendeley Datasets repos-
itory at https://doi.org/10.17632/d6xrhpmzdp.2 (Puliafito et
al., 2021) under a CC-BY 4 license. The main page of the
repository has detailed information on the files hosted, as

well as a readme.txt file with specific information to access
and interpret the whole dataset. All data requests should be
addressed to the first and corresponding author.

6 Conclusions

A multidimensional inventory of emissions of air pollutants
to the atmosphere of Argentina for 15 activities and 12
species has been compiled. This new inventory has a monthly
temporal resolution (300 months between 1995 and 2020)

Earth Syst. Sci. Data, 13, 5027–5069, 2021 https://doi.org/10.5194/essd-13-5027-2021
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Figure 9. GEAA and EDGAR annual NOx emissions from the road transport sector: (a) differences (GEAA-EDGAR; in Mgyr−1 per cell)
and (c) annual series. GEAA and EDGAR annual NOx emissions from residential and commercial activities: (b) differences (Mgyr−1 per
cell) and (d) annual series. Maps are represented at 0.1× 0.1 resolution for 2015. CEDS (light blue) and TCNA (green) profiles are also
included for comparison.

and a high spatial resolution of 0.025◦× 0.025◦. The activi-
ties included are energy production, fugitive emissions from
oil and gas production, industry’s own energy and produc-
tion, transport (road, maritime, and air), agriculture, livestock
production, residential, commercial, and biomass burning.
Twelve species were considered: GHGs – CO2, CH4, and
N2O; ozone precursors – CO, NOx , and NMVOCs; acidi-
fying gases – NH3 and SO2; and particulate matter – PM10,
PM2.5, TSPs, and BC.

The main objective of the emission maps is to support air
quality and climate modeling, as well as to evaluate pollu-
tant mitigation strategies in time and space. In fact, the calcu-
lated pollutant temporal series clearly showed the pollution
reduction due to the COVID-19 lockdown during the first
quarter of 2020 with respect to the same months in previ-
ous years. This situation also gave us the opportunity to link
the pollutant emissions to economic activity, showing how
Argentina’s emissions are still very much coupled to pop-
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ulation and GDP; therefore an (expected and needed) eco-
nomic recovery will surely increase emissions, impoverish-
ing the air quality. In fact, 31 % of GHG emissions come
from livestock feeding (in rural areas), and around 60 % of
total SLCP emissions are emitted in rural areas (mainly from
both agriculture and transport), altogether representing the
main export activity of Argentina. Note that in general, emis-
sions density is very low in most of Argentina, but SLCP
emissions density in middle-sized urban areas (pop. density
> 5000 inhabitants km−2) are very high due to transport and
power plants. Investments in technology and the promotion
of de-carbonized activities for reducing and decoupling GHG
and air pollutants from GDP will require big investments and
further fostering cultural changes (i.e., like bicycling in cities
changes in public transportation), which will still take many
years. As has been noted in the electricity generation, ther-
mal power plants operate mainly with natural gas but needs=
to use gas oil or coal during peak hours and in winter months;
therefore, air quality improvement has less room in this sec-
tor than could be achieved in the urban road transport sector
(i.e, electric motorization).

Finally, we compared the GEAA-AEIv3.0M results
against the Argentine GHG inventory of the Third National
Communication of Argentina to the UNFCC, TCNA2015,
and its update TCNA2019, which compiles total annual
country-wide GHG emissions from 1990 through 2016,
agreeing within ±7.5 %. Total annual emissions were also
compared to international databases such as CEDS and
EDGAR for several sectoral and pollutants; spatial com-
parison was also done with the EDGAR HTAPv5.0 inven-
tory. The agreement with CEDS and EDGAR was acceptable
within less than 30 % for most of the pollutants and activities,
although a discrepancy bigger than 90 % was obtained for
CH4 arising from fuel production and > 120 % for biomass
burning.

Note that CH4 emissions from fuel production are a per-
manent concern due to its big greenhouse potential effect;
therefore more detailed studies will be required to unravel
the differences, since top-down inventories require a great
effort to assess the actual emission chain.

Seasonal variable monthly regional emissions inventories,
like GEAA-AEIv3.0M, are expected to result in a remark-
able improvement in the chemical prediction achieved by air
quality models, such as WRF-Chem. This consideration is
important, especially in countries where air quality moni-
toring networks are scarce and long-term governmental en-
vironmental programs are discontinued due to the recurrent
economic crisis.

Earth Syst. Sci. Data, 13, 5027–5069, 2021 https://doi.org/10.5194/essd-13-5027-2021
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Appendix A

Figure A1. Calculated VKT for gasoline vehicles. (b) Calculated VKT for gasoline vehicles in the central area of Argentina. (c) Monthly
fuel sales: gasoline (blue line), gas oil (red line), and compressed natural gas (CNG) (black line). (d) Monthly emissions (in megagrams)
from road transport between January 1995 and April 2020: CO (blue line) and NOx (black line) on the left axis and PM10 (red line) on the
right axis.
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Figure A2. (a) Monthly NOx and SO2 emissions (Mg) from thermal power plants. (b) Average seasonal NOx and SO2 emissions 1995–
2019 (Mg) from thermal power plants. (c) Monthly oil (m3) and gas production (1000 m3). (d) Monthly methane emissions (Mg) from fuel
production. (e) Monthly aerokerosene sales at airports (m3) for domestic and international flights. (f) Monthly CO and NOx emissions from
aviation.
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Figure A3. (a) Regions and provinces with natural gas consumption at homes. (b) Per capita annual natural gas consumptions. (c) Regional
and seasonal distribution of natural gas consumption per region (percent of total annual consumption).

Figure A4. (a) Railroad network and navigation ports, (b) seasonal railroad freight (million metric tons per kilometer), and passenger activity
(million passengers per kilometer). (c) Monthly railroad activity and fuel consumption (m3) and passenger activity (million passengers per
kilometer).
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Figure A5. (a) Land types for Argentina. (b) Monthly average precipitation (millimeters per cell). (c) Monthly average burned area (hectares
per cell). (d) PM2.5 emissions in (kilograms per cell) for September 2017.
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Figure A6. Normalized change in (a) population, gross domes-
tic product, and GHGs in terms of CO2eq between 1995 and
2020. (b) Population de-trended GDP and GHG. (c) De-trended
GHG / cap (GHG emissions per capita (or inhabitants), units:
kg/inhabitant) and GHG / GDP (GHG emissions per US dollar of
gross domestic product, units: g/USD). The normalized function is
obtained by subtracting the function mean value and divided by its
standard deviation.

Figure A7. Comparison of annual GHG emissions for the energy
sector between the different inventories considered in this work (see
Table A7.).

Comparison of total annual values for five inventories:
GEAA, TCNA2015, TCNA2019, CEDS, and EDGAR

In this section we compare the total annual values for Ar-
gentina for the period 1995 through 2015 for several national
and international databases. We include the present work
GEAA-AEIv3.0M with the Third National Communication
of Argentina to the IPCC (TCNA, 2015), which includes an-
nual GHG emissions from 1990 through 2014 and the recent
update TCNA 2019 (which spans from 1990 to 2016). An-
nual total emissions of GHG and air quality pollutants are
also compared to the estimations presented in the EDGAR
HTAPv5.0 inventory (Crippa et al., 2016, 2020; EDGAR,
2019) and the Community Emissions Data System (CEDS)
(Hoesly et al., 2018; McDuffie et al., 2020). We selected
those sectors and pollutants that are present in at least three
inventories. PM10 and PM25 are only present in EDGAR (Ta-
ble A10). These contaminants were discussed in the main
text.

The file “comp_geaa_ceds_edgar_tcna.xlxs” in the Sup-
plement contains detailed information for each inventory and
their comparison. It includes tables and figures, according to
Table A6. Tables A7 through Table A10 retrieve some of the
main results of the comparisons.
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Table A1. Argentine inventories developed at the Group for Atmospheric and Environmental Studies (GEAA).

Name Sectors Species Extension/ Reference
temporal/
resolution

GEAA-AEIv1.0A Road transport sector CO2, CH4, CO, Argentina, Puliafito
NOx , NMVOC, annual 2014, al. (2015)
TSP, PM10, PM2.5 9× 9 km

GEAA-AEIv2.0A Public electricity and heat production, CO2, CH4, N2O, Argentina, Puliafito et
oil refining, fugitive emissions from CO, NOx , annual 2016, al. (2017)
oil and gas production, domestic aviation, NMVOC, TSP, 0.025◦× 0.025◦

road transport, rail and inland navigation, PM10, PM2.5
residential sector, cement production

GEAA-AEIv3.0A Public electricity and heat production, oil refining, CO2, CH4, N2O, Argentina, Puliafito et
fugitive emissions from oil and gas production, CO, NOx , NMVOC, annual, al. (2020a, b)
domestic aviation, road transport, rail NH3, TSP, PM10, 2016,
and inland navigation, residential sector, PM2.5, BC 0.025◦× 0.025◦

cement production, agriculture, livestock
production, biomass burning

Table A2. Other abbreviations used in this text.

Abbreviation Definition Web page/observation

Fuels and technology considered in power plants

CC Combined cycle Power plant technology
TV Turbo steam Power plant technology
TG Turbo gas Power plant technology
DI Diesel engine Power plant technology
NG Natural gas Fuel
FO Heavy fuel oil Fuel
GO Gas oil Fuel
CM Mineral coal, carbon, charcoal Fuel
BD Biodiesel Fuel

Transport variables

RGS Refueling gas stations Loading fuel stations for vehicles
VKT Vehicle kilometer transported (VKM) Passenger transport index
TKT Tons per kilometer transported (tkm) Freight transport index
PKT Passenger kilometer transported (pkm) Public transport index
LTO Landing and take-off Aviation index
FO Heavy fuel oil Fuel for navigation
CNG Compressed natural gas Fuel
NA Gasoline Fuel
GO Gas oil Fuel
AK Kerosene for aviation Jet fuel for aviation
AG Gasoline for aviation Fuel for aviation

Earth Syst. Sci. Data, 13, 5027–5069, 2021 https://doi.org/10.5194/essd-13-5027-2021
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Table A3. List of industrial activities.

Number Code Activity Number Code Activity

1 2.C.1 Steel iron 24 2.B.10 PET
2 2.C.3 Aluminum 25 2.B.10 Polyethylene high density
3 2.B.4 Benzoic acid 26 2.B.10 Polyethylene
4 2.B.4 Acetaldehyde 27 2.B.10 Polypropylene
5 2.B.4 Acetic acid 28 2.B.10 Ammonium sulfate
6 2.B.4 Ethyl acetate 29 2.B.7 Carbon sulfide
7 2.B.4 Acetone 30 2.B.4 Toluene
8 2.B.4 n-Butyl acetate 31 2.B.10 Urea
9 2.B.2 Nitric acid 32 2.H.1 Paper – bisulfite

10 2.B.4 Salicylic acid 33 2.H.1 Paper – kraft
11 2.B.4 Alcohol 34 2.H.1 Paper – pulp
12 2.B.1 Ammonia 35 2.H.2 Vegetable oil
13 2.B.4 Aromatics – BTX 36 2.H.2 Food – poultry
14 2.D.3 Asphalt 37 2.H.2 Sugar
15 2.D.3 Asphalt roof 38 2.H.2 Beverage
16 2.D.3 Asphalt roads 39 2.A.2 Calcium lime
17 2.B.10 Sulfuric acid 40 2.A.1 Cement
18 2.B.2 Benzene 41 2.D.3 Car painting
19 2.B.7 Sodium carbonate 42 2.B.5 Calcium carbide
20 2.B.10 Chlorine 43 2.A.3 Glass
21 2.B.10 Ethylene 44 2.A.2 Calcium lime
22 2.B.10 Nylon 45 2.A.1 Cement
23 2.B.10 Other chemicals

https://doi.org/10.5194/essd-13-5027-2021 Earth Syst. Sci. Data, 13, 5027–5069, 2021
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Table A6. Index of comp_geaa_ceds_edgar_tcna.xlxs in the Supplement.

Page 1 Summary table for all species and sectors
Page 2 Summary tables for CO2 all sectors and inventories
Page 3 Tables and figures for CO2 all sectors and inventories
Page 4 Summary tables for CH4 all sectors and inventories
Page 5 Tables and figures for CH4C all sectors and inventories
Page 6 Summary tables for N2O all sectors and inventories
Page 7 Tables and figures for N2O all sectors and inventories
Page 8 Summary tables for CO all sectors and inventories
Page 9 Tables and figures for CO all sectors and inventories
Page 10 Summary tables for NOx all sectors and inventories
Page 11 Tables and figures for NOx all sectors and inventories
Page 12 Summary tables for NMVOC all sectors and inventories
Page 13 Tables and figures for NMVOC all sectors and inventories
Page 14 Summary tables for SO2 all sectors and inventories
Page 15 Tables and figures for SO2 all sectors and inventories
Page 16 Summary tables for NH3 all sectors and inventories
Page 17 Tables and figures for NH3 all sectors and inventories
Page 18 Comparison of CO2eq between GEAA and EDGAR
Page 19 Comparison of PM10 between GEAA and EDGAR
Page 20 Comparison of PM2.5 between GEAA and EDGAR
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Table A10. Comparison of total annual values for GEAA and
EDGAR from 1995 through 2015 for PM.

19
95

–2
01

5

G
E

A
A

-E
D

G
A

R

PM10 PM2.5

Stat./sector Mean SD Mean SD

TPP 1A1a −274.37 % 116.86 % −154.72 % 71.43 %
MFC 1A2 −166.03 % 62.86 % −94.77 % 41.98 %
ROC/FPR 1A1bc 98.37 % 0.99 % 97.80 % 2.10 %
FUG 1B2 91.90 % 8.61 % 92.43 % 8.05 %
ROT 1A3b −6.23 % 9.69 % −18.01 % 10.77 %
DOA 1A3a −428.53 % 47.80 % −745.30 % 76.89 %
R+N 1A3c-d −237.50 % 202.99 % −231.82 % 194.61 %
R+C 1A4a-b −36.21 % 35.34 % 13.67 % 22.23 %
MOP 2B-2C −110.66 % 47.89 % −67.56 % 34.65 %
LF 3 A 67.19 % 3.46 % 89.16 % 1.27 %
AG 3C 76.79 % 4.72 % 80.46 % 4.50 %
OBB 4D −91.27 % 95.85 % −287.63 % 248.76 %

Total −40.15 % 29.01 % −68.61 % 32.50 %

The percentage difference has been computed as (GEAA−EDGAR)/GEAA× 100 %.
Ref: PP: power plants; MFC: manufacturing’s own fuel consumption; ROC: refinery consumption;
FPR: fuel production; FUG: fugitive, venting and flaring; ROT: road transport; DOA: domestic
aviation; R+N : railroad and navigation; R+C (NG): residential and commercial (natural gas); R+C

(OF): residential and commercial (other fuels); FAG: fuel use in agriculture; MOP: manufacturing’s
own process; LF: livestock feeding; AG: agriculture; AWB: agriculture waste burning; OBB: open
biomass burning.

Supplement. The Supplement related to this article compiles two
files: a pdf file with Figs. S1 to S18, which show the monthly and an-
nual variations for the different subsectors analyzed, and a spread-
sheet file with the comparison of total annual values for five in-
ventories: GEAA, TCNA2015, TCNA2019, CEDS, and EDGAR.
Both are available online. The supplement related to this article
is available online at: https://doi.org/10.5194/essd-13-5027-2021-
supplement.
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