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Abstract. This paper presents the High-Elective Resolution Modelling Emission System delta version (HERMES_A), an open-
source, parallel and flexible emission processing tool to bridge the gap between official inventories and model-ready emissions
for air quality and greenhouse gas (GHG) modelling applications. HERMES A processes and combines the inventories
reported to the Convention on Long-Range Transboundary Air Pollution, the EU National Emission Ceilings Directive and
the UN Framework Convention on Climate Change with a large collection of detailed spatio-temporal proxies and speciation
profiles to create gridded, hourly and speciated emissions for input into a variety of mesoscale modelling systems, including
CHIMERE, CMAQ, MOCAGE, MONARCH and WRF-CHEM. Official emissions at sectoral and industrial facility-level of
NOy, SOy, CO, NH3, non-methane volatile organic compounds (NMVOC), PM o, PM; s, black carbon (BC), CO, and CH,4 are
combined, whereafter a detailed horizontal, vertical, temporal and speciation treatment is applied to produce ready-to-use
modelling emissions compatible with multiple user-defined grids and chemical mechanisms. As a results, HERMES A
provides self-consistent air pollutants and GHG high resolution emissions, thus enhancing the integrated analysis of emissions
affecting both air pollution and climate change. The paper exemplifies the use of HERMES A by processing the Spanish
official inventories and describing the methods and sources of information considered to construct the required input
information, which can be used as a guidance for potential applications in other countries. Illustrations of HERMES A
emission outputs and of its computational performance are provided to show its capabilities. The model is designed following
a flexible and transparent framework, so that it can be applicable to any European country where the required input data are
available. The HERMES A code is distributed through a Zenodo repository (https://doi.org/10.5281/zenodo.21393948, last
access: 10/07/2026).



30

35

40

45

50

55

60

https://doi.org/10.5194/egusphere-2026-4146
Preprint. Discussion started: 23 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

1 Introduction

The new European Ambient Air Quality Directive 2024/2881 (AAQD; EU, 2024) marks a shift in the use of air quality models
for management and policy support, moving them from a complementary to a mandatory role to support assessment and
planning works (EC, 2025). Out of the variety of input data and numerical parametrisations that integrate air quality models,
emission inventories are recognised to be one of the most crucial as well as one of the largest sources of uncertainty in the
modelling chain (de Meij et al., 2024). Therefore, a correct representation of the emission levels and their sectoral and spatio-
temporal representation is essential to ensure reliability and accuracy of the modelling applications defined under the new
AAQD. Concerning greenhouse gases (GHG), multiple initiatives at the national and European level are currently working on
the development of observation-based GHG modelling systems. The aim of these tools is to monitor the evolution of
anthropogenic CO, and CHy4 emissions and the impact of the mitigation policies that are being implemented to fulfil the
reduction commitments established in the framework of international initiatives, such as the Paris Agreement and the European
Green Deal. Examples of these systems are the Copernicus anthropogenic CO; and CH4 emissions Monitoring and Verification
Support capacity (CO2MVS; Janssens-Maenhout et al., 2020; Balsamo et al., 2021) or the Integrated Greenhouse Gas
Monitoring System for Germany (ITMS, Gerbig et al., 2021). These GHG modelling systems combine information from in
situ and satellite-based observations and from prior emission inventories with detailed Earth system models. Besides

observations and models, high quality prior emission information is critical to their success (Denier van der Gon et al., 2025).

Member States under the Convention on Long-Range Transboundary Air Pollution (CLRTAP), the National Emission
reduction Commitments Directive (NECD) and the United Nations Framework Convention on Climate Change (UNFCCC)
are obliged to report annual national total,sectoral and point source emission inventories of air pollutants and GHG. These
emission inventories are compiled following bottom-up tiered approaches as described in the EMEP/EEA air pollutant
emission inventory guidebook (EMEP/EEA, 2023) and the Intergovernmental Panel on Climate Change (IPCC) Guidelines
for National Greenhouse Gas Inventories (IPCC, 2019). National inventories are updated on an annual basis and go through
quality assurance/quality control and verification procedures established by the Member States as well as international bodies

such as the Centre on Emission Inventories and Projections (CEIP, https://www.ceip.at/, last access: 25/10/2025), which

contribute to the continuous improvement of the final databases. Emissions are provided at the annual scale and contain data
with a 2-year time lag, starting from the year 1990 for all species except for PM, which are only reported from the year 2000
onwards as established by the CLRTAP criteria. Air pollutant emission inventories under the CLRTAP need to also be provided
in gridded form at least every 4 years following the EMEP grid, with a resolution of 0.1x0.1 degrees -approximately

10kmx10km (https://www.emep.int/mscw/emep_grid.html, last access: 25/10/2025).

The compiled inventory data is used nationally and internationally to support decision making on environmental protection

and to check compliance with established emission reduction commitments. However, the format in which these official
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inventories are provided limits their usage as input for air quality and GHG modelling applications, since emissions need to
be spatially resolved at a higher resolution than 10kmx10km (at least 1kmx 1km resolution in a urban context; EC, 2025), but
also temporally disaggregated to finer scales (typically hourly), vertically discretized and, in the case of lumped air pollutants
(e.g., non-methane volatile organic compounds; NMVOC), chemically speciated to individual components and groups of

species considered in the chemical mechanisms of air quality models.

Emission processing systems are tools that convert raw inventories into high-resolution gridded, hourly and speciated emission
datasets to make them usable for model simulations. One of the most glaring examples of these systems is the open-source
Sparse Matrix Operator Kernel Emissions model (SMOKE, https://www.cmascenter.org/smoke/, last access: 03/05/2026),
originally designed in the late 90s to pre-process the US National Emission Inventory for fine-scale air quality modelling
studies (e.g., Ma and Tong, 2022) and later on adapted for other regions of the world (e.g., Borge et al., 2008; Bieser et al.,
2011). Other national tools include the Emission-MAPper tool (E-MAP; https://github.com/VITObelgium/emap, last access:

02/06/2026), designed to process the Flemish Emission Inventory. More recent examples are the High-Elective Resolution
Modelling Emission System Global-Regional (HERMES GR; Guevara et al., 2019), the Harmonized Emissions Component
(HEMCO; Lin et al., 2021), the Flexible Universal processor for Modeling Emissions (FUME; Belda et al., 2024) and the
Atmospheric SpatioTemporal Emissions Model (AtmoSTEM; Kakouri et al., 2026). However, in the aforementioned cases
the starting point are not detailed official inventories, but emission products that are already provided in grids and sectorial
aggregated forms, such as the Copernicus Atmosphere Monitoring Service (CAMS) global and European regional
anthropogenic emission inventories (CAMS-GLOB-ANT; Soulie et al., 2024; CAMS-REG; Kuenen et al., 2022), which limits
the specificity of the spatial proxies, temporal and speciation profiles that can be used to process them. Some chemical transport
models (CTM) include dedicated emission pre-processing systems, such as the emiSURF model developed for CHIMERE
(Mailler et al., 2017), the emiproc tool developed for COSMO-GHG and COSMO-ART (Jéhn et al., 2020) or the Detailed
Emissions Scaling, Isolation, and Diagnostic (DESID) module developed for CMAQ (Murphy et al., 2021). These systems are
designed to produce emissions only compatible with their corresponding CTM, and they also consider as input already gridded

and sectoral aggregated inventories.

This work presents the High-Elective Resolution Modelling Emission System delta version (HERMES_A), an open-access
and python-based modelling tool intended for the pre-processing of the officially reported sectorial and point source level
emission inventories to support air quality and GHG modelling efforts. The system combines the officially reported emission
data under the CLRTAP, NECD and UNFCCC with a large collection of detailed spatio-temporal proxies and speciation
profiles to adapt them to the input modelling requirements. HERMES A gives the possibility to prepare emission inputs for

multiple user-defined grids, chemical mechanisms and a variety of 3D mesoscale modelling systems.
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The paper is organized as follows: Sect. 2 describes the general workflow of HERMES A and the functionalities and strategies
considered to perform the spatial mapping, vertical and temporal distribution and speciation treatment of the original
inventories. Sect. Error! Reference source not found. exemplifies the use of HERMES A by processing the Spanish official
inventories. A detailed description of the methods and sources of information considered to construct the required input
information (i.e., spatio-temporal proxies, vertical and speciation profiles) is included, so that it can be used as a guidance for
potential applications in other countries. This section also presents and discusses examples of the emission outputs produced
for Spain, as well as an assessment of the parallel scalability of the model. Finally, Sect. 3.3.2 presents the main conclusions

of this work and future perspectives.

2  HERMES_A description

HERMES A is an open-source emission model created and maintained by the Earth Sciences Department of the Barcelona
Supercomputing Center (BSC), which builds on past experiences in the development of other versions of HERMES (i.e.
Baldasano et al., 2008; Ferreira et al., 2013; Guevara et al., 2013, 2017, 2019 and 2020). The model has been developed in the
framework of the high-Resolution air Emissions Systems to support modelllng and monitoRing Efforts (RESPIRE) project
(https://respire.bsc.es/, last access 02/06/2026).

HERMES A uses as input the officially reported annual emission inventories under the CLRTAP, NECD and UNFCCC,
which need to be pre-processed to adapt them to the input format requirements of the model (see Sect. Error! Reference
source not found.). User has the freedom to choose the sectoral (e.g., Nomenclature For Reporting, NFR; Selected
Nomenclature for Air Pollution, SNAP) and spatial (e.g., NUTS level 1, 2 or 3) aggregation levels at which original emissions
are provided to the model (see Sect. Error! Reference source not found.). The emission inputs considered by HERMES A
include information reported at the sectoral and individual industrial facility-level for main criteria pollutants (i.e. NOy, CO,
NMVOCs - non-methane volatile organic compounds -, SOy, NH3, PM 9, PM, 5 and the BC component — black carbon) and
GHG (i.e. CO; and CH4). Unlike BC, emissions from the Organic Carbon (OC) component of PM; s are not encouraged to be
reported under the CLRTAP and subsequently are derived during the speciation process (see Sect. 2.5).

HERMES A combines and converts the original reported emissions from specific sector categories and individual point

sources into gridded, vertical, hourly and speciated emissions for input into air quality and GHG models following Eq. (1):

Eout (6, v,h, €) = 341 Tn-i{E(@) - MF(x) - VF(v) - TF(h) - SF(8)} g + Zp=1{E(8) - MF(x) - VF(v) - TF(h) - SF (&)}, 6]

where E,,;(x, v, h), is the output emission of the chemical species e on the destination grid cell x, vertical layer v and hour-

of-the-year 4, E(€),, is the input emission of the primary pollutant € reported for the activity source a and the NUTS2 region

4
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n, E (&), is the input emission of the primary pollutant & reported for point source p, MF (x) 4, and MF (x)y, , are the emission
spatial mapping weight factors to destination grid cell x associated to activity source a and region n and point source p,
respectively, VF(v),, and VF(v), are the emission vertical distribution weight factors to destination vertical layer v
associated to activity source a and region n and point source p, respectively, TF (h),, and TF (h), are the emission temporal
distribution weight factors to the hour-of-the-year / associated to activity source a and the region » and point source p,
respectively, and SF ()., and SF (&), are the speciation factors assigned to the primary pollutant &, activity source a and the

region n and point source p, respectively.

2.1 General workflow

Figure 1 shows a schematic representation of the structure and workflow of HERMES A. The user defines general and
emission sector-dependent parametrisations through the general configuration.ini and sector configuration.yaml files,
respectively. The parametrisations include characteristics of the working domain, execution dates and input and output data
paths, among others (see Sect. 2.1.1). HERMES A uses this information to start the initialization process of the model, which
consists of: 1) the creation of the working grid where emissions will be allocated (in NetCDF and GeoJSON formats), and ii)
the creation of sector-dependent spatial surrogates that are lately used to spatially map the original emissions onto the grid
cells of the defined working domain. These horizontal spatial surrogates are stored as auxiliary files in NetCDF format after
their creation so that they can be reused in subsequent executions. The input data files used by HERMES A are divided into
three main folders, which contain the pre-processed official reported emission inventories (emission_data), sector-dependent
and general spatial proxies, including geostructures (i.e., shapefiles and GeoJSON) and raster files (spatial_proxies) and sector-
dependent temporal, vertical and speciation profiles (profiles). The emission core of HERMES A calculates gridded, vertical,
hourly and speciated emissions in four steps that are applied to each pollutant sector and species of the original emission
inventories: (i) spatial regridding (see Sect. 2.2), (ii) vertical distribution (see Sect. 2.3), (iii) temporal distribution (see Sect.
2.4) and (iv) speciation treatment (see Sect. 2.5). Once the emissions have been processed, HERMES A gathers the results
obtained for each sector and writes the merged data into an output NetCDF file following the requirements and conventions

of the atmospheric chemistry model selected by the user (see Sect. 2.6).
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Figure 1 Schematic representation of HERMES_A. General and sector-dependent parameters are described by the user in the
corresponding configuration files. Input data used by HERMES_A includes a collection of spatial proxies, temporal, vertical and
speciation profiles and pre-processed official emission inventories. The information provided in the configuration files together with
the input data is used by HERMES_A to start the initialization process, which includes the creation of working grid and of the
auxiliary files. Once the general initialization is finished, HERMES_A starts the execution of the emission core of the model. For
each sector, the model performs a (i) spatial mapping, (ii) vertical distribution, (iii) temporal distribution and (iv) speciation of the
original emissions. Processed emissions are summed per grid cell, timestep and species. Once the data gathering is finished, gridded,
hourly and speciated emissions are written in NetCDF format according to the atmospheric chemistry output format selected by the
user.

emission file

2.1.1  Configuration files

The general and sector-dependent configuration options are passed to HERMES A via the general configuration.ini and

sector_configuration.yaml files, respectively.

The general configuration.ini is divided into the following sections:
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General: this section defines the paths to the input data, input/output directories, the name of the output emission file,
time step configuration parameters (i.e. start and end dates and number of hourly time steps), the option of removing
existing spatial auxiliary files at the beginning of the execution, the compression level of the output NetCDF emission
file (from 0 to 9), the option of only performing the horizontal spatial distribution of the original emission inventories,
the option of keeping or not a full consistency between national and point source level emissions (see Sect. 2.1.3) and
the option of activating the holidays functionality, which allows HERMES A to consider the impact of public national
and regional holidays on the temporal distribution of emissions (see Sect. 2.4).

Domain: this section defines the atmospheric chemistry model file convention of the resulting emission file (see Sect.
2.6), map projection (i.e., regular lat-long, rotated lat-long, Lambert conformal conic, Mercator) and characteristics
of the working grid, including spatial extension, horizontal resolution and vertical description (thickness of each
layer).

Sector configuration: this section defines the path to the sector_configuration.yaml file.

Common data: this section defines the paths to input data elements that are common to all emission sectors, including
the georeferenced administrative borders at which emissions are originally provided (e.g., national, NUTS2 or
NUTS3 level), a file defining the time zone and holiday region to which each administrative region belongs, which
is used during the temporal distribution process (see Sect. 2.4), and the file that defines the mapping between
individual chemical species and the chemical mechanism defined by the used, which is used in the speciation process

(see Sect. 2.5).

The sector configuration.yaml defines the paths to the emission input data, spatial proxies and temporal, vertical and

speciation profiles associated to each emission sector.

2.1.2

Input data

The input data files used by HERMES A are grouped under three categories:

Profiles: Includes the temporal (monthly, weekly, day-of-the-year and hourly), vertical and speciation profiles used

to perform the temporal (see Sect. 2.4) and vertical distribution (see Sect. 2.3) and speciation treatment (see Sect. 2.5)
of the original emissions.

Spatial proxies: Includes the georeferenced objects (i.e., GeoJSON, shapefiles and raster files) used to perform the
spatial distribution of the original emissions to the destination gridded domain (see Sect. 2.2 for a detailed description
of the proxies used). Spatial proxies can be provided either as vector geostructures containing custom point, line or
polygon geometries with associated weighting factors, or as georeferenced raster datasets. Raster proxies may be
numerical, where cell values are used proportionally during the spatial allocation process (e.g., population density),
or categorical, where selected classes define the spatial distribution of emissions (e.g., land-use, crop-type or degree-

of-urbanisation datasets).
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- Emission data: Includes the emission information derived from the official sectoral and point source level inventories.
Files are provided in .CSV format. Two types of files can be provided to HERMES A:

o National emission files (mandatory): Contain information on total annual emissions per pollutant, individual

source category and administrative division. HERMES A provides freedom to the user to choose the level
of aggregation in terms of source sector classification (e.g., following the NFR, SNAP or other non-official
sector classification systems) and administrative level (e.g., NUTS1, NUTS2, NUTS3) at which input
emissions are provided. These files also include information on the specific spatial proxy, temporal and
speciation profile that the user assigns to each source category-administrative division combination. The
user also needs to indicate for which source category-administrative division combinations point source
emissions are also reported, so that HERMES A can perform a consistency check between the emissions
provided in these files and the point source emission files (see Sect. 2.1.3). The complete list of expected
fields of information is provided in Table 1.

o Point source emission files (optional): Contain information on total annual emissions per industrial facility
at their exact geographical locations (latitude and longitude). These files also include information on the
specific stack height, and temporal and speciation profile that the user assigns to each point source. Each
point source can be individually activated/deactivated by the user setting their corresponding CONS field to

1/0. The complete list of expected fields of information is provided in Table 2.

Official emissions as reported in the open-access national inventory submissions under the CLRTAP
(https://www.ceip.at/webdab-emission-database, last access: 10/06/2026), NECD
(https://cdr.eionet.europa.cu/es/eu/nec_revised, last access: 10/06/2026) and UNFCCC

(https://unfccc.int/topics/mitigation/resources/registry-and-data/ghg-data-from-unfcce, last access: 10/06/2026) need to be

pre-processed and adapted to the input format requirements of HERMES A (as defined in Table 1 and Table 2). This pre-
processing step takes place outside the HERMES A model. The rationale behind this decision is that while the national
inventory submissions need to follow specific reporting formats and templates, in many cases national emission inventory
agencies internally compile these inventories with a larger granularity and level of detail, following standards and templates
that are not homogeneous across countries. For instance, in the case of Spain, the inventory reported by the Ministry for the
Ecological Transition and the Demographic Challenge (MITECO) under the CLRTAP, which need to be provided at the
national level and following the NFR nomenclature, is originally compiled at NUTS2 level (17 autonomous communities —
CCAA, and 2 autonomous cities) and following a sector classification system that goes beyond the categories contemplated in

NFR (e.g., emissions split per fuel and crop type).
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Table 1 List of fields of information provided in the national emission input file, including name of the column, data type (srt: string,
bool: Boolean, float64: double-precision floating-point format) and description.

Column Name Type Description
Source category description str Individual alphanumeric code associated to each emission source category (e.g.,
—category_ P SNAP, NFR nomenclatures) (optional)
Source_category code str Description of the emission source category
Whether this source category-administrative division combination includes
is_point_source bool emissions from point source listed in the Point Sources Emission File (see
Table 2) or not ("True" or "False' / "1" or "0")
Admin_division_name str Name of the administrative division (optional)

Code of the administrative division (e.g., NUTS nomenclature;
Admin_division_code str https://en.wikipedia.org/wiki/Nomenclature_of Territorial Units_for Statistics,
last access: 10/06/2026)
Whether emissions for each source category-administrative division
combination are considered or not (‘True’ or "False’ /1" or "0")
Name of the spatial proxy to use for the horizontal mapping of the emissions
spatial _proxy str from each source category-administrative division combination (must match the
name provided in the secfor_configuration.yaml file)
For those spatial proxies classified into multiple categories or level (e.g., land
proxy_code str use type, crop type, degree of urbanisation), this field defines the category(ies)
to be considered
Monthly temporal profile ID cross-referenced with the CSV file where the

CONS bool

P_month str numeric monthly temporal profile weight factors are stored.
Weekly temporal profile ID cross-referenced with the CSV file where the
P_week str . .
- numeric weekly temporal profile weight factors are stored.
P hour sir Hourly temporal profile ID cross-referenced with the CSV file where the

numeric weekly temporal profile weight factors are stored.
Day-of-the-year temporal profile ID cross-referenced with the CSV file where
P day str the numeric weekly temporal profile weight factors are stored. (optional;
mutually exclusive with 'P_month™ + 'P_week")
Speciation profile ID cross-referenced with the CSV file where the speciation

P t
—Spee St profiles are stored.
Vertical profile ID cross-referenced with the CSV file where the vertical
P_vert str
- profiles are stored.
<pollutant>" float64 One or more columns, each representing the annual emissions associated to a

specific air pollutant or greenhouse gas in t/year (e.g., nh3, co, nmvoc)

235
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Table 2 Same as Table 1, but for the point source emission input file

Column Name Type Description
Code str Unique alphanumeric identifier of the point source (optional)
Name str Name of the point source (optional)
Latitude float64 Latitude of the emission point in WGS84
Longitude float64 Longitude of the emission point in WGS84
Source category_description str

Description of the emission source category (optional)

Source category code str Individual alphanumeric code associated to each emission source category (e.g.,
category_ SNAP, NFR nomenclatures)
Name of the administrative division where the point source is located (optional)
Code of the administrative division where the point source is located (e.g.,
Admin_division code str NUTS nomenclature;
- - https://en.wikipedia.org/wiki/Nomenclature of Territorial Units for Statistics
last access: 10/06/2026)
CONS bool Whether emissions from eac‘h p01r‘1t source are considered or not (‘True" or
False’ /1" or '0")

Admin_division_name str

Stack height float64 Altitude of the stack associated to the point source (in m)
Factor to account for the vertical rise of the industrial plume. This factor
plume rise factor float64 multiplies the stack height value provided under stack height to estimate an
effective emission height and perform the vertical distribution (see Sect. 2.3)
Monthly temporal profile ID cross-referenced with the CSV file where the
P_month str . .
- numeric monthly temporal profile weight factors are stored.
Weekly temporal profile ID cross-referenced with the CSV file where the
P_week str . .
- numeric weekly temporal profile weight factors are stored.
P h Hourly temporal profile ID cross-referenced with the CSV file where the
our str . .
- numeric weekly temporal profile weight factors are stored.
Day-of-the-year temporal profile ID cross-referenced with the CSV file where
P _day str the numeric weekly temporal profile weight factors are stored. (optional;
mutually exclusive with 'P_month’ + 'P_week")
Speciation profile ID cross-referenced with the CSV file where the speciation
P_spec str
profiles are stored.
<pollutant>" float64 One or more 'columns, each representing th.e annual emissions associated to a
specific air pollutant or greenhouse gas in t/year (e.g., nh3, co, nmvoc)

10
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2.1.3  Consistency between national and point source level emission inventories

All point and non-point anthropogenic emission sources are reported per source sector category under the CLRTAP, NEDC
and UNFCCC national emission inventories (NEI). In addition, EU Member States are required to report annual emission
information at the level of individual installations under the Large Point Sources (LPS) database of the NECD

(https://cdr.cionet.europa.cu/es/eu/nec_revised/Ips/envabhxzw/, last access: 18/05/2026) and the Industrial Emissions Portal

Regulation (IEPR, https://industry.eea.curopa.eu/industrial-emissions, last access: 10/06/2026). The LPS and IEPR databases

only report emissions from those point sources that are above standardized reporting thresholds (e.g., production or
employment capacity, annual emissions). While representing only a subset of the total national emissions included in the
national inventories, the LPS and IEPR registries have the advantage of reporting emissions at the exact geographical location

of each plant, increasing the accuracy of their spatial mapping.

The NEI data is consistent with the LPS data, as established by the NECD, but not necessarily with the IEPR data. This is due
to the different approaches used to construct the LPS and IEPR databases, which vary among countries. For instance, in the
case of Spain LPS emissions are directly estimated by MITECO making use of activity and emission data provided by the

corresponding industries through surveys, while in the case of IEPR emission estimates are directly reported by the industries.

When combining the three emission databases, HERMES A checks the consistency between the sum of LPS plus IEPR and
the NEI. This consistency check is performed for every source category-administrative division-pollutant combination. During
this process, the three following scenarios are possible, which are illustrated with a Spanish case in Fig. 2:

- The NEI is larger than the sum of LPS and IEPR: This scenario occurs when some industrial facilities are below the
standardized reporting thresholds and therefore not obliged to report under LPS or IEPR. The difference between NEI
and LPS plus IEPR emissions, hereinafter referred to as remainder, is distributed by HERMES A using other spatial
proxies, as detailed in Sect. 2.2.

- The NEI is equal to the sum of LPS and IEPR: This scenario occurs when emissions from a source sector category
are fully occurring in point source facilities and all of them are above the LPS/IEPR reporting thresholds. Under this
scenario, HERMES A directly works with the plant-level emissions reported by LPS and IEPR and ignores the
emissions reported in the NEI files (see Sect. 2.1.2).

- The NEI is lower than the sum of LPS and IEPR: Under this scenario, the user can select between two options via the
general configuration file (see Sect. 2.1.1).

o The first one is for HERMES A to force a consistency between the NEI and the sum of LPS and IEPR by

applying a correction factor to the original IEPR emissions, which is estimated following Eq. (2).

NEL, 0 — LPS, 54 @
IEPRy 5 4

CP;J,s,a =

11



275

280

285

290

https://doi.org/10.5194/egusphere-2026-4146
Preprint. Discussion started: 23 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Where CF, s, is the correction factor for pollutant p, source category s and administrative division a

o The second option is for HERMES A to ignore the inconsistency and use as input the emissions resulting
from the sum of LPS plus IEPR.

Under this third and last scenario, the two strategies are allowed in HERMES A because there are no strong foundations that
allow assuming that, for a given source category-administrative division-pollutant combination, the emissions reported by the
national inventory are always more accurate than the ones reported by LPS plus IEPR, or vice versa. For a given case, the NEI
may be less accurate than IEPR due to uncertainties in the methodology to distribute the industrial national fuel balance across
administrative regions and industry sectors, while for another case the IEPR emissions may be less accurate due to the use of
a low tiered estimation approach or uncertainties in the activity and emission factors considered. Having the two strategies
available in HERMES A allows the user to run sensitivity test and perform indirect evaluations when using the emissions for
modelling exercises. As previously indicated, this inconsistency issue is only occurring in certain countries and works to reduce
the number of occurrences in which this scenario is given are already on going. For instance, in Spain the harmonization of
the NEI with the IEPR registry is part of the actions for future improvements planned by the MITECO, as reported in the 2025
submission of the Spanish Informative Inventory Report (https://cdr.eionet.curopa.eu/es/un/clrtap/iir/, last access: 02/06/2026).

LPS+IEPR

NEI

Consistency check: )’ (pollutant p, source category s, administrative division a)

NEI > LI;S+IEPR NEI = LPS+IEPR NEI < LPS+IEPR
Remainder distributed using Use LPS+IEPR emissions Correction factor or
other spatial proxies use of LPS+IEPR
Power plants (boilers > 20 & <50 MWt) Cement plants Engines in manufacturing industries
Catalonia Andalucia Galicia

£l 00

00 y
Z 400+
2 2000
3 -
2
&
g 200
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Figure 2 Schematic representation of the consistency check performed by HERMES_A when combining the national sectoral level
(NEI) and LPS/IEPR point source level emission inventories. The consistency check is performed for every source category(s)-
administrative division(a)-pollutant(p) combination. The scheme indicates the three possible resulting scenarios and provides an
illustrative example for each one of them for Spain, where NEI (blue) and LPS+IEPR (red) annual NOx, SOx, PM1o and PMzs

Annual emissions [vy]
Amnual emissions [uy]

ND, P 2 50,
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emissions [t/year]| are compared for the following cases (from left to right): Boilers in power plants with installed capacity between
20 and 50 MWt in the region of Catalonia (NEI > LPS+IEPR), cement plants in the region of Andalucia (NEI = LPS+IEPR) and
engines in the manufacturing industry in the region of Galicia (NEI < LPS+IEPR).

2.2 Spatial distribution

HERMES A can produce emissions with flexible spatial domain coverage and resolution and for several map projections (i.e.,
regular latitude-longitude, rotated latitude-longitude, Lambert conformal conic, Mercator), being able to cover the highest
resolution at which 3D mesoscale models typically run (on the order of 1 km grid resolution; e.g., Pay et al., 2014). The spatial
distribution of the emissions across the defined gridded domain is performed considering the spatial proxies assigned to each
pollutant activity in the pre-processed emission input file (see Sect. Error! Reference source not found.) and using the

latitude and longitude coordinates provided per facility for the point source emission data.

The model includes multiple functionalities for manipulating and performing spatial operations on a variety of georeferenced
objects provided by the user, including point, line and polygon GeoJSON files and shapefiles and categorical and numerical
raster files. Each of the elements included in a georeferenced object (e.g., discrete geographical location in the point shapefile,
pixel in a raster file) must be assigned with a specific weight (e.g., installed capacity, number of inhabitants). The spatial
operations are performed through a vector-based representation of both the destination grid and the input georeferenced

objects, allowing the application of conservative remapping procedures between source and destination geometries.

HERMES A uses the information provided in these georeferenced objects to create spatial proxies that contain the normalised
fraction of emissions that goes into each grid cell of the desired working domain. For that, the following steps are executed:
- Generation of a vector representation of the destination modelling grid, where each grid cell is represented by an
individual polygon.
- Conversion of all input georeferenced objects into a common vector representation and projection system.
- Application of a conservative remapping procedure to quantify the contribution of each source proxy element to each
destination grid cell based on the corresponding geometric measure (e.g., area, length or point magnitude).
- Aggregation of the total proxy quantity for each administrative region.
- Normalisation of the proxy values independently for each administrative region, ensuring that the sum of all grid-cell
contributions equals one.
- Storage of the resulting normalised spatial proxies in auxiliary NetCDF files for efficient reuse during subsequent

simulations.

HERMES A also supports the use of double proxies, which combine two independent spatial datasets during the allocation
process. In this approach, a primary proxy provides the spatial distribution weights, while a secondary proxy acts as a spatial

filter or scaling factor. For example, population density can be used as the primary proxy to distribute emissions, while a
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polygon geostructure identifying municipalities connected to the natural gas network is used to restrict the allocation only to
the areas where the activity can occur. This approach enables the incorporation of additional spatial knowledge when a single

proxy is not sufficient to adequately represent the spatial distribution of an activity.

As the proxy calculation can be very resource intensive, spatial proxies are saved as auxiliary files, so they can be reused for
any simulation with the same working domain and input georeferenced objects (see Sect. 3.3.1). For point sources, the
geographical coordinates of each facility are used to identify and assign the emissions to the grid cell containing the facility
within the working domain. Due to the low computational cost of this operation, the point source-to-grid-cell association is

not stored as an auxiliary file.
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2.3 Vertical distribution

Emissions are distributed across the vertical layers of the destination domain defined in the general configuration file of the

model (see Sect. 2.1.1).

The user can define specific activity- and region-dependent vertical profiles, which describe the fraction of emissions released
within different height intervals above ground level. These profiles are independent of the vertical discretisation of the
destination domain and are provided by the user through YAML files, one per general sector, containing the alphanumeric
profile identifiers that are cross-referenced with the emissions input files (see Table 1). During execution, HERMES A
internally maps the emissions associated with each vertical profile to the vertical layers defined in the destination domain,
allocating emissions proportionally according to the overlap between the profile height intervals and the model layers. This
approach allows the same vertical profiles to be reused across different modelling vertical configurations without requiring

any modifications.

Point source emissions are vertically distributed considering the stack height and a plume rise factor that is associated to each
individual facility, both parameters being provided by the user in the associated point source emission input file (Table 2).
HERMES A allocates the emissions to the vertical layer closest to the resulting injection height obtained from multiplying the
two aforementioned parameters. We acknowledge the limitation of this method when compared to the use of plume rise
algorithms, which allows a dynamical estimation of effective plume heights for point sources considering stack and

meteorological variables (e.g., Guevara et al., 2014).

HERMES A is an off-line emission model and cannot consider the variability of the vertical layer depth of air quality models
based on sigma vertical coordinates. Consequently, it does not distribute the emissions to the exact sigma levels of the models
(which vary slightly in time and space) but to a set of fixed vertical levels that are close to them and that are defined by the
user. This assumption is in line with previous works (e.g. Guevara et al., 2019) and is assumed to be a minor source of
uncertainty when compared to the large uncertainty associated with plume rise algorithms (e.g. Axelrod et al., 2025) and

sector-dependent vertical profiles currently used by the air quality modelling community (e.g., Colette et al., 2025).

2.4  Temporal distribution

HERMES A temporally breaks down the annual reported emissions into the hourly level combining monthly (month-of-the-
year) plus weekly (day-of-the-week) plus hourly (hour-of-the-day) or daily (day-of-the-year) plus hourly temporal weight
factors. Temporal weight factors are provided by the user through a collection of CSV files, one per temporal resolution and

general sector, which contain information on the temporal weight factors per time step and the alphanumeric profile ID
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associated to each profile and used for the cross-referencing. The weight factors need to sum up to 12 for the monthly scale, 7

for the weekly scale, 24 for the hourly scale and 365 for the daily scale (or 366 in case of a leap year).

For the point sources, individual profiles can be assigned to each facility, while for the national emissions the profiles can be
assigned independently to each source category-administrative division combination, which allow considering the impact of

different climatological or sociodemographic aspects across the country.

For each emission source, HERMES A combines the corresponding monthly—weekly—hourly or daily—hourly temporal
profiles to calculate a year-to-hour temporal allocation factor. Temporal profiles are evaluated in local time using the time
zone associated with each administrative region, allowing the model to account for regional differences and daylight-saving-
time transitions. For the monthly—weekly—hourly approach, weekly profiles are dynamically rebalanced according to the actual
calendar composition of each month and year, including the number of occurrences of each weekday and, when activated, the
treatment of public holidays as Sundays (see paragraph below). This procedure ensures that the temporal allocation preserves

the original annual emission totals while correctly representing temporal variability at the hourly scale.

HERMES A allows the user to model the effect of accounting for public holidays when temporally distributing the original
annual emissions. When this option is selected in the general configuration file, HERMES A identifies the days from the
simulation period that are public national or regional (NUTS2 level) holidays and regards them as Sundays. In other words,
holidays are forced with Sunday class day-of-the-week temporal weight factors instead of the coefficients that would
correspond to that day according to the calendar. The hypothesis of treating holidays as Sundays is based on an analysis
performed using long time series of electricity production and traffic congestion statistics for Spain, which reveals that the
average temporal weight factors obtained for Sundays and public holidays differ by only 5% (Fig. S4). When activating the
holidays functionality, HERMES A recalculates the weekly rebalancing factors considering the holiday-adjusted weekday
distribution, thereby avoiding deviations from the original annual emissions while preserving the intended temporal behaviour

of the profiles (illustrative example provided in Fig. S5).

2.5  Speciation

The speciation of original emissions is performed following a two-step approach. In the first step, HERMES A splits total
NMVOC, NOy and PM emissions into individual chemical components, while in the second steps these individual species are
remapped to the gas phase and aerosol chemical mechanisms selected by the user. For those species that are not originally
reported in a lumped form and that are explicitly resolved by models (e.g., CO, NH3, CHy), a direct one to one relationship is

established.
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Concerning the first step, individual speciation profiles can be assigned to each point source facility and activity- and region-
dependent national emissions. Speciation profiles are defined by the user through sector-dependent CSV files, which contain
the following information:
- Alphanumeric speciation profile ID, which is cross-referenced with the same ID assigned to each source category-
administrative division combination and individual facility in the emission input CSV files, respectively (see Table 1
and Table 2)
- Name of the individual chemical substance to which original reported emissions will be mapped
- Unique identifier assigned to each individual chemical substance, as described in the open scientific literature (e.g.,

CAS registry; https://www.cas.org/cas-data/cas-registry, last access: 15 May 2026)

- Molecular weight of each individual chemical substance (in g/mol). For aerosol species, a value of 1 is considered as
emissions are provided in mass to air quality models.

- Relative share (in mass) of the total original emission species (e.g., NOy, NMVOC, PM; ;) associated to each
individual chemical substance (expressed in %)

- Name of the original reported emission species (e.g., NOx, NMVOC, PM, 5)

For each speciation profile and original emission species, the sum of the relative shares associated to each individual chemical

substance should be 100%.

Regarding the second step, model and chemical mechanism dependent CSV files defined by the user are used by HERMES A
to perform the remapping of the individual chemical substances obtained from the first step to the corresponding gas and
aerosol phase chemical species. These CSV file report, for each individual chemical substances, mole-based conversion factor
to the destination chemical species. For acrosol phase species, a factor of 1 is considered to do the remapping, as emissions
are provided in mass to air quality models. The columns of these files refer to the names of the destination species, which need
to match the atmospheric chemistry model registry names of the emission variables. Information on the desired units of the
destination species should also be provided. This information is later used by HERMES A during the writing process. The
unique identifier assigned to each individual chemical substance is used for cross-referencing the information provided in this

file with the speciation profile files.

Although conceptually performed as a two-step process, HERMES A internally combines both mappings during the
initialization stage to build direct conversion factors between the original inventory pollutants and the destination chemical

species, thereby avoiding unnecessary calculations during the emission processing workflow.

In its current version, HERMES A allows producing speciated emissions for multiple gas phase and aerosol chemical

mechanisms, including Carbon Bond 5 (CB0S5; Yarwood et al., 2005), Carbon Bond 6 (CB06; Yarwood et al., 2010), Regional
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Atmospheric Chemistry Mechanism (RACM; Stockwell et al., 1997), MELCHIOR2 (Mailler et al., 2017), Community
Regional Atmospheric Chemistry Multiphase Mechanism versions 1 (CRACMMI; Pye et al., 2023) and 2 (CRACMM2;
Skipper et al., 2024), the fifth-generation Aerosol Module (AEROS5; Binkowsk and Roselle, 2003), CARB1 (Mailler et al.,
2017) and the MOCAGE aerosol module (Si¢ et al., 2015). Users can freely define new mappings to other existing chemical

mechanisms.

2.6  Writing

HERMES A produces NetCDF emission output files following the convention of several 3D atmospheric chemistry models,
including CHIMERE, CMAQ, MOCAGE, MONARCH and WRF-Chem. For each model, HERMES A performs the required
conversion of units and inclusion of mandatory parameters and global attributes. When the user activates the option of only
performing the horizontal spatial distribution of the original emission inventories, emission outputs are written following the
Climate and Forecast (CF1.6) Metadata Conventions. The generation of the output files is handled by a decoupled module,

which allows extending the number of output formats with minimal efforts.

2.7  Technical implementation

HERMES A is implemented using Python 3.10 as a modular emission processing system following an object-oriented design.
A complete list of software and Python packages required by the model is provided in the HERMES A GitHub repository
(https://github.com/BSC-ES/HERMES Delta, last access: 10/06/2026).

The architecture is explicitly oriented towards extensibility, allowing new functionalities to be incorporated without modifying
the core emission processing logic. A clear separation is established between Input/Output (I/O) operations related to grid
creation and writing according to the target model conventions, spatial proxy generation, and the speciation and vertical

distribution processes.

NetCDF 1/0O operations are implemented through NES (NetCDF for Earth Science), a Python library developed at the BSC-
CNS that provides efficient parallel reading and writing of NetCDF datasets using domain decomposition

(https://pypi.org/project/NES/, last access: 15/06/2026).

The processing workflow (Fig. 1) is structured to balance flexibility and computational efficiency. During an initial
preprocessing phase, the target grid corresponding to the selected projection, domain and resolution is generated and stored as
an auxiliary file for reuse in subsequent executions. Prior to the computation of spatial proxies, total proxy values are calculated
for each administrative region and stored in auxiliary CSV files. These totals are required for the normalization of the proxies

and ensure consistency and traceability of the spatial redistribution. Spatial proxies are then generated and normalized to a unit
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sum within each administrative region, such that each grid cell represents the fraction of emissions assigned to that cell. The
resulting normalized proxy maps are stored in auxiliary NetCDF files, with the different administrative regions represented
along the vertical dimension, enabling direct reuse in later runs using the same proxies. Temporal fractions are also extracted

during this phase but are kept exclusively in memory, as they are only required during the temporal disaggregation step.

During the initialization stage, HERMES A performs a series of internal validation checks to ensure the structural and logical
consistency of user-defined configurations, input datasets and profile definitions before the emission processing workflow is
executed. For instance, all the temporal profiles defined by the user are checked to ensure that the sum of the temporal weight
factors is 12, 7 and 24 for each monthly, weekly and hourly profile, respectively. Effective error messages are produced by the
model when an input data file does not pass the validation check to guide users by explaining what went wrong and how to fix
it. Following with the previous example, if the sum of the monthly temporal weight factors for a specific profile is not 12,

HERMES A will produce an error message indicating the ID of the profile that should be revised.

After preprocessing, the core transformations are applied sequentially, including chemical speciation and vertical distribution.
Subsequent processing is performed iteratively by time step. For each time step, temporal disaggregation is applied, followed
by spatial redistribution using the normalized proxies. The corresponding results are written to disk. This iterative processing
loop avoids the generation and storage of full four-dimensional emission matrices (time X vertical level X Y x X)), significantly

reducing memory requirements and enabling high-resolution emission processing.

Parallel execution is achieved through a coarse-grain Message Passing Interface (MPI) domain decomposition strategy. The
output domain is partitioned into independent subdomains consisting of complete rows, which are processed concurrently by
different MPI processes. For raster-based proxies, a dedicated strategy is applied in which the full region of interest is extracted
once, the minimal required raster window is determined, and this window is subdivided among MPI processes. This approach

avoids redundant data access and preprocessing, improving both I/O efficiency and memory usage.

Software quality is supported through automated unit and integration tests executed during both installation and continuous
integration workflows. To facilitate reproducibility and software adoption, HERMES A is distributed through fully defined
Conda/Mamba environments together with an automated installation procedure that manages dependency resolution, software

installation and validation testing.
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3  Example of HERMES_A usage

This section presents an example usage of HERMES A for Spain. In Sect. 3.1, a detailed description of the methods and
sources of information considered to construct the pre-processed emission input files, spatial proxies, temporal, vertical and
speciation profiles is provided, so that it can be used as a guidance for potential applications of HERMES A in other countries.
Sect. 3.2 and 3.3 present examples of the emission outputs produced for Spain and an analysis of the computational efficiency

of the model for a specific use case, respectively.
3.1  Pre-processing of inventories and construction of proxies and profiles

3.1.1 Emission inventory input data

We consider as starting point the officially reported Spanish annual air pollutants and GHG emission inventories produced by

the MITECO wunder the Spanish Inventory System (SEI, https:/www.miteco.gob.es/en/calidad-y-evaluacion-

ambiental/temas/sistema-espanol-de-inventario-sei-.html, last access 01/06/2026), together with the industrial emission

databases reported under the LPS (https://cdr.eionet.curopa.cu/es/eu/nec_revised/Ips/envabhxzw/, last access 18/05/2026) and

the Spanish Register of Emissions and Pollutant Sources (PRTR; https://prtr-es.miteco.gob.es/, last access 02/06/2026), which
is equivalent to the information provided to the IEPR. For the SEI inventory, annual emissions are collected at NUTS2 level
(17 autonomous communities — CCAA, and 2 autonomous cities) and following the third level of the Selected Nomenclature
for Air Pollution (SNAP) reporting system, which originally consists of 11 sectors (first level), 75 sub-sectors (second level)
and 440 activities (third level). For LPS and PRTR, emissions are collected at the industrial facility level for a total of 2513

industries. The pre-processing applied to each of these three datasets is described below.

For a selection of SNAP activities, original SEI emissions are split into a fourth level, which allow classifying emissions across
multiple fuel, vehicle, facility, driving pattern and crop categories, and therefore assigning them to more refined and detailed
spatiotemporal proxies (Table S1). The split is performed using NUTS2 level emission information reported by MITECO
(personal communication) and that is consistent with the SEI emissions. As a result of the sectorial splitting process, emissions

from a total of 982 individual categories per NUTS2 level are considered as input in HERMES A.

The SEI annual emission data split by NUTS2, fourth level SNAP activity and pollutant is pre-processed into individual CSV
files, one per general SNAP sector (i.e., emis_<sector>.csv in Fig. 1). The fields of information indicated in Table 1 are added

to define specific spatial, temporal and speciation profiles associated to each source category-NUTS2 combination.

Concerning the LPS and PRTR point source databases, original annual emissions are provided per industrial facility at their
exact geographical locations (latitude and longitude). LPS emissions are reported consistently for all air pollutants and GHG,

together with information on the SNAP activity code and stack height. On the other hand, PRTR emissions are reported
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following the National Classification of Economic Activities (CNAE) nomenclature, with no information on the associated
stack height and only for those pollutants that are above the information thresholds specified in annex II to the E-PRTR
Regulation (EU, 2006).

To homogenise and merge the PRTR and LPS databases into single SNAP-dependent CSV input files, the following pre-
processing steps are performed to the first one:

- SNAP code assignment: Each PRTR facility is assigned to a specific SNAP code using the information from the
integrated environmental licence (AAI) of each industry. If the AAI does not provide this information, a SNAP code
is assigned based on the CNAE category under which the PRTR facility is classified (Table S2).

- Stack height assignment: this information is derived from the corresponding AAI of each industry. If the AAI does
not provide this information, the altitude of the stack is obtained using Google Earth elevation (Google, 2026).

- Emission gap-filling procedure: The PRTR register requires reporting emissions only of those pollutants that are
above the reporting thresholds defined in Annex II of the regulation (EU, 2006). This limitation results in incomplete
reported emissions data for some PRTR industries, with information missing for some pollutants. To address this gap,
a gap-filling method based on CO: emission ratios is applied following with the approaches described in Kuenen et
al. (2022) and Guevara et al., (2024). The contribution of gap-filled emissions is most substantial for CO and
NMVOC, with approximately 16 % and 10 %, while for the other pollutants these contributions are residual (Fig. S1).

- Filtering: When the same industrial facility is reported in the LPS and PRTR databases (e.g., power plants), preference
is given to LPS, as it is consistent with the SEI emissions (see Sect. 2.1.3). Farm facilities, waste-water treatment
plants and landfills reported under PRTR are excluded, since the registry only includes a subset of these facilities
(e.g., poultry and pig farms with capacities above 40.000 and 2000 heads, respectively). Emissions from these sources

are spatially allocated in a consistent and complete way through the SEI inventory (See Sect. 3.1.2).

3.1.2  Spatial proxies

Table 3 summarises the main spatial proxies considered to distribute the Spanish emissions for each general SNAP sector
category. A full overview of all the proxies (a total of 140) assigned to each source and corresponding references is provided

in the Supplementary Material (Table S3).

For sectors dominated by point sources including energy industries (SNAPO1), industrial combustion plants (SNAP03) and
industrial processes without combustion (SNAP04), the LPS and PRTR databases are used as the primary source for the spatial
allocation. For those cases where SEI emissions are larger than LPS plus PRTR, remainder emissions are distributed using in-
house point source proxies that provides the location of the facilities not included in LPS or PRTR. When this information is
not available, remainder emissions are treated as an area source and distributed considering the industrial land use information

provided by the CORINE Land Cover dataset at a 250mx250m resolution (CLC; Copernicus Land Monitoring Service, 2020).
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Emissions from commercial (SNAP0201) and residential (SNAP0202) combustion activities are distributed combining the
georeferenced information on population density and associated degree of urbanisation provided by the Global Human
Settlement Layer project at 1kmx1km resolution (GHSL; Schiavina et al., 2023a and 2023b). Depending on the fuel category,
emissions are either distributed across urban and rural population (i.e., natural gas, LPG) or only population located in rural
areas (i.e., solid biomass, coal and others), following with the results from previous monitoring and modelling studies (e.g.,
Navarro-Barboza et al., 2024). Specific NUTS- and fuel-dependent weight factors are combined with the original GHSL
population data using the double proxy functionality of HERMES A (see Sect. 2.2) to properly reflect local or regional
circumstances, such as the fact that not all municipalities have access to the natural have distribution network (Fig. S2).
Emissions from agricultural and aquacultural combustion plants and irrigation systems (SNAP0203) are distributed
considering the location and capacity of the aquaculture facilities, the Spanish livestock farm registration and the irrigation

land use information provided by CLC, respectively.

Fugitive emissions from the distribution of oil products (SNAP0504 and 0505) are mapped considering a collection of in-
house point sources and polygons that provide information on the location of oil storage tanks and associated capacities, oil
refinery complexes and associated capacities, oil maritime terminals and associated capacities and gas stations. Fugitive
emissions from the transmission and distribution network of natural gas (SNAP0506) are mapped considering the gas pipeline

network and the GHSL population layer, respectively.

For use of solvents and other products (SNAP06), a distinction is made between activities related to residential/commercial
and industrial uses. Industrial use of solvent emissions are mapped to the extent of possible combining the LPS and PRTR
databases with an in-house point source catalogue that includes the following categories: car repairing, boat building, dry
cleaning, rubber processing, pharmaceutical products manufacturing, paint manufacturing, glues manufacturing, leather
tanning and printing. The remaining industrial emissions are distributed using the CLC industrial land use information. For
residential and commercial use of solvent and other products (e.g., tobacco consumption and fireworks), emissions are

distributed according to the total population density information provided by GHSL.

Concerning road transport emissions (SNAP07), two main proxies are considered as a function of the driving pattern. For
interurban and rural traffic emissions are mapped making use of a mosaic of georeferenced annual average daily traffic data
(AADT) maps for interurban and rural roads provided by various official sources (see Table S4 for details). For urban traffic,
emissions are distributed making use of the Open Street Map (OSM; OpenStreetMap contributors, 2024) dataset and
considering the weighting of the OSM road categories reported by Mu et al. (2022). Population density information provided

by GHSL is considered for the distribution of gasoline evaporative emissions.
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Emissions from agricultural, forestry and industrial off-road machinery are spatially mapped considering CLC land use
categories. In the case of LTO emissions from aviation we consider a polygon shapefile defining the boundaries of each airport
and associated annual national and international flight operation counts. Emissions from military off-road machinery are

distributed across a digitalised map of military infrastructures.

SNAPOQ9 (waste management) emissions from municipal and industrial waste incineration as well as flaring operations in
refineries are allocated using the LPS database. Emissions from urban wastewater treatment plants are distributed considering
the Urban Wastewater Treatment Plants database (EEA, 2023b). Emissions related to the treatment of industrial wastewater
are distributed using the CLC industrial land use category due to the lack of a detailed catalogue. Emissions linked to the
management of solid waste, compost and biogas plants and incineration of dead bodies are mapped using in-house shapefiles

that defines their locations and associated capacities.

Concerning agriculture (SNAP10), emissions from agricultural soils and use of fertilizers are distributed making use of the
European Union Crop type Map (EUCROPMAP; D'Andrimon et al., 2021), which provides information for 19 crop types at
10m resolution based on Sentinel-1 Synthetic Aperture Radar observations for the year 2018. For those crop categories not
represented in EUCROPMAP such as vineyards, fruit trees or olive groves, emissions are distributed using the CLC database.
The mapping between the SEI crop categories considered as input in HERMES A and the EUCROPMAP and CLC categories
is provided in Tables S5 and S6, respectively. Livestock emissions related to manure management and enteric fermentation

are distributed using the Spanish livestock farm registration.

Table 3 Summary of main proxies used for the spatial mapping of emissions in HERMES A

Emission source Main proxies used

- PRTR and LPS

SNAPO1: Energy industries - Our own point source database (e.g., district heating plants)

- CORINE land cover 2018 (industrial or commercial units)

- Global Human Settlement Layer — Population density map (GHS-POP)

- Global Human Settlement Layer — Degree of urbanisation map (GHS-SMOD)

- NUTS4-level weight factors associated to energy consumption per capita for heating purposes,

SNAP02: Non-industrial natural gas availability and residential wood combustion

combustion plants . . .
P - Livestock farm registration

- Aquaculture facilities
- CORINE land cover (irrigated land)
- PRTR and LPS

SNAPO3: Industrial combustion

plants - Our own point source database (e.g., plaster furnaces, paper mill plants)

- CORINE land cover (industrial or commercial units, mineral extraction sites)
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SNAPO4: Industrial processes
without combustion

- PRTR and LPS
- Our own point source database (e.g., titanium dioxide and calcium manufacturing industries)

- CORINE land cover (e.g., extraction sites, industrial or commercial units)

SNAPOS: Fugitives

-LPS

- Our own polygon, line and point source database (e.g., marine terminals, natural gas pipelines)
- Gas stations

- Global Human Settlement Layer — Population density map (GHS-POP)

- CORINE land cover (industrial or commercial units)

SNAPO6: Solvents

- PRTR and LPS
- Our own point source database (e.g., inks manufacturing plants, printing industries)

- CORINE land cover (e.g., industrial or commercial units, construction sites)

SNAPO7: Road transport

- Interurban and rural road network with associated traffic flow per vehicle type
- Open Street Map urban road network combined with Mu ef al. (2022) road type weight factors
- Global Human Settlement Layer — Population density map (GHS-POP)

SNAPOS8: Other mobile sources
and machinery

- CORINE land cover 2018 (e.g., non-irrigated arable land, broad-leaved forest)

- Our own polygon and line source database (e.g., military facilities, airports)

- NUTS-3 level weight factors associated to agricultural machinery power and volume of harvested
trees

SNAPO09: Waste

- PRTR and LPS

- Our own polygon, line and point source database (e.g., controlled landfills, composting facilities,
biogas plants)

- Urban Waste Water Treatment Plants (WWTP) database
- Global Human Settlement Layer — Population density map (GHS-POP)
- CORINE land cover (dump sites)

SNAPI10: Agriculture

- European Union Crop type Map (EUCROPMAP)
- Livestock farm registration

- CORINE land cover 2018 (e.g., vineyards, olive groves, pastures)

3.1.3  Vertical profiles

For the industrial emissions that are treated as an area source, the SNAP-dependent vertical profiles reported by Bieser et al.,

(2011) are considered. For residential and commercial combustion emissions, we assume that these are occurring between 30m

and 60m, in line with Grythe et al. (2019). For LTO emissions from aviation, it is assumed that 40% of emissions are occurring

in the surface and 60% between 10m and 1000m, following with the results from Guevara et al. (2020). For the other activities,

it is assumed that all emissions are occurring at the surface level. For point source emissions, a plume rise factor of 2 is
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considered for all facilities, based on the results reported by Pregger and Friedrich (2009), which indicate that, on average, the
effective emission height of different types of industries, including power stations, combustion plants, refineries and cement
plants, among others, is approximately 2 times larger than their stack height. As previously indicated in Sect. 2.3, we
acknowledge the limitation of this assumption, as the effective emission height of a point source can largely vary over time

due to changes in the atmospheric stability and associated regime, as illustrated in Guevara et al. (2014 and 2020).

3.1.4  Temporal proxies

The collection of temporal profiles consists of a dataset of more than 660 profiles that were obtained from multiple sources of
information, including national official statistics and other proxies, as summarised in Table 4. A complete overview of the
sources of information used for each pollutant activity and associated references is provided in the Supplementary Material

(Tables S7, S8 and S9).

For energy industries (SNAPO1), daily and hourly electricity production statistics reported per fuel, technology and Spanish
region are considered for the construction of profiles for power plants. Monthly refinery and coke production statistics are
used to derive the seasonality of emissions for these two industrial sectors, the weekly and hourly profiles assumed to be flat.
Concerning emissions related to central district heating systems, NUTS2-dependent monthly profiles derived from the gridded

CAMS European regional temporal profiles database (CAMS-REG-TEMPO) are considered (Guevara et al., 2021 and 2025).

For non-industrial combustion plants (SNAP02), the gridded profiles as reported by CAMS-REG-TEMPO for Spain are
considered to produce NUTS2- and fuel-dependent monthly profiles. Fuel-dependent weekly and hourly profiles reported by
CAMS-REG-TEMPO are also considered.

For industrial combustion (SNAPO03) and industrial processes (SNAP04), monthly profiles per industrial branch (e.g., chemical
industry, food industry) are derived from electricity consumption statistics. For selected industrial sectors, profiles are based
on monthly production statistics, including cement plants, iron and steel plants and refineries. The weekly and hourly profiles
reported by CAMS-REG-TEMPO for the manufacturing industry sector are considered for all industrial sources due to the

lack of more detailed information.

Concerning fugitive emissions (SNAP05), monthly profiles are primarily based on national statistics on fossil fuel extraction,
production and consumption (e.g. gasoline, diesel and natural gas consumption). An exception is underground mining, for
which monthly profiles are derived by industrial branch (e.g., coal extraction) using electricity consumption statistics. Weekly

and hourly profiles are assumed to be flat for most activities in the absence of activity-specific temporal data.

25



655

660

665

670

675

680

685

https://doi.org/10.5194/egusphere-2026-4146
Preprint. Discussion started: 23 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

For use of solvents and other products (SNAP06), a flat monthly profile is proposed for domestic activities based on Heeley-
Hill et al. (2021), which indicate that usage of products remains largely constant between seasons in households, while for
industrial activities monthly profiles are based on national electricity consumption statistics per industrial branch (e.g.
manufacture of other transport equipment, wood and cork industry) and monthly motor vehicle production statistics for the
specific case of the automotive industry. For industrial and domestic coating applications, a profile is proposed based on the
temperature-dependent parametrization reported by Wu et al. (2024). Survey-based weekly patterns reported by Chinkin et al.
(2003) for residential and commercial use of paints or solvents are considered for the development of the weekly profiles. At
the hourly scale, we consider the domestic natural gas demand archetypes reported by Pullinger et al., (2024), assuming that
the hourly occupancy profile associated to natural gas consumption is highly correlated with the diurnal pattern of domestic
use of solvent activities. For the industrial/commercial coating applications we consider the hourly profile reported by the
MapElre project (https://projects.au.dk/mapeire/, last access: 15/06/2026). For the other industrial use of solvent categories,
we assume the CAMS-REG-TEMPO profiles proposed for the manufacturing industry. For tobacco consumption, profiles are

derived from cigarette sales, and tobacco consumption patterns as reported by Zhai et al. (2022).

For the road transport sector, interurban and rural monthly, weekly and hourly temporal profiles are estimated per NUTS2
region and general type of vehicle (light and heavy-duty) using measured traffic count data. At the urban scale, monthly,

weekly and hourly temporal profiles are derived from TomTom congestion statistics (https:/www.tomtom.com/traffic-index/,

last access 15/05/2026). The TomTom congestion statistics were converted to traffic counts making use of a sigmoid equation
derived from Madrid traffic counts provided by the Madrid City Council (2024) and TomTom congestion statistics for the
period 2022 to 2024. Specific sigmoid equations were produced for Monday-to-Thursdays, Fridays and weekend day types
(Fig. S3). The temporal profiles at the city level were averaged at the NUTS2 level considering the annual average level of
congestion and number of inhabitants of each city. For evaporative emissions, the monthly and hourly profiles reported by

CAMS-REG-TEMPO for Spain are considered, while a flat weekly profile is assumed.

Concerning other mobile sources and machinery (SNAPOS), monthly and weekly profiles are predominantly constructed from
national traffic statistics for different transport modes, including aviation and rail transport, as well as fuel consumption

statistics for agricultural machinery.

Waste management (SNAP09) emissions are primarily distributed according to monthly electricity consumption statistics
reported per industrial branch (e.g., wastewater collection and treatment), and hourly electricity generation data for waste-to-
energy plants. For activities lacking detailed temporal information, profiles from CAMS-REG-TEMPO or flat profiles are

assumed.
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For agriculture (SNAP10), crop- and NUTS2-dependent profiles are derived from the dynamical fertilizer ammonia emission

parametrization described in Guevara et al., (2020), which considers information per crop type on the fraction of fertilizer

application at different stages (planting, growth and after harvest) and optimal application dates as well as meteorological

parameters (temperature and wind speed). For emissions related to livestock, the monthly profiles reported by CAMS-REG-

TEMPO for Spain are considered. A flat weekly profile is assumed, while the hourly temporal profile reported by CAMS-

REG-TEMPO is considered.

695  Table 4 Summary of main proxies used for the temporal disaggregation of emissions in HERMES_A

Emission source

Main proxies used

SNAPO1: Energy industries

- Daily electricity production reported per fuel, technology and Spanish region (Iberian Peninsula,
Balearic Islands and Canary Islands)

- Hourly electricity production per fuel

- Monthly refinery production

- Monthly coke production

SNAPO02: Non-industrial
combustion plants

- Fuel-dependent profiles as reported by CAMS-REG-TEMPO for Spain

SNAPO3: Industrial combustion
plants

SNAPO4: Industrial processes
without combustion

- Monthly electricity consumption reported per industrial branch (e.g., chemical industry, food
industry)

- Monthly production statistics reported per industrial branch (i.e., cement production, iron and steel
production, refinery outputs)

- Weekly and hourly profiles as reported by CAMS-REG-TEMPO for Spain

SNAPOS: Fugitives

- Monthly electricity consumption reported per industrial branch (e.g., coal extraction)

- Monthly statistics on fossil fuel extraction, production and consumption (e.g., gasoline and diesel
consumption, natural gas consumption) reported by multiple national official statistics

- Hourly counts from permanent counting stations

- Flat weekly and hourly profiles assumed for most of the activities due to lack of data.

SNAPO6: Solvents

- For industrial use of solvent activities, monthly electricity consumption reported per industrial
branch (e.g., manufacture of other transport equipment, Wood and cork industry)

- Monthly motor vehicle production statistics

- For coating applications, temperature-dependent monthly profiles

- Survey-based weekly patterns for residential and commercial use of paints or solvents

- Domestic natural gas demand archetypes , assuming that the occupancy profiles associated to natural
gas consumption is highly correlated with domestic use of solvent activities

- For other industrial use of solvent activities, weekly and hourly profiles as reported by CAMS-REG-
TEMPO

- Monthly cigarette sales and weekly and hourly tobacco consumption patterns

SNAPO7: Road transport

- Hourly traffic counts from permanent stations by vehicle type (light duty and heavy duty) in
interurban and rural roads

- Hourly day-of-the-week dependent congestion traffic index data from TomTom for urban roads
- For evaporative emissions, monthly and hourly profiles from CAMS-REG-TEMPO for Spain

SNAPOS8: Other mobile sources
and machinery

- Monthly and weekly traffic statistics reported for multiple transport modes including aviation and
rail, among others.
- Monthly agricultural machinery fuel statistics

SNAP09: Waste

- Monthly electricity consumption reported per industrial branch (e.g., wastewater collection and
treatment)

- Hourly electricity production for waste-to-energy plants

- Weekly and hourly profiles as reported by CAMS-REG-TEMPO

SNAPI10: Agriculture

- Crop- and NUTS2-dependent monthly profiles for fertilizer applications
- Temporal profiles derived from CAMS-REG-TEMPO for Spain for livestock and hourly profiles
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3.1.5  Speciation profiles

For NMVOC emissions, a split into over 900 individual chemical species is performed making use of the speciation profile
catalogue developed by Oliveira et al. (2026), which consists of a total 130 speciation profiles collected from the literature.
The remapping of these individual NMVOC to the species of the selected gas phase chemical mechanism is performed
considering the information reported by Carter (2015) for CB05, CB06 and RACM, Pye et al. (2023) for CRACMMI1 and
CRACMM?2, and the CHIMERE wiki (https:/www.lmd.polytechnique.fr/chimere/, last access: 15 May 2026) for
MELCHIOR?2.

The speciation split proposed for NO emissions assumes that 90% of total emissions are emitted as NO and 10% as NO; for

all sectors (Houyoux et al., 2000) except for road transport, for which fuel-dependent factors are derived from NAEI (2024).

Concerning carbonaceous PM; s components, HERMES A considers the BC emissions reported in the official SEI inventory
and estimates OC (expressed in full molecular mass) and primary sulphate considering the sector-dependent splits reported by

CAMS-REG for Spain (Kuenen et al., 2022).

3.2 Emission outputs

Figure 3 and 4 present annual spatially resolved NOx, SOy, CO, NMVOC, NH3, PM o, PM» 5, CH4 and fossil fuel CO emissions
obtained with HERMES A for Spain and the year 2023 at 0.01x0.01 deg. resolution. Results were produced for two domains,
the first one covering the Peninsular Spain and Balearic Islands (Fig. 3) and the second one the Canary Islands (Fig. 4). The

spatial pearson correlation coefficient (p) between each pollutant and fossil fuel CO» emissions is also provided.

Focussing on the Peninsular Spain and Balearic Islands results, it is observed how the spatial pattern can differ significantly
between pollutants. NOy is the only pollutant highly correlated with CO, emissions (p = 0.73), as both are primary released as
byproducts of fossil fuel combustion sources, mainly including road transport and energy and manufacturing industries. The
grid cells with the highest CO, and NOx emissions correspond to the locations of the interurban roads with the highest AADT.
The most populated cities, such as Madrid or Barcelona, as well as large industrial cluster such as the ones of Tarragona and
Huelva are also clearly identifiable on the maps of these two species. Despite being also a combustion byproduct, SO, and CO
emissions present moderate correlations with CO, (p = 0.53 and 0.45, respectively). For SOy this is because for many
combustion sources (e.g., mobile sources, power plants and the majority of industrial combustion plants), the fuels consumed
have a very low sulphur content (i.e., automotive gasoline/diesel fuels and natural gas) and therefore contribute a relatively
small amount of SOx when compared to CO,. Main SOy hotspots observed in the map correspond to specific coal- and oil-
fired industrial large and small-to-medium industrial boilers in the manufacturing sector, refineries and coal- and oil-fired

boilers in the commercial and residential sector, which are mainly located in the regions of Madrid, Asturias and the Basque
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country. Anthropogenic PMjo emissions present a large contribution from residential and commercial biomass combustion
sources, which are assumed to be carbon neutral and therefore do not report CO; emissions under the UNFCCC inventory, and
non-combustion sources such as mining, construction activities and open field agricultural operations, and thus present a low
correlation with CO; (p = 0.3). The spatial correlation is also low for PM» s (p = 0.32) due to the carbon-neutral residential and
commercial biomass combustion sources. Main PM o and PM 5 hotspots are observed in urban areas due to the contribution
of non-exhaust and exhaust road transport sources, respectively. PM emissions related to residential combustion activities are
widely scattered throughout dispersed and very low-density rural areas. For PM 10, large background levels are associated to
agricultural land areas due to the coarse PM emissions released during harvest and land preparation operations. NMVOC and
NH3; emissions are largely linked to non-combustion sources, mainly use of solvent activities and agricultural practices (use of
fertilizers and livestock management), respectively, and subsequently present a very low degree of correlation with CO»
emissions (p = 0.14 and 0.04, respectively). Main NMVOC hotspots are linked to urban areas, where residential and
commercial use of solvent activities are mapped, while NH3 emissions are greater in regions with a higher density of livestock
farms, such as Lleida and eastern Aragon. Lastly, CH4 presents the lowest correlation with CO; (p = 0.03) since emissions are

mainly linked to livestock and waste management.
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Figure 3 NOyx, SOx, CO, NMVOC, NH3, PM19, PM2.5, CH4 and fossil fuel CO: annual gridded emissions maps at 0.01x0.01 deg [t-year~
L.cell''] for the year 2023 for Peninsular Spain and Balearic Islands. Total annual emissions [Tg-year!] and spatial Pearson
correlation coefficient (p) between each species and COz is shown in the bottom right of each map.
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For the Canary Islands, SOy, PM» s and PM are the pollutants that present the largest correlations with CO, emissions (p =
0.68, 0.67, 0.6, respectively), while for NOx (CO) the correlation is a bit lower (higher) than the one showed for the Iberian
Peninsula domain (p = 0.57 and 0.58). We believe the discrepancies between the two domains are mainly driven by the
750 following two factors: i) emissions from the Canary Island oil-fired power plants dominate the majority of SOx emissions
(more than 95%) and almost half of the CO, emissions and ii) the use of biomass in the commercial and residential sector for
heating purposes is very residual due to climatological conditions, which entails that a large part of PM emissions are related
to the aforementioned power plants (close to 30%) and road transport emissions (also close to 30%), the later representing
almost 40% of total CO, emissions. Low degree of correlation is observed for NMVOC (0.11), NH3 (0.02) and CH4 (0.01) in

755 line with the results reported for the Iberian Peninsula domain.
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Figure 4 Same as Fig.3 but for the Canary Islands.
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Figure 5 and 6 show the gridded annual NOy and PM s emissions at 0.01x0.01 deg resolution produced by HERMES A for
the year 2023 over three selected urban metropolitan regions, including Asturias (NW of Spain), Barcelona (NE of Spain) and
Palma de Mallorca (Balearic Islands). Monthly, weekly and diurnal emission temporal distributions per sector are also provided
for each metropolitan region and pollutant. The three selected regions represent different sociodemographic and climatological

conditions, which are both reflect in the proxies considered in HERMES A and corresponding results.

NOx emissions in Asturias are dominated by the public power and industrial combustion sectors (71%), while in Barcelona
emissions are dominated by the road transport and industrial combustion sectors (70%) and in Palma de Mallorca by road and
non-road transport activities, mainly air traffic in the Palma—Son Sant Joan airport (76%). Asturias and Barcelona present a
rather flat seasonality, with emissions slightly decreasing in Barcelona during January and August due to a decrease in urban
road transport emissions. A more pronounced seasonality is observed in Palma de Mallorca due to the influence of tourism,
with road, non-road transport and public power emissions increasing more than 60% during summer months when compared
to winter. Despite being dominated by different sectors, similar weekly profiles are reported in each metropolitan regions, with
emissions being almost constant during working days and dropping between weekdays and weekends by approximately 23%.
The drop is mainly linked to a drop in road transport emissions in all three cases. At the hourly scale, Asturias shows a rather
flat distribution of total emissions, resulting in a smaller contrast between nigh-time (23:00 to 06:00 h LT) and daytime (07:00
to 22:00 h LT) total NOx emissions (-29% reduction between night- and daytime) when compared to Barcelona and Palma de
Mallorca (-44% reduction). This result is driven by the differences between hourly profiles proposed for the public power and
manufacturing industry sectors and the ones proposed for the road transport and air traffic activities, the later showing a more
pronounced change between daytime and nighttime, when number of circulating cars and airplanes significantly decreases.
Most of the NOy hotspots reported in Asturias correspond to specific energy and manufacturing industries (isolated grid cells),
whereas in the case of Barcelona and Palma de Mallorca these correspond to the roads providing access to the city centres and

the airports located south-west and east, respectively.

PM> s emissions in Asturias are largely dominated by industrial processes (48%), while Barcelona and Palma de Mallorca
present two dominant sectors each: industrial combustion and road transport (36% and 29%) and non-industrial combustion
and road transport (42% and 27%), respectively. For Barcelona, it is important to note the contribution from solvents and other
products (11%), which is mainly linked to tobacco consumption. The seasonality in Asturias and Palma de Mallorca is very
different to the one reported for NOy, with emissions showing a drop during summer due to the reduction of non-industrial
combustion activities, mainly driven by space heating needs. The contrast between winter and summer time is especially large
in Palma de Mallorca, where PM» s emissions decrease by 42%. A near-flat monthly distribution is observed in Barcelona, like
the one reported for NOy. A drop between weekdays and weekends is observed in Asturias and Barcelona, in line with what
has previously discussed for NOx. In the case of Palma de Mallorca, emissions remain almost constant during the whole week,

with a slight increase being observed on Fridays. This result is a combination of two factors; i) non-industrial combustion
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emissions are assumed to increase during Friday and the weekend, as residential biomass combustion activities are associated
to recreational purposes and ii) road transport activities significantly decrease during the weekend, compensating the
aforementioned increase. Large discrepancies are observed between the hourly distributions of PM; s reported in the three
selected regions. Palma de Mallorca reports much higher emissions during the evening hours (17:00-22:00 h LT) mainly due
to the hourly distribution of non-industrial combustion emissions, which are largely linked to residential biomass combustion
activities in fireplaces and are assumed to peak in the evening. In contrast, in Asturias emissions are distributed more evenly
during the day, with differences between daytime and nighttime being much lower due to the near-flat distribution assumed
for industrial processes emissions. The PM; s hourly distribution in Barcelona is similar to the one estimated for NO,, with the
contrast between daytime and nighttime being slightly lower due to the larger contribution of industrial combustion emissions,
that present a near-flat diurnal distribution. In terms of spatial mapping, main hotspots in Asturias are related to industrialised
land use areas and specific grid cells where large point sources are located. Similarly, in Barcelona the largest hotspots are
linked to industrialised areas. Finally, in Palma de Mallorca large hotspots are observed in suburbs and rural areas linked to

non-industrial combustion emissions.
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Figure 5 Gridded annual NOx emissions (0.01x0.01 deg; t-year!-cell'') and monthly, weekly and diurnal emission temporal
distributions per sector produced by HERMES_ A for the year 2023 over the urban metropolitan regions of Asturias (NW of
Spain), Barcelona (NE of Spain) and Palma de Mallorca (Balearic Islands).
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Figure 6 Same as Fig. 5 but for PM..s

Figure 7 shows examples of the portions of the speciated CB05 and CRACMMI1 species of total annual NMVOC estimated
by HERMES A for Spain (Peninsular Spain and Balearic Islands) and the metropolitan area of Madrid.
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Concerning the CB05 speciated results, the PAR species (paraffin carbon bonds) is by large the most abundant in both domains
(76.3% and 83.5% of total NMVOC). This is because PAR is a lumped model species that represent all singly bonded carbon
compounds, including alkanes (e.g., propane, butane), ketones (specifically acetone) and other compounds and fragments from
larger oxidized molecules (Yarwood, 2005). The strategy behind the CB05 chemical mechanism, which was developed at the
beginning of the 2000s when high-performance computing was less advanced, is to find a compromise between computational
load and realistic simulation of secondary pollutants. ETOH (ethanol) and ETH (ethene) are the second and third most abundant
CBOS5 species emitted both at the national level and for the area of Madrid, with contributions raging between 7.8 and 9.7%

and 2.1 and 4.1%, respectively.

The speciated results produced for the CRACMM1 chemical mechanism, which was released only 3 years ago, present a wider
range of dominant model species. This is because CRACMMI1 aggregates NMVOC emissions by molecule based on their
functional groups, number of carbons, reactivity with OH radicals and volatility, thus incorporating a more comprehensive set
of species when compared to CB05 (Pye et al., 2023). For example, instead of assigning all alkanes under a single lumped
species, 3 classes of alkane-like species are considered, including HC3 (C3 alkanes), HC5 (C5 alkanes) and HC10 (C8 or more
alkanes). EOH (ethanol) and HC3 are the two dominant species at the national level (21.8% and 16.2%), followed by ETE
(ethene), HCS, ACT (acetone) and ORAZ2 (acetic acid and higher acids), all of them presenting contributions between 10 and
5%. In the metropolitan region of Madrid, HC3, EOH and ACT represent together more than 60% of total NMVOC. Compared
to the national level, relative contributions from HC3 and ACT are almost two times larger (32.1% and 9.8%). This is mainly
attributed to the large contributions of road transport and solvent use to total NMVOC emissions in urban areas, in particular

of n-butane, ethyl acetate and propane from road transport and of acetone from the domestic use of solvents.
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Figure 7 Composition (in %) of total annual NMVOC emissions according to the speciated model species considered by the CB05
and CRACMMI1 chemical mechanisms. Results are provided for Spain and the metropolitan area of Madrid. All the individual
chemical species with a share lower than 2% are grouped under the “Others” category.

3.3 Computational performance

This section evaluates the computational performance of HERMES A through a representative benchmark experiment. The
analysis focuses on two complementary aspects of the model execution: (i) the computational cost associated with the
generation of the auxiliary files required for the spatial mapping of emissions, and (ii) the parallel scalability of the emission

processing workflow with increasing number of MPI processes.

The benchmark experiment is defined over the same Peninsular Spain and Balearic Islands gridded domain at 0.01° x 0.01°
resolution considered in Sect. 3.2. The domain extends from 34.0°N to 44.5°N and from 10.0°W to 4.5°E, resulting in a grid

composed of 1050 x 1450 horizontal cells and 24 vertical layers. This corresponds to approximately 1.52 million horizontal
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grid cells and 36.5 million three-dimensional grid cells. The emissions used in the experiment correspond to the 10 SNAP
sectors (SNAPO1-SNAP10). For the chemical speciation step, the CBO5+AEROS5 chemical mechanisms are selected, which
implies splitting the original inventory air pollutants (NOy, SO, NMVOC, CO, NH3, PM o, PM; 5 and BC) into a total of 38
output chemical species. All experiments were executed on the Marenostrum 5 supercomputer, hosted by the BSC, using the

General Purpose Partition (GPP) and MPI parallelization.

Based on this configuration, two complementary analyses are performed in the following subsections. Section 3.3.1 evaluates
the computational cost associated with the creation of the auxiliary files required during the initialization stage of HERMES A,
whereas Section 3.3.2 analyses analyzes the parallel scalability of the emission processing workflow by measuring execution

time, speed-up, and parallel efficiency across different numbers of MPI processes.

3.3.1  Creation of auxiliary files for the spatial mapping

During the initialization stage, HERMES A generates several auxiliary files required for the spatial mapping of emissions.
These auxiliary datasets include, among others, the normalization of spatial proxies, the mapping between emission sources
and the target grid and additional preprocessing steps required to efficiently perform the emission calculations during the
simulation. As previously indicated, these auxiliary files are stored in NetCDF format after their creation so that they can be

reused in subsequent executions that consider the same working domain.

The computational cost associated with this preprocessing stage depends on the characteristics of the emission sector being
processed. In particular, different SNAP sectors rely on different types of spatial proxies (see Sect. 3.1.2), which can involve
vector geometries, point sources, or high-resolution raster datasets. As a consequence, the initialization cost can vary

significantly between SNAP sectors.

To quantify this cost, the auxiliary file generation time was evaluated independently for each of the 10 SNAP sectors. For
sectors SNAPO1 to SNAPO9, the preprocessing workflow was executed using 32 MPI processes. The SNAP10 sector requires
substantially larger computational resources due to the use of the EUCROPMAP proxy (10 m spatial resolution). For this

reason, the preprocessing workflow for SNAP10 was executed using 256 MPI processes.

For each sector, two types of executions were performed. In the first execution, the model generates the auxiliary files required
by the sector (“create” mode). In the second execution, the previously generated auxiliary files are reused (“read” mode). Both
executions still perform additional initialization tasks required by the model, such as the preparation of chemical speciation

profiles and the configuration of temporal and vertical distribution parameters. To reduce the impact of runtime variability
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inherent to HPC environments, each experiment was repeated five times, and the reported values correspond to the average

mean execution time across these replications.

Table 5 summarizes the execution times required to generate and read the auxiliary files for each SNAP sector. The results
show that the initialization time is strongly dependent on the spatial proxies used by each sector. Sectors relying on relatively
simple spatial inputs (i.e., point source proxies reported as GeoJSON files) exhibit relatively small differences between the
“create” and “read” executions, whereas sectors involving more complex spatial preprocessing show substantially larger
initialization costs. In particular, sectors such as SNAP02, SNAP07, and SNAPOS present significant preprocessing overheads
due to the spatial operations required to generate the auxiliary datasets, which involve the processing of high-resolution
population density rasters and large polyline shapefiles (see Sect. 3.1.2). The most computationally demanding case
corresponds to SNAP10, which relies on the 10m high-resolution EUROCROPMAP and therefore requires more intensive

spatial processing.

Overall, the results highlight that the generation of auxiliary files can represent a substantial portion of the initialization time
during the first execution of the model. However, once these auxiliary datasets are created, they can be reused in subsequent
simulations, significantly reducing the initialization cost and enabling more efficient repeated executions of HERMES A for

the same spatial configuration.

Table 5 Mean execution time (in seconds) required to generate and read the auxiliary files during the initialization stage of
HERMES_A for each SNAP sector. The “Create” column corresponds to the execution where the auxiliary files are generated, while
the “Read” column corresponds to executions where previously generated auxiliary files are reused. The “Difference” column
represents the additional computational cost associated with generating the auxiliary files. Values correspond to the average of five
independent executions.

Sector Create (s) Read (s) Difference (s)

SNAPO1 55.84 21.84 34.00
SNAP(02 365.75 19.66 346.09
SNAPO3 55.51 2542 30.09
SNAP04 177.02 34.65 142.37
SNAPO5 79.38 20.49 58.88
SNAPO06 201.53 27.12 174.41
SNAPO7 387.75 18.84 368.92
SNAPOS 240.40 19.19 221.21
SNAP09 164.05 21.32 142.72
SNAP10 1548.44 41.86 1506.59
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3.3.2  Scalability analysis

The parallel scalability of HERMES A was evaluated by executing the full emission processing workflow using different
numbers of MPI processes, ranging from 1 to 32. All experiments were performed under the same configuration described in
the previous subsection, ensuring that only the degree of parallelism varied between runs. Previously generated auxiliary files
were reused during all scalability experiments (i.e., no auxiliary files were created during the benchmark), NetCDF
compression was disabled and all executions were performed on a single MareNostrum5 compute node using between 1 and

32 MPI processes.

To ensure statistical robustness, each configuration was executed 10 times. The reported execution times correspond to
aggregated values obtained after applying an outlier detection procedure. Specifically, outliers were identified using the
interquartile range (IQR) method with a threshold of 1.5, and only inlier values were retained. The mean of the remaining
values was taken to obtain a representative execution time for each configuration. This approach reduces the impact of transient

variability in the HPC environment.

Figure 8 shows the total execution time as a function of the number of MPI processes, together with the contribution of the
main processing components: initialization, spatial allocation of point sources (PointSourcesAllocation), speciation, vertical
distribution (vertical), temporal distribution (temporal), horizontal distribution (horizontal) and write, while Table 6
summarizes the corresponding total execution time, speed-up and parallel efficiency A substantial reduction in execution time
is observed when increasing the number of processes from 1 to 4, moving from 92.5 to 29.4 minutes and indicating effective
parallelization of part of the workflow. However, beyond 8 processes, the reduction in runtime becomes progressively smaller,
and the curve tends to flatten, showing an execution time reduction of less than 8.2 minutes when moving from 8 to 32
processes. Most of the computational work is done during the horizontal mapping (between 85.1% and 32.5 %), followed by
the initialization process and the writing of the emission output file, which increasingly become the main time consumers when

increasing the number of processes (up to 28.4% and 35.5% of the total time when using 32 processes).

This behaviour is explained by the heterogeneous scalability of the different components. While some exhibit good parallel
performance, others remain largely insensitive to the number of processes, thus limiting the overall speed-up. The horizontal
distribution module, which is the computational core of the model, exhibits near-ideal scalability, which confirms that it is
well suited for parallel execution. In contrast, other steps including speciation, vertical distribution, and temporal allocation,
show limited or negligible speed-up, indicating that these stages are either not parallelized or dominated by overheads. The
writing stage exhibits sub-linear and even negative scaling, suggesting the presence of I/O bottlenecks or contention effects

when increasing the number of processes. An illustration of the speed-up achieved by the model is shown in Fig. S6.
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From a practical perspective, the optimal configuration for the tested setup is found between 8 and 16 MPI processes, where a
balance between execution time reduction and resource efficiency is achieved.

Execution Time vs. Number of Processes (Marenostrumb5)

Initialization
PointSourcesAllocation
Speciation

Vertical

Temporal

Harizontal

Write

5000 -

4000

3000 4

Execution Time (s)

2000

1000 4

T T T T T T
1 2 4 8 16 32
Number of Processes

Figure 8 Total execution time as a function of the number of MPI processes for the HERMES_A workflow executed on
MareNostrumS. The stacked areas represent the contribution of the main processing components, including
initialization, point sources allocation, speciation, vertical distribution, temporal allocation, horizontal mapping, and
output writing. The results correspond to the mean values obtained from 10 independent replications after outlier
filtering using the interquartile range (IQR) method (threshold = 1.5). The figure highlights the reduction in execution
time with increasing parallelism, as well as the relative contribution of each component to the total computational cost

Table 6 Total execution time, speed-up and parallel efficiency of the complete HERMES_A workflow executed on MareNostrum5
using different numbers of MPI processes. Speed-up is computed with respect to the single-process execution, and parallel efficiency
is defined as the speed-up divided by the number of MPI processes.

MPI processes Total execution time (s) Speed-up  Parallel efficiency

1 5550.62 1.00 100.00
2 3086.33 1.80 89.92
4 1763.44 3.15 78.69
8 1143.32 4.85 60.69
16 833.93 6.66 41.60
32 653.33 8.50 26.55
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4 Conclusions

This paper presents the HERMES A software, an open-source, Python-based, parallel and flexible emission system that
processes official inventories of air pollutants (NOy, SOy, CO, NH3, NMVOC, PMy, PM; s and BC) and GHG (CO, and CH4)
from anthropogenic sources to adapt them in a flexible and transparent way for use in 3D atmospheric transport and chemistry
models. Original emissions at source sector and industrial facility-level are processed applying a detailed horizontal, vertical,
temporal and chemical speciation treatment to produce ready-to-use modelling emissions compatible with multiple user-
defined grids, chemical mechanisms and 3D mesoscale modelling systems. HERMES A allows integrating and processing
multiple European, national and subnational proxies, statistics and speciation profiles to accurately reflect key spatio-temporal
and speciation aspects of anthropogenic emissions. Another advantage of HERMES A is that it provides self-consistent air
pollutants and GHG emissions, thus enhancing the integrated analysis of emissions affecting both air pollution and climate

change.

We exemplify the use of HERMES A by processing the Spanish national emission inventory making use of a catalogue of
more than 2500 official point sources provided at their exact geographical location and a total of 140 spatial proxies, more
than 660 monthly, weekly and hourly temporal profiles and 130 sector-dependent chemical speciation profiles. Examples of
spatially and temporally resolved as well as speciated emission outputs for Spain are provided and discussed to illustrate the

capabilities of HERMES A, together with an evaluation of its computational performance.

HERMES A is currently being implemented within the MOCAGE chemical transport model (Josse et al., 2004) as part of the
Spanish national air quality forecasting system developed and maintained by the Spanish Meteorological Agency

(https://www.aemet.es/en/eltiempo/prediccion/calidad_del aire?opcl=calidad, last access 01/06/2026) as well as within the

MONARCH chemical transport model (Badia et al., 2017) as part of the CALIOPE regional air quality forecasting system
developed and maintained by the BSC (https:/caliope.bsc.es/, last access 01/06/2026). Besides these two on-going

implementations, HERMES A is also currently used to perform simulation of CO» concentrations in the metropolitan area of
Barcelona and to understand the role of anthropogenic versus biogenic sources using the WRF-Chem GHG system (Luo et al.,
2026). The high-resolution emissions produced by HERMES A can support not only modelling applications in line with the
European AAQD and current GHG monitoring efforts, but also artificial intelligence driven and proxy-based downscaling

strategies to downscale air quality modelling results to higher resolutions (e.g., d'Hondt and Petetin, 2026).
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4.1  Applicability to other countries

HERMES A is generic and flexible tool designed so that it can be applicable to any European countries. To this end, flexibility
in input data formats and content is given by: i) allowing the user to choose the emission category nomenclature (e.g., NFR,
SNAP or an arbitrary classification) and spatial aggregation level (e.g., NUTSI, 2 or 3) at which original emissions are
provided to the model and ii) accepting multiple formats of georeferenced spatial proxies (GeoJSON, shapefiles, raster files).
HERMES A also provides flexibility in the definition of the gridded working domain, format of the output emission files and
selection of chemical mechanisms. The model has been developed with a generic vision and following the same principles of
flexibility and transparency as the ones considered in other versions of the HERMES software, which have successfully been
implemented in other countries and in the framework of other modelling chains (e.g., Piccoli et al., 2024; Seeman et al., 2024).
The main inputs required to run HERMES A include official emission inventories, spatial proxies, and temporal, vertical and
speciation profiles. While information on official emission inventories is granted in all Member States due to the reporting and
transparency obligations associated to the CLRTAP, NECD and UNFCCC, accessibility and availability to the proxies and
profiles needed to process these inventories may vary from country to country and subsequently limit the usability of the tool
in certain regions. To overcome this limitation, the Spanish use case described in the paper, and particularly the detailed
description of input datasets, statistics and methods considered to construct the proxies and profiles, can be regarded as a
guidance for potential applications in other countries. In this sense, it is important to note that several of the proposed proxies
and profiles are not specific for Spain, but have a European coverage, which means that they can be also applied for other
countries. These include the EUROCROPMAP, CLC, GHSL and OSM spatial proxies, the CAMS-REG-TEMPO temporal
profile dataset, and the European NMVOC speciation profile database proposed by Oliveira et al. (2026).

4.2  Future perspective

There are a series of limitations that have already been identified and that we plan to address in future versions of the model,
including:

- Street scale resolution: HERMES A can produce emissions with flexible spatial resolutions and for several map
projections. While the model can cover the highest resolution at which 3D mesoscale models typically run (i.e., lkm

x 1km), the current emission outputs do not fulfil the spatial input requirements of street-scale air pollution models
that need to be used to properly capture the representation of air pollutants in high dense and complex urban
environments (e.g., Benavides et al., 2019).

- Vertical allocation of point source emissions: In its current version, HERMES A propose a static vertical allocation
of industrial emissions based on a combination of stack height information and a fix plume rise factors defined by the
user for each individual industrial facility. However, many studies have shown that large day-to-day variations of
point sources’ effective emission heights can occur due to changes in the meteorological parameters and atmospheric

stability driving the plume rise (e.g., Guevara et al., 2024). This limitation will be fixed in future versions of the code
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by explicitly using a plume rise model that considers stack and meteorological parameters as described in Guevara et
al. (2020).

- Missing sources: There are emissions sources that are currently not included in official emission inventories but that
can present relevant contributions to air pollution levels, especially in urban areas, mainly: road dust resuspension
(e.g., Rodriguez-Rey et al., 2021) and residential and commercial cooking emissions (e.g. Ots et al., 2016). Future
works will assess how to develop bottom-up annual estimates of these emissions sources an integrate them into
HERMES A to process them together with the official reported sources.

- Computational performance: Although the computational core of the model exhibits excellent scalability, the overall
performance is slightly constrained by initialization overhead and I/O operations. Further improvements in scalability
will focus on addressing the identified bottlenecks, particularly by parallelizing the initialization phase and optimizing

the I/O strategy.

Future works will also focus on performing a full evaluation of the model-ready emission data obtained with HERMES A for
Spain through direct comparisons with other existing bottom-up and satellite-based inventories, and, on the other hand, by
using it as input to the in-house MONARCH chemical transport model. We expect that the results obtained from these
evaluation works will allow identifying opportunities from improvement concerning the functionalities implemented in

HERMES A for the spatiotemporal and speciation treatment of the original emission inventories.

5 Code and data availability

The HERMES A code package (version 1.0.1) is provided through a Zenodo repository
(https://doi.org/10.5281/zen0do0.21393948; Tena et al., 2026a). The software is maintained as a Github repository hosted at
https://github.com/BSC-ES/HERMES Delta (last access: 15/05/2026). A wiki of the model with instructions on how to install

and run it, a detailed description of the configuration and input files, and a benchmark case is also included in the Github

repository. A benchmark case is provided through a Zenodo repository (https://doi.org/10.5281/zenodo.21471814; Tena et al.,

2026b), including input and output files as well as the necessary scripts and instructions on how to run it, and should be used
as a guideline concerning the format and content that input files provided by the users must follow. The HERMES A code and
the benchmark case are licensed under GNU General Public License (GPL) version 3 (GPLv3:
https://www.gnu.org/licenses/gpl-3.0.ca.html, last access: 15/05/2026) and CcC BY 4.0
(https://creativecommons.org/licenses/by/4.0/, last access: 20/07/2026), respectively. Bug reports and other issues should be
posted to the issue tracker at https://github.com/BSC-ES/HERMES Delta/issues (last access: 15/05/2026). All the information

sources and corresponding references used to produce the HERMES A input database for the Spanish use case are provided
in the Supplementary material. Access to this input database can be requested upon reasonable request to the corresponding

author, subject to approval.
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