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Abstract. An accurate characterization of the temporal distribution in primary emissions is essential for air
quality modeling. This study evaluates the impact of replacing the default temporal profiles in the Copernicus
Atmosphere Monitoring Service (CAMS) European air quality multi-model ensemble with an updated dataset
(CAMS-REG-TEMPO). The sensitivity of 11 regional models and the ensemble to these changes is assessed
by comparing modeled and observed monthly, weekly, and diurnal cycles of nitrogen dioxide (NO2), ozone
(O3), coarse particulate matter (PM10), and fine particulate matter (PM2.5) across Europe. NO2 shows the great-
est improvement, with weekly cycle correlations increasing up to +0.17 due to better road transport emissions
representation. PM10 correlations improve in winter (up to +0.13 weekly and +0.07 diurnal) due to refined
residential wood combustion emissions. PM2.5 correlations remain largely unchanged, except for diurnal cycles,
which improve in winter (+0.18) but slightly degrade in spring and summer (−0.02). O3 is the least affected,
as correlations were already high with default profiles (0.9–0.95). For some species and timescales (e.g., NO2
diurnal cycles), results vary across models, highlighting the complex interactions between emission timing and
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sure consistency. Using an ensemble of CTMs enhances fore-
cast reliability by reducing the risk of failure in daily produc-
tion and improving the skill of the forecast (Galmarini et al.,
2013). Detailed information on the CAMS regional air qual-
ity production system and the individual models within the
ensemble can be found in Colette et al. (2025). While each
model differs in its design with regards to internal physical
and chemical processes, strong common requirements exist
in the CAMS regional service with regards to forcing meteo-
rological data, chemical boundary conditions at the European
boundary, and anthropogenic emissions.

2.2 Emission inputs

The CAMS European regional air pollutant emission inven-
tory (CAMS-REG-AP_v4.2; Kuenen et al., 2022) is used
to represent anthropogenic emissions. This inventory uses
official annual air pollutant emissions submitted by each
country to the European Monitoring and Evaluation Pro-
gramme (EMEP) and performs a spatial mapping to a grid
of 0.1°× 0.05° using appropriate surrogate statistics for
each activity. Some examples of spatial proxies include a
road transport network with traffic intensities associated to
each road link, which is used to distribute interurban traf-
fic emissions, and a catalogue of industrial point sources
with exact geographical coordinates and emission strengths
associated to each facility, which are used to distribute
emissions from power plants and manufacturing industries.
The summary of proxies used is provided in Kuenen et
al. (2022). NMVOC and PM emissions are speciated using
the sector- and country-dependent speciation profiles pro-
vided in CAMS-REG, which allow break downing the to-
tal NMVOC to the 25 Global Emission InitiAtive (GEIA)
species (Schultz et al., 2007) and the total PM emissions to
primary organic carbon, elemental carbon, sulphates, sodium
and others. Each individual CAMS modelling team performs
a remapping of the 25 GEIA NMVOC species and individ-
ual PM component to the species used in their correspond-
ing gas phase and aerosol chemical mechanisms. Biomass
burning emissions are derived from the CAMS Global Fire
Assimilation System (GFASv1.2; Kaiser et al., 2012) across
all CAMS regional models, while emissions from other nat-
ural sources such as biogenic, sea salt and desert dust are
estimated by each model system using dedicated and diverse
on-line parametrisations, as detailed in the references sum-
marised in Table 1.

2.3 Anthropogenic temporal profiles

2.3.1 Default profiles

Table 2 summarises the default temporal profiles used by
each model in the CAMS regional production service at
the time of performing this study. Most of the models (7
out of 11) perform the temporal disaggregation of the an-
thropogenic emissions using the profiles constructed by the

Netherlands Organisation for Applied Scientific Research
(TNO; Denier van der Gon et al., 2011), while the remaining
models use the temporal factors from the Generation of Euro-
pean Emission Data for Episodes project (GENEMIS) (Ebel
et al., 1997; Friedrich and Reis, 2004). Both datasets were de-
veloped at European level and include monthly, weekly and
diurnal temporal profiles.

GENEMIS monthly and weekly profiles vary per sector
and country, while hourly profiles vary per sector only. The
profiles were determined using various indicators, includ-
ing fuel use, power plant load curves, temperature, heat-
ing degree days, working hours, traffic counts and fertilizer
use, among others (Lenhart and Friedrich, 1995). In contrast,
TNO profiles are sector-dependent only across all timescales
(monthly, weekly and hourly) and largely based on GENE-
MIS data and older Western European datasets. For exam-
ple, road transport profiles are based on Dutch traffic count
data from 1985–1998, while energy sector profiles are de-
rived from power plant fuel usage and load curves reported
by Veldt (1992). Livestock emissions in TNO profiles are
based on Skjøth et al. (2011), which developed a dynamic
emission model that takes into account the effect of out-
door temperatures in NH3 emissions from animal houses
or manure storages. Both GENEMIS and TNO report the
same hourly sector-dependent profiles. In the CHIMERE
and EMEP models, the GENEMIS hourly weight factors for
road transport are replaced by country- and day-of-the-week-
dependent profiles developed by Menut et al. (2012), which
were derived from measured surface NO2 concentrations at
European traffic stations. More details on the proxies and
sources of information considered to construct the TNO and
GENEMIS profiles are provided as part of the emission result
analysis in Sect. 3.1.1 to 3.1.3.

2.3.2 CAMS-REG-TEMPO profiles

The CAMS REGional TEMPOral (CAMS-REG-TEMPO)
dataset consists of a collection of European regional tem-
poral factors aligned with the domain specifications (res-
olution and geographical coverage) and sector classifica-
tion of the CAMS-REG-AP emission inventory. It includes
monthly, weekly, daily (day-of-the-year) and hourly tempo-
ral profiles for the key air pollutants, namely: nitrogen oxides
(NOx), sulphur oxides (SOx), non-methane volatile organic
compounds (NMVOCs), ammonia (NH3), carbon monox-
ide (CO), coarse particulate matter (PM10) and fine partic-
ulate matter (PM2.5). Temporal profiles vary in spatial rep-
resentation depending on the pollutant source and tempo-
ral resolution (i.e., monthly, weekly, daily, hourly): some
are spatially invariant (i.e., a unique set of temporal weights
for the entire domain), while others are spatially variant
(i.e., temporal weights vary by grid cell or country). Ad-
ditionally, profiles may be year-dependent and/or pollutant-
dependent, depending on the characteristics of the input data
and the approaches to compute the profiles. The dataset is
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Table 1. Chemistry transport models participating in the CAMS regional ensemble system.

Model name Institute/country Reference

CHIMERE Institut National De L’environnement Industriel Et Des
Risques (INERIS)/France

Menut et al. (2021)

Danish Eulerian
Hemispheric Model
(DEHM)

Aarhus University/Denmark Christensen (1997), Brandt et al. (2012), Geels
et al. (2021), Frohn et al. (2002 and 2021)

European Monitoring
and Evaluation
Programme (EMEP)

Norwegian Meteorological Institute – (MET
Norway)/Norway

Simpson et al. (2012), EMEP MSC-W (2022)

European Air pollution
Dispersion – Inverse
Model (EURAD-IM)

Forschungszentrum Jülich Institute of Climate and
Energy Systems Troposphere (FZJ ICE-3)/Germany

Franke et al. (2024), Friese and Ebel (2010)

Global Environmental
Multiscale model – Air
Quality chemistry
(GEM-AQ)

Institute of Environmental Protection – National
Research Institute (IEP-NRI)/Poland

Kaminski et al. (2008), Struzewska and
Kaminski (2008)

Long Term Ozone
Simulation – European
Operational Smog
model
(LOTOS-EUROS)

Royal Netherlands Meteorological Institute (KNMI)
and The Netherlands Organisation for Applied
Scientific Research (TNO)/The Netherlands

Manders et al. (2017)

Multi-scale
Atmospheric Transport
and Chemistry model
(MATCH)

Swedish Meteorological and Hydrological Institute
(SMHI) – Sweden

Robertson et al. (1999), Andersson et al. (2007)

National Integrated
Model to support
International
Negotiation on Air
Pollution issues
(MINNI)

Italian National Agency for New Technologies, Energy
and Sustainable Economic Development (ENEA)/Italy

D’Elia et al. (2021), Mircea et al. (2014)

Modèle de Chimie
Atmosphérique de
Grande Echelle
(MOCAGE)

Météo-France/France Josse et al. (2004), Sič et al. (2015), Guth et
al. (2016)

Multiscale Online
Nonhydrostatic
AtmospheRe
CHemistry model
(MONARCH)

Barcerlona Supercomputing Center (BSC)/Spain Badia et al. (2017), Klose et al. (2021),
Navarro-Barboza et al. (2024), Pérez et
al. (2011)

System for Integrated
Modeling of
Atmospheric
Composition (SILAM)

Finnish Meteorological Institute (FMI)/Finland Sofiev et al. (2015, 2010, 2018), Sofiev (2002),
Kouznetsov and Sofiev (2012)
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Table 3. Main characteristics of the CAMS-REG-TEMPO dataset. Per country: indicates that the profiles vary per country; per pollutant:
indicates that the profiles vary per pollutant; per grid cell: indicates that the profiles vary per grid cell within a country; per year: indicates
that the profiles vary per year; fixed: indicates that the profiles are spatially invariant. The symbol “–” denotes that no profile is proposed.

Sector Description Monthly Daily Weekly Hourly

GNFR_A Public Power per country, pollutant – per country,
pollutant

per country,
pollutant

GNFR_B Industry per country – fixed1 fixed1

GNFR_C Other
stationary
combustion

per grid cell,
year

per pollutant

GNFR_D Fugitive fossil
fuel

fixed1 – fixed1 fixed1

GNFR_E Solvents fixed1 – fixed1 fixed1

GNFR_F1 Road transport
exhaust
gasoline

per year, grid cell for
CO and NMVOC; per
grid cell for others

– per country per country,
day type2

GNFR_2 Road transport
exhaust diesel

per year, grid cell for
NOx ; per grid cell for
others

– per country per country,
day type

GNFR_F3 Road transport
exhaust LPG

per grid cell – per country per country,
day type

GNFR_F4 Road transport
non-exhaust
(wear and
evaporative)

per grid cell for PM;
fixed for NMVOC

– per country for
PM; fixed for
NMVOC

per country,
day type for
PM; fixed for
NMVOC

GNFR_G Shipping per sea region and
pollutant

– fixed1 fixed1

GNFR_H Aviation per country – per country fixed

GNFR_I Off road
transport

fixed, per pollutant – fixed, per
pollutant

fixed, per
pollutant

GNFR_J Waste
management

fixed 1 – fixed 1 fixed 1

GNFR_K Agriculture
(livestock)

fixed for others than
NH3 and NOx

per grid cell,
year for NH3
and NOx

fixed for others
than NH3 and
NO1

x

fixed1

GNFR_L Agriculture
(fertilizers,
agricultural
waste burning)

per country for others
than NH3

per grid cell,
year for NH3

(fixed for
others than
NH3)2

fixed, per
pollutant

1 Same profile as the one reported by the TNO dataset (Denier van der Gon et al., 2011). 2 Day types are weekday (Monday to Friday), Saturday and
Sunday.

3 Results

3.1 Emissions

Figures 1 to 6 compare the monthly, weekly and hourly
emission temporal distributions for key pollutants (i.e., NOx ,

NMVOC, SOx, NH3, PM10, PM2.5) across different sectors
at the EU27 plus UK and Norway level using the CAMS-
REG-TEMPO, TNO and GENEMIS profiles. These distribu-
tions were obtained by applying each temporal profile dataset
to the CAMS-REG-AP_v4.2 emissions. Since the total an-
nual emissions remain the same in all three cases, the com-
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parison focuses on differences in temporal allocation. Ta-
bles 4 to 6 summarise the correlation coefficients between
monthly, weekly and hourly emissions at the EU27 plus UK
and Norway estimated using CAMS-REG-TEMPO versus
TNO and CAMS-REG-TEMPO versus GENEMIS per pol-
lutant. Relative differences [%] in emission distributions –
CAMS-REG-TEMPO vs. TNO and CAMS-REG-TEMPO
vs. GENEMIS – are summarized per pollutant by month-of-
the-year, day-of-the-week and hour-of-the-day in the Sup-
plement (Figs. S1 to S3). To complement the analysis per-
formed at the European scale, monthly, weekly and hourly
correlation coefficients per individual country and pollutant
are provided in Figs. S4 to S6. For hourly emission cy-
cles (Sect. 3.1.3), we excluded GENEMIS from the analy-
sis, as they report the exact same sector-dependent hourly
profiles as TNO. Instead, an additional dataset was included
in the comparison: the default hourly temporal factors used
in EMEP and CHIMERE, which combine GENEMIS hourly
profiles (identical to TNO profiles) with the road transport
profiles from Menut et al. (2012). We refer to this dataset as
GENEMIS-Menutetal2012.

3.1.1 Monthly emission cycles

The seasonality of NOx emissions is mainly dominated by
the road transport (44.3 % of total emissions) and industry
sectors (energy and manufacturing, 33.5 % of total emis-
sions) (Figs. 1 and S1). The monthly cycles obtained with the
three temporal profile databases present correlations of 0.67
(CAMS-REG-TEMPO versus TNO) and 0.79 (CAMS-REG-
TEMPO versus GENEMIS) (Table 4), with the highest corre-
lations occurring in Finland (0.89 for CAMS-REG-TEMPO
versus TNO) and Italy (0.87 for CAMS-REG-TEMPO ver-
sus GENEMIS) (Fig. S4). Differences between resulting
emissions range between −10 % and 10 % depending on the
month (Fig. S1). CAMS-REG-TEMPO presents larger emis-
sions in February, March, July, August and November com-
pared to the other datasets. The differences in July and Au-
gust are mainly attributed to the off-road transport sector
(GNFR_I, included in the “Others” category), which CAMS-
REG-TEMPO assumes to increase during summer following
with the guidelines provided by EMEP/EEA (2019), whereas
TNO and GENEMIS consider a flat profile due to lack of
more detailed information. In February, March and Novem-
ber, the differences are mainly related to the meteorology-
dependent profiles used in CAMS-REG-TEMPO for diesel
exhaust road transport (GNFR_F2) and residential/com-
mercial combustion (GNFR_C). These profiles result in a
stronger contrast between cold and warm months, leading to
higher emissions during colder periods compared to the pro-
files used in TNO and GENEMIS, which do not offer year-
specific weight factors based on meteorological data.

For NMVOC (Figs. 1 and S1), the differences in monthly
emissions between CAMS-REG-TEMPO and TNO are rel-
atively small (ranging between −10 % and 10 %), the cor-

Table 4. Summary of correlation coefficients between monthly
emissions estimated using CAMS-REG-TEMPO versus TNO and
CAMS-REG-TEMPO versus GENEMIS per pollutant and at the
EU27 plus UK and Norway level.

Pollutant r (CAMS-REG-TEMPO r (CAMS-REG-TEMPO
versus TNO) versus GENEMIS)

NOx 0.67 0.79
NMVOC 0.78 0.63
SOx 0.90 0.89
NH3 0.39 0.78
PM10 0.80 0.85
PM2.5 0.89 0.94

relation coefficient between monthly emissions estimated by
each dataset being 0.79 (Table 4). This similarity is partly due
to both datasets using the same monthly profile for the sol-
vents sector (GNFR_E). Larger discrepancies are observed
when comparing CAMS-REG-TEMPO and GENEMIS (cor-
relation coefficient of 0.63), with the former reporting sig-
nificantly lower emissions in spring – up to 20 % lower in
April (Fig. S1). This discrepancy is mainly driven by the dif-
ferent monthly profiles considered for the agricultural emis-
sions, which fall under the GNFR_L category. For CAMS-
REG-TEMPO, the seasonality of these emissions is linked
to agricultural waste burning emissions and is derived from
Klimont et al. (2017), which considered the timing and lo-
cation of active fires on agricultural land in the Global Fire
Emissions Database (GFEDv3.1). In GENEMIS, the pro-
file proposed for NMVOC agricultural activities is based on
statistical data on sales and application of agricultural pes-
ticides or other agrochemicals (Friedrich and Reis, 2004).
At the country level, maximum correlations occur in UK
(0.9) and Czech Republic (0.91) when comparing CAMS-
REG-TEMPO versus TNO and CAMS-REG-TEMPO ver-
sus GENEMIS, respectively. Negative correlations of −0.2
(CAMS-REG-TEMPO versus TNO) and −0.22 (CAMS-
REG-TEMPO versus GENEMIS) are observed for Spain
(Fig. S4), mainly due to the differences in the proposed pro-
file for the agricultural waste burning emissions.

For SOx , the monthly emission cycles are largely dom-
inated by the industry sector (81.5 % of total emissions,
Fig. 1). The seasonality obtained by each temporal profile
database are largely correlated (0.9 and 0.89, Table 4). Com-
pared to winter (i.e., December, January and February), the
drop in industrial emissions during summer and fall is less
pronounced in CAMS-REG-TEMPO than in other datasets.
Consequently, emissions in July and August are up to 20 %
higher compared to those obtained derived using GENEMIS
profiles (Fig. S1). Conversely, emissions in January and De-
cember tend to be lower with CAMS-REG-TEMPO, show-
ing reduction of −5 % compared to TNO and −8 % com-
pared to GENEMIS.
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Figure 1. Monthly NOx , NMVOC and SOx emission temporal distributions obtained per pollutant and sector at the EU27 plus UK and
Norway level when using the CAMS-REG-TEMPO, TNO and GENEMIS profiles, respectively.

NH3 exhibits the largest differences in monthly emission
distributions (Fig. 2), especially when comparing CAMS-
REG-TEMPO and TNO profiles (correlation coefficient of
0.39, Table 4), the country-level monthly correlations show-
ing large variations, with values ranging from 0.88 (Malta)
to −0.15 (Sweden) (Fig. S4). CAMS-REG-TEMPO reports
a distinct bi-modal seasonality, with a primary peak in
April (15.3 % of total emissions), mainly driven by fertilizer
emissions (GNFR_L), and a second lower-intensity peak in
July (11.5 % of total emissions), mainly linked to livestock
emissions (GNFR_K). Concerning fertilizer emissions, the
CAMS-REG-TEMPO country-dependent profiles are based
on a mosaic of datasets including the regional European
emission inventories reported for Denmark and Germany by
Skjoth et al. (2011), for Poland by Werner et al. (2015),
for the Netherlands, France and Belgium by Backes et
al. (2016a) and from the global bottom-up MASAGE_NH3
inventory for the rest of the countries (Paulot et al., 2014). In
contrast, the TNO profile allocates the majority of NH3 emis-
sions to March (24.2 % of total emissions), the peak being
mainly driven by the profile proposed for fertilizer emissions.
This profile is based on the work by Asman (1992), which

considered information from the year 1989 in the Nether-
lands about the timing of manure spreading from different
animal types as well as of application of synthetic fertiliz-
ers. Using CAMS-REG-TEMPO instead of TNO leads to
a decrease in emissions by more than −50 % during that
month and an increase above 100 % in summer (Fig. S1). The
GENEMIS profile is more in line with that of CAMS-REG-
TEMPO (correlation coefficient of 0.78, Table 4, and 16
countries out of 29 showing correlations above 0.65, Fig. S4),
but with a flatter distribution, allocating more emissions in
winter and fewer in summer (Fig. S1). The profile reported
by GENEMIS is derived from measured NH+4 aerosol con-
centrations in the Netherlands in the 90s (Friedrich and Reis,
2004). It is worth mentioning that the seasonality reported
by CAMS-REG-TEMPO is well aligned with European NH3
emission monthly patterns derived from satellite observa-
tions, as recently reported by Ding et al. (2024).

For PM10 (Fig. 2), all three temporal profile datasets allo-
cate more emissions in winter than in summer (31 % versus
18 % on average), mainly due to the seasonality of residential
and commercial combustion emissions (GNFR_C). These
emissions increase during cold months as combustion activ-
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Figure 2. Same as Fig. 1 for NH3, PM10 and PM2.5.

ities for space heating intensify. CAMS-REG-TEMPO allo-
cates more emissions in January and February compared to
TNO (up to+20 % in February), while its estimates for these
months are closely aligned with GENEMIS (differences
below −5 %). In November and December, CAMS-REG-
TEMPO reports between 15 % and 20 % more PM10 emis-
sions than TNO and GENEMIS, respectively. This discrep-
ancy mainly comes from differences in the monthly alloca-
tion of agricultural waste management emissions (GNFR_L)
across datasets. In CAMS-REG-TEMPO, these emissions
peak between October and December, whereas GENEMIS
assigns them between September and November. TNO, on
the other hand, distributes them across two peaks of sim-
ilar intensity – one in spring (March–April) and another
in summer (July–August). As previously mentioned, the
CAMS-REG-TEMPO profiles for agricultural waste burn-
ing were derived from Klimont et al. (2017), which consid-
ered monthly emissions computed by GFEDv3.1, while in
the case of TNO, the profile for this sector is derived from
monthly emissions estimated by GFASv1.2 (Kaiser et al.,
2012), as detailed in Kuenen et al. (2022).

For PM2.5, the monthly cycles obtained with CAMS-REG-
TEMPO and GENEMIS present a U-shape pattern, whereas

TNO shows a V-shape trend (Figs. 2 and S1). This discrep-
ancy arises from differences in the monthly profiles for resi-
dential and commercial combustion emissions. The CAMS-
REG-TEMPO and GENEMIS profiles are similar, as both
consider the impact of meteorology (i.e., temperature-driven
variations in heating demand), while for TNO the profile is
based on fuel use information from small consumers (Veldt
et al., 1992). Consequently, correlation between monthly
emissions derived from CAMS-REG-TEMPO and GENE-
MIS are larger than between CAMS-REG-TEMPO and TNO
(0.94 and 0.89, respectively). Correlation values are gener-
ally consistent across individual countries, with 24 coun-
tries out of 29 presenting correlations above 0.8 (Fig. S4).
Maximum differences occur in February, when CAMS-REG-
TEMPO reports 20 % higher emissions than TNO, and in
July, where CAMS-REG-TEMPO reports 20 % more emis-
sions than GENEMIS (Fig. S1). Additionally, CAMS-REG-
TEMPO shows a pronounced drop in residential and com-
mercial combustion emissions between winter and spring,
leading to lower total PM2.5 emissions compared to both
TNO (−20 %) and GENEMIS (−25 %).
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M. Guevara et al.: Technical note: sensitivity of the CAMS regional air quality modelling system 13255

3.1.2 Weekly emission cycles

The NOx weekly cycle (Fig. 3) obtained with CAMS-REG-
TEMPO presents a significantly larger drop of emissions be-
tween weekdays and weekends (−38 %) compared to TNO
(−22 %) and GENEMIS (−15 %). As a result, Saturday
and Sunday emissions in CAMS-REG-TEMPO are 11 %
and 21 % lower than those obtained using the TNO pro-
files (Fig. S2). The differences are slightly larger when com-
pared to GENEMIS (−18 % on Saturday and−25 % on Sun-
day). Conversely, emissions during weekdays are between
5 % and 10 % higher with CAMS-REG-TEMPO than with
the other datasets. These discrepancies are mainly driven by
differences in the weekly profiles for road transport, which
present a 44 % contribution to total NOx emissions at EU27
plus UK and Norway scale, and, to a lower extent, for off-
road transport (included in the “Others” category), which
contribution is of 10 %. As indicated in Sect. 2.3, the TNO
weekly road transport profiles are based on a long time se-
ries of Dutch traffic count statistics compiled between 1985
and 1998, while the CAMS-REG-TEMPO profiles are based
on TomTom congestion statistics. For off-road transport, both
GENEMIS and TNO propose a default flat profile due to lack
of more detailed information, while CAMS-REG-TEMPO
considers the profile reported by the EMEP/EEA emission
inventory guidebook (EMEP/EEA, 2019), which assume a
decrease of activity from this source during weekends. The
correlations between weekly emissions obtained with each
dataset are very large both at the European scale (0.99 and
0.97, Table 5) and across all individual countries (larger than
0.95 in all cases, Fig. S5).

For NMVOC, the weekly distributions in CAMS-REG-
TEMPO and TNO are nearly identical (correlation coeffi-
cients of 1 at European scale, Table 5, and larger than 0.95
across all countries, Fig. S5), with differences ranging be-
tween −2 % and 2 %, depending on the day of the week
(Figs. 3 and S2). Slight discrepancies are observed when
comparing CAMS-REG-TEMPO and GENEMIS (correla-
tion coefficients of 0.97, Table 5), with the former reporting
12.5 % lower emissions on Saturdays and 10 % higher emis-
sions on Sundays. These differences are linked to variations
in the weekly profiles for the solvent use sector. Both CAMS-
REG-TEMPO and TNO use the same profile for the solvent
use sector, the corresponding emissions experiencing a sharp
drop between Friday and Saturday (−58 % reduction), fol-
lowed by stable emissions throughout the weekend. The pro-
file is based on production and working time information
from the industrial solvent use sector as reported by Lenhart
and Friedrich (1995). In contrast, GENEMIS presents a grad-
ual decline between Friday and Sunday (reduction of −77 %
between the two days).

The SOx weekly cycles in CAMS-REG-TEMPO and
GENEMIS are almost identical (correlation coefficients of
1, Table 5), both showing a very slight drop in emissions
over weekends compared to weekdays (−18 %, Fig. 3). The

Table 5. Summary of correlation coefficients between weekly
emissions estimated using CAMS-REG-TEMPO versus TNO and
CAMS-REG-TEMPO versus GENEMIS per pollutant and at the
EU27 plus UK and Norway level.

Pollutant r (CAMS-REG-TEMPO r (CAMS-REG-TEMPO
versus TNO) versus GENEMIS)

NOx 0.99 0.97
NMVOC 1.00 0.97
SOx 1.00 1.00
NH3 0.92 0.93
PM10 1.00 0.97
PM2.5 1.00 0.95

TNO profile shows a more pronounced weekend drop, with
CAMS-REG-TEMPO reporting 6 % higher emissions on
Saturdays and 4 % higher on Sundays compared to TNO
(Fig. S2). While TNO assumes a weekend effect in the res-
idential and commercial combustion activities (GNFR_C)
due to changes in households and commercial activities as
reported by Friedrich and Reis (2004), both CAMS-REG-
TEMPO and GENEMIS report a flat profile for this sector,
as emissions are assumed to vary due to changes in outdoor
temperature and therefore no weekend effect is considered.

Unlike the large discrepancies observed in NH3 monthly
cycles, the weekly cycles reported by CAMS-REG-TEMPO,
TNO and GENEMIS for this species are almost identical
(correlations coefficients of 0.92 and 0.93, Table 3), with
all three datasets assuming a near-flat weekly distribution of
emissions (Fig. 4).

For PM10 and PM2.5, similar discrepancies are observed
across datasets (Fig. 4). Compared to TNO, CAMS-REG-
TEMPO reports slightly lower emissions on weekdays (up
to −2.5 %) and higher emissions on weekends (up to 7.5 %)
(Fig. S2). Conversely, when compared to GEMINIS, CAMS-
REG-TEMPO shows higher weekday emissions (up to 4 %)
and lower weekend emissions (up to −7.5 %). For both pol-
lutants, these differences are mainly driven variations in the
weekly profiles for the road transport (GNFR_F) and off-
road transport (included in the “Others” category) sectors
across the datasets, following with what has been previously
discussed for NOx . It is also important to note that for the res-
idential and commercial combustion emissions, both CAMS-
REG-TEMPO and GENEMIS do not consider a weekend
effect as emissions vary according to heating degree days,
while in TNO a −26 % drop of emissions during weekends
is assumed. Correlations between weekly PM10 and PM2.5
emissions are very large both at the European scale (between
0.95 and 1, Table 5) and across most of the individual coun-
tries, except in those where PM emissions are primarily dom-
inated by residential combustion emissions, where correla-
tions are around 0.5 (e.g. Romania, Hungary, Fig. S5).
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Figure 3. Weekly NOx , NMVOC and SOx emission temporal distributions obtained per pollutant and sector at the EU27 plus UK and
Norway level when using the CAMS-REG-TEMPO, TNO and GENEMIS profiles, respectively.

3.1.3 Hourly emission cycles

The NOx hourly distributions obtained with CAMS-
REG-TEMPO, TNO and GENEMIS-Menutetal2012 profiles
(combination of GENEMIS and the road transport profiles
from Menut et al., 2012, as detailed in Sect. 3.1) all present
a morning and afternoon peak, mainly driven by the di-
urnal variation of road transport emissions (Fig. 5). How-
ever, the timing and intensity of these peaks vary signifi-
cantly across datasets, especially when comparing CAMS-
REG-TEMPO with GENEMIS-Menutetal2012 (correlation
coefficient of 0.82 at European scale, Table 6, and close
or below 0.5 for 10 individual countries, Fig. S6). Morn-
ing peak is much more pronounced in CAMS-REG-TEMPO,
with total NOx emissions being approximately 25 % higher
at 07:00 and 08:00 h local time (LT) compared to GENEMIS-
Menutetal2012 (Fig. S3). For the afternoon peak, significant
differences exist in both intensity and timing. In CAMS-
REG-TEMPO, the peak occurs between 17:00 and 18:00 LT,
whereas in GENEMIS-Menutetal2012, emissions increase
more gradually and peak later, between 19:00 and 20:00 LT.
Consequently, NOx emissions in CAMS-REG-TEMPO are

30 %–45 % higher than in GENEMIS-Menutetal2012 dur-
ing 17:00–18:00 h LT. Conversely, night-time NOx emissions
in CAMS-REG-TEMPO are between 30 % and 50 % lower
than in GENEMIS-Menutetal2012. The main reason behind
these large discrepancies is in the design of the road trans-
port profiles. While CAMS-REG-TEMPO were constructed
considering traffic congestion statistics (see Sect. 2.3.2), in
GENEMIS-Menutetal2012 profiles rely on measured NO2
concentrations in urban traffic stations, which diurnal vari-
ation is controlled not only by road transport emissions but
also by other physical and chemical processes not related to
traffic activity, such as boundary layer dynamics and NOx

titration (Li et al., 2021). The comparison between CAMS-
REG-TEMPO and TNO highlights smaller discrepancies in
peak intensity and timing, the correlation coefficient be-
ing close to 1 at the European level (Table 6) and larger
than 0.95 across individual countries (Fig. S6). While both
datasets show similar peak structures, CAMS-REG-TEMPO
reports slightly higher emissions, with morning peak emis-
sions (∼ 07:00–08:00 LT) being 5 % higher than those in
TNO. Nighttime NOx emissions are about 15 % lower in
CAMS-REG-TEMPO compared to TNO, mainly due to dif-
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Figure 4. Same as Fig. 3 for NH3, PM10 and PM2.5.

ferences in off-road transport sector assumptions: while TNO
proposes a flat profile due to lack of more detailed informa-
tion, CAMS-REG-TEMPO concentrates most off-road emis-
sions during daytime, following the information reported by
EMEP/EEA (2019).

For NMVOC (Fig. 5), a pattern similar to that observed
for NOx emissions emerges, with CAMS-REG-TEMPO al-
locating less emissions during night-time (between−5 % and
−20 %) and more during daytime (between 5 % and 10 %
(Fig. S3). However, differences are less pronounced than for
NOx as all three datasets consider the same hourly profile for
the dominant sector – solvent use (GNFR_E), which trans-
lates into correlation coefficients between hourly emissions
of 1 (CAMS-REG-TEMPO versus TNO) and 0.99 (CAMS-
REG-TEMPO versus GENEMIS-Menutetal2012) at the Eu-
ropean scale and also across the majority of individual
countries (Fig. S6). The higher emissions in CAMS-REG-
TEMPO during daytime is mainly linked to three factors;
first, off-road transport emissions increase during daytime
following with the information reported by EMEP/EEA
(2019); second, the diurnal distribution of gasoline evapora-
tive emissions (GNFR_F4, included in the “road transport”
category) peaks around noon due to the influence of tem-

perature as indicated by EMEP/EEA (2019); which is not
considered in the TNO and GENEMIS hourly profiles, and
third, the hourly profile for agricultural waste burning emis-
sions peaks around noon, following with the profile proposed
by Mu et al. (2011), where climatological mean hourly cy-
cles were constructed using GOES WF_ABBA (Geostation-
ary Operational Environmental Satellite Wildfire Automated
Biomass Burning Algorithm) active fire satellite observa-
tions.

For SOx (Fig. 5), differences in hourly emission cycles
are rather small (correlation coefficients of 1, Table 6).
CAMS-REG-TEMPO shows a flatter distribution of indus-
trial emissions, resulting in a smaller contrast between nigh-
time (23:00 to 06:00) and daytime (07:00 to 22:00) total SOx

emissions (−28 % reduction between night- and daytime)
when compared to TNO and GENEMIS-Menutetal2012
(−34 % reduction). As presented in Fig. S3, CAMS-REG-
TEMPO reports lower SOx emissions between 07:00 and
17:00h LT (approx. −5 %) and higher emissions between
18:00 till 06:00 h LT (between 2 % and 8 % compared to both
the TNO and GENEMIS-Menutetal2012 profiles (Fig. S3).
These discrepancies are due to the different profiles consid-
ered for the public power sector (GNFR_A, included in the
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Table 6. Summary of correlation coefficients between hourly emissions estimated using CAMS-REG-TEMPO versus TNO and CAMS-
REG-TEMPO versus GENEMIS-Menutetal2012 per pollutant and at the EU27 plus UK and Norway level.

Pollutant r (CAMS-REG-TEMPO r (CAMS-REG-TEMPO versus
versus TNO) GENEMIS-Menutetal2012)

NOx 0.99 0.82
NMVOC 1.00 0.99
SOx 1.00 1.00
NH3 1.00 1.00
PM10 0.68 0.67
PM2.5 0.57 0.57

Figure 5. Diurnal NOx , NMVOC and SOx emission temporal distributions obtained per pollutant and sector at the EU27 plus UK and
Norway level when using the CAMS-REG-TEMPO, TNO and GENEMIS-Menutetal2012 profiles, respectively.

“Industry” category in Fig. 5). While TNO and GENEMIS
rely on information from the 90s on fuel use and load curves
from power plants (Friedrich and Reis, 2004), CAMS-REG-
TEMPO country-dependent profiles are based on electricity
production statistics compiled from the European Network
of Transmission System Operators for Electricity (ENTSO-
E; Hirth et al., 2018) for the years 2015–2017.

Similar to SOx , differences in NH3 diurnal cycles are min-
imal (< 5 %, Figs. 6 and S3), as all three datasets consider the

same hourly profiles for agriculture and livestock emissions,
the two dominant sources of NH3. The profile is derived from
the work by Asman (1992), which determined the diurnal
evolution of NH3 emissions as a function of the variation in
the soil temperature, which has a large influence on the NH3
concentration at the soil surface, and the variation in the at-
mospheric turbulence, which determines the maximum rate
at which the NH3 at the soil surface can be transported to the
air. Two climatological data sets obtained from measurement
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stations in the Netherlands (De Bilt) and Denmark (Kastrup)
where used to compute the diurnal variation of NH3 emis-
sions considering the aforementioned influences. The hourly
profile considered in the present datasets is the results of av-
eraging the annually averaged relative diurnal variations ob-
tained in the two locations. As a result of applying the same
profile for agricultural and livestock sources, correlations be-
tween hourly emissions are 1 both at the European scale (Ta-
ble 6) and across individual countries (Fig. S6)

Finally, large discrepancies are observed in the diurnal dis-
tributions of PM10 and PM2.5 (Fig. 6). CAMS-REG-TEMPO
reports much higher emissions during the evening hours
(17:00–22:00 h LT). This discrepancy is mainly driven by
differences in the hourly distribution of residential and com-
mercial combustion emissions (GNFR_C). In CAMS-REG-
TEMPO, these emissions, largely linked to residential wood
combustion in fireplaces, boilers and other types of appli-
ances, are assumed to peak in the evening based on the infor-
mation derived from citizen interviews in Norway and Fin-
land (Finstad et al., 2004; Kangas et al., 2024) as well as
from measurements of the wood-burning fraction of black
carbon in Athens (Athanasopoulou et al., 2017). In con-
trast, TNO and GENEMIS-Menutetal2012 distribute emis-
sions more evenly, with two peaks: one in the morning and
another in the afternoon, as the hourly profile for this sector
is only based on household gaseous fuel consumption statis-
tics (Friedrich and Reiss, 2004). Consequently, PM emis-
sions in CAMS-REG-TEMPO are over 50 % higher than
those in TNO and GENEMIS-Menutetal2012 between 17:00
and 19:00 h LT, while morning peak emissions are approxi-
mately 40 % lower. Due to the differences in the hourly pro-
file considered for the residential and commercial sector, cor-
relations of total hourly emissions are lower than the ones
observed for the other primary pollutants (0.57, Table 6).

3.2 Correlation of modelled diurnal, weekly and monthly
cycle concentrations with surface observations

Figure 7 summarises the differences in temporal correlation
values obtained by the ENS in expB (CAMS-REG-TEMPO
profiles) and expA (default profiles). Results are provided
per species, cycle type (monthly, weekly and diurnal) and
quarter. Positive values indicate improvements in correla-
tion when using CAMS-REG-TEMPO, while negative val-
ues (red boxes) indicate degradations. Absolute changes in
correlation between −0.01 and 0.01 are considered insignif-
icant (grey boxes). The values in brackets indicate the max-
imum and minimum correlation differences obtained across
the individual CAMS regional models. The results for each
individual model are provided in the Supplement (Fig. S7).
Please note that due to technical issues during the simula-
tions, the modelled concentrations of DEHM (MATCH) NO2
and O3 (PM10 and PM2.5) were excluded from the compar-
ative analysis and are therefore not available in the supple-
mentary material.

O3 is the pollutant with the lowest sensitivity to changes
in temporal profiles. For both monthly and diurnal cycles (all
quarters), correlation values remain almost unchanged when
moving from the default (TNO, GENEMIS) to CAMS-REG-
TEMPO profiles. Note that for these two cycles the correla-
tion values of the ENS are also the largest among the four
species analysed (between 0.90 and 0.95, see Sect. 3.2.2 for
more details) and therefore the room for improvement is very
limited. At the weekly level, the impact varies by quarter.
During JFM and OND, slight correlation improvements are
observed (+0.03 and +0.02), whereas during AMJ and JAS,
degradations of −0.1 and −0.03, respectively, are reported.
These degradations clearly contrast with the improvements
in NO2 weekly cycles observed during the same quarters
(+0.13 for AMJ and +0.08 for JAS).

NO2 exhibits the largest variation in temporal correla-
tion due to CAMS-REG-TEMPO, with only minor degra-
dations occurring in the diurnal cycle during AMJ (−0.03).
The improvements in NO2 weekly correlations are consis-
tent across all models except for MATCH, which largely in-
creases the correlations during AMJ (0.19) and JAS (0.49)
but also shows slight degradations during JFM (−0.09) and
OND (−0.08). Overall, differences between expB and expA
reach up to +1.0 (see Sect. 3.2.1 for more details).

For PM10, the major improvement occurs in the OND di-
urnal cycle (+0.13), the JFM diurnal and JAS weekly cycles
also showing a slight improvement (+0.02 in both cases),
while a minor degradation is reported for the AMJ weekly
cycle (−0.03). PM10 is also the only pollutant to show a
slight improvement in the monthly cycle correlation (+0.02),
while other pollutants showing no changes. As shown in
Sect. 3.2.1 to 3.2.4, the monthly correlations reported by
the ENS in expA for O3, NO2 and PM2.5 are already very
high (0.95, 0.83 and 0.82, respectively), while PM10 presents
the lowest correlation (0.68), giving more room for improve-
ment.

Similarly, PM2.5 shows a major correlation improvement
in the OND diurnal cycle (+0.15), mirroring PM10. The
OND weekly cycle shows a slight improvement (+0.02),
while for other quarters correlation values remain either un-
changed (monthly and all weekly cycles except AMJ) or
show slightly degradations (JFM and AMJ diurnal cycles:
−0.02; AMJ weekly cycle: −0.04).

Overall, the sensitivity to changes in the emission temporal
profiles is larger for NO2 and PM10, which are dominated
by primary sources, and lower for PM2.5 and O3, which are
primarily driven by secondary formation and, in the case of
O3, by remote influences due to its higher lifetime.

Figure 8 illustrates the ENS correlation differences (expB
– expA) at the station level, categorized by species (O3, NO2,
PM10, PM2.5) and selected quarters. Each species is anal-
ysed during the quarter when its concentrations are at their
maximum levels. For NO2 a general improvement in correla-
tion during JFM is observed across the domain. In contrasts,
O3 during JAS shows more heterogeneous results, with im-
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Figure 6. Same as Fig. 5 for NH3, PM10 and PM2.5.

Figure 7. Summary of the ENS correlation differences (expB – expA) per species (O3, NO2, PM10, PM2.5), quarter (JFM, AMJ, JAS,
OND) and cycle (diurnal, weekly, monthly). Values between brackets indicate the minimum and maximum correlation differences among
the individual CAMS regional models. Boxes highlighted in green/salmon/grey indicate an improvement/degradation/no significant changes
(between −0.01 and 0.01) in the correlation when using CAMS-REG-TEMPO.

provements in central Europe (e.g., Germany) and degrada-
tions in western (e.g. Spain, France) and eastern (e.g. Poland)
countries. One aspect that is interesting to highlight about the
slight deterioration of the scores in Western Europe is that it
mainly affects rural areas (as opposed to urban areas). This is
clearly visible for France and Spain, where we can see that in
stations located in the respective capitals (Paris and Madrid)

and other urban areas (Marseille, Barcelona) correlations are
increasing, while in rural regions scores are being deterio-
rated. These results highlight the added value of the new
CAMS-REG-TEMPO profiles for areas with high NOx emis-
sions, particularly the profiles proposed for the road transport
sector, which is the main dominant source of NOx emissions
in urban areas. Since the deterioration is mainly occurring
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in rural areas, one hypothesis to explain these results could
be the potential influence of the online biogenic NMVOC
and soil NOx emission parametrisations considered in each
CAMS model, as described in Colette et al. (2025). Down-
wind urban areas other processes like meteorology and pho-
tochemistry may dominate the signal. For PM10, JFM cor-
relations improve at stations in Germany, Poland, Portugal
and parts of Spain, whereas degradations are observed in
France and the Czech Republic. Conversely, for PM2.5 dur-
ing OND, France reports more stations with improved corre-
lations, while Germany exhibits a decrease in most sites.

3.2.1 NO2

Figures 9 to 11 show the comparison between the observed
and modelled NO2 monthly, weekly and diurnal cycles for
the ENS and the spatial median of the monthly, weekly and
diurnal temporal correlations obtained for the ENS and each
individual CAMS model in expA and expB. For the weekly
(Fig. 10) and diurnal (Fig. 11) results, selected quarters are
shown because they represent cold and hot weather condi-
tions, periods with the highest and lowest observed NO2 con-
centrations of the year or periods were the ENS show an im-
provement and deterioration of the correlation when using
CAMS-REG-TEMPO, respectively. Results for the remain-
ing quarters are reported in the Supplement (Figs. S8 and
S9).

There is no significant variation in the ENS correlation
coefficient for the NO2 monthly cycle when using CAMS-
REG-TEMPO (0.83 versus 0.84). However, its implementa-
tion induces a consistent positive response across most in-
dividual models (7 out of 11 models), with correlation in-
creases ranging from+0.09 (CHIMERE) to+0.004 (EMEP)
(Fig. 9). Notably, the ENS captures better the observed NO2
peak in February (Fig. 9). This improvement is likely driven
by the meteorology-dependent temporal profiles applied to
the residential and commercial combustion and diesel road
transport sectors in CAMS-REG-TEMPO. These profiles
lead to an increase of the total NOx emissions during Febru-
ary when compared to TNO (10 %) and GENEMIS (2 %), as
shown in Fig. S1, reflecting the Hartmut cold spell, a win-
ter storm that brought a cold wave and negative temperature
anomalies to large areas of Europe during that month (C3S,
2018).

The largest improvement in NO2 correlation is observed
in the weekly cycle across all individual models (Fig. 10
and Fig. S8). For the ENS, correlation increases from 0.66
to 0.82 (+0.16) in JFM, 0.66 to 0.80 (+0.14) in AMJ, 0.78
to 0.86 (+0.08) in JAS and 0.82 to 0.88 (+0.06) in OND,
exceeding 0.8 for all four quarters. This improvement is con-
sistent across all individual models except for MATCH in
JFM and OND, during which slight degradations are re-
ported (−0.09 and −0.08, respectively). The effect is espe-
cially pronounced in models that previously used GENEMIS
profiles in the expA (i.e., EMEP and CHIMERE), show-

ing substantial correlation increases – up to +1.00 in AMJ
(from −0.21 to 0.79) and +0.76 in JAS (from 0.10 to 0.86).
The ENS improvement is mainly due to a better reproduc-
tion of the observed weekday-to-weekend drop in NO2 con-
centrations when using CAMS-REG-TEMPO. As discussed
in Sect. 3.1.2, the TomTom congestion-derived profiles used
in CAMS-REG-TEMPO for the road transport sector result
in larger weekday-to-weekend differences in NOx emissions
(−38 %), particularly compared to the GENEMIS profiles
(−15 %).

For the NO2 diurnal cycle, results vary considerably de-
pending on the model and quarter (Figs. 11 and S9). In expA,
correlation values for the ENS range between 0.64 to 0.75.
A slight positive impact is observed for the ENS and 7 of
CAMS individual models during JFM and OND (+0.05 and
+0.07 for the ENS, respectively), when NO2 levels are at
their maximum, while no changes are observed during JAS.
Conversely, a slight degradation occurs during AMJ (−0.03),
mainly due to changes in the intensity of the morning (06:00–
08:00 a.m.) and evening (06:00-08:00 p.m.) peaks in the di-
urnal cycle. It is important to note that the temporal emis-
sion profiles in expA are not uniform across all models
(Table 2), which partly explains the heterogeneous results.
However, even among models using the same profiles in
expA, contrasting results emerge when switching to CAMS-
REG-TEMPO profiles. For instance, while MONARCH and
MINNI show consistent improvements across all four quar-
ters (correlation values increasing from +0.02 to +0.20),
LOTOS-EUROS correlations are consistently degraded (de-
creases from −0.02 to −0.23), despite all three models us-
ing TNO profiles in expA. Similarly, while CHIMERE shows
significant correlation improvements in all quarters ranging
from +0.06 in AMJ and +0.24 in OND, EMEP reports only
slight improvements in JFM (+0.04) and OND (+0.03), even
though both models use the GENEMIS profiles in expA.
This heterogenous impact illustrates the complex interactions
between emission temporal distributions and other model-
related processes, such as the planetary boundary layer depth
cycle.

3.2.2 O3

Figures 12 to 14 show the comparison between the observed
and modelled O3 monthly, weekly and diurnal cycles for the
ENS and the spatial median of the monthly, weekly and di-
urnal temporal correlations obtained for the ENS and each
individual CAMS model in expA and expB. For the weekly
(Fig. 13) and diurnal (Fig. 14) results, selected quarters are
shown, the remaining ones being reported in the Supplement
(Figs. S8 and S9).

For the ENS and most individual models (10 out of 11),
the correlation coefficient of the O3 monthly cycle is already
high (above 0.9) and shows little sensitivity to the implemen-
tation of the CAMS-REG-TEMPO profiles (less than 0.005
changes in the correlation between expA and expB, Fig. 12).
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Figure 8. Summary of the ENS correlation differences (expB – expA) at the station level per species (O3, NO2, PM10, PM2.5) and selected
quarters. Green values indicate an improvement in the correlations when using CAMS-REG-TEMPO, while red values indicate a degradation.

Figure 9. Comparison between the observed and modelled NO2 monthly cycle for the ENS (left) and spatial median of the temporal
correlations obtained for the ENS and each individual CAMS model in expA (red) and expB (blue).

In contrast, the weekly cycle is impacted (Figs. 13 and S8).
On average, slight correlation improvements are observed for
JFM (+0.03 for the ENS) and OND (+0.02), while decreases
occur in AMJ (−0.10) and JAS (−0.03). This behaviour is
generally consistent across all individual models except for
EMEP, which presents an improvement of the weekly corre-

lation for all four quarters (Fig. S7). During JFM, the use of
CAMS-REG-TEMPO enhances the models’ ability to cap-
ture the O3 weekend effect – increase of O3 concentrations
during weekends due to reduced NOx emissions, which lim-
its O3 titration. However, in JAS, this effect is slightly de-
graded with CAMS-REG-TEMPO, despite NO2 correlation
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