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Abstract. The Copernicus Atmosphere Monitoring Service (CAMS) is providing daily analyses and forecasts of the compo-

sition of the atmosphere, including the reactive gases such as O3, CO, NO2, HCHO, SO2, aerosol species and greenhouse

gases. The global CAMS analysis system (IFS-COMPO) is based on the ECMWF Integrated Forecast System (IFS) for numer-

ical weather prediction (NWP), and assimilates a large number of composition satellite products on top of the meteorological

observations ingested in IFS. The CAMS system receives regular upgrades, following the upgrades of IFS. The last upgrade,5

Cy48R1, operational since 27 June 2023, was very major with a large number of code changes, both for COMPO and for

NWP. The main COMPO innovations include the introduction of full stratospheric chemistry, a major update of the emissions,

of the aerosol model, including the representation of secondary organic aerosol, several updates of the dust life cycle and

optics, inorganic chemistry in the troposphere, and the assimilation of VIIRS AOD and TROPOMI CO. The CAMS Cy48R1

upgrade was validated using a large number of independent measurement datasets, including surface in situ, surface remote10

sensing, routine aircraft and balloon and satellite observations. In this paper we present the validation results for Cy48R1 by

comparing with the skill of the previous operational system (Cy47R3), with the independent observations as reference, for

the period October 2022 to June 2023 during which daily forecasts from both cycles are available. Major improvements in
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skill are found for the ozone profile in the lower-middle stratosphere and for stratospheric NO2 due to the inclusion of full

stratospheric chemistry. Stratospheric trace gases compare well with ACE-FTS observations between 10-200 hPa, with larger15

deviations between 1-10 hPa. The impact of the updated emissions is especially visible over East Asia and is beneficial for the

trace gases O3, NO2, and SO2. The CO column assimilation is now anchored by IASI instead of MOPITT which is beneficial

for most of the CO comparisons, and the assimilation of TROPOMI CO data improves the model CO field in the troposphere.

In general the aerosol optical depth has improved globally, but the dust evaluation shows more mixed results. The results of the

47 comparisons are summarised in a score card, which shows that 83% of the evaluation datasets show a neutral or improved20

performance of Cy48R1 compared to the previous operational CAMS system, while 17% indicate a (slight) degradation. This

demonstrates the overall success of this upgrade.

1 Introduction

The Copernicus Atmosphere Monitoring Service (CAMS, http://atmosphere.copernicus.eu) is the service component of the

European Earth Observation programme Copernicus focussing on atmospheric composition (Peuch et al., 2022). The CAMS25

system was developed during a sequence of European research projects (Hollingsworth et al., 2008) and became an operational

service in 2015. The CAMS global near-real time (NRT) service provides daily analyses and 5-day forecasts of reactive trace

gases and aerosol concentrations, and delayed-mode greenhouse gas analyses and forecasts. CAMS makes use of the mea-

surements of the fleet of Copernicus Earth observation satellites, the Sentinels, as well as other relevant satellite and surface

observations. Apart from the near-real time products CAMS produces global reanalyses for reactive gases and aerosols (Inness30

et al., 2019; Flemming et al., 2017) and greenhouse gases (Agustí-Panareda et al., 2023). CAMS is furthermore producing

daily forecasts and analyses of air quality in Europe based on an ensemble of air quality models (Peuch et al., 2022; Marécal

et al., 2015).

The global CAMS system is part of the Integrated Forecasting System (IFS) of ECMWF, the system used to produce

the medium-range Numerical Weather Predictions (NWP) (ECMWF, 2024h). The modelling of reactive gases, aerosols and35

greenhouse gases is fully integrated in IFS (ECMWF, 2023). The assimilation of satellite data for atmospheric composition

is part of the IFS 4D-Var data assimilation suite, and CAMS is assimilating the complete set of meteorological observations

together with the composition data. CAMS forecasts are therefore combined weather-composition forecasts. The extended IFS

system developed by CAMS for trace gases and aerosols is referred to as IFS-COMPO. A second CAMS system, IFS-GHG, is

developed for CO2 and CH4 analyses, (high-resolution) forecasts, and reanalyses. This paper focuses on the evaluation of the40

IFS-COMPO NRT products.

The CAMS effort (Peuch et al., 2022) includes dedicated scientific activities to continuously develop and improve the

modelling and satellite assimilation aspects of IFS-COMPO, including the chemistry code (Flemming et al., 2015; Huijnen

et al., 2016, 2019), and the development of the aerosol scheme (Rémy et al., 2019, 2022). The data assimilation of reactive gases

is described in Inness et al. (2015). Recent extensions relevant for Cy48R1 include the modelling of stratospheric chemistry45

(Huijnen et al., 2016; Chabrillat et al., 2023), the assimilation of TROPOspheric Monitoring Instrument (TROPOMI) CO
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(Inness et al., 2022b) and Visible Infrared Imaging Radiometer Suite (VIIRS) AOD (Garrigues et al., 2023). Since Cy48R1 the

IFS upgrade documentation also includes a chapter with a detailed discussion of the IFS-COMPO related modelling and data

assimilation changes (ECMWF, 2023).

The CAMS service makes extensive use of independent measurement datasets of proven quality, available for different50

parts of the world, to evaluate the quality of the forecast/analysis and reanalysis products (Eskes et al., 2015; Katragkou

et al., 2015; Lefever et al., 2015; Cuevas et al., 2015; Wagner et al., 2021; Agustí-Panareda et al., 2023). In total of the

order of 65 measurement collections are used, obtained from observational networks like the Network for the Detection of

Atmospheric Composition Change (NDACC), the World Meteorological Organisation Global Atmosphere Watch programme

(WMO-GAW), the Aerosol Robotic Network (AERONET), the In-service Aircraft for a Global Observing System (IAGOS),55

the Integrated Carbon Observation System (ICOS), the International Arctic Systems for Observing the Atmosphere (IASOA),

and space organisations like the National Aeronautics and Space Administration (NASA), European Space Agency (ESA), the

European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT) and others. The CAMS global near-

real time service component is evaluated in a series of validation reports produced every 3 months (Benedictow et al., 2023;

ECMWF, 2024d). The CAMS reanalysis validation reports for the aerosols and reactive gases (Bennouna et al., 2023) and60

greenhouse gases (GHG) (Ramonet et al., 2021) are updated on a yearly basis. Note that the production of the GHG reanalysis

was interrupted (Agustí-Panareda et al., 2023) for a few years due to a degraded quality of the input satellite data. New system

upgrades are evaluated before becoming operational, where CAMS Cy47R3 is discussed in Eskes et al. (2021), and Cy48R1

in Eskes et al. (2023b).

The ECMWF NWP and CAMS operational systems are upgraded at the same time and follow the same model cycles. A65

CAMS upgrade implies therefore a simultaneous upgrade of the NWP part of IFS in IFS-COMPO and IFS-GHG. The last

upgrade, and topic of this paper, is the upgrade from Cy47R3 to Cy48R1, implemented on 27 June 2023. Upgrades normally

occur at least once a year, but Cy48R1 is packing almost two years of developments. The delay is linked to the move of the

ECMWF high-performance computing facilities from Reading, UK, to Bologna, Italy. As a result, Cy48R1 represents a very

major upgrade both for NWP and for CAMS. Detailed information about the ECMWF IFS upgrades can be found on ECMWF70

(2024h).

The CAMS pre-operational analyses and forecasts of CO2 and CH4 use an independent setup of the IFS. The upgrade of

the greenhouse gas system to Cy48R1 took place on 27 February 2024, and a separate upgrade verification report was written

(Langerock et al., 2024). The greenhouse gas products will not be discussed in this paper.

Before each upgrade, the new analysis and forecast configuration is operated as a so-called experimental suite or e-suite in75

parallel to the operational near-real time service (the o-suite or compo-suite, e.g., Cy47R3 in this paper) for about half a year.

For the 27 June 2023 upgrade to Cy48R1, the e-suite run is available from 1 October 2022 to the moment of the upgrade, 27

June 2023. This implies that there are only a limited number of 9 months of data in the Autumn, Winter and Spring available to

the evaluation, with a focus on wintertime. The choice to generate 9 months of e-suite data is made based on practical timing

and computer resources considerations. The length of the e-suite run has been discussed in the CAMS team, and for the next80

upgrade to Cy49R1, planned for the end of 2024, the e-suite will hopefully cover a full year. CAMS is also producing control
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runs without the assimilation of atmospheric composition data. The control run allows us to distinguish changes due to the

model from changes due to the assimilation of the atmospheric composition observations.

In this paper, the validation results are presented from comparisons of the performance of the Cy48R1 e-suite runs and e-suite

control run with the operational run (o-suite and o-suite control run), all compared with independent observations. Prior to the85

upgrade, a preliminary evaluation of the new cycle was presented in a CAMS report (Eskes et al., 2023b), but this evaluation

covered a relatively short period of about 5 months of CAMS results that were available at the time. This paper extends the

validation by several months by including e-suite and o-suite analyses and forecasts up to the day of the upgrade, leading to

more re�ned conclusions.

In section 2 we summarise the changes implemented in Cy48R1, and in section 3 we provide an overview of the validation90

datasets used. The validation results are shown in section 4 in the form of a series of plots comparing e-suite, o-suite and

independent observations.

2 Overview of the CAMS global system

The operational CAMS global system provides analyses of the atmospheric composition of aerosols and reactive gases world-

wide by blending satellite data and atmospheric simulation through a process called data assimilation. An overview of all95

satellite datasets assimilated in the CAMS global system can be found in Peuch et al. (2022) and Eskes et al. (2023b). Further

details on the different production runs and their data usage can be found at the CAMS global products website (ECMWF,

2024e). The history of CAMS system upgrades, the data products, the satellite data assimilated (and monitored) and relevant

references, is available in the CAMS data documentation website (ECMWF, 2024b), while the results of the operational satel-

lite data monitoring is available at the CAMS data monitoring website (ECMWF, 2024c). CAMS is continuously extending100

its activity by testing and using new emerging datasets such as trace gas retrievals from the geostationary Geostationary En-

vironmental Monitoring Spectrometer (GEMS) and Tropospheric Emissions: Monitoring of Pollution (TEMPO), improved

retrievals from past and present missions, and preparing for future missions such as Sentinels 4 and 5.

Copernicus products are made available for free. The CAMS products can be accessed through the Atmosphere Data Store

(ADS) at https://ads.atmosphere.copernicus.eu/. The available o-suite output includes: analysis �elds available every 3 hours,105

for the two 12-hour analysis windows per day; twice daily 5-day forecast starting from the analysis at 00 and 12 UTC, with 2D

�elds available hourly, and 3D �elds available every 3 hours.Thecontrol run archivecontains5-dayforecastsstartingfrom

the 00 UTC analysis. The output includes a large number of trace gases, aerosol composition and optical properties of the

aerosols, as detailed on the ADS. Most of the comparisons documented below make use of the �rst 24 hours of the forecast

runs starting 00 UTC, which allows a direct comparison with the control run. For some comparisons the analysis results were110

used, as indicated.

A control run is produced both for the e-suite (e-suite control run) and o-suite (o-suite control run). These runs are useful to

distinguish the impact of data assimilation changes from the impact of modelling changes. The control run applies the same

settings as the respective o-suite and e-suite, but the data assimilation is not switched on for atmospheric composition. The
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meteorology in the control run is initialised with the meteorological �elds from the o-suite (or e-suite). The control run archive115

contains 5-day forecasts starting from the 00 UTC analysis.

The global forecasting system is continually being evaluated to ensure the output meets the expected requirements. Compre-

hensive Evaluation and Quality Assurance (EQA) reports are provided for the CAMS system on a quarterly basis (ECMWF,

2024d). CAMS uses a multitude of independent data sets to routinely monitor its global forecasts. It works with various data

providers, acquiring the observations with appropriate timelines and generating graphics that show the differences between120

the forecasts and the independent observations (ECMWF, 2024g). The two main websites are the global evaluation server for

near-real time analysis and forecast products (ECMWF, 2024f) and the AeroVal evaluation server to evaluate the reanalysis

products (ECMWF, 2024a).

A controlrun is producedbothfor thee-suite(e-suitecontrolrun)ando-suite(o-suitecontrolrun).Theserunsareusefulto

distinguishthe impactof dataassimilationchangesfrom the impactof modellingchanges.Thecontrol run appliesthesame125

settingsasthe respectiveo-suiteande-suite,but the dataassimilationis not switchedon for atmosphericcomposition.The

meteorologyin thecontrolrun is initialisedwith themeteorological�elds from theo-suite(or e-suite).

In addition,thepre-operationalanalysesandforecastsof CO2 andCH4 useanindependentsetupof theIFS.Theupgrade

of thegreenhousegassystemto Cy48R1is foreseento takeplacein fall 2023,andtheevaluationonly just startedwhenthis

paperwaswritten.Thereforethegreenhousegasproductswill notbediscussedin thispaper.130

In the next subsections the model, data assimilation and emissions upgrades of the CAMS e-suite (Cy48R1) are summarised,

and the observations used are introduced.The CAMS Cy48R1,called"e-suite"in this paper,succeededthe CAMS o-suite

(Cy47R3)on27thof June2023astheoperationalversionfor theCAMS forecastanddataassimilationsystem.

2.1 The CAMS e-suite (Cy48R1)

This upgrade encompasses several signi�cant scienti�c advancements. A detailed documentation of the CAMS Cy48R1 up-135

grade for aerosols and reactive gases is available at ECMWF (2023). More information regarding the aerosol/chemistry changes

and the meteorological changes are provided in IFS (2024) and CAMS (2024) respectively. In the following subsections the

model, assimilation and emissions updates are summarised.

2.1.1 Model updates

The CAMS IFS cycle Cy48R1 is based on the ECMWF's IFS cycle Cy48R1. The model consists of gas-phase chemistry140

modules for the troposphere (based on CB05 scheme, see Williams et al. (2022) and references therein) and the stratosphere

(based on the Belgian Assimilation System for Chemical ObsErvations (BASCOE) scheme, see Errera et al. (2019), Huijnen

et al. (2016) and references therein) that includes 123 active tracers. The distinction between the tropospheric and stratospheric

chemistry schemes occurs at the tropopause, which is determined based on the temperature lapse rate of the model. The aerosol

scheme AER (originally based on LOA/LMDZ model, Reddy (2005)) is a bulk-bin scheme that consists of 16 active species,145

which are coupled with the chemistry schemes in various ways (ECMWF, 2023).
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Before Cy48R1 only ozone was modelled in the stratosphere using a linear parameterization. The stratospheric chemistry

module activated in Cy48R1 (Huijnen et al., 2016) is a re-implementation of the Belgian Assimilation System for Chemical

ObsErvations (BASCOE) chemical module and it involves 64 species engaging in 157 gas-phase, 9 heterogeneous, and 53

photolytic reactions (Errera et al., 2019). It encompasses ozone-depleting substances, greenhouse gases, and other species150

vital for comprehensive stratospheric ozone photochemistry (Chabrillat et al., 2023). Additionally, basic sulphur chemistry

is included to represent gas-phase sulphuric acid formation and enable coupling with the sulphate aerosol module, featuring

OCS, SO2, SO3, andH2SO4 reactions. Note that the 64 tracers listed as active in stratospheric chemistry includeHCN and

CH3CN, as well as the tracers to represent sulphur chemistry, which are additions speci�c to CAMS, on top of the default

BASCOE chemistry with 58 species described in Errera et al (2019).155

In the troposphere, inorganic chemistry was updated, hydrogen cyanide (HCN) and acetonitrile (CH3CN) are now included

as long-lived tracers, serving as indicators of biomass burning activity. For the degradation of organic compounds, the basic

isoprene oxidation scheme was replaced with a more explicit approach based on Stavrakou et al. (2010), further modi�ed ac-

cording to Lamarque et al. (2012) and Myriokefalitakis et al. (2020). This updated scheme contains reaction products including

glyoxal (CHOCHO), glycolaldehyde, isoprene-peroxide, hydroxy-acetone, and two hydroxy-aldehydes (Williams et al., 2022).160

The scheme was further expanded to include an explicit parameterization of aromatics tracers xylene and toluene, acting as

precursors for Secondary Organic Aerosol (SOA).

Recent developments of the CAMS aerosol modelling are described in Rémy et al. (2022). The Cy48R1 upgrade intro-

duced notable changes in aerosol. The SOA species are now represented with dedicated tracers, distinguishing biogenic and

anthropogenic origins, and coupled with the tropospheric chemistry for their production. The e-folding time that converts hy-165

drophobic components of Organic Matter (OM) and Black Carbon (BC) into hydrophilic forms has been decreased to 2.8

hours from 1.16 days. The assumed number size distribution for dust, which used to compute the of�ine dust aerosol optical

properties (mass extinction, single scattering albedo and asymmetry parameter), has been updated based on values from Ryder

et al. (2018) derived from aircraft measurements over the tropical Eastern Atlantic. The refractive index has also been updated.

The dust source function, that is used to modulate dust emissions, has been recomputed based on a three-year analysis of the170

MIDAS product (Gkikas et al., 2021), leading to monthly variations instead of �xed yearly values. A regional redistribution

of total dust emissions into the three dust bins has been implemented, based on long simulations of dust mineralogy, which

directs relatively more emissions to �ner dust bins (1 and 2) compared to CY47R3. The dust mass emissions and burden are

signi�cantly higher in Cy48R1 (see details on ECMWF (2023)), which leads to an increase of dust optical depth globally by

about 30%. Note however that the Mass Extinction Coef�cient (MEC), which is calculated by dividing aerosol optical depth175

to aerosol mass is reduced for dust in Cy48R1 (Figure S1). Thus, although dust optical depth increases, dust mass extinction

ef�ciency decreases. A new parameterization for the rebound effect of super-coarse dust particles over continental surfaces,

relying on Zhang (2001) was added, which reduces dry deposition for those particles. In addition, sedimentation, previously

limited to super-coarse dust and sea-salt, is now applied broadly to all aerosol tracers, although the impact is mainly signi�cant

in the stratosphere, where sedimentation is the dominant sink.180
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The aerosol optical properties of aerosols have received several updates in Cy48R1. The inclusion of a speci�c SOA species

distinguishes primary from secondary OM. The new set of optical properties for OM, based on Brown et al. (2018), leads to

higher extinction, particularly at low relative humidity conditions. Notably, the refractive index used in Cy48R1 results in more

absorbing organic matter in the UV and near-UV regions, characterised as brown carbon. Further, a scaling factor (1.375) on

mass extinction of sulphate aerosol, previously based on the molar mass ratio of ammonium sulphate to sulphate, has been185

removed as ammonium is now a separate species (since cycle 46R1).

Nitrate and Ammonium aerosols were added to the aerosol species in Cy46R1 whilst simultaneously theSO2 precursor was

removed. However, the update to the new species as part of the aerosol data assimilation process was not correctly included

(see Benedetti et al. (2009) for a full description of the aerosol assimilation process). This was �xed in Cy48R1, leading to

increments now being added to both �ne and coarse nitrate and ammonium.190

2.1.2 Assimilation updates

The assimilated products in the operational CAMS system is visualised in Figure S2. The assimilation of TROPOMI total

column CO became operational at the 28th of April 2023 in Cy48R1 (only the last months of the e-suite period). The impact of

this inclusion was tested from July to December 2021 (Inness et al., 2022a). The results showed an 8% increase in CAMS total

column CO. The assimilation impact was signi�cant during periods of high CO emissions from boreal wild�res in July and195

August 2021. While TROPOMI CO assimilation enhanced column constraints, it had limited in�uence on individual plumes

transported across continents and oceans above 500 hPa.

The CAMS aerosol data assimilation system has depended on the Moderate Resolution Imaging Spectroradiometer (MODIS)

instrument for more than ten years. To ensure forecast continuity, as the MODIS instrument is aging, the assimilation of AOD

from NOAA VIIRS AOD from the Suomi National Polar-orbiting Partnership (S-NPP) and the NOAA-20 satellite was tested200

(Garrigues et al., 2023) and was activated in CY47R3 in February 2023 and is also active in CY48R1. Experiments assimilating

VIIRS on top of MODIS or in place of MODIS in IFS cycle have been carried out from June to November 2020. A comparison

with AERONET revealed that both experiments resulted in overall lower bias, notably in Europe, Africa, and Southeast Asia,

with substantial improvements over desert and maritime aerosol sites.

The assimilation of data from different satellite instruments can introduce biases compared to each other or the model.205

To address this, a bias correction scheme, known as Variational Bias Correction (VarBC), is employed. VarBC introduces

additional degrees of freedom, represented as bias parameters, into the 4D-Var cost function's observational term. Observational

datasets that do not use VarBC are considered anchors and are crucial for preventing drifts in the �elds (Inness et al., 2013).

Note that in Cy48R1 the anchor for CO was changed from MOPITT (Terra) to IASI (Metop-C) and TROPOMI (Sentinel-5p),

while the new anchor for AOD is now VIIRS (on the NOAA-20 satellite).210

Cy48R1 includes a new volcanicSO2 tracer (VSO2) in addition to theSO2 tracer. VSO2 is currently not coupled to the

chemistry yet but uses an e-folding lifetime of 7 days. TROPOMISO2 data with layer height information are assimilated into

the VSO2 tracer following the method described in Inness et al. (2022a).
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On 15 December 2022, still in Cy47r3, an update of the background error covariance wavelet �le was implemented to use the

correct NWP background errors. The update leads to considerably improved NWP forecast scores. As a consequence, changes215

to AOD and upper tropospheric and lower stratospheric ozone are also expected. The comparisons presented below cover the

period October 2022 - June 2023. The impact of this change is observed in ozone when comparing the �rst two months with

the months in 2023.

2.1.3 Emission updates

CAMS emissions are available from gridded inventories per sector (Denier van der Gon et al., 2023) except the emissions from220

dust and sea salt aerosols which are calculated online (ECMWF, 2023). Most emission inventories are on a monthly resolution

capturing the seasonal cycle. Only the emissions for biomass burning coming from GFAS v1.4 (Kaiser et al., 2012) are provided

in daily temporal resolution, including injection heights. Speci�cally in Cy48R1, the model uses anthropogenic emissions from

CAMS-GLOB-ANT v5.3 (Soulie et al., 2023), aviation emission from CAMS-GLOB-AIR v1.1, biogenic emissions from a

climatology constructed from CAMS-GLOB-BIO v3.1 (Sindelarova et al., 2022) and natural emissions of DMS over the ocean225

from CAMS-GLOB-OCE v3.1. For reference, in Cycle 47r3 the anthropogenic emissions were based on CAMS-GLOB-ANT

v4.2 and biogenic emissions from CAMS-GLOB-BIO v3.1.

Natural emissions use a monthly mean climatology. For varying volcanicSO2 emissions, a climatology is constructed

based on recent satellite-based inventories (Carn et al., 2017). In Cy48r1 a sector-speci�c treatment for any of the emissions

is introduced, allowing sector-speci�c diurnal cycle pro�les and injection heights , see section 3.1.1 in ECMWF (2023) and230

Guevara et al. (2021) for more details.

3 Observations used for the validation of the CAMS system

The CAMS service includes activities dedicated to the validation of the global and regional (European) service products. The

latest validation results for the CAMS-global near-real time service (the o-suite) products can be found in Warneke et al. (2024),

available at ECMWF (2024d), and the activity is described in Eskes et al. (2015). All CAMS validation reports for the global235

service products and the veri�cation websites can be found at ECMWF (2024g).

The CAMS validation activity makes use of about 65 measurement datasets. It covers concentrations from the surface up

to the stratosphere, using a wide range of instruments and measurement techniques, including surface in-situ, surface remote

sensing, aircraft and balloon in-situ, and satellite observations.

The observational datasets used for the evaluation of the Cy48R1 upgrade are summarised in Table 1. A description of all240

these diverse measurement datasets is beyond the scope of this paper. More details on the observation networks, instruments,

measurement datasets and quality control can be found in the CAMS observations document Eskes et al. (2023a) and in the

list of references included in this document.

The CAMS daily forecast and analysis products are evaluated on a regular 3-monthly basis. In practice this implies that only

datasets can be used that are available within one month after real time. With several networks, such as NDACC, IAGOS or245
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EEA surface observations, special arrangements (contracts) have been made such that near-real time unvalidated data can be

used. For instance, the IAGOS NRT data are only available for operational users such as the weather and air quality services

(e.g. CAMS). These data are inspected and validated by the instrument PI using a semi-automatic approach, and become

available as preliminary Level 1 (L1) data with a time-delay of a few days, as described in Nédélec et al. (2015) for ozone and

CO, and in Petzold et al. (2015).250

Many of the forecast-minus-observation results shown below make use of the following three metrics: the Modi�ed Nor-

malised Mean Bias (MNMB; a symmetric and normalised form to express the mean bias), the Fractional Gross Error (FGE; a

symmetric and normalised absolute mean difference), and the Correlation (R). The scoring recommendations and metrics are

discussed in Tsikerdekis et al. (2023).
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Table 1.Observational datasets used for the evaluation of the CAMS Cy48R1 e-suite.

Instrument Species, property Type, region Network, provider URL

Surface in-situ O3 , CO, NO2 , SO2 , PM10, PM2.5 Europe EEA-Airbase https://eea.europa.eu

Surface in-situ O3 , CO, NO2 , SO2 , PM10, PM2.5 China CNEMC http://www.cnemc.cn/en/

Surface in-situ O3 , NO2 , PM10, PM2.5 USA AirNow https://www.airnow.gov

Surface in-situ O3 , CO Global WMO-GAW https://community.wmo.int/en/

activity-areas/gaw

Surface in-situ O3 Global ESRL/GMD https://www.esrl.noaa.gov

Surface in-situ O3 Arctic IASOA https://arctic.noaa.gov/research/

international-arctic-systems-for

-observing-the-atmosphere/

Aircraft in-situ O3 , CO Airports IAGOS (http://www.iagos.org)

Ozonesonde O3 Global NDACC https://ndacc.larc.nasa.gov

Surface remote sensing O3 , CO Global NDACC https://ndacc.larc.nasa.gov

Surface remote sensing AOD, AOD coarse, AE Global AERONET https://aeronet.gsfc.nasa.gov/

IASI O3 , CO Satellite EUMETSAT
https://www.esa.int/

Applications/Observing_

the_Earth/Meteorological_

missions/MetOp/About_IASI

MOPITT CO Satellite NASA https://terra.nasa.gov/

TROPOMI NO2 , HCHO Satellite ESA https://sentinels.copernicus.

eu/web/sentinel/missions/

sentinel-5p

ACE-FTS Stratospheric trace gases Satellite CSA http://www.ace.uwaterloo.ca

MLS Stratospheric trace gases Satellite NASA https://mls.jpl.nasa.gov

SAGE-III O3 Satellite NASA https://sage.nasa.gov

OMPS-LP O3 Satellite NASA https://www.earthdata.nasa.

gov/sensors/omps

UV stations UV-Index Global Collected by FMI https://fmi.�
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Table 2. Scorecard for the relative performance of the e-suite versus the performance of the o-suite against observations. Meaning of the

“relative score” symbols: (++) e-suite performs signi�cantly better than the o-suite (+) e-suite shows small improvements, (n) (neutral) no

signi�cant difference between o-suite and e-suite, (-) score is somewhat degraded in the e-suite, (–) e-suite performs signi�cantly worse than

the o-suite. Remote: Remote Sensing from surface station.1 Based on the average statistics of ACE-FTS, SAGE-III/ISS, OMPS-LP, Aura

MLS and ozonesondes.2 Based on data from a network of stations that were collected by FMI.
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4 Results: changes in atmospheric composition introduced by Cy48R1255

In this section we will summarise the main �ndings of the comparison of the e-suite (Cy48R1) and o-suite (Cy47R3), where

both are evaluated with the independent observational data sets discussed above. This is presented for individual trace gases

and aerosol properties, for the available observational data sets and for regions of interest. The evaluation is done for the period

01/10/2022 to 27/06/2023 where forecast results for both cycles are available. The corresponding e-suite control run (e-control)

and o-suite control run (o-control), without the assimilation of the atmospheric composition satellite data, were also evaluated.260

The improvement in performance of e-suite compared to the o-suite is summarised in Table 2 for all of the observational data

sets used for the evaluation. The individual entries of this scorecard are discussed in the subsections below.

4.1 Ozone (O3 )

The ozone concentrations simulated by CAMS e-suite and o-suite were evaluated using several surface measurements provided

by WMO-GAW, NOAA Earth System Research Laboratories (ESRL), IASOA, the European Environment Agency air qual-265

ity database (EEA-Airbase), the China National Environmental Monitoring Centre (CNEMC) and the USA AirNow, pro�le

measurements from IAGOS and ozonesondes, and satellite total column observations from the Infrared Atmospheric Sounding

Interferometer (IASI).

The comparison against surface observations over Europe (EEA-Airbase), Fig. 1, shows that the MNMB of the e-suite is

higher than the o-suite by up to 15% especially over Central and Northern Europe, changing some small underestimates in270

small overestimates. The e-suite temporal correlation improved slightly compared to the o-suite, but not everywhere. The bias

in the e-suite control run is slightly lower and improved compared to the o-suite control run, in agreement with comparisons

with WMO-GAW and ESRL/GMD observations.

The surface ozone validation using observations from the China National Environmental Monitoring Center, Fig. 2, shows

that both the e-suite and e-suite control runs reduce the negative bias observed for the o-suite and o-suite control runs over the275

north-eastern region extending from Shanghai to Beijing. A slight improvement is also found over the megacity of Guangzhou

in the south. This indicates less titration of ozone due to improved NO2 in the e-suite/e-suite control run, see also section 4.3

below, which is likely linked to the anthropogenic emission update. The performance of the e-suite remained almost similar to

that of o-suite in central and western China. The correlation on average is about 0.75, similar for all experiments.

The evaluation of surface ozone using the AirNow ground-based stations over North America, Fig. 3, shows that the over-280

estimation is slightly higher in the e-suite than in the o-suite (MNMB from +13% to +22%) while the temporal correlation (R)

and FGE improved, especially for the control run. The higher ozone bias may be related to a slight underestimation ofNO2

in the e-suite compared to the o-suite (Figure S3). The differences between the assimilation and control runs demonstrate the

impact of the assimilation.

Surface ozone from the e-suite and o-suite was also compared to WMO-GAW, ESRL/GMD and Arctic IASOA surface285

station observations (Figure S4). During October 2022 to February 2023 there was no signi�cant change in the surface ozone
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bias between CAMS e-suite and o-suite, with relative biases of less than -40% for most of the stations. Exception is the SPO

station over the Antarctica, where the e-suite shows a higher negative bias (-50%) than in o-suite (-40%).

The e-suite and o-suite have been evaluated with IAGOS aircraft measurements of tropospheric ozone.IAGOS L1 datais

usedfor ozoneandCO (nextsection),which is �ltered NRT datamanuallyvalidatedby thePI. The time series of the daily290

pro�les at the Frankfurt airport show that the e-suite and the o-suite have a similar performance in general (Fig. 4). However,

in the free troposphere (between 850 hPa and 350 hPa, approximately between 1.5 to 8.5km) the e-suite control run shows a

reduced bias compared to the other runs from both the e-suite and the o-suite from the beginning of the evaluation period until

April. For May-June, the e-suite control run develops a negative bias and the results of the other e-suite and o-suite runs are

similar. This is more clearly depicted in the time series of the monthly scores by vertical layers at Frankfurt, which shows a295

better performance (MNMB and FGE) in the e-suite control run in the free troposphere in January-April and the degradation

for May and June. The two controls runs show a seasonal difference, which is compensated for by the assimilation. At most

airports worldwide the bias in the lower troposphere (pressure > 850 hPa) is slightly larger for the e-suite than for the o-suite,

and in particular over airports located in Western Africa and Eastern Asia (not shown). In the free troposphere, the bias is about

the same between the e-suite than in the o-suite for most visited airports for the analysis or the 1-day forecast (Figure S5). For300

the control run we observe larger differences, and the o-control shows mainly positive biases, the e-control mainly negative

biases compared to IAGOS, see also Fig. 4. These differences are reduced and results are improved by the data assimilation in

the free troposphere.

In the upper troposphere (evaluations based on �ight level data with a potential vorticity below 2) ozone is overestimated

and the results from the e-suite and the o-suite are very similar for all runs (Figure S6) except for the o-suite control run which305

presents slightly larger biases than the other runs over the Northern Atlantic and North America.

Tropospheric ozone pro�les have also been compared to ozonesonde observations, see Fig. 5. The northern hemisphere

pro�le difference can be considered statistically robust (p-value for tropospheric columns is below 0.01) and little difference

is seen between the o-suite and e-suite in the troposphere. The e-suite control run shows a large negative bias in the upper

troposphere and lower stratosphere (below 100hPa), while almost no bias is found in the lower troposphere, in agreement with310

the IAGOS comparisons. For the other regions, the number of pro�les is much lower, and the differences between the o-suite

and e-suite are mixed: in the Tropics and Antarctica, the bias in the lower troposphere is smaller for the e-suite, while the

opposite is found in the Arctic and southern hemisphere mid-latitudes. The spread in the differences is similar for both runs.

Note that the ozonesonde results in the troposphere, including the change in bias around March-April, are consistent with the

IAGOS plots shown above. Note that there is no signi�cant change in the number of sondes around this time.315

The global maps of monthly mean total column ozone for October 2022 is compared with satellite observations from IASI,

see Fig. 6 top row. Overall, the performance is somewhat improved in the e-suite, with slightly better distributions of the ozone

columns compared to the o-suite. A bias feature over the tropical Paci�c ocean in October 2022 has disappeared in the e-suite.

This feature may be attributed to the issue with the background covariances in Cy47R3, which was solved on 15 December.

The positive bias at low latitudes in October is smaller in the e-suite than in the o-suite. For December 2022, the difference320
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between the e-suite and the o-suite is less prominent. The positive bias above the Paci�c ocean is improved in the e-suite and

remains mostly below 5%. There is hardly a difference between e-suite and o-suite for June 2023.
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Figure 1. Spatial distribution of the surface O3 evaluation over Europe, for the e-suite minus EEA-Airbase observations (�rst row, left:

MNMB, right: R), the o-suite minus observations (second row, left: MNMB, right: R), the e-suite minus the o-suite differences (third row,

left: FGE, right: R) and the e-control minus the o-control differences (fourth row, left: FGE, right: R) for the period 2023-10-01 to 2023-06-

27. The mean (MN) and standard deviation (SD) for all station is depicted for each map.
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Figure 2. Spatial distribution of the O3 evaluation over China, for the e-suite minus CNEMS observation (�rst row, left: MNMB, right: R),

the o-suite minus observations (second row, left: MNMB, right: R), the e-suite minus the o-suite differences (third row, left: FGE, right: R)

and the e-control minus the o-control differences (fourth row, left: FGE, right: R) for the period 2023-10-01 to 2023-06-27. The mean (MN)

and standard deviation (SD) for all station is depicted for each map.
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Figure 3. Spatial distribution of the O3 evaluation over the USA and Canada, for the e-suite minus AirNow observations (�rst row, left:

MNMB, right: R), the o-suite minus observations (second row, left: MNMB, right: R), the e-suite minus the o-suite differences (third row,

left: FGE, right: R) and the e-control minus the o-control differences (fourth row, left: FGE, right: R) for the period 2023-10-01 to 2023-06-

27. The mean (MN) and standard deviation (SD) for all station is depicted for each map.
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Figure 4. Ozone comparisons using aircraft pro�le observations from IAGOS (http://www.iagos.org). Time series of modi�ed normalized

differences CAMS-IAGOS in the daily pro�les of ozone at Frankfurt between October 2022 and 27 June 2023 for the e-suite (top-left), the

o-suite (middle-left) and their respective control runs (right). The fractional gross error differences between the e-suite and the o-suite are

shown in the bottom row.
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Figure 5. Comparisons against ozonesondes. Time-pressure curtain plot of ozone pro�le MNMB for the e-suite analysis (top-left), the o-

suite analysis (top-right), the e-suite control run (bottom-left) and o-suite control run (bottom-right) against sonde pro�les for the northern

hemisphere midlatitudes. The horizontal black line represents the tropopause. The vertical black line in the o-suite plot indicates the 15

December change in the background error covariance in Cy47R3.
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