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Abstract. Tropopause folds are the key process underlying stratosphere-to-troposphere transport (STT) of ozone, thus, af-
fecting tropospheric ozone levels and variability. In the present study we perform a process-oriented evaluation of Copernicus
Atmosphere Monitoring Service (CAMS) reanalysis (CAMSRA) O3 during folding events, over Europe and for the time period
from 2003 to 2018. A 3-D labeling algorithm is applied to detect tropopause folds in CAMSRA, while ozonesonde data from
WOUDC (World Ozone and Ultraviolet Radiation Data Centre) and aircraft measurements from IAGOS (In-service Aircraft
for a Global Observing System) are used for CAMSRA O3 evaluation. The profiles of observed and CAMSRA O3 concen-
trations indicate that CAMSRA reproduces the observed O3 increases in the troposphere during the examined folding events.
Nevertheless, at some-most of the examined sites, CAMSRA overestimates the observed O3 concentrations, mostly at the up-
per portion of the observed increases, with a median fractional gross error (FGE) among the examined sites > 0.2 above 400
hPa. The use of a control run without data assimilation, reveals that the aforementioned overestimation of CAMSRA O3 arises
from the data assimilation implementation. Overall, although data assimilation assists CAMSRA Oj3 to follow the observed
O3 enhancements in the troposphere during the STT events, it introduces biases in the upper troposphere resulting in no clear
quantitative improvement compared to the control run without data assimilation. Less biased assimilated O3 products, with
finer vertical resolution in the troposphere, in addition to higher IFS (Integrated Forecasting System) vertical resolution, are

expected to provide a better representation of Oz variability during tropopause folds.

1 Introduction

Ozone has multiple roles in the Earth’s troposphere, making it one of the most important trace gases. It is a major source of
the OH radical which controls the oxidizing capacity of the troposphere, and it is also a short-lived climate forcer being an
important greenhouse gas, especially in the upper troposphere and lower stratosphere. Near the surface ozone is a pollutant
detrimental to human health, crops, and ecosystems (Monks et al., 2015; Young et al., 2018). The Intergovernmental Panel on
Climate Change (IPCC) Sixth Assessment Report (AR6) assessed that tropospheric ozone has increased since the mid-20th
century by 30-70% across the Northern Hemisphere based on sparse historical surface/low altitude data (Gulev et al., 2021;
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Szopa et al., 2021). The tropospheric ozone budget is controlled by chemical production and loss, by stratosphere-tropospher
exchange (STE), and by deposition at the Earth's surface, whose magnitude can vary widely across chemistry climate models
(Young etal., 2018; Grif ths et al., 2021; Szopa et al., 2021). The net stratospheric in ux results from STE processes, comprised
of stratosphere-to-troposphere transport (STT) and troposphere-to-stratosphere transport (TST) (Stohl et al., 2808). The

nism for STT is tropopause folding (Stohl et al., 2003), which results in the downward transport of stratospheric ozone-rich air
into the troposphere, a process known as stratospheric intrusion (Danielsen and Mohnen, 1977). Therefore, tropopause folding

events affect tropospheric composition and in particular tropospheric ozone{egelsnann-etal 1997 Ottet-al, 2016 Cooperet<

are known to be hot spots of fold activity (Zanis et al., 2014; Akritidis et al., 2016; Ojha et al., 2017). Occasionally, during deep
and intense folding events, stratospheric air is transported down to the lower troposphere or even to the planetary boundary
layer leading to changes in tropospheric and surface ozone concentrations (Langford et al., 2009; Lin et al., 2015; Knowland
et al., 2017). Model projections suggested that under a changing climate tropopause folds will be associated with both future
increases and interannual variability in ozone STT (Akritidis et al., 2019).

The spatial and temporal characteristics of tropopause folds occurrence around the globe have been the subject of study i
recent years, suggesting the jet stream location, intensity, and seasonality as their main drivers (Elbern et al., 1998; Sprenge

Eastern Mediterranean is a well-known hot spot of fold activity (Tyrlis et al., 2014; Akritidis et al., 2@kjiting from the

interaction of the subtropical jet stream and the South Asian Monsoon (Tyrlis et al., 2014), while further north folds occur
in the vicinity of cyclones (Reutter et al., 2015; Antonescu et al., 2013; Knowland et al., 2015). During the past two decades
several studies have explored the impact of stratospheric intrusions on tropospheric ozone levels and variability over Europe
(Stohl et al., 2000; Cristofanelli et al., 2006; Trickl et al., 2020), as well as the quality of their forecast (Zanis et al., 2003;
Trickl et al., 2010; Akritidis et al., 2018).

Nowadays, a comprehensive framework to study the contribution of stratospheric intrusions to tropospheric ozone are at-
mospheric composition reanalysis products that provide global meteorological and ozone data in relatively high spatial and
temporal resolution. Yet, before estimating the impact of STT events on tropospheric ozone, a process-oriented evaluation
of the reanalysis product during such events is deemed essential. The latest reanalysis of atmospheric composition produce
by the European Centre for Medium-Range Weather Forecasts (ECMWF) is the Copernicus Atmosphere Monitoring Service
(CAMS) reanalysis (CAMSRA) (Inness et al., 2019). Within the framework of the CAMS service element CAMS_ 84, Akritidis
et al. (2018) evaluated the performance of the ECMWF Integrated Forecasting System (IFS) in forecasting the opserved O
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increases in the troposphere during a deep STT event over Europe. However, apart from such individual case studies, there i
no long-term evaluation of IFS during STT events. Recently, Akritidis et al. (2021) using a fold detection algorithm constructed
a global record of tropopause folds in CAMSRA for the period from 2003 to 2018.

In the present study we perform a process-oriented evaluation of CAMSRAIhg STT events selected from the CAM-
SRA tropopause folds database by Akritidis et al. (2021), for the European region and over the time period 2003-2018. In
addition, the role of IFS chemical data assimilation in ®IT is explored. Section 2 describes WOUDC (World Ozone and
Ultraviolet Radiation Data Centre) and IAGOS (In-service Aircraft for a Global Observing Systggt® used for the eval-
uation; ECMWF IFS system and CAMSRA data; the 3-D labeling algorithm applied for tropopause fold-detection; and the
methodological approach for the selection of STT events. Section 3 presents the main evaluation results, and nally Section 4
summarises the key ndings of the study.

2 Data and Methodology
2.1 Observational data

To evaluate CAMSRA @during folding events, ozonesonde measurements were obtained from the WOUDC network (WMO/GA\
Ozone Monitoring Community) (last access: 19 April 2020)devemine European sites, namely Lerwick, United Kingdom
(UK) (LER); Uccle, Belgium (UCC); Hohenpeissenberg, Germany (HOH); Payerne, Switzerland (PAY); Legionowo, Poland

ozonesondes in the troposphere (below 200 hPa) is between -7% and +17%, as reported by Komhyr et al. (1995), while for
the Brewer Mast ozonesondes the same order of precision was found by Steinbrecht et alFiQ98)teswereselecteehs
ibi eried-The ozonesonde observations are compared

against CAMSRA Q@ concentrations of the nearest grid point and timestep.

Aircraft ozone measurements from the IAGOS (In-service Aircraft for a Global Observing System) programme were also
used (last access: 21 April 2020). Within the framework of IAGOS, instruments are carried on commercial airlines, measuring
ozone, carbon monoxide and water vapour along with meteorological parameters and cloud particles. Details of the IAGOS
project can be found in Petzold et al. (2015), with the technical details of the instrumentation, operations, and validation
presented in Nédélec et al. (2015). Five IAGOS airports were selected for the evaluation, based on their data temporal coverage
namely Paris, France (PAR); Disseldorf, Germany (DUS); Frankfurt, Germany (FRA); Munich, Germany (MUN); Vienna,
Austria (VIE). The IAGOS Q data have an accuracy of 2 ppb, a precision of 2%, and a detection limit of 2 ppb (Blot
etal., 2021). Landing and take-ofi;ro les are compared against CAMSRA;@ro les. It should be noted that the IAGOS
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pro les are not strictly vertical. To this end, and in order to perform a more realistic evaluation of CAMSR#c€ording to
the ight position (longitude, latitude, pressure) the respective CAMSRA grid points are extracted at the nearest time to that of

are not assimilated and hence they constitute completely independent validation data. The location of the examined WOUDC
ozonesonde sites and IAGOS airports are depicted in Figure 1.

2.2 CAMS reanalysis

CAMSRA is the latest reanalysis dataset produced by ECMWEF, including 3-dimensional elds of meteorological, chemical,
and aerosol species for the period from 2003 onwards. It comes as a follow-up of the previous successful reanalysis products
the Monitoring Atmospheric Composition and Climate (MACC) reanalysis (MACCRA) (Inness et al., 2013) and the CAMS
interim reanalysis (CAMSIRA) (Flemming et al., 2017). CAMSRA is based on the ECMWF's IFS CY42R1 cycle and the

To this end, satellite retrievals of total column CO, tropospheric coldi@®2NO,, aerosol optical depth and total column,

partial column and pro le ozone retrievals are assimilated in the IFS systeimg12-hourassimilationwindewsfrom-09
e e ene 0 L e 00 L
CAMSRA canbe found in Table 1 of the CAMSRA evaluationstudy by \

IFS. The chemical mechanism used in the IFS is an extended version of the Carbon Bond 2005 (CB05) tropospheric chemical
mechanism (Flemming et al., 2015) and stratospheric ozone chemistry is parameterised by a “Cariolle-scheme” (Cariolle
and Déqué, 1986; Cariolle and Teyssedre, 2007). The emissions consist of the MACCity (MACC and CityZEN EU projects)
anthropogenic emissions (Granier et al., 2011), the GFAS (Global Fire Assimilation System) re emissions (Kaiser etal., 2012),
and the MEGANZ2.1 (Model of Emissions of Gases and Aerosols from Nature) biogenic emissions (Guenther et al., 2006). The
CAMSRA data have a spatial resolution of approximately 80 km°(8.9.7° grid) with 60 hybrid sigma/pressure (model)

hours. The quality of the CAMSRA Peld is documented in Wagner et al. (2021) and comprehensive validation reports that
can be found on the CAMS website https://atmosphere.copernicus.eu/eqa-reports-global-services (e.g. Errera et al., 2021).

To investigate the role of chemical data assimilation in tropospheric ozone representation during folding events, a con-
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systems during a deep STT event over Europe, indicating an overall improvement of IFS performance due to the chemical data
assimilation implementation.
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2.3 Fold detection in CAMS reanalysis

Tropopause folds are identi ed in CAMSRA using the latest version of the 3-D labeling and fold detection algorithm by
Skerlak et al. (2015), initially developed by Sprenger et al. (2003). Here, we adopted the 3-D labeling algorithm to detect
140 folds in CAMSRA, using as inputs the elds of potential vorticity (PV), potential temperature, speci ¢ humidity, and surface

145 Mereovetropopausareidenti ed. Still, thereare

150 anomaliegmergedwith the stratospherare distinguishedisinga speci ¢_humidity thresholdof 0.1 g kg 1, Furtherdetails

to hottom),with the algorithmoutputtinga binary va
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2.4 Selection of STT events

To perform the process-oriented evaluation of CAMSRA the STT events are selected for each WOUDC ozonesonde site

applying the following methodology:

(a) For every ozonesonde pro le the time and location of release are extracted.

(b) For the CAMSRA grid cell including the ozonesonde site location and for the CAMSRA 3-hour timesteps before and
after the time of ozonesonde release, the presence of a tropopause fold vith50 hPa is explored (e.g. if the
ozonesonde release was 14:00 UTC, we search for folds at the 12:00 UTC and 15:00 UTC timesteps of the respective
grid cell).

(c) If afold is found the respective ozonesonde pro le is classi ed in "STT events", while otherwise is classi ed in "rest of
events".

(d) The ozonesonde data are vertically interpolated (linear) with a step of 25 hPa, and only the pro les exhibiting a data
completeness 75 % from 900 to 300 hPa are kept in the STT events and rest of events records. Merging STT events

with therest of events provides the climatology of ozonesonde pro le.

measurement pro les during take-off and landing are not strictly vertical, a tracking of the aircraft position is performed and
the respective CAMSRA grid cells that include the aircraft route are extracted. Subsequently, the presence of a tropopause folc
with p 50 hPais explored if it is found in at least one of the extracted grid cells. A schematic representation of the applied
methodology for the STT events selection is illustrated in Figure 2. For direct comparison with observations, CAMSRA O
concentrations are also vertically interpolated (linear) with a step of 25 hPa.

3 Results
3.1 Comparison of observed and CAMSRA climatological @ pro les

Before proceeding with the process-oriented evaluation of CAMSRAWIng the STT events, we present a comparison of
CAMSRA O; pro les against observations (ozonesonde and aircraft measurements) during all the events (STT events + rest of
events), to ensure that CAMSRA reproduces the climatological features of the obsgrpell€s at the examined European

sites. Figure 3 presents the climatological fro les of both observations and CAMSRA for all examined WOUDC and
IAGOS sites. As depicted, CAMSRA captures the features of observed vertgadoQes, with a common characteristic at

all sites being an overestimation of CAMSRA mostly in the upper troposphere, which is also seen in the evaluation studies by
Inness et al. (2019); Huijnen et al. (2020); Wagner et al. (2021). More speci cally, CAMSRA exhibits higlven@entrations
throughout the troposphere at Hohenpeissenberg and Paris, and to a lesser extent at Frankfurt and Munich, with the greate:

overestimation seen in the upper troposphere at all sites. At Payerne and Diisseldorf, CANM &FohIQoverestimated above
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3.2 Evaluation of CAMSRA O3 during STT events

In Figures 4 and 5 we present CAMSRA and observe@i® les averaged during the selected STT events and the rest of events
at the WOUDC ozonesonde sites and IAGOS airports, respectively. Also shown are the respective CAMSRAIES. As
expected, both CAMSRA and observations exhibit highgc@ncentrations in the middle and upper troposphere for the STT
events compared to the rest of events, at all examined sites. Similarly, CAMSRéo@centrations for STT events are higher
than those for the rest of events, resembling the respective CAMSRé&nBancements in the troposphere. This highlights
the stratospheric contribution inOncreases during the selected tropopause folding episodes. Overall, CAMSRArCa

satisfactory agreement with the observegebhancements in the troposphere during the STT events, still exhibiting speci ¢

be due to a bias in some of the assimilated data, the likely insuf cient vertical resolutiog dét@ assimilated (total column

and stratospheric pro les) in IFS to capture STT events, and thédgkground error formulation in data assimilatiéss

to resultin Oz overestimation in the upper tropospherenatready

(e.g. Legionowo), the ©vertical variability is not smoothed out and CAMSRA is not found able to reproduce the high

resolution features of Yincrease, probably due to its coarser vertical resolution compared to ozonesonde measurements.

fractional gross error (FGE) and modi ed normalized mean bias (MNMB) of CAMSRAdDthe WOUDC ozonesonde sites
and IAGOS airportsThe FGE is.a normalizedversionof the meanerror, while the MNMB is a normalizedversionof the

meanbias.Both metricsarenormalizedby the meanof the observedandmodel(hereCAMSRA) values beingdimensionless

andrelative, thus suitableto_useat different heightsin._the troposphereFGE and MNMBare insensitiveto outliersin the

respect to under- and overestimation:
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number of STT events. As can be seen in Figure 6a the FGE is mostly increasing with height, with values > 0.3 found above
500400hPa at several sites. Indicatively, the median FGE value among the examined sites for each pressure level is > 0.2 above
400 hPa (Figure 7). As expected, the respective pro les of MNMB in Figure 6b indicate that the biases are mostly positive
con rming the aforementioned discussion. The median MNMB value among the examined sites for each pressure level ranges
approximately from 0 to +0.1 below 400 hPa (Figure 7), which is in agreement with the MNMB values of CAMSRA O

the free troposphere reported by Inness et al. (2019) and Wagner et al. (2021). Above 400 hPa the respective median MNMB
value ranges from +0.1 to +0.19 (Figure 7).

3.3 The role of chemical data assimilation

Hereafter we investigate the role of chemical data assimilation in CAMSR£efresentation during the selected STT events.
To this end, we present CAMSRA no DA and observedpto les averaged during the selected STT events and the rest of
events, at the WOUDC ozonesonde sites and IAGOS airports in Figures 8 and 9, respectively. As depicted in both gures,
although CAMSRA no DA exhibits relatively highers@oncentrations during the STT events compared to the rest of events it
clearly underestimates the observegliftreases in the troposphere at all sites above about 500 hPa. This, in combination with
Figures 4 and 5, indicates that chemical data assimilation bogatet@entrations in the direction of capturing the observed
O3 enhancement structures in the middle and upper troposphere. Similar results for the role of IFS chemical data assimilation
in O3 representation were reported by Akritidis et al. (2018) in their evaluation of CAMS-global forecast system during a deep
STT event over Europe.

The FGE values of CAMSRA no DA ©shown in Figure 10a indicate similar values with that of CAMSRA, weithiasan

in Figure 10b reveal overall an underestimation @fddrring the STT events. The median FGE and MNMB values depicted
in Figure 7 suggest an overall improvement of MNMB and FGE in CAMSRA due to chemical data assimilation between
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4 Conclusions

A process-oriented evaluation of CAMS reanalysis ddring tropopause folding events over the period 2003-2018 is per-
formed using WOUDC ozonesonde data and IAGOS aircraft measurements. The selected STT events were obtained from the
CAMSRA tropopause folds database by Akritidis et al. (2021) which was constructed with the implementation of the 3-D
labeling and fold detection algorithm by Skerlak et al. (2015). Moreover, the role of chemical data assimilatoejme3en-

tation during the examined STT events was investigated using a CAMS control simulation without chemical data assimilation.
The most notable ndings of the study are summarized as follows:

CAMSRA reproduces the observed dcreases in the troposphere during the examined folding events, which as indi-
cated by the respectivesQpro les are of stratospheric origin.

For some sites CAMSRA misses to follow the observed returnsoé@centrations back to normal tropospheric levels,
resulting in an overestimation ofz0n the upper troposphere, with FGE values at 350 hPa ranging from 0.13 to 0.38
(median 0f6:30.28) at the observational sites.

The use of chemical data assimilation in IFS is found to be bene cial for the representation of CAM$SB#h@nce-

ments in the troposphere during the STT events. However, it leads to an overestimaticoofo®ntrations at the upper
portion of G; increases.

Overall, and in terms of ©bias and absolute bias, only a small improvement is found between 500 and 400 hPa due to

chemical data assimilation implementation.

The present analysis indicates that CAMSRA reproduces satisfactorily the obsenmed€ses in the troposphere dur-
ing the tropopause folding events. Although IFS chemical data assimilation helps CAMgR& fallow the observed ©
increases, it mostly leads is@verestimation in the upper troposphere. Future improvements in the quality and vertical reso-
lution of the assimilated ©products, increases in the vertical resolution of the IFS as well a reassessment pbdekground
error statistics are expected to advance the performance of future IFS-based reanalyses in capyariabi@y during STT

events.

Data availability. The CAMS reanalysis data are available from the CAMS Atmosphere Data Store (ADS) https://ads.atmosphere.copernicus.
eu/cdsapp#!/dataset/cams-global-reanalysis-eac4?tab=form. The CAMS control simulation without data assimilation was obtained from the
ECMWF's Copernicus Helpdesk. This study contains modi ed Copernicus Atmosphere Monitoring Service Information (2021); neither the
European Commission nor ECMWEF is responsible for any use that may be made of the information it contains. The ozonesonde data were
downloaded from the World Ozone and Ultraviolet Radiation Data Center (WOUDC) at https://woudc.org/. The IAGOS aircraft measure-

ments were obtained from the IAGOS database at http://iagos-data.fr/.
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Figure 1. Location of WOUDC ozonesonde sites (white balloons) and IAGOS airports (blue airplanes) over Europe used in the present study.
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Figure 3. Vertical profiles of observed (black) and CAMSRA (red) ozone concentrations (ppb) at the WOUDC ozonesonde stations of a)
Lerwick (UK), b) Uccle (Belgium), ¢) Hehenpeissenberg (Germany), d) Payerne (Switzerland), e) Legionowo (Poland), ¢f) Madrid (Spain),

and-g) De Bilt (the Netherlands), h) Lindenberg (Germany), and i) Prague (Czech Republic); at the IAGOS airports of ki) Paris (France), k)
Diisseldorf (Germany), jl) Frankfurt (Germany), km) Munich (Germany), and n) Vienna (Austria) for the period 2003-2018. The grey and

sandybrown shaded areas depict the  one standard deviation of ozone vertical profiles in observations and CAMSRA, respectively.
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