
ΠΑΝΑΚΕΙΑ - Παραδοτέο Π8.11 (ΙΙΒΕΑΑ) 

Δημοσιεύσεις για την ατμοσφαιρική ρύπανση σε διεθνή περιοδικά και συνέδρια 

(τουλάχιστον 1) 

ΠΕ 8: Ρύπανση της Ατμόσφαιρας και έκθεση πληθυσμού (JRA1) 

Ημερ/νία έναρξης – λήξης: 03.09.2018 – 02.04.2022 

Ημερ/νία παράδοσης: 28.02.2022 

 

Το Ίδρυμα Ιατροβιολογικών Ερευνών της Ακαδημίας Αθηνών (ΙΙΒΕΕΑ) συμμετείχε στην 

ερευνητική υποδομή ΠΑΝΑΚΕΙΑ, α) με την ανάλυση μετρήσεων του στρώματος του όζοντος 

που πραγματοποιήθηκαν στο Κέντρο Επιπτώσεων του Περιβάλλοντος στην Υγεία του 

ΙΙΒΕΑΑ, και β) με την ανάλυση μετρήσεων του επιφανειακού όζοντος και του μονοξειδίου 

του άνθρακα που πραγματοποιήθηκαν στο συνεργαζόμενο ερευνητικό περιβαλλοντικό 

παρατηρητήριο Navarino Environmental Observatory (ΝΕΟ) στη Μεσσηνία. 

Στα πλαίσια του έργου, η ερευνητική ομάδα του ΙΙΒΕΑΑ δημοσίευσε 4 πρωτότυπες 

ερευνητικές εργασίες σε επιστημονικά με κριτές και πραγματοποίησε 4 ανακοινώσεις σε 

επιστημονικά συνέδρια, με ευχαριστίες και χρηματοδότηση από το έργο ΠΑΝΑΚΕΙΑ, όπως 

αναλύονται παρακάτω. 

 

Δημοσιεύσεις σε επιστημονικά περιοδικά με κριτές 

Οι δημοσιεύσεις που προέκυψαν στα πλαίσια του έργου από την ανάλυση μετρήσεων όζοντος 

και ηλιακής υπεριώδους ακτινοβολίας από το φασματοφωτόμετρο Brewer που λειτουργεί στο 

ΙΙΒΕΑΑ, ήταν οι εξής: 

1. Eleftheratos, K., Zerefos, C. S., Balis, D. S., Koukouli, M.-E., Kapsomenakis, J., Loyola, 

D. G., Valks, P., Coldewey-Egbers, M., Lerot, C., Frith, S. M., Haslerud, A. S., Isaksen, I. 

S. A., and Hassinen, S.: The use of QBO, ENSO and NAO perturbations in the evaluation 

of GOME-2 MetΟp A total ozone measurements, Atmospheric Measurement Techniques, 

12, 987–1011, https://doi.org/10.5194/amt-12-987-2019, 2019. 

2. Eleftheratos, K., Kapsomenakis, J., Zerefos, C. S., Bais, A. F., Fountoulakis, I., Dameris, 



M., Jöckel, P., Haslerud, A. S., Godin-Beekmann, S., Steinbrecht, W., Petropavlovskikh, 

I., Brogniez, C., Leblanc, T., Liley, J. B., Querel R., and Swart, D. P. J.: Possible Effects 

of Greenhouse Gases to Ozone Profiles and DNA Active UV-B Irradiance at Ground Level, 

Atmosphere, 11, 228, doi:10.3390/atmos11030228, 2020. 

3. Raptis, P., Eleftheratos, K., Kazadzis, S., Kosmopoulos, P., Papachristopoulou, K., and 

Solomos, S.: The combined effect of ozone and aerosols on erythemal irradiance in an ex-

tremely low ozone event during May 2020, Atmosphere, 12, 145, 

https://doi.org/10.3390/atmos12020145, 2021. 

4. Eleftheratos, K., Kouklaki, D., and Zerefos, C. S.: 16 years of measurements of ozone over 

Athens, Greece with a Brewer spectrophotometer, Oxygen, 1(1), 32–45, 

https://doi.org/10.3390/oxygen1010005, 2021. 

 

Η πρώτη εργασία είχε σκοπό να αναδείξει την επίδραση βασικών κλιματικών διαταραχών στην 

μεταβλητότητα της ολικής στήλης του όζοντος στα μέσα και στα μεγάλα γεωγραφικά πλάτη. 

Οι κλιματικές διαταραχές που μελετήθηκαν ήταν η Σχεδόν Διετής Κύμανση (QBO), η Νότια 

Κύμανση (ENSO) και η Κύμανση του Βορείου Ατλαντικού Ωκεανού (NAO). Συγκρίθηκαν οι 

επίγειες μετρήσεις του όζοντος με τις μετρήσεις σύγχρονων δορυφορικών οργάνων (GOME-

2A) για την περίοδο 2007-2016. Οι μέσες διαφορές ήταν της τάξεως του –0.7±1.4% στους 

τροπικούς, 0.1±2.1% στα μέσα γεωγραφικά πλάτη, και 2.5±3.2% και 0.0±4.3% στα βόρεια και 

νότια μεγάλα γεωγραφικά πλάτη, αντίστοιχα. Οι δορυφορικές και οι επίγειες μετρήσεις 

συμφωνούν πολύ καλά ως προς τις επιδράσεις των φυσικών διακυμάνσεων QBO, ENSO, 

NAO. Οι διαφορές μεταξύ του όζοντος από τις δορυφορικές και τις επίγειες μετρήσεις λόγω 

της QBO είναι εντός του 1% στις τροπικές περιοχές. Οι διαφορές μεταξύ των δορυφορικών 

και των επίγειων μετρήσεων στο νησί Σαμόα (Αμερικανική Σαμόα) είναι εντός του ±1.9%. 

Βρήκαμε πολύ καλή συμφωνία μεταξύ των δορυφορικών και επίγειων μετρήσεων όζοντος 

στον Καναδά και την Ευρώπη ως προς τη μεταβλητότητα που σχετίζεται με το NAO, με τις 

μέσες διαφορές να φθάνουν τα επίπεδα του 1%. Η συμφωνία και οι μικρές διαφορές που 

βρέθηκαν μεταξύ των δορυφορικών και των επίγειων δεδομένων όζοντος ως προς την 

επίδραση των QBO, ENSO και NAO έδειξαν τη σημασία αυτών των κλιματολογικών δεικτών 

για την παρακολούθηση της μακροχρόνιας σταθερότητας των δορυφορικών – επίγειων 

διαφορών. 



Η δεύτερη εργασία επικεντρώθηκε στη μελέτη του αντίκτυπου της μείωσης των 

στρατοσφαιρικών αλογόνων (χημεία) και της αύξησης των αερίων του θερμοκηπίου 

(υπερθέρμανση) στις αλλαγές του στρατοσφαιρικού όζοντος. Δόθηκε προσοχή στην επίδραση 

των αερίων του θερμοκηπίου στην υπεριώδη-Β ακτινοβολία στο έδαφος. Χρησιμοποιήθηκαν 

επίγειες και δορυφορικές μετρήσεις όζοντος καθώς και προσομοιώσεις μοντέλων χημείας-

μεταφοράς και χημείας-κλίματος. Προέκυψε ότι (α) η μείωση των αλογόνων μεγιστοποιεί την 

ανάκαμψη του όζοντος στα 1,7 hPa, κάτι που παρατηρείται σε όλους τους επίγειους σταθμούς, 

και (β) ότι σημαντική επίδραση των αερίων του θερμοκηπίου στην ανάκαμψη του 

στρατοσφαιρικού όζοντος προβλέπεται μετά το έτος 2050. Τα αποτελέσματα έδειξαν ότι η 

υπεριώδης-Β ηλιακή ακτινοβολία που προκαλεί βλάβη στο DNA θα αυξηθεί μετά το έτος 2050 

κατά +1,3% ανά δεκαετία. Μια τέτοια αλλαγή οφείλεται σε μια σημαντική μείωση της 

νεφοκάλυψης λόγω της εξέλιξης των αερίων του θερμοκηπίου στο μέλλον και μιας ασήμαντης 

τάσης στο ολικό όζον. Εάν οι εκτιμήσεις αποδειχθούν αληθείς, τότε είναι πιθανό ότι η 

διαδικασία της κλιματικής αλλαγής θα κατακλύσει την επίδραση της ανάκαμψης του όζοντος 

στην ακτινοβολία UV-Β στα μέσα πλάτη. 

Η τρίτη εργασία εστίασε στις μετρήσεις υπεριώδους ακτινοβολίας στην περιοχή της Αθήνας, 

κατά τη διάρκεια ενός επεισοδίου με χαμηλή ποσότητα ολικού όζοντος. Κατά την περίοδο 12-

19 Μαΐου 2020, η ολική στήλη του όζοντος έδειξε εξαιρετικά χαμηλές τιμές, περίπου 35-55 

μονάδες Dobson (έως 15%) κάτω από το μέσο όρο (μικρότερες του 2σ). Αυτή η κατάσταση 

ευνόησε την αύξηση της υπεριώδους ακτινοβολίας UV, καθώς το στρατοσφαιρικό όζον είναι 

ο σημαντικότερος παράγοντας εξασθένισης στη φασματική περιοχή UV-B. Ταυτόχρονα, μία 

εισβολή αερολυμάτων σκόνης από την έρημο Σαχάρα σκίασε ένα μεγάλο μέρος της επίδρασης 

του χαμηλού όζοντος στην υπεριώδη ακτινοβολία. Για να διερευνηθούν οι επιδράσεις των δύο 

φαινομένων, αναλύθηκαν οι φασματικές ηλιακές μετρήσεις από το φασματοφωτόμετρο PSR, 

οι μετρήσεις του ολικού όζοντος από το φασματοφωτόμετρο Brewer και υπολογισμοί από 

μοντέλο διάδοσης της ακτινοβολίας. Οι υπολογισμοί του δείκτη UV έδειξαν αύξηση κατά 

~30% σε σχέση με τις μακροχρόνιες τιμές του δείκτη λόγω του χαμηλού όζοντος, ενώ 

ταυτόχρονα τα αερολύματα σκίαζαν αυτό το αποτέλεσμα σε συγκεκριμένες ημέρες κατά 

~20%. Το μοντέλο χρησιμοποιήθηκε για τη διερεύνηση της απόκρισης αυτών των μεταβολών 

στη φασματική περιοχή UV σε διάφορες ηλιακές ζενίθιες γωνίες. Τα προσομοιωμένα φάσματα 

συγκρίθηκαν με τις μετρήσεις και βρέθηκε μια μέση διαφορά της τάξεως του 2%. Η μελέτη 

επισήμανε τη σημασία των ακριβών μετρήσεων και των προβλέψεων του όζοντος και των 



αερολυμάτων για τον υπολογισμό του δείκτη UV υπό ασυνήθιστες συνθήκες χαμηλού όζοντος 

– υψηλής συγκέντρωσης αερολυμάτων. 

Η τέταρτη εργασία παρουσίασε τα επίπεδα του στρώματος του όζοντος στο αστικό περιβάλλον 

της Αθήνας από τις μετρήσεις του φασματοφωτόμετρου Brewer που λειτουργεί στο ΙΙΒΕΑΑ 

από τον Ιούλιο του 2003. Το στρώμα του όζοντος παρουσιάζεται σταθεροποιημένο κατά την 

τελευταία 18ετία πάνω από την Αττική, χωρίς να παρατηρείται κάποια σημαντική αλλαγή. Η 

μέση τιμή του στρώματος του όζοντος παραμένει σταθερή στις 320 μονάδες Dobson, ποσότητα 

που αντιστοιχεί σε ένα στρώμα πάχους 3,2 χιλιοστών. Τα δεδομένα του όζοντος από το 

φασματοφωτόμετρο Brewer συγκρίθηκαν με τα δορυφορικά δεδομένα TOMS, OMI και 

GOME-2A. Τα αποτελέσματα έδειξαν εξαιρετικές συσχετίσεις μεταξύ των επίγειων και των 

δορυφορικών δεδομένων μεγαλύτερες από 0,9. Τέλος, μελετήθηκε η μεταβλητότητα του 

στρώματος του όζοντος στην Αθήνα λόγω των εποχιακών μεταβολών, της σχεδόν διετούς 

κύμανσης (Quasi Biennial Oscillation), της νότιας κύμανσης (El Nino Southern Oscillation), 

της κύμανσης του Βορείου Ατλαντικού Ωκεανού (North Atlantic Oscillation), της ενδεκαετούς 

ηλιακής δραστηριότητας (11-year solar cycle) και των μεταβολών του ύψους της 

τροπόπαυσης. 

 

Ανακοινώσεις σε επιστημονικά συνέδρια 

Οι ανακοινώσεις σε επιστημονικά συνέδρια στις οποίες παρουσιάστηκαν μετρήσεις από το 

φασματοφωτόμετρο Brewer του ΙΙΒΕΑΑ και από τους αναλυτές αέριων ρύπων όζοντος και 

μονοξειδίου του άνθρακα του Navarino Environmental Observatory (N.E.O.), ήταν οι εξής: 

1. Eleftheratos, K., Zerefos, C., Kapsomenakis, J., Bais, A., Fountoulakis, I., Dameris, M., 

Haslerud, A. S., Godin-Beekmann, S., Steinbrecht, W., Petropavlovskikh, I.: A note on 

possible effects of the unexpected increase in global CFC-11 to ozone profiles and 

erythemal doses at ground level, International Symposium On: The Unexpected Increase 

in Emissions of Ozone-Depleting CFC-11, Vienna, Austria, 25–27 March 2019. 

2. Eleftheratos, K., Stavraka, T., and Zerefos, C.: 15 years of measurements of total ozone 

over Athens, Greece with a Brewer spectrophotometer, First scientific conference 

PANACEA, University of Crete, Heraklion, 23–24 September 2019. 



3. Weber M., Schüller L., and Eleftheratos K.: The role of Dobsons and Brewers in satellite 

ground-truthing: Will that change in the future?, Commemorative event celebrating 20 

Years WMO Regional Dobson Calibration Centre Europe / Middle East, Invitation by Dr. 

Ulf Köhler and Dr. Wolfgang Steinbrecht, Meteorological Observatory Hohenpeissenberg, 

2 October 2019. 

4. Stavraka, T., Eleftheratos, K., Kapsomenakis, J., Zerefos, C., Gerasopoulos, E., Pantazis, 

C., Maneas, G., Kouvarakis, G., and Mihalopoulos, N.: Ozone and carbon monoxide 

measurements at the Navarino Environmental Observatory (NEO) in Messenia, Greece, 

Second scientific conference PANACEA, Web Conferencing, 29 September – 1 October 

2020. 

 

Στην πρώτη ανακοίνωση παρουσιάστηκαν οι πιθανές επιπτώσεις από την απροσδόκητη 

αύξηση του παγκόσμιου CFC-11 στα προφίλ του στρατοσφαιρικού όζοντος και στην 

ερυθηματογόνο ακτινοβολία που φτάνει στο έδαφος σε διάφορα γεωγραφικά πλάτη. 

Η δεύτερη ανακοίνωση οδήγησε στη δημοσίευση με αριθμό 4 από τους Eleftheratos et al. 

(2021). 

Στην τρίτη ανακοίνωση γιορτάστηκαν τα 20 χρόνια λειτουργίας του κέντρου βαθμονόμησης 

των φασματοφωτόμετρων Dobson του WMO, όπου παρουσιάστηκαν οι μετρήσεις του 

στρώματος του όζοντος στα μέσα και τα μεγάλα γεωγραφικά πλάτη από τα 

φασματοφωτόμετρα τύπου Dobson και Brewer. 

Στην τέταρτη ανακοίνωση παρουσιάστηκαν οι ατμοσφαιρικές συγκεντρώσεις του όζοντος (O3) 

και του μονοξειδίου του άνθρακα (CO) στη Μεσσηνία, από τις μετρήσεις που 

πραγματοποιήθηκαν στον σταθμό ατμοσφαιρικής παρακολούθησης Ν.Ε.Ο. στη Μεθώνη κατά 

την περίοδο 2016-2010. Ο ρόλος του σταθμού, ο οποίος είναι μέρος της ερευνητικής υποδομής 

της ΠΑΝΑΚΕΙΑ, είναι να παρακολουθεί σε μακροχρόνια βάση τα επίπεδα βασικών 

σωματιδίων και αέριων ρύπων, σε μια προσπάθεια να ρίξει φως στους παράγοντες που 

ελέγχουν τα επίπεδα και τη μεταβλητότητά τους, και να διαχωρίσει τη σχετική συμβολή των 

τοπικών πηγών από πηγές περιφερειακής κλίμακας. Υπολογίστηκαν οι μέσες μηνιαίες τιμές 

για τη μελέτη του εποχιακού κύκλου των δύο ρύπων. Για να διερευνηθεί η περιφερειακή 

αντιπροσωπευτικότητα των μετρήσεων, ειδικά εντός των κλιματολογικά διαφορετικών 

τμημάτων του δυτικού και ανατολικού τμήματος της Ελλάδας, τα δεδομένα συγκρίθηκαν με 



αντίστοιχες συγκεντρώσεις από τον σταθμό της Φινοκαλιάς στην Κρήτη. Οι συντελεστές 

συσχέτισης μεταξύ των μέσων ημερήσιων συγκεντρώσεων Ο3 και CO στη Μεθώνη και τη 

Φινοκαλιά, είναι περίπου +0,5 και +0,6, αντίστοιχα. Δόθηκε έμφαση στους παράγοντες που 

καθορίζουν τη συμμεταβολή τους και στις περιόδους όπου τα επίπεδα διέφεραν σημαντικά. 
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Abstract. In this work we present evidence that quasi-
cyclical perturbations in total ozone (quasi-biennial oscil-
lation – QBO, El Niño–Southern Oscillation – ENSO, and
North Atlantic Oscillation – NAO) can be used as indepen-
dent proxies in evaluating Global Ozone Monitoring Exper-
iment (GOME) 2 aboard MetOp A (GOME-2A) satellite
total ozone data, using ground-based (GB) measurements,
other satellite data, and chemical transport model calcula-
tions. The analysis is performed in the frame of the vali-
dation strategy on longer time scales within the European
Organisation for the Exploitation of Meteorological Satel-
lites (EUMETSAT) Satellite Application Facility on Atmo-
spheric Composition Monitoring (AC SAF) project, cover-
ing the period 2007–2016. Comparison of GOME-2A total
ozone with ground observations shows mean differences of
about−0.7±1.4 % in the tropics (0–30◦), about+0.1±2.1 %
in the mid-latitudes (30–60◦), and about +2.5± 3.2 % and

0.0±4.3 % over the northern and southern high latitudes (60–
80◦), respectively. In general, we find that GOME-2A total
ozone data depict the QBO–ENSO–NAO natural fluctuations
in concurrence with the co-located solar backscatter ultravi-
olet radiometer (SBUV), GOME-type Total Ozone Essential
Climate Variable (GTO-ECV; composed of total ozone ob-
servations from GOME, SCIAMACHY – SCanning Imag-
ing Absorption SpectroMeter for Atmospheric CHartogra-
phY, GOME-2A, and OMI – ozone monitoring instrument,
combined into one homogeneous time series), and ground-
based observations. Total ozone from GOME-2A is well cor-
related with the QBO (highest correlation in the tropics of
+0.8) in agreement with SBUV, GTO-ECV, and GB data
which also give the highest correlation in the tropics. The
differences between deseazonalized GOME-2A and GB to-
tal ozone in the tropics are within ±1 %. These differences
were tested further as to their correlations with the QBO.
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The differences had practically no QBO signal, providing
an independent test of the stability of the long-term vari-
ability of the satellite data. Correlations between GOME-2A
total ozone and the Southern Oscillation Index (SOI) were
studied over the tropical Pacific Ocean after removing sea-
sonal, QBO, and solar-cycle-related variability. Correlations
between ozone and the SOI are on the order of +0.5, consis-
tent with SBUV and GB observations. Differences between
GOME-2A and GB measurements at the station of Samoa
(American Samoa; 14.25◦ S, 170.6◦W) are within ±1.9 %.
We also studied the impact of the NAO on total ozone in the
northern mid-latitudes in winter. We find very good agree-
ment between GOME-2A and GB observations over Canada
and Europe as to their NAO-related variability, with mean
differences reaching the ±1 % levels. The agreement and
small differences which were found between the indepen-
dently produced total ozone datasets as to the influence of
the QBO, ENSO, and NAO show the importance of these
climatological proxies as additional tool for monitoring the
long-term stability of satellite–ground-truth biases.

1 Introduction

Ozone is an important gas of the Earth’s atmosphere. In the
stratosphere, ozone is considered good ozone, because it ab-
sorbs ultraviolet B radiation from the sun, thus protecting
the biosphere from a large part of the sun’s harmful radia-
tion (e.g. Eleftheratos et al., 2012; Hegglin et al., 2015). In
the lower atmosphere and near the surface, natural ozone has
an equally important beneficial role, because it initiates the
chemical removal of air pollutants from the atmosphere such
as carbon monoxide, nitrogen oxides, and methane. Above
natural levels, however, ozone is considered bad ozone be-
cause it can harm humans, plants, and animals. In addition,
ozone is a greenhouse gas, warming the Earth’s surface. In
both the stratosphere and the troposphere, ozone absorbs in-
frared radiation emitted from Earth’s surface, trapping heat in
the atmosphere. As a result, increases or decreases in strato-
spheric or tropospheric ozone induce a climate forcing (Heg-
glin et al., 2015).

Ozone in the atmosphere can be measured by ground-
based (GB) instruments, balloons, aircraft, and satellites and
can be calculated by chemical transport model (CTM) simu-
lations. Measurements by satellites from space provide ozone
profiles and column amounts over nearly the entire globe on
a daily basis (e.g. WMO, 2014). The three Global Ozone
Monitoring Experiment 2 (GOME-2) instruments carried on
MetOp platforms A, B, and C (GOME-2A, GOME-2B, and
GOME-2C, respectively) serve this purpose. The first was
launched on 19 October 2006, the second on 19 Septem-
ber 2012, and the last on 7 November 2018. The three
GOME-2 instruments will provide unique long-term datasets
of more than 15 years (2007–2024) related to atmospheric

composition and surface ultraviolet radiation using consis-
tent retrieval techniques (Hassinen et al., 2016). The GOME-
2 offline data are set to make a significant contribution to-
wards climate and atmospheric research while providing near
real-time data for use in weather forecasting and air quality
forecasting applications (Hassinen et al., 2016).

Validation of satellite ozone measurements is performed
with ground-based measurements as well as other satellite
instruments (Hassinen et al., 2016). Validation of GOME-
2A total ozone for the period 2007–2011 was performed
by Loyola et al. (2011) and Koukouli et al. (2012). It was
found that GOME-2 total ozone data agree at the ±1 % level
with GB measurements and other satellite datasets (Hassi-
nen et al., 2016). The consistency between GOME-2A and
GOME-2B total ozone columns, including a validation with
GB measurements, was presented by Hao et al. (2014). An
updated time series of the differences between GOME-2A
and GOME-2B with GB observations can be found in Has-
sinen et al. (2016). The long-term stability of the two satel-
lite instruments was also noted in that study. Both satellites
are consistent over the Northern Hemisphere with negligible
latitudinal dependence, while over the Southern Hemisphere
there is a systematic difference of 1 % between the two satel-
lite instruments (Hassinen et al., 2016).

Chiou et al. (2014) compared zonal mean total col-
umn ozone inferred from three independent multi-year data
records, namely solar backscatter ultraviolet radiometer
(SBUV; v8.6) total ozone (McPeters et al., 2013), GOME-
type Total Ozone Essential Climate Variable (GTO-ECV;
Coldewey-Egbers et al., 2015; Garane et al., 2018), and GB
total ozone for the period 1996–2011. Their analyses were
conducted for the latitudinal zones of 0–30◦ S, 0–30◦N, 50–
30◦ S, and 30–60◦N. It was found that, on average, the dif-
ferences in monthly zonal mean total ozone vary between
−0.3 % and 0.8 % and are well within 1 %. In that study it
was concluded that, despite the differences in the satellite
sensors and retrievals methods, the SBUV v8.6 and GTO-
ECV data records show very good agreement both in the
monthly zonal mean total ozone and the monthly zonal mean
anomalies between 60◦ S and 60◦ N. The GB zonal means
showed larger scatter in the monthly mean data compared to
satellite-based records, but the scatter was significantly re-
duced when seasonal zonal averages were analysed. The dif-
ferences between SBUV and GB total ozone data presented
in Chiou et al. (2014) are well in agreement with Labow et
al. (2013), who systematically compared SBUV (v8.6) to-
tal ozone data with those measured by Brewer and Dobson
instruments at various stations as a function of time, satel-
lite solar zenith angle, and latitude. The comparisons showed
good agreement (within ±1 %) over the past 40 years, with
the very small bias approaching zero over the last decade.
Comparisons with ozone sonde data showed good agreement
in the integrated column up to 25 hPa, with differences not
exceeding 5 % (Labow et al., 2013).
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The observed small biases (at the percentage level) be-
tween satellite and GB observations of total ozone, as have
been documented in the above studies, ensure the provision
of accurate satellite ozone measurements. The high accuracy
and stability of the satellite instruments is essential for mon-
itoring the expected recovery of the ozone layer resulting
from measures adopted by the 1987 Montreal Protocol and
its amendments (e.g. Zerefos et al., 2009; Loyola et al., 2011;
Solomon et al., 2016; de Laat et al., 2017; Kuttippurath and
Nair, 2017; Pazmiño et al., 2018; Stone et al., 2018; Stra-
han and Douglass, 2018). It is known that total ozone varies
strongly with latitude and longitude as a result of chemical
and transport processes in the atmosphere. Total ozone also
varies with season. Seasonal variations are larger over mid-
latitudes and high latitudes and are smaller in the tropics (e.g.
WMO, 2014). On longer time scales total ozone variability
is related to large-scale natural oscillations such as the quasi-
biennial oscillation (QBO; e.g. Zerefos et al., 1983; Baldwin
et al., 2001), the El Niño–Southern Oscillation (ENSO; e.g.
Zerefos et al., 1992; Oman et al., 2013; Coldewey-Egbers et
al., 2014), the North Atlantic Oscillation (NAO; e.g. Ossó et
al., 2011; Chehade et al., 2014), and the 11-year solar cycle
(e.g. Zerefos et al., 2001; Tourpali et al., 2007; Brönniman
et al., 2013). Moreover, volcanic eruptions may also alter the
thickness of the ozone layer (Zerefos et al., 1994; Frossard
et al., 2013; Rieder et al., 2013; WMO, 2014). These natural
perturbations affect the background atmosphere and conse-
quently the distribution of the ozone layer. In this context,
the study of the effect of known natural fluctuations in total
ozone could serve as additional tool for evaluating the long-
term variability of satellite total ozone data records.

The objective of the present work is to examine the abil-
ity of the GOME-2A total ozone data to capture the vari-
ability related to dynamical proxies of global and regional
importance, such as the QBO, ENSO, and NAO, in compari-
son to GB measurements, other satellite data, and model cal-
culations. The variability of total ozone from GOME-2A is
compared with the variability of total ozone from the other
examined datasets during these naturally occurring fluctua-
tions in order to evaluate the ability of GOME-2A to depict
natural perturbations. The analysis is performed in the frame
of the validation strategy of GOME-2A data on longer time
scales within the European Organisation for the Exploita-
tion of Meteorological Satellites (EUMETSAT) Satellite Ap-
plication Facility on Atmospheric Composition Monitoring
(AC SAF) project. The evaluation of GOME-2A data per-
formed here includes the study of monthly means of total
ozone, the annual cycle of total ozone, the amplitude of the
annual cycle (i.e. (maximum value – minimum value)/2), the
relation with the QBO (correlation with zonal wind at the
Equator at 30 hPa), the relation with ENSO (correlation with
the Southern Oscillation Index – SOI), and the relation with
the NAO (correlation with the NAO index in winter – DJF
mean).

The annual cycle describes regular oscillations in total
ozone that occur from month to month within a year. In gen-
eral, month-to-month variations of total ozone are larger in
the mid-latitudes and high latitudes than in the tropics. The
QBO dominates the variability of the equatorial stratosphere
(∼ 16–50 km) and is easily seen as downward-propagating
easterly and westerly wind regimes, with a variable period
averaging approximately 28 months. Circulation changes in-
duced by the QBO affect temperature and chemistry (Bald-
win et al., 2001). The ENSO and NAO are naturally occur-
ring patterns or modes of atmospheric and oceanic variabil-
ity which orchestrate large variations in climate over large
regions with profound impacts on ecosystems (Hurrell and
Deser, 2009). We present the level of agreement between
satellite-derived GOME-2A and GB total ozone in depicting
natural oscillations like the QBO, ENSO, and NAO, high-
lighting the importance of these climatological proxies to be
used as additional tools for monitoring the long-term stability
of satellite–ground-truth biases.

2 Data sources

The analysis uses GOME-2 satellite total ozone columns for
the period 2007–2016. This data forms part of the opera-
tional EUMETSAT AC SAF GOME-2 MetOp A GDP4.8
data product provided by the German Aerospace Center
(DLR). The GOME-2 total ozone data have been averaged
on a monthly 1◦× 1◦ latitude longitude grid. The overview
of the GOME-2A satellite instrument and of the GOME-2
atmospheric data provided by AC SAF can be found in Has-
sinen et al. (2016).

To examine the natural variability of ozone on longer
time scales, we have additionally analysed the Global Ozone
Monitoring Experiment (GOME) aboard the second Euro-
pean Remote Sensing satellite (ERS-2), SCanning Imaging
Absorption SpectroMeter for Atmospheric CHartographY
(SCIAMACHY) on Envisat, GOME-2A, and ozone moni-
toring instrument (OMI) on Aura merged prototype level-3
harmonized data record (GTO-ECV, 1◦×1◦) data for the pe-
riod 1995–2016 (Coldewey-Egbers et al., 2015; Garane et
al., 2018). This GTO-ECV ozone data product was generated
and provided by DLR as part of the European Space Agency
Ozone Climate Change Initiative (ESA O3 CCI). The ESA
O3 CCI merged level-3 record, which is based on GOME–
SCIAMACHY–GOME-2A–OMI level-2 data, was obtained
using the GODFIT v3.0 retrieval algorithm. More on ESA
O3 CCI datasets can be found in the studies by Van Roozen-
dael et al. (2012), Lerot et al. (2014), Koukouli et al. (2015),
and Garane et al. (2018).

Both datasets are compared with a combined Total Ozone
Mapping Spectrometer (TOMS), OMI, and Ozone Map-
ping Profiler Suite (OMPS) satellite total ozone dataset con-
structed using data from the TOMS on Nimbus 7 (1979–
1993); TOMS on Meteor 3 (1991–1994); TOMS on Earth
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Probe (1996–2005); the OMI aboard the NASA Earth Ob-
serving System (EOS) Aura satellite (2005–present); and
data from the next-generation OMPS nadir profiler in-
strument, launched in October 2011 on the Suomi Na-
tional Polar-orbiting Partnership (NPP) satellite (McPeters
et al., 2015). The total ozone data are available at
1◦× 1.25◦ (TOMS) or 1◦× 1◦ (OMI–OMPS) resolution
from https://acd-ext.gsfc.nasa.gov/anonftp/toms/ (last ac-
cess: 15 June 2018). From these data we constructed monthly
mean total ozone data on a 5◦×5◦ grid. To account for known
biases between the instruments (e.g. Labow et al., 2013) we
use the SBUV v8.6 merged ozone dataset (MOD) monthly
zonal mean total ozone (https://acd-ext.gsfc.nasa.gov/Data_
services/merged/index.html, also see next paragraph; last ac-
cess: 15 June 2018) as a reference. We adjust each instrument
such that the zonal mean in each 5◦ band averaged over the
instrument lifetime matches the corresponding SBUV MOD
zonal mean average. Thus the inherent longitudinal variabil-
ity is retained from the TOMS–OMI–OMPS measurements,
but any latitude-dependent bias between the instruments is
removed. With the exception of the Meteor 3 TOMS in the
Northern Hemisphere, all offsets were within 2 % at low and
mid-latitudes. Such a dataset should not be used for long-
term trends but is sufficient for analysing periodic variability
such as that for the QBO, ENSO, and NAO. We used data for
the period 1995–2016. We note here that another long-term
dataset which has been analysed for the QBO, ENSO, NAO
and other perturbations comes from the multi-sensor reanal-
ysis (MSR; Knibbe et el., 2014) but is not examined here.

In addition, we compare this with satellite SBUV sta-
tion overpass data from 1995 to 2016. The satellite data
are based on measurements from three SBUV-type instru-
ments from April 1970 to the present (continuous data cov-
erage from November 1978). Even though the time se-
ries includes different versions of the SBUV instrument,
the basic measurement technique remains the same over
the advancement of the instrument from the backscatter ul-
traviolet radiometer (BUV) to Solar Backscatter Ultravi-
olet Radiometer 2 (SBUV-2; Bhartia et al., 2013). Satel-
lite overpass data over various ground-based stations are
provided per day from https://acd-ext.gsfc.nasa.gov/anonftp/
toms/sbuv/MERGED/ (last access: 15 June 2018). These
overpass data are analogous to the SBUV MOD monthly
zonal mean data previously mentioned. Both are constructed
by first filtering measurements of lesser quality and then av-
eraging data from individual satellites when more than one
instrument is operating. Monthly averages have been calcu-
lated by averaging the daily merged ozone overpass data for
stations listed in Supplement Table S1. Details about the data
are provided by McPeters et al. (2013) and Frith et al. (2014).

We also compare this with GB observations of total ozone
from a number of stations contributing to the World Ozone
and Ultraviolet Radiation Data Centre (WOUDC). The
WOUDC data centre is one of six world data centres which
are part of the Global Atmosphere Watch programme of the

World Meteorological Organization (WMO). The WOUDC
data centre is operated by the Meteorological Service of
Canada, a branch of Environment Canada. In total, we anal-
ysed total ozone daily summaries from 193 ground-based sta-
tions operating Brewer, Dobson, filter, Système D’Analyse
par Observations Zénithales (SAOZ), or Microtops in-
struments. The GB total ozone measurements are avail-
able from the website https://woudc.org/archive/Summaries/
TotalOzone/Daily_Summary/ (last access: 15 June 2018).
The various stations used in this study are listed in Table S1.

We have also analysed simulations of total ozone from
the global 3-D CTM, the Oslo CTM3 (Søvde et al., 2012).
The Oslo CTM3 has traditionally been driven by 3-hourly
meteorological forecast data from the European Centre
for Medium-Range Weather Forecasts (ECMWF) Integrated
Forecast System (IFS) model, whereas in this study we
apply the OpenIFS model (https://software.ecmwf.int/wiki/
display/OIFS/; last access: 15 June 2018), cycle 38r1, which
is an improvement from Søvde et al. (2012). Details on the
model are given in Søvde et al. (2012). The Oslo CTM3 com-
prises both detailed tropospheric and stratospheric chem-
istry. Photochemistry is calculated using Fast-JX version 6.7c
(Prather, 2015) and chemical kinetics from the Jet Propul-
sion Laboratory (JPL) 2011 (Sander et al., 2011). Total ozone
columns compare well with measurements and other model
studies (Søvde et al., 2012 and references therein). The hor-
izontal resolution of the model is 2.25◦× 2.25◦. We used
the global monthly mean total ozone columns for the period
1995–2016.

To examine the QBO component of total ozone we
made use of the monthly mean zonal winds in Singapore
at 30 hPa. The zonal wind data at 30 hPa were provided
by the Freie Universität Berlin (FU-Berlin) at https:
//www.geo.fu-berlin.de/met/ag/strat/produkte/qbo/qbo.dat
(last access: 15 June 2018; Naujokat, 1986). The impact
of ENSO in the tropics was investigated by using the SOI
from the Bureau of Meteorology of the Australian Govern-
ment (http://www.bom.gov.au/climate/current/soi2.shtml;
last access: 15 June 2018). The correlation between total
ozone and the NAO index was mainly computed for the
winter mean (DJF) when the NAO amplitude is large (e.g.
Hurrell and Deser, 2009), but it is also addressed in other
seasons. Emphasis is placed on Canada, Europe, and the
North Atlantic Ocean in winter. The NAO index (DJF)
based on the principal component (PC) provided by the
Climate Analysis Section of NCAR in Boulder, CO, USA
(available at: https://climatedataguide.ucar.edu/climate-data/
hurrell-north-atlantic-oscillation-nao-index-pc-based; last
access: 15 June 2018), was used. Total ozone variability is
also related to dynamical variability, for example, variability
in tropopause height (e.g. Dameris et al., 1995; Hoinka et
al., 1996; Steinbrecht et al., 1998). The impact of tropopause
height variations on total ozone variability was examined by
analysing the tropopause pressure from the independently
produced NCEP/NCAR (National Centers for Environ-
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mental Prediction – National Center for Atmospheric
Research) Reanalysis 1 dataset computed on a 2.5◦ grid.
The NCEP/NCAR reanalysis data were provided from the
website at https://www.esrl.noaa.gov/psd/data/gridded/data.
ncep.reanalysis.tropopause.html (last access: 15 June 2018;
Kalnay et al., 1996).

3 Results and discussion

3.1 Monthly zonal means and annual cycle

Figure 1 compares monthly mean total ozone from GOME-
2A and SBUV (v8.6) satellite overpass data for stations
shown in Table S1. The GOME-2A data were taken at a spa-
tial resolution of 1◦× 1◦ around each of the ground-based
monitoring stations listed in Table S1 and then averaged over
the tropics, mid-latitudes, and high latitudes of both hemi-
spheres in 30◦ latitudinal zones to provide the large-scale
monthly zonal means for the GOME-2A data. Accordingly,
SBUV satellite overpass data were averaged over each geo-
graphical zone to provide the large-scale zonal means for the
SBUV observations. Mean differences and standard devia-
tions between GOME-2A and SBUV total ozone were found
to be+0.1±0.7 % in the tropics (0–30◦), about+0.8±1.6 %
in the mid-latitudes (30–60◦), about +1.3± 2.2 % over the
northern high latitudes (60–80◦ N), and about −0.5± 2.9 %
over the southern high latitudes (60–80◦ S). The differences
were estimated as (GOME-2A – SBUV)/SBUV (%) from
January 2007 to December 2016. Small differences were also
found between GOME-2A and GB measurements (Fig. 2 and
Table 1), and here GB station data were averaged over each
geographical zone to provide the large-scale zonal means for
the GB measurements. Mean differences and standard devi-
ations between GOME-2A and GB total ozone were found
to be −0.7± 1.4 % in the tropics (0–30◦), +0.1± 2.1 % in
the mid-latitudes (30–60◦), +2.5± 3.2 % over the northern
high latitudes (60–80◦ N), and 0.0± 4.3 % over the southern
high latitudes (60–80◦ S). Recall that all estimates refer to
the period between January 2007 and December 2016.

In summary, the largest differences between GOME-2A,
SBUV (v8.6), and GB measurements are found over the
northern high latitudes (60–80◦ N), and the highest variabil-
ity (standard deviation of the mean difference) is observed
over the latitude belt (60–80◦ S). In addition, these differ-
ences (especially at the high latitudes) can be affected by
the fact that the same days have not always been used for
the construction of the monthly mean values for the differ-
ent datasets. In the tropics and mid-latitudes the respective
differences are within ±1 % or less, in line with Chiou et
al. (2014). Validation results were also presented by Loy-
ola et al. (2011), Koukouli et al. (2012), Coldewey-Egbers et
al. (2015), and Koukouli et al. (2015), and updates of which
are included in Hassinen et al. (2016). Our results based on
data updated to 2017 largely confirm those studies, pointing

to the good performance of GOME-2A when extending the
period of record.

Next, we studied the correlation between total ozone from
GOME-2A and SBUV satellite data using linear regression
analysis for the period 2007–2016. The statistical signifi-
cance of the correlation coefficients, R, was calculated us-
ing the t-test formula for R with N − 2 degrees of free-
dom, as used in Zerefos et al. (2018). The regression model
showed statistically significant correlations between the dif-
ferent datasets as follows: R =+0.99 in the tropics, mid-
latitudes, and the northern high latitudes and R =+0.97
in the southern high latitudes. All correlation coefficients
are highly statically significant (99.9 % confidence level). In
the long term, statistically significant correlation coefficients
(R ≥+0.94) are also found between GOME-2A satellite and
GB measurements (Fig. 2), despite the different type of in-
struments used to measure total ozone from the ground. The
regression parameters for the correlation coefficients shown
in Figs. 1 and 2 are provided in Table 2.

A large part of the strong correlations shown in Figs. 1
and 2 is attributable to the seasonal variability of total ozone
which is presented in Fig. 3 for GOME-2A, SBUV, and GB
data. More specifically, Fig. 3 shows the seasonal variations
of total ozone from station data, averaged from zones per
10◦ latitude, north and south. At high latitudes our analysis
stops at 80◦. There is a very good agreement between the an-
nual cycles of total ozone from the three datasets denoting
the consistency of the satellite retrievals with GB observa-
tions. Similar annual cycles are also found with the GTO-
ECV ozone data (not shown). Similar consistency is also re-
vealed for the amplitudes of the annual cycles, computed as
(maximum value – minimum value)/2 in Dobson units (DU).
Figure 4 shows global maps of the amplitude of the annual
cycle of total ozone for the period 2007–2016 from GOME-
2A (panel a), GTO-ECV (panel b), and the TOMS–OMI–
OMPS (panel c) satellite data. All maps are plotted against
the sine of the latitude north and south in order to show areas
according to their actual size. As can be seen from Fig. 4,
the amplitude of the annual cycle is less than 20 DU in the
tropics, increasing as we move towards the mid-latitudes and
high latitudes to up to 75 DU. Interestingly, there is a region
with small amplitude of the annual cycle in the southern mid-
latitudes with values of about 10–15 DU, seen in Fig. 4 as a
blue curved line crossing the longitudes around 60◦ S, which
points to small seasonal variations of total ozone in these
parts. The seasonal increase in Antarctic ozone is delayed by
2–3 months compared to the northern polar region. Only with
the breakdown of the polar vortex in late spring, i.e. at a time
when the poleward transport over lower latitudes has already
ceased, does a strong ozone influx occur in the Antarctic.
With this delay the amplitude of the seasonal variation stays
much smaller poleward of 55–60◦ in the south than in the
north (Dütsch, 1974). These features are consistent between
all examined satellite datasets and are reproduced to a large
extent by the Oslo CTM3 model as well, except in the south-
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Table 1. Mean differences and their standard deviations in percent between total ozone from GOME-2A, SBUV (v8.6) satellite overpass
data, and ground-based observations over different latitude zones, as shown in Figs. 1 and 2.

(GOME-2A – SBUV)/SBUV (%) (GOME-2A – GROUND)/GROUND (%)
Station mean data Station mean data

60–80◦ N +1.3± 2.2 +2.5± 3.2
30–60◦ N +0.8± 1.6 +0.1± 1.9
0–30◦ N 0.0± 0.7 −0.5± 1.2
0–30◦ S +0.1± 0.7 −0.9± 1.6
30–60◦ S +0.9± 1.6 0.0± 2.4
60–80◦ S −0.5± 2.9 0.0± 4.3

Figure 1. Monthly mean total ozone from GOME-2A compared with monthly mean total ozone from SBUV (v8.6) satellite overpass data for
the period 2007–2016 over the Northern and the Southern Hemisphere, based on station mean data. R is the correlation coefficient between
the two lines. Error bars show the standard deviation of each monthly mean. Mean differences ±σ are given as (GOME-2A – SBUV)/SBUV
(%).

ern mid-latitudes, where the model seems to underestimate
the observed annual cycle (Fig. 4, panel d).

In summary, we find a similar pattern and amplitude of the
annual cycle between total ozone from GOME-2A and the
other examined total ozone datasets. The mean differences
in the annual cycles of GOME-2A and SBUV satellite data
are small in the tropics (0–30◦: 0.3±2.4 DU) and increase as
we move towards the mid-latitudes (30–60◦: 2.4± 4.4 DU)
and higher latitudes (60–80◦: 1.7± 4.8 DU). These num-
bers are consistent with the ones found between GOME-2A
and GB measurements (tropics: 1.1± 2.3 DU; mid-latitudes:
1.2± 5.1 DU; high latitudes: 5.1± 7.1 DU). In all latitude

zones the correlation coefficients between the annual cycles
of GOME-2A–SBUV and GOME-2A–GB data pairs were
found to be greater than 0.9.

Before examining correlations with the large-scale natural
fluctuations QBO, ENSO, and NAO, the mean annual cycle
has been removed from the ozone datasets as described in the
next section.

3.2 Correlation with QBO

We then studied how changes in dynamics affect the ozone
columns in the atmosphere. The time series obtained have
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Figure 2. Same as in Fig. 1, but for GOME-2A and GB observations. R is the correlation coefficient between the two lines. Error bars show
the standard deviation of each monthly mean. Mean differences ±σ are given as (GOME-2A – GROUND)/GROUND (%).

Table 2. Statistics of the correlations shown in Figs. 1 and 2 between total ozone from (a) GOME-2A data and SBUV (v8.6) overpass data
and (b) GOME-2A data and ground-based measurements.

(a) GOME-2A and SBUV (v8.6) Correlation Intercept (DU) Slope∗ Error t value p value N

60–80◦ N +0.987 4.925 0.999 0.015 65.224 < 0.0001 117
30–60◦ N +0.984 5.002 0.993 0.017 59.784 < 0.0001 118
0–30◦ N +0.989 28.304 0.894 0.012 72.404 < 0.0001 118
0–30◦ S +0.981 21.575 0.919 0.017 53.874 < 0.0001 118
30–60◦ S +0.977 −4.198 1.023 0.021 49.123 < 0.0001 118
60–80◦ S +0.974 2.944 0.984 0.025 39.985 < 0.0001 88

(b) GOME-2A and ground-based Correlation Intercept (DU) Slope∗ Error t value p value N

60–80◦ N +0.973 7.651 1.002 0.022 45.155 < 0.0001 118
30–60◦ N +0.977 15.772 0.952 0.019 49.671 < 0.0001 119
0–30◦ N +0.982 49.534 0.810 0.014 56.951 < 0.0001 119
0–30◦ S +0.916 56.520 0.778 0.032 24.655 < 0.0001 119
30–60◦ S +0.946 12.423 0.958 0.030 31.612 < 0.0001 119
60–80◦ S +0.939 0.405 0.999 0.039 25.439 < 0.0001 89

∗ Error, t value, and p value refer to slope.

been deseasonalized by subtracting the long-term monthly
mean from each individual monthly mean value. Ozone col-
umn variations for different latitude zones in the Northern
and Southern Hemispheres have been compared. Figure 5
compares total ozone deseasonalized anomalies (in % of
the mean) from GOME-2A and SBUV satellite retrievals in

the tropics (10◦N–10◦ S), subtropics (10◦–30◦ N and 10◦–
30◦ S), and mid-latitudes (30◦–60◦ N and 30◦–60◦ S). The
right panel of Fig. 5 shows the respective anomalies from
GTO-ECV data. Mean differences between GOME-2A and
SBUV deseasonalized monthly zonal means between 60◦N
and 60◦ S are less than ±0.5 %.
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Figure 3. Comparison of the annual cycle of total ozone from GOME-2A with that from SBUV (v8.6) satellite overpass data and GB
observations in the period 2007–2016 based on station data averaged per 10◦ latitude zones. The annual cycle is distorted above 60◦ S due
to the Antarctic ozone hole.

The dotted line superimposed on the ozone anomalies in
Fig. 5 shows the equatorial zonal winds at 30 hPa, which
were used as a proxy index to study the impact of QBO on
total ozone. The general features include a QBO signal in
total ozone at latitudes between 10◦ N and 10◦ S, which al-
most matches with the phase of QBO in the zonal winds.
At higher northern and southern latitudes there is a phase
shift in the QBO impact on total ozone. The impact of QBO
is most pronounced in the tropics and is less pronounced in
the subtropics and mid-latitudes. Strong positive correlations
with the QBO are found in the tropics (correlation between
GOME-2A and the QBO is about +0.77, t test = 12.91) and
weaker (usually of the opposite sign), less significant cor-
relations are found at higher latitudes (about −0.15 in the
northern extratropics and about−0.45 in the southern extrat-
ropics). Similar correlation patterns with the QBO are found
for the GTO-ECV, SBUV, and GB data. These correlations
suggest that the variability that can be attributed to the QBO
in the tropics is about 60 % and is about 2 % and 20 % in the
northern and the southern extratropics, respectively.

Table 3 summarizes the correlation and regression coeffi-
cients between total ozone and the QBO at 30 hPa for the dif-
ferent latitude zones and the different datasets. For latitudes
between 10◦ N and 10◦ S correlations between total ozone
from GOME-2A, GTO-ECV, SBUV, GB data, and the QBO
are all positive. At latitudes between 10 and 30◦ the correla-
tions turn to negative, in agreement with the results of Knibbe
et al. (2014), who noted that when moving from the tropics
towards higher latitudes, the regression estimates switch to
negative values at approximately 10◦ N and 10◦ S. The cor-
relations with the QBO at 30 hPa remain negative up to 60◦,
a consistent result among all our datasets and something also

reported by Knibbe et al. (2014) with the MSR ozone data.
The correlation and regression coefficients between GOME-
2A and the QBO are fairly similar to those found between
SBUV and the QBO, as well as among all datasets as seen in
Table 3, despite the different periods of records.

These features are also evident in Fig. 6, which com-
pares GOME-2A (and GTO-ECV) satellite total ozone with
GB observations with respect to the QBO. Mean differ-
ences and standard deviations between GOME-2A and GB
and between GTO-ECV and GB deseasonalized total ozone
data do not exceed 1 %. Again, correlation coefficients be-
tween deseasonalized GOME-2A and deseasonalized GB
data are highly significant in all latitude zones (30–60◦ N,
+0.91: slope = 0.818, error = 0.035, t value = 23.466, and
N = 119; 10–30◦ N, +0.91: slope = 0.786, error = 0.033, t
value = 23.529, and N = 119; 10◦ N–10◦ S, +0.94: slope =
0.973, error = 0.034, t value = 28.449, and N = 109; 10–
30◦ S, +0.87: slope = 0.864, error = 0.044, t value =
19.659, and N = 119; 30–60◦ S, +0.88: slope = 0.858, er-
ror = 0.043, t value = 19.854, and N = 119). The same
is true for the correlations between GTO-ECV and GB
data pairs (30–60◦ N,+0.94; 10–30◦ N,+0.89; 10◦ N–10◦ S,
+0.94; 10–30◦ S, +0.87; 30–60◦ S, +0.85). Our results
are in line with Eleftheratos et al. (2013) and Isaksen et
al. (2014), who compared QBO-related ozone column vari-
ations from the chemical transport model Oslo CTM2 with
SBUV satellite data for shorter time periods. In summary, it
has been shown that GOME-2A depicts the significant ef-
fects of QBO on stratospheric ozone in concurrence with
SBUV and GB measurements. The instrument captures the
variability of ozone in the tropics and the mid-latitudes cor-
rectly, which is nearly in phase with the QBO in the trop-
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Figure 4. Comparison of the amplitude, i.e. (maximum value – minimum value)/2, of the annual cycle of total ozone from GOME-2A (a)
with the amplitude of the annual cycle of total ozone from GTO-ECV (b), the combined TOMS–OMI–OMPS satellite data (c), and Oslo
CTM3 model simulations (d).

ics and out of phase in the northern and the southern mid-
latitudes, as has been shown by earlier studies (e.g. Zerefos,
1983; Baldwin et al., 2001).

3.3 Correlation with ENSO

Apart from the QBO, which affects the variability of total
ozone in the tropics, an important mode of natural climate
variability in the tropics is the ENSO. To examine the impact
of the ENSO on total ozone in the tropics we first removed
variability related to the QBO and the solar cycle and then
performed the correlation analysis with the SOI. The effect
of the QBO was removed from the time series by using a
linear regression model for the total ozone variations at each
grid box, of the form

D(t)= a0+ a1×QBO(t)+ residuals(t) ;0< t ≤ T , (1)

where D(t) is the monthly deseasonalized total ozone and t
is the time in months, with t = 0 corresponding to the ini-
tial month and t = T corresponding to the last month. The
term a0 is the intercept of the statistical model. To model the
QBO we made use of the equatorial zonal winds at 30 hPa.
The term a1 is the regression coefficient of the QBO. The
QBO component was removed from the time series by us-
ing a phase lag with a maximum correlation of 28 months

(month lag −14 to month lag 13). The QBO-related coeffi-
cients α0 and α1 of Eq. (1) for the deseasonalized GOME-
2A, GTO-ECV, TOMS–OMI–OMPS, and Oslo CTM3 zonal
mean data are presented in Table 3. Additional information
for the regression coefficients α1 of QBO is provided in the
Supplement Fig. S1, which shows the spatial distribution of
the regression coefficients in latitude–longitude maps.

The residuals from Eq. (1) were then inserted in a second
regression (Eq. 2) to account for the effect of the solar cycle
on total ozone, as follows:

O3 (t)= β0+β1×F10.7(t)+ residuals(t) ;0< t ≤ T , (2)

where β0 and β1 are now the intercept and regres-
sion coefficients of the solar cycle, respectively. To
model the solar cycle we used the 10.7 cm wave-
length solar radio flux (F10.7) as a proxy, taken
from the National Research Council and Natural Re-
sources Canada at ftp://ftp.geolab.nrcan.gc.ca/data/solar_
flux/monthly_averages/solflux_monthly_average.txt (last ac-
cess: 12 Decembe 2018). We use the absolute solar fluxes,
which are adjusted to account for variations in Earth–Sun
distance and uncertainty in antenna gain and waves reflected
from the ground. Latitude–longitude maps of the regression
coefficients β1 of the solar cycle are presented in the Fig. S2.
We note that the global pattern of the regression coefficients
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Figure 5. (a) Time series of deseasonalized total ozone from GOME-2A and SBUV (v8.6) satellite overpasses over different latitude zones,
along with the equatorial zonal winds at 30 hPa as an index of the QBO; (b) same as in (a), but for GTO-ECV and SBUV. Values with red
colour refer to the mean differences ±σ (in %) between GOME-2A and SBUV deseasonalized data averaged over various WOUDC stations
(150 stations in the northern mid-latitudes – 30–60◦ N; 21 stations in the northern subtropics – 10–30◦ N; eight stations in the tropics –
10◦ S–10◦ N; 10 stations in southern subtropics – 10–30◦ S; and 12 stations in the southern mid-latitudes – 30–60◦ S). The QBO proxy is
superimposed on the ozone anomalies.

of the solar cycle from GOME-2A data matches well with
what has been shown by Knibbe et al. (2014) with the re-
analysis MSR data.

The remainders from Eq. (2) were used in a third regres-
sion (Eq. 3) to study the correlations between total ozone and
SOI at each individual grid box:

O3 (t)= c0+ c1×SOI(t)+ residuals(t) ;0< t ≤ T , (3)

where c0 and c1 are now the intercept and regression coef-
ficients of ENSO, respectively. Estimates of the regression
coefficients c1 are shown in the Fig. S3.

Figure 7 presents the correlations between the SOI and to-
tal ozone from GOME-2A (panel a), GTO-ECV (panel b),
and TOMS–OMI–OMPS satellite data (panel c) as well as
between the SOI and the Oslo model simulations (panel d).
All four plots refer to the period 2007–2016. As can be seen
from Fig. 7a, correlations of > 0.3 between GOME-2A total
ozone and the SOI are found in the tropical Pacific Ocean at
latitudes between 25◦ N and 25◦ S. These correlations were
tested as to their statistical significance in the period 2007–
2016, using the t test for R with N − 2 degrees of freedom
(as in Zerefos et al., 2018), and were found to be statisti-
cally significant. A similar picture of correlation coefficients
is also observed by the GTO-ECV and TOMS–OMI–OMPS

data. Both datasets show similar results as to the range of
correlations (> 0.3) in the tropical Pacific for the common
period of observations. Nevertheless, the spatial resolution is
higher in the GOME-2A and GTO-ECV (1×1◦) data than in
the TOMS–OMI–OMPS (5×5◦) data, so the former datasets
perform better when looking at smaller space scales. We have
to note here that in both maps there are larger areas with cor-
relation coefficients > 0.3 in the southern part of the tropics
than in the northern part. However, this was mostly observed
during the period 2007–2016. By examining the longer-term
data record of the TOMS–OMI–OMPS data, which extends
back to 1979, we find symmetry in the pattern of correlations
north and south of the Equator in the tropical Pacific Ocean
(Fig. A1 of Appendix A), which indicates that both sides of
the tropical Pacific are affected more or less in a similar way
by El Niño–La Niña events. Finally, the Oslo CTM3 gives
small correlations (< 0.3) in the tropical Pacific Ocean around
the Equator, except over the northern and southern subtropics
where the model compares better with the observations.

The small rectangle in Fig. 7 corresponds to the south-
ern Pacific region (10–20◦ S, 180–220◦ E), and the blue
cross corresponds to the Samoa station (American Samoa;
14.25◦ S, 189.4◦ E), where total ozone has been studied with
respect to the impact of ENSO after removing the variabil-

Atmos. Meas. Tech., 12, 987–1011, 2019 www.atmos-meas-tech.net/12/987/2019/



K. Eleftheratos et al.: The use of QBO, ENSO, and NAO perturbations 997

Table 3. Statistics of correlations between deseasonalized total ozone and the QBO at 30 hPa for (a) GOME-2A data, (b) GTO-ECV data,
(c) SBUV (v8.6) overpass data, and (d) ground-based measurements.

(a) GOME-2A and QBO Correlation Intercept (%) Slope∗ Error t value p value N

30–60◦ N −0.073 −0.045 −0.008 0.010 −0.791 0.4307 119
10–30◦ N −0.099 −0.048 −0.008 0.008 −1.077 0.2835 119
10◦ N–10◦ S +0.767 0.654 0.114 0.009 12.910 < 0.0001 119
10–30◦ S −0.472 −0.273 −0.048 0.008 −5.799 < 0.0001 119
30–60◦ S −0.424 −0.262 −0.046 0.009 −5.063 < 0.0001 119

(b) GTO-ECV and QBO Correlation Intercept (%) Slope∗ Error t value p value N

30–60◦ N −0.116 −0.090 −0.012 0.007 −1.869 0.0628 259
10–30◦ N −0.142 −0.100 −0.014 0.006 −2.293 0.0226 259
10◦ N–10◦ S +0.779 0.705 0.109 0.005 19.949 < 0.0001 259
10–30◦ S −0.484 −0.306 −0.046 0.005 −8.873 < 0.0001 259
30–60◦ S −0.417 −0.312 −0.048 0.007 −7.345 < 0.0001 259

(c) SBUV (v8.6) and QBO Correlation Intercept (%) Slope∗ Error t value p value N

30–60◦ N −0.165 −0.112 −0.018 0.007 −2.694 0.0075 262
10–30◦ N −0.177 −0.114 −0.018 0.006 −2.901 0.0040 263
10◦ N–10◦ S +0.748 0.648 0.104 0.006 18.223 < 0.0001 263
10–30◦ S −0.488 −0.287 −0.046 0.005 −9.037 < 0.0001 263
30–60◦ S −0.458 −0.328 −0.051 0.006 −8.333 < 0.0001 263

(d) Ground-based and QBO Correlation Intercept (%) Slope∗ Error t value p value N

30–60◦ N −0.158 −0.123 −0.017 0.007 −2.594 0.0100 264
10–30◦ N −0.142 −0.083 −0.016 0.007 −2.317 0.0213 264
10◦ N–10◦ S +0.695 0.553 0.095 0.006 15.327 < 0.0001 253
10–30◦ S −0.490 −0.268 −0.046 0.005 −9.091 < 0.0001 264
30–60◦ S −0.431 −0.322 −0.048 0.006 −7.734 < 0.0001 264

∗ The slope is in % per unit change of the explanatory variable. Error, t value, and p value refer to slope.

Table 4. Annual mean total ozone, amplitude of annual cycle, amplitude of QBO, amplitude of solar cycle, and amplitude of ENSO in the
period 1995–2016 from GOME-2A, GTO-ECV, the combined TOMS–OMI–OMPS satellite data, and Oslo CTM3 model calculations over
the southern Pacific region (10–20◦ S, 180–220◦ E) and at the Samoa station (14.25◦ S, 189.4◦ E), located within this region.

Southern Pacific Ocean Samoa station

GOME-2A∗ GTO-ECV TOMS–OMI–OMPS Oslo CTM3 GOME-2A∗ GTO-ECV GROUND SBUV (v8.6)

Annual mean 255.3 DU 254.7 DU 253.0 DU 259.5 DU 252.7 DU 252.2 DU 249.2 DU 251.9 DU

Amplitude of 7.4 DU (2.9 %) 7.7 DU (3.0 %) 7.3 DU (2.9 %) 5.2 DU (2.0 %) 7.1 DU (2.8 %) 6.7 DU (2.7 %) 6.7 DU (2.7 %) 7.3 DU (2.9 %)
annual cycle
Amplitude of 2.7 DU (1.0 %) 2.2 DU (0.9 %) 2.4 DU (0.9 %) 2.3 DU (0.9 %) 3.0 DU (1.2 %) 2.2 DU (0.9 %) 2.7 DU (1.1 %) 2.0 DU (0.8 %)
QBO
Amplitude of 2.1 DU (0.8 %) 4.1 DU (1.6 %) 4.6 DU (1.8 %) 1.8 DU (0.7 %) 2.0 DU (0.8 %) 4.5 DU (1.8 %) 1.6 DU (0.6 %) 4.5 DU (1.8 %)
solar cycle
Amplitude of 6.2 DU (2.4 %) 8.8 DU (3.5 %) 6.0 DU (2.4 %) 8.8 DU (3.4 %) 5.6 DU (2.2 %) 7.7 DU (3.0 %) 5.5 DU (2.2 %) 7.5 DU (3.0 %)
ENSO

∗ Period 2007–2016.

ity related to the annual cycle, QBO, and the solar cycle.
Figure 8 shows an example of the ENSO impact on total
ozone in the southern Pacific Ocean. Figure 8a shows the
time series of total ozone anomalies from GOME-2A, GTO-
ECV, and TOMS–OMI–OMPS satellite data together with
the SOI. Comparisons of GOME-2A data with GTO-ECV
data, SBUV overpass data, and GB measurements at the

Samoa station are shown in Fig. 8b. The dotted line shows
the respective tropopause pressure anomalies from the NCEP
reanalysis. All datasets point to the strong influence of ENSO
on total ozone. Most evident is the strong decrease of about
4 % in 1997–1998, which was caused by the strongest El
Niño event in the examined period. A strong decrease is
also observed in the tropopause pressures by NCEP. Also no-
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Figure 6. Same as in Fig. 5, but for GOME-2A and GB observations (a) and for GTO-ECV and GB observations (b). The QBO proxy is
superimposed on the ozone anomalies.

table is the strong La Niña event in 2010 which caused total
ozone to increase by about 4 %. We calculate a strong cor-
relation between total ozone from GTO-ECV and the SOI
of +0.66 (99 % confidence level), which accounts for about
40 % of the variability of total ozone over the tropical Pacific
Ocean when the annual cycle, QBO signal, and solar cycle
are removed. From the regression with SOI we estimated an
ENSO-related term from which we calculated the amplitude
of ENSO in total ozone as (maximum ozone – minimum
ozone)/2. The amplitude of ENSO in total ozone was esti-
mated to be 8.8 DU, or 3.5 % of the annual mean. This is
comparable to the amplitude of the annual cycle (7.7 DU, or
3.0 % of the mean) and is larger than the amplitude of QBO
(2.2 DU or 0.8 % of the mean) and the amplitude of the solar
cycle in this region (4.1 DU, or 1.6 % of the mean). These
results are based on the GTO-ECV total ozone data. Sim-
ilar results were also found at the Samoa station from GB
observations (i.e. correlation with SOI: +0.55; amplitude of
ENSO: 7.7 DU, or 3.0 % of the mean; amplitude of the an-
nual cycle: 6.7 DU, or 2.7 % of the mean). Statistics of total
ozone such as mean, amplitude of the annual cycle, ampli-
tude of the QBO, amplitude of the solar cycle, and amplitude
of the ENSO in total ozone over the selected areas are pre-
sented in Table 4. Satellite, GB, and model data show consis-
tent results. It also appears that the Samoa station represents
the greater area in the southern Pacific well as to the impact
of the ENSO.

Differences between GOME-2A and its data pairs in the
southern Pacific Ocean are of the order of −0.2± 1.0 %
between GOME-2A and TOMS–OMI–OMPS data, −0.3±
0.9 % between GOME-2A and GTO-ECV, and−0.9±1.8 %
between GOME-2A and Oslo CTM3. Accordingly, differ-
ences in Samoa are −0.6± 1.9 % between GOME-2A and
GB data, 0.0± 1.4 % between GOME-2A and GTO-ECV,
and −0.1± 1.3 % between GOME-2A and SBUV. Despite
the small differences found, we note here that GOME-2A
values in the last 4 years of Figs. 8 and 9 slightly deviate
from the other datasets and correlate weaker with the SOI
than the other years in the time series. For instance, we es-
timate a drop in the correlation coefficient between GOME-
2A and the SOI at the Samoa station (+0.58 in the period
2007–2012 and+0.47 in the period 2007–2016), which nev-
ertheless does not alter the statistical significance of the cor-
relation.

From Fig. 8 it also appears that there are high correla-
tions with the tropopause height. The correlation coefficient
between the NCEP tropopause pressure and GOME-2A to-
tal ozone over the southern Pacific Ocean is of the order
of +0.59 (Student’s t-test statistic results: t value = 7.946,
p value < 0.0001, and N = 119). Accordingly, the correla-
tion with GTO-ECV ozone data is of the order of +0.64 (t
value = 13.165, p value < 0.0001, and N = 252), and with
TOMS–OMI–OMPS, it is of the order of +0.58 (t value =
10.913, p value < 0.0001, and N = 241). The high correla-
tion between the tropopause pressure and total ozone on in-
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Figure 7. Map of correlation coefficients between total ozone and SOI for GOME-2A (a), GTO-ECV (b), TOMS–OMI–OMPS satellite
data (c), and Oslo CTM3 model simulations (d). Rectangles correspond to the southern Pacific region (10–20◦ S, 180–220◦ E) and southern
Asia region (35–45◦ N, 45–125◦ E), blue cross corresponds to the Samoa station (14.25◦ S, 189.4◦ E), and red triangles correspond to stations
in southern Asia, where total ozone has been studied as to the impact of ENSO after removing variability related to the annual cycle, QBO,
and solar cycle. Positive correlations are shown in red colours, while negative correlations are shown in blue colours. Only correlation
coefficients above or below ±0.2 are shown.

terannual and longer time scales points to the very strong link
between these parameters. These links were already docu-
mented in the past (e.g. Steinbrecht et al., 1998, 2001) and
are verified with the GOME-2A data. At the same time a
strong correlation is also evident between tropopause pres-
sure and the SOI, again on interannual and longer time scales
(R =+0.66, t value = 13.825, p value < 0.0001, N = 252).
The above results point to the strong impact of the ENSO on
the tropical ozone column through the tropical tropopause;
warm (El Niño) and cold (La Niña) events affect the vari-
ability of the tropopause, which in turn affects the distri-
bution of stratospheric ozone. In the tropics, where total
ozone is mainly stratospheric, as the tropopause moves to
higher altitudes (lower pressure), the stratosphere is com-
pressed, reducing the amount of stratospheric (total) ozone.
This happens during warm (El Niño) episodes. The oppo-
site phenomenon occurs during cold (La Niña) events, when
the tropopause height decreases (higher pressure) and total
ozone is then increased. These events can affect the long-
term ozone trends in the tropics when looking at time periods
when strong El Niño and La Niña events occur at the begin-

ning and the end of the trend period respectively (Coldewey-
Egbers et al., 2014).

Furthermore, in Fig. 8 we have marked seven stations
in the greater southern Asia region (35–45◦ N, 45–125◦ E),
where total ozone is anti-correlated with the SOI. Admit-
tedly, these anti-correlations are weak (about −0.3), but we
thought presenting the time series in these areas to be worth-
while as well. Figure 9 shows the variability of total ozone
after removing seasonal, QBO, and solar-cycle-related vari-
ations, over the southern Asian region (panel a) and over
the seven stations averaged within this region (panel b). As
can be seen from this figure, the explained variance from
the ENSO is small, not exceeding 9 %. All correlations from
the comparisons with the SOI are summarized in Table 5. In
spite of the small correlations with the SOI, the consistency
between GOME-2A, GTO-ECV, TOMS–OMI–OMPS, and
Oslo CTM3 data anomalies is very high, and their differences
are within ±1 %. Differences at the seven stations in south-
ern Asia are as follows: −1.3± 2.4 % between GOME-2A
and GB data, −0.4± 1.0 % between GOME-2A and GTO-
ECV, and −0.5± 1.0 % between GOME-2A and SBUV.

www.atmos-meas-tech.net/12/987/2019/ Atmos. Meas. Tech., 12, 987–1011, 2019



1000 K. Eleftheratos et al.: The use of QBO, ENSO, and NAO perturbations

Table 5. Statistics of the comparisons between total ozone, tropopause pressures, and SOI for (a) southern Pacific (10–20◦ S, 180–220◦ E),
(b) Samoa station (14.25◦ S, 189.4◦ E), (c) southern Asia (35–45◦ N, 45–125◦ E), and (d) seven stations in southern Asia.

(a) Southern Pacific Correlation with SOI Intercept (%) Slope∗ Error t value p value N

GOME-2A +0.56 −0.238 0.118 0.016 7.236 < 0.0001 119
GTO-ECV +0.66 −0.069 0.145 0.010 14.014 < 0.0001 252
TOMS–OMI–OMPS +0.62 −0.139 0.134 0.011 12.285 < 0.0001 241
Oslo CTM3 +0.55 −0.064 0.144 0.014 10.501 < 0.0001 252
Tropopause +0.66 −0.761 0.241 0.017 13.825 < 0.0001 252

(b) Samoa Correlation with SOI Intercept (%) Slope* Error t value p value N

GOME-2A +0.47 −0.217 0.108 0.018 5.823 < 0.0001 119
GTO-ECV +0.55 −0.100 0.127 0.012 10.366 < 0.0001 252
SBUV overpass +0.59 −0.114 0.127 0.011 11.398 < 0.0001 251
GB (WOUDC) +0.42 −0.058 0.106 0.017 6.194 < 0.0001 178
Tropopause +0.65 −0.799 0.223 0.017 13.405 < 0.0001 252

(c) Southern Asia Correlation with SOI Intercept (%) Slope∗ Error t value p value N

GOME-2A −0.23 0.090 −0.044 0.018 −2.525 0.0129 119
GTO-ECV −0.30 0.073 −0.074 0.015 −5.047 < 0.0001 252
TOMS–OMI–OMPS −0.28 −0.212 −0.073 0.016 −4.553 < 0.0001 241
Oslo CTM3 −0.18 0.140 −0.040 0.014 −2.877 0.0044 252
Tropopause −0.27 −0.188 −0.129 0.029 −4.476 < 0.0001 252

(d) Southern Asia (seven station mean) Correlation with SOI Intercept (%) Slope∗ Error t value p value N

GOME-2A −0.23 0.090 −0.043 0.017 −2.518 0.0132 119
GTO-ECV −0.30 0.067 −0.072 0.014 −5.040 < 0.0001 252
SBUV overpass −0.27 0.086 −0.066 0.015 −4.464 < 0.0001 251
GB (WOUDC) −0.36 0.427 −0.103 0.017 −5.912 < 0.0001 240
Tropopause −0.28 −0.122 −0.160 0.035 −4.597 < 0.0001 252

∗ The slope is in % per unit change of the explanatory variable. Error, t value, and p value refer to slope.

In summary, our findings indicate that GOME-2A captures
the disturbances in total ozone during ENSO events well with
respect to satellite SBUV and GB observations. Our find-
ings on the ENSO-related total ozone variations (low ozone
during ENSO warm events, high ozone during ENSO cold
events, and magnitude of changes) are in line with recent
studies (e.g. Randel and Thompson, 2011; Oman et al., 2013;
Sioris et al., 2014) included in the 2014 Ozone Assessment
report (Pawson and Steinbrecht, 2014; WMO, 2014). Our re-
sults are also in agreement with Knibbe et al. (2014), who
showed negative ozone effects of El Niño between 25◦ S and
25◦ N, especially over the Pacific.

3.4 Correlation with NAO

The residuals from Eq. (3), free from seasonal, QBO, solar,
and ENSO-related variations, were later used to study the
correlation between total ozone and the NAO in winter. The
results are presented in Fig. 10 which shows the correlation
coefficients between total ozone and the NAO index in win-
ter from the GOME-2A (panel a), GTO-ECV (panel b) and
TOMS–OMI–OMPS satellite data (panel c), and the Oslo
CTM3 model calculations (panel d). Negative correlations

between total ozone and the NAO are presented with blue
colours, while positive correlations are presented with red
colours. From Fig. 10a it appears that total ozone is strongly
correlated with the NAO in many regions. Strong negative
correlation coefficients are observed in the majority of the
northern mid-latitudes (R about −0.6), while positive corre-
lations exist in the tropics and some negative correlations ex-
ist in the southern mid-latitudes. These characteristics are ob-
served in both GTO-ECV and TOMS–OMI–OMPS datasets
and are reproduced by the Oslo model as well, all for the
common period 2007–2016. The regression coefficients on
these comparisons are presented in the Fig. S4.

We note here that the results of the correlation analysis for
the period 2007–2016 were based on a relative small sample
of data from 10 winters, therefore many of these correlation
coefficients may not be statistically significant. The statistical
significance of the correlation coefficients in every grid box
was only tested with the TOMS–OMI–OMPS data (Fig. A2,
Appendix A), which provided us with the opportunity to cal-
culate the respective correlations using data for the whole
period of record 1979–2016. It appears that when extending
the data back to the 1980s, the negative correlations in the
southern mid-latitudes in winter disappear while the positive
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Figure 8. (a) Example of regional time series of total ozone (%)
over the southern Pacific region (10–20◦ S, 180–220◦ E) along with
SOI. The dotted line shows the respective tropopause pressure vari-
ability from NCEP. R is the correlation coefficient between GTO-
ECV total ozone and SOI (statistical significance of R is given
in parentheses). The difference refers to the mean difference ±σ
(in %) between GTO-ECV and the combined TOMS–OMI–OMPS
satellite data; (b) same as in (a), but for SBUV overpass and GB
data at the Samoa station. The difference refers to the mean differ-
ence ±σ (in %) between GTO-ECV and GB data.

correlations in the tropics become weaker; yet the observed
anti-correlation between total ozone and the NAO index in
the northern mid-latitude zone remains strong. The dotted
line in the plot shows areas with statistically significant cor-
relation coefficients (99 % confidence level). Indeed, in the
long term, statistically significant correlations between total
ozone and the NAO index during winter are mostly found
over the northern mid-latitudes and the subtropics. A small,
statistically significant signal is also seen over Antarctica, but
it was not analysed further.

According to this finding, we have restricted the analy-
sis of the NAO to the northern mid-latitudes. Rectangles
(Fig. 10a) correspond to two regions in the North Atlantic,
i.e. 35–50◦ N, 20–50◦W and 15–27◦ N, 30–60◦W, which
were studied for the impact of the NAO on total ozone after
removing variability related to the annual cycle, QBO, solar

Figure 9. (a) Example of regional time series of total ozone (%)
over southern Asia (35–45◦ N, 45–125◦ E) along with SOI. The dot-
ted line shows the respective tropopause pressure variability from
NCEP. R is the correlation coefficient between GTO-ECV total
ozone and SOI (statistical significance of R is given in parenthe-
ses). The difference refers to the mean difference ±σ (in %) be-
tween GTO-ECV and the combined TOMS–OMI–OMPS satellite
data; (b) same as in (a) but with SBUV overpass and GB data aver-
aged at seven stations in southern Asia. The difference refers to the
mean difference ±σ (in %) between GTO-ECV and GB data.

cycle, and ENSO. In addition we have studied a number of
stations in Canada, USA, and Europe that contribute ozone
data to WOUDC, which are marked by red and green crosses
in Fig. 10. The red crosses refer to the monitoring stations
in Canada and the US, and the green crosses refer to the sta-
tions in Europe. In Fig. 11 we present the times series of total
ozone anomalies from GOME-2A, GTO-ECV, and TOMS–
OMI–OMPS satellite data along with the NAO index in win-
ter over the North Atlantic. Model calculations are shown
as well. The dotted line shows the respective tropopause
pressure anomalies from NCEP reanalysis. Comparisons be-
tween GOME-2A, GTO-ECV, SBUV (v8.6) overpass data,
and GB measurements over the various stations in Canada,
USA, and Europe are shown in Fig. 12.

The observed anomalies over the North Atlantic Ocean
point to the strong influence of the NAO on total ozone in
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Figure 10. Map of correlation coefficients between total ozone and the NAO index during winter (December, January, and February; DJF)
for GOME-2A (a), GTO-ECV (b), TOMS–OMI–OMPS satellite data (c), and Oslo CTM3 model simulations (d). Rectangles correspond
to regions in the North Atlantic (35–50◦ N, 20–50◦W; 15–27◦ N, 30–60◦W), and red and green crosses correspond to stations in Canada
and USA and Europe, where total ozone has been studied as to the impact of NAO after removing variability related to the annual cycle,
QBO, solar cycle, and ENSO. Positive correlations are shown by red colours, while negative correlations are shown by blue colours. Only
correlation coefficients above or below ±0.2 are shown.

winter. Most evident is the strong increase in total ozone
in 2010 of more than 8 %, particularly over 35–50◦ N and
20–50◦W. This increase was accompanied by a strong in-
crease in tropopause pressures. Both changes (in total ozone
and tropopause pressures) occurred under a strong negative
phase of the NAO, the strongest one in the past 20 years.
We observe strong anti-correlation among total ozone and
the NAO index in winter (R =−0.74 over 35–50◦ N, 20–
50◦W), which is statistically significant at the 99 % confi-
dence level. This anti-correlation suggests that about 50 %
of the variability of total ozone in winter is explained by
the NAO when the annual cycle, QBO, solar cycle, and
ENSO signals are removed. Differences for GOME-2A, and
its data pairs are estimated to be −0.7± 1.1 % between
GOME-2A and TOMS–OMI–OMPS data, +0.1±1.0 % be-
tween GOME-2A and GTO-ECV, and−0.2±1.5 % between
GOME-2A and Oslo CTM3 data. From the regression with
the NAO index we derived an NAO-related term from which
we calculated the amplitude of the NAO in total ozone as
(maximum ozone – minimum ozone)/2. The amplitude of the
NAO over the North Atlantic region (35–50◦ N, 20–50◦W)
was estimated to be about 16.5 DU, or 5.2 % of the annual

mean. This is about half of the amplitude of the annual cycle
(which is ∼ 37 DU or 11.7 % of the mean). These estimates
are based on GTO-ECV data. Similar correlation and ampli-
tude were also found with GOME-2A, the combined TOMS–
OMI–OMPS satellite data, and the Oslo CTM3 model simu-
lations.

A similar but opposite correlation is found over the south-
ern part of the North Atlantic (15–27◦ N, 30–60◦W). Here,
we estimate a significant correlation coefficient of the NAO
of +0.60, amplitude of the NAO of about 7.2 DU (2.6 %
of the annual mean), and amplitude of the annual cycle of
about 15.8 DU (5.7 % of the mean). Again, similar estimates
are found with the GOME-2A and the TOMS–OMI–OMPS
satellite data and are reproduced by the model calculations
as well. The annual mean total ozone and the amplitudes of
the annual cycle, QBO, solar cycle, and NAO in total ozone
over the studied regions in the North Atlantic are summarized
in Table 6. Differences between GOME-2A and GTO-ECV
data at the southern part of North Atlantic are of the order
of −0.6± 0.7 %. Differences with the TOMS–OMI–OMPS
data are estimated to be−0.9±0.8 % and are estimated to be
−0.1± 0.7 % with the Oslo CTM3.
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Table 6. Annual mean total ozone, amplitude of annual cycle, amplitude of QBO, amplitude of solar cycle, and amplitude of NAO in the
period 1995–2016 from GOME-2A, GTO-ECV, the combined TOMS–OMI–OMPS satellite data, and Oslo CTM3 model calculations over
the North Atlantic Ocean, in (a) region 35–50◦ N, 20–50◦W, and (b) region 15–27◦ N, 30–60◦W.

North Atlantic Ocean

(a) 35–50◦ N, 20–50◦W (b) 15–27◦ N, 30–60◦W

GOME-2A∗ GTO-ECV TOMS–OMI–OMPS Oslo CTM3 GOME-2A∗ GTO-ECV TOMS–OMI–OMPS Oslo CTM3

Annual mean 319.7 DU 315.9 DU 317.3 DU 311.2 DU 276.6 DU 276.4 DU 274.4 DU 282.6 DU
Amplitude of 37.4 DU 37.0 DU 36.9 DU 32.0 DU 12.7 DU 15.8 DU 15.1 DU 15.5 DU
annual cycle (11.7 %) (11.7 %) (11.6 %) (10.3 %) (4.6 %) (5.7 %) (5.5 %) (5.5 %)
Amplitude of 2.5 DU 2.3 DU 2.6 DU 3.2 DU 3.0 DU 2.8 DU 3.9 DU 4.3 DU
QBO (0.8 %) (0.7 %) (0.8 %) (1.0 %) (1.1 %) (1.0 %) (1.4 %(1.5 %))
Amplitude of 0.4 DU 0.3 DU 2.2 DU 2.3 DU 3.5 DU 2.7 DU 3.3 DU 1.0 DU
solar cycle (0.1 %) (0.1 %) (0.7 %) (0.7 %) (1.3 %) (1.0 %) (1.2 %(0.3 %))
Amplitude of 18.3 DU 16.5 DU 18.4 DU 18.3 DU 4.2 DU 7.2 DU 5.0 DU 8.0 DU
NAO (winter) (5.7 %) (5.2 %) (5.8 %) (5.9 %) (1.5 %) (2.6 %) (1.8 %) (2.8 %)

∗ Period 2007–2016.

Figure 11. Example of regional time series of total ozone (%) over
the North Atlantic regions (a) 35–50◦ N, 20–50◦W, and (b) 15–
27◦ N, 30–60◦W, in winter (DJF mean) along with the NAO index.
The dotted line shows the respective tropopause pressure variabil-
ity from NCEP reanalysis. R is the correlation coefficient between
GTO-ECV total ozone and the NAO index. The differences refer to
the mean differences ±σ (in %) between GTO-ECV and the com-
bined TOMS–OMI–OMPS satellite data.

The time series of total ozone anomalies and of the NAO
index for the examined stations in Canada, USA, and Eu-
rope are presented in Fig. 12. Table 7 presents the respective
statistics. The correlation between total ozone and the NAO
index in winter after removing ozone variability related to the
annual cycle, QBO, solar cycle, and ENSO is −0.40 (90 %
confidence level). Again, a particular feature was the total
ozone increase in 2010 by 6 % of the mean associated with
the negative NAO phase. This increase is noteworthy because
of the consistency with the GB measurements and the satel-
lite SBUV overpass data and, in general, the agreement found
between the variability of the tropopause pressures and to-
tal ozone. Differences between GOME-2A and GB data are
−1.0± 1.8 %. Accordingly we estimate differences of about
−1.1±0.5 % between GOME-2A and GTO-ECV data and of
about−1.3±0.6 % between GOME-2A and SBUV data. On
the basis of GTO-ECV data we estimate that in Canada and
the USA, the amplitude of the NAO in total ozone in winter
is about 7 DU (or 2.2 % of the mean), while it is estimated
to be about 9 DU (or 2.7 % of the mean) over Europe. These
numbers are slightly smaller than the GOME-2A, GB, and
SBUV estimates, less than about one percent (Table 7).

The anti-correlation between total ozone column and the
NAO index during winter also applies to southern Europe and
the Mediterranean. Following the study of Ossó et al. (2011),
who reported a reversal in the correlation pattern between
the NAO and total ozone from winter to summer in southern
Europe, we have looked at the correlations during summer
as well. Figure 13 presents the comparisons for 21 ground-
based stations located in the region bounded by latitudes
30–47◦ N and by longitudes 10◦W–40◦ E. Figure 13a shows
results for the summer, and Fig. 13b shows results for the
winter. As can be seen, the observed anti-correlation be-
tween GB total ozone and the NAO in winter (R =−0.43,
slope =−0.980, t value =−2.095, p value = 0.0499, and
N = 21) reverses its sign and becomes positive in the sum-
mer (R =+0.60, slope = 0.874, t value = 3.309, p value =
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Table 7. Annual mean total ozone, amplitude of annual cycle, amplitude of QBO, amplitude of solar cycle, and amplitude of NAO in the
period 1995–2016 from GOME-2A, GTO-ECV satellite data, ground-based observations, and SBUV (v8.6) satellite overpass data over
(a) Canada and USA (11 station mean) and (b) Europe (41 station mean).

(a) Canada and USA (b) Europe

30–50◦ N, 60–110◦W (11 station mean) 35–55◦ N, 10◦W–40◦ E (41 station mean)

GOME-2A∗ GTO-ECV Ground SBUV (v8.6) GOME-2A∗ GTO-ECV Ground SBUV (v8.6)

Annual mean 324.2 DU 320.6 DU 322.5 DU 320.9 DU 329.9 DU 325.7 DU 326.9 DU 326.8 DU
Amplitude of 38.1 DU 34.1 DU 33.2 DU 34.0 DU 39.3 40.5 DU 39.2 DU 40.7 DU
annual cycle (11.7 %) (10.6 %) (10.3 %) (10.6 %) (11.9 %) (12.4 %) (12.0 %) (12.4 %)
Amplitude 2.1 DU 2.5 DU 3.5 DU 2.6 DU 2.7 DU 1.9 DU 2.8 DU 2.2 DU
of QBO (0.6 %) (0.8 %) (1.1 %) (0.8 %) (0.8 %) (0.6 %) (0.8 %) (0.7 %)
Amplitude of 0.3 DU 0.5 DU 1.4 DU 0.5 DU 2.1 DU 0.8 DU 1.0 DU 0.3 DU
solar cycle (0.1 %) (0.2 %) (0.4 %) (0.2 %) (0.6 %) (0.2 %) (0.3 %) (0.1 %)
Amplitude of 9.8 DU 6.9 DU 8.7 DU 9.3 DU 9.8 DU 8.9 DU 11.8 DU 9.9 DU
NAO (winter) (3.0 %) (2.2 %) (2.7 %) (2.9 %) (3.0 %) (2.7 %) (3.6 %) (3.0 %)

∗ Period 2007–2016.

Table 8. Statistics of the comparisons between total ozone, tropopause pressures, and NAO index in winter (DJF mean) for (a) the north-
ern part of North Atlantic (35–50◦ N, 20–50◦W), (b) its southern part (15–27◦ N, 30–60◦W), (c) 11 stations in Canada and USA, and
(d) 41 stations in Europe.

(a) Northern part of North Atlantic Correlation with NAO in winter Intercept (%) Slope∗ Error t value p value N

GOME-2A −0.85 0.035 −2.474 0.568 −4.355 0.0033 9
GTO-ECV −0.74 0.412 −2.188 0.453 −4.827 0.0001 21
TOMS–OMI–OMPS −0.74 0.734 −2.386 0.538 −4.436 0.0004 18
Oslo CTM3 −0.75 0.639 −2.457 0.498 −4.937 < 0.0001 21
Tropopause −0.83 0.665 −3.112 0.480 −6.478 < 0.0001 21

(b) Southern part of North Atlantic Correlation with NAO in winter Intercept (%) Slope∗ Error t value p value N

GOME-2A +0.54 −0.132 0.661 0.386 1.712 0.1306 9
GTO-ECV +0.60 −0.202 1.097 0.333 3.291 0.0038 21
TOMS–OMI–OMPS +0.58 −0.334 1.138 0.402 2.832 0.0120 18
Oslo CTM3 +0.65 −0.077 1.188 0.316 3.761 0.0013 21
Tropopause +0.59 −0.702 1.547 0.482 3.207 0.0046 21

(c) CA and USA (11 station mean) Correlation with NAO in winter Intercept (%) Slope∗ Error t value p value N

GOME-2A −0.71 −0.042 −1.305 0.493 −2.647 0.0331 9
GTO-ECV −0.40 0.308 −0.904 0.479 −1.886 0.0746 21
SBUV overpass −0.50 0.318 −1.209 0.476 −2.541 0.0199 21
GB (WOUDC) −0.46 0.268 −1.046 0.477 −2.190 0.0419 20
Tropopause −0.41 0.268 −0.739 0.377 −1.959 0.0650 21

(c) Europe (41 station mean) Correlation with NAO in winter Intercept (%) Slope∗ Error t value p value N

GOME-2A −0.46 0.089 −1.282 0.897 −1.428 0.1963 9
GTO-ECV −0.42 0.315 −1.141 0.573 −1.992 0.0609 21
SBUV overpass −0.47 0.389 −1.264 0.543 −2.329 0.0311 21
GB (WOUDC) −0.48 0.625 −1.327 0.560 −2.368 0.0287 21
Tropopause −0.40 0.048 −0.989 0.523 −1.891 0.0739 21

∗ The slope is in % per unit change of the explanatory variable. Error, t value, and p value refer to slope.
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Figure 12. Comparison with GB observations over (a) Canada and
USA and (b) Europe in winter (DJF mean). R is the correlation
coefficient between GTO-ECV total ozone and the NAO index. The
differences refer to the mean differences ±σ (in %) between GTO-
ECV and GB data.

0.0037, andN = 21), indicating that the NAO explains about
36 % of ozone variability in the summer in this region. A
similar picture is also seen from GOME-2A, GTO-ECV, and
SBUV data.

In summary, our findings based on GOME-2A, GTO-ECV,
and SBUV overpass data are in line with those found by
Ossó et al. (2011) and Steinbrecht et al. (2011), who anal-
ysed TOMS and OMI satellite data and GB measurements
at the Hohenpeißenberg station, respectively. During winter,
total ozone variability associated with the NAO is particu-
larly important over northern Europe, the US East Coast, and
Canada, explaining up to 30 % of total ozone variance for
this region (Ossó et al., 2011). Also, both studies found un-
usually high total ozone columns in 2010 over much of the
Northern Hemisphere and related them to the negative phase
of the NAO or AO (the Arctic Oscillation).

Figure 13. Relation between total ozone and the NAO index in sum-
mer (JJA mean) and winter (DJF mean) for 21 stations in southern
Europe. The correlation coefficients refer to NAO index and GB to-
tal ozone after removing variability related to the seasonal cycle,
QBO, solar cycle, and ENSO.

4 Conclusions

We have evaluated the ability of GOME-2–MetOp-A
(GOME-2A) satellite total ozone retrievals to capture known
natural oscillations such as the QBO, ENSO, and NAO. In
general, GOME-2A depicts these natural oscillations in con-
currence with GTO-ECV, TOMS–OMI–OMPS, and SBUV
(v8.6) satellite overpass data; ground-based measurements
(Brewer, Dobson, filter, and SAOZ); and chemical transport
model calculations (Oslo CTM3).

Mean differences between GOME-2A and SBUV total
ozone were found to be +0.1± 0.7 % in the tropics (0–
30◦), about+0.8±1.6 % in the mid-latitudes (30–60◦), about
+1.3± 2.2 % over the northern high latitudes (60–80◦ N),
and about−0.5±2.9 % over the southern high latitudes (60–
80◦ S). These differences were estimated as (GOME-2A –
SBUV)/SBUV (%) from January 2007 to December 2016.
Small differences were also found between GOME-2A and
GB measurements, with standard deviations of the differ-
ences being ±1.4 % in the tropics, ±2.1 % in the mid-
latitudes, and ±3.2 % and ±4.3 % over the northern and the
southern high latitudes respectively.
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The variability of total ozone from GOME-2A has been
compared with the variability of total ozone from other ex-
amined datasets as to their agreement depicting natural at-
mospheric phenomena such as the QBO, ENSO, and NAO.
First, we studied correlations between total ozone and the
QBO after removing variability related to the seasonal cycle
from the ozone datasets. Then, we examined correlations be-
tween total ozone and the ENSO after removing variability
related to the QBO and the solar cycle, and we finally ex-
amined correlations with the NAO after removing variability
related to the QBO, solar cycle, and ENSO. Our main results
are as follows.

QBO. Total ozone from GOME-2A is well correlated with
the quasi-biennial oscillation (+0.8 in the tropics) in agree-
ment with GTO-ECV, SBUV, and GB data. The amplitude of
the QBO on total ozone maximizes around the Equator, and
it is estimated to be about 2.6 % of the mean. Going from
low to mid-latitudes there is a phase shift in the QBO impact
on total ozone. Correlation coefficients between GOME-2A
total ozone and the QBO over 30–60◦ north and south are
−0.1 and −0.5 respectively, in agreement with the correla-
tions between GB total ozone and the QBO (−0.2 and −0.5,
respectively). On the basis of GOME-2A, the amplitude of
QBO in total ozone is estimated to be 0.6 % of the mean
in the northern mid-latitudes and 1.4 % of the mean in the
southern mid-latitudes.

ENSO. Correlation coefficients among GOME-2A total
ozone and the SOI in the tropical Pacific Ocean are esti-
mated to be about +0.6, consistent with GTO-ECV, SBUV,
and GB observations. It was found that the El Niño–Southern
Oscillation (ENSO) signal is evident and consistent in all ex-
amined datasets. The amplitude of ENSO in total ozone is
about 6–9 DU, corresponding to about 2.5 %–3.5 % of the
annual mean. Differences between GOME-2A, GTO-ECV,
and GB measurements during warm (El Niño) and cold (La
Niña) events are within±1.5 %. Similar estimates also result
from the Dobson measurements in American Samoa, indicat-
ing that the Samoa station represents the greater area in the
southern Pacific well for satellite evaluations as to the impact
of the ENSO.

NAO. The respective results related to the impact of the
North Atlantic Oscillation over the northern mid-latitudes
showed a clear NAO signal in winter in all datasets, with
amplitudes of about 16–19 DU (about 5 %–6 % of the an-
nual mean) in the North Atlantic, 9–12 DU (3 %–4 % of the
mean) over Europe, and 7–10 DU (2 %–3 % of the mean)
over Canada and the US. Comparison with GB observations
over Canada and Europe showed very good agreement be-
tween GOME-2A, GTO-ECV, and GB observations as to the
influence of the NAO, with differences within ±1 %.

In addition to the usual validation methods, which com-
pare monthly mean and zonal mean total ozone data and
analyse the differences between satellite and GB instruments,
we showed here that quasi-cyclical perturbations such as the
QBO, ENSO, and NAO can serve as independent proxies of
spatiotemporal variation to qualitatively evaluate GOME-2A
satellite total ozone against ground-based and other satellite
total ozone datasets. The agreement and small differences
which were found between the variability of total ozone from
GOME-2A and the variability of total ozone from other satel-
lite retrievals and ground-based measurements during these
naturally occurring oscillations verify the good quality of
GOME-2A satellite total ozone to be used in ozone–climate
research studies.

Data availability. Satellite SBUV (v8.6) total ozone station over-
pass data were downloaded from https://acd-ext.gsfc.nasa.gov/
Data_services/merged/index.html (last access: 8 February 2019;
McPeters et al., 2013; Bhartia et al., 2013). GTO-ECV total
ozone data are available at http://www.esa-ozone-cci.org/?q=node/
160 (last access: 8 February 2019; Coldewey-Egbers et al., 2015;
Garane et al., 2018). Ground-based total ozone daily summaries
were obtained from the World Ozone and Ultraviolet Radia-
tion Data Centre (WOUDC) at https://doi.org/10.14287/10000001
(WOUDC, 2018). The QBO component of total ozone was ex-
amined by using the monthly mean zonal winds in Singapore
at 30 hPa. Zonal wind data at 30 hPa were provided by the
Freie Universität Berlin (FU-Berlin) at http://www.geo.fu-berlin.
de/met/ag/strat/produkte/qbo/qbo.dat (last access: 8 February 2019;
Naujokat, 1986). The Southern Oscillation Index (SOI) was
provided by the Bureau of Meteorology of the Australian
Government at http://www.bom.gov.au/climate/current/soi2.shtml
(Australian Government – Bureau of Meteorology, 2018). The
NAO index for December, January, and February was pro-
vided by the Climate Analysis Section of NCAR in Boul-
der, CO, USA at https://climatedataguide.ucar.edu/climate-data/
hurrell-north-atlantic-oscillation-nao-index-pc-based (last access:
8 February 2019; Hurrell and Deser, 2009). The tropopause pres-
sures from the NCEP/NCAR Reanalysis 1 dataset were down-
loaded from https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.
reanalysis.tropopause.html (last access: 8 February 2019; Kalnay et
al., 1996).
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Appendix A

Figure A1. Map of correlation coefficients between total ozone from TOMS–OMI–OMPS satellite data and SOI for the whole period 1979–
2016, after removing variability related to the seasonal cycle, QBO, and solar cycle. The dotted line binds the regions where the correlation
coefficients are statistically significant at the 99 % confidence level (t test). Only correlation coefficients above or below ±0.2 are shown.
Ozone data for the period 1991–1993 after the Mt Pinatubo eruption were not used in the correlation analysis to avoid any data contamination
by the volcanic aerosols.

Figure A2. Map of correlation coefficients between total ozone from TOMS–OMI–OMPS satellite data and the NAO index during winter
(December, January, and February – DJF; a), spring (March, April, amd May – MAM; b), summer (June, July, and August – JJA; c), and
autumn (September, October, and November – SON; d) for the whole period 1979–2016, after removing variability related to the seasonal
cycle, QBO, solar cycle, and ENSO. The dotted line binds the regions where the correlation coefficients are statistically significant at the
99 % confidence level (t test). Only correlation coefficients above or below ±0.2 are shown. Ozone data for the period 1991–1993 after the
Mt Pinatubo eruption were not used in the correlation analysis to avoid any data contamination by the volcanic aerosols.
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Abstract: In this paper, we compare model calculations of ozone profiles and their variability for
the period 1998 to 2016 with satellite and lidar profiles at five ground-based stations. Under the
investigation is the temporal impact of the stratospheric halogen reduction (chemical processes) and
increase in greenhouse gases (i.e., global warming) on stratospheric ozone changes. Attention is
given to the effect of greenhouse gases on ultraviolet-B radiation at ground level. Our chemistry
transport and chemistry climate models (Oslo CTM3 and EMAC CCM) indicate that (a) the effect
of halogen reduction is maximized in ozone recovery at 1–7 hPa and observed at all lidar stations;
and (b) significant impact of greenhouse gases on stratospheric ozone recovery is predicted after the
year 2050. Our study indicates that solar ultraviolet-B irradiance that produces DNA damage would
increase after the year 2050 by +1.3% per decade. Such change in the model is driven by a significant
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decrease in cloud cover due to the evolution of greenhouse gases in the future and an insignificant
trend in total ozone. If our estimates prove to be true, then it is likely that the process of climate
change will overwhelm the effect of ozone recovery on UV-B irradiance in midlatitudes.

Keywords: ozone; UV-B irradiance; halogens; greenhouse gases; effects

1. Introduction

Depletion and recovery of stratospheric ozone and climate change affect solar ultraviolet (UV)
radiation [1]. Changes in stratospheric ozone depend strongly on the evolution of ozone-depleting
substances (ODS). ODS are anthropogenic halogen-source gases composed of chlorine and bromine
atoms that are entrained in the stratosphere in the tropics, transported through Brewer–Dobson
circulation to the middle and high latitudes. They destroy stratospheric ozone globally [2].
The emissions of anthropogenic halogens are controlled by the Montreal Protocol, which was adopted
on 15 September 1987, with the aim to eliminate the anthropogenic substances that deplete the ozone
layer. The effectiveness of the protocol, 30 years after the agreement, is summarized in the recent ozone
assessment report [3]. The total chlorine and bromine amounts (natural and anthropogenic) peaked in
1993 and 1998, respectively, and had declined in 2016 by 10% and 11%, respectively.

Apart from changes in stratospheric ozone due to anthropogenic ODS, other important factors that
may impact the future UV radiation levels are alteration in cloudiness, aerosols and surface reflectivity
due to climate change. In the long-term, 1/3 of the observed UV-B trend in midlatitudes is attributed to
the total column ozone change; the remaining 2/3 is attributed to the combined effects of cloudiness
and aerosol changes [4,5]. Changes in aerosols are expected to dominate changes in UV radiation over
highly polluted areas in the future. Over snow- and ice-covered areas, changes in UV radiation will
depend on changes in albedo. The estimate of future UV radiation levels is uncertain, because of the
assumptions in defining the development of these variables over time [6].

It is well-known that stratospheric ozone was decreasing since the 1980s, until the reverse
of the trend emerged in the late 1990s that marks a turning point in the four-decade history of
stratospheric ozone [7,8]. It has been shown in recent literature, e.g., [7,9–11], that ozone in the upper
stratosphere follows an upward trend, in contrast to negative, but smaller trends are seen in the
lower stratosphere. The behavior of stratospheric ozone after the mid-1990s is dependent on (a)
reduction in atmospheric halogens and (b) the slowing of ozone-depleting chemical processes due to
the cooling of the stratosphere, which is associated with increases in GHGs. In the lower stratosphere,
ozone modulations are strongly affected by the dynamical transport processes.

In this study, we provide observational and modeling results about ozone trends in different
stratospheric layers. We present vertical ozone trends from measurements (lidar and solar backscatter
ultraviolet radiometer, SBUV) in middle and low latitudes, after 1997, and we evaluate the performance
of state-of-the-art chemistry transport and chemistry climate model simulations to reproduce the
observed ozone profile trends. The analysis includes the impact of stratospheric halogen reduction
on stratospheric ozone trends with the Oslo chemistry transport model (CTM) and the impact of
increasing GHGs on stratospheric ozone changes with the European Centre for Medium-Range Weather
Forecasts–Hamburg (ECHAM)/Modular Earth Submodel System (MESSy) Atmospheric Chemistry
(EMAC) chemistry climate model (CCM). The chemistry transport simulations with the Oslo CTM3 are
available for the present, while the chemistry climate simulations with the EMAC CCM are available
for the past, present and future. Use was made of the latest simulations of EMAC with emphasis at
individual lidar stations. Worth noting are the similarities of the two different models as to their results
for the present, which contributes to the novelty of our work.

The EMAC simulations are also used to determine the impact of increasing GHGs on solar
ultraviolet-B irradiance that produce DNA damage. So far, the results of these EMAC simulations
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have not been used for such an exercise. In the past, results of the old EMAC simulations were used
for a similar study (see Bais et al., 2011), which attempted to project UV irradiance in the future with
the inclusion of effects from clouds. They showed that the annually mean surface erythemal solar
irradiance in the 2090s will be on average ~3% lower at midlatitudes and marginally higher (~1%)
in the tropics. Here, we revisit the issue of trends in UV in the future, using the most recent CCM
simulations of the EMAC model. We estimate a possible increase in UV-B irradiance in midlatitudes in
the future, which was not estimated by Bais et al. [12]. The results of a possible increase in surface UV-B
irradiance in midlatitudes after the middle of this century is what makes results of this study different
from previous ones about the same topic. Previous estimates showed that UV will continue to decrease
toward 2100, particularly in the Northern Hemisphere, because of continuing increases in total ozone
due to circulation changes induced by the increasing GHG concentrations [12]. Here, we show that
total ozone will not continue to increase as we reach the end of this century and that surface UV-B
irradiance will likely increase because of cloud decrease induced by climate change. If our estimates
prove to be true, then it is likely that the process of climate change will overwhelm the effect of ozone
recovery on UV-B irradiance in midlatitudes.

2. Data and Modeling

2.1. Lidar

Monthly mean ozone profiles from lidar instruments were obtained by averaging daily profiles
from the Network for the Detection of Atmospheric Composition Change (NDACC, www.ndacc.org)
database at ftp://ftp.cpc.ncep.noaa.gov/ndacc/station/(last access: 12 September 2018) [13–15]. For all
stations, the profiles from the (monthly) NASA-Ames files are used. The lidar measurements are
given as number density (molecules cm−3) versus altitude [16]. From these measurements the column
densities in matm cm (DU) were calculated for 3 layers (3–7, 7–30 and 30–100 hPa), representing
the upper stratosphere, middle stratosphere and lower stratosphere, respectively, according to the
methodology described by Zerefos et al. [7]. The list of 5 lidar stations analyzed in this study is given
in Table 1. The period of analysis is January 1998 to December 2016.

Table 1. Geographical data of stations with long-term ozone profile measurements from lidars analyzed
in this study.

Station Latitude Longitude Elevation Starting Year

Hohenpeissenberg (HHP) 47.8◦ N 11.0◦ E 975 m 1987

Haute Provence (OHP) 43.9◦ N 5.7◦ E 674 m 1985

Table Mountain (TMO) 34.4◦ N 117.7◦ W 2285 m 1989

Mauna Loa (MLO) 19.5◦ N 155.6◦ W 3391 m 1993

Lauder (LAU) 45.0◦ S 169.7◦ E 370 m 1994

2.2. SBUV/2

In our analysis, the daily solar backscatter ultraviolet radiometer 2 (SBUV/2) ozone profile data,
selected to match the lidar stations’ locations, are used for the post-Pinatubo period, 1998–2016.
Stratospheric ozone data are grouped into 3 layers: upper (1–7 hPa), middle (7–30 hPa) and lower
stratosphere (30–100 hPa). In addition, we analyzed total ozone data from SBUV records selected over
the five lidar stations. Total ozone changes were analyzed in relation to variability in the tropopause
pressure (TPP), where TPP data were selected from the National Center for Environmental Prediction
(NCEP) reanalysis data [17] matched to the station location. During the period under study, data are
available from the following SBUV instruments: NOAA-9 SBUV/2 (02/1985–01/1998), NOAA-11
SBUV/2 (01/1989–03/2001), NOAA-14 SBUV/2 (03/1995–09/2006), NOAA-16 SBUV/2 (10/2000–05/2014),
NOAA-17 SBUV/2 (08/2002–32013), NOAA-18 SBUV/2 (07/2005–11/2012) and NOAA-19 SBUV/2

www.ndacc.org
ftp://ftp.cpc.ncep.noaa.gov/ndacc/station/
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(03/2009–present). For every day of analyses, a daily value is calculated by averaging the measurements
from all available SBUV instruments, and then the monthly mean is calculated from the daily values [7].

2.3. Oslo Chemistry Transport Model (CTM3)

The Oslo CTM3 is a global chemistry transport model with comprehensive tropospheric and
stratospheric chemistry [18]. The model has traditionally been driven by 3-hourly meteorological
forecast data from the European Centre for Medium-Range Weather Forecasts (ECMWF) Integrated
Forecast System (IFS) model, whereas, in this study, we applied the output of the OpenIFS model to
drive the CTM (https://software.ecmwf.int/wiki/display/OIFS/), cycle 38r1, which is an improvement
from Søvde et al. [18]. Photochemistry was calculated, using Fast-JX version 6.7c [19] and chemical
kinetics from the Jet Propulsion Laboratory (JPL) 2011 [20]. The horizontal resolution of the model is
2.25◦ × 2.25◦, and it has a 60-layer vertical resolution, spanning from the surface up to 0.1 hPa. The main
simulation is denoted FULL, updating emissions and winds from the ECMWF-driven meteorology.
We note here that the emissions database used as input to the model has not been updated since the
year 2011, and therefore the model retains constant halogens and bromine at 2011 levels after 2011,
with monthly variation. We also apply a perturbation simulation, using fixed halogens at 1998 levels,
namely HAL98. The period of CTM simulations is January 1998 to December 2016.

2.4. EMAC Chemistry Climate Model (CCM)

The EMAC CCM is the European Centre for Medium-Range Weather Forecasts–Hamburg
(ECHAM)/Modular Earth Submodel System (MESSy) Atmospheric Chemistry (EMAC) model used to
study the chemistry and dynamics of the atmosphere [21]. We analyzed the hindcast simulations with
specified dynamics, i.e., the model is operated with sea-surface temperatures and sea-ice concentrations
taken from ERA-Interim reanalysis data. In addition, the model-simulated vorticity, divergence,
temperature and the logarithm of the surface pressure are “nudged” by Newtonian relaxation toward
the ERA-Interim data. The used resolution is 2.8◦ × 2.8◦ in latitude and longitude, with 90 model
levels reaching up to 0.01 hPa (about 80 km). The model employs two scenarios for estimating
the uncertainties of the precursor emissions/boundary conditions after the year 2011, known as
representative concentration pathways (RCPs), the RCP-8.5 and RCP-6.0 pathways (RCP-6.0 assumes
that GHG emissions will peak around 2080; RCP-8.5 assumes no peak before 2100). We used the ozone
simulation built upon the RCP-6.0 pathway, namely the SC1SD-base-02 simulation. The period of
simulations is January 2000 to July 2018.

The effect of increasing GHGs on long-term ozone and UV-B radiation trends was studied
by comparing two free-running hindcasts and projection simulations: a reference simulation with
background GHGs mixing ratios, as embedded in the simulated sea-surface temperatures and sea-ice
concentrations, which were used as input to the model (RC2-base-04) [17], and the same simulation
with fixed GHGs at 1960 levels (SC2-fGHG-01) [22]. The UV-B radiation calculated by the photolysis
scheme (JVAL) [23] was weighted by DNA damage potential [24]. Total cloud cover was determined
for the RC2-base-04 and SC2-fGHG-01 simulations by summing the cloud-cover data for model levels
from 1000 to 200 hPa.

2.5. NDACC UV Irradiance Data

The DNA-active UV-B irradiance data from the EMAC model were evaluated against ground-based
measurements from the NDACC database. The NDACC data repository, ftp://ftp.cpc.ncep.noaa.gov/

ndacc/station/, provides UV spectral irradiance data for three of five stations under study, namely Haute
Provence, Mauna Loa and Lauder. We analyzed the DNA-weighted UV irradiance data at these
three stations. These sites are among those possessing high-quality long-term measurements of UV
irradiance [25]. We calculated monthly mean irradiances from noon averages for these three stations
(average of measurements ± 45 min around local noon), and compared them with the DNA UV-B
irradiances from the SC1SD-base-02 simulation. We found that the Pearson’s correlation coefficients

https://software.ecmwf.int/wiki/display/OIFS/
ftp://ftp.cpc.ncep.noaa.gov/ndacc/station/
ftp://ftp.cpc.ncep.noaa.gov/ndacc/station/
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between the modeled and the ground-based data are all highly statistically significant (>99%). We report
here the results from the regression analyses between the modeled and observed deseasonalized DNA
UV data, as follows: (a) Haute Provence: R = +0.574, slope = +0.452, error = 0.065, t-value = 6.978,
p-value < 0.0001, N = 101 (monthly data pairs between January 2009 and July 2018), (b) Mauna Loa: R =

+0.576, slope = +0.646, error = 0.063, t-value = 10.227, p-value < 0.0001, N = 213 (monthly data pairs
between January 2000 and December 2017), (c) Lauder: R = +0.527, slope = +0.324, error = 0.036, t-value
= 8.978, p-value < 0.0001, N = 212 (monthly data pairs between January 2000 and December 2017).

2.6. Methodology

We use multivariate linear regression (MLR) analysis to remove known natural and dynamical
variability from ozone variability. The MLR statistical model includes QBO, SOLAR, ENSO, AO/AAO,
tropopause and AOD terms, as described by Zerefos et al. [7]. The seasonal cycle was removed from
the data before applying the MLR analysis, by subtracting the long-term monthly mean (1998–2016)
pertaining to the same calendar month (i.e., (monthly value–long-term monthly mean)/long-term
monthly mean × 100). These values form the deseasonalized data in percent, which were used in
the MLR model. The residuals from the MLR model, free from natural fluctuations (seasonal, QBO,
SOLAR, etc.) are used to calculate the stratospheric and total ozone trends for the period of 1998–2016.
All trends were calculated by using percentages, so that the results at each atmospheric layer and site
are comparable to each other. First, we did the regression for each lidar station separately, and then we
calculated the average of anomaly percentages from the regression residuals. In all figures, a low-pass
filter with weights 1-4-6-4-1 is applied to the residuals.

3. Results and Discussion

3.1. Stratospheric Ozone Trends

Trends in the vertical distribution of ozone were compared for the period of 1998–2016,
from observations and model simulations. Results are presented in Table 2 and were selected
to spatially match the individual lidar stations featured in this study. Trends from CTM3 simulations
show excellent agreement with those measured by SBUV and lidars in the upper stratosphere, except
at Mauna Loa, where the lidar data show negative trends. In the middle stratosphere, most trends
are statistically insignificant. In the lower stratosphere, most datasets reveal negative ozone trends,
except for analyses of the lidar data at Hohenpeissenberg, which show positive but statistically
insignificant trends.

Examples of the different trends observed in the upper stratosphere (positive trends) and lower
stratosphere (negative trends) are presented in Figure 1. The upper panel shows ozone anomalies
over Hohenpeissenberg (HHP), Haute Provence (OHP) and Table Mountain (TMO), and the lower
panel shows anomalies at Mauna Loa (MLO) and Lauder (LAU). We remind the reader that natural
variability was removed from the data, as described in Section 2.6. As can be seen from Figure 1, the
model simulations indicate an increase in ozone in the upper stratosphere, above 7 hPa, and a decrease
in the lower stratosphere, between 30 and 100 hPa, in very good agreement with results from the SBUV
satellite data. A look into 5◦ zonal averages from model and satellite data encompassing the stations
under study reveals a similar picture too (not shown).
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Table 2. Estimated trends (%/decade) in the vertical distribution of ozone for the period of 1998–2016
from observations and model simulations at (a) Hohenpeissenberg, (b) Haute Provence, (c) Table
Mountain, (d) Mauna Loa, (e) Lauder and (f) 5 station mean, after removing the seasonal and known
natural variability. FULL refers to the main simulation; HAL98 refers to the simulation with fixed
halogens at 1998 levels. For lidars, the upper stratospheric layers are confined between 3 and 7 hPa.
Asterisks denote statistical significance at the 99% confidence level.

(a) Hohenpeissenberg (47.8◦ N, 11.0◦ E)

Oslo CTM3 1
SBUV (v8.6) 2 EMAC CCM 3

(SC1SD_02)
Lidar

Layer FULL HAL98

1–7 hPa 1.2 ± 0.3 * 0.6 ± 0.3 1.9 ± 0.3 * 1.5 ± 0.3 * 1.7 ± 0.5 *

7–30 hPa −0.3 ± 0.4 −0.1 ± 0.4 0.4 ± 0.4 0.5 ± 0.4 1.8 ± 0.6 *

30–100 hPa −1.3 ± 0.5 −1.8 ± 0.5 * −1.0 ± 0.5 1.0 ± 0.6 0.7 ± 0.7

(b) Haute Provence (43.9◦ N, 5.7◦ E)

Oslo CTM3 SBUV (v8.6) EMAC CCM
(SC1SD_02) Lidar

Layer FULL HAL98

1–7 hPa 1.2 ± 0.3 * 0.7 ± 0.3 1.7 ± 0.3 * 1.6 ± 0.3 * 0.4 ± 0.5

7–30 hPa −0.6 ± 0.4 −0.4 ± 0.4 0.0 ± 0.4 −0.1 ± 0.4 0.3 ± 0.5

30–100 hPa −1.3 ± 0.5 −1.8 ± 0.5 * −1.0 ± 0.5 0.4 ± 0.7 −0.1 ± 0.7

(c) Table Mountain (34.4◦ N, 117.7◦ W)

Oslo CTM3 SBUV (v8.6) EMAC CCM
(SC1SD_02) Lidar

Layer FULL HAL98

1–7 hPa 1.3 ± 0.3 * 0.8 ± 0.3 * 1.6 ± 0.2 * 2.0 ± 0.3 * 0.5 ± 0.8

7–30 hPa −0.9 ± 0.3 * −0.8 ± 0.3 * −0.7 ± 0.3 −0.4 ± 0.3 0.8 ± 0.7

30–100 hPa −3.6 ± 0.6 * −4.0 ± 0.6 * −1.4 ± 0.5 * −0.9 ± 0.8 −2.1 ± 1.6

(d) Mauna Loa (19.5◦ N, 155.6◦ W)

Oslo CTM3 SBUV (v8.6) EMAC CCM
(SC1SD_02) Lidar

Layer FULL HAL98

1–7 hPa 0.8 ± 0.2 * 0.4 ± 0.2 1.6 ± 0.2 * 1.5 ± 0.2 * −0.6 ± 0.3

7–30 hPa −0.7 ± 0.3 −0.7 ± 0.3 −0.7 ± 0.3 0.0 ± 0.3 −1.0 ± 0.4

30–100 hPa −4.3 ± 0.8 * −4.7 ± 0.8 * −1.1 ± 0.4 −1.1 ± 0.9 −3.4 ± 0.8 *

(e) Lauder (45.0◦ S, 169.7◦ E)

Oslo CTM3 SBUV (v8.6) EMAC CCM
(SC1SD_02) Lidar

Layer FULL HAL98

1–7 hPa −0.1 ± 0.3 −0.5 ± 0.3 0.4 ± 0.2 0.5 ± 0.3 0.6 ± 0.5

7–30 hPa −0.4 ± 0.3 −0.3 ± 0.3 0.0 ± 0.4 0.4 ± 0.4 0.7 ± 0.7

30–100 hPa −0.1 ± 0.5 −0.5 ± 0.5 −0.2 ± 0.4 −1.1 ± 0.5 0.5 ± 0.9

(f) 5 Station Mean

Oslo CTM3 SBUV (v8.6) EMAC CCM
(SC1SD_02) Lidar

Layer FULL HAL98

1–7 hPa 0.9 ± 0.2 * 0.4 ± 0.2 1.4 ± 0.2 * 1.4 ± 0.2 * 0.4 ± 0.2

7–30 hPa −0.6 ± 0.2 * −0.5 ± 0.2 −0.2 ± 0.2 0.1 ± 0.2 0.1 ± 0.3

30–100 hPa −2.1 ± 0.3 * −2.6 ± 0.3 * −1.0 ± 0.3 * −0.3 ± 0.4 −1.3 ± 0.4 *
1 Oslo chemistry transport model 3; 2 Solar backscatter ultraviolet radiometer (version 8.6); 3 EMAC chemistry
climate model.
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Figure 1. Ozone trends in the upper stratosphere (1–7 hPa), middle stratosphere (7–30 hPa) and lower stratosphere (30–100 hPa), from lidar measurements, SBUV
(v8.6) satellite data and Oslo CTM3 simulations over (a) Hohenpeissenberg, (b) Haute Provence and (c) Table Mountain (upper panel), and over (d) Mauna Loa and (e)
Lauder (lower panel). Seasonal and natural proxies are removed. For lidars, the upper stratospheric layers are confined between 3 and 7 hPa.
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Figure 2 summarizes the comparison of model simulations (Oslo CTM3 and EMAC CCM) with
satellite and lidar residuals averaged at all stations under study. The figure shows results for the
upper, middle and lower stratosphere for the period of 1998 to 2016. The correlation coefficients
(Pearson product-moment correlation), R, between the four datasets are shown in Table 3 for the
five stations’ mean. Results for each station separately are provided in Supplementary Tables S1–S5.
Statistical significance of R was determined by using the t-test formula for the correlation coefficient,
with n-2 degrees of freedom, as by Zerefos et al. [7]. All R are found to be statistically significant at the
99% confidence level or greater. There are higher correlations at some stations, and lower at others, but
the general picture of correlations is given in Table 3.Atmosphere 2020, 11, x FOR PEER REVIEW 8 of 19 
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Figure 2. Comparison of CTM ozone simulations (left) and CCM (SC1SD-base-02) ozone simulations
(right) with SBUV observations and lidar measurements. Shown are ozone anomalies averaged at
five lidar stations (HHP–OHP–TMO–MLO–LAU), after removing seasonal and other known natural
variability. For lidars, the upper stratospheric layers are confined between 3 and 7 hPa.

We assessed the effect of natural variability on ozone variability. As can be seen from Figure 2,
the highest ozone variability is observed in the lower stratosphere, indicative of the strong dynamical
influences in that part of the atmosphere related to the QBO, SOLAR, ENSO, AO, tropopause and
AOD proxies. The upper stratosphere is much less affected by dynamics, and this fact is evident
in both the model and SBUV data. We analyzed the ozone variability in the upper stratosphere,
both with and without removing the dynamical proxies. We found that the two estimates do not
statistically significantly differ. For example, the 1σ of ozone variability in the upper stratosphere
at HHP–OHP–TMO is estimated to be 2.3% after removing the seasonal variability, and 2.2% after
removing both the seasonal and dynamical variability related to the QBO, SOLAR, ENSO, AO,
tropopause and AOD proxies. In Mauna Loa, ozone variability is estimated to be 1.9% (1σ) after
removing the seasonal cycle, and 1.6% after removing both the seasonal and dynamical proxies, while in
Lauder, the respective numbers are 2.5% and 2.0%. In all cases, the differences were small, i.e., less
than 0.5%. On the other hand, the 1σ of ozone variability is higher in the lower stratosphere than
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in the upper stratosphere. Indicative values are 3.1% at HHP–OHP–TMO, 3.7% at MLO and 3.5%
at LAU after removing the seasonal cycle and dynamical proxies, respectively, compared to 3.9% at
HHP–OHP–TMO, 4.4% at MLO and 4.8% at Lauder without removing the dynamical proxies.

Table 3. Statistics of correlations between ozone from Oslo CTM3, EMAC CCM (SC1SD-base-02), SBUV
(v8.6) and average lidar data anomalies at five stations in the: (a) upper stratosphere (1–7 hPa), (b)
middle stratosphere (7–30 hPa) and (c) lower stratosphere (30–100 hPa). Seasonal and other known
natural variability were removed from the data. For lidars, the upper stratospheric layers are confined
between 3 and 7 hPa.

(a) 1–7 hPa Correlation
Coefficient

Intercept
(%) Slope Error * t-Value p-Value N

CTM3 and SBUV 0.78 0.002 0.700 0.038 18.500 <0.0001 227

CTM3 and Lidar 0.51 −0.040 0.395 0.044 8.912 <0.0001 225

CTM3 and CCM 0.74 0.230 0.715 0.045 15.857 <0.0001 204

CCM and SBUV 0.72 −0.251 0.682 0.047 14.571 <0.0001 203

CCM and Lidar 0.48 −0.207 0.369 0.048 7.688 <0.0001 201

SBUV and Lidar 0.41 −0.038 0.350 0.053 6.640 <0.0001 224

(b) 7–30 hPa

CTM3 and SBUV 0.81 0.0007 0.706 0.034 20.560 <0.0001 227

CTM3 and Lidar 0.77 0.026 0.523 0.029 18.064 <0.0001 225

CTM3 and CCM 0.88 0.018 1.008 0.039 26.015 <0.0001 204

CCM and SBUV 0.81 0.016 0.643 0.033 19.707 <0.0001 203

CCM and Lidar 0.77 −0.024 0.459 0.027 16.788 <0.0001 201

SBUV and Lidar 0.71 0.033 0.558 0.037 15.120 <0.0001 224

(c) 30–100 hPa

CTM3 and SBUV 0.70 0.008 0.975 0.066 14.859 <0.0001 227

CTM3 and Lidar 0.55 0.179 0.501 0.051 9.834 <0.0001 225

CTM3 and CCM 0.62 −0.155 0.706 0.063 11.129 <0.0001 204

CCM and SBUV 0.67 0.056 0.841 0.066 12.758 <0.0001 203

CCM and Lidar 0.55 0.142 0.450 0.049 9.255 <0.0001 201

SBUV and Lidar 0.62 0.131 0.407 0.035 11.673 <0.0001 224

* Error, t-value and p-value refer to slope.

Interestingly, the opposite trends seen in the vertical distribution of ozone have resulted in
insignificant trends in total ozone after 1997. Reanalysis data from NCEP reveal insignificant trends
in tropopause pressures as well. The results are presented in Figure 3, which shows total ozone
and tropopause pressure variability at the five stations under study. The respective linear trends
are presented in Table 4. Total ozone in the period of 1998–2016 shows small negative statistically
insignificant trends.
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Figure 3. Time series of total ozone and tropopause pressure anomalies at lidar stations:
Hohenpeissenberg and Haute Provence (upper left), Table Mountain (upper right), Mauna Loa
(lower left) and Lauder (lower right).

Table 4. Trends (% per decade) in total ozone from SBUV data and tropopause pressure from NCEP
reanalysis data for the period 1998–2016, at five lidar stations, after removing variability related to the
seasonal cycle and dynamical proxies.

Total Ozone (SBUV v8.6) Tropopause Pressure (NCEP)

Trend (%
dec−1)

t-Value N Trend (%
dec−1)

t-Value N

HHP −0.16 ± 0.33 −0.482 228 −0.06 ± 0.67 −0.089 228

OHP −0.22 ± 0.32 −0.696 228 0.65 ± 0.67 0.964 228

TMO −0.42 ± 0.31 −1.349 228 −0.17 ± 0.79 −0.211 228

MLO −0.26 ± 0.28 −0.954 228 −0.46 ± 0.58 −0.796 228

LAU 0.15 ± 0.30 0.502 228 0.77 ± 0.62 1.247 228

We note here the correlation between the vertical ozone distribution and the total column ozone.
The largest R between the layer-mean ozone and the total column ozone is found in the middle and
lower stratosphere, which contain the highest ozone concentrations. We indicate here the contribution
of each layer to total ozone in terms of partial ozone columns, based on model simulations, as follows:
(a) upper stratosphere (1–7 hPa); average ozone amount 33 DU (10% of total ozone), (b) middle
stratosphere (7–30 hPa); average ozone amount 120 DU (36% of total ozone), (c) lower stratosphere
(30–100 hPa); average ozone amount 109 DU (33% of total ozone), (d) upper troposphere/lower
stratosphere (100–300 hPa); average ozone amount 36 DU (11% of total ozone), and (e) troposphere
(300–1000 hPa); average ozone amount 33 DU (10% of total ozone).
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The results from the correlation analyses are presented in Table 5, which shows the correlation
coefficients, R, between layer-mean ozone and total ozone, at the stations under study from SBUV
satellite data and Oslo CTM3 simulations. The magnitude of correlations gives a measure of the
influence of variability of each stratospheric layer to the variability of total ozone. The smaller the
correlation, the smaller the influence is. As expected, the upper part of the stratosphere has a small
contribution to the short-term fluctuations of total ozone compared to its middle and lower parts, which
contribute the most to total ozone. We remind the reader that the correlations are based on residual
data, i.e., data after removing seasonal variability and dynamical proxies, but not the trend component.
Long-term trends contribute to the correlations of Table 5, and therefore the differences between results
based on SBUV and CTM total ozone data may be related to differences in their long-term trends.

Table 5. Correlation coefficients between layer-mean ozone and total ozone from model (Oslo CTM3)
and satellite (SBUV v8.6) data in (a) the upper stratosphere, (b) middle stratosphere and (c) the lower
stratosphere at 5 lidar stations, after removing seasonal and known natural variability. Significance at
99.9% is denoted by asterisks.

Correlation Coefficients 1998–2016

(a) Upper Stratosphere (1-7 hPa) and Total Ozone Correlation

1–7 hPa (CTM3) 1–7 hPa (SBUV)

Total ozone
(SBUV)

Total ozone
(CTM3)

Total ozone
(SBUV)

Total ozone
(CTM3)

Hohenpeissenberg 0.24 * 0.28 * 0.31 * 0.31 *

Haute Provence 0.22 * 0.23 * 0.30 * 0.28 *

Table Mountain 0.34 * 0.19 0.33 * 0.13

Mauna Loa 0.15 0.09 0.14 −0.04

Lauder 0.04 0.04 0.28 * 0.26 *

(b) Middle Stratosphere (7–30 hPa) and Total Ozone Correlation

7–30 hPa (CTM3) 7–30 hPa (SBUV)

Total ozone
(SBUV)

Total ozone
(CTM3)

Total ozone
(SBUV)

Total ozone
(CTM3)

Hohenpeissenberg 0.58 * 0.65 * 0.57 * 0.57 *

Haute Provence 0.55 * 0.64 * 0.60 * 0.60 *

Table Mountain 0.50 * 0.59 * 0.70 * 0.64 *

Mauna Loa 0.67 * 0.67 * 0.89 * 0.73 *

Lauder 0.65 * 0.66 * 0.75 * 0.69 *

(c) Lower Stratosphere (30–100 hPa) and Total Ozone Correlation

30–100 hPa (CTM3) 30–100 hPa (SBUV)

Total ozone
(SBUV)

Total ozone
(CTM3)

Total ozone
(SBUV)

Total ozone
(CTM3)

Hohenpeissenberg 0.81 * 0.87 * 0.90 * 0.75 *

Haute Provence 0.76 * 0.86 * 0.90 * 0.72 *

Table Mountain 0.73 * 0.88 * 0.92 * 0.77 *

Mauna Loa 0.53 * 0.79 * 0.85 * 0.73 *

Lauder 0.66 * 0.85 * 0.91 * 0.74 *
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3.2. Effect of Chemistry on Ozone Trends

With CTM3, we were able to quantify the effect of reducing halogen emissions on the upper- and
the lower-stratospheric ozone trends. Simulations with the Oslo CTM3 model (black line) indicate
that ozone in the upper stratosphere increased slowly from 1998 to 2016, by about 1% per decade,
in agreement with SBUV satellite data. A separate simulation using fixed halogen emissions at 1998
levels (orange line) was performed to evaluate the effect of reducing ozone-depleting substances on the
vertical ozone trends. The results are presented in Figure 4. The trends from the two model simulations
(full vs. fixed halogens) were found to differ by 0.5% per decade. This difference is attributed to
the reduction of halogen emissions in the atmosphere. In the lower stratosphere, the model reveals
statistically significantly negative ozone trends of about −2% per decade. Here, the difference in trends
between the two model simulations is also 0.5% per decade; however, we can easily infer that the
reduction of halogens after 1997 explains about 55% of the upward trend in the upper stratospheric
ozone (1–7 hPa) and about 24% of the trend in the lower stratospheric ozone (30–100 hPa).
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Figure 4. Oslo CTM3 simulations of stratospheric ozone. Black line shows trends derived from
the main simulation (FULL); orange line shows trends derived from the simulation with constant
halogens at 1998 levels. Values in parentheses refer to statistical significance of each trend. Five stations
are HHP–OHP–TMO–MLO–LAU. Variability related to the seasonal cycle and dynamical proxies is
removed from the data.
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More analytically, in the case of upper stratospheric ozone, we estimate that the trend would
have decreased from 0.9% to 0.4% per decade if halogens had remained constant at 1998 levels after
1998, and in the case of the lower stratospheric ozone, from −2.1% to −2.6% per decade, respectively.
We applied a paired t-test to determine whether the differences between the paired observations
(full versus fixed halogen simulations) are significant at the 0.05 level. In both layers, we found that
the two means become significantly different after 2001 (upper stratosphere: t = 2.47516, p = 0.01425, N
= 180; lower stratosphere: t = 2.19451, p = 0.02949, N = 180). We note that the difference in trends
between the two model simulations is almost zero in the middle stratosphere.

3.3. Effect of GHGs on Ozone Trends

With the CCM simulations, we were able to look into the effect of GHGs increase on long-term ozone
trends. Figure 5 compares two free-running simulations: a reference simulation with background
GHGs mixing ratios (RC2-base-04) [21] and the same simulation with fixed GHGs at 1960 levels
(SC2-fGHG-01) [22]. Blue dots show ozone observations from SBUV (v8.6) satellite data. The right
panel shows the differences between the two model simulations (RC2-base-04 minus SC2-fGHG-01)
as a measure of the effect of global warming on the vertical ozone profiles. The figure refers to the
average of five lidar stations. The model reproduces very well the ozone turning point in the upper
stratosphere during the 1990s, where the sign of the trends reversed to positive. Good agreement with
the satellite observations exists in other layers as well.
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[22]. On the contrary, lower-stratospheric ozone is decreasing due to the evolution of GHGs. 

In the short-term, the isolation of the effect of GHGs cannot be identified in the short period from 
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differences between the two model simulations do not reveal any trend in the period of 1998–2016 
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Figure 5. (a) Observed and simulated ozone changes. Model simulations refer to two free-running CCM
simulations, a reference simulation with increasing GHGs emissions according to RCP-6.0 (RC2-base-04)
and the same simulation with fixed GHGs emissions at 1960 levels (SC2-fGHG-01). (b) Differences
(in %) between the two model simulations. The anomalies are deseasonalized data averaged at five
stations: HHP–OHP–TMO–MLO–LAU.
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In the long-term, the differences between the two model simulations show a positive trend
in the upper stratosphere, no trend in the middle stratosphere and a negative trend in the lower
stratosphere, which becomes evident after the 2040s. The upward trend in the upper stratosphere is
explained by the fact that increases in GHGs lead to cooling of the upper stratosphere, which slows
down temperature-dependent odd-oxygen loss processes and increases upper-stratospheric ozone [22].
On the contrary, lower-stratospheric ozone is decreasing due to the evolution of GHGs.

In the short-term, the isolation of the effect of GHGs cannot be identified in the short period
from 1998 to 2016, because the signal is too noisy due to internal variability. We conclude that the
differences between the two model simulations do not reveal any trend in the period of 1998–2016
due to GHGs. This is in line with the tropopause variability, which shows insignificant trends for
the same period (Figure 3). The effect of GHGs on stratospheric ozone trends can be found after
2050, in the RC2-base-04 simulation. The mechanism for the change after 2050 is the strengthening
in the meridional (Brewer–Dobson) circulation under enhanced GHGs concentrations. It is most
obvious in the tropical region, where we identify stronger upwelling, which can be clearly identified in
ozone signatures (i.e., lower ozone values in the tropical lower stratosphere and higher values in the
tropical upper troposphere), but also in water vapor and methane, as well as in the temperature field.
We note here that the dynamic change can be larger compared to the radiation of GHGs because of
feedback mechanisms. Regarding the EMAC model, the complete dynamic feedback of EMAC is in line
with other CCM studies. However, it is difficult (so far) to determine (quantitatively) the individual
mechanisms regarding the complete dynamic signature, as there are also possible interactions with
chemical changes (e.g., feedback with ozone).

3.4. Effect of GHGs on Surface DNA Active UV-B Irradiance

We further studied the impact of GHGs evolution on surface UV-B irradiance active for DNA
damage at the five lidar stations, using CCM simulations (Figure 6). The model simulations are
the same as above, i.e., the free-running simulation with increasing GHGs according to RCP-6.0
(RC2-based-04) and the sensitivity simulation with constant GHGs at 1960 levels (SC2-fGHG-01).
The green dots show the deseasonalized DNA-weighted UV irradiance data from NDACC averaged at
Haute Provence, Mauna Loa and Lauder, around local noon, indicating the agreement between the
variances in the simulations and the ground-based measurements. The difference between the two
simulations indicates the impact of increased GHGs on DNA active UV-B irradiance at ground level in
the middle- and low-latitude lidar stations.

The differences show that DNA active UV-B irradiance tends to increase by +1.3% per decade
after the year 2050, while the respective difference for total ozone does not show any trend after
2050. We find that the trend in UV-B irradiance is associated with cloud-cover decrease. The bottom
panel shows cloud-cover variations from the two model simulations for total clouds (1000–200 hPa).
The differences between the two simulations (shown on the right) reveal a decreasing trend in total
cloud cover of −1.4% per decade after 2050, which is in accordance with the estimated increase in
DNA active UV-B irradiance at ground level. Increased UV-B irradiance active for DNA damage in the
future will have adverse effects on humans and the environment [26].
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Figure 6. (a) Impact of GHGs on total ozone, UV-B irradiance and clouds based on simulations
with increasing and fixed GHGs mixing ratios. RC2-base-04 is the simulation with increasing GHGs
according to RCP-6.0; SC2-fGHG-01 is the simulation with fixed GHGs emissions at 1960 levels. The
anomalies are deseasonalized data averaged at five lidar stations (HHP–OHP–TMO–MLO–LAU).
Green dots show deseasonalized DNA-weighted UV data averaged at OHP, MLO and LAU from the
Network for the Detection of Atmospheric Composition Change (NDACC). (b) Difference between the
two model simulations.

4. Conclusions

We have analyzed the impact of stratospheric halogen reduction and increase in greenhouse gases
on stratospheric ozone changes with the Oslo chemistry transport model and the EMAC chemistry
climate model. In addition, we also looked at the effect of increase in greenhouse gases on DNA active
UV-B radiation at ground level. The main results can be summarized as follows:

• Measurements and CTM simulations with the Oslo model after 1997 for the selected five lidar
stations’ locations show a statistically significant increasing trend in ozone in the upper stratosphere,
above 7 hPa, an insignificant decreasing trend in the middle stratosphere, between 7 and 30 hPa,
and a significant decreasing trend in the lower stratosphere, between 30 and 100 hPa.

• This interchange of positive and negative trends in the vertical ozone profile has resulted in
insignificant trends, both in the total ozone column and the tropopause pressure, during the
period of study (1998–2016).

• As expected from the Oslo CTM3 simulations, the effect of halogen reduction on ozone is
maximized at 1–7 hPa at all locations. Comparison between CTM simulations, with fixed and
without fixed halogens at 1998 levels, showed that the reduction of halogen-mixing ratios after
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1997 explains about 55% of the observed upward trend in the upper stratospheric ozone (1–7 hPa)
(i.e., trend from main simulation: +0.9% per decade, trend from simulation with fixed halogens:
+0.4% per decade) and about 24% of the trend in the lower stratospheric ozone (30–100 hPa)
(i.e., trend from main simulation: −2.1% per decade, trend from simulation with fixed halogens:
−2.6% per decade).

• The effect of GHGs increase on stratospheric profile ozone trends cannot be identified in the short
period 1998–2016. As expected from the EMAC CCM calculations, the effect of GHGs becomes
evident after the middle of this century.

• The EMAC CCM projections indicate significant positive trends in the upper stratosphere after
the year 2050, insignificant trends in the middle stratosphere and significant negative trends in
the lower stratosphere (e.g., [27,28]). Total ozone does not show significant trends after the year
2050 (−0.1% per decade).

• Solar UV-B irradiance active for DNA damage at the five lidar stations is estimated to increase
on average by +1.3% per decade after the year 2050, associated with a significant decrease in
cloud cover of −1.4% per decade due to the evolution of GHGs. In that case, the adverse effects of
excessive UV-B irradiation at these locations are expected to increase due to future global warming.

• Our estimates regarding the long-term changes of modeled UV are strongly determined by the
cloud behavior in the specific model simulation, and as such, our conclusions about the future
behavior of UV are subjected to uncertainties induced by the uncertainties in modeling future
clouds. It is beyond the scope of this paper to resolve the issues with clouds in the model.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/3/228/s1.
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(7-30 hPa) and (c) lower stratosphere (30-100 hPa). Seasonal and other known natural variability has been removed
from the data. For lidars the upper stratospheric layers are confined between 3 and 7 hPa, Table S2: Statistics
of correlations between ozone from Oslo CTM3, EMAC CCM (SC1SD-base-02), SBUV (v8.6) and Lidar data
anomalies in Haute Provence, in the: (a) upper stratosphere (1-7 hPa), (b) middle stratosphere (7-30 hPa) and (c)
lower stratosphere (30-100 hPa). Seasonal and other known natural variability has been removed from the data.
For lidars the upper stratospheric layers are confined between 3 and 7 hPa, Table S3: Statistics of correlations
between ozone from Oslo CTM3, EMAC CCM (SC1SD-base-02), SBUV (v8.6) and Lidar data anomalies in Table
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Oslo CTM3, EMAC CCM (SC1SD-base-02), SBUV (v8.6) and Lidar data anomalies in Mauna Loa, in the: (a)
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variability has been removed from the data. For lidars the upper stratospheric layers are confined between 3 and
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Abstract: In this study we focus on measurements and modeled UV index in the region of Athens,
Greece, during a low ozone event. During the period of 12–19 May 2020, total ozone column (TOC)
showed extremely low values, 35–55 Dobson Units (up to 15%) decrease from the climatic mean
(being lower than the −2σ). This condition favors the increase of UV erythemal irradiance, since
stratospheric ozone is the most important attenuator at the UVB spectral region. Simultaneously, an
intrusion of Saharan dust aerosols in the region has masked a large part of the low ozone effect on UV
irradiance. In order to investigate the event, we have used spectral solar irradiance measurements
from the Precision Solar Radiometer (PSR), TOC from the Brewer spectrophotometer, and Radiative
Transfer Model (RTM) calculations. Model calculations of the UV Index (UVI) showed an increase
of ~30% compared to the long-term normal UVI due to the low TOC while at the same time and
for particular days, aerosols masked this effect by ~20%. The RTM has been used to investigate the
response in the UV spectral region of these variations at different solar zenith angles (SZAs). Spectra
simulated with the RTM have been compared to measured ones and an average difference of ~2%
was found. The study points out the importance of accurate measurements or forecasts of both ozone
and aerosols when deriving UVI under unusual low ozone–high aerosol conditions.

Keywords: ultraviolet; ozone; aerosol; UV Index; erythemal; PSR

1. Introduction

Ultraviolet (UV) radiation is a small part (~3% [1]) of the incoming solar radiation
at Earth’s surface but has a number of biological effects when absorbed by human skin,
which can be either harmful or beneficial [2,3]. Harmful effects, linked to UV overexposure,
include skin erythema, the increased risk of skin cancer, and multiple eye diseases (snow
blindness, cataract). On the other hand, UVB radiation is extremely important for the
human body, as it is crucial for synthesizing Vitamin D [4,5]. The effect of UV radiation
on living cells is estimated by biological effective irradiances and doses [6]. Effective
irradiances are retrieved by weighting actual spectral irradiances using the relative action
spectrum. Doses are derived afterwards, when weight functions are integrated by time.
UV Index (UVI) is a unitless variable that was introduced by the World Meteorological Or-
ganization (WMO) in 1994, aiming to better inform the general public about the dangers of
UV radiation [7]. UVI is a scaled version of erythemally weighted UV, which is interpreted
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in an easily understandable scale of 0–20 and characterizes the safe exposure according to
skin type [8,9]. There is a growing concern in the scientific community on the variation
of UV radiation in response to climate change [10–12]. Bais et al. [11] showed that higher
values of UV are expected by the end of the 21st century in tropical areas and a decrease
in mid-latitudes, but these estimations still hold high uncertainties. Eleftheratos et al. [13]
showed that solar UVB irradiance that produces deoxyribonucleic acid (DNA) damage
would increase after the year 2050. Such change is driven by a significant decrease in cloud
cover due to the evolution of greenhouse gases in the future, suggesting that the process
of climate change will overwhelm the effect of ozone recovery on UVB irradiance in the
mid-latitudes.

UV irradiance reaching Earth’s ground level is related to a number of factors and it is
crucial to investigate them in order to monitor and predict it. In the UVB region, O3 and
SO2

− are the main absorbers, while NO2
− is the dominant absorber in the UVA [14]. Signif-

icant UV increase had been reported in the past decades due to ozone depletion [15]. Signs
of recovering ozone, since the Montreal Protocol was applied, has been recorded [16,17].
Nevertheless, extremely low values, which result in high UV, are measured occasionally.

Aerosols in the atmosphere also play a crucial role in UV irradiance reaching Earth’s
surface. Aerosol optical depth (AOD) is a parameter that quantifies the attenuation of
irradiance when passing from an aerosol layer and is wavelength dependent [18]. Different
aerosol types have various effects in the UV, causing a spectral dependence of the extinction.
Dust of desert origin has been reported as having the most significant extinction in the
UV spectral region, which could have a major influence on the received UV irradiance,
even eliminating the influence of low ozone, during severe events [19]. Additionally,
Roman [20] has reported that desert dust could add an attenuation of up to 50% in direct
UV irradiance, while diffuse irradiance could increase up to 40%. Other aerosol types that
have a significant role in the UV spectral region are black [21] and brown carbon [22]. Dust
intrusions in the Eastern Mediterranean, including the Athens area, have been presented
in several studies [23–25].

The attenuators described above are less important when clouds are present, since
clouds strongly attenuate all radiation, including UV. The increase of sun elevation propor-
tionally increases the UV intensity. Two other factors that influence the UVI are the solar
zenith angle (SZA) [26] and the altitude [27]. SZA is the most common parametrization of
the sun elevation, which is defined by astronomical calculations, indicating the air mass
the light passes through [26].

A number of studies have focused on the UV trends over the last decades which are
affected by trends in gases (O3, NO2), aerosols, and cloud coverage. Increase of UV has
been reported in south and central Europe and decrease at higher latitudes [28]. Zerefos
et al. [17] showed that the increase of total O3 over the 1995–2006 period at mid-latitudes
was not sufficient to reverse UVB increase, which was masked by decreasing aerosols,
while Eleftheratos et al. [29] showed that at high latitudes, stratospheric ozone increase
and UVB decrease were in agreement in the absence of large aerosol variations.

UVI is also routinely forecasted by a number of services and the output is provided to
the general public for protection from harmful UV doses. For example, the Tropospheric
Emission Monitoring Internet Service (TEMIS), by the Royal Netherlands Meteorological
Institute, provides a daily clear sky UVI forecast for Europe, for eight days ahead, using
the algorithm of Allart et al. [30], which takes into account total ozone column (TOC) and
SZA and uses an empirical aerosol correction, which leads to overestimations when high
aerosol loads are present [31].

In this study, we focus on measurements and modeled UV index in the region of
Athens, Greece, during a period of an extremely low ozone event. During this period,
TOC was much lower than the long-term mean (in the range of 35–55 Dobson Units, DU),
reaching values as low as the −2σ values of the climatological average. A co-occurring
invasion of Saharan dust in the region counteracted a large part of the low ozone effect
on the UV irradiance. In order to investigate the event, we have used the measurements
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from the Precision Solar Radiometer (PSR) and Brewer spectrophotometer (BRS) along
with the Radiative Transfer Model (RTM) simulations of the atmospheric conditions. The
coincidence of increased aerosols and extremely low ozone during the week of 12–19 May
2020 motivated us to study this peculiar event and to better quantify the roles of dust
aerosols and ozone in UVB irradiance.

Besides the description of the observed extremely low ozone–high UVI–high aerosol
Saharan dust event which we target in this study, it is important to highlight the motivation
of this study and its difference from other works. The observed low ozone concentrations
that occurred during May 2020 in Athens is a rare phenomenon, as May is largely char-
acterized by high amounts of ozone transported from the tropics to higher latitudes by
the Brewer–Dobson circulation. These low ozone amounts contributed to high amounts of
UVB irradiance in May, the magnitude of which is typically measured during July under
cloudless conditions [32]. It might be that such low ozone events become more frequent in
the future during spring [10,11]. In this respect it is important to know how much change
in UVB radiation can be caused so that we can use this information to evaluate future
calculations of UVB variability. While UVB models predicted high levels of ultraviolet
radiation in Athens during the low ozone week, the measured UVI levels were lower
than expected. The reason for this was the increased dust aerosols that attenuated the
incoming solar radiation reaching the ground. Model calculations for forecasting UVI
currently used to inform the authorities and the general public do not take into account the
nature of aerosols and the expected loads (e.g., TEMIS). It is shown that the occurrence of
increased aerosols during the study period balanced the effect of low ozone amounts on
UVB irradiance, thus mitigating the enhanced UVB levels.

The paper is organized as follows. The data sources (ground-based instruments,
satellite data, modeling) and methodology are described in Section 2. The abnormal ozone,
UVI, and AOD measurements during the exceptional week of May 2020 in Athens and
the respective climatological values are presented in Section 3, alongside some modeled
examples for spectral sensitivity in the UV region. Finally, Section 4 summarizes the
main results.

2. Instruments and Methods

Data used in this study were recorded at two different locations in Athens, Greece, by
PSR and BRS instruments. The two locations are 5 km apart. The BRS is installed at the
roof of Biomedical Research Foundation of the Academy of Athens, which is located in
a green area at a distance of about 4 km from the city center and is partly influenced by
urban emissions. The PSR is installed at the Actinometric Station of National Observatory
of Athens, in a green area in the city center. Aerosols in Athens can consist of sea-salt
aerosols, dust from the Sahara Desert, smoke particles from forest fires, and small particles
typical of urban and industrialized environments [33,34].

UVI is currently monitored by about 160 stations from 25 countries around Europe [35].
Instruments operating at these stations are separated into three types, according to the
technique of measurement, as broadband, narrow-band filter, and narrow-band spec-
tral radiometers. The estimated relative uncertainty for these UV irradiance radiometric
measurements is 4.6% [36], which propagates an uncertainty of 0.61 (at 1σ) for retrieved
UVI [37]. Additionally, UV is monitored through satellite retrievals, which are covering the
whole globe [38]. Satellite measurements are usually used for climatological studies [39]
and for monitoring UV irradiance in areas with no ground-based measurements. For this
study we use spectral measurements of irradiance in the UV spectrum to retrieve UVI.

2.1. PSR

The Precision Solar Spectroradiometer has been designed and manufactured by
Physicalisch-Meteorologisches Observatorium Davos, World Radiation Center (PMOD/WRC),
Davos, Switzerland, for high precision and accuracy of solar spectral measurements. It
measures irradiance at 1024 channels in the spectral range of 300–1020 nm with an average
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step of ~0.7 nm, spectral resolution in the range of 1.5–6 nm (depending on the measured
wavelength) [40,41]. PSR 007 is installed in Athens (37.9 N, 23.7 E, 130 m above sea level)
and it was last calibrated on June 2019 at the World Radiation Center using a calibrated
standard 1000 W tungsten–halogen FEL lamp. Uncertainty of the measurements has been
estimated in the range of 1.7–2.0% in the UVA with higher uncertainties recorded at the
UVB spectral region, due to lower signal and stray light [42]. PSR 007 has a global sen-
sor mounted on the auxiliary port and by using the built-in shutter of the instrument,
global horizontal irradiance (GHI) and direct irradiance can be measured by the same
spectrometer. Thus, the same calibration and uncertainty budget is applied. The spectral
measurement frequency is 1 min, when five spectral measurements are averaged and saved.

UVI is the parameter retrieved from the PSR measurements, used in this study. The
formula for the calculation is:

UVI = ker

∫ λ2

λ1

E (λ)ser(λ)dλ (1)

where ker is a constant equal to 40 W/m2, E(λ) is the recorded solar spectral irradiance
at wavelength λ in W/m2/nm, Ser(λ) is the erythema action spectrum [43], and λ1 and
λ2 are the limits of the UV spectral region. For our case, the integrated spectral region is
300 to 400 nm. This approach has an advantage, compared to broadband-based measured
UVIs, since the whole spectrum of the region 300–400 nm is recorded, and no additional
corrections are needed [32].

2.2. The Brewer Spectrophotometer

In this study we analyze TOC and AOD retrievals from a BRD MkIV spectropho-
tometer (number #001) operating at the roof of the Biomedical Research Foundation of
the Academy of Athens in Greece (38.0 N, 23.8 E, 180 m a.s.l) since 2004. The BRS is
an automated, diffraction-grating spectrometer that provides observations of the sun’s
intensity in the near UV range. The instrument measures the intensity of radiation in
the UV absorption spectrum of ozone at five wavelengths (306.3, 310.1, 313.5, 316.8, and
320.1 nm) with a resolution of 0.5 nm. These data are used to derive columnar ozone and
sulfur dioxide amounts and the aerosol optical depth [44].

Measurements with the BRS #001 have been exploited in several studies analyzing
columnar ozone, sulfur dioxide, and aerosol optical depth [45–48]. TOC analyzed in
this study is calculated from a combination of the direct sun (DS) measurements at UV
wavelengths that experience different absorption by ozone passing through the atmosphere
(310.1, 313.5, 316.8, and 320.1 nm), weighted with a predefined set of constants chosen to
minimize the influence of SO2 and linearly varying absorption features from, for example,
clouds or aerosols [49]. TOC was retrieved using the differential absorption method [50].

The BRS #001 was regularly recalibrated against the traveling standard BRS instrument
#017 in 2002 in Thessaloniki and in 2004, 2007, 2010, 2013, and 2019 on site in Athens.
Internal standard lamp tests are performed on a daily basis to detect possible instrumental
drifts. Ozone data were recalculated after standard lamp test corrections and were analyzed
using the O3BREWER data management software [51].

Finally, the AOD analyzed in this study was retrieved from the direct sun (DS) mea-
surements at five standard wavelengths (306.3, 310.1, 313.5, 316.8, 320.1 nm) using the
O3baod software package developed by Martin Stanek (http://www.o3soft.eu/o3baod.
html). The setup of the software for the Athens BRS was done with the assistance of
M. Stanek (private communication). AOD at 320.1 nm is reported here.

2.3. Satellite Data

Satellite data have been used in order to provide further evidence on the range of
TOC. The Ozone Monitoring Instrument (OMI), which is a nadir-viewing UV/visible
backscatter spectrometer on board NASA’s satellite Aura, the ozone product algorithm,
and the TOC retrieving process are described in Bhartia and Wellemeyer [52]. The main
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procedures include a fitting of ozone absorption cross-section to the measured spectrum, an
estimation of air mass factor, and corrections for cloud effects. Data processing and quality
assurance of the TOC product were analytically outlined by Veefkind et al. [53]. Different
studies [54,55] had found average biases less than 3% when comparing TOC retrievals from
BRS and OMI, while McPeters et al. [56] showed that in mid-latitudes, the biases are SZA
dependent. Satellite-retrieved UVI has large uncertainties, while aerosol loads have been
recognized as a major source of errors, causing differences of up to 25% [57]. Comparison
of OMI surface UV irradiance estimates with ground-based measurements [31] showed
that OMI irradiances overestimate surface observations for UVB wavelengths from ~1.5%
to 13.5% in contrast to underestimated satellite values for UVA wavelengths.

OMI TOC retrieval has one overpass above Athens per day in a distance of less than
50 km since 2002, which could be used to create an almost two-decade-long timeseries.
Copernicus Atmospheric Service (CAMS) provides a reanalysis database of TOC, which
we also used to detect the general ozone circulation at the area at the time of the event.
This database is assimilating data from different satellites (Solar Backscatter Ultravio-
let Radiometer—SBUV/2, OMI, Scanning Imaging Absorption Spectrometer for Atmo-
spheric Chartography—SCIAMACHY, Global Ozone Monitoring Experiment—GOME
and GOME2) alongside chemical transport modeling to provide TOC at 0.4◦ × 0.4◦ spatial
grid [53]. In [45] authors have compared the Athens BRS and OMI satellite TOC and
reported a good agreement between the BRS and the satellite total ozone, which is of the
order of 2.7% with a standard deviation of 4%. Analyzing OMI and BRS data for 2017–2020,
we found a difference of 4.6% with a standard deviation of 5%.

2.4. Radiative Transfer Model

Radiative transfer calculations using the LibRadtran package [58,59] have been per-
formed, aiming to simulate the atmospheric conditions and evaluate forecasts using differ-
ent input variables. Using the pseudospherical disort radiative transfer equation solver [60],
radiative transfer calculations every 1 nm were performed at 300–400 nm, for cloud-free
conditions and including the absorption cross-sections of various species of this spectral
region. The extraterrestrial solar spectrum with resolution of 1.0 nm provided by [61]
was used as input, with summer mid-latitude standard atmospheric profiles [62] and the
default aerosol model [63]. A triangular slit function with FWHM of 2.0 nm was used. Also,
a correction for the sun–earth distance and the altitude of the instrument was included in
order for the atmospheric parameters to be scaled accordingly. Finally, a climatological
value of 0.03 for surface albedo at the UV spectral region was used. The single-scattering
albedo (SSA) was set to the climatological value of 0.9, but during the dust event, the SSA
was set to the more representative value of 0.86 for this type of aerosol in the UV spectral
region based on the results of previous publications for the area under study [64,65]. The
Ängström exponent was set to the climatological value of 1.2 [34] and for the period of
the dust intrusion, it was set to 0.5. SZA was determined by astronomical calculations.
Corresponding UVI was calculated by applying the erythema action spectrum to the output
spectra using Equation (1).

3. Results and Discussion

Figure 1 shows the long-term variability of TOC in Athens, as retrieved from the BRS
instrument for the period 2004–2019. Ranges of 1 and 2 σ around the mean daily value are
highlighted. TOC measurements for 2020 are also shown and the period of the extremely
low ozone event is found between 12 and 19 May. The mean TOC for the region for May is
346 ± 16 DU, while for this week in 2020, it dropped down to 280–295 DU. The seasonal
TOC variation in Athens follows the mid-latitude behavior of stratospheric ozone, having
maximum values during late winter–early spring and lower values at the end of summer
and in autumn. As a threshold to characterize an extreme event, we have used the 2σ of the
TOC climatology. In a theoretical normal distribution, 95.5% of the values would have been
in this range. This corresponds to ~1 day per month outside these limits. Thus, a period of
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9 consecutive days below the limit has a very low possibility of occurring. Although the
actual distribution of the values has some deviation from a theoretical normal distribution,
it is safe to characterize this period as a very rare low ozone event for the region.
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Figure 1. Daily average TOC at Athens, retrieved by BRS, for the period 2004–2019; 1 and 2σ
variations along with 2020 measured TOC values are also shown.

In order to understand the negative anomaly of TOC, maps of the Eastern Mediter-
ranean, for 12–17 May, are presented in Figure 2. The anomaly could be triggered either by
a local tropospheric air mass ascending in the stratosphere or the intrusion of a tropical
stratospheric air mass. The picture of TOC in the area, during the event, shows that the
zonal spatial distribution scheme [66] is broken by an intrusion from lower latitudes, which
makes the transport of tropical air the most probable cause. These intrusions are mainly
generated by gravitational and Rossby waves [67,68].

A synoptic analysis is performed with the use of Weather Research and Forecasting
(WRF) model simulations at 12 km × 12 km, driven by the National Centers for Environ-
mental Prediction (NCEP) GFS global data. The regional atmospheric circulation during
the reporting period is governed by the combination of a cut-off low over the western parts
of Europe and a high-pressure ridge extending from the Sahara towards the eastern parts
of Europe (Figure 3a). This type of weather favors the transport of dusty air masses from
Africa towards Italy and the Balkans. The meridional intrusion of warmer air masses and
the associated upwelling are evident from the increase in tropopause heights as shown,
for example, in Figure 3b for 16 May 2020, explaining also the depletion of ozone in these
areas that is evident in Figure 2.
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Figure 3. (a) Temperature and geopotential height at 500 mb on 16 May 2020, 12:00 UTC, by WRF.
(b) Geopotential height and wind at tropopause on 16 May 2020, 18:00 UTC, by WRF.

Figure 4 shows the variation of UVI, TOC, and AOD during 12–19 May, 2020, as re-
trieved by the corresponding instruments. UVI was retrieved from the PSR measurements.
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The higher UVI was recorded on the 19th of May, when the maximum value was 9.2. All
the days after the 13th of May had a maximum UVI higher than 7.9. On the 12th of May,
there were frequent overcast cloud conditions, which appear in the form of broken curves
in the UVI. TOC from both BRS and OMI was constantly below the 2σ of the climatological
mean during the whole period. The lowest values were reported on the 16th and the 17th
of May. AOD was well below the climatological mean on the 13th of May. Starting that
evening, an intrusion of Saharan dust reached Athens and very high values were recorded
from the 14th to the 17th of May. On the last days, AOD was reduced and approached the
mean climatological values. For 16–19 May, the UVI time series were sporadically affected
by the presence of cirrus clouds. To avoid the effects of clouds, we selected to study further
days that were strictly cloud-free based on PSR observations. Such cloudless conditions
appear on May 13, 14, and 15. Based on all the above conditions, the days 13 and 15 of May
were selected to be more intensively studied, as representative of cloudless days of low
ozone and low aerosol (13/5), and low ozone and high aerosol (15/5). Data from 14/5 are
later used to simulate the effects of low ozone and high AOD on the UV spectra.
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Figure 5 shows UVI retrieved from PSR on 13 May 2020, along with RTM simulations
of UVI estimated with climatological TOC and AOD and BRS’s AOD and TOC values.
PSR-retrieved UVI was up to 11.2% (0.92 UVI) higher than the theoretical simulated with
climatological TOC and AOD inputs. Using measured AOD and TOC, the agreement with
the PSR has an R2 = 0.98 and a mean bias error MBE = 0.11. Hence, the observed deviation
from the theoretical climatological UVI can be explained by the variation of TOC and AOD.
Mean AOD for the day was 0.22 (33.2%) lower than the climatological value and mean
TOC was 32 DU lower (9.4%). Both these factors were contributing to higher UVI. Larger
differences were observed around local noon, when UVI had the maximum value. For a
large part of the day, absolute UVI differences were small and they started to differentiate
when UVI became higher than 5. The following days, later in the week, had even lower
ozone values, but not all of them were cloud-free and none of them had low AOD values.
The maximum values of UVI are the ones usually reported to the general public and are
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the ones with the largest differences. Modeled UVI assuming zero value for AOD show an
overestimation of 8–12% (up to 0.9 UVI).
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AOD inputs (orange dots) and modeled UVI using BRS AOD and TOC as input and modeled UVI
using BRS TOC but zero aerosols.

On 15 May 2020, mean ozone was 43 DU lower than the climatological value. The
purple curve in Figure 6 shows the theoretical UVI calculated with this TOC and without
aerosols. Ozone at so low a range could lead to an increase of up to 28.5% of UVI (2.1 UVI),
compared to the climatological estimations. On the other hand, mean AOD on this day was
0.31 (46.7%) higher than the climatological mean, which led to a decrease of UVI. As shown
in Figure 7, simulation of UVI with climatological and measured TOC and AOD values
were almost identical (R2 = 0.99 and MBE = 0.04). PSR-retrieved UVI also agrees with these
simulations (R2 = 0.99 and MBE = 0.06). Hence, the two events had opposite effects on
UVI, eliminating each other, leading to conditions similar to the climatological situation.
We should conclude here that neglecting either effect of ozone or aerosols could lead to
significant misestimation of UVI and erroneous recommendations to the general public.

In order to compare the spectral performance of the PSR and the model, UV spectra
and their spectral ratio are shown in Figure 7 for May 15th. For this purpose, the RTM runs
were set to SSA = 0.86 and Ångström exponent equal to 0.7. Model runs were performed for
SZA in the range of 30◦ to 60◦ at 5◦ step, using AOD at 320 nm and TOC that corresponded
to these SZAs. PSR measurements at these SZAs were averaged in a range of ± 0.5◦.
In Figure 7, the upper plots show the modeled and measured spectra that show a good
agreement without any obvious absolute or spectral shifts. In Figure 7, the lower plot
shows the ratio between the modeled and the measured spectra at seven different SZAs.
The average ratio is 0.98 with σ = 0.11. This mean agreement of ~2% shows the relatively
accurate use of the model inputs that simulate very well the synchronous measurements.
The lowest mean ratio is observed at 60◦, which is 0.94. The most variable spectral ratios
are reported in the region below 305 nm, where the measured PSR irradiances are very
low, including the highest uncertainties [41,42]. In this area, average ratios are from 0.76
(SZA = 60◦) to 1.12 (SZA = 30◦) with a σ = 0.23.

In Figure 8, modeled spectra at SZA of 30◦ and 60◦ are divided, from two separate
RTM runs, using a constant climatological AOD (0.3) and different TOC, climatological
(335 DU) and measured (292 DU as average for the 15th of May). At wavelengths higher
than 330 nm, the ratio is constantly 1, where ozone has almost zero influence. At lower
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spectral regions, the ratio becomes ~1.5 at 305 nm and towards the lower wavelength
regions, the ratios become higher exponentially. It is clear from this figure that the UVA
region is practically insensitive to TOC changes and UVB is highly sensitive and affects
more the UVI. The average effect in the UVB region is a 32% increase in irradiance. This
could lead to a 29% increase in the estimated UVI. The ratios depend on the SZA, as higher
SZAs correspond to higher ozone attenuation.
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Figure 6. Diurnal variation of UVI on 15 May 2020 as retrieved from the PSR measurements, in
comparison with modeled UVI predicted using: RTM with climatological TOC and AOD inputs, BRS
AOD and TOC, BRS TOC without aerosols.

In Figure 9, in order to show the AOD effect, modeled spectral ratios of GHI simulated
with AOD = 0.5 and AOD = 0 at SZA = 30◦ and 60◦ are presented. In all the above runs,
TOC was set to the same climatological values (335 DU). These ratios are less spectral
dependent and their absolute value depends on the AOD while their spectral change
depends on the spectral characteristics of the aerosol attenuation (Ängström exponent). For
these runs, an Ängström exponent of 0.7 was used, which is a representative value during
dust intrusions in this area [60]. A different selection would alter the slope of the curves, as
higher values result in a steeper increase of AOD with wavelength. Variation of the ratio,
when SZA is 30◦, is between 0.81 and 0.86 in the spectral region 300–400 nm. When SZA is
higher, the attenuation due to aerosols is higher, resulting in a ratio between 0.75 and 0.77
for 60◦ SZA. Thus, the difference due to aerosols is very similar in UVA and UVB regions.
AOD at 0.5 causes about 24% drop to the solar UV irradiance, which leads to a decrease
of 28% of UVI. We should also highlight the importance of SSA in the calculations, since
the type of the aerosols affects significantly the scattering/absorption characteristics of the
radiative transfer simulations. The hypothesis for the UVI simulations shown earlier was
that SSA during the dust event was 0.86 [64]. We also show in Figure 9 the range of the
abovementioned ratios for SSA between 0.8 and 0.9. Lower limits of the range correspond
to 0.8 SSA. Hence, in cases when the aerosol mixture is more absorbing, the influence of
aerosol would be more effective. An erroneous assumption about the SSA could lead to
deviations of the spectral ratio of ±5%, propagating an uncertainty of 6% at UVI estimation.
Also, in cases of higher AOD during dust events, the aerosol effect would be even more
prominent. Finally, there is a small increase of the 60◦ related ratio for wavelengths below
305 nm. This is due to the fact that aerosol increase affects mainly direct irradiance so that
for the specific wavelength range and solar angle, its contribution to the GHI is negligible,
as diffuse irradiance is dominant. In this case, a small increase of the diffuse irradiance for
higher aerosol load leads to the small increase of the ratio.
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4. Summary

During 12–19 May 2020, an extreme low TOC event was observed over the Athens
area. TOC was lower than the climatological average (−2σ) for the whole week period.
In addition, during some days AOD values were lower than the climatological average,
while on others a dust aerosol intrusion was linked with AOD values almost double the
May average for the area. Our analysis is confined to days that were strictly cloud-free in
order to avoid the effect of cloudiness and study the effects of ozone and aerosols on the
UV spectra and UVI.

On the 15th of May, which was a day with very low TOC and the highest AOD,
theoretical calculations showed that TOC variation alone could cause an increase of ~30%
in the UVI compared with the one retrieved using TOC climatological average. How-
ever, the aerosol presence masked this effect, contributing to a ~20% decrease during the
dust intrusion.
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Through RTM calculations, we have estimated that at 305 nm, when SZA is 30◦, GHI,
compared to the one with average AOD and TOC, will be 26% lower due to aerosols and
34% higher due to TOC decrease, while at 60◦ SZA, aerosols will attenuate GHI by 31%
and ozone will increase it by 59%. Accordingly, at 325 nm, aerosols will cause 18% and 24%
drop of GHI at 30◦ and 60◦ SZA, respectively, while ozone will increase it by 2% at both
SZAs. We highlight that these estimates were derived using the measurements on the 14th
of May 2020, a cloud-free day with AOD of 0.5 and mean daily ozone of 292 DU.

This study is investigating the parallel effects of factors affecting a health-related
parameter such as the UVI. When studying the UVI dependence of TOC and AOD, it is
important to focus on the different spectral regions, as ozone acts mainly in the UVB region,
which also determines the largest part of UVI. Aerosols act more uniformly in the whole
UV region and their spectral effect on solar irradiance is determined by the Ångström
exponent. It should also be highlighted that ignoring intraday or day-to-day changes in
either O3 or aerosols when estimating UVI could lead to very high errors. Simultaneously
occurring events (high/low TOC and AOD) that could mutually eliminate their effects are
happening occasionally and having better knowledge on all these parameters will lead to
better forecasting of UVI.

The case presented here is a demonstration of the combined effects of TOC and
aerosols on a period with extremely low TOC. Changes in UVI under very low TOC events
can be masked by high aerosol loads. Even if TOC is the major parameter affecting UVI,
in this event, we saw that a moderate to high dust intrusion eliminated completely the
very low TOC effect on the incoming UVI. Our findings demonstrate that aerosols and
their optical properties (especially in the UVB) have a high impact on solar irradiance at
UVB and have to be accurately known in order to simulate the UVI and inform the public
objectively in the absence of accurate UV measurements.

Low ozone events might become more frequent in the future during spring, affecting
UVB radiation at ground level. Butchart et al. [68] have analyzed different models and
measurements for the meridional variation of ozone and concluded that under expected
climatic changes, this kind of event will be more frequent. Hence, large TOC negative
anomalies could be a major issue at mid-latitudes in the near future. Analyses of UVB
radiation changes under extreme ozone conditions in combination with other natural
events can contribute to better design of model simulations for future UVB projections.
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Abstract: Sixteen years (July 2003–July 2019) of ground-based measurements of total ozone in the
urban environment of Athens, Greece, are analyzed in this work. Measurements were acquired with
a single Brewer monochromator operating on the roof of the Biomedical Research Foundation of
the Academy of Athens since July 2003. We estimate a 16-year climatological mean of total ozone
in Athens of about 322 DU, with no significant change since 2003. Ozone data from the Brewer
spectrophotometer were compared with TOMS, OMI, and GOME-2A satellite retrievals. The results
reveal excellent correlations between the ground-based and satellite ozone measurements greater
than 0.9. The variability of total ozone over Athens related to the seasonal cycle, the quasi biennial
oscillation (QBO), the El Nino Southern Oscillation (ENSO), the North Atlantic Oscillation (NAO),
the 11-year solar cycle, and tropopause pressure variability is presented.

Keywords: ozone; variability; measurements; Brewer spectrophotometer; satellite data; tropopause
pressure

1. Introduction

Ozone is a minor natural component of the clean atmosphere, found primarily in two
regions. Approximately 10% of the Earth’s atmospheric ozone resides in the troposphere,
while 90% is found in the stratosphere (commonly referred to as the “ozone layer”) [1].
Year-to-year fluctuations in total ozone are determined by the balance between chemical
processes that produce and destroy ozone and the effects of atmospheric motions that trans-
port ozone [2]. Certain industrial processes and human activities are the root cause of the
release of ozone-depleting substances (ODSs) into the atmosphere. ODSs are manufactured
halogen source gases that are controlled worldwide by the Montreal Protocol.

Concern about changes in ozone abundance is an important subject, not only for
the scientific community, but the general public and governments as well. The impor-
tance of observational and modeling results about ozone trends lies in its tremendous
importance for the life and ecosystems at the location under investigation [3]. Changes
in stratospheric ozone can change the large-scale atmospheric state, influencing the cli-
mate, both directly through radiative effects, and indirectly by affecting stratospheric and
tropospheric circulation [4].

Total ozone measurements have been conducted in Athens, Greece, since 1989, with
a Dobson spectrophotometer No 118, which is part of the World Ozone and UV Data
Centre (WOUDC) of the WMO [5]. The authors found a correlation coefficient of 0.96 with
Total Ozone Mapping Spectrometer (TOMS) data, although the TOMS values were slightly
lower than the Dobson ones. The Dobson measurements were also compared with TOMS
(version 6) and solar backscatter ultraviolet radiometer (SBUV) measurements, and better
correlations were obtained on sunny days [6]. Long-term measurements of stratospheric
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ozone in Greece have also been conducted in Thessaloniki since 1982, with a MKII Brewer
spectrophotometer #005 [7].

The aim of this study was the estimation of the variability and trends of total ozone
over Athens, Greece, from a Brewer spectrophotometer operating in Athens since July 2003.
This research contributes to developing understanding of the processes that control ozone
abundance. The ozone data set from the Brewer spectrophotometer is compared with
TOMS, Ozone Monitoring Instrument (OMI), and Global Ozone Monitoring Experiment
2 (GOME-2A and GOME-2B) satellite retrievals. This is the first time we have analyzed
long-term ground-based measurements of total ozone in Athens with the Brewer spec-
trophotometer. The measurements cover the period 2003–2019; i.e., after the ozone decline
of the 1980s and 1990s [8]. Detailed information on the data sources and methods are
provided in Section 2. In Section 3, daily values, correlations, and monthly mean total
ozone time series, as well as the ozone variability, are presented and described in detail.
Finally, Section 4 provides concluding remarks on the main findings of this study.

2. Data Sources and Methods

In this study, we used measurements of total ozone column, made using a single
Brewer MKIV spectrophotometer. This Brewer #001 monochromator has measured the
columnar amount of ozone in Athens on a daily basis, since July 2003. The measurements
are conducted on the roof of the Biomedical Research Foundation of the Academy of Athens
(37.99◦ N, 23.78◦ E) at approximately 180 m a.s.l. [9]. The institute is located in a green
area at about 4 km, away from the city center. On the east side of the station is mountain
Hymettus, at a distance of about 1 km, and to the north and northeast of the station we
find the large mountains of the county of Attica, Parnes, and Penteli, at distances of about
15 and 20 km from the station, respectively. Finally, to the south, the Saronic Gulf is about
10 km away [10].

The Brewer is an automated, diffraction-grating spectrometer that provides observa-
tions of the sun’s intensity in the near UV range. The instrument measures the intensity of
radiation in the UV absorption spectrum of ozone at five wavelengths (306.3, 310.1, 313.5,
316.8, and 320.1 nm) with a resolution of 0.5 nm. These data are used to derive columnar
ozone and sulfur dioxide amounts and the aerosol optical depth [11]. The total ozone
column (TOC) is calculated as follows [12]:

TOC =
F0 − F − ∆β m

∆α µ
(1)

where F is the weighted ratio of direct sun measurements at 4 spectral channels, i.e.,

F = logI(310.1) − 0.5 logI(313.5) − 2.2 logI(316.8) + 1.7 logI(320.1) (2)

F0, ∆β, and ∆α are the same linear combinations for logI0(λ), βλ, and αλ, i.e.,

F0 = logI0 (310.1) − 0.5 logI0 (313.5) − 2.2 logI0 (316.8) + 1.7 logI0 (320.1) (3)

∆β = β(310.1) − 0.5 β(313.5) − 2.2 β(316.8) + 1.7 β(320.1) (4)

∆α = α(310.1) − 0.5 α(313.5) − 2.2 α(316.8) + 1.7 α(320.1) (5)

βλ is the Rayleigh scattering coefficient at λ, m is the effective pathlength of direct radiation
through air, αλ is the ozone absorption coefficient at λ, and µ is the ratio of the effective
pathlength of direct radiation through ozone to the vertical path. The extra-terrestrial
constants F0 are determined from a long series of intercomparison measurements, as well
as zero air mass (µ) extrapolations.

The instrument is calibrated regularly by the travelling standard Brewer #017, which is
operated by International Ozone Services Inc., Toronto, Ontario, Canada (www.io3.ca) (last
access: 3 August 2021). Calibrations of the Brewer #001 were performed in Thessaloniki in
July 2002 and on site in Athens in July 2004, June 2007, September 2010, October 2013, and
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September 2019. Information about the stability of the instrument obtained from the results
of the calibrations is presented in the Supplementary Materials of this study. Internal
standard lamp tests are performed on a daily basis to detect possible instrumental drifts.
Ozone data are recalculated after standard lamp test corrections and are analyzed using
the O3BREWER data management software [13]. We note here that the Brewer #001 ozone
data have been used in the past to evaluate NILU–UV multi–channel radiometer ozone
data [14] and ultraviolet multifilter radiometer (UV-MFR) ozone retrievals [15].

The effect of stray light [16] or the effect of temperature dependence [17] may result in
errors in the Brewer UV measurements and, consequently, in ozone retrievals. It is known
that ozone measurements from a single monochromator Brewer spectrophotometers suffer
from non-linearity at large ozone slant column amounts, due to the presence of instrumental
stray light caused by scattering within the optics of the instrument. As the light path
(air mass) through ozone increases, the effect of stray light on the measurements also
increases [18]. In our study, in order to avoid any possible erroneous measurements
at large solar zenith angles, we processed ozone measurements up to 70 solar zenith
angles. Regarding the temperature dependence effect, there is no stratospheric temperature
correction of ozone absorption coefficients in the latest version of the O3Brewer software
which we used. At this point, it is worth mentioning that only direct sun (DS) measurements
were processed to retrieve the daily TOC values; hence, measurements in the zenith sky
scattered mode have not been considered.

In this study we compare the Brewer ground-based ozone data with satellite ozone
data from the Total Ozone Mapping Spectrometer (TOMS) aboard Earth Probe, Ozone
Monitoring Instrument (OMI) aboard AURA, and the Global Ozone Monitoring Exper-
iment 2 aboard MetOp A (GOME-2A) and MetOp B (GOME-2B), respectively. More
specifically, we analyzed: (a) the Earth Probe TOMS version 8 ozone overpass data
for Athens (OVP293_epc.txt), which were downloaded from the website https://acdisc.
gesdisc.eosdis.nasa.gov/data/EarthProbe_TOMS_Level3/TOMSEPOVP.008/ (last access:
25 June 2021), (b) the OMI version 8.5 (collection 3) ozone overpass data from the website
https://avdc.gsfc.nasa.gov/pub/data/satellite/Aura/OMI/V03/L2OVP/OMTO3/ (last
access: 25 June 2021), (c) the GOME-2A level-2 overpass data from the website https:
//avdc.gsfc.nasa.gov/pub/data/satellite/MetOp/GOME2/V03/L2OVP/GOME2A/ (last
access: 25 June 2021), and (d) the GOME-2B level-2 overpass data from https://avdc.
gsfc.nasa.gov/pub/data/satellite/MetOp/GOME2/V03/L2OVP/GOME2B/ (last access:
25 June 2021). We analyzed the satellite overpass ozone data for the station in Athens and,
in addition, we assessed data within a 100 km radius from the Brewer site. Subsequently,
we performed correlation analyses between the Brewer and the satellite ozone measure-
ments using daily TOC values for common days between the four data pairs, Brewer and
OMI, Brewer and GOME-2A, Brewer and GOME-2B, and Brewer and TOMS, which are
presented in Section 3.

The Quasi Biennial Oscillation (QBO) component at 30 hPa on total ozone was exam-
ined by analyzing the monthly mean zonal winds at Singapore at 30 hPa (QBO30). For QBO
at 50 hPa, we analyzed the monthly mean zonal winds at 50 hPa (QBO50). The data were
provided by the Freie Universität Berlin (FU-Berlin) at http://www.geo.fu-berlin.de/met/
ag/strat/produkte/qbo/qbo.dat (accessed on 8 May 2021) [19]. The possible impact of El
Nino Southern Oscillation (ENSO) was examined by using the Southern Oscillation Index
(SOI) from the Bureau of Meteorology of the Australian Government (http://www.bom.
gov.au/climate/current/soi2.shtml) (access on 8 May 2021). The effect of the 11-year solar
cycle on total ozone was investigated by analyzing the monthly sunspot number series from
the World Data Center/Sunspot Index and Long-term Solar Observations (WDC/SILSO)
of the Royal Observatory of Belgium, Brussels (http://sidc.be/silso/datafiles) (access on
8 May 2021). The monthly North Atlantic Oscillation (NAO) index was provided from the
Climate Data Guide of NCAR at https://climatedataguide.ucar.edu/climate-data/hurrell-
north-atlantic-oscillation-nao-index-pc-based (access on 8 May 2021).
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Total ozone variability is also related to variability related to tropopause height,
e.g., [20–22]. The impact of tropopause height variations on total ozone variability was
examined by analyzing the tropopause pressure from the National Centers for Environ-
mental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis 1
data set computed on a 2.5◦ grid. The NCEP/NCAR reanalysis data were downloaded
from the website https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.
tropopause.html (access on 30 April 2021) [23].

The mean annual ozone cycle was calculated for the period 2004–2018, and then
the ozone time series were deseasonalized by subtracting the long-term monthly mean
(2004–2018) pertaining to the same calendar month; i.e., monthly value–long-term monthly
mean. Next, the deseasonalized data were used in a multivariate linear regression (MLR)
model to describe influences of dynamic origin on total ozone variability. The MLR
statistical model includes the QBO, SOLAR, ENSO, NAO, and trend terms, as described by
Zerefos et al. [24] and later adopted by Eleftheratos et al. [25], for further analyses. Those
studies, however, had a slightly different approach, as they also included the effects of
aerosol optical depth (AOD) and Antarctic oscillation. Those studies examined stations
in the northern and southern mid-latitudes, which justified the inclusion of the Antarctic
oscillation in the MLR model. Due to the fact that our station is located in the northern
and not in the southern mid-latitudes, we did not include the Antarctic oscillation proxy
here. The AOD proxy was used by Zerefos et al. to account for the volcanic injections
of El Chichon (1982) and Mt Pinatubo (1991) into the stratosphere, which caused large
stratospheric disturbances, increasing ozone depletion. However, the AOD proxy has not
been considered in this study, since the mentioned volcanic eruptions occurred in the past
and should not affect the period of our analysis. The same procedure, i.e., deseasonalization
and MLR analysis, was also applied to the tropopause pressure data, in order to estimate
the tropopause pressure residuals (not shown here). Then, the residuals of tropopause
pressure from the MLR analysis were correlated with the respective residuals of ozone, in
order to determine the effect of tropopause height variations on total ozone variations. The
correlation coefficient between the ozone and tropopause pressure residuals was R = +0.448
(t-value = 6.533, p < 0.0001, N = 172). The correlation is presented in Section 3.3.

3. Results and Discussion
3.1. Daily Values and Correlations

The daily column ozone measurements made by the Brewer spectrophotometer at the
Academy of Athens from July 2003 to July 2019 are presented in Figure 1. The respective
ozone columns retrieved by TOMS, OMI, GOME-2A, and GOME-2B satellite instruments
agree fairly well with the ground-based Brewer measurements. The satellite overpass
data were selected to be within a 100 km radius from the Brewer site. The daily values
span between 250 DU and 500 DU; in full agreement with Tzanis [26], who compared
daily column ozone observations from the Dobson spectrophotometer with SCIAMACHY,
TOMS, and OMI satellite data. A good agreement between satellite data and a Brewer spec-
trophotometer has been demonstrated in other studies, for instance in Kim et al. [27], who
used a Brewer spectrophotometer to evaluate the quality of the total ozone column (TOC)
produced by multiple polar-orbit satellite measurements at three stations in Antarctica. As
a result of their study, high correlations between the TOC from the Brewer and the TOC
from TROPOMI and OMI measurements were observed, contrary to the correlations from
AIRS measurements. The study confirmed the high quality of OMI TOCs.

https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.tropopause.html
https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.tropopause.html
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Figure 1. Daily total ozone over Athens, Greece (2003–2019) from Brewer ground-based measurements and OMI, TOMS,
and GOME-2A and GOME-2B satellite measurements.

Figure 2 presents the Pearson correlation coefficients, R, the mean biases, the linear
fit coefficients, and the root mean square error (RMSE) between ozone from the Brewer
spectrophotometer and ozone from each of the satellite instruments. The numbers speak
for themselves. The R between the Brewer and OMI, GOME-2A, GOME-2B, and TOMS
ozone data are 0.962, 0.955, 0.945, and 0.953, respectively. The mean biases and RMSE
between the four data pairs are: 4.4 DU and 9.2 DU (Brewer vs. OMI), −1.7 DU and 10.2 DU
(Brewer vs. GOME-2A), −0.1 DU and 10.5 DU (Brewer vs. GOME-2B), and 2.2 DU and
9.0 DU (Brewer vs. TOMS). Accordingly, we provide the mean biases and RMSE between
the four satellite data pairs of OMI, TOMS, GOME-2A, and GOME-2B, as follows: −5.3 DU
and 7.8 DU (OMI vs. GOME-2A), −4.8 DU and 7.6 DU (OMI vs. GOME-2B), −2.7 DU
and 7.7 DU (OMI vs. TOMS), and −1.5 DU and 5.2 DU (GOME-2A vs. GOME-2B). All
R were tested for significance using the t–test formula for the correlation coefficient with
n − 2 degrees of freedom [28] and were found to be statistically significant at a confidence
level greater than 99%. More detailed correlation statistics between the various data pairs
are provided in Table 1. It is evident that all correlation coefficients pass the significance
level (p-values < 0.0001). We include here for the reader the statistical test of the correlation
coefficient, which is:

t = R
√

n − 2
1 − R2 (6)
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Figure 2. Correlation analysis between the Brewer and satellite ozone measurements for common days: (a) Brewer and
OMI; (b) Brewer and GOME-2A; (c) Brewer and GOME-2B; (d) Brewer and TOMS.

3.2. Monthly Means and Annual Cycle

The monthly mean total ozone time series were computed from at least 14 daily
averages and are shown in Figure 3 for the Brewer ground-based data in comparison to
OMI, TOMS, GOME-2A, and GOME-2B satellite data. The monthly mean values range
between 270 DU and 400 DU; again in agreement with results from Tzanis [18]. The
long term mean ±2σ of total ozone over Athens is estimated to be 322 ± 53 DU, with
no significant change since 2003. The respective estimates from OMI, TOMS, GOME-
2A, and GOME-2B satellite data are 318 ± 51 DU, 316 ± 46 DU, 324 ± 53 DU, and
325 ± 51 DU, accordingly.
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Table 1. Statistics of correlations between the Brewer and satellite ozone data pairs.

Data Pair R Intercept (DU) Slope Error t-Value p-Value RMSE N

Brewer vs. OMI +0.962 7.393 0.991 0.005 208.733 <0.0001 9.203 3468

Brewer vs. GOME-2A +0.955 19.073 0.936 0.006 163.474 <0.0001 10.179 2580

Brewer vs. GOME-2B +0.945 33.199 0.897 0.007 120.840 <0.0001 10.502 1759

Brewer vs. TOMS +0.953 39.709 0.882 0.011 79.359 <0.0001 8.972 632

OMI vs. GOME-2A +0.972 20.026 0.922 0.004 210.739 <0.0001 7.824 2600

OMI vs. GOME-2B +0.972 20.283 0.923 0.005 169.102 <0.0001 7.593 1668

OMI vs. TOMS +0.972 25.869 0.909 0.011 83.520 <0.0001 7.736 405

GOME-2A vs. GOME-2B +0.988 2.591 0.987 0.005 218.776 <0.0001 5.158 1122
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Figure 3. Monthly mean total ozone from July 2003 to July 2019 calculated from at least 14 daily averages from Brewer
ground-based data, and OMI, TOMS, GOME-2A, and GOME-2B satellite data.

Figure 4 shows the seasonal cycle of total ozone over Athens for the period 2004–2018
from Brewer ground-based measurements and OMI and GOME-2A satellite retrievals. The
highest values occurred in spring in March and April, while the lowest values occurred in
autumn in October and November. This is a general and consistent feature seen in all three
datasets. The explanation for the observed seasonal cycle is transport mechanisms. The
spring maximums are a result of the increased transport of ozone from its source region
in the tropics toward high latitudes during late autumn and winter. This poleward ozone
transport is much weaker during the summer and early autumn periods and is weaker
overall in the Southern Hemisphere [2]. Ozone transport from the tropics to the poles is
caused by stratospheric wind patterns. In the mid-latitudes these patterns, known as the
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Brewer–Dobson circulation, make the ozone layer thickest in the spring and thinnest in
the fall.
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Figure 4. Mean annual cycle of total ozone over Athens, Greece (2004–2018) from Brewer ground-
based data, and OMI, GOME-2A satellite data.

Table 2 summarizes the monthly mean differences between the Brewer, OMI, and
GOME-2A total ozone data. The Brewer–OMI differences are within ±1% in all months
except June, July, and August, where they are within ±2%, but even these are considered
small. We note here that a difference of 1% corresponds to about 3 DU. Differences larger
than ±2% are found between Brewer and GOME-2A in the winter months (November,
December, January, and February). Similar deviations, larger than 2%, are also found
between GOME-2A and OMI satellite data.

Table 2. Mean differences between Brewer and satellite total ozone data (1% ∼= 3 DU).

Brewer—OMI Brewer—GOME-2A GOME-2A—OMI

January −0.2% (−1 DU) −3.7% (−13 DU) 3.6% (12 DU)
February −0.1% (0 DU) −2.6% (−9 DU) 2.6% (9 DU)

March 0.4% (2 DU) −1.4% (−5 DU) 1.8% (6 DU)
April 1.0% (3 DU) −0.4% (−2 DU) 1.4% (5 DU)
May 1.0% (3 DU) −0.2% (−1 DU) 1.1% (4 DU)
June 1.8% (6 DU) 1.4% (4 DU) 0.4% (1 DU)
July 1.2% (4 DU) 1.2% (4 DU) 0.0% (0 DU)

August 1.9% (6 DU) 1.7% (5 DU) 0.2% (1 DU)
September 1.0% (3 DU) 0.3% (1 DU) 0.7% (2 DU)

October 0.5% (1 DU) −1.1% (−3 DU) 1.5% (4 DU)
November −0.6% (−2 DU) −2.5% (−7 DU) 2.0% (6 DU)
December −0.2% (−1 DU) −3.8% (−12DU) 3.7% (11 DU)

MEAN 0.6% (2 DU) −0.9% (−3 DU) 1.6% (5 DU)

With regard to the observed differences, we must keep in mind that the Brewer
instrument is operating at ground level, while the satellite instruments are measuring
from space using different retrieval algorithms than the ground based instrument. The
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Brewer instrument is measuring continuously the ozone amount overhead, while the
satellite instruments provide few measurements during the day, sometimes one or two
measurements. In addition, the Brewer is a remote sensing instrument, while for the
satellite data, we processed measurements within a 100 km radius from the Brewer site.
The aforementioned issues are known to cause differences between ground measurements
and satellite overpasses. However, despite the different approaches of the ground and
satellite instruments, the average long-term differences between the ground and satellite
measurements are small, within ±1%, indicating the maturity of the measuring systems in
achieving such small deviations in the long-term.

3.3. Ozone Variability

We estimated the contribution of different explanatory variables to ozone fluctua-
tions using MLR analysis, as explained in Section 2. The MLR statistical model is of the
following form:

desTOC = 2.623 +0.002·QBO30(i, j) + 0.111·QBO50(i, j) + (−0.093)
·ENSO(i, j) + 0.678·NAO(i, j) + (−0.070)·SOLAR(i, j)
+0.003·TREND(i, j) + 0.378·TROP(i, j) + residuals

(7)

where i denotes the month and j is the year of the deseasonalized total ozone column
(desTOC) and its components; that is, the QBO at 30 and 50 hPa, the ENSO, the NAO,
the solar cycle effect (SOLAR), a straight line to fit the long term trend (TREND), and
finally a tropopause pressure related term (TROP). We remind here that TOC data were
deseasonalized by subtracting the long-term monthly mean (2004–2018) pertaining to the
same calendar month. The contribution of the individual proxy terms is shown in Figure 5.
The MLR analysis was applied to the deseasonalized ozone data, which are shown on the
top panel of Figure 5 (black line). The two terms representing the QBO are shown by the
lines with blue colors, followed by the ENSO term (red line), the NAO term (green line),
the solar cycle term (orange line), and the trend term (brown line). The bottom panel of
Figure 5 shows the residuals of ozone from the MLR model (grey color), together with the
respective residuals of tropopause pressure from an MLR analysis that had been applied
to the tropopause data in a previous step (magenta color). The ozone residuals are well
correlated with the tropopause pressure residuals, indicating the dynamical influence
on ozone induced by the tropopause movement. The graph shows that whenever the
tropopause pressure decreases, i.e., tropopause height increases, the amount of ozone
increases, and vice versa. We estimate that the correlation coefficient between ozone and
tropopause height variations in Athens is +0.448 (slope = 0.376, error = 0.058, t-value = 6.533,
p < 0.0001, N = 172).

The MLR regression coefficients and their standard errors are presented in Table 3.
It appears that the regression coefficient of the QBO50 proxy is significant at the 90%
confidence level (coefficient = 0.111, error = 0.059, t-value = 1.874, p-value = 0.063). The
regression coefficient of the solar proxy is more significant than the QBO50 proxy (co-
efficient = −0.070, error = 0.018, t-value = −3.853, p-value = 0.00017). The regression
coefficient of the trend proxy is not statistically significant (coefficient = 0.003, error = 0.013,
t-value = 0.249, p-value = 0.803). Finally, the regression coefficient of the tropopause proxy
is 0.378 ± 0.059 (t-value = 6.459, p-value < 0.0001).

Figure 6 summarizes the monthly ozone data from the Brewer spectrophotometer, the
seasonal cycle, the QBO (30 hPa, 50 hPa), ENSO, NAO, solar cycle and trend components
joined together, and an estimated tropopause pressure related component. The amplitude
of the annual cycle, calculated as ((maximum value–minimum value)/2), is about 35 DU
and is estimated to contribute to about 64% to the observed ozone fluctuations. The QBO,
ENSO, NAO, SOLAR, and TREND terms are estimated to together explain about 11% of
the observed ozone fluctuations. Adding a tropopause pressure related term, the statistical
model explains about 27% of ozone fluctuations.
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Table 3. MLR regression statistics for the proxy terms considered in Equation (7).

MLR Regression Statistics Coefficient Error t-Value p-Value

Intercept 2.623 1.683 1.556 0.12102
QBO at 30 hPa 0.002 0.039 0.047 0.96233
QBO at 50 hPa 0.111 0.059 1.874 0.06272
ENSO −0.093 0.069 −1.348 0.17953
NAO 0.678 0.632 1.073 0.28472
SOLAR −0.070 0.018 −3.853 0.00017
TREND 0.003 0.013 0.249 0.80335
TROPOPAUSE 0.378 0.059 6.459 1.15 × 109
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Figure 6. Time series of monthly ozone from the Brewer spectrophotometer versus the annual cycle;
the QBO, ENSO, NAO, SOLAR, TREND terms grouped together; and the tropopause pressure term
separately. The highest contribution comes from the seasonal cycle (see text).

The contribution of all components to ozone fluctuations cumulatively is presented in
Figure 7, which shows the observed versus the regressed ozone data. As can be seen, there
is good agreement between the observed ozone data and the statistical model calculations
obtained from Equation (7). The correlation coefficient between the observed and regressed
ozone data is estimated as R = +0.941. The residuals (observed minus regressed data) are
shown in the bottom panel.
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Figure 7. Observed and regressed columnar ozone over Athens, Greece, and respective residuals
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4. Conclusions

We analyzed 16 years of total ozone measurements over Athens, Greece, with a Brewer
spectrophotometer. The main findings can be summarized as follows:

• There are strong correlations between total ozone from the Brewer spectrophotometer
and total ozone from the OMI, TOMS, GOME-2A and GOME-2B satellite instruments
greater than 0.9.

• The main contribution to ozone variability comes from the seasonal cycle. We estimate
that the seasonal variability explains about 64% of the variability in total ozone
over Athens.

• Natural fluctuations (QBO, ENSO, NAO, solar cycle trend) together explain about 11%
of total ozone variability. Adding the variability related to the tropopause pressure,
the multiple linear regression model explains about 27% of ozone fluctuations.

• Accounting for seasonal, solar cycle, and tropopause pressure variability in a statistical
regression model, we can simulate the variability of total ozone over Athens quite well.

• We estimate a small, insignificant change in total ozone over Athens, Greece, during
the period 2003–2019 of 0.6 ± 4.9 DU (change ±2 standard error limits).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/oxygen1010005/s1, Figure S1: Information about the stability of the Brewer spectrophotometer
according to the calibrations of the instrument in (1) 2004, (2) 2007, (3) 2010, (4) 2013 and (5) 2019.
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project administration, K.E., D.K.; funding acquisition, K.E., C.Z. All authors have read and agreed to
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