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ΕΚΤΕΝΗΣ ΠΕΡΙΛΗΨΗ ΣΤΗΝ ΕΛΛΗΝΙΚΗ ΓΛΩΣΣΑ 

 

Οι αλληλεπιδράσεις μεταξύ των αιωρούμενων σωματιδίων-νεφών (ή αλλιώς αερολύματα), 

καθώς και το αποτύπωμά τους στη λευκαύγεια του νέφους και στο κλίμα παραμένουν εξαιρετικά 

αβέβαιες (Seinfeld et al., 2016; Quaas et al., 2020; IPCC, 2021), λόγω των μη γραμμικών και 

πολλαπλών ανατροφοδοτήσεων που προκαλούν τα αερολύματα, μεταβάλλοντας έτσι τη δυναμική 

καθώς και την διάδοση της ακτινοβολίας εντός των νεφών (Stevens και Feingold, 2009). Ένας από 

τους παράγοντες από τους οποίους πηγάζουν αυτές οι αβεβαιότητες, είναι οι ανθρωπογενείς 

δραστηριότητες που προκαλούν διακυμάνσεις στις συγκεντρώσεις των πυρήνων συμπύκνωσης 

νεφών (CCN), οδηγώντας με τη σειρά τους σε διακυμάνσεις στον αριθμό των νεφοσταγονιδίων (𝑁𝑑) 

καθώς και στο οπτικό βάθος των νεφών, επηρεάζοντας έτσι το ισοζύγιο της ακτινοβολίας στην 

ατμόσφαιρα και κατ’ επέκταση στο γήινο κλίμα.  

Ωστόσο, δεν υπάρχει μια μονοσήμαντη σχέση η οποία να περιγράφει την αύξηση των 𝑁𝑑 σε 

σχέση με τις συγκεντρώσεις των CCN, καθώς η δημιουργία των νεφών εξαρτάται από τον 

υπερκορεσμό των σταγονιδίων εντός αυτών (Feingold et al., 2001; Ghan et al., 1998; Reutter et al., 

2009). Έχει αποδειχθεί ότι τα νέφη μπορούν να είναι, είτε σε μια κατάσταση "περιορισμένα από τα 

αερολύματα", όταν ο υπερκορεσμός τους είναι υψηλός και το 𝑁𝑑 ευαίσθητο στις μεταβολές των 

αερολυμάτων, είτε στην κατάσταση "περιορισμένα από δυναμική", όταν ο υπερκορεσμός τους είναι 

χαμηλός, οπότε το 𝑁𝑑 είναι αμετάβλητο σε σχέση με τη συγκέντρωση των αερολυμάτων σε αυτές 

(Reutter et al., 2009), καθώς ο υπερκορεσμός εξαρτάται από την ατμοσφαιρική τύρβη και τα ανοδικά 

ρεύματα του αέρα (Bougiatioti et al., 2020; Georgakaki et al., 2021; Kacarab et al., 2020), τα οποία 

αποτελούν έναν δεύτερο παράγοντα αβεβαιοτήτων, καθώς υπάρχει σημαντική έλλειψη 

αντίστοιχων μετρήσεων σε παγκόσμια κλίμακα (Rosenfeld et al., 2016). Επομένως, οι τεχνικές 

τηλεπισκόπησης έρχονται να καλύψουν ένα τέτοιο κενό και αποτελούν τη μόνη προσέγγιση που 

μπορεί να προσφέρει δεδομένα σε παγκόσμια κάλυψη προκειμένου να βελτιωθούν οι τρέχουσες 

μέθοδοι ανάκτησης των 𝑁𝑑 και να μειώσουν έτσι τις τρέχουσες αβεβαιότητες που συνοδεύουν την 

ανάκτηση της συγκέντρωσης των 𝑁𝑑 (Quaas et al., 2020). 

Η παρούσα Διδακτορική Διατριβή, εκτός από μια εκτενή περίληψη των κύριων 

αποτελεσμάτων που εξήχθησαν στο πλαίσιο της υλοποίησής της, συμπληρώνεται από τέσσερα 

επιστημονικά άρθρα που έχουν κοινό χαρακτηριστικό τη συνέργεια ενεργητικών και παθητικών 

τεχνικών τηλεπισκόπησης σε συνδυασμό με επιτόπιες μετρήσεις για την ανάκτηση του ύψους του 

Ατμοσφαιρικού Οριακού Στρώματος (ΑΟΣ), τη μελέτη της δυναμικής των αερίων μαζών εντός αυτού, 

αλλά και στην ελεύθερη τροπόσφαιρα, και κυρίως, στη βελτίωση των υφιστάμενων προσεγγίσεων 

που χρησιμοποιούνται για την ανάκτηση των μικροφυσικών ιδιοτήτων των νεφών (π.χ. 𝑁𝑑) που 

αναπτύσσονται, τόσο στην κορυφή του ΑΟΣ, όσο και στην ελεύθερη τροπόσφαιρα, 

χρησιμοποιώντας έναν συνδυασμό επιτόπιων παρατηρήσεων (in situ) και δεδομένων παθητικής και 

ενεργητικής τηλεπισκόπησης, καθώς και δεδομένων από διάφορα μοντέλα παραμετροποίησης 

ατμοσφαιρικών παραμέτρων. 

Ειδικότερα, οι κύριοι στόχοι αυτής της Διατριβής αυτής είναι οι εξής:  

α) η βελτίωση του υπάρχοντος αλγορίθμου ανάκτησης αριθμού των νεφοσταγονιδίων με τη χρήση 

δορυφορικής τηλεπισκόπησης (Bennartz, 2007) με την προσθήκη της εξάρτησης της φασματικής 

διασποράς των νεφοσταγονιδίων, χρησιμοποιώντας τις μεταβλητές που παρέχονται από το προϊόν 

των μικροφυσικών ιδιοτήτων των νεφών από δεδομένα ΜETEOSAT και η μελέτη της απόδοσης του 
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αλγορίθμου ανάκτησης σε σχέση με επιτόπιες εκτιμήσεις της συγκέντρωσης των 𝑁𝑑 που 

προκύπτουν από την παραμετροποίηση ενεργοποίησης νεφοσταγονιδίων του μοντέλου των Nenes 

και Seinfeld (2003) σε νέφη που αναπτύσσονται υπεράνω του ΑΟΣ (Άρθρο I),  

β) ο χαρακτηρισμός του ρόλου του ΑΟΣ στην αέρια κυκλοφορία, στα μοτίβα τοπικής κυκλοφορίας 

και της συγκέντρωσης των αιωρούμενων σωματιδίων στο Λεκανοπέδιο της Αττικής με τη χρήση της 

ενεργητικής τηλεπισκόπησης lidar μέτρησης του ανέμου (Wind Doppler Lidar) για τον προσδιορισμό 

του ύψους του ΑΟΣ (Άρθρο II), 

γ)  ο προσδιορισμός ενός αξιόπιστου κατωφλίου της τυρβώδους ροής  για τον χαρακτηρισμό το 

ύψους του ΑΟΣ με την χρήση lidar Doppler και επιτόπιων μετρήσεων αερολυμάτων στον σταθμό 

υποβάθρου, με την ονομασία: "Σταθμός τροποσφαιρικού αερολύματος και κλιματικής αλλαγής 

Χελμού" (HAC)2 (Άρθρο III) 

δ) τη μέτρηση της υγροσκοπικότητας των  αιωρούμενων σωματιδίων που συμμετέχουν στον 

ορογραφικό σχηματισμό νεφών, καθώς και τον  χαρακτηρισμό της κατάστασης του σχηματισμού 

των νεφών (καθεστώτα περιορισμένα σε αερολύματα ή δυναμικής)  σε σχέση με την προέλευσή της 

αέριας μάζας (ΑΟΣ ή ελεύθερη τροπόσφαιρα) (Άρθρο IV).  

Η Διδακτορική Διατριβή (στην Αγγλική γλώσσα) διαρθρώνεται ως εξής:  

Στο Κεφάλαιο 1 παρουσιάζεται, συνοπτικά, το θεωρητικό υπόβαθρο αναφορικά με τη 

σύσταση της ατμόσφαιρας και τα θέματα που πραγματεύεται η Διδακτορική Διατριβή. Στο 

Κεφάλαιο 2 παρουσιάζεται το ενεργειακό ισοζύγιο της ατμόσφαιρας, τα ατμοσφαιρικά αιωρούμενα 

σωματίδια και ο ρόλος τους στο ενεργειακό ισοζύγιο της γήινης ατμόσφαιρας, στους μηχανισμούς 

δημιουργίας των νεφών, καθώς και στις αλληλεπιδράσεις μεταξύ αερολυμάτων-νεφών. Στο 

Κεφάλαιο 3 παρουσιάζονται τα πειραματικά όργανα των επιτόπιων μετρήσεων που 

χρησιμοποιήθηκαν στην πλαίσιο της παρούσας Διδακτορικής Διατριβής. Στο Κεφάλαιο 4 

παρουσιάζεται το θεωρητικό υπόβαθρο των μεθόδων ενεργητικής και παθητικής τηλεπισκόπησης, 

και των εφαρμογών τους στον χαρακτηρισμό της ατμοσφαιρικής τύρβης και την ανάκτηση των 

μικροφυσικών ιδιοτήτων των νεφών. Στο Κεφάλαιο 5 παρουσιάζονται τα ατμοσφαιρικά μοντέλα και 

παραμετροποιήσεις που χρησιμοποιήθηκαν. Τέλος, στο Κεφάλαιο 6 παρουσιάζονται τα κυριότερα 

αποτελέσματα που δημοσιεύθηκαν σε διεθνή επιστημονικά περιοδικά με κριτές, ως αυτοτελείς 

ερευνητικές εργασίες και τέλος, αναφέρονται τα κύρια αποτελέσματα της Διδακτορικής Διατριβής. 

 Ακολούθως, αναφέρουμε, με αναλυτικότερο τρόπο, τα τέσσερα (δημοσιευμένα, είτε υπό 

κρίση, είτε σε στάδιο υποβολής) άρθρα που εκπονήθηκαν στο πλαίσιο της παρούσας Διδακτορικής 

Διατριβής, τα οποία έχουν σαν κοινό χαρακτηριστικό τη συνέργεια των τεχνικών τηλεπισκόπησης με 

τις επιτόπιες μετρήσεις. 

Συνοπτικά, στο Άρθρο I αρχικά αναβαθμίσαμε τον υπάρχοντα αλγόριθμο ανάκτησης του 

αριθμού των νεφοσταγονιδίων (𝑁𝑑) με τη χρήση δορυφορικής τηλεπισκόπησης (Grosvenor, 2018 

με βάση δορυφορικές μετρήσεις, προσθέτοντας την ρητή εξάρτηση του 𝑁𝑑 ως προς  τη φασματική 

διασπορά των σταγονιδίων (𝛽). Στην συνέχεια ο αλγόριθμος εφαρμόσθηκε με μεταβλητές εισόδου 

τις μικροφυσικές παραμέτρους (οπτικό πάχος (𝜏), ενεργή ακτίνα νεφοσταγονιδίων (𝑟𝑒𝑓𝑓) και 

θερμοκρασία κορυφής του νέφους (𝛵𝑐𝑡)) από το δορυφορικό προϊόν ”Optimal Cloud Analysis” της 

METEOSAT, τις κατακόρυφες κατανομές της πίεσης και θερμοκρασίας από το μοντέλο ERA5 

(Hersbach κ.α., 2018), και τέλος, υπολογίσθηκε ο συνολικός ρυθμός συμπύκνωσης των νεφών (Zhu 

κ.α., 2018) με βάση το ύψος της κορυφής των μελετούμενων  νεφών. Ακολούθως,  συνοψίσαμε τις 

υπάρχουσες σχέσεις (𝛽-𝑁𝑑) μεταξύ της φασματικής διασποράς των σταγονιδίων 𝛽 και του αριθμού 
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των νεφοσταγονιδίων 𝑁𝑑 με βάση τη διαθέσιμη βιβλιογραφία και ανακτήσαμε τις  τιμές του 

αριθμού των νεφοσταγονιδίων (𝑁𝑑
𝑠𝑎𝑡) για κάθε σχέση (𝛽-𝑁𝑑) ξεχωριστά, και τις αξιολογήσαμε ως 

προς τις επιτόπιες (in situ) εκτιμήσεις του 𝑁𝑑, μέσω της παραμετροποίησης ενεργοποίησης των 

σταγονιδίων, κατά Nenes και Seinfeld (2003). Τα αποτελέσματα των αξιολογήσεων έδειξαν ότι στην 

περίπτωση που χρησιμοποιούμε μία σταθερή κατανομή των σταγονιδίων (σταθερή τιμή του 𝛽, 

όπως προτείνουν οι Z06, GCMs και F11), οι ανακτώμενες τιμές του 𝑁𝑑
𝑠𝑎𝑡 τείνουν να υποεκτιμούν τον 

αριθμό των νεφοσταγονιδίων κατά 34% ±16%, ενώ στην περίπτωση που χρησιμοποιούμε μια 

εξαρτώμενη κατανομή των σταγονιδίων από τον αριθμό των νεφοσταγονιδίων (όπως προτείνουν οι 

RL03, και PL03), τότε οι ανακτώμενες τιμές του 𝑁𝑑
𝑠𝑎𝑡 τείνουν να υπερεκτιμώνται σημαντικά στην 

περίπτωση των RL03, ενώ για την περίπτωση των RL03 οι τιμές του 𝑁𝑑
𝑠𝑎𝑡 υπoεκτιμώνται κατά  13.2% 

± 34.8%. 

 

Εικόνα 1. (Αριστερά): Η γραμμική προσαρμογή ευθείας για τον προσδιορισμό της σχέσης μεταξύ της φασματικής 
διασποράς των σταγονιδίων και του αριθμού των νεφοσταγονιδίων (β-Nd) με βάση τις επιτόπιες μετρήσεις, (Δεξιά): Η 
κατανομή του μέσου κανονικοποιημένου σφάλματος (MNB) (Nd - Nd

sat) χρησιμοποιώντας τις βιβλιογραφικές σχέσεις i) 
M94, ii) RL03, iii) PL03, iv) F11, v) Z06, vi) GCMs, καθώς και την βελτιστοποιημένη στις επιτόπιες παρατηρήσεις, και vii) 
OPT, αντίστοιχα. 

Επίσης,  υπολογίσθηκε μία νέα σχέση (𝛽-𝑁𝑑) η οποία βασίζεται στις εκτιμήσεις των επιτόπιων 𝑁𝑑 η 

οποία ελαχιστοποιεί την απόκλιση μεταξύ 𝑁𝑑-𝑁𝑑
𝑠𝑎𝑡 κατά 8.4% ± 33.4%. Η τάξη της ακρίβειας πλέον 

είναι συγκρίσιμη με αυτή, όταν συγκρίνεται η απόδοση της παραμετροποίησης με τις επιτόπιες 

μετρήσεις νεφοσταγονιδίων. Αν και τα αποτελέσματα αυτής της σχέσης (𝛽-𝑁𝑑) που προτάθηκε είναι 

αρκετά ενθαρρυντικά, απαιτείται περισσότερη έρευνα για να αξιολογηθεί ο βαθμός αξιοπιστίας της, 

ώστε η μέθοδός μας να μπορεί να εφαρμοσθεί και σε άλλες γεωγραφικές θέσεις, καθώς και σε 

κλιματικά μοντέλα. 

Στο Άρθρο ΙI, εξετάσαμε τα μοτίβα της τοπικής μεταφοράς νεοσύνθετων (fresh) και γηρασμένων 

(aged) αιωρούμενων σωματιδίων στον σταθμό παρακολούθησης και χαρακτηρισμού των 

αιωρούμενων σωματιδίων του Εθνικού Κέντρου Έρευνας Φυσικών Επιστημών (Ε.Κ.Ε.Φ.Ε.) 

«Δημόκριτος» (DEM) στην Αγία Παρασκευή (Αττικής), καθώς και του τρόπου με τον οποίο 

επηρεάζονται οι συγκεντρώσεις των αιωρούμενων σωματιδίων σε σχέση με τη θέση του σταθμού 

ως προς το ύψους του ΑΟΣ (εντός, ενδιάμεσα και εκτός ΑΟΣ). 

Το ύψος του ΑΟΣ υπολογίσθηκε με βάση την τύρβη του ατμοσφαιρικού στρώματος μέσω μετρήσεων 

της κατακόρυφης κατανομής της διεύθυνσης και έντασης του οριζόντιου ανέμου, με χρήση 
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συστήματος Lidar Doppler. Παράλληλα, χρησιμοποιήθηκαν επιτόπιοι δειγματολήπτες για τον 

χαρακτηρισμό της χημικής σύνθεσης και της κατανομής μεγέθους των αιωρούμενων σωματιδίων 

κατά τη διάρκεια της περιόδου από 15 Μαρτίου έως 2 Ιουλίου 2020. Δεδομένου ότι τα νεοσύνθετα 

αιωρούμενα σωματίδια έχουν μέγεθος μικρότερο των 200 nm, ενώ τα γηρασμένα είναι αρκετά 

μεγαλύτερα, διαχωρίσαμε τον συνολικό αριθμό αιωρούμενων σωματιδίων με βάση την κατανομή 

μεγέθους τους σε λεπτά (Ν10-200nm) (διάμετρος < 200 nm και σε αδρά (Ν200-500nm) (διάμετρος > 200 

nm), αντίστοιχα.   
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Εικόνα 2. Ομαδοποίηση (Clustering) των N10-200nm και N200-550nm με βάση την ένταση και την προέλευση του οριζόντιου 
ανέμου στο σταθμό DEM κατά την διάρκεια της ημέρας και νύχτας, αντίστοιχα. Η χρωματική κλίμακα της κάθε ομάδας 
(cluster) αντιπροσωπεύει τη συγκέντρωση αερολυμάτων. 

Διαπιστώσαμε λοιπόν, ότι η συγκέντρωση των αιωρούμενων σωματιδίων αυξάνεται σημαντικά 

όταν οι αέριες μάζες προέρχονται από τον Ν-ΝΔ τομέα της Αττικής, ο οποίος σχετίζεται με εκπομπές 

κυρίως, από την κυκλοφορία των οχημάτων (6053 ± 3784 cm-3 και 171 ± 123 cm-3, αναφορικά με τα 

νεοσύνθετα και γηρασμένα σωματίδια, αντίστοιχα), καθώς και στις περιπτώσεις στις οποίες ο 

άνεμος προέρχεται από τον Β-ΒΑ τομέα για τα νεοσύνθετα σωματίδια (5911 ± 3252 cm-3).  

Αντίθετα, στην περίπτωση όπου ασθενείς άνεμοι πνέουν από τον ΒΑ-ΝΑ τομέα, οι αέριες 

μάζες προέρχονται από την περιοχή των Μεσογείων, Αττικής, η οποία χαρακτηρίζεται ως μια  

περιφερειακή περιοχή χαμηλών εκπομπών, μεταφέρονται, αντίστοιχα, χαμηλές συγκεντρώσεις σε 

αερολύματα (2879 ± 1832 cm-3 και 204 ± 127 cm-3 αναφορικά με τα νεοσύνθετα και γηρασμένα 

σωματίδια, αντίστοιχα). Επιπλέον, εντοπίσαμε καταβατικές ροές ανέμου κατά τη διάρκεια της 

νύχτας από τον Υμηττό, οι οποίες περιστασιακά, είτε μεταφέρουν ρύπους από ανώτερες 

στρωματώσεις ενισχύοντας τα επεισόδια αέριας ρύπανσης (2931 ± 1770 cm-3 και 214 ± 152 cm-3 
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αναφορικά με τα νεοσύνθετα και γηρασμένα σωματίδια, αντίστοιχα, όταν η ταχύτητα του ανέμου 

είναι μεγαλύτερη από 4 m s-1), είτε μεταφέρουν λιγότερο ρυπασμένες αέριες μάζες από το 

Λεκανοπέδιο της Αθήνας, μειώνοντας σημαντικά τις συγκεντρώσεις των αιωρούμενων σωματιδίων 

στην περιοχή στον σταθμό του ΕΚΕΦΕ-Δημόκριτος στην Αγία Παρασκευή.  

Επίσης, χρησιμοποιήσαμε την προσέγγιση (προσομοίωση) ενός δυναμικού κουτιού Hanna 

et al. (1982) για να υπολογίσουμε το αποτύπωμα της μεταβολής του ύψους του ΑΟΣ στις 

συγκεντρώσεις των αέριων ρύπων (δηλ. N10-200nm, N200-500nm και του ισοδύναμου μαύρου άνθρακα-

eBC). Γενικά, το ύψος του ΑΟΣ επηρεάζει την ικανότητα των αέριων ρύπων να διαχυθούν και να 

μεταφερθούν οριζόντια μέσα σε αυτό, καθώς σε ένα ρηχό στρώμα ΑΟΣ, δηλαδή με χαμηλό ύψος, η 

επίδραση της επιφανειακής τριβής του εδάφους γίνεται σημαντική μειώνοντας την ταχύτητα του 

ανέμου σε αυτό και καταλήγει σε μειωμένη οριζόντια μεταφορά αέριων ρύπων, ενώ στην αντίθετη 

περίπτωση, ένα βαθύ ΑΟΣ επιτρέπει την καλύτερη διάχυση των αέριων ρύπων και τους μεταφέρει 

σε μεγαλύτερες αποστάσεις. Τα αποτελέσματα της ανάλυσης μας έδειξαν ότι η μεταβολή του ύψους 

του ΑΟΣ επιδρά στις συγκεντρώσεις σωματιδίων που παρατηρούνται στο έδαφος, καθώς 

οποιαδήποτε διακύμανση του ύψους του ΑΟΣ σχετίζεται, εν μέρει, με αλλαγές στην οριζόντια 

μεταφορά, ενώ το ακριβές ισοζύγιο εξαρτάται από τις αλλαγές στις εκπομπές ή εναποθέσεις 

σωματιδίων στο Λεκανοπέδιο Αττικής. 

 Στο Άρθρο III, εξετάσθηκε η δυνατότητα προσδιορισμού του ύψους του ΑΟΣ  με χρήση 

συστήματος lidar ανέμου (Wind Doppler Lidar) στην κορυφή του όρους Χελμός. Η μέθοδος αυτή 

βασίζεται στη μέτρηση της κατακόρυφης κατανομής της τύρβης (𝜎𝑤) που αφορά την κατακόρυφη 

συνιστώσα του ανέμου w, η οποία μπορεί να μετρηθεί με το  σύστημα αυτό, ενώ το ύψος του ΑΟΣ 

προσδιορίζεται σε εκείνη την τιμή, όπου η τιμή του 𝜎𝑤 γίνεται μικρότερη από μια χαρακτηριστική 

τιμή κατωφλίου, την οποία προσδιορίσαμε με ακρίβεια. Έτσι, για τον προσδιορισμό της τιμής 

κατωφλίου, εκμεταλλευτήκαμε την υψομετρική διαφορά που υπάρχει μεταξύ του σταθμού 

παρακολούθησης της ατμοσφαιρικής ρύπανσης και της κλιματικής αλλαγής στη κορυφή του Χελμού 

(ΗΑC)2, και ενός χαμηλότερου σημείου (Βαθιά Λάκα) όπου είχε εγκατασταθεί ένα σύστημα lidar 

ανέμου, ικανό να παρέχει συνεχείς μετρήσεις της τύρβης στο ύψος του (ΗΑC)2. 

Δεδομένου ότι η φυσικο-χημική σύσταση της ελεύθερης τροπόσφαιρας διαφέρει από εκείνη εντός 

του ΑΟΣ (πχ. η ελεύθερη τροπόσφαιρα, συνήθως χαρακτηρίζεται από ξηρές αέριες μάζες, με 

χαμηλές συγκεντρώσεις σωματιδίων και βιοσωματιδίων σε σχέση με το ΑΟΣ), και δεδομένου ότι ο 

σταθμός (ΗΑC)2 ευρισκόμενος στην κορυφή του Χελμού, μπορεί να ευρίσκεται στην ελεύθερη 

τροπόσφαιρα, ή εντός του ΑΟΣ, ή ακόμα σε μια ζώνη μετάβασης μεταξύ του ΑΟΣ και της ελεύθερης 

τροπόσφαιρας, συσχετίσαμε τις επιτόπιες μετρήσεις των αέριων ρύπων (βιοσωματίδια, 

αιωρούμενα σωματίδια, eBC) στον (ΗΑC)2, της σχετικής υγρασίας, με τις μετρήσεις τύρβης στο ύψος 

του (ΗΑC)2 και εντοπίσαμε τρεις χωρο-χρονικές περιόδους, όταν:  

α) ο (ΗΑC)2ευρίσκεται εντός του ΑΟΣ, και περιβάλλεται από υγρές αέριες μάζες, με υψηλές 

συγκεντρώσεις αιωρούμενων σωματιδίων, βιοσωματιδίων και ανθρωπογενούς ρύπανσης (στο 

ύψος του (ΗΑC)2 η τύρβη 𝜎𝑤 > 0.1 m s-1). 

β) ο (ΗΑC)2 ευρίσκεται εντός της ελεύθερης τροπόσφαιρας, και περιβάλλεται από σχετικά ξηρές 

αέριες μάζες, με χαμηλές συγκεντρώσεις αιωρούμενων σωματιδίων, βιοσωματιδίων και 

ανθρωπογενούς ρύπανσης (στο ύψος του (ΗΑC)2 η τύρβη 𝜎𝑤  < 0.1 m s-1). 

γ) ο (ΗΑC)2 ευρίσκεται  στη ζώνη μετάβασης μεταξύ του ΑΟΣ και της ελεύθερης τροπόσφαιρας, όπου 

η επίδραση του ΑΟΣ αναφορικά με τους αέριους ρύπους παραμένει ακόμα σημαντική, αλλά τείνει 

να εξασθενεί. 



 

Doctoral Thesis – FOSKINIS Romanos 9  

 

Επομένως, χρησιμοποιώντας μια τιμή 𝜎𝑤  = 0.1 m s-1 σαν τιμή κατωφλίου, μπορέσαμε να 

διαχωρίσουμε, με επιτυχία, πότε ο (ΗΑC)2  ευρίσκεται εντός της ελεύθερης τροπόσφαιρας και κατ’ 

επέκταση να προσδιορίσουμε το ύψος του ΑΟΣ συμπεριλαμβάνοντας και τη ζώνη μετάβασης. 

 

Εικόνα 3. Διάγραμμα διασποράς των a) eBC (μg m-3), b) BC και ABC (cm-3), c) Ntot (cm-3) and N90-800nm /Ntot και d) w (g kg-1) 
και RH (%) σε σχέση με το σw (m s-1) στο ύψος του (HAC)2. Οι κόκκινες καμπύλες αντιπροσωπεύουν την κανονικοποιημένη 
συχνότητα της κάθε μέτρησης, ενώ οι μαύρες καμπύλες αντιπροσωπεύουν την αθροιστική πιθανότητα εμφάνισης της 
μέτρησης. Οι κατακόρυφες ευθείες παρουσιάζουν την τιμή κατωφλίου  0.1 m s-1 επισημαίνοντας την μετάβαση μεταξύ  
της ελεύθερης τροπόσφαιρας (αριστερά της κόκκινης) και του ΑΟΣ  (δεξιά της κόκκινης γραμμής). 

Στο Άρθρο IV, εξετάσαμε την υγροσκοπικότητα των  αιωρούμενων σωματιδίων πριν την 

δημιουργία των νεφών, καθώς και των μη ενεργοποιημένων σωματιδίων σε νεφοσταγονίδια κατά 

τον σχηματισμό ορογραφικών νεφών σε σχέση με την προέλευση της αέριας μάζας που σχημάτισε 

τα μελετούμενα νέφη (στο ΑΟΣ και στην ελεύθερη τροπόσφαιρα), για να κατανοήσουμε τον τρόπο 

σχηματισμού των νεφών (καθεστώτα περιορισμένα από σωματίδια/δυναμικής). Για το σκοπό αυτό 

ήταν αναγκαίο να αναπτύξουμε μια τεχνική εικονικού φίλτρου, η οποία μπορεί να χρησιμοποιηθεί 

σε συστήματα ενός συλλέκτη με δεδομένη τη συνεχή μέτρηση του μεγέθους των σταγονιδίων, ώστε 

να διαχωρίσουμε τα αποξηραμένα νεφοσταγονίδια από τα μη ενεργοποιημένων σωματιδίων. Η 

μέθοδος αυτή βασίζεται στον προσδιορισμό του ελάχιστου μεγέθους σταγονιδίων που μπορούν να 

διεισδύσουν στη γραμμή ροής (χαρακτηριστικό μέγεθος).  
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Χρησιμοποιώντας την τεχνική εικονικού φίλτρου, διαχωρίσαμε τις στιγμές κατά τις οποίες  

η δειγματοληψία που πραγματοποιούνταν εντός των νεφών, αποτελούταν από ένα μίγμα μεταξύ 

μη ενεργοποιημένων σωματιδίων και αποξηραμένων σταγονιδίων, είτε μόνο από τα μη 

ενεργοποιημένα σωματίδια. Έτσι, υπολογίσαμε τη μέση υγροσκοπικότητα των σωματιδίων (κ*) πριν 

την δημιουργία των νεφών, καθώς επίσης και την υγροσκοπικότητα των ενεργοποιημένων και μη 

σωματιδίων. 

Στην περίπτωση όπου το αερόλυμα (ή τα σωματίδια) προέρχονται από την ελεύθερη 

τροπόσφαιρα, η υγροσκοπικότητα τους πριν την δημιουργία του νέφους βρέθηκε 0.34 ± 0.09, ενώ 

κατά την δημιουργία των νεφών η υγροσκοπικότητα των ενεργοποιημένων σωματιδίων βρέθηκε 

0.45 ± 0.20, ενώ των μη 0.31 ± 0.15.  Ομοίως, στην περίπτωση όπου το αερόλυμα προέρχονται από 

το ΑΟΣ, η υγροσκοπικότητα τους πριν την δημιουργία του νέφους βρέθηκε 0.43 ± 0.12, ενώ κατά την 

δημιουργία των νεφών 0.44 ± 0.18 και 0.29 ± 0.19 και για τα ενεργοποιημένα και μη, αντίστοιχα. 

Επιπλέον, χρησιμοποιώντας ένα θάλαμο ενεργοποίησης σωματιδίων, (θέτει τα σωματίδια σε 

διαφορετικούς υπερκορεσμούς και μετράει τον αριθμό των ενεργοποιημένων), υπολογίσαμε τον 

χαρακτηριστικό υπερκορεσμό (s*) του κάθε νέφους και βρήκαμε ότι όταν τα νέφη σχηματίζονται 

πάνω από προϋπάρχοντα σωματίδια που προέρχονται από την ελεύθερη τροπόσφαιρα, τότε τα 

νέφη είναι ευαίσθητα σε μεταβολές της συγκέντρωσης των αερολυμάτων (Reutter et. al., 2009), ενώ 

όταν τα νέφη σχηματίζονται από αερόλυμα προερχόμενο από το ΑΟΣ, είναι κυρίως ευαίσθητα σε 

μεταβολές στις μεταβολές ταχύτητας. 
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α) β) 

Εικόνα 4. Τα στατιστικά του s* (α) και κ* (β) σε δείγματα πριν τη δημιουργία νεφών, σε μίγματα μη ενεργοποιημένων 
σωματιδίων και αποξηραμένων σταγονιδίων, και των ενεργοποιημένων, για κάθε δείγμα όταν αυτά προήλθαν είτε από 
την ελεύθερη τροπόσφαιρα, είτε από το ΑΟΣ, αντίστοιχα. 

Επίσης, χρησιμοποιήσαμε μια παραμετροποίηση ενεργοποίησης σταγονιδίων η οποία 

βασίζεται στις μετρήσεις αερολυμάτων που προέρχονται είτε κάτω από τη βάση του νέφους είτε 

εντός του νέφους (in-cloud), αντίστοιχα, και υπολογίζει τον αριθμού των νεφοσταγονιδίων καθώς 

και τον μέγιστο υπερκορεσμό.  
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Εικόνα 5. Η σύγκριση του 𝑁𝑑 της παραμετροποίησης σε σχέση με τις επιτόπιες μετρήσεις, χρησιμοποιώντας τα 
αερολύματα που προέρχονται είτε εντός του νέφους ((HAC)2 ) (α), είτε κάτω από την βάση του (VL) (β), αντίστοιχα. Η 
χρωματική κλίμακα αντιστοιχεί στην συγκέντρωση του eBC που είναι αντιπροσωπευτική για τον χαρακτηρισμό της 
προέλευσης του αερολύματος (χαμηλές τιμές – ελεύθερη τροπόσφαιρα, υψηλές τιμές – ΑΟΣ) , ενώ το μέγεθος του 
συμβόλου αντιστοιχεί στο s* (s*<0.1% καθεστώτα όπου τα νέφη είναι ευαίσθητα σε μεταβολές της ταχύτητα, ενώ όταν το  
s* ~ 1 τα νέφη είναι ευαίσθητα σε μεταβολές του αερολύματος ). 

Χρησιμοποιώντας το αερόλυμα κάτω από τη βάση του νέφους, επιτεύχθηκε συμφωνία στον  

αριθμού των νεφοσταγονιδίων (𝑁𝑑) εντός ±25%, όταν αυτός προκύπτει από την παραμετροποίηση 

σε σχέση με τις επιτόπιες μετρήσεις. Στην περίπτωση που μετρήσεις αερολυμάτων που προέρχονται 

μέσα από το νέφος (in-cloud), διαπιστώσαμε ότι το 𝑁𝑑 που προκύπτει είναι υποτιμημένο σε 

σύγκριση με τις επιτόπιες μετρήσεις, ειδικά σε νέφη που είναι ευαίσθητα σε μεταβολές του 

αερολύματος. Καταλήγοντας, ότι το αερόλυμα εντός νέφους μπορεί να χρησιμοποιηθεί μόνο όταν 

τα νέφη είναι ευαίσθητα σε μεταβολές της ταχύτητας. Ενώ όταν τα αερολύματα προέρχονται κάτω 

από τη βάση του νέφους είναι αντιπροσωπευτικά για τις περιόδους πριν και μετά τη δημιουργία 

του νέφους. 

Επίσης, διαπιστώσαμε ότι η κατάσταση περιορισμένης ταχύτητας (κατάσταση όπου τα νέφη 

είναι ευαίσθητα στις μεταβολές στη ταχύτητας) επιβεβαιώνεται όταν ο χαρακτηριστικός 

υπερκορεσμός του νέφους είναι χαμηλός και συμφωνεί με τις προβλέψεις παραμετροποίησης. 
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ABSTRACT 

 

Aerosol-cloud interactions and their imprint on cloud albedo and climate still remain highly 

uncertain (Seinfeld et al., 2016; Quaas et al., 2020; IPCC, 2021), given the highly buffered, nonlinear 

and multiscale nature of clouds and their interactions with atmospheric dynamics, radiation, and 

aerosols (Stevens and Feingold, 2009). A major reason for these uncertainties corresponds to 

anthropogenic activities that cause variations in cloud condensation nuclei concentrations (CCN) 

leading to modulations in cloud droplet number concentration (𝑁𝑑) and the cloud's optical thickness, 

thus, affecting the Earth's radiation budget and climate. However, there is no single relation to 

describe the increase of 𝑁𝑑 in respect to CCN since the cloud formation depends on the 

supersaturation level inside the clouds (Feingold et al., 2001; Ghan et al., 1998; Reutter et al., 2009). 

It has been  shown that there are two regimes: the “aerosol-limited”, when supersaturation is high 

and 𝑁𝑑 is very sensitive to aerosol changes and the  “velocity-limited”, when the supersaturation is 

so low that 𝑁𝑑 is insensitive to aerosol changes (Reutter et al., 2009). The supersaturation depends 

only on the intensity of atmospheric turbulence within the PBL (Bougiatioti et al., 2020; Georgakaki 

et al., 2021; Kacarab et al., 2020) which is a second major reason for the uncertainties on the 𝑁𝑑, 

since there is lack of such global datasets especially regarding the cloud-base updrafts (Rosenfeld et 

al., 2016). The remote sensing techniques are the only ones with the potential to obtain global 

datasets to improve the current retrieval algorithms (Quaas et al. (2020) and to contribute to 

minimizing the current uncertainties on the estimation of the 𝑁𝑑 

 This Doctoral Thesis aims to implement and further improve existing remote sensing 

approaches for the retrieval of 𝑁𝑑 in non-precipitating Planetary Boundary Layer clouds (PBLC), and 

for the study of the Planetary Boundary Layer (PBL) dynamics, using a combination of in situ 

observations, ground-based remote sensing and model data. This Thesis is based on four original 

papers, focusing mainly on the use of the synergies of remote sensing and in situ techniques in 

atmospheric applications for retrieving the aerosol and cloud properties, as well as the Planetary 

Boundary Layer (PBL) dynamics.  

The main objectives of this Thesis are: a) to further improve an established satellite droplet 

number retrieval algorithm (Bennartz, 2007), which illustrates the cloud microphysical variables 

derived by the METEOSAT, at non-precipitating PBLC where the dependence on spectral dispersion 

of droplets droplet number is explicitly accounted, and to examine its performance against the in situ 

𝑁𝑑 estimations obtained by the droplet activation parameterization of the Nenes and Seinfeld (2003) 

(Paper I); b) to use a wind Doppler lidar to measure the height of PBL (PBLH), and investigate the 

effect of local air mass circulation and transport patterns on the aerosol load in respect of the PBLH 

diurnal cycle (Paper II); to determine a reliable threshold to be used at the PBLH retrieving technique 

using wind Doppler lidar in an orographic environment (Paper III); to utilize the in situ measurements 

obtained at the high-altitude station Hellenic Atmospheric Aerosol and Climate Change station (HAC)2 

at the Helmos mountain (Greece), alongside the established threshold for retrieving the PBLH (Paper 

III), to measure the pre-cloud aerosol hygroscopicity, as well as the hygroscopicity of the cloud 

residuals during orographic clouds formation in respect of its relation to airmass origin, and 

understand the cloud formation state (aerosol-/velocity-limited regimes) and its link to airmass origin 

(PBL, free tropospheric, etc.) (Paper IV). 
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This  Doctoral Thesis is organized as follows: the theoretical background of the atmospheric 
radiation, aerosol particles, cloud microphysics, and aerosol-cloud interactions are described in 
Section 2; the in situ measuring experimental techniques are described in Section 3; the remote 
sensing experimental  techniques are described in Section 4; the models and parameterizations  used 
are presented in Section 5; the main results of each original papers are presented  in Section 6; while 
the conclusions/findings are described in Section 7. 
 

Keywords 

 

Active and Passive remote sensing, LiDAR, Satellite, Aerosols, Clouds, in situ observations 
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1 INTRODUCTION 

 

The atmosphere contains several distinct stratified layers based on the temperature vertical 

profile; most of the atmospheric mass (consisting of a mixture of water vapour, gases, aerosols, and 

molecules) is contained in the first two layers, the troposphere, and the stratosphere. The 

troposphere is the lower atmospheric layer which extends from the Earth's surface up to about 7-17 

km depending on the geographic latitude (Wallace and Hobbs, 2006). In this atmospheric layer the 

main weather phenomena occur, including chemical reactions, clouds, and precipitation.; the 

stratosphere, is located above the tropopause and extends up to about 50-55 km height and is 

characterized by very low water content and very high ozone concentrations (ozone layer) acting as 

a filter of the incoming ultraviolet solar radiation. The Earth's energy budget is controlled by the 

exchange of energy between the incoming shortwave solar radiation and the outgoing Earth’s 

longwave radiation, the top of the atmosphere, as well as the atmospheric gases, aerosols, and clouds 

(Hansen et al., 2005, Wallace and Hobbs, 2006) 

The primary composition of the atmosphere is of 78% N2, 21% of O2, 0.93% of Ar, as well as of 

other gases, like CO2, CH4, O3, which play a crucial in the global warming effect, due to their increasing 

concentration in the troposphere. Besides gases, the atmosphere contains aerosol particles (primary 

or secondary ones) which are solid or liquid particles of different chemical composition and origin; 

their size varies from a few nm to several μm. Although the aerosol particles are found in rather small 

quantities in the atmosphere, they play a key role in the climate sensitivity since they can influence 

the Earth's radiation budget by scattering (cooling effect) or absorbing (warming effect) the incoming 

solar radiation and the outgoing Earth’s radiation (c.f. Figure 1.1). Last, but not least, the aerosols can 

act as CCN, affecting the cloud formation and their physical properties (e.g., lifetime). The aerosols 

also participate in complex chemical reactions in the atmosphere, leading in the formation of 

secondary aerosols (c.f. Figure 1.1). Thus, the aerosol particles and their interactions with clouds are 

of great scientific interest, given the large uncertainty of modeling them, as they participate in the 

radiation budget in the atmosphere and impact on the air quality and climate (McCormick and 

Ludwig, 1967; Twomey, 1974; Lohmann and Feichter, 2005; IPCC, 2014). 

 
Figure 1.1. A Schematic representation of the atmospheric processes linking aerosol particles, clouds, precipitation, and 
radiation (Baray et al., 2020). 
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 The aerosol particles are characterized as natural and anthropogenic ones, based on their 

source origin. The natural aerosols belong to the bioaerosols, when they are released from plants, 

animals or oceans, including seeds, pollen, and spores (usually 1–250 μm in diameter), bacteria, 

algae, protozoa, fungi, and viruses (generally less than 1 μm in diameter), or from oceanic organic 

material injected by jet drops when an air bubble bursts;  when these drops are evaporated they 

release sea-salt particles and other materials in the atmosphere; the natural aerosols are mainly 

emitted from large natural sources such as desert areas, volcanic eruptions, biomass burning (e.g. 

wildfire events). 

The anthropogenic particles are mostly emitted from processes like fuel combustion, biomass 

burning, road dust from roads, and industrial processes. The global input of anthropogenic particles 

into the atmosphere contributes to about 20% of the average mass of the global natural sources and 

their concentration increases in relation to the extent of the human activities. The aerosol particles 

can be also formed in situ by the condensation of gases, leading to the formation of secondary 

particles (Seinfeld and Pandis, 2016)  

 The residence times of the aerosols in the atmosphere vary from a few days in the lower 

troposphere to some months in the upper troposphere and the stratosphere (Seinfeld and Pandis, 

2016). The residence time is generally related to their size and mass (aerosols with diameters <0.01 

μm can be removed by diffusion to cloud particles and coagulation in the atmosphere, while those 

with diameters >20 μm can be removed, by sedimentation, impaction onto surfaces, and from 

precipitation scavenging. The aerosols with diameters 0.2-2 μm may stay much longer, usually 

reaching several hundred days in the upper troposphere, or a few weeks in the middle and lower 

troposphere and are removed by precipitation scavenging (Seinfeld and Pandis, 2016). 

When a moist air parcel becomes supersaturated, the water vapour condenses onto the aerosol 

particle's surface and forms droplets, the so-called “Cloud Condescension Nuclei” (CCN), while in 

extremely low temperatures the water vapour spontaneously freezes on its self (called homogeneous 

freezing), or onto the aerosol particle's surface so-called “Ice Nuclei” (IN) (called heterogeneous 

freezing).  

The clouds are characterized based on their content, as warm clouds, when they consist of cloud 

droplets and interstitial aerosols, as mixed-phased clouds, when they consist of cloud droplets and 

ice crystals and as ice clouds, when they only consist of ice crystals and interstitial aerosols. Each type 

of cloud is found at different atmospheric heights in relation to their temperature. Thus, the warm 

clouds are found at heights where the temperature is above 0o C. The mixed-phased where the 

temperature is above -35oC and below 0o C, while the ice phase clouds are found in heights where 

the temperature is below -35oC.  

Given the different cloud top temperatures, each cloud type exhibits contrasting net radiative 

effects (Ramanathan et al., 1989). As a result, the low-level clouds, reflect the incoming solar 

radiation (shortwave radiation) into space, thus reducing the amount of the incoming radiation 

reaching the Earth’s surface. These clouds have typically a cooling effect on the Earth's surface (Lynch, 

1996), but they can also absorb and re-emit the outgoing longwave radiation (infrared radiation), 

thus producing a warming effect in the atmosphere. The high-level clouds are highly transparent to 

shortwave radiation, but they can readily absorb the outgoing longwave radiation, mostly 

contributing to warming effect. In contrast, several recent studies showed that low-level Arctic clouds 

have a warming effect (Intrieri et al., 2002; Cronin and Tziperman, 2015) and that is why the ice-

covered ground surface is more efficient in reflecting incoming radiation, thus the presence of low-
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level clouds contribute to warming. As a result, not only the type and the cloud microphysical 

properties affects the radiation budget, but also the location (e.g. above ice) where the clouds are 

formed. 

However, the efficient modeling of aerosols in cloud-scale remains still unclear, since some 

aerosols were found to be more efficient in acting as CCN or IN than others (Demott et al., 2003; 

Atkinson et al., 2013; Kanji et al., 2017),  thus, their importance in cloud-scale remains debatable 

(Ansmann et al., 2009; Zhang et al., 2015; Li et al., 2017; Zamora et al., 2018). As a result, even though 

the understanding of the clouds and the aerosols separately is quite well, the aerosol-cloud 

interactions overall are still one of the low scientific understating aspects, while they are the stronger 

factor that contributes to climate cooling effect, which mitigates some of the greenhouse gas 

warming and affects climate sensitivity (Boucher et al., 2013; Stevens and Feingold, 2009; Calvin et 

al., 2023). Therefore, there is a pressing need for continuous monitoring of the aerosol particles and 

clouds, having extensive global datasets to understand their relative importance (Rosenfeld et al., 

2016), while the only remote sensing techniques offer the potential of obtaining global datasets with 

frequent coverage, carrying many uncertainties that require constraints that can only be addressed 

with in situ and/or ground-based remote sensing observations (Quaas et al., 2020) - and that is why 

this doctoral dissertation emphasizes on studying the aerosols and clouds using multiple remote 

sensing techniques and synergies of in situ instrumentation. 

Remote sensing techniques refer to obtaining information about a target remotely by 

analyzing how the target interacts with electromagnetic radiation. There are two types of remote 

sensors, those that are focused on how a target interacts with the solar radiation, so-called “passive”, 

and those that emit their electromagnetic radiation in various wavelengths, so sensors are focused 

on these separately. For instance, the geostationary meteorological satellites (METEOSAT) operated 

by the European Organization for the Exploitation of Meteorological Satellites (EUMETSAT) are 

equipped with a multi-spectral which range from 0.4 to 14.40 μm to collect the backscattered solar 

radiation from the clouds or the Earth’s surface, while the elastic or Raman Light Detection and 

Ranging (lidar) instrument, transmits a pulsed single-wavelength laser beam (e.g., at 355nm) into the 

atmosphere and collects as a time-resolved the backscattered signal from the aerosols or clouds, and 

that is the way we obtain the cloud microphysical quantities and the aerosol properties remotely to 

initialize the weather forecasting models. The key point of remote sensing is to use suitable 

wavelength ranges where the given target is sensitive to them, given that the scatterers follow the 

Mie scattering, the cloud droplets are sensitive to the visual band, while the aerosols are on near- 

/infrared band. As a result, each of the targets (clouds or aerosols) can reflect, scatter, or absorb a 

fraction of the incident electromagnetic radiation.  

Nowadays, the lidar applications in atmospheric research have been increasingly employed 

in aerosol monitoring (Weitkamp, 2005), while they have been extended to wind retrievals using the 

Doppler shifting effect by measuring the relevant motion of the moving aerosols with high 

vertical/temporal resolution of a few meters/seconds, respectively. Additionally, the new METEOSAT 

series (MSG-3/4) satellites offer highly detailed imagery with a high spatial resolution (a few 

kilometers) every 15 minutes in 12 channels (within visible and thermal range) for cloud applications. 

Thus, these applications give a great potential to study and improve our current knowledge of 

aerosols and clouds by offering the potential of obtaining global datasets in high frequency and 

spatial coverage, while using the synergy of lidar-satellite and in situ observations, making them a 

powerful tool to study aerosol-cloud interactions.  
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2 FUNDAMENTALS 

2.1 RADIATION AND EARTH’S ATMOSPHERE 
 

Talking about radiation in atmospheric science, what matters is the radiation budget within 

the atmosphere. The incoming radiation is emitted by the sun (solar) while the outgoing is by the 

Earth (terrestrial), while each radiation differs in its spectral width and shape; the spectral width of 

the emitted spectrum of the Sun ranges from 0.15 to 4 μm, while that of the Earth emits in the 

infrared from 0.1 μm to 100 μm. As the Earth’s atmosphere contains gases, molecules, and aerosols, 

all of them contribute to the extinction of the incoming solar and terrestrial radiation, while the 

different types of land cover and clouds contribute to the reflection and scattering of both radiations. 

The incoming solar radiation at the Top of the Atmosphere (TOA) equals 340 ± 1 W m-2, of which 75 

W m-2 are reflected from the clouds and 25 W m-2 from the Earth’s surface back to space, while 239 

± 3 W m-2 are emitted in the thermal spectrum to space both from clouds and the Earth’s surface. 

Additionally, 80 ± 9 W m-2 are absorbed by the atmosphere, 103 ± 3 W m-2 are converted to 

evaporation and sensible heat, while 342 ± 5 W m-2 are remitted from the atmosphere back to the 

Earth, giving an imbalance of 0.7 ± 0.2 W m-2 which is responsible for the global warming effect (Calvin 

et al., 2023). However, this is not always the case since the cloud coverage and their reflectance, the 

aerosol spatial concentrations and the land-cover show large spatiotemporal variations leading to a 

modification of the Earth’s radiation budget (c.f. Figure 2.1). 

 

Figure 2.1. Schematic representation of the global mean energy budget of the Earth the numbers indicate the estimates for 
the magnitudes of the globally averaged energy balance components in W m–2 together with their uncertainty ranges (IPCC, 
2021). 

Other strong modulators of the radiation budget (not shown in Figure 2.1) are the atmospheric 

aerosol particles. The Atmospheric particles hold a key role in the Earth’s radiative budget, through 

the so-called aerosol "direct" and "indirect" radiative effects. The direct effect represents the ability 

of particles to absorb and scatter short-wave radiation and thus, they can directly affect the amount 

of the incoming radiation reaching the Earth’s surface. These effects primarily depend on the aerosol 

optical properties and their size distribution (Bond et al., 2013) especially when their diameters range 
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from 50 nm to 50 μm (Charlson et al., 2016). Moreover, as particles play the important role of CCN 

and ice nuclei (IN), they can modulate the cloud properties (e.g. cloud albedo, precipitation and 

lifetime), an effect called the "indirect" effect, which finally has a strong role in the Earth's radiation 

energy balance. Thus, the aerosol-cloud interactions constitute the largest source of uncertainty in 

the anthropogenic climate change (IPCC, 2023; WMO, 2022).  

 

Figure 2.2. The change in effective radiative forcing from 1750 to 2019 in W m–2, Figure 7.6 in IPCC (2021). 

Overall, the aerosol particles have direct and indirect effects on the radiation budget having a 

significant contribution in climate change, but still now, the exact relationship between aerosols and 

clouds is not fully understood. Thus, understanding their effects and interactions with other climate 

factors is crucial for accurate climate modeling and effective climate change mitigation strategies 

(IPPC 2021; Quaas et al. 2022). For this purpose, the Effective Radiative Forcing (ERF) (units: W m-2) 

has been proposed to quantify the change in the net TOA energy flux of the Earth system due to 

adjustments in aerosol concentrations, greenhouse gases, etc., including any consequent adjustment 

to the climate system (Calvin et al., 2023). Thus, what we know based on the ERF is that the high 

concentrations of greenhouse gases (CO2, CH4, N2O, Halogens, O3,  stratospheric H2O), of contrails 

and aviation-induced cirrus, of the light absorbing particles on snow and ice, have a positive feedback 

on the effective radiation forcing of about 2.72 ± 0.76 W m-2, while the change on the Earth’s surface 

albedo due to the change of its land-use, and last but not least, that the aerosol-cloud interactions 

and the aerosol-radiation effects produce a climate cooling of the order of  1.26 ± 0.63 W m-2 (c.f. 

Figure 2.2). It is also important to mention that the high sensitivity of climate on the aerosol-cloud 

interactions and the aerosol-radiation interactions considering the large uncertainty are the only 

parameters comparable to the ERF caused by CO2 which contributes the most to global warming and 

climate change, respectively. 
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2.2 PLANETARY BOUNDARY LAYER  
 

The majority of the aerosol particles and air pollutants emitted from the Earth’s surface are 

trapped within the Planetary Boundary Layer (PBL), which is the lowest part of the troposphere, is 

responsible for the energy and mass fluxes from the surface to the atmosphere (Stull, 1988). The 

structure and diurnal evolution of the PBLH regulate the dispersion of air pollutants and aerosol 

particles contained within the PBL (Seinfeld, 2003; Singh & Kumar, 2022; Haywood, 2021) with 

profound impacts on climate, ecosystems and health (Seinfeld et al. 2016, IPCC 2021). The PBLH is a 

result of the thermal expansion of air adjacent to the surface and thus tends to follow the diurnal 

cycle of sunlight: increasing during morning hours, becoming maximum around noon, gradually 

decaying in the afternoon and becoming minimum after sunset and into the night (c.f. Figure 2.3). 

 

Figure 2.3. The diurnal evolution of PBL (Source: COMET/METED adapted from Stull, 1988). 

Studying the PBL is challenging because it is not strictly defined, but rather a conceptual 

construct that can be characterized in different ways, since there are numerous approaches exist for 

its determination, each of which can yield different values of the PBLH, meaning that the quantity is 

inherently subject to uncertainty (Kotthaus et al., 2023), while it is crucial to determine since it has 

fundamental mechanisms that affect the aerosol transport and the cloud formation, respectively. 

 

Figure 2.4. A typical example of the PBL-aerosol intrusion during a cloud formation on the left, while the right represents a 
cloud formation over preexisted aerosol particles within the Free Tropospheric Layer (FTL). 

Given that, a deep layer contacts easier air pollutants to be transferred longer distances driven 

by the horizontal winds compared to shallow layers, thus the horizontal advection depends on the 
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extend of the PBL. Thus, the changes during the diurnal cycle of the PBLH affect the volume of the 

PBL, hence primary pollutants, emitted within the PBL, tend to be diluted more during daytime 

conditions than during nighttime ones (Duc et al., 2022), although this may vary considerably in urban 

regions and near intense aerosol sources (e.g., Foskinis et al., in review). 

Additionally, given that the majority of the aerosol particles and air pollutants are confined 

within the PBL, and given the lower formatted PBLC are formed at the interface of the PBL, the 

updrafts in the scale of the cloud base advects aerosols from PBL into the clouds (so-called “aerosol 

feeding mechanism”) which impact on the cloud properties such as the cloud supersaturation, the 

cloud droplet number and the droplet sizes, as well to determine if the cloud is sensitive to aerosol 

or velocity changes (c.f. Figure 2.4).  

2.3 ATMOSPHERIC AEROSOL PARTICLES 
 

The atmospheric aerosols are solid or liquid particles produced by natural or anthropogenic 

sources. Their lifetime varies from several hours (for the resuspended coarse dust particles) to several 

days (for the fine primary and secondary aerosols (soot, sulfate, etc.) (Seinfeld and Pandis, 2016). The 

natural aerosol sources comprise the wind-borne dust, sea spray, volcanic debris, biogenic aerosols, 

etc., while the anthropogenic ones comprise industrial emissions (such as sulfates and nitrates), 

agricultural emission activities (such as the wind-forced mineral dust mobilized in exploited areas), 

the fossil fuel combustion in general, waste and biomass burning (Tomasi and Lupi, 2016). Their 

composition can be directly influenced by anthropogenic emissions of primary particles and gases, 

the condensation of gaseous precursors of anthropogenic or natural origin, and natural sources such 

as the sea and erodible soils (Seinfeld and Pandis, 2016).  

The aerosol size varies in the range of a few nanometers to several tens of microns and can be 

categorized as coarse when their size ranges within 2.5-10 μm, fine with diameters of 5 nm-2.5 μm, 

and ultrafine with diameters less than 5nm (Hinds, 1999) (c.f. Figure 2.5). In general, the aerosols 

generated by primary combustion processes have diameters less than 50 nm; when produced by 

clean combustion their diameter is within a few tens of nanometers; the secondary aerosols are 

formed from gas-to-particle conversion processes and their diameter is within a few hundred of 

nanometers; finally, the particles with diameters from 50 nm to 2 μm correspond to aerosols 

originating from photochemical reactions (Seinfeld and Pandis, 2016). 

Recent studies by Eleftheriadis et al. (2014); Laden et al. (2006); Stafoggia and Bellander 

(2020); WMO (2022) showed that the aerosol particles have a serious impact on human health, air 

quality, and atmospheric visibility, and climate which remain uncertain, creating a great need for 

monitoring their size distribution and physico-chemical composition to further understand their role 

in these scientific open issues. Brook et al. (2010) and Olstrup et al. (2019) showed that a wide range 

of effects on human health, including respiratory and cardiovascular diseases, increased mortality, 

and decreased life expectancy (Liu et al., 2019; Lelieveld et al., 2020) are associated mostly with high 

concentrations of fine and ultrafine particles. For instance, it has been shown that the fine particles 

have detrimental effects on humans (Dockery and Pope, 1994; Ostro et al., 2006) as they act as 

carriers for toxicants and mutagenic components Beddows et al., 2004), and can penetrate the cell 

membranes (Salma et al., 2002; N. Li et al., 2003; Bell et al., 2009). 
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Figure 2.5. The size range of the atmosphere particles and their interactions (Wallace & Hobbs, 2006). 

The interaction of light with a scatterer (molecule or particle) comprises the absorption, 
reflection, diffraction, emission or scattering of radiation. In the frame of this interaction, we will be 
limited to two main scattering processes (c.f. Figure 2.6): a) the elastic scattering when the particles 
scatter the incident radiation at the same wavelength, or the molecules absorb and re-emit radiation 
at the same wavelength as the incident one, thus, the excited molecule returns to its initial energy 
state, and b) the Raman scattering where the re-emitted radiation is shifted (Stokes and anti-Stokes 
shifting) compared to the incident one, due vibrational and/or rotational transitions  (Wandinger, 
2005). 

 
Figure 2.6. Potential interactions between an incident radiation (light) and a spherical particle (Nakayama et al., 2021). 

The scattering effect is highly dependent on the dimensionless size parameter 𝑥 =  
2𝜋 𝑟

𝜆
 of the 

scatterer and the refraction index (𝑚 =  𝑚𝑟 + 𝑚𝑖𝑖) of the particles, where 𝑚𝑟 is the ratio of the 
speed of light in a vacuum to the speed light travels when it passes through the particle, which is 
defined by the chemical composition of the particle; 𝜆 is the light’s wavelength and 𝑟 is the particle’s 
radius (c.f. Figure 2.7). Thus, there are three regions in Figure 2.5, based on the size (diameter) 
parameter of the scatterer which defines the scattering properties: a) when the scatterer’s size is 
much larger than the wavelength (𝑥 ≪ 1) the scattering is considered as “Geometric”, b) when the 
scatterer’s size is comparable to the wavelength (𝑥~1) the scattering is called “Mie” from particles 
and c) when the scatterer’s size is much smaller than the wavelength (𝑥 ≫ 1) the scattering is called 
“Rayleigh” from molecules.  
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A)  
 

B) 

 
Figure 2.7. A) Atmospheric scattering in respect to particle radius and incident radiation wavelength; and B) a schematic 
representation of the angular distribution of the radiation, when the incident radiation at visible (0.5 μm) is scattered by 
spherical particles with a radius of (a) 10−4 μm, (b) 0.1 μm, and (c) 1 μm  (Fu, 2006). 

For instance, given that the incoming shortwave solar radiation ranges in the visible region 
(0.4-0.7 μm), the scattering of the aerosol particles with sizes up to a few microns is described by the 
Mie theory (Mie, 1908), the scattering due to the air molecules in the atmosphere by the Rayleigh 
theory (Twersky, 1964; Andrews, 2017), while the droplets have geometric scattering (c.f. Figure 2.7). 
According to the Rayleigh theory, the scattered intensity by the molecules is proportional to λ-4 (which 
means, the shorter wavelengths are more efficient in scattering), while in the case of aerosols the 
scattering intensity varies is proportional to the wavelength (Fu et al. 2006) while the scattering by 
the water droplets is non-selective and is better described by geometric optics. 

2.4 CLOUDS 
 

The clouds are characterized relevant to their content as warm-/or mixed-/ or ice-phase 

clouds. The warm clouds consist of cloud droplets that were formed when the air parcel became 

supersaturated with respect to liquid water, which similarly happens in the case of ice. The most 

common way for an air parcel to become supersaturated is through the fast ascent of air parcels 

which results in the expansion of the parcel and its resulting adiabatic cooling. Thus, when the air 

parcel becomes supersaturated the water vapour condenses onto some of the aerosol particles to 

form small cloud droplets or ice particles; this mechanism is called “heterogeneous” nucleation. 

Furthermore, a second mechanism to form cloud droplets is by condensation from a supersaturated 

vapour without the aid of particles, the so-called “homogeneous” nucleation, but this is not very 

efficient in the atmosphere, since it is feasible when the ambient temperature is below -40 oC 

(Anderson et al., 1980). Here we only focus on the heterogeneous nucleation processes.  

The cloud formation mechanism is described by the Gibbs free energy: 

 

Δ𝐸 =  4π𝑅2𝜎 −
4

3
𝜋𝑅3𝑛 𝑘𝐵𝑇𝑙𝑛

𝑒

𝑒𝑠
     (2.1)  

where 𝑒 and 𝑇 is the water vapour pressure and temperature, respectively, 𝑒𝑠 is the saturation 

vapor pressure over a plane surface of the water, 𝑅 is the droplet radius, 𝑘𝐵 is the Boltzmann 

constant, and 𝑛 is the number of water molecules per unit volume. The first term (4π𝑅2𝜎) describes 
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the surface energy of the liquid, while the second term (
4

3
𝜋𝑅3𝑛 𝑘𝐵𝑇𝑙𝑛

𝑒

𝑒𝑠
) the decrease in the Gibbs 

free energy of the system due to the droplet condensation. 

 

   
Figure 2.8. The Increase of Gibbs Energy ΔE* due to the droplet formation of radius r from water vapour pressure e and 
saturation vapor pressure es (left); Variations of the relative humidity and supersaturation adjacent to droplets of (1) pure 
water (blue) and adjacent to solution droplets containing the following fixed masses of salt: (2) 10-19, (3) 10-18and (4) 10-

17kg of NaCl, while corresponding to (5) 10-19, and (6) 10-18 kg of (NH4)2SO4 (middle); and the dashed line is an assumed 
ambient supersaturation along with Köhler curves (2) and (5) (Wallace and Hobbs, 2006b). 

Under subsaturated conditions (𝑒 < 𝑒𝑠), the surface energy of a liquid is greater than the decrease 

due to the condescension, as a result, the Δ𝐸 (in Eq. 2.1) is always positive, so the formation of 

droplets is not favoured, while under supersaturated conditions (𝑒 > 𝑒𝑠) Δ𝐸 is either positive or 

negative, when the droplet size exceeds a plateau (c.f. Figure 2.8a). The droplets can grow by 

collisions to a radius that just exceeds the plateau and will continue to grow spontaneously by 

condensation from the vapour phase; otherwise, the droplets will evaporate back to the gas phase.  

In the case of heterogeneous nucleation, the hygroscopic aerosol particles can offer their surface 

upon which water vapour condenses. Thus, the droplets can form and grow on these aerosol particles 

at much lower supersaturation rates than those required for homogeneous nucleation, depending 

on the hygroscopicity of the aerosol particles as described by the 𝜅 -Kölher theory (Köhler, 1936) (c.f. 

Figure 2.8b).   

Later, Petters and Kreidenweis (2007) based on the  𝜅-Kölher theory (Köhler, 1936) showed that the 

particles with size larger than a critical size 

 𝐷𝑐𝑟 = (
4 𝐴3

  27 𝜅 𝑠2 
)

1
3

  (2.2)  

can activate to droplets depending on the supersaturation ratio 𝑠 (𝑠 =
𝑒

𝑒𝑠
− 1), the aerosol 

hygroscopicity parameter 𝜅, where 𝐴 =
4 𝑀𝑤𝜎

𝑅 𝑇 𝜌𝑤
 is the Kelvin parameter, 𝑀𝑤 (kg mol-1) is the molar 

mass of water, 𝜎 (J m-2) is the surface tension of the solution droplet, 𝑅 (J mol-1 K-1) is the universal 

gas constant, and 𝜌𝑤  is the density of the liquid water. Thus, at the given 𝑠 value, the aerosol particles 

larger than the 𝐷𝑐𝑟 are considered as Cloud Condescension Nuclei (CCN), while, as the 𝑠 value 

increases, smaller particles can activate to droplets, while the same form can be used and vice versa 

to calculate the critical supersaturation where an aerosol particle with a given size will be able to 

activate into a droplet (c.f. Figure 2.8). 
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2.5 AEROSOL-CLOUD INTERACTIONS 
 

The atmospheric aerosols affect the climate both directly (aerosol–radiation interactions) and 

indirectly (aerosol–cloud interactions). The direct effect represents the ability of the atmospheric 

particles to absorb (leading to local heating) and scatter (leading to local cooling) short-wave or long-

wave radiation and thus, directly influence the Earth’s radiation budget, especially when they have 

diameters ranging from 50 nm to 50 μm (Charlson et al., 2016). These effects primarily depend on 

the aerosol physico-chemical properties and their size distribution  (Bond et al., 2013, add more 

papers).  

For instance, the black carbon absorbs the short-wave radiation in the whole wavelength 

range, the brown carbon significantly absorbs in the ultraviolet and visible spectral range 

(Moosmüller et al., 2009), while the organic aerosols (except the brown carbon), nitrate and sulfate 

particles contribute mainly to scattering (Cabada et al., 2004). Additionally, given that the aerosol 

particles travel over long distances (Bougiatioti et al., 2014; Titos et al., 2016) and thus show a large 

spatial variability their radiative effects are difficult to predict using models (Collaud Coen et al., 2020; 

Ramachandran and Rupakheti, 2020). 

The term “aerosol–cloud interactions” (Twomey, 1991; Twomey and Warner, 1967) are the 

indirect effects of the aerosols on clouds. Twomey and Warner (1967) have shown that, under the 

assumption that the aerosols act as condensation nuclei under constant moisture, any increase in 

the aerosol concentration levels inside a cloud generally reduces the droplet size, and increases the 

cloud droplet number (𝑁𝑑), and thus, enhances the cloud albedo, which in turn manipulates the 

amount of solar radiation reflected back to space (called “albedo effect”). This effect is represented 

in Figure 2.9 (upper figure) where a clean cloud contains a small number of big cloud droplets and 

precipitates, while a polluted cloud containing a larger number of smaller droplets, is more reflecting 

(higher albedo) and less precipitating than the clean cloud. Additionally, the aerosols have “semi-

direct effects” on droplets, where the absorbing particles such as soot, in the polluted clouds, can 

heat the clouds, and evaporate the water droplets, resulting in the shrinking of the cloud (c.f. Figure 

2.9, middle figure). Last but not least, the increase of the aerosols concentration (polluted cloud) in 

the case of vertically developing clouds, such as cumulus, results in delaying freezing, leading to 

higher and colder clouds, which ends up in an increase in the concentration of ice crystals (effect 

known as “Glaciation effect”) resulting in more precipitation compared to the polluted cloud (IPCC, 

2021) (c.f. Figure 2.9, lower figure).   

Thus, all these effects tend to cool or warm the atmosphere, for example, the cloud albedo effect 

tends to have a negative radiative effect on warm clouds at TOA, while the Semi-direct effect and the 

Glaciation effect tend to have a positive radiative effect at TOA (IPCC, 2021). 

Although the exact footprint of the aerosol–cloud interactions depend on many factors, which 

include the cloud dynamics (cloud scale vertical velocity distributions), the aerosol size distribution 

and their hygroscopicity, it is generally accepted that not all clouds are equally sensitive to changes 

in the CCN, or the subset of aerosols which activate into cloud droplets. Thus, clouds can be either 

“aerosol-limited”, when supersaturation is high and 𝑁𝑑 is very sensitive to aerosol changes, or 

“velocity-limited” when the supersaturation is so low that 𝑁𝑑 is insensitive to aerosol changes 

(Reutter et al., 2009) depending on the intensity of the turbulence (Bougiatioti et al., 2020; Kacarab 

et al., 2020; Georgakaki et al., 2021).  
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Thus, when the water vapour availability (supersaturation) is large, the aerosol variations readily 

translate to droplet variations, while when there is a large competition for water vapour during the 

initial stages of cloud formation (supersaturation is very low), this translates to negligible changes in 

droplets for relatively large changes in aerosol amounts (Reutter et al., 2009; Georgakaki et al., 2021). 

Therefore, the aerosol particles may affect the clouds’ microstructure, their reflectance and lifetime 

(Zhu et al., 2018).   

 

Figure 2.9. A schematic representation of the albedo effect due to aerosol increase (IPCC, 2007b). 

This effect remains highly uncertain due to the high spatial and temporal variability of aerosols 

and clouds, their characteristics (hygroscopicity, size distribution and mixing state), as well as the 

vertical velocities distributions and the resulting supersaturations. Another large fraction of this 

uncertainty arises from the impact of aerosols on the droplet formation in liquid and mixed-phase 

clouds (Boucher et al., 2013; Lohmann, 2017), due to the large source of uncertainty in the prediction 

of anthropogenic climate change (IPCC, 2021, 2013, 2007b). The difficulty of describing realistically 

all these dependencies in models poses a challenge that only advances using high-resolution models 

with large observation datasets as input.  

As a result, the aerosol-radiation interactions and the aerosol-clouds interactions still represent 

one of the highest uncertainties in the assessment of climate change due to their key role in 
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atmospheric dynamics, chemistry, and climate (IPCC, 2013), due mainly to the wide variety of aerosol 

sources and mixing processes, as well as their high spatial and temporal variability in their properties 

and types (Hamill et al., 2016). 

 

3 SAMPLING AEROSOLS AND CLOUDS  

 

This section briefly describes the ground-based instrumentation used in this Thesis for sizing and 

counting aerosol particles, measuring the aerosol chemical composition, the black carbon and the 

bioaerosol concentrations, as well as the cloud particle number size distributions. 

3.1 SCANNING MOBILITY PARTICLE SIZER 
 

The Scanning Mobility Particle Sizer (SMPS) measures the dried particle size range from 10 to 

800 nm and provides the size distributions every 5 minutes. It consists of an electrostatic classifier, a 

cylindrical differential mobility analyzer column, and a condensation particle counter, while the 

sample and sheath flow were dried (RH < 40%) before their introduction in the instrument by using 

Nafion driers (c.f. Figure 3.1). Here, we used the electrostatic classifier (TSI Inc., model 3080), a 

cylindrical differential mobility analyzer column (TSI Inc., model 3081) and a condensation particle 

counter (TSI Inc., model 3772).  

 

Figure 3.1. Flow schematic of the Model 3772 CPC, adapted from the manufacturer’s manual. 
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3.2 TIME-OF-FLIGHT AEROSOL CHEMICAL SPECIATION MONITOR 
 

The Time-of-Flight Aerosol Chemical Speciation Monitor (ToF-ACSM) (Aerodyne Research Inc., 

Billerica, MA, USA) measures the non-refractory submicron aerosol mass and chemical composition 

(ammonium, sulfate, nitrate, chloride, and organics) in real-time (Fröhlich et al., 2013) of submicron 

aerosols (40-1000 nm). It consists of a PM2.5 virtual impactor, a Nafion drier (RH<40%), an orifice, and 

an aerodynamic particle focusing lens on high vacuum conditions (c.f. Figure 3.2). Thus, the non-

refractory material is vaporized on a tungsten plate for flash vaporization (600 oC) and subsequently 

ionized by electron impact ionization at 70 eV, while a time-of-flight mass analyzer by Tofwerk is used 

to detect the resulting ions. At ambient atmospheric conditions, the lens system focuses on the 

detection of submicron aerosols of ~40-1000 nm vacuum aerodynamic diameters.  

 

Figure 3.2. The Schematic diagram of the ToF-ACSM (Aerodyne Inc.) 

A collection efficiency factor (CE) CE=0.5 (Zografou et al., 2022) was used to account for the 

fraction of the non-refractory particles that bounce off the vaporizer and are not detected. During 

the measurement period, the ambient air was drawn into the ToF-ACSM through a PM2.5 aerosol 

inlet. The inlet aerosol flow was, as previously, dried to a RH lower than 40% by using a Nafion dryer.  

3.3 AETHALOMETER MONITOR 
 

The Aethalometer AE31 measures the equivalent black carbon (eBC) concentration based on 

(Hansen et al. (1982) and Petzold et al. (2013). The AE31 operates at seven wavelengths (370, 470, 

520, 590, 660, 880, and 950nm), where an on-line light-transmission measurements were performed 

through a filter tape. 

In principle, the AE31 (Drinovec et al., 2015) uses a dual spot system to compensate for the 

loading effect artefact and to calculate the absorption and the compensation of eBC concentrations 

from measurements of light transmission at seven wavelengths, while here we use only the 

calculation based on 880nm (c.f. Figure 3.3Error! Reference source not found.). The operation of the 

aethalometer consists of the continuous collection of aerosols on a filter, forming a sample-laden 

spot, where a light source illuminates the spot on the filter and, on the opposite side, a sensor 

measures the intensity of light transmitted through it. Then the light transmission is also measured 
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through a sample-free area on the filter and is used as reference, thus the change in the attenuation 

is assumed that is caused by the black carbon amount that has been deposited on the filter. 

 

 

Figure 3.3. Schematic representation of the optical chamber in the Aethalometer AE31 (Cuesta-Mosquera et al. 2021). 

In Paper III, given that the black carbon primarily stems from anthropogenic fossil fuel 

emissions (the wildfire cases are excluded from our study) within the PBL, we can use the eBC as an 

index to ascertain the conditions under which the (HAC)2 resides either within the PBL or the FTL. 

This determination depends on whether the eBC concentration obtains large or small values (Lund 

et al., 2018; Motos et al., 2020), respectively.  

3.4 NEPHELOMETER 
 

The TSI 3563 nephelometer measures the scattering coefficient of the dried aerosol particles 
(RH below 40%), after a PM10 inlet, at three different wavelengths (450, 550 and 700nm). The 
nephelometer provides the aerosol backscatter coefficient and by using the Beer-Lambert law 
calculates the aerosol total extinction coefficient at 450, 550 and 700nm.  

 
Figure 3.4. The diagram of the Nephelometer functional, adapted from the manufacturer’s manual 

The main body of the TSI 3563 nephelometer is made of an aluminium tube, where along the 

axis is a smaller (in diameter) tube set with aperture plates (c.f. Figure 3.4). The plates orientation 

ranges from 7 - 170o on the horizontal range of the lamp, while the backscatter shutter blocks the 

angles from 7 - 90o to obtain only the backscatter measurement. The receiving optics are located on 

the other side of the tube from the trap, where the light that passes through the lens is separated by 

dichroic filters into three wavelengths. The first is a color splitter that allows only the wavelengths in 

the range of 500-800 nm and reflects the wavelengths within 400-500 nm. The reflected wavelengths 

passed through a filter centred at 450 nm into a photomultiplier tube (PMT) (B). The wavelengths 

that pass through the first splitter go to a second splitter which allows it to pass only the wavelengths 

within the 500-600 nm and reflects the 600-800 nm wavelengths. The reflected wavelengths, then, 

pass through a filter centered at 700 nm into a second PMT (R). The wavelengths that pass through 

both splitters, following pass through a filter centred at 550 nm into a third PMT (G). Thus, the TSI 

3563 splits the scattered light into R (700 nm), G (550 nm), and B (450 nm) wavelengths and measures 
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the scattering (sc) and the backscattering (bc) coefficients of the dried aerosol particles on each 

wavelength (Anderson et al., 1998, TSI Inc.). 

In Paper III, the scattering intensity was used as a proxy to identify regimes where the (HAC)2 

is within PBL of FTL, respectively. Given that within the PBL increased aerosol concentrations are 

typically found, the relevant total scattering coefficient tends to obtain large values (Farah et al., 

2018). Moreover, in this study, we used the aerosol total scattering and backscattering coefficients at 

550nm (sc550 and bc500, respectively).  

3.5 WIDEBAND INTEGRATED BIOAEROSOL SENSOR 
 

The Wideband Integrated Bioaerosol Sensor (WIBS-5/NEO, Droplet Measurement 

Technologies), was used in Paper III to measure the biological material, like pollen, bacteria, and fungi 

with size between 0.5 to 30 μm (optical) diameter. It consists of two UV-filtered flashlamp sources 

(one at 280nm and one at 370nm) that are used to excite fluorescence in individual particles to cause 

the fluorescence of the bioaerosols, and two detection band ranges (one within 310-400nm and the 

other one at 420-650nm) (c.f. Figure 3.5a).  

 
a) 

 
 
 

 
 
 

b) 
Figure 3.5. The WIBS-4 instrument structure. (Li et al., 2019); b) The particle type classification, as introduced by introduced 
by Perring et al. (2015), where each circle represents one fluorescence channel (FL1, FL2, FL3), while the colored zones 
represent the particle types that exhibit fluorescence in each one, two, or three channels.  (Savage et al., 2017) 

Thus, the fluorescent particles are classified into three channels depending on their fluorescent 

properties, including the FL1 channel with the pair of excitation wavelength at 280 nm and emission 

detection at the waveband 310-400 nm, FL2 channel and FL3 channels with an emission detection 

waveband of 420-650 nm probing particles excited at 280 and 370 nm respectively (Perring et al., 

2015; Savage et al., 2017) (c.f. Figure 3.5a and b). These channels are tuned to detect the fluorescence 

from three classes (A, B and C) for ubiquitous biological fluorophores, including tryptophan-

containing proteins, NAD(P)H co-enzymes and riboflavin (Kaye et al., 2005; Savage et al., 2017; 

Pöhlker et al., 2012). When the aerosol particles fluoresce in more than one class, the extra classes 

are defined as AB, BC, AC, and ABC, respectively. Given that non-biological particles, such as some 

black carbon and dust particles, may show fluorescence signals in one of the channels (Toprak and 

Schnaiter, 2013), aerosol particles showing fluorescence in all three channels are those most likely to 

be of biological origin (Savage et al., 2017), e.g., pollen, bacteria, and fungi.  
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3.6 CLOUD CONDENSATION NUCLEI COUNTER 
 

The Cloud Condensation Nuclei Counter (CCN-100) (Droplet Measurement Technologies, DMT) 

operates with a continuous flow thermal-gradient diffusion chamber for measuring aerosols that can 

act as cloud condensation nuclei (c.f. Figure 3.6a). The aerosol sample flows into a 50-cm tall column, 

where the columns, create a thermodynamic instability, where the water vapor becomes 

supersaturated due to the difference in diffusion rates between water vapor and heat. The water 

vapor diffuses from the warm, wet column walls toward the centerline at a faster rate than the heat, 

thus the wall temperature along the column gradually increases to create a controlled and quasi-

uniform centerline supersaturation (c.f. Figure 3.6b). Then, the aerosols during the flow, activate to 

cloud condensation nuclei and form droplets, where at last, an optical particle counter (OPC) which 

measures the droplet size distribution (in the range of 0.75 – 10 µm) and of the activated droplets 

(c.f. Figure 3.6a).  

Given that the temperature gradient and flow rate can be selectively changed, this results in 

different supersaturations, which allows for obtaining the number of the condensed particles (or the 

droplets) at a given supersaturation (CCN spectra) (Roberts and Nenes, 2005).  In our case, the CCN-

100 was used in Paper IV to measure the concentration of the condensed aerosol particles to cloud 

droplets in different supersaturations, from 0.1% to 1% with a 6-minute time resolution.  

 
 

 

a) 

 
b) 

Figure 3.6. a) A flowchart of the streamwise thermal gradient cloud condensation nuclei (CCN) instrument; b) The sample 
flow along the humified columns where the Water vapor becomes saturated. The diffusing heat originates at point A, the 
diffusing mass originates at point B, while the actual partial water pressure of water vapor at point C equals the partial 
pressure of water vapor at point B. The temperature at C is lower than at B, meaning there is more water vapor than 
thermodynamically allowed (Source: DMT Inc.). 
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4 REMOTE SENSING TECHNIQUES 

 

This section describes the remote sensing techniques and principles that were used in this Τhesis 

for measuring the wind velocity, the atmospheric turbulence, and the cloud microphysical properties. 

4.1 ACTIVE REMOTE SENSING - LIDAR 
 
The lidar (LIght Detection And Ranging) technique was introduced in the early sixties based on 

Synge’s idea (Synge, 1930) who proposed the measurement of the air density profiles by analyzing 
the backscattering intensity using multiple light beams (Middleton and Spilhaus, 1954). When the 
radar was invented, Schawlow and Townes (1958) applied this idea using a maser beam, while after 
the invention of the Q-switched lasers (Maiman, 1960; McClung and Hellwarth, 1962) the first lidar 
system was developed to measure the distance between the Earth and the Moon (Smullin and Fiocco, 
1962). Later, Chanin and Hauchecorne (1981) developed a lidar system in which they replaced the 
former ruby lasers by a Nd:YAG (neodymium-doped yttrium aluminium garnet; Nd:Y3Al5O12)  laser. 
Afterwards, the lidar technique was rapidly applied in the atmospheric sciences focusing on 
measurements of atmospheric gases (SO2, H2O, NOx, CO2, etc.), aerosols, clouds, wind, etc. The lidar 
systems starting from ground-based ones, they became airborne (McCormick and Ludwig, 1967) and 
finally, spaceborne (Fouladinejad et al. 2019, and references therein).  
The lidar system consists of a transmitting and a receiving unit.  The transmitter sends a laser beam 
to the atmospheric volume under study. It consists of a pulsed solid-state laser source, usually of a 
Nd:YAG, emitting at 1064, 532, 355, or even down to 213 nm. The receiving telescope collects the 
backscattered laser beam which is spectrally separated in different optical channels by a 
spectrometer, which is equipped with photomultiplier tubes (PMTs) and avalanche photodiodes 
(APDs) to convert the detected photons into photo-electrons to finally produce electrical pulses 
(voltage or current). This pulsed signal after digitization is fed to a computer for further analysis.  

 

 

 

 

 
Figure 4.1. (Left): The atmospheric Raman backscatter spectrum for an exciting laser beam at 355 nm (Fraczek et al., 2012).; 
(Right): An example of the electronic energy levels after stimulation in respect of the de-excitation by the Rayleigh, Stokes 
or fluorescence scattering (Mosca et al., 2021). 

Some of the widely used lidars are the elastic and inelastic (or Raman), differential absorption 
(DIAL), and Doppler (Wandinger, 2005; Weitkamp, 2005) ones. The elastic lidars provide information 
on the vertical structure of the atmosphere, detecting the presence of aerosols and/or clouds, as well 
as the aerosol backscatter coefficient; the Raman lidars are used to measure the vertical profiles of 
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the aerosol backscatter and extinction coefficients using the vibrational-rotational Raman scattering 
of nitrogen and of the water vapor to provide the vertical profiles of the water vapor mixing ratio (c.f. 
Figure 4.1); finally, the Doppler lidars provide the wind turbulence mostly in the PBL and the lower 
free atmosphere (Werner, 2005). In the next paragraphs, we will detail the working principle and 
applications of the wind lidar technique. 

 

4.1.1 WIND DOPPLER LIDAR 
 

The wind Doppler lidar measures the velocity of the scattering particles along the line of sight 

(LOS) of the propagating laser beam. The moving aerosol particles driven by the atmospheric 

turbulent eddies are considered ideal tracers to infer the wind velocity. A wind lidar system emits a 

spectrally ultra-stable and very narrow pulsed laser beam (at wavelength λ0) and detects the Doppler 

shifting of the backscattered laser radiation (at wavelength λLOS) by the moving atmospheric 

molecules and aerosols (c.f. Figure 4.2). The wind lidars are based mostly on solid-state, diode 

pumped-Optical Parametric Oscillators (OPO) or CO2 pulsed lasers (at wavelengths 355 nm, 532 nm, 

850-950 nm or 1.5-10.59 μm). Lidar systems working in the UV spectral region are sensitive to both 

molecular (Rayleigh) and particulate (Mie) scattering, while those working in the NIR or IR spectral 

regions are sensitive mostly to particulate (Mie) scattering. 

The detected backscattered lidar signal at a frequency 𝑓 =  𝑓0 + 𝛥𝑓 =  𝑓0(1 +
2𝑢

𝑐
) permits 

the retrieval of the LOS velocity or radial velocity 𝑢, once 𝑓0 and 𝛥𝑓 are measured with high accuracy. 

The value of 𝛥𝑓 can be detected in the direct mode (direct or incoherent detection) or indirect mode 

(coherent detection) using the heterodyne detection technique (Weitcamp, 2005).  

 

Figure 4.2. A schematic representation of the Doppler spectrum shift due to molecular and aerosol motion (Weitkamp, 
2005). 

In the case of the direct detection mode (mostly used in the near UV at 355 nm), the backscattered 

lidar signal is spectrally separated by using a Fizeau interferometer (aerosol component around f0) 

and a Fabry-Perot interferometer (molecular component) (cf. Figure 4.2), and after optical filtering is 

recorded by PMTs or CCDs detectors. 

In the case of the heterodyne detection, a well-characterized continuous waves (cw) laser 

beam from a local oscillator (LO) at frequency 𝑓0 is fed to an Acousto-Optic Modulator (AOM) to 

produce a pulsed laser beam which pumps a laser crystal to produce a pulsed laser beam at frequency 

𝑓0 + 𝑓∗, which is then emitted to the atmosphere. The backscattered lidar “weak” signal at frequency 
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𝑓0 + 𝑓∗ + 𝛥𝑓 is mixed with the “stronger” signal of the LO and fed to a detector. Therefore, the mixed 

signal contains the sum and the difference of the frequencies of both components (𝑓0 and 𝑓0 + 𝑓∗ +

𝛥𝑓). The difference of these frequencies 𝑓∗ + 𝛥𝑓 can then be determined with very high accuracy 

using a Fourier autocovariance transformation to obtain the Doppler power spectrum, which is used 

to determine the wind velocity along the LOS (Newsom and Krishnamurthy, 2020) separately for each 

of the time-packages, that correspond to the aerosol’s velocity at different heights (or otherwise, the 

profile of the vertical velocity). 

In the frame of this Thesis, we used a pulsed wind scanning lidar called “HALO” (StreamLine 
XR Doppler lidar, HALO Photonics) emitting at 1.565 μm. The lidar was operated in Athens and Helmos 
mountain, both in stare vertical azimuth display and vertical azimuth display (VAD) modes, as 
deployed by the Finnish Meteorological Institute (FMI). The range resolution of the measurements 
was 30 m, the temporal resolution 20 s, while the maximum measurement range was 2-3 km 
depending on the atmospheric aerosol load and the corresponding uncertainty of ±0.038 m s−1 for 
the retrieved wind velocity in the stare mode. A signal-to-noise-ratio (SNR) greater than 1.003 is 
usually required to define the useful lidar signals (Weitkamp, 2005).  

 

4.1.1.1 Estimation of the Planetary Boundary Layer Height 
 

Measuring the PBLH is challenging because it is not strictly defined, but rather a conceptual 

construct that can be characterized in different ways. Numerous approaches exist for its estimation, 

each yielding different values of the PBLH, meaning that this parameter is inherently subject to 

uncertainty (Kotthaus et al., 2023). In situ instruments to determine the PBLH are carried by 

radiosondes and airborne platforms (e.g., aeroplanes, helicopters, UAVs, tethered balloons), while 

remote sensing techniques are based on aerosol/wind lidars, microwave radars, ceilometers, sodars, 

and microwave radiometers (Emeis, 2011).  

One of the widely used robust techniques to determine the PBLH is based on remote sensing 

techniques by the use of wind Doppler lidars. Given the profile of the wind vertical velocity (w) can 

be measured by wind Doppler lidars, we can calculate the turbulence within the PBL and thus, 

estimate the PBLH. Milne and Taylor (1922), and Taylor (1935) shown that the vertical size of a 

growing turbulent plume is proportional to the 𝜎𝑤; as a result, the 𝜎𝑤 values can be used as an 

indicator of the vertical mixing in the lower atmosphere, and changes thereof from transitioning 

inside and out of the PBL. Based on this parameter, Kaimal et al. (1976), Tucker et al. (2009), Pearson 

et al. (2010), Barlow et al. (2011), Träumner et al. (2011), and Schween et al. (2014) determined the 

PBLH, where the 𝜎𝑤 values fall below a characteristic threshold ranging between 0.17 m s−1 and 0.40 

m s−1. This large variation of the 𝜎𝑤  threshold may reflect uncertainties in the retrieval of the vertical 

velocity, or simply the natural variability in the PBL in different environments. According to Schween 

et al. (2014), a ±25 % change in the threshold is translated to a ∓7 % change in the PBLH.  

In Papers II, III and IV, we used the wind vertical velocity data retrieved by HALO, to calculate 
the corresponding 𝜎𝑤 values using ±15 min interval averaging of the w data, with 5 min temporal 
resolution and 30 m height spatial resolution. This 30-minute time window, as pointed out by 
Schween et al. (2014), is representative of convective plumes and eddy fluxes since the latter need 
about 16 min to travel through a PBL mixing layer of 1 km height (a typical height during day hours 
considering an average ascent speed of 1 m s−1. So, this 30-minute average window is almost twice 
the lifetime of such a plume. In Paper II, we proposed the determination of the PBLH as the first 
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height where the value of 𝜎𝑤 falls below a threshold value of 0.20 m s−1 (Tucker et al., 2009), while in 
Paper III we performed a synergistic study with in situ measurements to define a more realistic 
threshold which equals to 0.10 m s−1. 

 

4.1.1.2  Wind components retrieval using a wind lidar system 
 

Using the velocity-azimuth-display (VAD) conical scan technique (Browning and Wexler, 1968; 
Caya and Zawadzki, 1992) we can obtain the components of the wind velocity: u, v, and w, along the 
east-west, south-north and the vertical axis components, using the measured radial velocity Vr as 
follows (c.f. Figure 4.3a and b):  

𝑉𝑟(𝑟, 𝜃, 𝜑) = 𝑢(𝑟, 𝜃, 𝜑) 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜑 + 𝑣(𝑟, 𝜃, 𝜑) 𝑐𝑜𝑠𝜃 𝑐𝑜𝑠𝜑 + 𝑤(𝑟, 𝜃, 𝜑) 𝑠𝑖𝑛𝜑  (4.1)  

where 𝜃 is the azimuth angle clockwise from North and φ is the elevation angle.  

 

a) b) 
Figure 4.3. a) Schematic example of the VAD scan technique of a Doppler lidar; b) a fitting example of sine over the radial 
wind velocity derived in VAD technique to obtain the horizontal wind velocity and direction (Weitkamp, 2005). 

Considering that the VAD mode (c.f. Figure 4.3), with a vertical resolution of 30 m and angular 
resolution of 15o for each time step, we calculated the average radial velocity within 3 spatial bins, 
giving a final vertical resolution of 100 m for each azimuth angle. Then, we applied a linear fit 
between the averaged radial velocities and the azimuth angles using Eq. 4.1 to determine the 𝑢, 𝑣 
components for each time step to be used to calculate the horizontal velocity Vh profile and the 
azimuthal wind direction Vθ angle profile, with the resolution given above.   

4.2 PASSIVE REMOTE SENSING - METEOROLOGICAL SATELLITES 
 
The meteorological satellites offer cloud monitoring for several decades (Stephens et al., 2019) 

based on polar-orbiting and geostationary imaging systems. In general, the use of polar orbits offers 
high spatial resolution, but lack οf temporal coverage, while the geostationary orbits offer higher 
sampling over certain regions. For instance, the Moderate Resolution Imaging Spectroradiometer 
(MODIS) (Platnick et al., 2017) offers measurements of the same region twice per day (crossing the 
equatorial at 10:30 (Terra) and 13:30 (Aqua)) with a nominal spatial resolution of 250 meters, while 
the Spinning Enhanced Visible and Infrared Imager (SEVIRI), which is on board to the geostationary 
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satellites MSG-8, 9, 10 and 11 (Meteosat Second Generation satellites) are located at the 0.0° 
latitude/longitude and the 9.5° east longitude, providing a rapid scan almost every 15 minutes with 
a 3 kilometers (at nadir) resolution (Schmetz et al., 2002). 

In general, the meteorological satellites are equipped with passive radiometers with various 
spectral coverage from the visible up to the near-infrared (NIR) spectrum, to assess useful parameters 
in the retrieval of cloud microphysical properties. The visible channel data are used to constrain the 
cloud optical thickness (𝜏), which is representative of the liquid or water content of a cloud, since the 
clouds are non-absorbing and sensitive to the reflectance variations in this spectral region; while 
given that clouds are sensitive to the absorbing variations within the NIR spectral region, the NIR 
channel data are used to constrain the effective radius of the cloud droplets (𝑟𝑒𝑓𝑓) (Benas et al., 

2019). 
As an example, SEVIRI consists of 11 spectral channels from the visible to the thermal infrared, 

where the three shortwave channels (0.6, 0.8 and 1.6 µm) are calibrated based on the near nadir 

reflectances from Aqua MODIS, following the methodology described in Meirink et al. (2013) and are 

used to determine the 𝜏; the near-infrared channel (3.7 µm) is used to determine the cloud phase 

and the particle size and shape; while the mid-infrared channels (8.5, 11 and 12 µm) are used to 

determine the cloud top temperatures, based on the cloud brightness temperature. 

4.2.1 CLOUD MICROPHYSICAL RETRIEVALS 
 

Recently, the third edition of the CLoud property dAtAset using SEVIRI (CLAAS) released by 

EUMETSAT's Satellite Application Facility on Climate Monitoring (CM SAF) 021) (Meirink et al., 2022), 

provides data of the cloud parameters (𝜏, 𝑟𝑒𝑓𝑓,𝑇𝑐𝑡), along with the Earth’s surface albedo, radiation 

fluxes at the top of the atmosphere and the surface, atmospheric temperature and water vapour 

profiles, vertically integrated water vapour (total, layered integrated), turbulent flux parameters and 

precipitation at the ocean surface, etc. 

The cloud parameters, used in Paper I, were provided from the Inversion algorithm “Optimal 

Cloud Analysis algorithm” (OCA) which illustrates, among the radiance records, the collocated 

variables from a Numerical Weather Prediction (NWP) model, including surface pressure, column 

integrated water vapor and 155 temperatures at specific pressure levels. This algorithm uses as a 

reference the radiances from cloud observations obtained from the spaceborne lidar Cloud-Aerosol 

Lidar with Orthogonal Polarization (CALIOP) to train the SEVIRI radiances measured at channels 

within the visible range. Then, the retrieval of cloud optical and microphysical properties, for liquid 

and ice clouds, based on a Look-Up Table (LUT) which is used to define the 𝜏 and 𝑟𝑒𝑓𝑓 using the 

combination of one visible channel (0.6 µm) and one NIR channel (1.6 or 3.9 µm). The reflectance 

values of LUT are calculated using a radiative transfer model assuming a flat-plane stratiform PBL 

cloud (Bennartz and Rausch (2017)) and vertically homogenous in respect to water vapor content 

(Stephens, 1978), where the Rayleigh scattering is dominant, with negligible interferences from 

aerosol layers. In fact, this is a commonly used technique in satellite retrievals, introduced first by 

Nakajima and King (1990) and later applied to the SEVIRI reflectances (Roebeling et al., 2006). 

The methodology to define 𝜏 and 𝑟𝑒𝑓𝑓 under different illumination conditions is described in 

detail in Benas et al. (2019), where a match between the radiation measurements and the LUT is 

obtained yielding the cloud optical properties. This methodology uses an array of different droplet 

size distributions simulating the radiance at TOA for SEVIRI channels, in respect to different 𝑟𝑒𝑓𝑓 

values and of the droplet size distribution width.  
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Figure 4.4. The normalized droplet size distributions with constant 𝑟𝑒𝑓𝑓  equal to 12 μm, for the seven values of effective 

variance 𝑏 (left); An example of the reflectance observations from cloudy pixels (based on a case study of Benas et al. (2019), 
in respect of the Look-at-Table values (Benas et al., 2019) (right). 

More precisely, a normalized gamma size distribution of liquid cloud droplets is assumed (c.f. Figure 

4.4a): 

𝑛(𝑟, 𝑟𝑒𝑓𝑓, 𝑎𝑏) =  𝑁0 𝑟
1−3𝑏

𝑏 𝑒𝑥𝑝 (−
𝑟

𝑟𝑒𝑓𝑓

1

𝑎𝑏
)   (4.2)

ere 𝑎 is the average effective radius, 𝑏 the effective variance, and 𝑁0 the total droplet number is 

based on Hansen (1971) and Petty & Huang (2011). Then, Mie scattering calculations are performed 

to generate the scattering matrix, considering the multiple scattering effects, the solar zenith angle, 

and the surface albedo; a radiative transfer model is then used to simulate the cloud reflectances at 

TOA (at different spectral channels) and finally, the reflectances are stored into the LUTs. Thus, each 

LUT corresponds to a droplet different size distribution width, where a match between the radiation 

measurements and the LUT is obtained to retrieve, finally, the values of 𝜏 and 𝑟𝑒𝑓𝑓 for each cloud 

separately (c.f. Figure 4.4b). 

 

5 TOOLS AND MODELS 

 

5.1 ECMWF REANALYSIS 5TH GENERATION (ERA5) 
 

In Paper I, we used the ECMWF Reanalysis 5th Generation (ERA5) hourly temperature and 

specific humidity data on 37 pressure levels (1000 hPa to 1 hPa) at a resolution of 0.25°×0.25° 

(Hersbach et al., 2018), to estimate the T- and q- profiles at the site using a weighted average of the 

surrounding grid-points. Moreover, a linear interpolation for every pressure level was applied on each 

variable to produce a 15-min timeseries that is compatible with the satellite timeseries. To link 𝑃𝑐𝑡 

with the 𝐻𝑐𝑡 and 𝑇𝑐𝑡, used subsequently for cloud detection and inversion, we applied the 

hypsometric equation to the grid-level quantities of T and q to develop their vertical profiles. 
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5.2  HYGROSCOPICITY AND CCN CONCENTRATION 
 

The particle hygroscopicity parameter (κ) (Petters and Kreidenweis, 2007) characterizes the 

ability of particles to absorb water vapor during the formation of cloud droplets and is required for 

calculating CCN concentrations. The value of κ is estimated from ACSM measurements as follows: the 

ion concentrations of ammonium, sulfate, nitrate, chloride, and organics are converted to inorganic 

salt mixtures using the simplified ion-pairing scheme of Q-AMS model (Gysel et al., 2007), and the 

mole number of NH4NO3, NH4HSO4, (NH4)2SO4, H2SO4 and organic aerosols, respectively.  The value 

of κ is calculated using the volume fraction-averaged hygroscopicity of each organic and inorganic 

salt in the aerosol (Petters and Kreidenweis, 2007), with κ being 0.68 for NH4NO3, 0.56 for NH4HSO4, 

0.53 for (NH4)2SO4, (Petters and Kreidenweis, 2007), 0.97 for H2SO4 (Biskos et al., 2009) and 0.1 for 

organic aerosol (Duplissy et al., 2011). Aerosol types often have characteristic values of κ; for 

example, low values between 0.1-0.2 are associated with organic-rich aerosol (such as biogenic or 

biomass burning aerosol), ~0.35 with continental aerosol – which is often a ~ 50/50 mixture of 

organic species and inorganic salts with a hygroscopicity close to that of (NH4)2SO4 (~0.6) (Petters and 

Kreidenweis, 2007). The κ timeseries was calculated on an hourly basis. We also examined the 

importance of constraining the uncertainty of organic κ; which equals δκorg= ± 0.064 (Duplissy et al., 

2011), and we found that the propagated error into the overall κ gives a total uncertainty of ± 0.035. 

The CCN at a water vapor supersaturation level s is determined by integrating the particle 

size distribution from  𝐷𝑐𝑟, which is calculated from κ-Kölher theory (Köhler, 1936), up to the largest 

particle size measured by the SMPS, i.e.,  

𝐶𝐶𝑁(𝑠) = ∫ 𝑛(𝐷𝑝)𝑑𝐷𝑝

∞

𝐷𝑐𝑟

(5.1) 

 

where 𝑛(𝐷𝑝) is the aerosol size distribution measured by the SMPS. 

 

5.3 DROPLET ACTIVATION PARAMETERIZATION 
 

The physically based aerosol activation parameterization (Nenes and Seinfeld, 2003), with 

extensions introduced by Fountoukis and Nenes (2005, 2007), Barahona et al. (2010) and Morales 

Betancourt and Nenes (2014) is used to calculate the droplet number that would form in PBLCs, from 

knowledge of the wind vertical velocity and the aerosol characteristics. The parameterization solves 

the equations that describe droplet formation in an ascending air parcel containing aerosols and 

water vapor, specifically at the point where supersaturation becomes maximum, smax; 𝑁𝑑 is then 

equal to the number of CCN with critical supersaturation less than smax (Nenes et al., 2001). The 

parameterization uses as inputs the pressure and the temperature, the aerosol size distribution data 

from the SMPS, the hygroscopicity parameter κ derived from the ACSM data and the updraft 

velocities from HALO. Given that aerosol measurements are carried out at ground level, we convert 

the concentrations to cloud-top conditions using the ideal gas law. 

As the droplet number depends strongly on the vertical velocity, which in turn varies 

considerably in the PBL over time, we compute the 𝑁𝑑 that characterizes PBLCs – being a weighted 

average over the PDF of vertical velocities, by using the characteristic velocity, w* according to the 

approach of Morales and Nenes (2010). For this purpose, the vertical velocity data are sampled in 
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segments within a 4-hour time moving window, and the positive updrafts were fit to a half-Gaussian 

PDF with a zero mean and standard deviation 𝜎𝑤 as follows: 

𝑝(𝑤) =
1

𝜎𝑤√2𝜋
𝑒

−(
𝑤

√2𝜎𝑤
)

2

   (5.2)  

The value of 𝜎𝑤 was determined every 15 minutes, for which the characteristic vertical velocity w* 

was obtained and used at the parameterization. Additionally, in Paper I, we examined how the 

sampling time with a 1-, 2- and 4-hour window affects the calculated value of 𝜎𝑤; in all cases the 

value of 𝜎𝑤 was found not to change the 𝑁𝑑 value more than the inherent uncertainty of 30 % of the 

in situ 𝑁𝑑 estimation. Based on this, we chose the 4-hour segments to ensure sufficient sampling of 

the PDF (about 400 updraft velocities per PDF). This approach is valid for boundary layers that are 

not influenced by deep convection and, hence are on average are characterized by a mean velocity 

of a few cm s-1 at most (the typical speed of boundary layer ascent/descent over a diurnal cycle). The 

PDF-averaging approach with a Gaussian PDF and the usage of the w* has been shown to successfully 

predict cloud-scale values of 𝑁𝑑 in field studies for cumulus and stratocumulus clouds (e.g., Conant 

et al., 2004; Meskhidze et al., 2005; Fountoukis et al., 2007; Kacarab et al., 2020, Georgakaki et al. 

2021). 

Another significant parameter considered was the role of the lateral entrainment, meaning 

the mixing of dry air in the ascending cloudy air parcel. The entrainment effect can be significant for 

cumulus and convective clouds (much less for stratocumulus), affecting the vertical distribution of 

liquid water and the number of droplets (Morales et al., 2011). Given that the clouds studied here 

are cumuliform, we consider the modest impact of entrainment effects on droplet number using the 

approach of Barahona and Nenes (2007) and Morales et al. (2011); this entails using an adiabatic 

activation parameterization, and reducing the vertical velocity that causes activation by a factor, 

called "entrainment parameter", that depends on the entrainment rate (which in effect captures the 

reduction in maximum supersaturation from mixing of dry air, compared to adiabatic droplet 

formation).  

Barahona and Nenes (2007) and Morales et al. (2011) concluded that the best approach for 

the entrainment parameter is based on the adiabaticity (i.e., deviation of the vertical water profile 

from the adiabatic value). Thus, Morales and Nenes (2011) calculated the entrainment parameter for 

several clouds sampled during the CRYSTAL-FACE (Key West, Florida, July 2002) and CSTRIPE 

(Monterey, California, July 2003) campaigns, which proposed an average value of the entrainment 

parameter of 0.68 (see data in Table 2 of Morales and Nenes, 2011). Assuming this parameter is 

applied uniformly to the vertical velocity distribution, we, therefore, consider the effects of lateral 

entrainment in the cumuliform cloud sampled by multiplying the characteristic velocity for adiabatic 

activation 𝑤∗ by 0.68.  

According to Morales and Nenes (2010), the calculation of 𝑤∗ (for diabatic activation) is 

obtained by multiplying 𝜎𝑤 with a parameter 𝜆 which depends on the type of aerosol found in the 

cloudy updraft. For continental aerosols with a concentration range between 1000-10000 cm-3, 𝜆 

equals 0.67 (see Figure 2a of Morales and Nenes, 2010) with an uncertainty of 0.02. This is the value 

of 𝜆, which we apply in our calculations. Given the above considerations, the characteristic vertical 

velocity w* used for calculating the droplet formation (and used to estimate in situ 𝑁𝑑) is given by 

𝑤∗ = 0.68 𝜆 𝜎𝑤 = 0.68 × 0.67 𝜎𝑤 = 0.456 𝜎𝑤. Moreover, the relevant uncertainty of the 

characteristic velocity 𝑤∗ can be estimated as 𝛿𝑤∗ = 0.456 𝛿𝜎𝑤, where the error 𝛿𝜎𝑤 is estimated 

as the standard deviation of 𝜎𝑤 in the fitting process. 
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The approach used to estimate in situ 𝑁𝑑 makes the important assumption that calculations 

of activated 𝑁𝑑 using observations of vertical velocity, aerosol and chemical composition are 

representative of the non-precipitating PBLCs. Numerous studies to date have shown that this 

approach, when carefully applied, can provide estimates of in-cloud droplet number for non-

precipitating boundary layer clouds within a constrained uncertainty. For example, Conant et al. 

(2004) performed a droplet closure study, using a dataset of 21 cumulus clouds by the Center for 

Interdisciplinary Remotely-Piloted Aircraft Studies (CIRPAS) Twin Otter aircraft during NASA’s Cirrus 

Regional Study of Tropical Anvils and Cirrus Layers–Florida Area Cirrus Experiment (CRYSTAL-FACE), 

and evaluated the performance of the Nenes and Seinfeld (2003) parameterization against in situ 

observations. They found that the measured droplet concentration close to the cloud base was within 

15% of the predicted 𝑁𝑑. Meskhidze et al. (2005), evaluated the revised parameterization of 

Fountoukis and Nenes (2005), against data from cumuliform clouds collected during NASA’s Cirrus 

Regional Study of Tropical Anvils and Cirrus Layers–Florida Area Cirrus Experiment (CRYSTAL-FACE, 

Key West, Florida, July 2002). On average, the predicted 𝑁𝑑 was within 20% of observations at the 

base of cumuliform clouds, and within 30% of observations at different altitudes throughout the 

stratiform clouds; at the same time the observational uncertainty of 𝑁𝑑 was estimated to be 30%. 

Fountoukis et al. (2007) evaluated the parameterization of Nenes and Seinfeld (2003) and Fountoukis 

and Nenes (2005) with data from 27 cumuliform and stratiform clouds sampled during the 2004 

International Consortium for Atmospheric Research on Transport and Transformation (ICARTT) 

experiment. Droplet closure was achieved within 20% of the measurements. Morales et al. (2011) 

also showed that considering lateral entrainment effects diagnosed from the diabaticity (diagnosed 

from the liquid water vertical profile) provides 𝑁𝑑 to within 31% for non-precipitating convective 

clouds. Georgakaki et al. (2021), using a combination of wind lidar data and in situ aerosol 

measurements, predicted 𝑁𝑑 for orographic clouds in the Swiss Alps during the RACLETS campaign 

that agreed with in situ observations to within 25%. We therefore apply this methodology to estimate 

droplet number in the clouds considered here, assuming an inherent method uncertainty of 30%. 

5.4 ISORROPIA 
 

ISORROPIA II is a thermodynamic equilibrium model (Fountoukis and Nenes, 2007) which uses 

as inputs the observed inorganic components measured by ToF-ACSM, to calculate the mixture of 

inorganic salts (which can include NH4HSO4, NH4Cl, NH4NO3, (NH4)2SO4, CaCO3, CaCl2, Ca(NO3)2, CaSO4, 

(NH4)3H(SO4)2, KHSO4, K2SO4, NaHSO4, Na2SO4 and H2SO4) found in the aerosol. Then, by using the 

Zdanovskii, Stokes and Robinson (ZSR) mixing rule the bulk hygroscopicity parameter (Petters and 

Kreidenweis, 2007) can be derived based on the volume fraction of the inorganic salts, given the 

hygroscopicity of each salt (can be obtained from Table 2 of Padró et al., 2010) and further expanded 

by including the volume fraction of eBC, considering the hygroscopicity of eBC equal to 0.2 based on 

Ding et al., 2021). This method was used in Paper IV, while a simpler form of the ISORROPIA called 

“Ion-Pairing Scheme” was used in Paper I to calculate the bulk hygroscopicity parameter and so to 

be used to initialize the aerosol activation parameterization, respectively. 
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6 EXPERIMENTAL SITES 

6.1 URBAN BACKGROUND ENVIRONMENT IN ATHENS METROPOLITAN AREA (AMA) 
Our observations where the Paper I and II are based on where took place at the AMA in the 

Attica peninsula in Greece.  

The AMA is surrounded by four mountains: Egaleo (468 m), and Parnitha (1413 m) to the 

northwest, Penteli (1109 m) to the north and Hymettus (1026 m) to the east, with a major opening 

to the sea on the south-western part (Saronikos Gulf) (c.f. Figure 6.1), while it hosts a densely 

populated urban area of about 3.8 million inhabitants within about 3000 km2. 

The AMA is characterized by a variety of anthropogenic emissions, and a complex topography 

with about 2.5 million vehicles leading to heavy traffic conditions, having as a result important local 

aerosol emissions. Despite that Athens has been heavily deindustrialized over the recent decades, 

there are still emissions linked to factories and oil distilleries. The major industrial units currently 

located in AMA are two refineries, one fertilizer plant, two iron steel plants and one cement plant. 

These industrial plants are concentrated along the South West to North East axis, which includes the 

western quarters of the city and the central parts of Athens and the nearby city of Piraeus (Kalabokas 

et al., 1999). Furthermore, there are also about 100 medium-sized industries, mainly in the domain 

of food processing, plastic and textile production (Katsoulis, 1996).  

The studied region is located at the NCSRD station (37.995o N, 23.816o E, at 270 m above sea 

level-asl.), which is a member of the World Meteorological Organisation (WMO) Global Atmospheric 

Watch (GAW) network, the Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS) and the 

PANACEA., and lays within the AMA on the foothills of Mount Hymettus (Vratolis et al., 2020), about 

8 km to the north of Athens city center and is characterized as an urban background station, due to 

its proximity to the city centre. Therefore, it is influenced by fresh and aged traffic-related aerosol 

particles, especially when the prevailing wind has western (W) directions, and the regional 

background aerosol (Kostenidou et al., 2015; Vratolis et al., 2019; Eleftheriadis et al., 2021). 

 
 

Figure 6.1 Study area (left) and the sub-domain over the AMA (middle) marked by a red dot (Foskinis et al., 2022). 

The selected experimental site offers a great variety of aerosol types and meteorological 

conditions (Kostenidou et al., 2015; Vasilatou et al., 2017). The prevailing northern winds transport 

continental polluted air masses to the AMA, mixed with local emissions along the Balkans-Aegean 
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Sea axis (Diapouli et al., 2014; Vratolis et al., 2019). Southern winds are usually associated with the 

transport of marine aerosols, and, occasionally, with mineral dust from the Saharan desert (Diapouli 

et al., 2017b; Soupiona et al., 2020), while under stagnant atmospheric conditions, locally emitted 

anthropogenic aerosols dominate aerosol concentrations in the PBL (Kalogridis et al., 2018). 

6.2 HIGH ALTITUDE BACKGROUND ENVIRONMENT AT MT. HELMOS  
Our observations regarding Paper III and IV concern the (HAC)2 station, which is located at the 

top of the Helmos mountain in the Peloponnese at an altitude of 2.314 m (37.984033 oN, 22.196060 
oE; c.f. Figure 6.2). (HAC)2 is the only high-altitude station for atmospheric research in the Eastern 

Mediterranean region focusing on the study of the physico-chemical characteristics of aerosols and 

climate-related gases (e.g., CO2, CH4, H2O, etc). (HAC)2 has been established and operated by the 

Environmental Radioactivity Laboratory (ERL) of the NCSRD since 2015. According to Collaud et al. 

(2018), (HAC)2 has very low PBL-TopoIndex values, which means that the influence of the PBL is 

statistically low compared to other high-elevation sites. 

 

Figure 6.2. The study area (left) and the sub-domain over Greece (middle), and the regional area around (HAC)2 is marked 
by a red dot. 

The dataset used in this study has been obtained during the Cloud-AerosoL InteractionS in the 

Helmos background TropOsphere Campaign (CALISTHO) (https://calishto.panacea-ri.gr/), which 

took place at the Helmos mountain, from October to November of 2021, and was extended up to 

March of 2022, aiming to study the cloud microphysical properties using in-situ and remote sensing 

techniques. 

A second station, called “Vathia Lakka” (VL), was located at the lee side of the mountain 

approximately ~1.7 km away (coordinates 37.999473oN, 22.193391oE) and 500m below (HAC)2. In 

situ measurements are available at both (HAC)2 and Vathia Lakka, the latter being used as a pre-cloud 

proxy, as well, a wind Doppler Lidar, was placed at this location to provide the vertical profiles of 

updrafts along the lee side. 

 

  

https://calishto.panacea-ri.gr/
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7 MAIN RESULTS 

 

This chapter presents a synopsis of the main results, while for the detailed ones, kindly refer to 

the original publications included below in the supplementary material. 

7.1 PAPER I: TOWARDS RELIABLE RETRIEVALS OF CLOUD DROPLET NUMBER FOR NON-

PRECIPITATING PLANETARY BOUNDARY LAYER CLOUDS AND THEIR SUSCEPTIBILITY TO 

AEROSOL  

7.1.1 SUMMARY 
 

Remote sensing has been a key resource for developing extensive and detailed datasets for 

studying and constraining aerosol-cloud-climate interactions. However, aerosol-cloud collocation 

challenges, algorithm limitations, as well as difficulties in unravelling dynamics from aerosol-related 

effects on cloud microphysics, have long challenged precise retrievals of cloud droplet number 

concentrations. By combining a series of remote sensing techniques and in situ measurements at 

ground level, we developed a semi-automated approach that enables us to address several retrieval 

issues for a robust estimation of cloud droplet number for PBLCs. The approach is based on satellite 

retrievals of the PBLC cloud droplet number (𝑁𝑑
𝑠𝑎𝑡) using the geostationary meteorological satellite 

data of the OCA product, which is obtained by the SEVIRI of the EUMETSAT. The parameters of the 

retrieval are optimized through closure with droplet number obtained from a combination of ground-

based remote sensing data and in situ observations at ground level. More specifically, the remote 

sensing data are used to retrieve cloud-scale vertical velocity, while the in situ aerosol measurements 

at ground level were used to determine the aerosol size distribution and the chemical composition. 

Finally, we used all these data as input to a state-of-the-art droplet activation parameterization to 

predict the respective CCN spectra, cloud maximum supersaturation and 𝑁𝑑, accounting for the 

effects of vertical velocity distribution and lateral entrainment.  

Closure studies between collocated 𝑁𝑑 and 𝑁𝑑
𝑠𝑎𝑡 are then used to evaluate the droplet 

spectral width parameter used in the retrieval of droplet number and determine the optimal retrieval 

algorithm. This methodology, used to study aerosol-cloud interactions for non-precipitating clouds 

formed over the AMA, Greece, during the springtime period from March to May 2020, shows that 

droplet closure can be achieved within 30%, comparable to the level of closure obtained in many in 

situ studies. Given this, the ease of applying this approach with satellite data obtained from SEVIRI 

with high temporal (15 min) and spatial resolution (3.6 km × 4.6 km), opens the possibility of 

continuous and reliable 𝑁𝑑
𝑠𝑎𝑡, giving rise to high-value datasets for aerosol-cloud-climate interaction 

studies. 

 

  



 

Doctoral Thesis – FOSKINIS Romanos 51  

 

7.1.2 OBJECTIVES 
 

Aerosol-cloud interactions constitute one of the most uncertain aspects of anthropogenic 

climate change (Seinfeld et al., 2016; IPCC, 2021). Central to these interactions are the variations in 

CCN concentrations from anthropogenic activities, as they modulate the 𝑁𝑑 in clouds and the 𝜏, and 

thus, affect the atmospheric radiation budget and climate. CCN activate into cloud droplets in 

supersaturated air generated within cloudy updrafts, and the supersaturation level required for each 

particle to act as a CCN, is well described by Köhler’s theory (Köhler, 1936), modified later to include 

the effects of organic compounds and multiple hygroscopic species (e.g., Petters and Kreidenweis, 

2007). Supersaturation in clouds is mostly generated by expansion cooling in updrafts, driven by 

turbulence, convection, or gravity waves (Quaas et al., 2020).  

Initial studies by Twomey and Warner (1967)  showed that elevated concentrations of CCN 

in clouds increase 𝑁𝑑, reduce their size and thus enhances the amount of solar radiation reflected 

back to space. This effect, which tends to cool the climate, is known as the “aerosol indirect effect” 

(Twomey, 1991) or “cloud albedo effect” (IPCC, 2021) on climate. Later studies showed that this 𝑁𝑑 

increment exists but varies considerably depending on the supersaturation level that develops in 

clouds – which in turn depends on the vertical velocity (𝑤), and aerosol/CCN presence (Feingold et 

al., 2001; Ghan et al., 1998; Reutter et al., 2009). It is now generally accepted that droplet formation 

tends to be either “aerosol-limited”, when supersaturation is high and 𝑁𝑑 is very sensitive to aerosol 

changes, or “velocity-limited”, when the supersaturation is so low that 𝑁𝑑 is insensitive to aerosol 

changes (Reutter et al., 2009). However, more recent studies showed that when approaching 

“velocity limited” conditions, 𝑁𝑑 tends to come near an asymptotic upper limit, the so-called limiting 

droplet number (𝑁𝑑
𝑙𝑖𝑚), which depends only on the intensity of the turbulence (Bougiatioti et al., 

2020; Georgakaki et al., 2021; Kacarab et al., 2020).  

Changes in 𝑁𝑑, apart from modifying the average size of cloud particles, also affects the 

shape of the droplet size spectrum and the resulting cloud radiative properties. Thus, the first 

generation of global climate models (GCM) with explicit consideration of 𝑁𝑑 initially assumed that all 

droplets have the same diameter (i.e., monodisperse droplet population) which can directly be linked 

to the 𝑟𝑒𝑓𝑓 and to 𝜏. Liu and Daum (2002) showed that this assumption leads to important biases in 

the calculations of 𝜏 and cloud radiative forcing, as monodisperse droplets scatter differently than a 

distribution with the same 𝑁𝑑 and liquid water content (LWC). Known as the “dispersion effect”, this 

bias can be mitigated using the effective radius factor (𝛽) that quantifies the droplet spectral 

dispersion so that when it is combined with the average droplet radius and cloud LWC, gives the 

correct 𝜏. Several formulations have been proposed in the literature to represent the relationship 

between 𝛽 and cloud microphysical quantities resolved in models - 𝑁𝑑 and LWC. Expressions 

proposed by Martin et al. (1994), Liu and Daum (2002), Peng and Lohmann (2003) and Rotstayn and 

Liu (2003) were based on observations, while more recent formulations are derived from the 

adiabatic parcel theory (Chen et al., 2016, 2018; Liu et al., 2014). Altogether, these expressions show 

a positive correlation between 𝛽 and 𝑁𝑑 for aerosol- and velocity-limited regimes. 

Despite decades of research, the imprint of aerosol effects on cloud albedo and climate still 

remains highly uncertain (Seinfeld et al., 2016; Quaas et al., 2020; IPCC, 2021), owing to the highly 

buffered, nonlinear and multiscale nature of clouds and their interactions with dynamics, radiation 

and aerosol (Stevens and Feingold, 2009). Therefore, there is a pressing need to have extensive global 

datasets of 𝑁𝑑 aerosol concentration, and cloud-scale dynamics (𝑤 especially) to understand their 
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relative importance (e.g., Rosenfeld et al., 2016). Recently, Quaas et al. (2020) showed that satellite 

remote sensing is the only approach that offers the potential to obtain global datasets with frequent 

coverage; current retrieval algorithms, however, carry many uncertainties and require constraints 

that can only be addressed with in situ and/or ground-based remote sensing observations. 

Particularly important is constraining 𝑤, which is seldom evaluated in models (Sullivan et al., 2016). 

Furthermore, w can change along with aerosol and affect the response of clouds, as demonstrated 

recently by Bougiatioti et al. (2020) and Kacarab et al. (2020) for very different cloud systems, 

showing that a co-variability of aerosol concentration with 𝑤 magnifies the inherent response of 

droplets to aerosol variations by up to 5 times.   

It has long been known that w exhibits significant spatio-temporal variability even at the scale 

of single clouds. This presents a challenge about which velocity to use to link aerosol with 𝑁𝑑. Morales 

and Nenes (2010) proposed using a “characteristic” velocity, computed from the probability 

distribution function (PDF) of 𝑤 in the airmass or cloud of interest, to provide a PDF-averaged 𝑁𝑑, 

which in turn is used to represent cloud-scale 𝑁𝑑. The characteristic velocity approach can be 

automated and easily applied to data either from in situ probes or ground-based remote sensing 

systems (Doppler lidars/radars). The calculation of 𝑁𝑑 by using this characteristic velocity and in situ 

ground level data has been shown to agree with in situ measurements at the cloud base level of 

cumulus and stratocumulus clouds in numerous studies to date (Fountoukis and Nenes, 2007; 

Kacarab et al., 2020; Meskhidze, 2005).  

A more empirical approach to determine cloud base updrafts, based on cloud base height, 

has been proposed by Rosenfeld et al. (2016), using ground-based Doppler lidar measurements along 

with satellite data from the Visible Infrared Imaging Radiometer Suite (VIIRS). Their approach gave 

closure to within ± 25-30%, when applied to PBL convective clouds, non-obscured by upper layer 

clouds or including semitransparent cirrus. Although skilful, Rosenfeld et al. (2016) point out that this 

methodology cannot be applied globally, because the distribution of CCN and cloud base updrafts 

are lacking. 

Thus, we improved an existing remote sensing approach for the retrieval of 𝑁𝑑 in non-

precipitating PBLC, by considering the spectral dispersion of cloud droplets through 𝛽. The retrieval 
is evaluated using published dispersal relationships by comparing the 𝑁𝑑 obtained from a 
combination of in situ observations, ground-based remote sensing data and parcel theory. The same 
data are then used to determine an optimal dispersal- 𝑁𝑑 relationship that minimizes the closure 

error between retrieved and in situ 𝑁𝑑. During the optimization process, the cloud-scale 𝑤 
distributions, CCN spectra, and cloud maximum supersaturation, along with the 𝑁𝑑, are obtained. 
We apply this methodology to a highly variable semi-urban environment and discuss future 
directions and perspectives.   
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7.1.3 METHODOLOGY AND CASE STUDIES 
 

Our methodology is based on the concurrent use of remote sensing, model data and 

expressions for β, applied to non-precipitating PBLCs in well-mixed PBLs and associated cloud-base 

vertical velocities. The remote sensing retrievals of 𝑁𝑑
𝑠𝑎𝑡 are compared against estimations of in situ 

𝑁𝑑 obtained from the application of the Nenes and Seinfeld (2003) activation parameterization, with 

extensions introduced by Fountoukis and Nenes (2005), Barahona et al., (2010) and Morales 

Betancourt and Nenes (2014). As input data to the droplet parameterization, we use the vertical 

velocity variation inside the PBL provided by the HALO wind lidar, as well as the aerosol size 

distribution and chemical composition at ground level, based on a Scanning Mobility Particle Sizer 

(SMPS) and a Time-of-Flight Aerosol Chemical Speciation Monitor (ToF-ACSM), respectively.  

The satellite retrievals of 𝑁𝑑
𝑠𝑎𝑡 of the PBLCs were performed using the algorithm of Bennartz 

(2007), which uses the principal cloud parameters (e.g., 𝑟𝑒𝑓𝑓 and the 𝜏, along with a constant value 

of 𝛽. The explicit expression of 𝛽, which is related to 𝑁𝑑
𝑠𝑎𝑡, can be obtained by modifying the Bennartz 

(2007) algorithm and solving this form numerically. Then, we examine the closure of the satellite 

retrieval algorithm by using the 𝛽 − 𝛮𝑑 relationships, called “𝛽 −expressions”, found in the literature 

(M94 - Martin et al., 1994; RL 03 - Rotstayn and Liu, 2003; PL03 - Peng and Lohmann, 2003; Z06 - 

Zhao et al., 2006; GCMs - Rotstayn and Liu 2009; F11 - Freud et al. 2011). Additionally, we propose a 

new 𝛽 −expression which minimizes the closure error between 𝑁𝑑 − 𝑁𝑑
𝑠𝑎𝑡, based on the cloud 

parameters. 

The cloud parameters 𝑟𝑒𝑓𝑓, 𝜏 and the cloud top pressure (𝑃𝑐𝑡) were obtained from the OCA 

product (EUMETSAT, 2015) which is based on geostationary meteorological MSG satellite data, and 

the atmospheric pressure-temperature profiles from the ERA5 (Hersbach et al., 2018), to calculate 

the cloud top temperature (𝑇𝑐𝑡) and the cloud top height (𝐻𝑐𝑡) in respect of 𝑃𝑐𝑡. Additionally, we used 

the “limiting droplet number”, 𝑁𝑑
𝑙𝑖𝑚 at cloud top, to examine the degree to which clouds are 

susceptible to changes in aerosol content, while it was estimated from the relationship given by 

Georgakaki et al. (2021): 

𝑁𝑑
𝑙𝑖𝑚(𝜎𝑤) = 1137.9 𝜎𝑤 − 17.1  (7.1)  

where 𝑁𝑑
𝑙𝑖𝑚 is expressed in cm-3, and 𝜎𝑤 in m s-1. 

Our observations took place at the AMA in the Attica peninsula in Greece at the facilities of 

NCSRD, while we focused on the period between March and May 2020, where 5-days of data with 

PBLC formation were analyzed: 18, 28 March, and 01, 02, and 07 of April (c.f. Figure 7.1). 
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Figure 7.1 Spatio-temporal evolution of RCS of 18-March 2020, 28-March 2020, 1-April 2020, 2-April 2020, and 7-April 2020; 
the symbol indicates the satellite detected cloud regarding Hct. The red dashed horizontal line indicates the altitude where 
the updrafts were sampled in 4-hour segments for the calculation of σw (Foskinis et al., 2022). 

Figure 7.1 presents the spatio-temporal evolution of the range-corrected co-polar backscattered lidar 

signal (RCS) obtained by HALO and the detected clouds (presented as numbered circle symbols). The 

red dashed horizontal line indicates the altitude where the updrafts were sampled in 4-hour 

segments for the calculation of 𝜎𝑤. The aerosol load within the PBL can be seen in the color scale up 

to 5 arbitrary units (A.U.), while the higher values of the backscattered signal (>7 A.U.) indicate the 

cloud bases. In the case of thick clouds, the transmitter signal attenuates within the clouds due to 

multiple scattering, reducing the backscatter signal intensively. 

 

7.1.3.1 Modeling and Data Preprocessing 
 

Figure 7.2a presents the timeseries of total aerosol concentration (𝑁𝑎𝑒𝑟) integrated over the 

SMPS size distributions, and 𝜎𝑤, with the symbols colored by κ, for the period 18 March to 07 April 

2020, while Figure 7.2b presents the corresponding 𝑁𝑑 values with the symbols colored by 𝑁𝑑/𝑁𝑑
𝑙𝑖𝑚. 

The periods of weaker turbulence (low 𝜎𝑤, Figure 7.2a) force 𝑁𝑑 to persistently approach 𝑁𝑑
𝑙𝑖𝑚 (e.g., 

Figure 7.2b, 01 April 2020). As a result, the droplet formation is strongly velocity-limited and tends 
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to be insensitive to aerosol variations. The opposite is seen when 𝑁𝑑/𝑁𝑑
𝑙𝑖𝑚 < 0.5, as droplet formation 

becomes aerosol-limited and less sensitive to 𝜎𝑤 variations. 

 

Figure 7.2. a) Timeseries of Naer versus κ and σw values, for the period 18 March to 07 April 20230. b) The corresponding in 
situ derived Nd values are colored by the ratio Nd/Nd

lim as derived by the parameterization (Foskinis et al., 2022). 

 

7.1.3.1.1  Effective radius factor β  
 

The 𝛽 was introduced to mitigate the bias known as the “dispersion effect”, related to the 

width of the cloud droplet size spectrum, and combined with the average droplet radius, to give the 



 

Doctoral Thesis – FOSKINIS Romanos 57  

 

correct 𝜏. According to Liu and Daum (2002), 𝛽 is related to relative dispersion of the droplet 

spectrum (𝜀):  

𝛽 =
(1 + 2𝜀2)

2
3

(1 + 𝜀2)
1
3

   (7.2)  

Ιn the literature several studies are attempting to quantify 𝜀. Martin et al. (1994), using 

aircraft observations of the microphysical characteristics of warm marine stratocumulus clouds from 

the eastern Pacific, South Atlantic, subtropical regions of the North Atlantic, and the sea areas around 

the British Isles, proposed an expression of 𝜀 = 0.000574 𝛮𝑑(𝑐𝑚−3) + 0.2714, while, Rotstayn and 

Liu (2003) based on the observations of Liu and Daum (2002), suggested an expression of 𝜀 = 1 −

0.7𝑒−0.003 × 10−6𝛮𝑑(𝑐𝑚−3). Using aircraft data collected from a region influenced by polluted marine 

aerosol conditions, Zhao et al. (2006) suggested a value of 𝜀 = 0.4. Using Eq.7.2, we inserted the 

above-mentioned expressions of 𝜀 to obtain the 𝛽 −expressions (c.f. Table 7.1). Peng and Lohmann 

(2003) suggested an expression of 𝛽 = 1.18 + 4.5 10−4 𝛮𝑑(𝑐𝑚−3) using aircraft measurements 

over the ocean, near coastal areas, and far from the interior of continents, through the coast of Nova 

Scotia in the Canadian and the United States Arctic.  Freud and Rosenfeld (2012), using 

measurements of cloud droplet size distribution in various locations, found an average value of 𝛽 

equal to 1.08, as indicated by the line of best fit between 𝑟𝑒𝑓𝑓 and mean volume radius. Rotstayn and 

Liu (2009) pointed out that most GCM studies adopt a 𝛽 of 1.1 (c.f. Table 7.1).  

 

Reference Acronym 
Literature expressions, 

𝛮𝑑  in 𝑐𝑚−3 
Expression of 𝛽, 𝛮𝑑  in 𝑐𝑚−3 

Martin et al., 1994 M94 𝜀 = 5.74 × 10−4 𝛮𝑑 + 27.14 ×  10−2 
(1 + 2(5.74 × 10−4 𝛮𝑑 + 27.14 × 10−2)2)

2
3

(1 + (5.74 × 10−4 𝛮𝑑 + 27.14 × 10−2)2)
1
3

 

Rotstayn and Liu, 2003 RL03 𝜀 = 1 − 0.7𝑒−3× 10−9 𝛮𝑑 
(1 + 2(1 − 0.7𝑒−3 ×10−9 𝛮𝑑)2)

2
3

(1 + (1 − 0.7𝑒−3 ×10−9 𝛮𝑑)2)
1
3

 

Peng and Lohmann, 
2003 

PL03 𝛽 = 1.18 + 4.5 × 10−4 𝛮𝑑 1.18 + 4.5 ×  10−4 𝛮𝑑 

Zhao et al., 2006 Z06 𝜀 = 0.4 1.145 

Freud et al., 2011 F11 𝛽 = 1.08 1.08 

Rotstayn and Liu, 2009 GCMs 𝛽 = 1.1 1.1 

Table 7.1. β-expressions based on literature according to: 1) Martin et al. (1994)—M94, b) Rotstayn and Liu (2003)—PL03, 
c) Peng and Lohmann (2003)—PL03, Zhao et al. (2006)—Z06, d) Freud and Rosenfeld (2012)—F12 and e) GCMs studies–
Rotstayn and Liu (2009), respectively (Foskinis et al., 2022). 

 

7.1.3.1.2  Satellite Remote Sensing - Optimal Cloud Analysis Product and 

Droplet Number 
 

The OCA product determined from EUMETSAT (EUMETSAT, 2015) provides 𝜏, 𝑟𝑒𝑓𝑓 and 𝑃𝑐𝑡 

accompanied with their errors δ𝜏, δ𝑟𝑒𝑓𝑓 and δ𝑃𝑐𝑡 with a spatial resolution of 3.6 km x 4.6 km for the 

study region, as derived from SEVIRI with a temporal resolution of 15 min. The OCA algorithm uses a 

synergy of data to calculate the cloud parameters; however, there are always assumptions which 



Doctoral Thesis – FOSKINIS Romanos 58  

have consequent limitations affecting the accuracy of 𝑟𝑒𝑓𝑓 and 𝜏. According to the description of the 

OCA algorithm (EUMETSAT, 2015), the algorithm utilizes the land surface reflection, along with other 

model parameters derived from the Numerical Weather Prediction sources.  

In Figure 7.3 we summarize the 𝜏, 𝑇𝑐𝑡, and 𝑟𝑒𝑓𝑓 which were used as input to the satellite 

algorithm to retrieve the 𝑁𝑑
𝑠𝑎𝑡 data. Additionally, we chose to prevent the dataset from high or multi-

layer clouds, and isolate the PBL clouds by excluding clouds with 𝑃𝑐𝑡 lower than 800 hPa. Moreover, 

we applied a parallax correction, according to Koenig (2020), for each detected cloud based on 𝐻𝑐𝑡 

in order to calculate the true geolocation of each cloud and then, we isolated the clouds that are 

collocated over our measuring site. This step helps to correct the displacement that is created due to 

the satellite angle of view, along with 𝐻𝑐𝑡.  

 

Figure 7.3: The τ, reff provided by OCA against with Tct, which is calculated via the ERA5 T-Profile, for the clouds studied; the 
labelling refers to the serial number of each cloud (Foskinis et al., 2022). 

According to Grosvenor et al. (2018), the 𝑁𝑑
𝑠𝑎𝑡 algorithm can be determined as: 

𝑁𝑑
𝑠𝑎𝑡 =

√5

2𝜋
√

𝑓𝑎𝑑  𝑐𝑤

𝜌𝑤  𝑄𝑒𝑥𝑡
𝜏 𝛽3 𝑟𝑒𝑓𝑓

−
5
2   (7.3)  

in which 𝑄𝑒𝑥𝑡 is the Mie extinction efficiency factor, which is equal to 2 for large droplets of diameters 

greater than 5 μm (Hulst, 1958). The condensation rate 𝑐𝑤 (Brenguier et al., 2000) provides the liquid 

water released in an adiabatic updraft per meter of ascent, and is given by 𝑐𝑤 = 0.0016 +

4.86 10−5 𝑇𝑐𝑡 − 3.42 10−7𝑇𝑐𝑡
2  (Zhu et al., 2018), where 𝑐𝑤 is in g m-3 m-1 and 𝑇𝑐𝑡 expressed in oC, 

while 𝑓𝑎𝑑 is the adiabatic value here equal to 1.  The water density  𝜌𝑤 is considered constant, equal 

to 997 kg m-3, while 𝑇𝑐𝑡 is used to characterize the in-cloud environment. Moreover, we calculated 

the propagation error δ𝑁𝑑
𝑠𝑎𝑡 of 𝑁𝑑 by using the Chain rule to Eq.7.3, which corresponds to the 

diffusional error due to each variable to the 𝑁𝑑
𝑠𝑎𝑡 retrieval, as follows: 
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δ𝑁𝑑
𝑠𝑎𝑡 = √(

𝜕𝑁𝑑
𝑠𝑎𝑡

𝜕𝑐𝑤
𝛿𝑐𝑤)

2

+ (
𝜕𝑁𝑑

𝑠𝑎𝑡

𝜕𝜏
𝛿𝜏)

2

+ (
𝜕𝑁𝑑

𝑠𝑎𝑡

𝜕𝑟𝑒𝑓𝑓
𝛿𝑟𝑒𝑓𝑓)

2

+ (
𝜕𝑁𝑑

𝑠𝑎𝑡

𝜕𝛽
𝛿𝛽)

2

 

in which the terms 
𝜕𝑁𝑑

𝑠𝑎𝑡

𝜕𝑐𝑤
, 

𝜕𝑁𝑑
𝑠𝑎𝑡

𝜕𝜏
 , 

𝜕𝑁𝑑
𝑠𝑎𝑡

𝜕𝑟𝑒𝑓𝑓
, and 

𝜕𝑁𝑑
𝑠𝑎𝑡

𝜕𝛽
 are the sensitivity of 𝑁𝑑

𝑠𝑎𝑡concerning 𝜏, 𝑟𝑒𝑓𝑓, 𝑐𝑤 and 

𝛽, respectively. The condensation rate error δ𝑐𝑤 was estimated from the lapse rate along with the 

δ𝑃𝑐𝑡.  δ𝑐𝑤 δ𝜏, δ𝑟𝑒𝑓𝑓 were estimated for the whole dataset and on average were found to be equal to 

6 10-6 g m-3 m-1, 1.07, 0.76 μm, respectively. We note here that 
𝜕𝑁𝑑

𝑠𝑎𝑡

𝜕𝑐𝑤
𝛿𝑐𝑤 was on average relatively 

small (±11 cm-3), and contributes ±3% on the total bias of  𝑁𝑑
𝑠𝑎𝑡. Therefore, we decided to omit it 

from Eq.5. 
𝜕𝑁𝑑

𝑠𝑎𝑡

𝜕𝜏
𝛿𝜏 and 

𝜕𝑁𝑑
𝑠𝑎𝑡

𝜕𝑟𝑒𝑓𝑓
𝛿𝑟𝑒𝑓𝑓 were found on average equal to ±39 cm-3, ±84 cm-3, contributing 

±13% and ±27% to the error, respectively. Furthermore, given that the uncertainty 𝛿𝛽 it is not 

available from published literature, we used the 𝛿𝛽 which derived from the optimization process (see 

Section 3.1) and found it equals to 0.22, thus the 
𝜕𝑁𝑑

𝑠𝑎𝑡

𝜕𝛽
𝛿𝛽 found to contribute ±52% to the droplet 

error which translates to ±165 cm-3. This implies that of all parameters considered in this study, 

optimally constraining β is of prime importance for the 𝑁𝑑
𝑠𝑎𝑡 retrieval, compared to the other 

variables. 

For expressions where 𝛽 depends on 𝑁𝑑
𝑠𝑎𝑡, 𝛽 (𝑁𝑑

𝑠𝑎𝑡), the retrieval Eq.7.3 can be modified as follows: 

𝑓(𝑁𝑑
𝑠𝑎𝑡) = 𝑁𝑑

𝑠𝑎𝑡 −
√5

2𝜋
√

𝑓𝑎𝑑 𝑐𝑤

𝜌𝑤  𝑄𝑒𝑥𝑡
𝜏 𝛽3(𝑁𝑑

𝑠𝑎𝑡) 𝑟𝑒𝑓𝑓
−

5
2  = 0(7.5)  

where 𝑁𝑑
𝑠𝑎𝑡 is determined from the numerical solution of Eq.7.5 using the 𝛽(𝑁𝑑

𝑠𝑎𝑡) expressions in 

Table 7.1. We discard the less reliable retrievals when the droplet uncertainty is significant, which 

corresponds to the solutions of Eq.7.5 having δ𝑁𝑑
𝑠𝑎𝑡  > 600 cm-3, δ𝑁𝑑

𝑠𝑎𝑡/ 𝑁𝑑
𝑠𝑎𝑡  > 0.5, 𝑁𝑑

𝑠𝑎𝑡  > 2000 cm-

3, or 𝑁𝑑
𝑠𝑎𝑡<100 cm-3.  

Finally, we performed closure studies between the accepted solutions of 𝑁𝑑
𝑠𝑎𝑡  using each 

literature based β-expression, against to the estimations of in situ derived Nd from the 

parameterization (section 2.4.3). By using the M94, RL03, PL03, Z06, GCMs, and F11 expressions, the 

corresponding averaged mean normalized bias (MNB) between 𝑁𝑑
𝑠𝑎𝑡 and estimations of in situ Nd is 

equal to -50.7±12.4%, 55.5±53.5%, 13.2±34.8%, -27.3±17.9%, -35.6±15.9%, and -39.1±15.0%, 

respectively (c.f. Figure 7.6b; Table 7.1).  
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Figure 7.4. Droplet number closure between Nd and Nd
sat using the literature β-expressions according to a) M94, b) RL03, c) 

PL03, d) F11, e) Z06, and  f) GCMs compared to Nd, respectively (Foskinis et al., 2022). 

Overall, we found that in the case of using a constant value of β, such as Z06, GCMs, and F11, 

the 𝑁𝑑
𝑠𝑎𝑡 values tend to be underestimated, since the estimated mean bias is of the order of 34%, 

while the standard deviation is reduced by 16% on average. On the other hand, by using the RL03 

expression, the 𝑁𝑑
𝑠𝑎𝑡 is overestimated, although comparable compared to those values that were 

derived when expressions of constant value of β are used (Z06, GCMs, and F11), while in case of PL03 

the average bias was found 13.2% ± 34.8%. In case of using the M94 explicit relation, 𝑁𝑑
𝑠𝑎𝑡 is 

significantly underestimated, but the standard deviation is reduced by almost a factor of two 

compared to PL03. Usage of the RL03 relation provides 𝑁𝑑
𝑠𝑎𝑡 values that are considerable 

overestimated along with their standard deviation (c.f. Figure S12, while the MNBs presented in box 

plots can be found in Figure 7.6b. 
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7.1.4 RESULTS AND DISCUSSION 
 

7.1.4.1 Optimization of β-expression  
 

As a next step, we determined the 𝛽 values from Eq. 7.6, using each derived values of Νd and 

the corresponding values 𝑐(𝑐𝑤), 𝜏, 𝑟𝑒𝑓𝑓 as follows: 

𝛽(𝑁𝑑
𝑠𝑎𝑡) = (  𝑁𝑑

𝑠𝑎𝑡  (
√5

2𝜋
√

𝑓𝑎𝑑 𝑐𝑤

𝜌𝑤  𝑄𝑒𝑥𝑡
𝜏 )

−1

𝑟𝑒𝑓𝑓

5
2 )

1
3

    (7.6)  

We then fit the 𝛽 and 𝑁𝑑   data to a linear relationship, βopt = (a + b 𝑁𝑑)1/3, to determine the “optimal 

𝛽 −expression” (OPT). According to Bevington et al. (1993), we used a weighted linear interpolation 

method, which considers both δ𝛽 (calculated by using the Chain rule on Eq.7.6) and δ𝑁𝑑 (δ𝑁𝑑 = 

0.25𝑁𝑑 from Morales and Nenes, (2010)) of each 𝛽 and 𝑁𝑑 datum, to determine the OPT. 

  

Figure 7.5: The linear interpolations over the β-Nd data for the diabatic derived Nd; the labelling refers to the serial number 
of each cloud (Foskinis et al., 2022). 

The coefficients of OPT, a and b were estimated to be equal to 1, and 3.3541 10-3 ± 1.0623 

10-3, respectively (Figure 7.5), while the average δβopt was estimated to be equal to 0.22 for the whole 

dataset. Additionally, we calculated the P-value of the fit and found them equal to 0.05, respectively, 

while the fitting confidence R2 was found equal to ~0.57.  Then, we applied the OPT expression to 

Eq.7.5, to calculate the solutions of 𝑁𝑑
𝑠𝑎𝑡, while we disregarded the solutions where βopt > 2.5, and 

βopt
 < 1.  Finally, we validated the accepted solutions in respect to the 𝑁𝑑. The results of this closure 

are presented in Figure 7.6a. 

Additionally, we present the MNB boxplots, using the literature based 𝛽 −expressions (M94, 

RL03, PL03, Z06, RL09, and F11), versus our proposed expression (OPT) in Figure 7.6b. 
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Figure 7.6: a) Droplet number closure between Nd and Nd
sat using the OPT compared to Nd in respect of βopt on the colorscale; 

b) The MNB of the closure of Nd
sat _ Nd by using each β-expression: i) M94, ii) RL03, iii) PL03, iv) F11, v) Z06, vi) GCMs, and 

vii) OPT, respectively (Foskinis et al., 2022). 

Based on the results presented in Figure 7.6b and Table 7.1, we see that the proposed 

𝛽 −expression OPT exhibits the lowest mean MNB value (-8.4%) with a standard deviation 33.4%, 

while the performance of the rest β-expression can be ranked by their MNB values, as follows: PL03 

(13.2), Z06 (-27.3%), GCMs 35.6%), F11 (-39.1%), M94 (-50.7%), and RL03 (55.5%) (see also Table 3) 

along with the resulting standard deviation values (expressed as the length of the box in the vertical 

axis) of MNB (c.f. Figure 7.6b). 

7.1.5 CONCLUSIONS 
 

The study presented here expands an established droplet number retrieval algorithm for 

non-precipitating PBLCs (Grosvenor et al., (2018) to explicitly account for the spectral dispersion of 

droplets and its dependence on droplet number in terms of 𝛽. The revised algorithm uses the cloud 

microphysical variables 𝜏 and 𝑟𝑒𝑓𝑓, as derived from with a temporal resolution of 15 min and with a 

spatial resolution 3.6 km × 4.6 km, along with an improved calculation of the total condensation rate 

(Zhu et al., 2018) with respect to cloud top height which can be obtained by using the ERA5 

atmospheric pressure-temperature profiles (Hersbach et al., 2018). We found that the optimal 

retrieval of 𝑁𝑑
𝑠𝑎𝑡 is most sensitive to biases of the β values, rather than biases in 𝜏 and 𝑟𝑒𝑓𝑓, pointing 

to the need for an optimal β-expression for the most accurate 𝑁𝑑
𝑠𝑎𝑡 retrievals. 

We retrieved 𝑁𝑑
𝑠𝑎𝑡 values by using the literature-based β-expressions and we evaluated them 

against the in situ Nd estimations obtained by a state-of-the-art droplet activation parameterization. 

We found that when using a constant value of β such as, Z06, GCMs, and F11, the droplet number is 

captured to on average ±16% and a bias of -34%. When using a linear relation between ε or β to 𝑁𝑑
𝑠𝑎𝑡, 

such as PL03, 𝑁𝑑
𝑠𝑎𝑡 overestimates Nd by 13.2% ±34.8%. In the case of using more complex relation of 

β to Nd, such as of M94 or RL03, the bias of 𝑁𝑑
𝑠𝑎𝑡 increases significantly. Additionally, we proposed a 

new β-Nd expression, based on the in situ Nd estimations, that minimize the bias of closure between 

𝑁𝑑
𝑠𝑎𝑡 and Nd (8.4% ±33.4%).  

Although more work needs to be done to evaluate the extent to which our approach can be 

applied elsewhere in the globe, the results presented here are both encouraging and may suggest 
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ways to develop high-value products for climate models that can take advantage of the rich ground-

based aerosol datasets available to the community 

7.2 PAPER II: ON THE RELATION BETWEEN THE PLANETARY BOUNDARY LAYER HEIGHT AND IN 

SITU SURFACE OBSERVATIONS OF ATMOSPHERIC AEROSOL POLLUTANTS IN AN URBAN 

AREA 

7.2.1 SUMMARY 
 

In this study, we present the role of the PBLH on the air pollutant concentrations measured 

at an urban background station at the Metropolitan area of Athens, Greece, an area characterized by 

complex topography. For this purpose, we utilized in situ measurements of aerosol number 

concentrations at different size bins (10-200 nm) N10-200nm, (200-550 nm) N200-550nm, eBC, and wind 

speed data, for the period of May – July 2020. 

According to our analysis, both horizontal transport and vertical mixing and dispersion of air 

pollutants play a critical role in air quality. More precisely, PBLH is negatively correlated with aerosol 

concentration. The increase in the height of the PBL favors a reduction in aerosol concentration, 

which, to some extent, compensates for the increase in aerosol load due to emission sources and 

horizontal transport from the city center. The horizontal advection process is related to the PBLH, 

since a deep PBL drives the advection, while a shallow PBL is characterized by weak horizontal wind 

velocities. On the other hand, under stagnant air mass conditions, when the PBL shrinks, the 

concentrations of air pollutants increase. On average, a 25% increase in the PBLH results in a 15% 

reduction in aerosol concentration, whereas a 15% reduction in the PBLH may result in a 10% increase 

in aerosol concentrations. Overall, N10-200nm particle concentrations increase, when air masses arrive 

from the S-NW sector (city center) due to traffic and vehicle emissions, while transport of continental 

pollution mixed with local and regional emissions along the Balkans-Aegean Sea axis, is originating 

from the NE axis under high wind speeds. The latter is more clearly recognized from aged aerosol 

components such as sulphate. Whereas, the N200-550nm and eBC showed increased concentration load 

under stagnant air mass conditions, independently of the wind direction. 

 

7.2.2 OBJECTIVES 
 
The objective of this study is to present the role of the PBLH and its variability on the air 

pollutant concentrations. This variability is driven by the energy fluxes within the layer and changes 
the aerial volume where aerosols and other pollutants are dispersed therein, affecting the aerosol 
number concentration measured within the layer (Su et al., 2018; Jiang et al., 2022). On the other 
hand, Su et al. (2018) showed a strong negative correlation between the PBLH and the air pollutant 
concentrations. Under stagnant meteorological conditions, when the PBL becomes shallow, an 
increase in the concentration of the pre-existed aerosol is usually observed, an effect which is further 
amplified in valleys and basin areas surrounded by mountains (Papanikolaou et al., 2022). This seems 
to be a bidirectional relation, since according to Kokkalis et al. (2020) and Gini et al. (2022), aerosol 
intrusions inside the PBL, as well as the presence of transboundary transport aerosol layers above 
the PBL, may affect the top-height of the PBL and its evolution time during the day. 
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Our study aimed to investigate the effect of local air mass circulation and transport patterns 
on the aerosol load and its major chemical components, along with the PBLH diurnal cycle. To achieve 
this, we combined in situ measurements of key aerosol parameters with laser remote sensing (lidar) 
techniques, to measure the horizontal component of the wind, retrieve the PBLH and decouple the 
effect of its variability on the air pollutant levels.  
 

7.2.3 METHODOLOGY AND INSTRUMENTATION  
 

To implement the objectives of our study we used a synergy of active remote sensing and in 
situ measuring techniques. Where the horizontal components of the wind; speed (Vh) and direction 
(Vdir) were measured by using a HALO wind lidar in the VAD mode (Henderson et al., 2005), while by 
using a SMPS, a ToF-ACSM and an AE31 we measured the aerosol size distribution, the non-refractory 
aerosol mass and chemical composition of the organic and inorganics components and the eBC, 
respectively.  

Given, that particles within the size range of 10-200 nm are associated to fresh traffic and 
vehicle emissions (Vratolis et al., 2019), while the aerosol particles within the range of 200–550 nm, 
correspond mainly to aged particles partly circulated in the broad Attica region over several 
hours/days and partly transported from distant areas (e.g. Mediterranean, the Balkans, western 
Europe), we split the measured size distribution data into two fractions with diameters ranging 
between 10–200 nm (N10-200nm) and 200–550 nm (N200-550nm) to examine each one separately. 
Additionally, using the ToF-ACSM instrument we measured the mass concentrations of sulfate (SO4

2-

), and nitrate (NO3
-) particles, and the AE31 to derive the eBC as well. 

Then, we combined the Vh and Vdir values with the in situ aerosol data obtained from SMPS, 
ToF-ACSM, and AE31 into a common dataset, averaged on an hourly basis. Moreover, we divided the 
dataset into two groups: the first concerns the data obtained during the "day-hours" (between 07:00-
23:00 LTC), while the second is related to the data sampled during the "night-hours" (23:00-07:00 
LTC). Finally, we performed a cluster analysis using the PAM method (see Section Airmass Cluster 
Analysis) to determine the clusters of the in situ variables (N10-200nm, N200-550nm, SO4

2-, NO3
-, and eBC) 

with respect to the wind conditions for each data group (day-hours and night-hours). Then, we 
correlated these clusters with the prevailing wind flows in the AMA. 

Additionally, we examine the role of PBLH’s variation on the concentrations of N10-200nm, N200-

550nm and eBC. In general, most of the surface-emitted aerosols and air pollutants are trapped within 
the PBL, especially in the case of temperature inversions at the top of the PBL, which inhibit the 
aerosols from penetrating the lower free troposphere. As mentioned previously, the PBLH is driven 
by the energy balance of the surface. Here, we consider any entrainment of aerosols at the interface 
of the PBL top to be relatively small. 

Relevant studies (Su et al., 2018) have also shown a strong negative correlation between the 
PBLH and the air pollutants concentration at the surface, indicating that in the case of a shallow PBL, 
the total atmospheric volume within it, decreases and consequently, the particle concentration 
increases and vice versa. In this study, the PBLH was estimated by using a threshold technique on the 
standard deviation of the vertical wind velocities (𝜎𝑤) within the PBL (Barlow et al., 2011; Schween 
et al., 2014) using the stare mode of HALO. Then, we decouple the effect of PBLH using a dynamic 
box algorithm approach based on Hanna et al. (1982) and Jiang et al. (2022) which manages the terms 
of sources within the box, and the horizontal transports through the box, considering a vertical 
dynamic non-transparent top boundary.  
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In this study, we used a dataset derived from air pollution measurements inside the AMA 
performed from 15 March to 2 July of 2020, including the COVID-19 lockdown period in Greece. In 
brief, during this period, starting on 11 March 2020, a series of mitigation measures against the 
spread of the COVID-19 pandemic were gradually implemented in Greece. For instance, the operation 
of all educational institutions was suspended nationwide, two days later all commercial and social 
recreation activities were also suspended, except those related to basic needs (e.g. food supply, etc.); 
finally, from 22 March to 4 May, the lockdown measures were applied, including the restriction of all 
non-essential transportation throughout the country. It is well documented that the measures taken 
during the COVID-19 pandemic had a remarkable imprint on anthropogenic emissions by dramatically 
reducing traffic emissions (Kokkalis et al., 2020), and by increasing residential emissions since there 
was a restriction on all non-essential travel throughout the country, and the citizens had to stay 
indoors and make use of the residential heating on a continuous basis. 

 

7.2.3.1 Airmass Cluster Analysis 
 

Carslaw et al. (2006) showed that by using air mass cluster analysis we can categorize the in 
situ aerosol loads records, according to the local transport patterns namely the wind velocity and 
direction. One of the commonly used clustering techniques in atmospheric applications is the 
Partition Around Medoids (PAM) clustering. The PAM technique is quite similar to the k-means 
algorithm (Beddows et al., 2009; Carslaw and Beevers, 2013), and depends on the chosen number of 
clusters “k”, while the classifications of each datum into a cluster come up by minimizing the intra-
partition Euclidian’s distances, regarding each k-mean. 

The partitioning method, initially, divides the aerosol data into k distinct clusters, and all data 
points are assigned to the nearest cluster centers. Then, the cluster centers are re-calculated as the 
centroids of the newly formed clusters and the data points are re-assigned to the nearest cluster 
centers that just re-calculated. This process is repeated until the clusters reach the minimum intra-
partition distances. The goodness of the clustering can be determined by using the Silhouette 
coefficient (Rousseeuw, 1987), which shows which objects lie well within their cluster, and which 
ones are merely somewhere in between clusters. In our study, we used the PAM clustering 
partitioning to classify in clusters the N10-200nm, and N200-550nm considering both day- and night-time 
samples, using the optimal k of each. The way to determine the optimal number of clusters is by 
gradually increasing the number of clusters “k” stepwise from 2 to 10, and recording the Silhouette 
coefficient (Rousseeuw, 1987). When the Silhouette coefficient reaches a desirable high plateau, then 
this k is considered as optimal. In our case, the results of the optimal k values of N10-200nm, and N200-

550nm were found 5 and 4, and 5 and 6 for the day-hours and night-hours samples, respectively. 
Therefore, we classified the aerosol data in clusters using the optimal k values of each sample. 

 

7.2.3.2 Dynamic Box model approximation 

 

Using a Dynamic Box model approximation, we examined the role of the PLBH variability on 
the observed aerosol concentrations., We initially chose as a metric the N200-550nm concentrations 
considering that this fraction is not generally affected by primary fresh emissions. In addition, we 
examined together the N10-200nm and the eBC concentrations since they both are highly influenced by 
the anthropogenic aerosol emissions. 
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According to Hanna et al. (1982), we can approach the physical system by considering the 
particle mass balance equation applied inside the PBL, described in terms of a square “box” control 
volume, the top/bottom surfaces of which correspond to the ground/PBLH, respectively. The 
horizontal transport of air inside the PBL is characterized through the vertical box boundaries, while 
the in situ measurements of pollutant concentration are used to characterize the aerosol 
concentrations and other process rates. The original mass balance equation can be given 
as:

𝜕𝐶𝑖

𝜕𝑡
=  

𝑄𝑠

𝐻𝑃𝐵𝐿
−

𝑢  (𝐶𝑖−𝐶𝑏)

𝐿
−

1

𝐻𝑃𝐵𝐿

𝜕𝐻𝑃𝐵𝐿 

𝜕𝑡
(𝐶𝑖 − 𝐶𝑎)   (7.7)  

where  𝐶𝑖 is the pollutants concentration in particles cm-3, 𝑄𝑠 is a term related to the sources, sinks, 
production, chemical dissolution and decomposition of the pollutant 𝑖, 𝑢 is the mean air mass 
horizontal velocity in the box, 𝐻𝑃𝐵𝐿is the PBLH, the 𝐶𝑎 and 𝐶𝑏 are the concentrations above the box’s 
top and the upwind background concentration of the pollutant 𝑖, respectively. 𝐿 is the length of the 
box and 𝐶𝑖 is the concentration of the pollutant 𝑖 above the PBLH. 

In our study, we considered an ideal box with a horizontal cross section of 1×1 km and a free 
moving non-transparent cap at the vertical axis. The non-transparent cap means, that the term 𝐶𝑎 
can be considered equal to zero simplifying the equation. Following that, the equation still contains 
𝐶𝑏 and 𝑄𝑠, which cannot be distinguished by solving Eq.7.7 at the same time. To overcome this 
limitation, we considered the term which is related to the sources or sinks, production, etc. very small 
and close to zero within the box (𝑄𝑠 = 0) given the background location of the site. This assumption 
can be balanced by increasing the contribution of the horizontal transported aerosol loads, i.e. the 
value of 𝐶𝑏. Since this study aims only to decouple the effect of the variability of PBLH and not to 
decouple the source and transport fraction, we can only investigate the third term, and consider as 
one term the combined effect of transport, local sources and sinks. Hence, Eq.7.7 can be written in a 
differential form, as follows: 

 
𝜟𝑪𝒊

𝜟𝒕
(𝒕) =

𝑪𝒊(𝒕 + 𝜟𝒕) − 𝑪𝒊(𝒕 − 𝜟𝒕)

𝟐𝜟𝒕
   (𝟕. 𝟖𝒂)

𝜟𝑯𝑷𝑩𝑳

𝜟𝒕
(𝒕) =

𝑯𝑷𝑩𝑳(𝒕 + 𝜟𝒕) − 𝑯𝑷𝑩𝑳(𝒕 − 𝜟𝒕)

𝟐𝜟𝒕
   (𝟕. 𝟖𝒃)

𝑫𝑪𝒊
𝒕+𝒔(𝒕) = −

𝒖 (𝒕)(𝑪𝒊(𝒕) − 𝑪𝒃(𝒕))

𝑳
  (𝟕. 𝟖𝒄)

𝑫𝑪𝒊
𝒉(𝒕) =  −

𝑪𝒊(𝒕)

𝑯𝑷𝑩𝑳(𝒕)

𝜟𝑯𝑷𝑩𝑳

𝜟𝒕
(𝒕)   (𝟕. 𝟖𝒅)

𝑫𝑪𝒊(𝒕) =  𝑫𝑪𝒊
𝒕+𝒔(𝒕) + 𝑫𝑪𝒊

𝒉(𝒕)  (𝟕. 𝟖𝒆)

 

where 𝛥𝑡 is the time resolution between each measurement of the timeseries, which is equal to 15 

min, while the terms 𝐷𝐶𝑖
𝑡+𝑠, 𝐷𝐶𝑖

ℎ are the decoupled variances of the aerosol concentrations within 
the control volume due to the horizontal transport, sources and sinks and the one related to the PBLH 
variation, respectively; the latter will be called from now on “PBLH enhancement”, of the pollutant 𝑖, 
where 𝑖 corresponds to the N10-200nm, N200-550nm and eBC concentrations, respectively. Finally, the term 
𝐷𝐶𝑖 is the variance in time of the in situ measured aerosol concentration on each moment 𝑡. 

 

7.2.4 RESULTS & DISCUSSION 
 



 

Doctoral Thesis – FOSKINIS Romanos 67  

 

7.2.4.1 Local transport pattern analysis 
 

The orientation of the four surrounding mountains in the AMA are: Egaleo, Parnitha to the 
northwest, Penteli to the north and Hymettus to the east (c.f. Figure 6.1). This topography favours 
the formation of synoptic winds or the sea breeze cells following towards two directions, from the N-
NE or SW (Kallos et al., 1993), respectively. When a strong pressure gradient occurs over the Aegean 
Sea, then the N winds are linked with the AMA ventilation (Kallos et al., 1993). According to Diapouli 
et al. (2014) and Vratolis et al. (2019), the winds from the N sector are also related to the transport 
of continental pollution mixed with local and marine emissions along the Balkans-Aegean Sea axis. 
These air masses usually reach the AMA region from the eastern side of Hymettus, while passing over 
the South Euboean Gulf and Mesogea plain, transporting a significant load of particles in the range 
of 10-200 nm (c.f. Figure 7.7a) and increasing the SO4

2- component (c.f. Figure 7.7e).  

On the other hand, when a low-pressure gradient over the Central Mediterranean or Ionian 
Sea occurs, then S & SW winds are developed over AMA, usually related to Saharan dust transport 
events over the Athens basin (Soupiona et al., 2019), while air pollutants (N10-200nm & eBC) produced 
in the densely populated part of the Athens basin are also transported towards DEM station 
(Kalogridis et al., 2018; Gini et al., 2022). As AMA is surrounded by mountains except from its 
southwestern side, which is an extended opening towards the Saronikos Gulf, the sea breeze cells 
can be developed under relatively weak synoptic flow conditions over Greece, affecting the 
ventilation of AMA. In general, the sea-breeze tends to stratify the atmosphere above the city, 
trapping air pollutants at a relatively small height above ground (Kallos et al., 1993), while under 
stagnant atmospheric conditions, locally emitted anthropogenic aerosols dominate inside the PBL 
(Kalogridis et al., 2018).  
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a)  
b)  c)  

d)  e)  

 

Figure 7.7. Wind polar plots of (a) N10-200nm [cm-3], (b) N200-550nm [cm-3], (c) eBC [μg m-3], (d) NO3
- [μg m-3]and (e) SO4

2- [μg m-

3] during the daytime, respectively. The radial distance from the middle of the plot corresponds to the wind speed, while the 
color-scale corresponds to the concentration of each pollutant. 

In Figure 7.7a, a significant increase of concentrations in the N10-200nm mode particles is 
observed over the AMA with wind flows within the S – NW sectors, due to the locally formed sea 
breeze cell. This is because the S – NW sector refers to the city center, and as a result, the emitted 
aerosols are advected over the DEM site, causing recirculation of the pollutants along the NE–SW 
axis (Kallos et al., 1993; Kalabokas et al., 1999; Diapouli et al., 2017a). Another sea breeze cell is 
formed over the Mesogea plain at the eastern side of Hymettus and blows mainly from NE to SE 
(during daytime) and from W to NNW (during the nighttime) (Kallos et al., 1993). The Mesogea Plain 
is generally less populated, and with lower vehicular traffic, compared to the AMA. Therefore, when 
low winds occur, relative “clean” air masses are transported over the DEM site, characterized by low 
particle number concentrations in both size ranges (10-200 nm and 200-550 nm) (Kostenidou et al., 
2015; Vratolis et al., 2019).  

On the other hand, we used the SO4
2- concentrations, as a tracer for regional anthropogenic 

aerosol and continental pollution, since there are no significant sources of SO4
2- within AMA 

(Zografou et al., 2022). In Figure 7.7e we observe higher SO4
2- concentrations when the wind flows 

within the NE-SE sector (Diapouli et al., 2014; Vratolis et al., 2019). This pattern remains the same 
during the nighttime conditions (c.f. Figure 7.7e).  
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a) b) 

 

c)  

d)  e) 

 

 

Figure 7.8. Wind polar plots of (a) N10-200nm [cm-3], (b) N200-550nm [cm-3], (c) eBC [μg m-3], (d) NO3
- [μg m-3] and (e) SO4

2- [μg m-

3] during the night-hours, respectively. The radial distance from the middle of the plot corresponds to the wind speed, while 
the color-scale corresponds to the concentration of each pollutant. 

According to Amanatidis et al. (1992), the katabatic flows inside a basin like AMA surrounded 
by mountains are very important, since they enhance the air pollution episodes. When the katabatic 
flows occur, the pre-existed and emitted aerosols within the PBL, are trapped in poor pollutant 
dilution and dispersion along low winds and temperature inversion, and as a result, the pollution 
episodes become more intense. Additionally, Flocas et al. (1998) found the same direction for the 
katabatic winds, a finding indicating that the increase in the particle number concentration we 
observe, originates from particle layers aloft transported by the katabatic flow regime. This can be 
seen in Figure 7.8b, and c, in which an increment of the N200-550nm and the eBC concentrations is 
observed when the winds blow within the sectoral range 130 ̊- 190.̊ As a result, the air masses from 
the mount Hymettus are brought over the station lowering the nocturnal PBLH, and occasionally 
increasing the particle number concentration (Flocas et al., 1998). When stagnant conditions occur 
during nighttime, then the observed N200-550nm, eBC, and NO3

- concentrations correspond to local 
emissions without a strong contribution to the aerosol load (c.f. Figure 7.8c, d, and e). 
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7.2.4.2  Clustering of local transport patterns 

 

Moreover, for the day- and night- time data series of N10-200nm, and N200-550nm, we performed a 
cluster analysis to group the data with respect to the aerosol load, the wind direction and speed. 
During this process, we can identify an optimum number of clusters (sectors), so that the aerosol 
observations within each sector correspond to similar (wind speed and direction) conditions.  

As mentioned before in this study we used the PAM clustering, while the number of the sectors was 
estimated by using the optimization technique of selection of the optimal number of clusters. 
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c)  d)  

Figure 7.9. Clustering results of N10-200nm and N200-550nm based on aerosol load in respect to the prevailing meteorological 
conditions for the day- and night- hour samples, respectively. Here the color-tone of each cluster indicates higher mean 
concentrations when the color becomes darker. 

Regarding the daytime periods, the N10-200nm and N200-550nm concentrations can be clustered 
into five and four sectors (c.f. Figure 7.9a, b); for ultrafine and accumulation mode particles, 
respectively (see Table 7.2-5).  
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Sectors Averaged Concentration (cm-3) 
Averaged horizontal 

velocity (Vh) (m s-1) 

NE-SE 2879 ± 1832 4.2 ± 1.3 

NW-NE 3349 ± 2095 5.1 ± 1.6 

SE-S 4105 ± 1705 2.4 ± 2.1 

N-NE 5911 ± 3252 9.8 ± 2.3 

S-NW 6053 ± 3784 3 ± 1.7 

Table 7.2. Summary table of the averaged concentrations and the horizontal velocities that were measured at each cluster, 
regarding the daytime periods both for N10-200nm. 

 

Sectors Averaged Concentration (cm-3) 
Averaged horizontal 

velocity (Vh) (m s-1) 

NE-SE 1936 ± 1508 7.8 ± 2.2 

N-NE 2056 ± 1041 3.9 ± 1.3 

NW-NE 2931 ± 1770 4.1 ± 1.7 

S-NW 2945 ± 1054 5.2 ± 0.9 

local 3888 ± 1970 1.6 ± 1.2 

Table 7.3. Summary table of the averaged concentrations and the horizontal velocities that measured at each cluster, 
regarding the nighttime periods both for N10-200nm. 

Thus, the main clusters were observed within the following sectors: the NE-SE sector, which 
corresponds to a residential or parkland area at the lee side of Hymettus with dense aerosol sources, 
except for the fast traffic Athens Ring-road (Figure 7.9a, b). More specifically Figure 7.9a presents the 
lowest aerosol concentration values in average (2879 ± 1832 cm-3 and 204 ± 127 cm-3 for ultrafine 
and accumulation mode particles, respectively); the NW-NE sector which is characterized by a 
densely populated urban/suburban area with typical local traffic emissions, has slightly high values 
on average (3349 ± 2095 cm-3 and 157 ± 78 cm-3 in ultrafine and accumulation mode particles, 
respectively); the S-NW sector in which, the freshly emitted aerosol particles from traffic are 
transported from the major AMA urban and city-center sectors towards our experimental site, driven 
by the synoptic S winds or the sea breeze from the Saronikos Gulf. In this case, we found the highest 
aerosol loads (6053 ± 3784 cm-3 and 171 ± 123 cm-3 in ultrafine and accumulation mode particles, 
respectively); Finally, a narrow sector starting from the lee side of Hymettus to the SE-S direction, 
displayed occasional events of a slightly high load of ultrafine mode particles, equal to 4105 ± 1705 
cm-3. Moreover, in the case of the ultrafine mode particles, we found even more increased values on 
average equal to 5911 ± 3252 cm-3 within the N-NE sector, where windy conditions frequently occur. 
Usually, this is a preferred pattern for long-range transported continental pollution intrusions along 
the Balkans-Aegean Sea axis (Diapouli et al., 2014; Vratolis et al., 2019). Finally, one extra sector has 
been found in the case of accumulation mode particles which corresponds to the local emissions 
during stagnant conditions (valid when the wind speed is below 4 m s-1). In total, the local aerosol 
emissions were estimated to appear equal to 269 ± 153 cm-3. 
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Sectors Averaged Concentration (cm-3) 

Averaged 

horizontal velocity 

(Vh) (m s-1) 

NW-NE 157 ± 78 6.6 ± 1.5 

S-NW 171 ± 123 4.2 ± 2.2 

NE-S 204 ± 127 3.8 ± 2.5 

local 269 ± 153 1.1 ± 1.9 

Table 7.4. Summary table of the averaged concentrations and the horizontal velocities that measured at each cluster, 
regarding the daytime periods both for N200-550nm. 

 

Sectors Averaged Concentration (cm-3) 
Averaged horizontal 

velocity (Vh) (m s-1) 

N-NE 100 ± 49 8.6 ± 1.7 

NW-N 147 ± 92 5.9 ± 1.1 

S-SW 152 ± 94 4.2 ± 1.4 

N-NE 165 ± 99 4.1 ± 1.0 

NE-SE 214 ± 152 5.6 ± 1.2 

local 260 ± 160 0.4 ± 1.1 

Table 7.5. Summary table of the averaged concentrations and the horizontal velocities that measured at each cluster, 
regarding the nighttime periods both for N200-550nm. 

Concerning the nighttime periods the N10-200nm and N200-550nm concentrations, they can be 
clustered into five and six sectors (c.f. Figure 7.9c, d); for ultrafine and accumulation mode particles, 
respectively (see Table 7.2-5), similarly to the daytime analysis the major aerosol concentrations were 
observed within the following sectors: the sector which is associated to local emissions during 
stagnant conditions (for wind speeds < 4 m s-1) in for both ultrafine (3888 ± 1970 cm-3) and 
accumulation (260 ± 160 cm-3) mode particles; the S-NW sector, which is affected by aerosol 
emissions from the city-center (2945 ± 1054 cm-3 and 152 ± 94 cm-3); the NE and SE sectors are now 
associated with the katabatic flows from Hymettus, where we found an increase in the average 
aerosol load (2931 ± 1770 cm-3 and 214 ± 152 cm-3 for wind speeds over 4 m s-1) most probably 
originating from decoupled aerosol layers aloft (Papayannis and Balis, 1998); the NW, N and NE 
sectors (for the fine mode particles) are unified showing concentrations of 2056 ± 1041cm-3, while in 
the case of accumulation mode particles this sector is divided into NW-N and N-NE sectors, 
respectively (147 ± 92 cm-3 and 165 ± 99 cm-3); and finally, the N-NE sector when wind speeds > 6 m 
s-1 (1936 ± 1508 cm-3 and 100 ± 49 cm-3).  

The overall assessment of the 3D air flow around DEM station reveals a strong influence of 
mainly stagnant conditions being responsible for the high concentrations observed for aerosol 
metrics like particle number and eBC. This indicates that sources within the Athens valley are the 
main influence for the site. It is observed that metrics related to fresh emissions (N10-200nm, eBC) 
display a tendency to arrive from the W/SW sector (city center and main urban area) at higher wind 
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speeds, while SO4 which is characteristic of regional distant sources tend to arrive from the eastern 
sector outside the Athens valley rather than the west sector.  

 

7.2.4.3  PBLH decoupling on aerosol monitoring - Case Study Analysis (9 May 

2020) 
 

In this section, we will analyze the diurnal evolution of the PBLH during the case study of 9 
May 2020. At first, we present in Figure 7.10a, b, c, the spatio-temporal evolution of the RCS, w and 
𝜎𝑤, respectively, from the ground up to 3 km height, where the red dots denote the PBLH. As noted 
in Section 4.1.1.1, by applying the 𝜎𝑤 threshold technique, the PBLH can be estimated, where 𝜎𝑤 
takes values > 0.2 m s-1. 

In Figure 5a we observe that the PBLH is increasing during daytime, reaching its maximum 
height of ~2000 m a.g.l. at 15:00 ~LTC. During its diurnal evolution (09:00-20:00 LTC) the PBL contains 
well-mixed aerosols, as a result of strong air mass updrafts (the positive part of the vertical velocities). 
More specifically, after 09:00 LTC the ground surface temperature starts increasing due to solar 
heating, producing a positive (upward) radiative flux. Thus, the air parcels located close to the ground 
absorb part of that energy and get warmer and, finally, a convective process starts following the 
buoyancy rules. Therefore, heat is transferred vertically, from lower to higher altitudes inside the PBL. 
This vertical motion forces the nearby air parcels to fill the gap near the ground, thus, increasing the 
turbulence. Following the daily cycle, the development of the PBLH continues as long as the net 
radiative flux is positive. When the sun is on zenith (~15:00 LTC), the solar net flux together with the 
PBLH reaches their maximum values, as the PBLH does. Later, during the afternoon and the sunset, 
the PBLH decreases gradually since the heat transfer from the ground reduces, and the turbulence 
becomes weaker. 

a)  

b)  
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c)  
Figure 7.10. Spatio-temporal evolution of (a) RCS in arbitrary units, (b) vertical velocities in m s-1, and (c) σw in m s−1 of 9-
May 2020, respectively. The red dots indicate the temporal evolution of the PBLH (Foskinis et al., Under Review) 

 

a)  

 

b)  

c)  

d)  

Figure 7.11. Diurnal evolution of a) N10-200nm, b) N200-500nm, and c) eBC concentrations (9 May 2020), along with the decoupled 
evolutions of horizontal transport or source/sinks fraction and the PBLH enhancement fraction. The black line corresponds 
to the concentration of the pollutant (left axis), the dot lines correspond on the right axis to the decoupled concentration 
rate of change of each pollutant, where the horizontal transport or source/sinks fraction is in black, the PBLH enhancement 
is in red, the measured change in blue. The magenta line corresponds to the second axis on the right and presents the PBLH. 
d) The temporal evolution of the wind velocity and direction with respect to local time, for the case of 9 May 2020. 
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Furthermore, by solving Eq. 6.2.2 for each aerosol cluster, we calculated the decoupled 

𝐷𝐶𝑖
𝑡+𝑠 and 𝐷𝐶𝑖

ℎ values along the 𝐷𝐶𝑖
𝑜𝑏𝑠 for the N10-200nm, N200-500nm, and eBC values, respectively. 

The diurnal evolution of 𝐷𝐶𝑖
𝑡+𝑠, 𝐷𝐶𝑖

ℎ, 𝐷𝐶𝑖
𝑜𝑏𝑠, N10-200nm, N200-500nm, and eBC is presented in Figure 

7.11a, b and c, respectively, along with the PBLH values. Finally, the wind rose plot presented in Figure 
7.11d, shows which flow direction contributes more to the aerosol advection inside the PBL. 

We note, here, that the positive fraction of 𝐷𝐶𝑖
𝑡+𝑠 indicates the advection of air masses (and 

pollutants), while the negative values indicate dilution and removal processes. The horizontal 
advection process is also related to the PBLH, since a deep PBL drives the advection, while a shallow 
PBL is characterized by weak horizontal wind velocities, along with frictional drag effects close to the 
surface. Indeed, this can be seen in Figure 7.11b and d, between 10:00-15:00 LTC, as the PBL is 
developing and horizontal wind velocities are increasing, advecting freshly emitted particles from the 

city's center towards our measurement site. As a result, the 𝐷𝐶𝑖
𝑡+𝑠 values become positive, for all 

particles (ultrafine, accumulation mode particles and eBC). Meanwhile, the inflation of the PBL has a 

negative impact on the 𝐷𝐶𝑖
ℎ values, due to the increase in the total atmospheric volume below the 

PBL. However, despite this decrease, the 𝐷𝐶𝑖
𝑡+𝑠 dominates over the 𝐷𝐶𝑖

ℎ and results to an overall 
increase in concentrations, for both ultrafine, accumulation mode particles, as well as the eBC.  

Once the PBL stops growing (15:00-17:00 LTC), the wind flow changes from W to SE direction, 
ventilating the site and transferring purer air masses toward our site. This causes a reduction in the 
aerosol load (both in ultrafine, accumulation mode particles and the eBC concentrations). Finally, 

from 17:00 to 20:00 LTC, the PBL rapidly shrinks down, leading to a positive 𝐷𝐶𝑖
ℎ enhancement. 

Overall, the observed aerosol concentrations increase and stabilize to a certain level, indicating an 
enhancement from the suppression of PBLH, without any significant transport from sources. The PBL 
diurnal variation appears to have a significant impact on aerosol concentrations observed at this 
background location and this can be quantitatively demonstrated by the present study. Although it 
does not alter the strong features of the diurnal variability of representative aerosol pollutant 
metrics, some characteristic behaviour of the rate of change in concentrations is observed. More 
specifically, the increase of PBLH in the morning hours advects fresh pollutants at a rate which would 
be higher if not diluted by the increased PBLH. This is more pronounced for fresh particle emissions 
and eBC. In the evening hours, concentration levels are retained to higher levels or display peaks, 
while they would otherwise decline sharply.  

 

7.2.4.4 Diurnal variations of pollutants inside the PBL 
 

In this section, we used the same methodology described for the case study above, to the 
entire period of measurements. In Figure 7.12a, b and c, we present the diurnal variations of the 
same parameters (as in Figure 7.11) along with their decoupled fractions, for the period 15 March to 
2 July of 2020. Here the colored-shadows correspond to the standard deviation of each variable 
calculated for each hour, respectively.  

Based on Figure 7.12a, we can observe the diurnal cycles of N10-200nm and PBL. The diurnal 
cycle of N10-200nm is shown to have a clear dependence on the anthropogenic emissions since the cycle 
matches to vehicular traffic pattern within the AMA. The average N10-200nm concentrations were found 
to be equal to 2500cm-3, 8750cm-3, and 3750cm-3 at 06:00, 13:00, and 19:00 LTC, respectively. In 
contrast, the N200-500nm concentrations did not show a strong diurnal cycle, ranging on average 
between 200 to 300cm-3. Additionally, the eBC concentrations exhibited two peaks: the first peak 
(06:00-10:00 LTC) was related to vehicular traffic, while the second peak (18:00-23:00 LTC) was 
related to the residential heating emissions in agreement with a study conducted in the same period 
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(Eleftheriadis et al., 2021). Throughout the studied period, the PBLH revealed a clear diurnal cycle, 
fluctuating between 500 and 1200m agl. (06:00 to 21:00 LTC).  

 
 

a) 
b) 

 

c) 
Figure 7.12. Diurnal evolution of a) N10-200nm, b) N200-500nm, and c) eBC concentrations, along with the decoupled evolutions 
of horizontal transport or source/sinks fraction and the PBLH enhancement fraction. The black line corresponds to the 
concentration of the pollutant (left axis), the dot lines correspond on the right axis to the decoupled concentration change 
of each pollutant, where the horizontal transport or source/sinks fraction is in black, the PBLH enhancement is in red, the 
measured change in blue. The magenta line corresponds to the second axis on the right and presents the PBLH. 

In general, the decoupled DNi
t+s and DNi

h fractions were found to be anticorrelated to each 
other. This means that when the PBLH is growing, it promotes the air mass advection, leading to an 
increase in DNi

t+s values. At the same time, the relevant aerosol concentrations are reduced, as the 
atmospheric volume in which they are embedded increases (i.e. vice versa decrease of the DNi

h 
values compared to DNi

t+s ones). Consequently, the observed rate of change (DNi
obs) is fluctuating 

between the DNi
h and DNi

t+s values. 

Throughout this study, it is demonstrated that during the transition periods of rising or 
contracting PBL a rate of change in the range of 10-20 % is dynamically induced and modulates the 
concentration levels of aerosol pollutants. In Figure 7.12 this corresponds to different levels based 
on the relative concentration of each species. However, if one looks at the change induced by the 
rate of change of PBL height alone all aerosol parameters are affected in the same way, behaving like 
passive tracers at the given time resolution. The effect is not pronounced to the point of altering the 
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diurnal pattern related to the urban emission sources but must be considered for interpreting the 
temporal evolution of observed concentration levels. 

 

7.2.5 CONCLUSIONS 
 

The local transport patterns of fresh and aged particles, as well as their diurnal variations 
and their relation to the boundary layer top height, are analyzed and discussed here. For the 
implementation of the study, we utilized measurements of horizontal wind speed, aerosol size 
distribution, and chemical composition, using both remote sensing and in situ techniques during the 
time period from March 15th to July 2nd 2020, over the Athens megacity, Greece. According to our 
findings, the combination of topography and atmospheric dynamics plays an important role in the 
local ventilation and air quality conditions. More precisely, in the Athens valley background 
conditions at DEM station, the aerosol particle concentration increases significantly in the S-NW 
sector due to traffic and vehicle emissions (6053 ± 3784 cm-3 and 171 ± 123 cm-3 in ultrafine and 
accumulation mode particles, respectively), as well as during windy conditions from the N-NE axis in 
case of ultrafine particles (5911 ± 3252 cm-3). Moderate wind flows from NE-SE axis are mostly 
related to regional background air masses from the Mesogea plain (2879 ± 1832 cm-3 and 204 ± 127 
cm-3 for ultrafine and accumulation mode particles).  

Using the SO4
2- as a tracer, we identified the long-range transport, as it is mostly derived 

from and continental pollution and shipping emissions. During nighttime, we found that the 
katabatic flows from Hymettus Mountain may either provide background clean air from higher 
altitudes, while occasionally transferring pollutants decoupled to higher layers, enhancing pollution 
episodes, while during stagnant conditions this effect becomes more intense (2931 ± 1770 cm-3 and 
214 ± 152 cm-3 when wind speed > 4 m s-1). Moreover, the role of PBLH variation on the measured 
aerosol load is also examined in this study. The estimation of PBLH was achieved using a threshold 
technique and then a dynamic box approach was used to decouple the effect of PBLH on the 
concentrations of pollutants (i.e., N200-500nm, and eBC). 

Our analysis reveals that the variation of PBL height has a quantitative effect on aerosol 
concentrations observed at the ground. This is because any change in the aerosol concentration is 
partially related to changes in sources or sink emissions, horizontal transport effects and the variance 
of the height of the PBL. Additionally, the height of PBL by itself, affects the ability of the aerosols to 
be transported horizontally since a deep PBL conducts the advection with no significant surface 
effects, in contrast within a shallow PBL the frictional drag effects close to the surface reducing the 
horizontal wind velocity by it, resulting in reduced the horizontal transport of aerosols. The 
significance of our results, demonstrate the importance of considering PBLH variations in 
understanding the impact of pollutants and their sources on air quality, especially in urban areas of 
complex topography. The methodology described in the study can be applied to other regions with 
similar conditions to estimate PBLH and its impact on air quality. 
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7.3 PAPER III: THE INFLUENCE OF THE PLANETARY BOUNDARY LAYER ON THE ATMOSPHERIC 

STATE AT AN OROGRAPHIC SITE AT THE EASTERN MEDITERRANEAN 

7.3.1 SUMMARY 
 

In this study, we presented the influence of the PBL on the air masses sampled by the (HAC)2 and 

the corresponding cloud formation at Mount Helmos during the CALISTHO Campaign. The PBLH was 

determined from the 𝜎𝑤  measured by a wind Doppler lidar (over a 30-min time window with 30 m 

spatial resolution), using a characteristic threshold value of 𝜎𝑤; when 𝜎𝑤 drops below 0.1 m s-1 the 

air masses are situated above the PBL, thus, the corresponding PBLH can be estimated. The air 

masses sampled at (HAC)2 can be also characterized as coming from the PBL or from the free 

troposphere based on in situ aerosol measurements of the eBC, their fluorescent content, size 

distribution, and the air mass absolute humidity.  

We found that the PBLH cycle concerning the location of (HAC)2, regulates the temporal cycle of 

aerosol-related parameters measured at the (HAC)2 with a distinct diurnal cycle being present when 

the station is inside the PBL and a complete lack thereof when the site is in the FTL. Additionally, we 

identified transition periods, where the (HAC)2 site location alternates between the FTL (usually 

during the early morning hours) and the PBL (usually during the midday hours and sometimes during 

night hours, before the PBL shrinks due to radiation cooling), during which the concentration and 

characteristics of the aerosols vary the most. It is during these periods when orographic clouds are 

formed, forced by the largest aerosol diversity. Our analysis showed that the highest PBLH values 

occur in September [400m above (HAC)2] followed by a transition period in November, while the 

lowest one occurs in January [200m below (HAC)2]. We found also that the PBLH increases by 15 m 

per 1°C increase in surface temperature. 

 

7.3.2 OBJECTIVES 
 

In the case of the orographic environments, the PBLH estimation poses a particular challenge, 

given their topographic complexity and the large diurnal forcing. The wind Doppler lidar technique 

can constrain the PBLH like no other method, with high temporal and spatial resolution (Emeis, 2011). 

In this study, we deploy the HALO lidar system to establish a 𝜎𝑤 threshold value for the PBLH 

determination at the (HAC)2 station at Mount Helmos (Greece), using in situ observations of the 

yearly variations of the PBL dynamics and ultimately determine when the (HAC)2 station (and 

corresponding orographic clouds) is influenced exclusively by PBL or FTL air masses – or a 

combination of those. 

 

The objective of this study is to to establish a 𝜎𝑤 threshold value for the PBLH determination at 

the (HAC)2 station at Mount Helmos (Greece), using in situ observations of the yearly variations of 

the PBL dynamics and ultimately determine when the (HAC)2 station (and corresponding orographic 

clouds) is influenced exclusively by PBL or FTL air masses – or a combination of those. Therefore, we 

adopted the usage of Doppler lidar technique, which enables detection of vertical profiles of aerosols 

as well as their velocity as "tracers” of the air mass movements. This technique, based on the 
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detection of the minimum of the gradient of the backscattered elastic lidar signal vertical profile or 

on the vertical wind velocity 𝑤 profile, can provide the PBLH with very high spatial (a few meters) 

and temporal (a few seconds) resolution (Tsaknakis et al., 2011; Wang et al., 2021; Duc et al., 2022).  

 

7.3.3 METHODOLOGY 
 

The origin of the sampled air masses at (HAC)2 is initially characterized through in situ 

measurements by a set of instruments consisting of an AE31 for measuring the eBC, a TSI 3563 to 

measure the light-scattering coefficient of aerosol particles at 550 nm(sc550 and bc500), a WIBS-

5/NEO to measure the presence of biological particles (pollen, bacteria and fungi), and a SMPS to 

determine the total concentration of particles (NTotal), as well as the concentration of particles 

between 90 and 800 μm (N90-800nm). In situ meteorological data (ambient temperature and pressure, 

Relative Humidity (RH), and horizontal wind) are provided by a meteorological station which was 

located at (HAC)2, while the absolute humidity (q) was calculated based on the ambient temperature 

and pressure (Wallace and Hobbs, 2006) 

The strong contrast between the PBL and FTL air masses, using all these in situ parameters 

as proxy, is used to constrain when the PBLH crosses the (HAC)2 altitude. A wind Doppler Lidar, placed 

at the VL location provided the vertical profiles of 𝜎𝑤 throughout the atmospheric column. Using this 

setup, we were able to follow the vertical movements of air masses between (HAC)2 and VL and 

measure the 𝜎𝑤 at the level of (HAC)2 thus, identifying when this site is above or inside the PBL. The 

latter is then used to determine the appropriate 𝜎𝑤 threshold for defining the PBLH. 

Given that the black carbon mostly originates from anthropogenic fossil fuel emissions (the 

wildfire cases are not considered in our study) within the PBL, we can also use the eBC as an index to 

determine the regimes where (HAC)2 is within the PBL or the FTL, when the eBC concentration obtains 

large or small values respectively (Lund et al., 2018; Motos et al., 2020). Additionally, given that 

increased aerosol concentrations are typically found within the PBL, the relevant total scattering 

coefficient tends to obtain large values (Farah et al., 2018) when (HAC)2 is within the PBL, hence, the 

scattering intensity was used as a proxy to identify regimes where the (HAC)2 is within the PBL or FTL, 

while, in this study, we used the aerosol total scattering and backscattering coefficients at 550nm 

(sc550 and bc500, respectively). 

 

7.3.3.1 Wind lidar system and PBLH retrieval 
 

During CALISHTO, the wind lidar HALO was deployed at the VL site and was performing a 3-

dimensional scan HALO can provide the vertical profile of the vertical wind velocity (updraft velocity) 

(w) with accuracy ±0.038 m s−1 for every 30 m with 2 s temporal resolution, while in a staring mode, 

the maximum distance range varies from 2 to 3 km depending on the atmospheric aerosol load. 

Additionally, to minimize possible noise effects on the retrieved 𝜎𝑤, we digitally filtered the 

backscattered lidar signal using the technique proposed by Barlow et al. (2011), Newsom and 

Krishnamurthy (2020). Thus, we excluded the data with a signal-to-noise ratio (SNR) lower than -20 
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dB from our dataset to obtain a noise-corrected dataset. The purpose of this methodology is to 

prevent the Doppler spectrum from systematic variations in the noise floor. Secondly, we created 

data segments containing sub-datasets using a 30-minute time-moving window (Schween et al., 

2014) of the noise-corrected dataset for every 5 min (Lenschow et al., 2012), and finally, we 

calculated the standard deviation 𝜎𝑤 for each height level. 

The average time window of 30 min describes the time needed by a convective air plume to 

travel up and down within a well-mixed PBL. Considering that a plume has on average, an ascent 

speed of 1 m s−1 and that a typical mixing layer at (HAC)2 is of the order of 1 km, the average time 

interval is about twice the lifetime of the plume. This period is also typical for the derivation of 

turbulent fluxes from eddy covariance stations according to Schween et al. (2014). Finally, we 

calculated the 𝜎𝑤 at the (HAC)2's level height, and we combined the in situ measurements from the 

SMPS, ToF-ACSM, AE31, TSI 3563, WIBS, and meteorological parameters to derive a threshold of the 

value of 𝜎𝑤 to delineate whether (HAC)2 is confined within the PBL or above (in the FTL), or in a 

transition zone between these two regions. 

7.3.4 RESULTS & DISCUSSION 
 

Figure 7.13 presents the RH, T, and horizontal wind velocity recorded at (HAC)2. As previously 

mentioned, the aerosol scattering (sc550) and backscattering (bc550) coefficients were derived from 

the Nephelometer; the N90-800nm and the NTotal were derived from the SMPS data; the eBC 

concentrations were derived from the Aethalometer data; the AB and ABC signals were obtained 

from WIBS; while the 𝜎𝑤 was derived from HALO at the level of (HAC)2.  

Under cloud-free conditions at (HAC)2, the sampled air masses contain low levels of moisture 

(q: 0-2.5 g kg-1, RH: 0-40%) and 𝜎𝑤 usually varies between 0-0.25 m s-1. In these cases, the fine 

particles (below 90 nm) dominate the aerosol number (N90-800nm/NTotal < 0.25), and N90-800nm varies 

between 0 and 120 cm-3 and the aerosol scattering coefficients (sc550 and bc550) and the eBC 

concentrations approach zero values. When the RH at (HAC)2 ranges between 40 and 90%, the 

sampled air masses are more humid (q increases from 2.5 to 7 g kg-1), 𝜎𝑤 exceeds 0.25 m s-1 and the 

number of accumulation-mode particles (N90-800nm) increases substantially. This pattern, is indicative 

for the arrival of air masses originating from the PBL, with elevated N90-800nm, 𝜎𝑤 and RH values. 

Therefore, given that the PBL is a region of intense air mass mixing (especially in the studied 

orographic region), low 𝜎𝑤 values correspond to pure and dry free tropospheric air masses, while 

large 𝜎𝑤 values correspond to polluted and humid air masses originating from the PBL. When (HAC)2 

is close to PBLH, then the PBL transition zone (so-called “entrainment” or ”detrainment zone”) is 

influenced by both FTL and PBL air masses; in this case, strong temporal gradients are observed in all 

in situ measured properties and 𝜎𝑤, which are characteristic of mixing between the FTL and PBL air 

masses  (c.f. Figure 7.13). 

In Figure 7.14a-e, we present the correlation of each above-cited variable (eBC; sc550 and 

bc550; BC and ABC; N90-800nm and NTotal; and RH with q) with 𝜎𝑤 separately, to identify how each 

parameter changes with 𝜎𝑤. These figures clearly show that the increase of the 𝜎𝑤 values leads to a 

relevant increase of RH, q, sc550 and bc550, N90-800nm, NTotal, eBC, BC and ABC. We observed that when 

𝜎𝑤 exceeds 0.10 ± 0.01 m s-1, the eBC, sc550, absolute (q > 2.5 g kg-1) and relative humidity (RH > 

40%) show increased values, confirming the arrival of PBL air masses at (HAC)2. Additionally, the 

concentrations of the BC- and ABC-class particles from WIBS (c.f. Figure 7.14c) can be used to identify 
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the transition of the (HAC)2 from being in the FTL to the PBL, since high values of these two 

parameters are related to the presence of bioaerosols emitted from the nearby forests, which are 

confined within the PBL. Moreover, we found that an increase of the BC values (c.f. Figure 7.14c) is 

observed when the 𝜎𝑤 values exceed 0.1 m s-1, which corresponds to the 85% of the dataset.  

Based on these findings we can, thus, conclude that when 𝜎𝑤 > 0.1 m s-1 and 𝜎𝑤 < 0.1 m s-1, 

then (HAC)2 is inside and outside the PBL, respectively, while, when 𝜎𝑤 = 0.1 m s-1, the mountaintop 

site is within the PBL entrainment (transition) zone. Thus, the value of 𝜎𝑤 = 0.10 ± 0.01  m s-1 can be 

regarded as a threshold to conclude when (HAC)2 resides within the PBL or the FTL, or within the PBL 

transition zone. 
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Figure 7.13. Timeseries of a) q (g kg-1) and RH (%), b) ambient temperature (oC) and horizontal wind velocity (m s-1), c) 
scattering coefficients sc550 and bc550 (Mm-1), d) N90-800nm, Ntot (cm-3) and N90-800nm /Ntot, e) eBC (μg m-3), f) fluorescent 
particles BC and ABC (cm-3), and f) σw (m s-1), as measured by the synergy of in situ and remote sensing techniques at the 
(HAC)2 height level. 
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Figure 7.14. Scatter plots corresponding to a) eBC (μg m-3), b) sc550 and bc550 (Mm-1), c) BC and ABC (cm-3), d) Ntot (cm-3) 
and N90-800nm /Ntot and e) q (g kg-1) and RH (%) in respect of σw (m s-1) as measured by HALO at (HAC)2. The red lines represent 
the normalized frequency of each measurement (called “Probability”), while the black lines are the integral of the 
normalized frequency of measurement (from the smallest σw value up to the given σw). The vertical red lines correspond to 
the threshold value of 0.1 m s-1 which indicates the transition between the PBL to the FTL regimes. 
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Figure 7.15. The PBLH-MNB (%) using σw threshold values 0.09 to 0.19 m s-1 compared to 0.1 m s-1 (magenta vertical line) 
at different PBLH ranges 400-600m up to 1200-1400m, respectively. The horizontal red solid and dashed lines correspond 
to a bias of ±5% and ±10%, while the shadow area depicts the σw threshold values where the MNB-PBLH (%) remains within 
±15%. 

We also calculated the Mean Normalized Bias (MNB) of the PBLH values against those retrieved 

using a 𝜎𝑤 threshold value of 0.1m s-1. The PBLH values are aggregated into five different height 

ranges, from 400 to 1400m with a step of 200m (c.f. Figure 7.15). When the threshold 𝜎𝑤 values 

range within 0.09 - 0.11 m s-1, the MNB-PBLH varies within ± 5%, which is roughly consistent with 

observations by Schween et al. (2014). However, we found that the bias of the estimated PBLH 

compared to the true one, increases in respect to the height. Thus, when using a 𝜎𝑤  threshold value 

equal to 0.13 m s-1, in the case where the true PBLH is lower than 600m, the bias of the estimated 

PBLH is < ± 5%, while in the case where the true PBLH is higher than 1200m, results in > ± 10%. This 

bias is amplified significantly up to 30% when using even larger 𝜎𝑤  threshold values leading to a 

significant overestimation of the PBLH especially in the case of deep planetary boundary layers. In 

conclusion, the threshold values of 𝜎𝑤  ranging from 0.09 to 0.11 m s-1, leading to a retrieval of the 

PBLH with a bias of ± 5%. 

 

7.3.4.1 Diurnal Evolution of the PBLH, AE31, WIBS and SMPS data 
 

In this section, we aim to examine the reliability of the threshold of 𝜎𝑤 of 0.1 m s-1 based on the 

diurnal evolution of the in situ measurements. The airmasses and their corresponding diurnal cycles 

are distinctly different in load inside and outside the PBL. Therefore, we split the whole dataset into 

three subsets (c.f. Figure 7.16) based on the position of the (HAC)2 station compared to PBLH 

(retrieved using a 𝜎𝑤 = 0.1 m s-1), being the days where the PBLH:  

i. exceeds the (HAC)2 altitude throughout the entire day, which occurs for 14 days (15-16, 18, 

26, 30-31 October 2021; 5-7, 9 and 15-18 November 2021),  

ii. fluctuates above and below the (HAC)2 height during the day, which occurs for 24 days in the 

dataset (13-14, 17, 19, 20-23, and 27-29 October 2021; 1-4, 8, 10, 12-14, 19-21 and 23 

November 2021), 
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iii. remains below the (HAC)2 altitude throughout the entire day, which occurs for 3 days in the 

dataset (11, 22 and 24 November 2021). 

 
Figure 7.16. The diurnal cycle of a) eBC, b) BC, c) N90-800nm, d) q, e) sc550 and f) PBLH for the three different subsets when 
(HAC)2 is i) within the PBL throughout the day (blue), ii) switches between the FTL and the PBL during the day (red), and iii) 
when is within the FTL the entire day (black). 

Thus, we found that when (HAC)2 is within the FTL, the aerosol and bioaerosol concentrations 

do not show a distinct diurnal cycle and are related to dry air masses (c.f. Figure 7.16), as all the in 

situ measured parameters have significantly lower values compared to the other subsets. 

Furthermore, a distinct diurnal cycle of the of eBC, BC, N90-800nm, q, sc550 was also observed in subsets 

i) and ii), where (HAC)2 is either within the PBL throughout or part of the day (e.g. usually between 

06:00-18:00 UTC about 60% of the days as shown in Figure 7.17a and b). All the in situ measured 

parameters obtain large values, especially in subset i) which corresponds to the highest PBLH value.  

Additionally, we calculated the mean diurnal variability of the PBLH for each month of the 

CALISHTO campaign, from September 2021 to March 2022 (c.f. Figure 7.17a), as well as the relative 

frequency of each subset (c.f. Figure 7.18a), and correspond them to three climatological regimes 

(Kallos et al.,1993): as follows: dry summer months (June-September), rainy winter months 

(November-February), and spring and autumn months (March-May and October), the latter are 

characterized by a transient season where the summer- and winter-type of weather patterns are 

interchanging.  

In Figure 7.17 we can distinguish a seasonal cycle of the PBLH throughout the different seasons; 

thus, the maximum averaged PBLH is found during summer, while during November the PBLH values 

showed the largest variability compared to the other months. This is because November is 

characterized by frequent surface cyclonic systems over the greater Greek area, accompanied by a 

cold and a warm front moving westerly across Greece (Kouroutzoglou et al., 2011). As a result, (HAC)2 

alternates between a cold and a warm domain of the barometric system, with important impacts on 
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the PBLH: varying between 0 and 400m above (HAC)2 for the first half of November and 200 to 400m 

below (HAC)2 level for the second half of the month. During the subsequent months, the PBLH and 

its variability decrease gradually until January, while later it increases steadily up to March. The 

average maximum values of the PBLH with respect to the (HAC)2 level per month were found equal 

to +400m, +200m, +50m, -10m, and -200m, for September up to January, respectively. 

Moreover, we calculated the total hours where the (HAC)2 is within the FTL or PBL per month, 

only during cloud-free conditions (c.f. Figure 7.18a). We found that in March and from September to 

November, the (HAC)2 alternates most of the time between the FTL and PBL, residing about half of 

the time within each layer. In contrast, between December and February, the (HAC)2 resides mostly 

within the FTL (around 85% of the time on average).  

 
Figure 7.17. The monthly average diurnal cycle of PBLH for a) September 2021 up to g) March 2022. The PBLH values are 

colored by the day of the month. The solid black line corresponds to the hourly averaged values of the PBLH, while the 

error bars are the standard deviation of the PBLH values of each month, respectively. 
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Figure 7.18. a)  The histogram of the total hours where the (HAC)2 was within the PBL or FTL, and 

the seasonal trend of PBLH and the ambient air temperature, respectively; b) Boxplots of the PBLH 

values under cloud-free conditions based on the ambient air temperature at (HAC)2, grouped in 

bins from -5 up to 15oC with a step of 2.5oC, while the magenta dot line shows a linear relation 

between the ambient air temperature and the PBLH. 

Finally, we grouped the dataset into nine groups (from -5o to 15oC with a step of 2.5 oC), and 

we examined how PBLH varies with respect to the averaged ambient temperature at (HAC)2 level (c.f. 

Figure 7.18b). Thus, we calculated the averaged value of the PBLH for each temperature range 

separately and we interpolated a linear function between them. The interpolation (with R2=0.69) 

showed that an increase of 1oC of the surface mean temperature causes an increase of 16 ± 4 m on 

the averaged PBLH. This result is very useful as it can provide valuable input data to climate models 

applied at high-altitude stations in the Mediterranean region, in connection to Global Warning 

scenarios. 

 

7.3.5 CONCLUSIONS 
 

We studied the variation of the PBL top height in the vicinity of the (HAC)2 station at Mount 

Helmos, Greece. The identification of the PBLH was based on a synergy of data from a wind Doppler 

lidar and in situ instrumentation at the (HAC)2 station. The lidar was used to measure the vertical 

velocity of air masses and calculate the standard deviation of the updraft currents as an indicator of 

the vertical mixing in the PBL and the corresponding PBLH. The in situ aerosol data obtained from a 

set of instruments (Aethalometer, Nephelometer, WIBS-5/NEO, SMPS), and data from a 

meteorological station, were used to determine the characteristics of the aerosols sampled, when 

(HAC)2 was within the PBL or in the FTL, respectively. We found that during daytime when (HAC)2 is 

within the PBL, the in situ sampled air masses are characterized by increased aerosol concentrations 

and increased humidity, while when (HAC)2 is within the FTL, the sampled air masses are 

characterized by low aerosol/bioaerosol concentrations and relatively low humidity. Therefore, given 

that these air masses are distinctly different in terms of their aerosol load and humidity inside or 

outside the PBL, showing intense diurnal cycles, we concluded that a threshold value of 𝜎𝑤 = 0.10 ± 
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0.01 m s-1 can be used to identify the PBLH at the (HAC)2 site and, thus, discriminate the transition 

zone between the PBL and the FTL.  

We also examined the diurnal cycle of PBLH throughout the studied period and found that 

higher PBLH values are observed in September (400 m above (HAC)2), followed by a transition period 

in November, while the lower ones (200 m below (HAC)2) are observed during winter (December to 

February). The average maximum values of the PBLH with respect to the (HAC) 2 level per month, 

ranged from +400m down to -200m (in respect to (HAC)2 level), from September to January, 

respectively. It is important to mention that in March and from September to November, the (HAC)2 

alternates most of the time between the FTL and PBL, residing about half of the time within each 

layer. In contrast, between December and February (HAC)2 resides mostly within the FTL. 

Moreover, a positive trend between the mean ambient air temperature at (HAC)2 and mean 

PBLH was revealed, showing that an increase of 1°C of the surface temperature corresponds to an 

increase of 16 m in the relevant PBLH. This finding could be a valuable input in global warming models 

to better represent atmospheric processes and atmospheric boundary layer dynamics in elevated 

areas. 

Finally, our methodology described here can be implemented to identify the origin of aerosols 

that feed orographic clouds and thus, potentially facilitate the retrieval of critically important 

parameters on the cloud formation, such as the cloud supersaturation, the cloud droplet number and 

the droplet sizes (Paper IV).  

7.4 PAPER IV: DRIVERS OF DROPLET FORMATION IN EAST MEDITERRANEAN OROGRAPHIC 

CLOUDS 

7.4.1 SUMMARY 
 

In this study, we focused on the drivers of cloud droplet formation in orographic clouds. We 

used a combination of modeling, in situ and remote sensing measurements at the (HAC)2 station 

during the CALISTHO campaign to examine the origins of the aerosols (i.e., local aerosol from the 

PBL, or long-range transported aerosol from the FTL) contributing to the CCN, their characteristics 

(hygroscopicity, size distribution and mixing state), as well as the vertical velocities distributions and 

resulting supersaturations. 

We found that the characteristics of the PBL aerosol were considerably different from FTL 

aerosol and used the aerosol particle number (N10, particles above 10 nm) and equivalent mass 

concentration of the eBC to determine when the (HAC)2 was within the FTL or PBL based on 

timeseries of the height of the PBL. During the (HAC)2 cloud events, we sample a mixture of interstitial 

aerosol and droplet residues, which we characterize using a new approach that utilizes the in situ 

droplet measurements to determine time periods where the aerosol sample is purely interstitial. 

From the dataset we determine the properties (size distribution and hygroscopicity) of the pre-cloud, 

activated and interstitial aerosol. The hygroscopicity of activated aerosol is found to be higher than 

that of the interstitial or pre-cloud aerosol. A series of closure studies with the droplet 

parameterization shows that 𝑁𝑑 and supersaturation can be predicted to be within ± 25% of 

observations when the aerosol size distributions correspond to pre-cloud conditions. Analysis of the 

characteristic supersaturation of each aerosol population indicates that droplet formation in clouds 
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is aerosol-limited when formed in FTL airmasses – hence droplet formation is driven by aerosol 

variations, while clouds formed in the PBL tend to be velocity limited and droplet variations are driven 

by fluctuations in vertical velocity. Given that the cloud dynamics do not vary significantly between 

airmasses, the variation in aerosol concentration and type is mostly responsible for these shifts in 

cloud microphysical state and sensitivity to aerosol. With these insights, remote sensing of cloud 

droplets in such clouds can be used to infer either CCN spectra (when in the FTL) or vertical velocity 

(when in the PBL). In conclusion, we show that a coordinated measurement of aerosol and cloud 

properties, together with the novel analysis approaches presented here allow for the determination 

of the drivers of droplet formation in orographic clouds and their sensitivity to aerosol and vertical 

velocity variations.  

7.4.2 OBJECTIVES 
 

The objective of this study is to understand the aerosol involved in cloud droplet formation 

(CCN), and why the remaining particles, called “interstitial”, do not activate. Hence, given that (HAC)2 

was equipped with a single-inlet which was able to collect ambient particulate matter with an 

aerodynamic diameter of 10µm or less, and given that during the cloudy moments, the droplet size 

changes continuously in time and varies in size within 5–20 μm (Rogers and Yau, 1996; Pierce et al., 

2015), had as a result, a fraction of a droplet to penetrate into the inlet, get dried, and mixed again 

with the interstitial aerosol particles. Thus, there was a need to find a way to efficiently separate the 

interstitial aerosols from cloud droplets when sampling within clouds, to determine the properties of 

the interstitial aerosols. For this purpose, we developed a visual filtering technique where the in situ 

measurements of droplet size were used to guide the subsequent analysis, which in the end, was 

found able to separate interstitials from evaporated cloud droplets in single-inlet systems if there are  

in situ measurements of droplet size that allows applying a temporal filter (e.g., consider only parts 

of the timeseries for which droplet do not pass through the inlet) on the timeseries.  

7.4.3 METHODOLOGY 
 

In this study, we used one SMPS at (HAC)2 to measure the in-cloud aerosol and one at VL as a 

pre-cloud proxy; a ToF-ACSM to measure the non-refractory submicron aerosol mass and chemical 

composition; an AE31 to determine the eBC; a PVM-100 to measure the 𝑁𝑑 and further to determine 

the Cloudy and Cloud Free regimes; a CCN-100 to measure the CCN spectra, and thus to calculate the 

aerosol hygroscopicity, the critical size, and the cloud supersaturation; and last but not least, a wind 

doppler lidar that was deployed at VL, to measure the vertical wind velocity and so to estimate the 

standard deviation of updrafts - 𝜎𝑤. Additionally, the aerosol measurements (derived either from the 

SMPS form (HAC)2 or VL), the chemical composition, and the 𝜎𝑤 was used to initialize the aerosol 

activation parameterization, which was used to calculate the in situ derived 𝑁𝑑 and the cloud 

maximum supersaturation. 
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7.4.3.1 Understanding the aerosol sampled at (HAC)2 
 

A major parameter controlling the aerosol sampled at any given time, since (HAC)2 can be 

either within the FTL or within the PBL, is the PBLH (Foskinis et al., under review). Thus, when the 

PBLH exceeds that of (HAC)2, the site resides within the PBL, which is rich in bioaerosol particles 

originating from the nearby forest, and anthropogenic emissions originating from the greater region. 

When the PBLH is below (HAC)2, the site is in the FTL and receives airmasses and aerosol from long-

range transport: continental when originating from Europe and the Balkans; marine from the 

Mediterranean, and dust from the Sahara (Papayannis et al., 2005, 2008; Kallos et al., 2007; 

Kaskaoutis et al., 2012; Soupiona et al., 2018).  Thus, when a cloud forms at (HAC)2, which is at a high 

frequency, especially during the wintertime (Foskinis et al., in review), the CCN can originate either 

from the PBL or the FTL. Hence, combined with the wide diversity of airmass origin at the site makes 

the site ideal for studying aerosols-clouds interactions for warm and slightly to moderately 

supercooled clouds. 

 

7.4.3.2 Determining CCN Spectra and Hygroscopicity 
 

The CCN concentrations as a function of supersaturation (“CCN spectra”) were measured by the 

CCN-100. The hygroscopicity was also determined from a combination of the CCN and SMPS data, as 

follows. For each supersaturation, the corresponding SMPS distribution is integrated from the largest 

resolved size backwards until a characteristic size 𝐷𝑐𝑟  that gives an aerosol number equal to the 

observed CCN concentration. By doing this process for each supersaturation cycle, we calculated the 

characteristic critical supersaturation (𝑠∗), where according to Cerully et al. (2011) the 𝑠∗ is defined 

as the supersaturation value where half of the ambient of the CCN population is activated to droplets. 

A sigmoid function was fitted to each CCN spectrum measured using the following form of Cerully et 

al. (2011): 

𝑅𝑎(𝑠) =
𝐸

1 + (
𝑠
𝑠∗)𝐶

 , 

where 𝐸 is the maximum fraction of particles that activate at high supersaturations and it was 

considered equal to the total particle number derived from SMPS, 𝐶 is the slope of 𝑅𝑎(𝑠). The 

characteristic hygroscopicity parameter (𝜅∗) of each CCN spectrum is then calculated from κ-Kölher 

theory (Petters and Kreidenweis, 2007), as  𝜅∗ =  (
4 𝐴3

 27 𝐷𝑐𝑟
∗3

 𝑠∗2) , and 𝐷𝑐𝑟
∗ that gives an aerosol 

number equal to the 𝑅𝑎(𝑠∗), while for this purpose we used the hourly particle size distribution 

derived by the SMPS that was deployed at (HAC)2. This 𝜅∗, although strictly corresponding to the 

hourly averaged hygroscopicity for particles of size 𝐷𝑐𝑟
∗, is used to characterize the hygroscopicity of 

the resolved CCN spectrum and used for subsequent droplet formation calculations. The calculation 

also assumes that particles are primarily internally mixed, which for periods of sampling FTL is an 

excellent assumption while for PBL-dominated periods also is a good assumption owing to the 

remote location of the station.   During periods where particles at the station will originate from both 

PBL and FTL, it is expected that there is a degree of mixing that will introduce some uncertainty in 

subsequent calculations.  
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7.4.3.3 Determining the in situ derived  

𝑁𝑑 and cloud supersaturation 
 

Lastly, we used a physically based aerosol activation parameterization developed by Nenes 

and Seinfeld (2003) and further expanded by Fountoukis and Nenes (2005, 2007), Barahona et al., 

(2010) and Morales Betancourt and Nenes (2014) to calculate the droplet number of the formatted 

clouds using the wind vertical velocity and the aerosol characteristics. In principle, the droplet 

activation parameterization solves the equations of motion of an ascending air parcel which contains 

aerosols and water vapor and calculates the point where the supersaturation becomes maximum 

(smax,) as well as the  

𝑁𝑑. The inputs to this parameterization are the pressure, temperature, aerosol size distribution 

measured by SMPS, the bulk hygroscopicity parameter κ which was calculated using ISORROPIA II, 

and the updraft velocities obtained by HALO.  

7.4.4 RESULTS & DISCUSSION 
 

7.4.4.1 Dataset Overview 
 

In this part of the study, we focused on the in situ and remote sensing measurements of the 

non-cloudy periods (c.f. Figure 7.19), as well as the possible regimes of (HAC)2 based on the PBLH. 

Figure 7.19a shows the movements where (HAC)2 is in the FTL and PBL based on the relative position 

of the PBLH (given by Foskinis et al. (2023b)) compared the (HAC)2 altitude (shown in black horizontal 

line). When the station is in the FTL, the PBLH is below (HAC)2 line and vice versa when it is in the 

PBL.  

The airmass separation is in agreement with what is seen in terms of the moisture content, 

since under cloud-free conditions, the FTL airmasses are markedly dryer (RH=34 ± 26 %) than the PBL 

airmasses (RH = 65 ± 16 %) (Figure 7.19c). Also, when the (HAC)2 is in the FTL, we observed two 

prevailing wind directions, one at 30o N and one at 80o N, where, in both the NTotal gets the lower 

values observed (~45 cm-3), and eBC levels approach its detection limit (~0.01 μg m-3). These wind 

directions are directly related to the long-range transported airmass; when arriving from the north, 

it usually originates from E. Europe and the Balkans and is rich in sulfur (Stavroulas et al., 2021). When 

the airmass arrives from the E or SE, it often carries dust aerosols. When the (HAC)2 is within the PBL, 

we identified three prevailing wind directions, that correspond to the local transport patterns from 

90o, 180o and 320o N, where the NTotal obtains its maximum values (~3300 cm-3), and the eBC values 

increase up to ~0.4 μg m-3 when the wind speed exceeds 6 m s-1 and becomes maximum when the 

wind blows from 160 - 220o. Additionally, we found a dependence of the PBLH on the wind direction, 

since when the wind passes over mountain-tops before reaching the site, the PBLH tends to be higher 

and the 𝜎𝑤 tends to be lower.  We observed that the increase of the aerosol content (from ~250 cm-

3 to ~750 cm-3) leads to an increase of 𝑁𝑑  (from ~100 cm-3 to ~300 cm-3), and decrease of the cloud 

droplet size (from ~17.5 μm to ~10 μm), consistent with the Twomey effect (Twomey, 1977) of 

aerosols on clouds and cloud albedo (IPCC, 2023). 
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Figure 7.19. Summarized the level-1 measurements obtained by in situ or remote sensing instrumentation. 

 

7.4.4.2 Separating Interstitial Aerosol from Cloud Droplet Residuals 
 

Aerosol particles that act as CCN have dry diameters of the order of 100 nm and grow at least 

10-fold when they activate into cloud droplets (Figure 7.20) (Rogers and Yau, 1996; Pierce et al., 

2015). Indeed, when the (HAC)2 station was fully covered by the clouds, the droplet effective 
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diameter, 𝐷𝑒𝑓𝑓, varied between 2 and 15 μm (Figure 7.19). When the clouds formed with FTL aerosol, 

the 𝐷𝑒𝑓𝑓 was on average 17.0 ± 2.7 μm, and 10.3 ± 1.9 μm when formed with PBL aerosol. The 

average size differences between the two types of airmasses can be explained by the different CCN 

concentrations in them. The FTL has fewer CCN, hence droplets are generally larger than in PBL 

airmasses. In both cases, the aerosol inlet (which is a PM10 inlet - 10μm cut-off diameter) would 

sample inactivated (known as “interstitial”) aerosol together with some of the droplets. These 

droplets subsequently evaporate in the heated inlet and contribute to the size distribution and other 

aerosol characteristics measured by the online in situ aerosol instrumentation. This means that when 

the station is in-cloud, the aerosol sampled from the PM10 inlet corresponds to a mixture of interstitial 

aerosol and evaporated cloud droplet residuals. However, 𝐷𝑒𝑓𝑓 varies considerable during a cloud 

event (Figure 7.19), and often exceeds 10 μm. This implies that considering subsets of the in-cloud 

timeseries when the 𝐷𝑒𝑓𝑓 is large enough can ensure that the aerosol sampled by the PM10 inlet is 

interstitial aerosol, as droplets would be too large to pass through the inlet. 

We therefore consider the above concept and develop a “virtual filter” technique to define 

the 𝐷𝑒𝑓𝑓  threshold (measured in situ and continuously by the PVM-100) that ensures that the aerosol 

sampled by the PM10 inlet does not contain droplets that have penetrated the inlet, but only 

interstitial aerosols. In applying this filter, we ignore periods of the respective measurements during 

which the in situ 𝐷𝑒𝑓𝑓 of the droplets is less than the threshold. We selected the periods during which 

we were sampling at least 30 minutes continuously in cloud-free conditions followed by (or 

proceeded by) at least 30 minutes of cloudy conditions, to allow multiple size distribution 

measurements during the pre-/post- and the in-cloud phases. The distributions under cloud-free 

conditions are then averaged, to give the “total aerosol distribution”. The in-cloud distributions are 

averaged for periods where the droplet 𝐷𝑒𝑓𝑓 exceeds a predefined threshold (starting from 10μm). 

The in-cloud distributions are averaged for different values of the 𝐷𝑒𝑓𝑓 threshold, until 16 μm.  

 

Figure 7.20. a) The results of the sensitivity analysis using differential cut-off size threshold and the droplet size threshold 
(Deff as measured in situ with the PVM-100) applied are represented by the color-scale. b) The integrated difference between 
pre-cloud and in-cloud aerosol size distributions from ~70 nm to the largest sizes when compared to the droplet number 
measured in situ concurrently by the PVM-100. Each symbol corresponds to the application of a different Deff threshold (as 
indicated by the symbol color, using the same scheme as in a), while the errorbars correspond to the standard deviation. 

We select as the optimum 𝐷𝑒𝑓𝑓, the minimum value above which the measured aerosol size 

distribution becomes insensitive to the chosen threshold value. Figure 7.20 displays an example of 
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this process applied to a segment of data from CALISHTO. We find in this case that a 𝐷𝑒𝑓𝑓  threshold 

of 13.5 μm is the minimum for which the observed size distribution stopped to be sensitive to the 

changes in the cut-off size (Figure 7.20a). Additionally, we compare the difference between the 

aerosol size distribution pre-cloud and the interstitial aerosol distribution (i.e., with the application 

of the 13.5 μm threshold) with the observed droplet number, and we found that indeed, the 

integrated difference between these distributions (from ~70 nm to the largest sizes measured by the 

SMPS) matches with the droplet number obtained in situ with the PVM-100 to within ±25% (Figure 

7.20b). Thus, we confirm that this threshold is consistent with allowing only interstitial to pass 

through the inlet. Given that in situ closure studies often involve this degree of uncertainty (Paper II 

and relevant references cited therein), in addition to any other uncertainties that may exist at this 

particular site (e.g., variations of aerosol entering the cloud, sampling efficiency of the inlet and 

uncertainties in the droplet number determination with the PVM-100), we conclude that the latter 

distribution is indeed representative of the interstitial aerosol. Additional support for this conclusion 

is provided later by the ability to predict cloud droplet number as it requires the correct parameters 

of hygroscopicity, size distribution and vertical velocity.  

 

7.4.4.3 Differences among the properties of total, activated, and interstitial 

aerosol  
 

In this part of the study, we identified more than 20 periods of cloud-free/cloudy transitions 

during the CALISHTO campaign. We applied the methodology of Section 7.4.4.2 to estimate the 

corresponding cloud-free, interstitial-only, and mixed aerosol (cloud residues and interstitial 

combined) size distributions. We then determined s* and κ* of the cloud-free (𝜅𝑐𝑓), interstitial (𝜅𝑖) 

and interstitial-droplet residues aerosol mixture (Figure 7.21a). Assuming that the pre-/post-cloud 

hygroscopicity is the volume average hygroscopicity of the interstitial and activated aerosol, we 

estimate the hygroscopicity of the activated aerosol, 𝜅𝑎, using the mixing rules of Petters and 

Kreidenweis (2007) as 𝜅𝑎 =  
𝜅𝑐𝑓 𝑉𝑐𝑓− 𝜅𝑖 𝑉𝑖

𝑉𝑐𝑓−𝑉𝑖
, where 𝑉𝑐𝑓 is the total volume of pre-/post-cloud aerosols 

and 𝑉𝑖 is the total volume of interstitial aerosols, respectively. The estimation of 𝜅𝑎 assumes that all 

populations are internally mixed and the activated cloud aerosol plus the interstitial aerosol is equal 

to the pre-/post-cloud aerosol volume. This is a reasonable assumption given that Brownian losses 

affect the smallest particle sizes which have a minor contribution to the aerosol volume.  

Figure 7.21 presents the results of our analysis. Figure 7.21a shows the characteristic 

supersaturation, s*, for each aerosol population. Typically, s* is higher for interstitial aerosol and 

lower for the mixed. This is consistent with the expectation that particles that activate to form 

droplets tend to be more hygroscopic than the interstitial aerosol (e.g., Cerully et al., 2011). Indeed, 

during periods where cloud formation is influenced by FTL airmasses, the average κ* was 0.34 ± 0.09 

% for pre-/post-cloud, 0.31 ± 0.15% for interstitial, and 0.45 ± 0.20% for activated aerosol. During 

periods that clouds were forming on PBL aerosol, the average κ* was 0.43 ± 0.12% for pre-cloud, 0.29 

± 0.19% for interstitial and 0.44 ± 0.18% for activated aerosols (Figure 7.21b).  

The average s* (Figure 7.21c), during the periods where cloud formation is influenced by FTL 

airmasses, was found equal to 0.56 ± 0.21% and 0.59 ± 0.22%, while during PBL influenced periods, 

was found 0.27 ± 0.18% and 0.28 ± 0.16% for the pre-/post-cloud and interstitial aerosols, 
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respectively. These results showed little sensitivity to airmasses origins, i.e., FTL or PBL. Clearly, the 

interstitial aerosol is less hygroscopic on average, and the activated aerosol can be up to twice as 

hygroscopic. This is important for understanding the role of cloud processing on aging of particles 

and transferring hygroscopic material to evaporated cloud residuals. 

 

Figure 7.21. a) Daily averaged a) s* and b) κ* of the aerosol in cloud free regimes, of the mixture of interstitial aerosols and 

some droplets residues, and of the activated aerosols; The c) and d) the distributions of κ* and s* when the airmass 

originating from the FTL or the PBL, respectively. 

Analysis of s* of the activated aerosol can provide important insights about cloud formation 

when FTL or PBL airmasses are involved. The critical supersaturation of most of the activated cloud 

droplet residuals should be close to the maximum supersaturation in the cloud. Indeed, when cloud 

smax is high, droplet formation is aerosol limited and vice versa when droplet formation is velocity 

limited. According to Georgakaki et al., (2021) and Motos et al., (2023), clouds are velocity-limited 

when the smax is ~0.15% or lower, and aerosol-limited otherwise. Indeed, using s* of the activated 

aerosol population as a proxy of smax we see that clouds formed from FTL airmasses have s* > 0.5%, 

hence the corresponding clouds are highly aerosol-sensitive. In contrast, clouds formed in PBL 

airmasses have a much lower s*, reaching even 0.15% (Figure 7.21d) hence their formation tends to 

be velocity-sensitive. Given that the σw does not change significantly when clouds form upon FTL or 
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PBL airmasses (σw = 0.58 ± 0.25 m s-1), and given that the NTotal in PBL airmasses was roughly three 

times higher than the NTotal in FTL airmasses (approximately 750cm-3 and 250cm-3, respectively), much 

of this distinction between aerosol- and velocity-limited conditions is driven by variations in aerosol, 

rather than variations in cloud dynamics (i.e., σw).  

 

Figure 7.22. Averaged particle size distributions for pre-/post-cloud moments, in-cloud, and interstitial (using the Deff 

threshold of 13.5 μm). Shown also are two estimations of the activated aerosol distribution, the droplet residues or “dried 
droplets” distribution (yellow dashed line), estimated from the difference between the measured in-cloud and the interstitial 
aerosols, and the “activated droplets” distribution (green line) estimated by the difference between the pre-cloud and the 
interstitial aerosol distribution, respectively. The latter gives an estimate of the aerosol that gives droplets that are too large 
to be sampled at any size threshold by the inlet, while the former provides the activated aerosol from droplets that are 
sampled by the inlet when in-cloud. The activation and the penetration fraction were estimated similarly by counting the 
ratio between the “activated droplets” and “pre-/post-cloud aerosols”, and, “dried droplets” to “pre-/post-cloud aerosols”, 
respectively. 

Figure 7.22 shows that is measured on average during the cloud sampling through PM10 in 

respect of the aerosols and the droplet residues. The pre-/post-cloud and the in-cloud datasets here 

are the same that were used in Section 7.4.4.2 (the periods during were we sampled at least 30 

minutes continuously in cloud-free conditions followed by (or proceeded by) at least 30 minutes of 

cloudy conditions) and the interstitial aerosols dataset derived after removing from the in-cloud 

dataset the data were the Deff was exceeding the threshold of 13.5 μm. Thus, we calculated the 

average size distributions of the pre-/post- and the in-cloud phases as well as the interstitial aerosols. 

Then, the average size distribution of the activated droplets was derived by the difference between 

the cloud free and the interstitial size distribution, and the average size distribution of the droplet 

residuals by the difference between the in-cloud and the interstitial size distribution. At last, we 

calculated the size-resolved “activation fraction” as the ratio of the interstitial aerosols to the pre-

/post cloud aerosols (from 70nm and above, given that smaller particles are not expected to activate), 

and the size-resolved “penetration fraction” as the ratio of droplet residues to the in-cloud aerosols. 

Hence, we found that when we are sampling within the clouds through a PM10 inlet, the penetration 

fraction on average can reach up to 80%. This means that comparison of pre-/post- and in-cloud 

aerosol distributions may provide qualitatively consistent microphysical insights that are however 

subject to an uncertainty of around 40%. In the end, we calculated the size distribution of the aerosols 
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that activated droplets by the difference between the in-cloud and the interstitial averaged size 

distributions, and the size-resolved activation fraction as the ratio of the activated aerosols to 

droplets against the pre-/post- aerosols. We found that the activation fraction is roughly 60% for most 

of the activated aerosol sizes (Figure 7.22), while about 50% of them constitute the droplet residues 

that penetrated the PM10 inlet. 

  

7.4.4.4 Closure Study of Nd and s* 
 

In the last part of the study, we applied the droplet activation parameterization of Morales 

Betancourt and Nenes (2014), using the size distributions measured at the (HAC)2 and the VL, and 

the σw and bulk hygroscopicity parameter κ measured at (HAC)2, to predict the Nd and s* of the clouds 

formed at (HAC)2. It is important to mention here that the droplet activation parameterization of 

Morales Betancourt and Nenes (2014) is designed to calculate the smax and the Nd when it is initialized 

by the ambient aerosols, and that’s why we used the size distributions that was measured at VL. On 

the other hand, when the use of the in-cloud aerosol size distributions measured at (HAC)2, given 

that this a combination both of interstitial aerosols and droplet residues, these distributions we have 

already shown in Section 7.4.4.3 that differ from each other, which result in underestimations on the 

Nd. Here we examine under which conditions the use of the in-cloud aerosol can give reliable results 

compared to the in situ observations of Nd and s*, and to evaluate the internal consistency of the 

dataset and analysis carried out in the previous section, as well as to evaluate the ability of the 

parameterization to predict microphysical quantities for clouds influenced by the types of airmasses 

(FTL, PBL) considered. 

 

Figure 7.23. a-b) Nd from PVM-100 observations at the (HAC)2 (vertical axis) against parameterization predictions 

(horizontal axis) using observed aerosol distributions from the VL and b) (HAC)2, respectively. The symbol color corresponds 

to the eBC amount, and symbol size corresponds to the parameterization-predicted smax. The dashed lines indicate regions 

of ±25 and ±50% deviation from the 1:1 line. 

We found that we can obtain Nd closure to within ± 25%, when using the aerosol distributions from 

VL (Figure 7.23a) - even when the eBC levels are low. This may imply that VL may at times also reside 

in the FTL or at the catabatic region of the cloud during these specific periods, and hence its aerosol 

distributions may be representative of the total aerosol, including that which activated into cloud 

droplets. On the other hand, by using the aerosol from (HAC)2 we obtained a reasonable closure only 
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where eBC is high and the smax is low– in other words when (HAC)2 cloud droplets were formed upon 

aerosol from the PBL. However, when aerosol at (HAC)2 is influenced by the PBL (eBC is high, more 

than >0.01 μg m-3), Nd is obtained within ± 25% (Figure 7.23b). That means that, when the in-cloud 

aerosol distributions from (HAC)2 are used as input to the parameterization and clouds form in FTL 

airmasses (i.e., eBC is very low, less than <0.01 μg m-3), the parameterization highly underestimates 

Nd (Figure 7.23b), because activated droplets were not sampled by the PM10 inlet. Concluding that 

the usage of the (HAC)2 distributions lead to underprediction of droplet number (50% or more) 

especially when the measured eBC levels are low, consistent with the view that VL aerosol is less 

representative of FTL.  

 

Figure 7.24. a) s* of the total aerosol distribution (vertical axis) against parameterization predictions (horizontal axis) using 
observed aerosol distributions from the VL (a; left panel) and b) (HAC)2, respectively. The symbol color corresponds to the 
eBC amount, while the dashed lines indicate regions of ±25 and ±50% deviation from the 1:1 line. 

Additionally, we found that when we used the aerosol from VL, s* agree with smax to within ±25% 

when eBC was high (~0.1 μg m-3) (Figure 7.24a). When we used the aerosol from (HAC)2 the s* match 

with smax to within ±25% most of the time (Figure 7.24b); this is because when in cloud, aerosol 

exposed at lower supersaturation values than the smax have already been activated to droplets. Thus, 

the residuals give s* values close to smax. 

When applying the parameterization to size distributions observed at VL, we expect that the 

predicted Nd (and smax) will be close to observations when the cloud at (HAC)2 is dominated by PBL 

aerosol and deviate largely when FTL airmasses are at the (HAC)2.  Similarly, (HAC)2 pre-cloud aerosol 

distributions should provide good predictions of Nd when the airmass at the site is from the FTL. Use 

of in-cloud aerosol distributions is expected to result in deviations of the predicted from the observed 

Nd given that nucleation scavenging will lead to cloud droplets that are not sampled by the aerosol 

inlet, hence will not be measured.  The magnitude of this deviation depends on the size of the 

droplets sampled, which in turn depends also on the amount of aerosol that is available for activation 

because cloud droplet sizes are expected to become progressively smaller as CCN concentrations 

increase.  

7.4.5 CONCLUSIONS 
 

We study the drivers of cloud droplet formation in orographic clouds using a combination of 

modeling, in situ and remote sensing measurements at the (HAC)2 station during the CALISTHO. We 

study the origins of the aerosols, (e.g., local aerosol from the PBL, or long-range transport from the 

FTL) which can be used to understand their characteristics (hygroscopicity, size distribution and 

mixing state), contribution to CCN, Nd and resulting supersaturations. 
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We found that the NTotal and the eBC within the FTL get low values (~45 cm-3 and ~0.01 μg m-

3), while within the PBL they both get considerably larger values (~3300 cm-3 and ~0.4 μg m-3). That 

means that the PBL has more CCN, which result to more (from ~100 cm-3 to ~300 cm-3) and smaller 

droplets (from ~17.5 μm to ~10 μm). 

We also study the aerosol characteristics of those that involved in cloud droplet formation, 

and those that do not activate (i.e., interstitial aerosols). To accomplish this, we develop a new 

algorithm applied to the aerosol timeseries measured with the PM10 single-inlet system, which can 

sample interstitial aerosol and droplets with sizes up to the inlet’s cut-off size (thus the droplet 

residues get dried and mixed with the interstitial aerosols) when in cloud. This separation algorithm 

involves applying a “virtual filter” to the aerosol timeseries from the PM10 inlet based on a droplet 

size threshold (13.5 μm) derived from in situ observations (PVM-100) that determines when the 

aerosol sampled does not contain droplet residuals.  Thus, when the in-situ average droplet size 

exceeds the threshold, droplets would be too large to pass through the inlet so that the aerosol 

sampled by the PM10 inlet is interstitial aerosol. Not considering this filter can considerably bias the 

results, as up to ~ 80% of aerosol can be dried droplet residuals. 

By using this approach, we separated the dataset to pre-/post-cloud and interstitials regimes 

and we studied the characteristics of the pre-/post-cloud, interstitials as well as of the activated 

aerosols to droplets. Thus, we found that when the airmasses originated from the FTL, the κ* was on 

average 0.34 ± 0.09 % for pre-/post-cloud, 0.31 ± 0.15% for interstitial, and 0.45 ± 0.20% for activated 

aerosol, while when the airmasses were originated from the PBL, the κ* was on average 0.43 ± 0.12% 

for pre-cloud, 0.29 ± 0.19% for interstitial and 0.44 ± 0.18% for activated aerosols, respectively. That 

means that the interstitial aerosols are less hygroscopic on average, and the activated aerosols can 

be up to twice as hygroscopic. This is important for understanding the role of cloud processing on 

aging of particles and transferring hygroscopic material to evaporated cloud residuals. 

Additionally, the average s*, during the periods where cloud formation is influenced by FTL, 

was found equal to 0.56 ± 0.21% and 0.59 ± 0.22%, while during PBL influenced periods, was found 

0.27 ± 0.18% and 0.28 ± 0.16% for the pre-/post-cloud and interstitial aerosols, respectively. These 

results showed little sensitivity to airmasses origins, i.e., FTL or PBL, but also that when a cloud is 

formed in FTL airmasses, the droplet formation in clouds is more sensitive to changes in the aerosol 

load, while when a cloud is formed in the PBL airmasses tends to be more sensitive in changes on the 

velocity. Given that the cloud dynamics do not vary significantly between airmasses, the variation in 

aerosol concentration is mostly responsible for these shifts in cloud microphysical state and 

sensitivity to aerosol. 

Finally, a series of closure studies with the droplet parameterization is carried out to 

determine its ability to predict droplet number, supersaturation and constrain the cloud 

microphysical state (i.e., whether it is velocity- or aerosol-limited) and shows that the Nd can be 

predicted to be within 25% of observations when the aerosol size distributions best approximate the 

pre-cloud distributions. The high degree of droplet and supersaturation closure ensures that the 

model-data fusion and novel approaches for determining the aerosol populations (interstitial and 

activated cloud droplets) are consistent, provide a realistic assessment of cloud state and can be 

applied in future studies. In conclusion, we present a coordinated, innovative approach that allows 

the determination of the drivers of droplet formation in orographic clouds and their sensitivity to 

aerosol and vertical velocity variations.  
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8 THESIS CONCLUSIONS 

 

This doctoral dissertation thesis aims to implement and further improve existing remote 

sensing approaches that are used for the retrieval of 𝑁𝑑 in non-precipitating PBLC, as well as the 

Planetary Boundary Layer (PBL) dynamics, using a combination of in situ observations, ground-based 

remote sensing data and model data.  

In Paper I, we expanded an established satellite droplet number retrieval algorithm 

(Grosvenor et al., 2018), by adding the explicit dependence on the spectral dispersion of droplets on 

the 𝑁𝑑. The revised algorithm illustrates the cloud microphysical variables derived by the METEOSAT 

(𝜏, 𝑟𝑒𝑓𝑓 and 𝛵𝑐𝑡) and the assimilated ERA5 atmospheric pressure-temperature profiles (Hersbach et 

al., 2018) for a realistic approach to the total condensation rate (Zhu et al., 2018) concerning cloud 

top height. Then, we calculated the retrieved 𝑁𝑑
𝑠𝑎𝑡 values by using the literature-based explicit 

relations of spectral dispersion of droplets to 𝑁𝑑
𝑠𝑎𝑡, and we evaluated them against the in situ 𝑁𝑑 

estimations obtained by a state-of-the-art droplet activation parameterization. We found that when 

using a constant value of β such as, Z06, GCMs, and F11, the droplet number is captured to on average 

±16% and a bias of -34%. When using a linear relation between ε or β to Nd
sat, such as PL03, Nd

sat 

overestimates Nd by 13.2% ±34.8%. In the case of using more complex relation of β to Nd, such as of 

M94 or RL03, the bias of Nd
sat increases significantly. Additionally, we proposed a new β-Nd 

expression, based on the in situ Nd estimations, that minimize the bias of closure between 𝑁𝑑
𝑠𝑎𝑡 and 

Nd (8.4% ±33.4%), which is comparable to the closure levels obtained from in situ observations. 

Although more work needs to be done to evaluate the extent to which our approach can be applied 

elsewhere in the globe, the results presented here are both encouraging and may suggest ways to 

develop high-value products for climate models that can take advantage of the rich ground-based 

aerosol datasets available to the community. 

In Paper II, we investigated the local transport patterns at the DEM station of fresh and aged 

particles, as well as their diurnal variations and their relation to the boundary layer top height; using 

a wind Doppler lidar to measure the height of PBL (PBLH) and horizontal wind speed and direction, 

and in situ techniques to measure aerosol size distribution, and chemical composition during the 

period from March 15th to July 2nd, 2020, over the megacity Athens, Greece. We found that the 

aerosol particle concentration increases significantly in the S-NW sector due to traffic and vehicle 

emissions (6053 ± 3784 cm-3 and 171 ± 123 cm-3 in ultrafine and accumulation mode particles, 

respectively), as well as during windy conditions from the N-NE axis in case of ultrafine particles 

(5911 ± 3252 cm-3); while when moderate wind flows from NE-SE axis are mostly related to regional 

background air masses from the Mesogea plain (2879 ± 1832 cm-3 and 204 ± 127 cm-3 for ultrafine 

and accumulation mode particles). Additionally, we captured katabatic flows, during nighttime, from 

Hymettus Mountain that occasionally transfer pollutants decoupled to higher layers, enhancing 

pollution episodes, or providing background clean air from higher altitudes, while during stagnant 

conditions this effect was found to be more intense (2931 ± 1770 cm-3 and 214 ± 152 cm-3 when wind 

speed > 4 m s-1). Furthermore, we used a dynamic box approach to decouple the effect of PBLH on 

the concentrations of pollutants (i.e. N10-200nm, N200-500nm, and eBC), and our analysis reveals that the 

variation of PBL height has a quantitative effect on aerosol concentrations observed at the ground, 

and that’s because any change in the aerosol concentration is partially related to changes in sources 

or sinks emissions, horizontal transport effects and the variance of the height of the PBL. However, 

the PBLH by itself, affects the ability of the aerosols to be transported horizontally since a deep PBL 
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conducts the advection with no significant surface effects, in contrast, the frictional drag effects close 

to the surface become important in a shallow PBL reducing the horizontal wind velocity and resulting 

in reduced the horizontal transport of aerosols. 

In Paper III, we aimed to determine a reliable threshold which is used in a common-used 

method which uses wind Doppler lidars to obtain atmospheric turbulence profile and then to 

determine the PBLH at the height where the turbulence falls below this threshold value. To 

implement this study, we utilize in situ measurements provided by (HAC)2 station, at Helmos 

Mountain, in Greece, and we obtain the atmospheric turbulence profile using a HALO lidar which was 

located at lower at the lee side of the mountain. Thus, we correlated the in situ observations of 

aerosol (e.g. eBC, bioaerosols, aerosol concentrations) and meteorological data (e.g. moisture) with 

the turbulence (𝜎𝑤) at the mountaintop and we identified three possible regimes of (HAC)2 station: 

a) being within the PBL, characterized by increased aerosol concentrations and humid airmasses, b) 

being in the transition zone between PBL and FTL, and c) being within the FTL, characterized by low 

aerosol and bioaerosol concentrations and relatively dry airmasses. Concluding that a threshold value 

of 𝜎𝑤 = 0.1 m s-1 can be used to identify the PBLH at the (HAC)2 site since this threshold shows good 

agreement with the covariances both of in situ measurements and the diurnal cycle of PBLH.  

In Paper IV, we study the drivers of cloud droplet formation in orographic clouds using a 

combination of modeling, in situ and remote sensing measurements in respect to the origins of the 

aerosols, (e.g., local aerosol from the PBL, or from long-range transport from the FTL), to be used to 

understand their characteristics (hygroscopicity, size distribution and mixing state), contribution to 

CCN, Nd and resulting supersaturations. 

We found that when the airmasses originated from the FTL, the κ* was on average 0.34 ± 

0.09 % for pre-/post-cloud, 0.31 ± 0.15% for interstitial, and 0.45 ± 0.20% for activated aerosol, while 

when the airmasses were originated from the PBL, the κ* was on average 0.43 ± 0.12% for pre-cloud, 

0.29 ± 0.19% for interstitial and 0.44 ± 0.18% for activated aerosols, respectively. That means that 

the interstitial aerosols are less hygroscopic on average, and the activated aerosols can be up to twice 

as hygroscopic. This is important for understanding the role of cloud processing on aging of particles 

and transferring hygroscopic material to evaporated cloud residuals. 

Moreover, we found that the average s*, during the periods where cloud formation is 

influenced by FTL, was found equal to 0.56 ± 0.21% and 0.59 ± 0.22%, while during PBL influenced 

periods, was found 0.27 ± 0.18% and 0.28 ± 0.16% for the pre-/post-cloud and interstitial aerosols, 

respectively. These results showed little sensitivity to airmasses origins, i.e., FTL or PBL, but also that 

when a cloud is formed in FTL airmasses, the droplet formation in clouds is more sensitive to changes 

in the aerosol load, while when a cloud is formed in the PBL airmasses tends to be more sensitive in 

changes on the velocity. 

Given that the cloud dynamics do not vary significantly between airmasses, the variation in 

aerosol concentration are mostly responsible for these shifts in cloud microphysical state and 

sensitivity to aerosol.  

Finally, we performed a series of closure studies with the droplet parameterization is carried out to 

determine its ability to predict droplet number, supersaturation and constrain the cloud 

microphysical state (i.e., whether it is velocity- or aerosol-limited) and shows that the Nd can be 

predicted to be within ± 25% of observations when the aerosol size distributions best approximate 

the pre-cloud distributions. The high degree of droplet and supersaturation closure ensures that the 

model-data fusion and novel approaches for determining the aerosol populations (interstitial and 
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activated cloud droplets) are consistent, provide a realistic assessment of cloud state and can be 

applied in future studies.  
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LIST OF ACRONYMS 

(HAC)2 Hellenic Atmospheric Aerosol and Climate Change Station  

A.U. Arbitrary Units 

ABC Fluorescent particles detected in channels FL1-(excitation at 280 nm, emission 310-400nm), 
FL2-(excitation at 280nm, emission 420-650nm) and FL3-(excitation at 370nm, emission 
420-650nm) 

ACI Aerosol-cloud interactions  

ACTRIS Aerosol, Clouds and Trace Gases Research Infrastructure 

AE31  Aethalometer  

AMA Athens Metropolitan Area  

APDs Avalanche Photodiodes  

BC  Fluorescent particles detected in channels FL2-(excitation at 280nm, emission 420-650nm) 
and FL3-(excitation at 370nm, emission 420-650nm) only 

bc500 Backscattering at 550nm 

C·STACC Center of Studies on Air quality and Climate Change  

CALIOP Cloud-Aerosol Lidar with Orthogonal Polarization  

CALISTHO International Cloud-AerosoL InteractionS in the Helmos background TropOsphere 
Campaign 

CCN Cloud Condensation Nuclei  

CE Collection Efficiency Factor  

CLAAS CLoud property dAtAset using SEVIRI  

CM SAF Satellite Application Facility on Climate Monitoring  

𝐷𝑐𝑟 Critical Dry Diameter 

DEM  Demokritos 

𝑒 Water vapor pressure 

𝑒𝑠 Saturated water vapor pressure 

eBC Equivalent Black Carbon  

eV Electonvolt 

ECMWF European Center for Medium-range Weather Forecasts  

EPFL Swiss Federal Institute of Technology in Lausanne  

ERA5 Fifth-generation European Center for Medium-range Weather Forecasts reanalysis model 
data 

ERF Effective Radiative Forcing  

EUMETSAT European Organization for the Exploitation of Meteorological Satellites  

FMI Finnish Meteorological Institute  

FORTH Foundation for Research and Technology Hellas  

FTL Free Troposphere Layer  

GAW Global Atmospheric Watch network 

GCM Global Climate Models  

HALO  Wind Doppler Lidar 

𝐻𝑐𝑡 Cloud Top Height  

ICE-HT Institute of Chemical Engineering  

IN  Ice Nuclei 

INRASTES Institute of Nuclear & Radiological Sciences & Technology, Energy & Safety  

IPCC Intergovernmental Panel on Climate Change 

LiDAR LIght Detection And Ranging 
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LRSU Laboratory of Optoelectronics and Lasers both at the Physics Department of the School of 
Applied Mathematics and Physical Sciences of the National Technical University of Athens 

LTC Longitudinal time code - Athens 

LWC Liquid Water Content  

METEOSAT Geostationary Meteorological Satellites  

MNB Mean Normalized Bias  

MODIS Moderate Resolution Imaging Spectroradiometer  

MSG METEOSAT Second Generation 

𝑀𝑤 Molar Mass of Water 

m Meter 

Mm Megameter 

μm Micrometer 

nm Nanometer 

N10-200nm Aerosol Number concentrations between 10-200nm  

N200-550nm Aerosol Number concentrations between 200-500nm  

N90-800nm Aerosol Number concentrations between 90-800nm  

NADH Tryptophan and Nicotinamide Adenine Dinucleotide  

NCSRD  National Center for Scientific Research-Demokritos 

𝑁𝑑 Cloud droplet number concentration 

Nd:YAG Neodymium-doped Yttrium Aluminum garnet; Nd:Y3Al5O12 

𝑁𝑑
𝑙𝑖𝑚 Limiting droplet number 

𝑁𝑑
𝑠𝑎𝑡 Satellite retrieved cloud droplet number concentration 

NTotal  Aerosol number concentrations between 10-800nm  

NTUA National Technical University of Athens 

NWP Numerical Weather Prediction  

OCA Optimal Cloud Analysis 

OPC Optical Particle Counter  

PAM Partition Around Medoids  

PANACEA PANhellenic infrastructure for Atmospheric Composition and climatE chAnge  

PBL Planetary Boundary Layer  

PBLC Planetary Boundary Layer Clouds 

𝑃𝑐𝑡 Cloud Top Pressure 

PDF Probability Density Function 

PM1  Fine inhalable particles, with diameters that are generally 1 micrometer and smaller. 

PM10 Fine inhalable particles, with diameters that are generally 10 micrometers and smaller. 

PM2.5  Fine inhalable particles, with diameters that are generally 2.5 micrometers and smaller. 

PMTs PhotoMultiplier Tubes  

𝑅 Universal gas constant 

RCS Range Corrected Signal 

RH Relative Humidity  

sc550 Total scattering at 550nm 

SEVIRI Spinning Enhanced Visible and Infrared Imager  

𝑠 Supersaturation 

smax Maximum supersaturation 

𝑠∗ Characteristic supersaturation 

SMPS Scanning Mobility Particle Sizer  

SNR Signal-to-Noise-Ratio  
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𝑇  Ambient temperature 

𝑇𝑐𝑡 Cloud top temperature  

TOA Top Of the Atmosphere  

ToF-ACSM Time-of-Flight Aerosol Chemical Speciation Monitor  

UTC Coordinated Universal Time  

UV UltraViolet radiation  

VAD Vertical Azimuth Display mode  

Vdir Direction of horizontal wind   

Vh Horizontal wind speed  

VIIRS Visible Infrared Imaging Radiometer Suite  

VL  Vathia Lakka 

Vr Radial velocity  

Vθ Azimuthal wind direction  

𝑤  Vertical velocity  

q Absolute humidity  

𝑤∗ Characteristic vertical velocity  

WCCAP World Calibration Centre for Aerosol Physics  

WIBS Wideband Integrated Bioaerosol Sensor  

WMO World Meteorological Organization 

𝛽  Effective radius factor  

𝜀 Relative dispersion of the droplet spectrum  

𝜀̃ The entrainment parameter 

ΕΝRACT Environmental Radioactivity & Aerosol technology for atmospheric and Climate impacT 
Laboratory 

κ Particle hygroscopicity parameter  

𝜆  characteristic nondimensional velocity 

𝜌
𝑤

 Density of liquid water 

𝜎  Surface tension of the solution droplet 

𝜎𝑤  Standard deviation of the updrafts 

𝜏  Cloud optical thickness  

𝑟𝑒𝑓𝑓 Effective radius of the cloud droplets 

𝐷𝑒𝑓𝑓 Effective diameter of the cloud droplets 

𝑄
𝑒𝑥𝑡

 Mie extinction efficiency factor 
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