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Abstract. Accurate routine monitoring of the Total Ozone
Column (TOC) is essential for understanding ozone tem-
poral variability, assessing long-term trends and supporting
satellite validation. In this work, we present TOC retrievals
in both ultraviolet (UV, Huggins bands) and visible (VIS,
Chappuis bands) spectral regions using direct sun Differen-
tial Optical Absorption Spectroscopy (DS-DOAS). We use
the research-grade UV-VIS DOAS system Delta, recently
designed and operated at the Laboratory of Atmospheric
Physics in Thessaloniki, Greece. A dedicated retrieval algo-
rithm was developed that includes the calibration of a mea-
sured reference spectrum using the Langley plot and the
Minimum-Amount Langley-Extrapolation approaches. The
analysis suggests that TOCs derived from the visible channel
for the first time in Thessaloniki are highly consistent with
those from the ultraviolet channel, with a median difference
of —0.44 % and Pearson’s correlation coefficient R =0.97.
The Delta TOC retrievals were compared with two collo-
cated instruments, Brewer and Pandora, yielding very good
agreement in both spectral regions (R > 0.98), with median
biases of —0.18 % and —0.63 % for the VIS and 0.08 %
and —0.32 % for the UV channel compared to the Brewer
and Pandora, respectively. The seasonal and diurnal variabil-
ities of TOC were captured consistently from all three in-
struments, confirming the robustness of the retrievals. En-
hanced aerosol loads, such as those observed during an ex-
treme wildfire event, introduced significant deviations in the
VIS TOC comparisons with the reference instruments, while
the comparisons in the UV remained largely unaffected. The
findings of this study confirm the capability of Delta to pro-

vide accurate and consistent TOC retrievals in both UV and
VIS spectral bands. The successful exploitation of the Chap-
puis bands extends the applicability of DS-DOAS to condi-
tions where UV sensitivity is limited, such as at high solar
zenith angles or at high-latitude locations, thereby extending
the continuity of ozone monitoring from ground-based sys-
tems and providing a complementary approach to traditional
UV-based TOC retrievals.

1 Introduction

Ozone (O3), one of the most important and well-known trace
gases in the atmosphere (WMO, 2022), plays a key role in
atmospheric chemistry, radiative forcing, air-quality and cli-
mate change (Crutzen, 1979). Approximately 90 % of the To-
tal Ozone Column (TOC) resides in the stratosphere, with
highest concentrations at altitudes between 20 and 30 km
(Seinfeld and Pandis, 2016; Langematz, 2019). By absorbing
nearly all harmful ultraviolet (UV) solar radiation at wave-
lengths below 290 nm and also a large fraction of the short-
wave UV-B solar radiation, between 290 and 315 nm, strato-
spheric O3 has a strong impact on the global radiative forc-
ing and is essential for the biosphere, protecting humans and
natural ecosystems. In the troposphere, ozone plays a key
role in the oxidizing capacity of the atmosphere (Lelieveld
et al., 2016) and acts as a greenhouse gas contributing to ra-
diative forcing. Near the surface it is widely recognized as
a secondary pollutant, produced by photochemical reactions
of nitrogen oxides (NO,) and Volatile Organic Compounds
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(VOCs), having a strong impact on human health, vegeta-
tion and ecosystems (Fowler et al., 2009; Monks et al., 2015;
Young et al., 2018).

Routine measurements of TOC began in the 1920s with
the use of the Dobson spectrophotometer (Dobson, 1931).
In the late 1970s, automated Brewer spectrophotometers
were introduced (Brewer, 1973; Kerr et al., 1981, 1988) and
have since been widely adopted operationally for observa-
tions. Both systems have been extensively used over the past
decades for ozone monitoring. Especially after the discov-
ery of the so-called “Antarctic ozone hole” in the mid-1980s
(Farman et al., 1985; Chubachi, 1985), they played a criti-
cal role in assessing ozone trends and their links to climate
change. Numerous studies have been conducted on the vari-
ability of stratospheric ozone and its long-term trends, on a
global scale, based on both ground-based data measured by
Dobson and Brewer instruments, as well as satellite obser-
vations (e.g., Harris et al., 1997; Zerefos et al., 2001; Fio-
letov et al., 2002; Ziemke et al., 2005). With the success-
ful implementation of the Montreal Protocol (Méder et al.,
2010), the abundance of ozone-depleting substances (ODSs)
in the stratosphere has been reduced and several studies have
indicated a gradual recovery of TOC levels in recent years
(Solomon et al., 2016; Kuttippurath and Nair, 2017; Pazmifio
et al., 2018; Weber et al., 2022). Nevertheless, maintain-
ing high-quality ground-based TOC observations remains of
high importance. Despite their historical significance, Dob-
son and Brewer instruments are no longer produced and the
required technical support for uninterrupted operation is very
limited. The number of stations contributing TOC data to the
global observing network is decreasing, while those that re-
main active and operational require regular high-cost cali-
bration and maintenance procedures. To ensure the continu-
ity of accurate TOC measurements and to further expand our
knowledge on the interactions of ozone and climate change,
gradual transitioning to alternative TOC measurement tech-
niques is of high research and environmental significance.

Passive Differential Optical Absorption Spectroscopy
(DOAS) is a well-established and widely used remote sens-
ing method that has been applied since the 1970s for the
detection of numerous trace gases, including Os, in the at-
mosphere, with characteristic narrow-band absorption struc-
tures in the UV and visible (VIS) spectral ranges (Platt and
Stutz, 2008). Over time, DOAS has been adapted for mul-
tiple applications using different viewing geometries, each
being sensitive to different altitudes within the atmosphere,
depending on the target species. The principal idea of all
passive DOAS applications is the same: in a first step, the
trace gas Slant Column Density (SCD) is retrieved from
spectral analysis, which is then converted to a Vertical Col-
umn Density (VCD) by division with an appropriate Air
Mass Factor (AMF) (Noxon, 1979; Solomon et al., 1987a).
Zenith-Sky (ZS) DOAS measurements were one of the ear-
liest passive DOAS implementations and have been used in
various studies about stratospheric nitrogen dioxide (NOy)
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(Brewer, 1973; Noxon, 1975), as well as O3 and chlorine
oxide (OCIO) (e.g., Mount et al., 1987; Solomon et al.,
1987b, 1988). ZS-DOAS instruments, such as the Systéme
d’Analyse par Observation Zénithale (SAOZ; Pommereau
and Goutail, 1988), most of which are part of the Network for
Detection of Atmospheric Composition Change (NDACC),
are sensitive to stratospheric absorbers. They rely on scat-
tered radiation spectra measured at the zenith during twilight,
at high Solar Zenith Angles (SZAs), thus providing measure-
ments of O3 twice a day, i.e., at sunrise and at sunset (Van
Roozendael et al., 1998; Hendrick et al., 2011). The AMF
for ZS-DOAS depends on several atmospheric parameters,
such as the Oz vertical profile, surface albedo, as well as
temperature and pressure profiles (Cede et al., 2006; Hen-
drick et al., 2011) and its calculation is based on Radiative
Transfer Model (RTM) simulations. Direct-Sun (DS) DOAS
is another application of DOAS that is equally sensitive to
stratospheric and tropospheric absorbers for SZAs < 80°. It
yields information about the total VCD, i.e., from ground
level up to the top of the atmosphere and unlike ZS-DOAS,
it allows for potential investigation of diurnal cycles. The
AMF for direct sun observations can be easily approxi-
mated with a geometric approach. However, compared to
other viewing geometries, such as those employed in Multi-
AXis Differential Optical Absorption Spectroscopy (MAX-
DOAS) measurements (Honninger et al., 2004), the photon
path lengths are relatively small leading to weaker signals,
thus systems with high Signal to Noise Ratio (SNR) are usu-
ally required. TOC measurements employing the DS-DOAS
technique have been used in various studies (e.g., Tzortziou
et al., 2012, 2015; Herman et al., 2015; Kim et al., 2017,
Gkertsi et al., 2018). In recent years, Pandora systems have
been developed to provide standardized DS-DOAS measure-
ments of ozone and other trace gases. These instruments form
the Pandonia Global Network (PGN), which delivers quality-
assured, near-real-time data products and plays an increas-
ingly important role in long-term monitoring and satellite
validation.

TOC retrievals from direct sun observations are tradition-
ally conducted in the UV, typically within the wavelength
range of 300-360 nm, where ozone exhibits distinct narrow-
band absorption features, known as Huggins bands. How-
ever, ozone also shows weaker, but still significant structures
in the visible and near-infrared (NIR) regions between 400
and 650 nm, referred to as Chappuis absorption bands. Us-
ing measurements in this spectral region has several bene-
fits. Retrievals in the visible range are less sensitive to stray
light interference, which often limits the accuracy of UV-
based measurements, especially at high SZAs. Furthermore,
many commercially available and research-grade spectrom-
eters either lack sufficient sensitivity in the UV or are de-
signed primarily for the visible region. Therefore, employing
measurements in the Chappuis bands broadens the range of
instruments that can be used for TOC monitoring. An ad-
ditional advantage of TOC retrievals in the Chappuis bands
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is the reduced sensitivity of the retrieval to O3 temperature
compared to retrievals in the Huggins bands. In the UV, the
O3 absorption cross sections show a pronounced temperature
dependence (Serdyuchenko et al., 2014), which can intro-
duce systematic uncertainties in TOC retrievals if the effec-
tive O3 temperature is not accurately accounted for. This ef-
fect has been shown to impact UV-based TOC measurements
(e.g., Zhao et al., 2016; Grobner et al., 2021), while the VIS-
based TOC retrievals are inherently less affected. Moreover,
retrievals in the visible range provide an advantage for high-
latitude and wintertime observations, where solar UV radi-
ation is relatively weak and often limits the applicability of
measurements in the Huggins bands. Under such conditions,
solar radiation in the visible range is more intense, allowing
the Chappuis bands to be exploited for TOC retrievals. This
supports the continuity of ozone monitoring, which is essen-
tial for maintaining consistent long-term records and for pro-
viding reliable reference data for satellite validation in polar
and subpolar regions. To our knowledge, direct sun observa-
tions in the Chappuis bands have not been previously used
for TOC retrievals, and this study introduces such an appli-
cation for the first time.

The aim of this work is to retrieve TOC both in the UV and
VIS regions, by applying a DOAS-based algorithm to direct
sun spectra recorded by the Delta UV-VIS system, operating
at the Laboratory of Atmospheric Physics (LAP), in Thessa-
loniki, Greece. By conducting an intercomparison study with
collocated Brewer and Pandora TOC measurements, we aim
to establish linkages among these independent sources of in-
formation on ozone. Such linkages will facilitate their syn-
ergistic use in future monitoring and research activities. Fur-
thermore, they will strengthen the role of ground-based ob-
servations in supporting satellite validation and in assessing
regional ozone variability. Finally, the intercomparison pro-
vides a cross-checking framework that ensures internal con-
sistency across the instruments, which is crucial for sustained
ozone monitoring.

This article is structured as follows: In Sect. 2, a descrip-
tion is given for the instruments and datasets utilized in this
study. In Sect. 3, the DOAS-based TOC retrieval method-
ology is presented along with the required calibration proce-
dures. In Sect. 4, the intercomparison results with the Brewer
and the Pandora are discussed, and in Sect. 5 the main con-
clusions of this study are summarized.

2 Instrumentation and data
2.1 The measurement site

Thessaloniki is the second-largest city in Greece, located in
the northern part of the country with a coastal orientation fac-
ing the Aegean Sea, which is part of the larger Mediterranean
region. The measurement site is located in the city centre,
on the rooftop of the School of Physics, at the Laboratory
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Figure 1. The measurement site of LAP.AUTH and the three col-
located ground-based instruments used in this study: Brewer spec-
trophotometer #005 (left), Delta UV-VIS DOAS system (centre),
and Pandora #240 (right).

of Atmospheric Physics (40.633°N, 22.956°E, 60ma.s.l.)
of the Aristotle University of Thessaloniki (LAP.AUTH;
https://lapweb.physics.auth.gr/en/home-english/, last access:
8 November 2025). Thessaloniki holds historical signifi-
cance in the field of ground-based TOC measurements and
hosts a range of remote-sensing instruments designed for
this purpose. In the 1980s, when the decline of stratospheric
ozone levels was of high research and environmental impor-
tance, LAP.AUTH was equipped with the first commercially
available single-monochromator Brewer with serial number
005 (hereafter BROOS). It was installed in 1982, providing
the capability to monitor TOC for the first time in Thes-
saloniki and also investigate its effect on solar UV irradi-
ance at ground level. BROOS is still operational and regularly
calibrated. TOC measurements over Thessaloniki have also
been performed since 2015 by a miniature spectrophotome-
ter (Phaethon) by applying the DOAS technique on direct sun
spectra (Gkertsi et al., 2018). Since June 2022, LAP.AUTH
is equipped with a new research-grade spectrometer system
(namely Delta). Delta represents a significant enhancement
of the existing instrumentation as it is designed to provide
spectral measurements of higher quality and is characterized
by increased accuracy and sensitivity, with the capability to
apply DS-DOAS and to retrieve TOC. In late 2022, TOC
measurements over Thessaloniki were further supported
through the installation of a Pandora 2S instrument that
is part of PGN (https://www.pandonia-global-network.org/,
last access: 8 November 2025). Pandora provides columnar
measurements of O3z among other species, which are near-
real-time, centrally processed, quality assured and distributed
by PGN. The measurement site of LAP.AUTH along with the
instrumentation utilized under the scope of this study are pre-
sented in Fig. 1.

2.2 The Delta system
Delta is a scientific-grade instrument developed in collabo-

ration with the Royal Belgian Institute for Space Aeronomy
(BIRA-TASB) in the framework of the PANhellenic infras-

Atmos. Meas. Tech., 19, 3309-3332, 2026


https://lapweb.physics.auth.gr/en/home-english/
https://www.pandonia-global-network.org/

3312

tructure for Atmospheric Composition and Climate Change
(PANACEA; https://panacea-ri.gr/?lang=en, last access: 8
November 2025) project. The system consists of two main
parts: an optical head, which is located outdoors, mounted
on a dual-axis sun tracker, and a single-channel acquisition
unit, located inside the building. The acquisition unit com-
prises a detector mounted on a spectrograph and a computer
used for instrument control with a home-made software, data
acquisition and data storage (Karagkiozidis, 2023). Light is
collected by the optical head via a planoconvex lens, in-
stalled in its front part, and it is guided to the entrance slit
of the spectrograph through a fiber bundle of rectangular
ending. The spectrograph is a commercial Kymera 193i unit
by Andor Oxford Instruments, which includes a grating of
600 grooves mm ™!, allowing for a wavelength coverage of
~ 230nm. It is placed inside a thermo-regulated box, whose
temperature is maintained constant at 420 °C. The instru-
ment’s slit function was measured using mercury discharge
lamp spectral lines and it was found to approximately cor-
respond to a Gaussian with Full Width at Half Maximum
(FWHM) of ~ 0.85 nm. Such lamp spectra are also used for
accurate wavelength calibration. The spectral range of the
spectrograph was set to 305-523 nm so that multiple trace
gases can be detected using DOAS in the UV and visible
regions (Platt and Stutz, 2008). The detector is a low-noise
PIXIS 2KBUYV back-illuminated and UV-enhanced charge-
coupled device (CCD) of 2048 x 512 px by Princeton In-
struments, which is thermo-electrically cooled to —50 °C by
means of a Peltier system, thereby suppressing generation
of dark current. Depending on the measurement type, and
to avoid saturation of the measured spectra, the light inten-
sity can be attenuated by neutral-density optical filters, trans-
mission diffuser plates and cut-off filters, one by one or in
various combinations, which are placed in six positions of a
filter-wheel, located inside the optical head. The optical head
also includes a commercial dual-axis inclinometer by Jewell
Instruments, used to ensure a precise levelling of the instru-
ment and proper orientation of the optical head.

The system was originally designed to collect scattered so-
lar radiation at different elevation angles, required for MAX-
DOAS measurements (Honninger et al., 2004) for the re-
trieval of tropospheric aerosol (trace gas) extinction (concen-
tration) vertical profiles and integrated columns. However,
the EKO STR-22G sun tracker allows orientation of the op-
tical head at any given azimuth (0-360°) and elevation (0—
90°) viewing direction, with a pointing resolution of less than
0.01°, thus providing accurate direct sun capability. The first
scientific application of the recently developed Delta system
at LAP.AUTH has been the retrieval of total NO, VCDs us-
ing the DS-DOAS technique (Nikolis et al., 2025), confirm-
ing its suitability for direct sun trace gas observations. Si-
multaneous calibration of the azimuth and elevation angles
is performed by regular sun scans, i.e., by sighting of the sun
disk, an approach that was found to provide low systematic
uncertainties of = 0.05° (Donner et al., 2020).
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Since the beginning of its operation in 2022, the measure-
ment schedule of Delta includes elevation scans at two az-
imuth directions, followed by a direct sun measurement. The
total integration time of each elevation scan is about 15 min,
hence direct sun observations are performed approximately
every half an hour. Dark spectra are measured at nighttime
(at SZAs higher than 105°) for 30 min and for all exposure
times of the detector used during the daily cycles, which are
then subtracted from the measured solar spectra, prior to the
DOAS analysis. During the first year of operation in direct
sun mode (until June 2023), the light throughput in the spec-
trograph was very high, as a result of inadequate attenua-
tion of light intensity (solely from a teflon diffuser). To avoid
saturation, the detector was operated in high-capacity mode,
leading to direct sun spectra of increased spectral noise. In
June 2023 an additional neutral-density optical filter was
installed in combination with the (existing) diffuser to en-
hance attenuation, so the detector was reverted to its default
low-noise mode of operation. In January 2024, a second fil-
ter/diffuser setup with the addition of a HOYA U340 band-
pass filter was installed on a different position of the filter-
wheel, to eliminate wavelengths longer than ~ 390 nm, thus
reducing the effect of stray light on the DOAS retrievals in
the UV. Since then, direct sun measurements are repeated
twice, once with and once without the U340 filter, each with
an integration time of 30s. In the end of May 2024, Delta
was uninstalled and transported to Cabauw, the Netherlands,
to participate in the third Cabauw Intercomparison of UV-
VIS DOAS Instruments (CINDI-3) intercomparison cam-
paign (https://actris.eu/news-events/news/cindi-3-extensive-
air-pollution-measurement-campaign, last access: 8 Novem-
ber 2025). The instrument returned to its operational site at
LAP.AUTH at the end of June 2024, but with a shift in the
wavelength calibration, probably due to stress of the mechan-
ical parts of the spectrograph during transportation.

In this study, we focus only on direct sun measurements
performed by Delta during the period June 2023 to May
2024, when the instrument was stable and fully operational,
thereby avoiding potential biases in the comparison with
Brewer and Pandora due to different instrument states. The
stability of the instrument has been regularly assessed by
monitoring the spectrograph’s slit function, derived by com-
parison of measured spectra with a high-resolution solar
spectrum, convoluted with a Gaussian function (Fayt and
Van Roozendael, 2001; Aliwell et al., 2002; Danckaert et
al., 2017). The slit function remained stable throughout the
study period, with a mean FWHM of 0.83 = 0.02 nm, which
is in very good agreement with the one derived from mer-
cury lamp measurements (0.85 nm). In summary, the direct
sun datasets of Delta considered in this study span from June
2023 to May 2024 (~ 11 months) in the VIS range and from
January to May 2024 (~ 6 months) in the UV.
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2.3 Brewer

The Brewer spectrophotometer (SN #005) that was used in
this work is a MKII single-monochromator instrument that
was installed at LAP.AUTH in 1982 (Fig. 1). It is still fully
operational and regularly records total ozone, sulfur dioxide
(SO») as well as spectral UV in the wavelength range 290—
330nm and aerosol optical depth at selected wavelengths
(Meleti and Cappellani, 2000; Grobner and Meleti, 2004).
Regular calibrations for TOC are conducted via participation
in intercomparison campaigns organized by the European
Regional Brewer Calibration Center (RBCC-E) (e.g., Re-
dondas et al., 2018). The last calibration against the RBCC-
E standard was performed in 2021 (WMO, 2024). Strict
quality control protocols ensure the validity of Brewer ob-
servations, which are made available to the scientific com-
munity through the channels of the World Meteorologi-
cal Organization’s World Ozone and Ultraviolet Radiation
Data Centre (WOUDC, https://woudc.org/, last access: 8
November 2025) and the European Brewer Network (EU-
BREWNET, https://eubrewnet.aemet.es/eubrewnet/, last ac-
cess: 8 November 2025), a database established under COST
Action ES1207, where TOC and spectral UV measurements
are available in (almost) near-real time. It is noted that in the
standard in-house Brewer data processing, observations with
AMF larger than 3, corresponding to SZAs of approximately
70°, are typically rejected due to the known effect of stray
light under such conditions, as documented in the RBCC-E
campaign reports (e.g., WMO, 2024). In this study, however,
these observations were intentionally retained in order to in-
vestigate the performance of the Delta retrievals under high-
SZA conditions, although no stray light correction has been
applied to the data. The extensive time series of Brewer TOC
observations at LAP.AUTH has been widely used in scien-
tific research studies regarding the long-term variability and
trends of TOC and in satellite validation studies (e.g., Bais
et al., 1993; Meleti et al., 2009; Fragkos et al., 2016; Foun-
toulakis et al., 2019b; Amiridis et al., 2024; Garane et al.,
2024).

The retrieval method of TOC from Brewer measurements
follows the established methodology described in Kerr et
al. (1981). It is based on direct solar spectral irradiance
measured simultaneously at four wavelengths in the UV
(310.1, 313.5, 316.8 and 320.0 nm) and utilizes the Bass and
Paur (1985) ozone absorption cross sections. Furthermore,
the retrieval algorithm assumes an effective ozone absorp-
tion temperature of —44 °C and an effective ozone height of
22 km. The estimated uncertainty of the Brewer TOC obser-
vations is nominally about 1 % (Kerr et al., 1988).

2.4 Pandora
Pandora is a dual-spectrometer system that was collabora-

tively designed by the National Aeronautics and Space Ad-
ministration (NASA), the European Space Agency (ESA),
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SciGlob Instruments and Services (https://sciglob.com/, last
access: 8 November 2025) and Luftblick OG. It aims to im-
prove and extend the capabilities of the ground-based in-
frastructure for satellite validation. To support this mission,
the large-scale global monitoring network, PGN, was devel-
oped. PGN provides homogeneous instrument calibration,
central data processing and formatting, and quick delivery
of final data products. It focuses on the monitoring of air-
quality-related species and delivers DS-DOAS total column
and MAX-DOAS tropospheric column and surface concen-
tration measurements of several trace gases, including NO;,
O3, formaldehyde (HCHO), water vapor (H,O) and SO;
(e.g., Herman et al., 2009), with a high temporal resolution.
Pandora instruments have not only been involved in satel-
lite validation activities (e.g., Judd et al., 2020; Verhoelst et
al., 2021), but have also been employed in the assessment
of air pollution and for understanding of the physical and
chemical processes in the atmosphere (e.g., Tzortziou et al.,
2015; Spinei et al., 2018; Robinson et al., 2020). One such
instrument (Pandora #240) has been installed at LAP.AUTH
in September 2022. The system consists of two commer-
cial spectrometers by Avantes (https://www.avantes.com/,
last access: 8 November 2025), housed in a thermally iso-
lated box for temperature stabilization, covering the UV-VIS
and NIR regions, respectively. The operational TOC product
is retrieved from the UV-VIS spectrometer, which features
a symmetrical Czerny-Turner design with a grating of 1200
lines mm~! and a 50 um entrance slit. The spectrometer is
equipped with a back-thinned Hamamatsu CCD detector of
2048 x 64 px, recording spectra in the range 277-538 nm with
a resolution of approximately 0.55nm FWHM (Herman et
al., 2015).

The TOC retrieval methodology using DS-DOAS,
along with the Algorithm Theoretical Baseline Document
(ATBD), usage guidelines, and the calibration procedures
that are applied, are described in detail in the correspond-
ing manuals that are publicly available through the PGN
website  (https://www.pandonia-global-network.org/home/
documents/manuals/, last access: 8 November 2025). In
this study, we use the PGN TOC of the retrieval version
“rout2p1-8”, processed with the BlickP processor, which is
currently the operational PGN TOC product and is publicly
available through the PGN website. The retrieval employs
a high-resolution extraterrestrial reference spectrum within
the spectral window 305.0-325.0nm. For this product,
the effective ozone temperature is derived from an ozone
profile climatology, and the O3 absorption cross sections are
adjusted to this climatological temperature prior to spectral
fitting. Additional details for the product and the retrieval
settings are provided in the PGN Data Products Readme
Document (https://www.pandonia- global-network.org/
assets/manuals/PGN_DataProducts_Readme_v1-8-10.pdf,
p. 25, last access: 24 February 2026). All operational
products of PGN include a quality flag for the retrievals,
as part of the standard data quality control and in this
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study, only medium- and high-quality TOC data are used.
Throughout the study period, the instrument remained fully
operational, with minimal gaps in its timeseries due to
routine maintenance.

3 Methodology
3.1 DOAS-based TOC retrieval algorithm

This section deals with the TOC retrieval algorithm that is
based on the application of DOAS on direct sun spectra mea-
sured by Delta. DOAS relies on the modified Beer-Lambert
law, which describes the attenuation of solar radiation in the
atmosphere by molecular and aerosol absorption and scat-
tering. DOAS is based on the principle that molecular and
aerosol extinction processes, various trace gas absorptions,
as well as instrumental and turbulence effects show broad
spectral features, while certain trace gases exhibit narrow ab-
sorption structures. Of key importance in the DOAS principle
to detect and quantify trace gases in the atmosphere is the
separation of the narrow-band absorptions from the broad-
band spectral features, with the latter (including Rayleigh
and aerosol extinction) being approximated by fitting a low-
order polynomial function.

The TOC retrieval algorithm involves a two-step process.
First, a least-squares fit is performed within a defined spec-
tral window to calculate the O3 SCD, i.e., its concentration
integrated along the light path. This process is usually re-
ferred to as DOAS fit. In the DOAS analysis, however, SCDs
are retrieved with respect to a reference spectrum, also called
Fraunhofer Reference Spectrum (FRS). Since FRS can also
be influenced by trace gas absorptions, the primary output of
the DOAS analysis is the differential slant column density
(dSCD), defined as the difference between the SCD of the
analyzed spectrum and that of the FRS (SCDggs):

dSCD = SCD — SCDgrs (1)

In DS-DOAS applications, the FRS is usually a single spec-
trum, or the average of multiple spectra measured under
clear-sky conditions. In order to obtain high absorption sig-
nals in the DOAS analysis, the effect of O3 absorption should
be minimal in the reference spectrum. Hence, the aim is to
select a reference spectrum in a day when TOC is relatively
small, measured under the shortest possible slant path (or
small SZA). In this study, the chosen FRS is a spectrum
recorded by the same instrument at LAP.AUTH on 6 May
2024, at SZA =23.9°. The reference spectra are slightly dif-
ferent for the UV and VIS retrievals, as they were measured
with a small temporal offset of approximately 30s, as dis-
cussed in Sect. 2.2. An important benefit of using an FRS
recorded with the same instrument is the precise wavelength
alignment, thus ensuring effective removal of both the Fraun-
hofer absorption features of solar radiation and any charac-
teristic features in the instrument’s spectral response. Solar
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irradiance data measured by pyranometers in Thessaloniki
(Sect. S1 in the Supplement) confirm clear-sky conditions
during the whole day, except for a brief 30-minute period af-
ter 14:00 UTC, however this is not a concern, as the FRS was
recorded around local noon at approximately 10:30 UTC.

The second step of the retrieval algorithm is the conversion
from O3 SCD to VCD, by division with an AMF, according
to Eq. (2).

SCD
AMF

Given that VCD equals TOC in this case, the combination of
Egs. (1) and (2) yields:

VCD = )

TOC = vep = 356D +5CDrws 3)
AMF

In the following subsections, a description is given of the
DOAS settings that are applied for the retrieval of O3 SCDs
in the Huggins and Chappuis bands, the calculation of the
AMFs that are required for the conversion to VCDs, the cali-
bration procedures applied for the estimation of the O3 SCD
of the reference spectrum, and the associated uncertainty
budget of the Delta TOC retrievals.

3.2 DOAS retrieval settings

Ozone dSCDs are retrieved separately in the UV and VIS
spectral ranges. In both cases, the retrieval settings are based
on recommendations of NDACC (Hendrick et al., 2011)
and the Fiducial Reference Measurements for Ground-Based
DOAS Air-Quality Observations (FRM4DOAS) project
(Van Roozendael et al., 2024), as well as on results
from the CINDI-2 campaign (https://uv-vis.aeronomie.be/
groundbased/campaigns/CINDI2camp.php, last access: 8
November 2025) (e.g., Kreher et al., 2020) with some adapta-
tions based on the specific instrumentation. The NDACC rec-
ommendation for ozone retrievals in the Chappuis bands is to
use a spectral window of 450-540 nm (Hendrick et al., 2011),
where uncertainties of ozone fitting are minimal. However,
the spectrograph of Delta has a shorter spectral coverage.
Therefore, the spectral window was set from 450 to 520 nm
to cover a large enough wavelength range, in which ozone
exhibits absorption features, without stretching the spectro-
graph to its upper spectral limit (523 nm), where ozone fea-
tures are anyway broadband. This spectral window was also
recommended during the CINDI-2 campaign (Kreher et al.,
2020). In the UV, the ozone absorption cross section shows
a significant temperature dependence (Serdyuchenko et al.,
2014). To account for this effect, a linearization approach is
applied by including two ozone absorption cross sections in
the DOAS fit: one at 223 K, representative for stratospheric
temperatures, and one temperature-differential cross section,
obtained as the difference between cross sections at 243 and
223 K. In the analysis, both cross sections are fitted simulta-
neously, allowing the retrieval algorithm to account for the
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effective temperature of ozone absorption and thus for varia-
tions in the relative contributions of tropospheric and strato-
spheric ozone. In DOAS retrievals, additional fit parameters
are usually included, such as an I correction and an intensity
offset. The I effect originates from inconsistencies between
laboratory absorption cross sections measured with a smooth
light source and the structured atmospheric absorption spec-
tra recorded with lower spectral resolution, while the inten-
sity offset compensates for potential stray light or dark signal
that is not effectively removed from the measured spectrum
(Aliwell et al., 2002; Danckaert et al., 2017). However, for
the retrieval in the Chappuis bands, no Iy-correction has been
applied since the ozone cross section structures in this region
are broad and such a correction has a negligible effect on the
retrieved dSCDs, which was also confirmed by a sensitivity
test. A third- and fifth-order polynomial is used to fit the low
frequency structures due to molecular and Mie scattering in
the UV and VIS ranges, respectively, and a first-order poly-
nomial to account for stray light effects through the afore-
mentioned intensity offset term (Aliwell et al., 2002). While
in MAX-DOAS retrievals an additional pseudo cross section
is usually included in the DOAS fitting to account for the
Ring effect in the scattered radiation spectra, DS-DOAS is
based on direct radiance spectra and thus such a cross sec-
tion is not included in the analysis.

The recorded spectra are analyzed using the QDOAS (ver-
sion 3.6.0, December 2023) software developed at BIRA-
TIASB (https://uv-vis.aeronomie.be/software/QDOAS/, last
access: 8 November 2025). The slit function parameters, as
well as any shift of the wavelength calibration of the mea-
sured spectra are fitted by QDOAS using a high-resolution
solar FRS (Chance and Kurucz, 2010) prior to the DOAS
analysis. The retrieval settings of O3 in the UV and VIS
ranges, as well as the trace gas absorption cross sections that
are included in the DOAS fit are summarized in Table 1.

Figure 2 shows a typical DOAS fit example of O3 in
the UV and VIS for two consecutive direct sun spectra
(with a time difference of ~ 30s) measured by Delta on
30 March 2024 at 13:57 UTC and at 58.6° SZA, with and
without the U340 bandpass filter. Only the trace gas fits that
are common for the UV and VIS retrievals are presented in
Fig. 2. The ozone dSCDs retrieved from the two channels
are in very good agreement, with a relative difference of ap-
proximately 0.45 %. The DOAS fit of O3 is better in the UV
due to the stronger absorption in the Huggins bands, leading
to differential optical depths of about one order of magni-
tude higher. Nevertheless, the ozone fitting in the VIS pro-
vides consistent and reliable results, with the retrieval accu-
rately resolving the three main absorption bands in the se-
lected wavelength range. The root mean square (RMS) of the
DOAS fit residual in the VIS (in this example 1.18 x 1074
is significantly lower than in the UV (4.32 x 10™#), by a fac-
tor of approximately 4, primarily due to the higher SNRs in
the visible range. However, this behavior is not limited to in-
dividual cases. Figure S2 (Sect. S2) shows that RMS values
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Figure 2. Example of DOAS spectral fitting for ozone in the VIS
(left column) and UV (right column) spectral ranges. The top panels
show the measured (blue) and fitted (red) differential optical depths
for O3, the middle panels for NO;, and the bottom panels the cor-
responding fitting residuals.

in the VIS range are generally lower than those in the UV.
Moreover, the increase of RMS with increasing SZA is less
pronounced in the VIS, whereas in the UV retrievals RMS
exhibits a stronger increase, indicating higher sensitivity to
stray light effects in the Huggins bands under low solar ele-
vations. NO; is more accurately captured in the VIS, because
of its pronounced narrow-band absorption features compared
to the UV range, where also the attenuation of solar radiation
is dominated by ozone absorption.

3.3 AMF calculation

The AMEF represents the relative path length that solar radia-
tion follows through the atmosphere compared to the vertical
path. For direct sun observations, the AMF can be geometri-
cally approximated by secSZA = 1/cosSZA. While this ap-
proach is relatively accurate for gases located in the lower-
most layers of the atmosphere and for small SZAs, it does not
account for the Earth’s curvature which introduces a depen-
dency on the vertical distribution of the absorbing species.
For ozone, which is predominantly concentrated in the strato-
sphere, this simplistic approximation can lead to significant
errors in AMF calculations, which are directly propagated to
TOC given their linear relationship as described by Eq. (2).
In this study, we adopt for the AMF calculation the formula
presented in Cede et al. (2006), i.e.,

R
AMF = sec |:arcsin (— -sin SZA)i| @
R + hett
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Table 1. Retrieval settings used for the retrieval of ozone dSCDs in the UV and VIS spectral ranges.

Parameter Data source O3 retrieval
Huggins bands (UV) Chappuis bands (VIS)
Wavelength range 320-340 nm 450-520 nm

03 (223K) Serdyuchenko et al. (2014)  Ip-corrected (SCD of 1020 molec.cm=2) ./
and Taylor terms (Pukite et al., 2010)

03 (243K) Serdyuchenko et al. (2014) V/ Iop-corrected (SCD of 1020 molec. cm_2), / Orthogonalized to O3 (223 K)
subtracted from O3 (223 K)

NO, (298 K) Vandaele et al. (1998)  Ip-corrected (SCD of 1017 molec.cm™2) ./ Ig-corrected (SCD of 1017 molec. cm™2)

NO, (220K) Vandaele et al. (1998) / Ip-corrected (SCD of 10!7 molec. cm—2)

and orthogonalized to NO; (298 K)

04 (293 K) Thalman and Volkamer (2013) Vv

04 (203 K) Thalman and Volkamer (2013) / Orthogonalized to O4 (293 K)

HCHO (298 K) Meller and Moortgat (2000) VA

H,0 (293K) HITEMP (Rothman et al., 2010) VA

Polynomial degree Order 3 Order 5

Intensity offset Order 1 Order 1

Wavelength Calibration

Based on a high-resolution solar reference spectrum (Chance and Kurucz, 2010)

where R is the Earth’s radius (6370km) and heg is the ef-
fective height of the ozone layer, which has a latitudinal
gradient with a seasonal variability. For more precise AMF
calculations we used the publicly available (https://avdc.
gsfc.nasa.gov/, last access: 8 November 2025) atmospheric
ozone profile climatology by Ziemke et al. (2021) which has
been constructed by combining daytime ozone profiles from
the Aura Microwave Limb Sounder (MLS) and Modern-Era
Retrospective Analysis for Research Applications version 2
(MERRA-2) Global Modeling Initiative (GMI) model sim-
ulations, binned to latitude bands of 5°. This approach was
adopted because routine ozone soundings are not available
at Thessaloniki, and local ozonesonde profile measurements
cannot be employed. The ozone effective height was calcu-
lated on a monthly basis using Eq. (5) as in Grobner et al.,
(2021):

[z-c(2)dz
[e(z)dz

where ¢ (z) is the concentration of O3 as a function of alti-
tude, z.

Figure 3 shows the seasonal variability of /g for the lati-
tude bands of 35-40° N and 40—45° N (blue and green lines,
respectively). Since the latitude of our monitoring station is
at the edge of these bands, the mean %¢¢ from both bands (red
line) has been considered as more representative. The ozone
profile climatology data reveal a distinct seasonal pattern
with hegr reaching a minimum of 22.3 km in winter (Febru-
ary) and gradually increasing through summer, reaching an
autumn peak (in September) of 23.8 km. If a temporally con-

&)

heff =
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Figure 3. Seasonal climatology of ozone effective height derived
from MLS/GMI data for the latitude bands 35-40°N (blue) and
40-45°N (green), along with their mean (red), which is considered
more representative for the latitude of LAP.AUTH.

stant hegr of 23 km was applied in Eq. (4), the impact on the
calculated AMFs would be negligible for SZAs less than 70°
(within £ 0.1 %), however, at higher SZAs, this assumption
would introduce an error of up to 0.8 %.

3.4 Estimation of the O3 SCD of the reference
spectrum

According to Eq. (3), TOC calculations require knowledge
of the absolute slant column of the reference spectrum
(SCDgRs). This calibration procedure is performed using two
approaches, i.e., the standard Langley Extrapolation (LE)
method (Grébner and Kerr, 2001) and the Minimum-Amount
Langley-Extrapolation (MLE) method, as described in Cede
et al. (2006) and in Herman et al. (2009). In the former case,
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O3 dSCDs are measured during a day (or days) at different
SZAs, corresponding to different AMFs and SCDggs is cal-
culated by extrapolating the differential O3 slant column to
zero AME. On 21 June 2023, Delta was configured to record
only direct sun spectra with a high sampling rate (integration
time of 30 s) from sunrise to sunset. This day was chosen not
only due to cloud-free conditions (Sect. S1), but also due to
the wide range of SZAs covered. One of the most important
conditions that needs to be met for a proper application of LE
is that TOC is constant throughout the day, ensuring a linear
relationship between O3z dSCDs and AMF. Based on Brewer
and Pandora TOC measurements on that day, it was found
that TOC was relatively constant around noon and evening
up to 75° SZA, followed by a gradual decrease in TOC lev-
els afterwards (not shown here). Even though measurements
in the early morning were also characterized by cloud-free
conditions, the O3 dSCDs could not be retrieved because the
direct sun direction was blocked by buildings in the cam-
pus. Hence, only data recorded between 10:30-16:00 UTC
have been used for the LE method. The SZA limitation re-
duces the AMF range, but the high sampling rate allows for
statistically robust results. Figure 4a shows the O3 dSCDs
on 21 June 2023 as a function of the AMF. The Pearson’s
correlation coefficient is very close to unity (R* > 0.999),
revealing a very consistent linear relationship. The extrapo-
lation to AMF =0 (i.e., the intercept of the linear regression)
yields SCDgrs = 410.766 DU. The same method cannot be
applied to the UV dataset, since no UV spectra were recorded
on 21 June 2023 as noted in Sect. 2.2.

The MLE method is another technique that can be used
for the calculation of SCDgrs. However, this method is only
applicable when a large amount of O3 data is available, mea-
sured on different days and for a wide range of AMFs and
TOCs, to provide statistically robust results. This approach
relies on the assumption that the minimum vertical column
amount of an atmospheric species is constant over part of
the dataset, and is therefore independent of AMF (Herman
et al., 2009). Under this assumption, the dSCDs would ex-
hibit a linear dependence on AMF (Eq. 3), and the extrap-
olated dSCD at AMF =0 would equal SCDprs. The lowest
TOC values in Thessaloniki typically occur during the sum-
mer and autumn months (Zerefos et al., 1998) and cover the
entire range of the AMF annual variability. Given that a suf-
ficient number of measurements is available in Thessaloniki
during these months, the minimum TOC values are expected
to be similar for the entire AMF range, thereby satisfying
the assumption of the MLE method. Figure 4b shows the O3
dSCDs from the VIS range for the whole period of study
against the respective AMFs. The O3 data are grouped in nar-
row AMF bins of 0.2, and for each group the 3rd percentile
of the distribution is calculated, corresponding to the mini-
mum measured dSCD for the respective AMF bin. In the se-
lection of the AMF bin, we avoided overly broad bins which
reduce the number of points used in the linear fit, but also
excessively narrow bins which may contain too few mea-
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surements for a reliable estimation of the minimum dSCD
in each percentile. A sensitivity analysis was performed to
assess the robustness of the MLE method with respect to the
choice of percentile. Percentiles ranging from the 2nd to the
5th, in steps of one, were tested. The resulting differences
in the estimated SCDgrs were up to 0.6 % in the VIS and
2% in the UV. These differences reflect the statistical na-
ture of the MLE method, which requires a sufficiently large
number of measurements to yield stable results. The larger
variability observed in the UV retrievals is attributed to sub-
stantially less data in this spectral range (see Sect. 2.2). To
minimize uncertainties in the calculated AMF and to remove
O3 data measured at very high SZA, the analysis is limited to
AMFs lower than 5.5. Like in the LE method, the minimum
O3 dSCDs are linearly fitted to estimate the intercept of the
regression that corresponds to the O3 slant column of the ref-
erence spectrum. In this case, the SCDgrs was found to be
409.054 DU, which is in very good agreement with the one
calculated with the LE method (Fig. 4a).

In addition to the LE and MLE methods, an alternative
approach for TOC retrievals is to use an extraterrestrial ref-
erence solar spectrum at the top of the atmosphere, which
is free of atmospheric absorption, instead of a measured FRS
(e.g., Eglietal., 2022). In this framework, the reference spec-
trum does not contain residual ozone absorption, and the
TOC is retrieved directly from calibrated spectral measure-
ments. As a result, this approach does not rely on AMF ex-
trapolations, which usually require stable atmospheric con-
ditions (e.g., the LE method). However, as noted by Her-
man et al. (2009), this approach requires very accurate wave-
length matching between the extraterrestrial reference spec-
trum and the ground-based measurements (typically better
than 0.01 nm) in order to effectively cancel solar Fraunhofer
structures, which in practice is difficult to achieve. In the
present study, TOC retrievals are therefore based on a mea-
sured FRS calibrated using the LE and MLE methods, while
the use of an absorption-free extraterrestrial reference spec-
trum is not further explored, but is foreseen for future inves-
tigation.

For the TOC calculations, the SCDgrs that is used in
Eq. (3) is taken as the mean of the two methods, i.e.,
SCDgrs = 409.91 DU for the VIS retrievals. When the same
MLE methodology is applied to data in the UV retrievals
(Fig. 4c), a comparable SCDgrs = 408.54 DU is obtained.
However, the UV dataset covers a shorter time period and
does not include the summer and autumn months, when TOC
typically reaches its annual minimum. Furthermore, at larger
SZAs the RMS filtering that is applied (see Sect. 4) removes
a substantial number of measurements. As a result, the sta-
tistical assumptions of the MLE method are less optimally
satisfied for the UV, which leads to a larger sensitivity to the
choice of the percentile and the AMF range. In this case, to
ensure statistical robustness, the AMF range was restricted
to values below 4. Despite these limitations, the close agree-
ment between the UV- and VIS-derived values of SCDgrs
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Figure 4. (a) Langley plot for a single clear-sky day (21 June 2023)
showing O3 dSCDs as a function of AMF. The solid black line
represents the linear regression used to estimate the SCDggrs. (b)
Minimum-Amount Langley-Extrapolation analysis applied to the
VIS dataset over the entire study period. Black markers represent all
03 dSCDs, blue markers correspond to measurements on 21 June
2023, and red markers correspond to the 3rd percentiles within
AMEF bins of 0.20. (¢) Same as panel (b), but for O3 dSCDs re-
trieved in the UV range.

indicates that the calibration of the reference spectrum is ro-
bust. Given the small temporal difference between the acqui-
sition of UV and VIS reference spectra and the negligible
atmospheric variability on that timescale, the same SCDgrg
is applied consistently to both UV and VIS TOC retrievals.

3.5 Uncertainty budget

Following the discussion of the retrieval methodology in
Sect. 3.2-3.4, the uncertainty budget of the Delta TOC re-
trievals can be evaluated by considering three primary com-
ponents: (i) the DOAS SCD fitting uncertainty, (ii) the de-
termination of the SCD of the reference spectrum from the
Langley/MLE analysis, and (iii) the uncertainty of the AMF.
In this section, the reported values represent standard uncer-
tainties (k = 1), corresponding to a coverage probability of
approximately 68 %.

Atmos. Meas. Tech., 19, 3309-3332, 2026

D. Karagkiozidis et al.: TOC measurements in the Huggins and Chappuis bands

Since the relative fitting uncertainty (calculated as the ra-
tio between the fitting uncertainty and the retrieved SCD) de-
pends on the strength of the ozone absorption signal, it is re-
ported separately for O3 SCDs smaller or larger than 700 DU.
This threshold, corresponding to the mean SCD of the VIS
dataset, is used to distinguish typical low and high absorption
conditions. In the VIS range, the relative fitting uncertainties
are 3.34 % and 1.13 % under low and high absorption con-
ditions, respectively. The higher uncertainty for SCDs below
700 DU is associated with weak differential ozone absorption
signal, resulting in increased measurement noise. These val-
ues are comparable to the fitting uncertainties of 3 % reported
by Hendrick et al. (2011), even though that study was based
on different viewing geometry (twilight zenith-sky observa-
tions). In the UV, the relative fitting uncertainties are 1.77 %
and 1.02 % for low and high absorption conditions, respec-
tively. The lower overall uncertainty of the UV retrievals for
low SCDs is due to the stronger absorption of O3 in the Hug-
gins bands compared to the Chappuis bands, as already dis-
cussed in Sect. 3.2. Under high absorption conditions, which
are typically associated with large SZAs, the SNR of the
measured spectra decreases, especially in the UV, resulting
in uncertainties comparable to those in the VIS.

The uncertainty associated with the determination of the
O3 SCD of the FRS is discussed in Sect. 3.4, where SCDgrs
variations of up to 0.6 % and 2 % are found for the VIS and
UV ranges, respectively. This source of uncertainty does not
depend on the magnitude of the retrieved ozone absorption.
As already noted, the larger uncertainty in the UV is asso-
ciated with the reduced number of observations and may be
further refined when more data become available. These un-
certainties propagate to TOC via Eq. (3), corresponding to
a median contribution of 0.4 % in the VIS and 1.23 % in the
UV. Assuming a rectangular uncertainty distribution, the cor-
responding standard uncertainties are 0.12 % and 0.36 %, re-
spectively.

As discussed in Sect. 3.3, the estimated uncertainty in
the AMF, arising from the seasonal variability of the effec-
tive ozone height, is up to 0.1 % for SZAs smaller than 70°
and up to 0.8 % at larger SZAs. Assuming a rectangular un-
certainty distribution, the corresponding standard uncertain-
ties are 0.03 % and 0.23 %, respectively. These uncertainties
propagate directly to the retrieved TOC and are the same for
both the UV and VIS retrievals. Comparable uncertainties, of
about 0.085 %, have been reported in previous studies (e.g.,
Egli et al., 2022).

Assuming independent contributions from the aforemen-
tioned sources of uncertainty, the total combined uncertainty
of the Delta TOC retrievals is calculated using Eq. (6):

2 2 2
Utotal = 4/ Ugy + Uit Uams (6)

where ug¢, uss and u,me denote the uncertainties associated
with the DOAS SCD fitting, the determination of the SCD of
the reference spectrum, and the direct sun AMF, respectively.
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The combined uncertainty of the TOC retrievals is dominated
by the SCD fitting uncertainty and is estimated to be approx-
imately 1.15 % in the VIS and 1.09 % in the UV under high
absorption conditions and 3.35 % in the VIS and 1.81 % in
the UV under low absorption conditions. An overview of the
uncertainty sources is provided in Table 2.

4 Results and discussion

This section presents the results of TOC retrievals in the
UV and VIS spectral ranges, including an intercomparison of
data from the two channels, as well as comparison and vali-
dation against collocated measurements from the Brewer and
Pandora instruments, which here are considered reference in-
struments because of their proven measurement quality and
much longer history in TOC monitoring.

It should be noted that no direct cloud flagging algorithm
is applied to the data measured by Delta. Only a coarse
cloud-filtering procedure is implemented, based on the cal-
culated exposure time of the CCD camera, to reject highly
contaminated measurements. During the instrument’s oper-
ation, the exposure time is automatically adjusted to opti-
mize the signal strength while preventing spectral satura-
tion. When the calculated exposure time exceeds the thresh-
old value of 4 sec, direct sun measurements are aborted.
While this approach effectively eliminates measurements un-
der thick cloud conditions, measurements are still performed
under thin clouds, potentially introducing at some degree
cloud-related contamination. To ensure high-quality DOAS
fits and to minimize errors due to weak radiation levels, the
data are additionally filtered based on the SZA (measure-
ments at SZAs greater than 85° are excluded from the analy-
sis), as well as on the RMS of the DOAS fit residuals. Differ-
ent threshold values are applied for the UV and VIS spectral
regions, to account for their SNR differences, as previously
discussed in Sect. 3.2. The peaks of the frequency distribu-
tion of the DOAS fit RMS over the whole datasets are ap-
proximately 5 x 10™* and 1.5 x 107 in the UV and VIS,
respectively. In the UV channel, even though an RMS thresh-
old of 1 x 1073 ensures good-quality DOAS fits, it removes
almost all data measured at SZAs higher than 70°. Hence, in
order to retain measurements up to at least 80° SZA, the RMS
threshold was adjusted to 2 x 1073 as in Kumar et al. (2020).
Due to the lower O3 optical depths in the VIS channel, the
RMS threshold was set to 4 x 10’4, which, while stricter than
for the UV channel, ensures accurate fits. These threshold
values remove 7.1 % and 10.4 % of the O3 retrievals mea-
sured at SZAs lower than 85°, in the UV and VIS ranges,
respectively.

4.1 Comparison of UV and VIS TOC retrievals

Figure 5 shows the comparison of ozone absolute SCDs (cal-
culated using Eq. (2) by multiplying TOC with its corre-
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Figure 5. Comparison of ozone SCDs retrieved from Delta UV and
VIS spectra over the study period. The data are color-coded by SZA.
The dashed line represents the 1 : 1 reference, while the solid line
shows the linear regression fit. N corresponds to the total number
of Delta measurements.

sponding AMF) retrieved from Delta UV and VIS spectra
over the whole period of study.

The two datasets show an almost perfect linear correlation
(R? =0.999), that highlights the consistency of the DOAS
retrievals across the UV and VIS spectral windows. The data
are color-coded by SZA, indicating that the good agreement
applies to the full SZA range, from about 17° up to 85°. The
higher O3 SCDs observed at large SZAs do not necessar-
ily correspond to increased TOC but rather reflect the longer
atmospheric light paths of radiation. At smaller SZAs the
scatter is minimal, while a slight increase appears at larger
SZAs. This behavior is consistent with the reduced signal
strength in the UV, as well as the stronger influence of stray
light under such conditions. Despite these effects, no strong
systematic SZA-dependent bias is evident, supporting the
robustness of both retrievals. Overall, the comparison sug-
gests that the Delta instrument can deliver reliable and con-
sistent ozone SCD measurements in both spectral regions,
supporting the feasibility of using the Chappuis bands for
TOC retrievals, thereby complementing the traditional UV-
based approaches. The regression’s slope indicates a small
systematic bias of approximately 2 % between UV and VIS
O3 SCDs, which highlights the strong consistency between
the retrievals in two spectral regions.

The corresponding comparison of TOC measurements, de-
rived from the UV and VIS channels of Delta over the study
period is presented in Fig. 6. Compared to the O3 SCDs, the
dynamic range of the TOC values is significantly smaller,
which statistically leads to a weaker correlation between the
two datasets. Nevertheless, the scatter plot (left panel) in-
dicates a very strong correlation between the two datasets,
with a high Pearson’s correlation coefficient (R? =0.975).
Most of the data points are close to the 1:1 line (dashed
black), indicating high agreement between TOC values ob-

Atmos. Meas. Tech., 19, 3309-3332, 2026



3320

D. Karagkiozidis et al.: TOC measurements in the Huggins and Chappuis bands

Table 2. Uncertainty budget of the Delta TOC retrievals in the UV and VIS ranges.

Source of uncertainty

Uncertainty in the VIS retrievals (%)

Uncertainty in the UV retrievals (%)

DOAS SCD fitting (ug)

1.13 (O3 SCD > 700 DU)
3.34 (03 SCD <700 DU)

1.02 (O3 SCD > 700 DU)
1.77 (O3 SCD <700 DU)

SCD of the reference spectrum () 0.12

0.36

Direct sun AMF (uamf) 0.03 (SZA <70°)

0.23 (SZA > 70°)

0.03 (SZA <70°)
0.23 (SZA > 70°)

Total combined uncertainty (#¢ota1)

1.15 (O3 SCD > 700 DU)
3.35 (03 SCD <700 DU)

1.09 (O3 SCD > 700 DU)
1.81 (O3 SCD <700 DU)

tained from the two channels. The data are color-coded by
the O3 dSCD, which represents the strength of the ozone
differential absorption signal. Data points exhibiting signif-
icant deviations from the 1:1 line, as well as most of the
outliers, are associated with very low Os3 differential opti-
cal depths, which increase the noise in the visible measure-
ments, as the ozone absorption signal becomes weak under
such conditions. The linear regression yields a slope of 0.957
and an intercept of 14.922 DU, suggesting a slight system-
atic deviation. The histogram (right panel) illustrates the fre-
quency distribution of TOC percentage differences between
the VIS and UV channels. The distribution is closely approx-
imated by a gaussian, with a median and mean differences of
—0.44 % and —0.39 %, respectively, indicating a slight neg-
ative bias for the VIS channel. Most of the differences fall
within a relatively narrow range of approximately + 2%, as
defined by the 5th and 95th percentiles (green lines). Addi-
tionally, the interquartile range (magenta lines) further high-
lights that 50 % of the data falls within a narrower band
around the median (within —1 % and 0.5 %). The high cor-
relation and the narrow spread of differences confirm the ro-
bustness of DS-DOAS in retrieving TOC across both spec-
tral regions and provide the general overview of their com-
parison. In the following subsection, the TOC data from both
channels of Delta are compared and validated with respective
O3 data from Brewer and Pandora.

4.2 Intercomparison with the Brewer and Pandora

For the intercomparison, collocated TOC measurements
from Delta, Brewer, and Pandora were identified using a tem-
poral matching criterion of & 10 min between observations.
This temporal window was selected to balance the need for
sufficient data pairs with the requirement to minimize short-
term atmospheric variability and to avoid large AMF differ-
ences, particularly at high SZAs.

Figure 7 presents the intercomparison of ozone SCDs from
Delta with Brewer (left panels) and Pandora (right panels)
data, for both VIS (top) and UV (bottom) retrievals. As in
Sect. 4.1, the O3 SCDs have been calculated using Eq. (2).
For the Brewer and Pandora measurements, the AMFs pro-
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vided in their respective operational products were used. In
all cases, the correlation is exceptionally high (R? > 0.98),
with slopes close to unity and intercepts of a few DU. This
confirms that the Delta SCDs from both channels are fully
consistent with those derived from the reference instruments
across the full dynamic range of observations. The color cod-
ing that follows the SZAs shows that the agreement is main-
tained throughout the range of viewing geometries, although
the scatter is significantly larger at large SZAs (> 70°). No-
tably, small differences between instruments may arise not
only from instrumental characteristics and retrieval method-
ologies, but also from their different sampling strategies. For
instance, Delta records direct sun spectra with an integration
time of ~ 30 s, while a single Brewer measurement requires
~ 3 min, leading to slightly different AMFs being assigned to
the observations. In addition, the Brewer software calculates
the AMF for a constant effective ozone height which can in-
troduce minor differences in the SCD calculation. Further
discrepancies among the three instruments may also arise
from differences in the TOC retrieval settings. Brewer TOCs
are derived from measurements at 4 discrete wavelengths in
the range 310-320 nm, an approach that minimises the sensi-
tivity to ozone temperature changes but also inherently limits
spectral redundancy relative to multi-wavelength DOAS re-
trievals. Moreover, Delta in the UV employs the 320-340 nm
region (Sect. 3.2), while Pandora applies a DOAS fit over
the 305-325 nm spectral window, which may also introduce
differences in the retrieved TOC, as the sensitivity to ozone
absorption structures varies across these ranges. Finally, the
ozone absorption cross sections used for the TOC retrieval
from each instrument may also introduce discrepancies. As
mentioned in Sect. 3.2, the TOC retrieval from Delta is based
on Serdyuchenko et al. (2014) O3 cross sections, which are
also used in the Pandora retrieval algorithm. The Brewer
TOC data that are used in this study are based on Paur and
Bass (1985) cross sections which result in higher TOC, on
average 0.8 %, than with Serdyuchenko et al. (2014) cross
sections (Fragkos et al., 2015).

As outlined in Sect. 2.2, the VIS measurements span the
period from June 2023 to May 2024 (~ 11 months), whereas
the UV measurements became operational in January 2024

https://doi.org/10.5194/amt-19-3309-2026
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(~ 6 months of coverage). As a result, the number of avail-
able collocations (N) in the VIS datasets is substantially
larger than in the UV, by approximately a factor of two for
the Brewer comparisons and a factor of three for the Pandora
comparisons. This limitation, however, does not affect the
objectives of this study, which focuses on the investigation
and robustness of VIS-based retrievals rather than assess-
ing long-term variability of TOC. Moreover, the six-month
UV record covers the period of the year when ozone exhibits
its strongest variability in Thessaloniki (Zerefos et al., 1998;
Fragkos et al., 2016), thereby including both low and high
TOC values, even though the full seasonal cycle is not cap-
tured. The linear regressions indicate negligible systematic
biases, which are within the typical uncertainties of DOAS
retrievals and do not show a pronounced dependence on
SZA. Overall, the good agreement of Delta with both Brewer
and Pandora at the SCD level provides a strong basis for the
subsequent TOC intercomparisons presented in this section.

Figure 8 presents the comparison of TOC measurements
from Delta (VIS shown on the top row and UV at the bot-
tom) with collocated Brewer observations. Both comparisons
show very good agreement, with very high correlation coef-
ficients (R* = 0.986 for the VIS and R? = 0.985 for the UV,
respectively). The regression slopes are close to unity (0.981
for VIS and 0.999 for UV, respectively), while the intercepts
remain small (up to 6 DU for VIS), indicating minor system-
atic deviations. The scatter plots confirm that most points are
closely aligned with the 1 : 1 line, with only limited spread. It
should be noted that in the Delta UV dataset, the lowest TOC
values are missing, since the available six-month record does
not cover the October—November period, when ozone con-
centrations typically reach their annual minimum over Thes-
saloniki (Garane et al., 2024). The histograms of percent-
age differences (Delta—Brewer) further highlight the consis-
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tency of the datasets. For the Delta (VIS)-Brewer compari-
son (panel a), the mean and median biases are —0.08 % and
—0.18 %, respectively, with most differences falling within
+2 % (5th-95th percentiles). For the Delta (UV)-Brewer
comparison (panel b), the distribution is slightly asymmetric,
while the mean and median biases are 0.24 % and 0.08 %,
and with the majority of the differences confined to within
£ 2 %. The interquartile ranges (magenta lines) indicate that
half of the data lie within a very narrow band (< 1 %) around
the median in both cases. The narrower interquartile range in
the UV comparison suggests a slightly better overall agree-
ment with the Brewer relative to the VIS retrievals, although
in both cases the differences remain well within the expected
uncertainty of DS TOC measurements.

Figure 9 shows the comparison of TOC measurements of
Delta (VIS shown on top panel and UV on the bottom panel)
with the collocated Pandora system. The number of collo-
cations in this case is higher than in the Delta-Brewer com-
parison, since Pandora has a significantly higher sampling
rate than the Brewer. Both products show very good con-
sistency with Pandora, with R? values exceeding 0.98. The
VIS retrievals (panel a) exhibit a slope of 0.966 and a small
negative bias (mean and median of —0.49% and —0.63 %,
respectively), while the UV retrievals (panel b) yield a slope
slightly above unity (1.016) and biases closer to zero (mean
and median of —0.27 % and —0.32 %, respectively). These
differences remain well within the typical uncertainty range
of ground-based TOC retrievals. The frequency distributions
confirm that most of the differences are confined to a nar-
row =+ 2 % range, with interquartile ranges of about 1 %. The
Delta—Pandora agreement is similar to the Brewer compar-
ison, but with a slightly negative bias in the VIS. Overall,
the intercomparison results indicate that both the UV and
VIS retrievals of Delta are in very good agreement with the

Atmos. Meas. Tech., 19, 3309-3332, 2026
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Brewer and Pandora, with only minimal systematic devia-
tions of less than £ 0.5 %. This confirms that the VIS re-
trievals can achieve performance levels comparable to the es-
tablished UV-based measurements, supporting the feasibility
of exploiting the Chappuis bands for TOC retrievals from DS
observations.

Overall, the intercomparison results indicate that the UV-
based TOC retrievals from Delta agree with Brewer and Pan-
dora measurements within approximately 1 %, which is con-
sistent with the Global Climate Observing System (GCOS)
Essential Climate Variable (ECV) target uncertainty for TOC
(GCOS-245, 2022). The VIS-based retrievals exhibit a larger
spread than the UV, with most differences remaining within
approximately =+ 2.5 %. However, part of this increased vari-
ability can be attributed to aerosol-related effects that influ-
ence the UV and VIS spectral ranges differently, as discussed
in Sect. 4.4.

The time series of the TOC percentage differences be-
tween Delta and Brewer (panel a) and between Delta and
Pandora (panel b) over the whole period of study is shown
in Fig. 10. For the VIS, the temporal patterns of the re-
spective percentage differences against Brewer and Pandora
are very similar, showing a weak seasonal variability, with
slightly positive deviations during summer and slightly neg-
ative ones in winter, likely related to the seasonal variation
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of SZA and to the seasonality of the Aerosol Optical Depth
(AOD) in Thessaloniki, as discussed in Sect. 4.4., Neverthe-
less, the overall performance of the VIS retrievals remains
stable throughout the year. In both cases, most differences
lie within &£ 3 %, with a few outliers. The largest deviations,
reaching up to ~ 12 %, occurred on 23 August 2023, coin-
ciding with an extreme wildfire event that took place close
to the city of Alexandroupolis, Greece, at a distance of ap-
proximately 250 km east of Thessaloniki (Michailidis et al.,
2024; Koukouli et al., 2025). The smoke plume was trans-
ported over Thessaloniki and was detected at LAP.AUTH be-
tween the 22 and 25 August, resulting in record high AOD,
reaching values up to 3.35 at 340 nm and at 2.39 at 500 nm,
and reduction of surface solar UV irradiance by up to 90 %.
High aerosol load with elevated AOD in April-May 2024
also contributed to enhanced TOC differences, though of
smaller magnitude (up to 7 %). The effect of aerosols on the
retrieved TOC is further discussed in Sect. 4.4. For the UV
retrievals, the available six-month record is not sufficiently
long to allow for a meaningful assessment of seasonal be-
havior. Nevertheless, the UV-based TOC differences exhibit
a smaller overall spread than the VIS retrievals and fewer ex-
treme deviations in daily averages, indicating a more robust
performance under varying atmospheric conditions.
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The dependence of TOC percentage differences on SZA,
separated by season, is shown in Fig. 11. Panels (a) and (b)
show the differences of Delta VIS and UV retrievals with the
Brewer, while panels (c) and (d) show the differences with
Pandora, respectively. It should be noted that the Brewer ob-
servations are not continuous in time, since the instrument
follows a fixed operational schedule and performs measure-
ments at specific SZAs. In contrast, Delta and Pandora pro-
vide quasi-continuous direct sun measurements throughout
the day, which explains the denser temporal coverage of these
datasets. In the UV retrievals (panels b and d), the differences
show a narrow distribution with minimal scatter, in line with
the intercomparison results presented in Figs. 8 and 9. As al-
ready discussed, TOC data are available from the Delta UV
channel only in winter and spring. Especially in the compar-
ison with Pandora (panel d), the differences are distributed
very smoothly for SZAs below 70°, with most points ly-
ing within & 3% and without clear seasonal dependence. At
higher SZAs (> 70°), a positive drift is found, possibly re-
flecting the increasing influence of stray light. This effect is
most pronounced in the comparison with the Brewer, which
being a single-monochromator instrument suffers from stray
light, leading to underestimation of TOC at large SZAs (e.g.,
Redondas et al., 2018). Delta is also impacted by stray light,
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though to a lesser degree, which explains the smaller drift in
the Delta—Pandora comparison.

The VIS retrievals (panels a and c) show a much larger
scatter across the entire SZA range, which is consistent with
the intercomparison results. Any systematic effect, such as
the drift observed in the UV, is likely masked by the larger
spread. In the Delta (VIS)-Pandora comparison (panel c) a
negative drift is found during summer at low SZAs, which
is not observed in the corresponding Brewer comparison, for
reasons not yet identified. We also tested the non-operational
Pandora v1.9.7 ozone dataset, which employs a fitted ef-
fective ozone temperature and includes a stray light correc-
tion compared to the operational v1.8.49 that is currently
used, but no major differences were found. Nevertheless, no
clear seasonal dependence is found in either spectral range,
and overall, the results indicate that the VIS retrievals pro-
vide consistent performance despite their larger scatter, while
UV retrievals show less variable comparisons both with the
Brewer and the Pandora, but require careful consideration of
stray light effects at large SZAs.

A detailed intercomparison of the two reference instru-
ments is beyond the scope of this study, therefore, a brief
comparison of Brewer and Pandora TOC measurements over
the study period is provided in the Supplement (Fig. S3). The

Atmos. Meas. Tech., 19, 3309-3332, 2026
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same temporal collocation criterion of = 10 min was applied,
which is consistent with the approach used in the Delta inter-
comparisons. A high level of agreement is found between
the two reference instruments (mean difference < 0.4 %)
and a narrow spread, with most differences confined within

Atmos. Meas. Tech., 19, 3309-3332, 2026

approximately =+ 1 %. Previous studies have compared and
evaluated Pandora TOC retrievals against Brewer and Dob-
son observations and reported similar levels of agreement,
despite the different instrument designs and retrieval ap-
proaches (e.g., Herman et al., 2015, 2017; Kim et al., 2017;
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Tzortziou et al., 2012; Zhao et al., 2016, 2021). Such resid-
ual differences between the two reference datasets are not
expected to influence the interpretation of the Delta compar-
isons to reference instruments and do not affect the conclu-
sions regarding the performance of the Delta TOC retrievals.

4.3 Temporal variability

The seasonal cycle of monthly mean TOC measured by
Delta, Brewer, and Pandora between June 2023 and May
2024 is presented in Fig. 12. All three instruments capture
a very similar annual variability, with TOC values decreas-
ing from early summer to autumn, reaching their minimum
in October (~ 290 DU), and subsequently increasing through
winter to peak in spring (~ 400 DU in April-May). This be-
havior is fully consistent with the well-documented seasonal
ozone cycle over Thessaloniki (e.g., Zerefos et al., 1998,
2000; Fragkos et al., 2016; Garane et al., 2024). The agree-
ment among the three datasets is very good throughout the
entire period, with the individual monthly mean data almost
overlapping, being well within £3 % of the Brewer TOC
data (shaded area). Brewer and Pandora are in almost excel-
lent agreement, while Delta shows slightly lower values from
October until December, coinciding with the seasonal mini-
mum, and slightly higher values during the late spring maxi-
mum. However, these differences remain small compared to
the expected uncertainty range and do not affect the overall
consistency of the seasonal variability.
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represents the £ 3% uncertainty range around the Brewer observa-
tions.

As a next step, the agreement of the three datasets in terms
of the TOC diurnal variability was investigated. Examples
are shown in Fig. 13 for selected days under cloud-free con-
ditions, that were specifically chosen due to interesting fea-
tures in their diurnal cycle. Delta UV retrievals were not yet
operational in 2023 and thus the respective data are missing
from the top row of figures. For most days, all three instru-
ments follow a very consistent evolution throughout the day,
with only small deviations and no systematic biases. A no-
table exception is observed on 31 August 2023, where in the
morning hours all instruments are in very good agreement,
but in the afternoon the Delta VIS retrievals begin to over-
estimate TOC compared to Brewer and Pandora. This diver-
gence coincides with a substantial increase in AOD (from
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less than 0.2 to approximately 0.9 at 500 nm), as recorded by
a collocated CIMEL sun-photometer, pointing to enhanced
aerosol load as the primary driver of the discrepancy.

The sensitivity of Delta VIS retrievals to high aerosol
loads is also consistent with the findings from the Alexan-
droupolis wildfire case (Sect. S4). Figure S4 illustrates this
case in detail, showing the diurnal evolution of TOC from
Delta VIS, Brewer, and Pandora between 20 and 24 August
2023 (top panels), along with collocated AOD observations
at 340 and 500 nm from the CIMEL sun-photometer (bottom
panels). During the first two days of the event (20 and 21 Au-
gust), the agreement among all instruments was very good
throughout the day, with TOC differences generally remain-
ing within the expected =+ 3 % uncertainty range. AOD is low
(< 0.5), indicating relatively clean conditions and is associ-
ated with negligible aerosol influence on the TOC retrievals.
From 22 August onward, however, the influence of wildfire
smoke becomes evident. AOD increases sharply, peaking at
values over 3 at 340nm on 23 August. On this day, Delta
VIS shows a clear positive bias compared to the reference
instruments, while even Brewer and Pandora, which typi-
cally agree closely, exhibit noticeable differences. On 24 Au-
gust, AOD values remained elevated (AOD > 1 at 340 nm)
but lower than in the previous day. TOC differences are still
evident, with Delta VIS maintaining a positive bias relative
to Brewer and Pandora, though less pronounced than dur-
ing the peak of the event. The broader statistical picture of
the TOC diurnal variability captured is provided in Fig. S5
(Sect. S5), which shows boxplots of TOC values for Delta
VIS (top) and Delta UV (bottom) compared with collocated
Brewer and Pandora observations. The variability of all three
instruments’ distribution is higher in the top panel since the
VIS dataset covers an 11-month period, whereas the UV
dataset spans only 6 months, resulting in a narrower statisti-
cal spread. At very early or late hours of the day, when SZAs
are high, the number of available measurements is smaller,
which can explain the different behavior of the distributions
in those time bins. In both spectral ranges, the three instru-
ments show a high degree of consistency across the day, with
median values closely aligned and interquartile ranges over-
lapping and overall, no systematic diurnal drift is apparent in
either case.

4.4 Dependency of TOC retrieval on AOD

Figure 14 shows the TOC differences of Delta VIS (panel
a) and Delta UV (panel b) from Pandora and Brewer as a
function of AOD at 500 nm. We used Level 1.5 data from
the collocated Aerosol Robotic Network (AERONET) sta-
tion, which represent near-real-time, automatically cloud-
screened observations, because Level 2 data were not yet
available for the entire period. A temporal collocation cri-
terion of £ 10 min was applied, the same that was used in
the intercomparison of Delta with Brewer and Pandora TOC
measurements. In the VIS retrievals (panel a), a clear posi-
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tive dependence of TOC differences with AOD is found with
R =0.57 and R = 0.62 for Pandora and Brewer, respectively.
This suggests that under high AOD conditions, the Delta
retrievals in the VIS tend to overestimate TOC compared
to both reference instruments, despite the stronger scatter-
ing of radiation in the UV. This behavior may be related to
wavelength-dependent aerosol effects on radiative transfer,
such as changes in the effective optical path length and the
scattering phase function, as forward scattering is typically
stronger in the VIS than in the UV. In addition, part of the
observed bias may arise from spectral fitting artefacts under
enhanced aerosol loading. If not fully accounted for in the
retrieval, these effects can propagate into systematic devia-
tions in the retrieved TOC. Although the enhancement of the
ozone absorption signal due to aerosol scattering, which af-
fects the AMEF, is expected to be relatively small, given that
most of the aerosol load resides in the lower troposphere,
where ozone is less abundant than in the stratosphere, it is
unlikely to be negligible. A quantitative assessment of this
effect would require dedicated RTM simulations, but such
analysis is beyond the scope of this study.

The sensitivity of VIS retrievals to aerosol contamination
is consistent with the diurnal patterns identified in Supple-
ment Sect. S4, where episodes of elevated AOD, such as dur-
ing the Alexandroupolis wildfire event, were associated with
enhanced discrepancies. In contrast, the Delta UV retrievals
(Fig. 14, panel b) exhibit almost no dependence on AOD
(R =0.03 and R =0.09 with the Pandora and the Brewer, re-
spectively), indicating that the effect of aerosols on TOC re-
trieval is negligible in this spectral region. This might be ex-
pected since for all three instruments TOC is retrieved from
radiances in the UV, hence any aerosol-related path length
modifications are similar and are effectively cancelled out in
the comparisons. In addition, we investigated the dependency
of the differences between Delta (VIS) and Delta (UV) TOC
retrievals on the AOD, which resulted in a less pronounced
correlation coefficient (R =0.25). It should be noted, how-
ever, that the UV dataset does not cover summer months,
when AOD in Thessaloniki typically reaches its highest val-
ues (Kazadzis et al., 2007; Siomos et al., 2018; Fountoulakis
et al., 2019a), and therefore the statistical robustness of the
comparison is limited.

The contrast between the TOC retrievals in the two spec-
tral ranges highlights that aerosol effects should be consid-
ered in VIS-based TOC retrievals. In particular, it demon-
strates the need for AMFs that explicitly incorporate both the
spectral dependence of ozone absorption and the influence
of aerosols on the effective optical path. In this study, the DS
AMF applied for both UV and VIS retrievals is solely based
on a geometrical approximation according to Eq. (4), a simi-
lar approach that is also applied operationally to Brewer and
Pandora instruments, without accounting for aerosol effects.
Such corrections would potentially reduce the observed dis-
crepancies and help bring VIS retrievals closer to the UV
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and Brewer (blue markers) retrieved in the VIS (top panel) and the
UV (bottom panel) spectral ranges as a function of AOD at 500 nm.

retrievals. However, to confirm this, further investigation is
required, which is beyond the scope of this study.

5 Summary and Conclusions

In this study, TOC retrievals were performed in both Hug-
gins and Chappuis bands using direct sun DOAS observa-
tions from the recently developed Delta UV-VIS system in
Thessaloniki, Greece. By applying a dedicated retrieval algo-
rithm and appropriate calibration procedures, reliable TOC
measurements were obtained across both spectral regions.
The analysis indicated very good internal consistency be-
tween UV- and VIS-based retrievals, with differences typi-
cally below 2 %. This confirms that ozone absorption in the
Chappuis bands, although weaker than in the Huggins bands,
can be successfully exploited to derive TOC of comparable
quality to those obtained in the UV. Comparisons with col-
located Brewer and Pandora instruments further validate the
robustness of the Delta measurements. In both spectral re-
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gions, the agreement with the two reference instruments is
very good, with correlation coefficients (R) exceeding 0.98.
The median biases of the Delta VIS TOC retrievals from
the Brewer and Pandora are —0.18 % and —0.63 %, respec-
tively, and 0.08 % and —0.32 % for Delta UV. The VIS re-
trievals show slightly larger scatter and a subtle negative bias
compared to UV, but their overall performance remains well
within the uncertainty range of direct sun TOC observations.
Seasonal and diurnal cycles, as well as the interannual vari-
ability of TOC over Thessaloniki, are consistently captured
by all three instruments, showing coherent temporal patterns
and good agreement between the different datasets.

The analysis indicates that the differences between TOC
retrievals in the VIS from Delta and the reference instru-
ments exhibit a dependence on aerosol load, likely due to the
wavelength-dependent aerosol effects on radiative transfer,
including modifications of the effective optical path length
and scattering phase function, as well as potential spectral
fitting artefacts. Increased aerosol loads, such as during the
Alexandroupolis wildfire event in August 2023, resulted in
significant positive deviations in the VIS TOC comparisons
with the reference instruments, whereas in the UV, the differ-
ences remained comparatively small. This finding highlights
the importance of accounting for aerosol effects in future re-
finements of the VIS retrieval approach, including the devel-
opment of AMFs that consider the impact of aerosol scatter-
ing and absorption across different domains of the spectrum.
Moreover, since TOC retrievals in the Chappuis bands re-
quire higher signal-to-noise ratios than the Huggins bands,
further investigation is needed to assess their applicability
across a wider range of ground-based DOAS instruments, es-
pecially those with lower sensitivity or different optical char-
acteristics.
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Future work is expected to improve the statistical robust-
ness of these results as the time series are expanded with
additional years of observations. Furthermore, the use of a
synthetic, absorption-free reference spectrum in the TOC re-
trieval algorithm, instead of a measured FRS, could be inves-
tigated to determine whether it improves the effectiveness of
the approach. In that case the measured reference spectrum
would not require calibration for determining its O3 SCD.
However, the current results suggest that the Delta instru-
ment provides reliable TOC retrievals in both UV and VIS
ranges of acceptable quality, demonstrating the feasibility of
employing the Chappuis bands as a complementary approach
to the traditional Huggins band retrievals of TOC. This capa-
bility broadens the applicability of DOAS-based ozone mon-
itoring, particularly under conditions where UV sensitivity
is limited, such as at high latitudes or high SZAs. The suc-
cessful intercomparison with Brewer and Pandora also es-
tablishes a strong framework for the continued integration of
Delta measurements into long-term monitoring and satellite
validation activities.

Data availability. Total Ozone Column data from the Delta in-
strument that were analyzed during the current study are avail-
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