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Abstract. Several publications have reported that total column ozone (TCO) may oscillate with an amplitude
of up to 10 DU (Dobson units) during a solar eclipse, whereas other researchers have not seen evidence that an
eclipse leads to variations in TCO beyond the typical natural variability. Here, we try to resolve these contra-
dictions by measuring short-term variations (of seconds to minutes) in TCO using “global” (Sun and sky) and
direct-Sun observations in the ultraviolet (UV) range with filter radiometers (GUVis-3511 and Microtops II®).
Measurements were performed during three solar eclipses: the “Great American Eclipse” of 2024, which was
observed in Mazatlán, Mexico, on 8 April 2024; a partial solar eclipse that took place in the United States on
14 October 2023 and was observed at Fort Collins, Colorado (40.57° N, 105.10° W); and a total solar eclipse that
occurred in Antarctica on 4 December 2021 and was observed at Union Glacier (79.76° S, 82.84° W). The upper
limits of the amplitude of oscillations in TCO observed at Mazatlán, Fort Collins, and Antarctica were 0.4 %,
0.3 %, and 0.03 %, respectively. The variability at all sites was within that observed during times not affected by
an eclipse. The slightly larger variability at Mazatlán is due to cirrus clouds occurring throughout the day of the
eclipse and the difficulty of separating changes in the ozone layer from cloud effects. These results support the
conclusion that a solar eclipse does not lead to variations in TCO of more than± 1.2 DU and that these variations
are likely much lower, drawing into question reports of much larger oscillations. In addition to calculating TCO,
we also present changes in the spectral irradiance and aerosol optical depth during eclipses and compare radia-
tion levels observed during totality. The new results augment our understanding of the effect of a solar eclipse
on the Earth’s upper atmosphere.

1 Introduction

Solar eclipses present a rare and unique opportunity to study
the solar corona and changes in the atmosphere prompted by
the sudden decrease in the solar flux. Other lesser-known,
and sometimes curious, phenomena include the dissipation
of cumulus clouds (Trees et al., 2024), changes in the surface
tension of water (Fuchs et al., 2019), spiders taking down
their webs at the onset of totality (Uetz et al., 2010), and
many others. Here, we investigate the potential effect of solar

eclipses on the ozone layer. After reviewing observations of
changes in total column ozone (TCO) performed during the
last century and appraising their potential causes, we present
new results based on our own observations during two to-
tal solar eclipse in Mexico and Antarctica and one partial
eclipse in Colorado. The main objective of the paper is to
assess whether the strong effects of a solar eclipse on the
stratospheric ozone layer reported in the past could be real or
are spurious results arising from measurement artifacts. We
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also compare spectral irradiances observed during totality of
the 2017, 2021, and 2024 total solar eclipses.

1.1 Reported changes in total column ozone during
solar eclipses

Variations in TCO during a solar eclipse were observed as
early as 1937 (Kawabata, 1937). Since this time, many au-
thors have reported short-term and longer-lasting fluctuations
in TCO during solar eclipses (e.g., Kazadzis et al., 2007; Ma-
teos et al., 2014; Mims and Mims, 1993; Zerefos et al., 2000,
2001, 2007; Antón et al., 2010; Kazantzidis et al., 2007). Ad-
ditional observations before the 1970s were summarized by
Fuchs et al. (2019). Results from these studies often indi-
cate either variations in TCO that are symmetrical relative
to the time of totality or sporadic short-term fluctuations in
TCO before and after totality. Variations range from unre-
alistic decreases of more than 100 DU (Dobson units) over
the course of an eclipse (Jerlov et al., 1954) or equally im-
probable increases of 70 DU within 15 min following totality
(Chakrabarty et al., 1997).

Several authors acknowledge that changes in TCO are
artifacts of their measurements. Zerefos et al. (2000) re-
port unrealistic decreases in TCO measurements during an
eclipse and attribute those to diffuse sky radiance entering
the field of view of Dobson and Brewer spectrophotome-
ters observing the Sun’s direct component. Furthermore,
Kazadzis et al. (2007) ascribe an approximate 75 DU drop
in TCO measured during the eclipse of 29 March 2006
with a Brewer spectrophotometer to this effect. We find this
conclusion unconvincing because the direct-to-diffuse ratio
does not change appreciatively during an eclipse (Emde and
Mayer, 2007; Bernhard and Petkov, 2019), except for a short
(< 4 min) period before and after totality. Conversely, Bo-
jkov (1968) finds that ozone increases by 25–30 DU dur-
ing the maximum phase of the eclipse and attributes this in-
crease partly to the wavelength dependence of the solar limb
darkening (LD) effect (Sect. 1.2). By applying a correction
for this effect, the increase is reduced to 14 DU. Antón et
al. (2010) find the opposite behavior in the evolution of TCO
during the solar eclipse of 3 October 2005 derived from a
Brewer spectrophotometer and a NILU (Norwegian Institute
for Air Research) multi-band instrument: while Brewer TCO
values increased by about 15 DU, the NILU measurements
decreased by about 11 DU. The discrepancy is attributed to
measurement artifacts. Mateos et al. (2014) observed TCO
during the partial eclipse of 3 November 2013 in Badajoz,
Spain, with a handheld Microtops II® sunphotometer from
Solar Light (Sect. 3.2) and found a 7 DU decrease in TCO
during the eclipse maximum. Reasons for this decrease were
not provided.

Mims and Mims (1993), Zerefos et al. (2000), Zerefos et
al. (2001), and Zerefos et al. (2007) reported short-term fluc-
tuations in TCO during an eclipse, which they attributed to
gravity waves. As discussed in Sect. 1.3 in more detail, grav-

ity waves result from the reduction in the solar flux caused by
the Moon’s shadow during solar eclipses. The sudden drop
in atmospheric energy input may induce perturbations in the
ionosphere (Zhang et al., 2017) and stratosphere (Colligan et
al., 2020). For example, TCO measurements taken during the
total solar eclipse of 11 July 1991 “reveal a sequence of 4 and
possibly 5 nearly uniformly spaced fluctuations” after total-
ity (Mims and Mims, 1993). The principle fluctuation, which
began 700 s after totality, had a peak-to-peak amplitude of
5 DU (1.7 %). This fluctuation was preceded by one and fol-
lowed by two fluctuations with reduced amplitude. However,
these observations were also likely affected by incomplete
LD correction, resulting in TCO changes of 26 DU (about
9 %) over the course of the eclipse. Winkler et al. (2001)
concluded that it is “very difficult to quantify these instru-
mentally based effects and to separate them from naturally
produced ozone fluctuations”.

Kazantzidis et al. (2007) discuss TCO measurements per-
formed with NILU-UV filter radiometers at several locations
in Greece during the total solar eclipse of 29 March 2006.
They did not observe any periodic fluctuations in TCO and
only report a small increase in TCO of about 5 DU as the
visible fraction of the Sun decreases from∼ 60 % to∼ 20 %,
followed by a pronounced decrease in measured TCO closer
to totality, which they attribute to artifacts in the irradiance
measurements.

The clearest evidence to date that a solar eclipse may lead
to fluctuation in TCO was presented by Zerefos et al. (2007),
who correlated ground-based measurements of TCO and ul-
traviolet radiation (photolysis rate of the reaction of O3 to
O(1D) or JO1D) near the Greek town of Kastellorizo (36° N)
with ionosonde total electron content (TEC) measurements
during the solar eclipse of 29 March 2006. The TCO was
measured with a Brewer spectrophotometer, and it dipped
by 75 DU (or 25 %) near the time of totality, allegedly due
to contamination by diffuse sky radiance in the instrument’s
field of view (as mentioned above). To remove this arti-
fact, two second-order polynomials were fitted to the data
points, and residuals to this fit were then calculated. Residu-
als had an amplitude of about 5–10 DU (1.7 %–3.5 %). Spec-
tral Fourier analysis revealed oscillations in TCO with a
dominant period in the range of 28–38 min and a secondary
oscillation with a period of 12–13 min. Cross-spectrum anal-
ysis of JO1D against ionospheric TEC revealed a distinct
covariance between the frequency components of both pa-
rameters, suggesting that oscillations in TEC and TCO were
driven by gravity waves initiated in the stratosphere.

Bernhard and Petkov (2019) (hereinafter B&P19) re-
ported ∼ 8 % increases in TCO during the “Great American
Eclipse” of 21 August 2017, which were symmetrical about
totality. However, these increases disappeared after correct-
ing for the LD effect (Sect. 1.2), suggesting that they were
not caused by changes in TCO. Furthermore, oscillations in
TCO before and after totality were not observed.
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Lastly, variations in ozone concentrations during the annu-
lar solar eclipse of 21 June 2020 have recently been reported
in the upper stratosphere and mesosphere based on observa-
tions by the Microwave Limb Sounder (MLS) on NASA’s
Aura satellite (Li et al., 2023). Accordingly, ozone concen-
trations decreased slightly near 40 km between 24 and 36° N
near 90° E, whereas they increased conspicuously above
45 km, particularly between 60 and 65 km. These changes
are comparable in magnitude with the effect of the day–night
cycle on ozone concentrations at these altitudes (discussed
in Sect. 1.4). However, as approximately 99 % of ozone is at
altitudes below 45 km, the effect on TCO is expected to be
small. We also note that the MLS dataset is not well suited
for observing short-term phenomena, such as a solar eclipse,
as the instrument only provides a few measurements during
the period and over the geographic region of interest. There-
fore, it is difficult to separate dynamic and naturally occur-
ring effects from those caused by an eclipse. This challenge
with respect to distinguishing between dynamic and eclipse-
related processes was also emphasized by Akhil Raj and Rat-
nam (2021), who discussed changes in the vertical distribu-
tion of ozone that they observed during the annular eclipse of
26 December 2019 over India.

As several authors attribute the observed changes to the so-
lar LD effect and gravity waves, we assess both phenomena
in the following.

1.2 Solar limb darkening

The TCO is typically derived from measurements at one or
two wavelengths affected by ozone (e.g., 305 nm) and one
reference wavelength not affected by ozone (e.g., 340 nm).
Standard ozone retrieval algorithms assume that the Sun’s
spectrum outside the Earth’s atmosphere is constant at these
wavelengths. This assumption breaks down during a solar
eclipse because the disk of the Sun is not uniformly bright.
The temperature of the Sun’s photosphere decreases with in-
creasing distance from the Sun’s center, and photons ema-
nating near the solar limb originate from a shallower (and
cooler) layer of the photosphere compared with photons from
the center of the solar disk. As a result, the solar limb appears
darker than the Sun’s center. This effect is known as solar
limb darkening (LD). Shorter wavelengths are more strongly
affected than longer wavelengths. Hence, the ratio of solar
spectral irradiances at 305 and 340 nm outside the Earth’s at-
mosphere is smaller during a solar eclipse, when the center
of Sun is concealed, compared with a “normal” day, when
the Sun is unobstructed. If the ozone retrieval algorithm does
not consider a LD correction, the smaller spectral irradiance
at 305 nm is incorrectly interpreted as a larger ozone column.

Figure 1 shows an example of the LD correction for mea-
surements of TCO during the total solar eclipse of 21 Au-
gust 2017 (B&P19). For the uncorrected dataset, TCO ex-
hibits an unrealistic increase of about 23 DU or 8 %. The
LD correction by Waldmeier (1941) decreases this peak only

Figure 1. Total column ozone measured by a GUVis-3511
multi-filter radiometer during the total solar eclipse of 21 Au-
gust 2017. Uncorrected measurements are compared with datasets
corrected using the LD parameterizations by Waldmeier (1941),
Neckel (2005), and Pierce and Slaughter (1977). Dashed and broken
lines indicate the period and time of maximum eclipse, respectively.
Reproduced from B&P19, which was published under a Creative
Commons Attribution 4.0 License.

marginally. When corrected for the LD effect using either
the parameterizations by Pierce and Slaughter (1977) or
Neckel (2005), the artifact is reduced to ± 2.6 DU (± 0.9 %).
Some of the remaining variation (e.g., the gradual in-
crease before totality) could be caused by actual changes
in TCO. Between 17:36 and 18:36 UTC, LD-corrected TCO
data decreased by 1 DU (0.33 %) with no obvious oscilla-
tions. Between 18:38 UTC and the end of the measurements
at 19:32 UTC, TCO remained constant to within 0.3 DU
(0.10 %).

Several recent papers (e.g., Blumthaler et al., 2006; Emde
and Mayer, 2007; Kazadzis et al., 2007; Kazantzidis et
al., 2007) have used the LD parameterization by Wald-
meier (1941), which does not capture the full magnitude of
the LD effect. This would explain why peaks in TCO near
totality are still apparent in these publications after LD cor-
rection. We suspect that the LD correction applied by Bo-
jkov (1968) (discussed above) was also too low.

1.3 Potential effects of gravity waves on total column
ozone

During a solar eclipse, the Moon’s shadow (umbra and
penumbra) moves at supersonic speed over the Earth’s at-
mosphere. Based on modeling, Chimonas (1970), Chimonas
and Hines (1970, 1971), and Chimonas (1973) hypothesized
that the resulting cooling of the atmosphere of up to a few de-
grees Celsius will generate atmospheric gravity waves, which
may either originate in the troposphere, via cooling of wa-
ter vapor; in the stratosphere, by the cooling of the ozone
layer; or in the thermosphere, where variations in tempera-
ture are most pronounced. The gravity waves are generated
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as an adjustment after a sudden change in forcing has caused
the atmosphere to depart from its large-scale balanced state
(Williams et al., 2003; Marlton et al., 2016). Because the
shadow of the Moon is moving faster than the characteris-
tic speed of waves in air, gravity waves manifest themselves
as three-dimensional (3-D) bow waves that are analogous to
surface waves that form in the wake of a ship. Bow waves
may propagate vertically and horizontally, and they may be
detectable as a ground-level atmospheric pressure variation
or a traveling ionospheric disturbance (Seykora et al., 1985).

A number of investigators have found evidence of eclipse-
driven pressure changes at the surface using sensitive mi-
crobarometers, which can resolve pressure variations at the
1 Pa (0.01 mbar) level, as summarized by Farges et al. (2003),
Marty et al. (2013) and Marlton et al. (2016), and references
therein. Observed pressure perturbations were generally be-
tween 0.1 Pa (Goodwin and Hobson, 1978) and 25 Pa (An-
derson et al., 1972) and had periods ranging between 15 min
and 4 h. One conclusion from these studies is that pertur-
bations can only be reliably attributed to gravity waves if
weather conditions at the time of these observations were
stable. In many studies, large pressure fluctuations associ-
ated with local changes in weather prevented the detection of
eclipse-induced pressure perturbations (e.g., Anderson and
Keefer, 1975). Furthermore, the magnitude and period of
pressure perturbations cannot be clearly linked to the mod-
eling proposed in theoretical studies (Chimonas, 1970; Fritts
and Luo, 1993; Eckermann et al., 2007). We operated a mi-
croradiometer at Mazatlán (Sect. 3.4) in an attempt to find
evidence of bow waves at the surface that could explain po-
tential variations in TCO.

Because most observations during solar eclipses are ham-
pered by less-than-ideal observing conditions, solid proof of
eclipse-generated gravity waves was still lacking as of 2017,
more than 45 years after the effect was first proposed by
Chimonas (1970). This changed in late 2017 when Zhang et
al. (2017) reported high-fidelity, wide-coverage ionospheric
observations that were taken during the Great American
Eclipse of 21 August 2017 using data from Global Nav-
igation Satellite System (GNSS) receivers at ∼ 2000 sites
distributed across North America. Because of the high den-
sity of receiver stations, maps of the ionospheric TEC could
be produced during the progression of the eclipse. The re-
sults indicated that the wave’s ripples were indeed bow
shaped, traveling at ∼ 280 m s−1 with a directional azimuth
of ∼ 120°. These results were in excellent agreement with
the theoretical predictions of Chimonas (1970) and provided
compelling observational evidence to support the general
mechanism of bow wave excitation by the supersonic shadow
of the Moon.

Following these encouraging results, Colligan et al. (2020)
confirmed, using radiosonde data collected in the course of a
field campaign in Chile during the total solar eclipse of 2 July
2019, that eclipse-induced bow waves also exist in the strato-
sphere. According to theory, a radiosonde subjected to the in-

fluence of a gravity wave will experience an elliptical motion.
Such motion was indeed observed on three instances. Colli-
gan et al. (2020) concluded that these measurements repre-
sent the first unambiguous detection of eclipse-induced grav-
ity waves in the middle atmosphere at about 25 km.

1.4 Day–night differences in total column ozone

Day–night differences in TCO have recently been quanti-
fied at Bern (47.0° N) and Payerne (46.8° N), Switzerland,
using ground-based ozone microwave radiometers and sev-
eral model-based datasets (Sauvageat et al., 2023). For June
(Fig. 3c in Sauvageat et al., 2023), all datasets show a con-
sistent day–night cycle with virtually no difference below
20 km; higher ozone concentrations during the day compared
with nighttime between 20 and 45 km, with a peak difference
of 4 % at∼ 40 km; and a large daytime ozone depletion at al-
titudes larger than 45 km, with maximum differences ranging
between −62 % and −76 % at ∼ 72 km. The large decline in
the ozone concentrations in the mesosphere during daytime
is caused by photochemical reactions initiated by sunlight
(Dikty et al., 2010). Considering that about 90 % of ozone is
at altitudes below 35 km, the day–night cycle should have
little effect on TCO. Furthermore, positive differences in
the upper stratosphere partially cancel mesospheric declines.
These data are qualitatively consistent with similar measure-
ments collected by Parrish et al. (2014) at the Mauna Loa
Observatory (19.5° S), although the maximum enhancement
in the upper stratosphere at this location is only ∼ 2 % and
the mesospheric daytime depletion is also somewhat smaller
than that over Switzerland. Using the Air Force Geophysi-
cal Laboratory (AFGL) atmospheric constituent profile for
midlatitude summer (Anderson et al., 1986) and the work by
Sauvageat et al. (2023), we calculated that the TCO is 0.6 %
higher during the day. Therefore, it can be expected that TCO
variations during the relatively short period of a solar eclipse
remain below 0.6 %. However, Sauvageat et al. (2023) show
that the transition from the nighttime to the daytime regime,
and vice versa, occurs within a short period, which is com-
parable to the duration of a solar eclipse. Our estimate of
day–night TCO variations is consistent with the conclusion
of Chakrabarty et al. (1997) that “short-term fluctuations in
TCO during a solar eclipse are not expected due to the long
lifetime of ozone in the stratosphere”. However, momentum
from gravity waves; the rapid cooling of the atmosphere dur-
ing a solar eclipse, which is considerably faster than the day–
night cycle; and a change in tropopause height (Dutta et al.,
2011), which could affect the ozone profile, could potentially
lead to a somewhat larger effect on the TCO. Discussions
of the reasons for the day–night cycle in stratospheric and
mesospheric ozone are beyond the scope of this paper, but
they are provided in the work of Natarajan et al. (2023).
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2 Eclipse parameters, location, and local conditions

Table 1 compares the basic eclipse parameters for the
eclipses at Mazatlán, Fort Collins, and Union Glacier pro-
vided by the Astronomical Applications Department of the
US Naval Observatory (USNO) at https://aa.usno.navy.mil/
data/SolarEclipses, last access: 31 July 2024. Our calcu-
lations (Sect. 4.2) of the times of first and fourth contact
and eclipse maximum are also indicated. These times agree
within a few seconds with USNO data. All times in the table
and the remainder of the paper refer to coordinated universal
time (UTC). To convert from UTC to local time, subtract 7,
6, and 3 h from the time at Mazatlán, Fort Collins, and Union
Glacier, respectively.

2.1 Mazatlán, Mexico

Observations at Mazatlán were performed during the total so-
lar eclipse on 8 April 2024 at the Institute of Marine Sciences
and Limnology (Instituto de Ciencias del Mar y Limnología)
of the National Autonomous University of Mexico (Univer-
sidad Nacional Autónoma de México – UNAM). A GUVis-
3511 radiometer (serial no. 361) was set up on the tallest
building of the institute (Fig. 2) at a latitude of 23.18360° N, a
longitude of 106.42543° W, and an altitude of 19± 2 m a.s.l.
(above sea level). Approximately 2.75 m northwest of the in-
strument is a radio tower that is about 6.5 m higher than the
instrument’s collector, resulting in an angular height of 67°.
The azimuthal angular extent is 5.8°. However, the tower
only obstructs about 20 % of this angular range because of
its lattice structure (Fig. 2c). Assuming isotropic sky light,
we determined that the restriction of the horizon by moun-
tains and other landscape features reduces the horizontal ir-
radiance by 0.23 %. Shading of the sky by the tower leads
to an additional 0.27 % reduction. Hence, the total irradiance
reduction due to features above the horizon is 0.50 %, which
is well below the uncertainty in the measurements. Measure-
ments were also performed on 7 and 9 April 2024 for com-
parison with data collected on the eclipse day. Thin cirrus
clouds were present on the day before the eclipse and on
the day of the eclipse (Fig. 2d), which affected the measure-
ments (as explained in Sect. 5.2). The sky on the day after
the eclipse was free of clouds, and this day serves as a ref-
erence day against which measurements on eclipse day are
compared.

2.2 Fort Collins, Colorado

Observations at Fort Collins were performed at the headquar-
ters of the USDA UV-B Monitoring and Research Program,
at a latitude of 40.5704° N, a longitude of 105.0954° W, and
an altitude of 1536 m a.s.l., with the same GUVis-3511 ra-
diometer (serial no. 361) that was used in Mazatlán. The site
is adjacent to the Fort Collins campus of the Colorado State
University. Measurements were taken during the annular so-

lar eclipse of 14 October 2023. However, Fort Collins was
not under the path of annularity; hence, only a partial eclipse
was observed. The irradiance at the time of maximum eclipse
was reduced to 21.3 % of the uneclipsed Sun. As the instru-
ment was set up near ground level, measurements were af-
fected by obstructions from nearby buildings and trees; how-
ever, the Sun was not obstructed during the observation pe-
riod. The sky was free of clouds until 17:15, with thin cirrus
clouds appearing thereafter. Thus, measurements were not
affected by clouds between the first contact nor at the time
of maximum solar obscuration at 16:35:34.

2.3 Union Glacier, Antarctica

Observations at Union Glacier were performed at the Union
Glacier Joint Scientific Polar Station (Estación Polar Cien-
tífica Conjunta Glaciar Unión), which is operated in part-
nership by the Chilean Antarctic Institute (INACH) and the
Chilean armed forces, at a latitude of 79.7594° S, a longi-
tude of 82.8381° W, and an altitude of 765 m a.s.l., using a
GUVis-3511 radiometer (serial no. 401). Additional ground-
based spectral instruments included a sunphotometer affil-
iated with NASA’s Aerosol Robotic Network (AERONET)
(Sect. 3.3). Measurements from this instrument showed that
the aerosol optical depth (AOD) was generally below 0.025
at Union Glacier during the eclipse, confirming the pristine
conditions at deep-field locations in Antarctica. There were
ideal, cloudless observation conditions throughout the day of
the eclipse and on the following day. However, the solar el-
evation at totality was only 14°. This low elevation makes
the interpretation of data more challenging compared with
the conditions at the other sites, as observations of TCO be-
come more sensitive to the vertical distribution of ozone in
the atmosphere (Ockenfuß et al., 2020). Furthermore, the
high surface albedo of 0.95 at this site (Cordero et al., 2014)
greatly enhances multiple scattering between the surface and
the overlying atmosphere, thereby further complicating the
radiative transfer.

3 Instrumentation and calibration

3.1 GUVis-3511 radiometers

Measurements at Mazatlán and Fort Collins were performed
with the same GUVis-3511 (hereinafter GUV) multi-channel
filter radiometer from Biospherical Instruments, Inc. (BSI)
that was used to observe the 2017 total solar eclipse in Ore-
gon (as described by B&P19). In brief, the instrument is
equipped with 18 channels with spectral bandwidths of ap-
proximately 10 nm and the following nominal wavelengths:
305, 305, 313, 320, 340, 340, 380, 395, 412, 443, 490, 532,
555, 555, 665, 875, 940, and 1020 nm. Data from a 19th
channel measuring photosynthetic active radiation (PAR)
were not used in this study. Note that the instrument has du-
plicate channels at 305, 340, and 555 nm, which are equipped
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Figure 2. Measurement site at Mazatlán. (a) Panorama as seen from the instrument’s location. The highest point, indicated by an arrow in
the south-southwest, is the lighthouse of Mazatlán (“Faro Mazatlán”), which is a distance of 681 m from the instrument and extends 11.5°
above the horizon. In an approximately northwestern direction is a radio tower, which is about 6.5 m higher than the instrument’s collector
and located a distance of 2.75 m away, resulting in an angular height of 67°. Other obstructions are less than 5° above the horizon. (b) The
GUVis-3511 instrument setup on the roof of the institute. (c) View towards north with the GUVis-3511 on the right-hand side of the radio
tower on the institute’s roof. (d) Thin cirrus clouds during totality. The Sun’s corona is overexposed to emphasize the sky condition.

Table 1. Comparison of eclipse calculations from this study and from USNO.

Time (UTC∗) Difference Solar zenith Solar azimuth

Our calculation USNO (s) (°) (°)

Mazatlán, Mexico (23.1836° N, 106.4254° W); 8 April 2024; magnitude: 1.022

Start partial eclipse (first contact) 16:51:20 16:51:16 +4 36.2 110.0
Start total eclipse (second contact) 18:07:15 21.2 134.8
Maximum eclipse 18:09:30 18:09:25 +5 20.9 136.0
End total eclipse (third contact) 18:11:36 20.5 137.2
End partial eclipse (fourth contact) 19:32:03 19:31:58 +5 16.7 201.8

Fort Collins, Colorado (40.5704° N, 105.0954° W); 14 October 2023; magnitude: 0.829

Start partial eclipse (first contact) 15:13:55 15:14:01 −6 69.0 122.0
Maximum eclipse 16:35:31 16:35:34 −3 57.3 140.6
End partial eclipse (fourth contact) 18:04:50 18:04:43 +7 49.8 166.4

Union Glacier, Antarctica (79.7594° S, 82.8381° W); 4 December 2021; magnitude: 1.002

Start partial eclipse (first contact) 06:53:47 06:53:46 +1 77.2 158.2
Start total eclipse (second contact) 07:44:54 76.1 146.1
Maximum eclipse 07:45:26 07:45:17 +9 76.1 146
End total eclipse (third contact) 07:45:42 76.1 145.9
End partial eclipse (fourth contact) 08:37:17 08:37:15 +2 74.6 133.7

∗ To convert from UTC to local time, subtract 7, 6, and 3 h from the time at Mazatlán, Fort Collins, and
Union Glacier, respectively.

with either a standard production photodiode or an alterna-
tive photodiode. As measurements of the two types proved
to be very consistent (B&P19), we only use measurements
from the standard photodiodes here.

The radiometer was equipped with a computer-controlled
shadow band known as BioSHADE to provide measure-
ments of direct and global (Sun and sky) spectral irradi-

ance (Hooker et al., 2012; Witthuhn et al., 2017). The AOD
was derived from observations of direct spectral irradiance.
These data are useful for characterizing atmospheric con-
ditions, identifying contamination by clouds, validating the
LD correction, and providing input parameters for the radia-
tive transfer calculations that complement the measurements.
At Mazatlán, the band executed a shadow band “sweep”
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Figure 3. Measurement site at Union Glacier. (a) Union Glacier Joint Scientific Polar Station. The GUVis-3511 radiometer was set up close
to the yellow tent in the foreground. (b) The GUVis-3511 radiometer (red arrow) with pyranometers in the foreground. (c) The CE-318
sunphotometer at Union Glacier, which is part of NASA’s AERONET network. (d) View of the Sun during totality. Several prominences,
Baily’s beads, and the Sun’s chromosphere and inner corona are also visible.

every 3 min. Each 3 min period resulted in about 90 s of
global spectral irradiance measurements (with the shadow
band stowed while sampling at 1 Hz) and 66 s of data sam-
pled at 15 Hz, during which the band rotated by 180°. At
Fort Collins, the BioSHADE was programmed to perform
a sweep every 2 min, resulting in 30 s of global spectral irra-
diance measurements at 1 Hz, followed by 70 s long sweeps
while sampling at 15 Hz to adequately resolve the short pe-
riod during which the band’s shadow moves over the instru-
ment’s diffuser. Because there were some problems with the
band’s operation, shadow band sweeps were not available be-
fore 15:35, and sweeps after 17:51 occurred at somewhat ir-
regular intervals, ranging between 90 and 160 s. These irreg-
ularities have little effect on the results described below. A
detailed description of the instrument’s optical and electrical
specifications, spectral response functions, and cosine error
can also be found in the work by B&P19.

Channels between 305 and 380 nm of the GUV used
in Mazatlán and Fort Collins were vicariously calibrated
against “Version 2” (Bernhard et al., 2004) measurements
of the SUV-100 spectroradiometer located on the roof plat-
form of BSI using data collected on the cloudless day of
16 April 2024. Version 2 data have a spectral resolution of
1 nm full width at half maximum (FWHM). All other chan-
nels were calibrated against a lamp traceable to NIST stan-
dard F-616, which was calibrated by the US National Insti-
tute of Standards and Technology (NIST) against the scale of
spectral irradiance established by NIST in 2000 (Yoon et al.,

2002). The methods of the vicarious and lamp-based calibra-
tion transfers are described in more detail in the supplement
of B&P19.

The instrument used at Union Glacier was also a GUVis-
3511, but it did not have a shadow band. It was equipped
with channels at the following wavelengths: 305, 313, 340,
380, 412, 555, 670, 875, 1020, 1245, and 1640 nm. All chan-
nels were calibrated at BSI with a NIST-traceable standard
in September 2015, and channels between 305 and 380 nm
were also vicariously calibrated against SUV-100 Version 2
data using measurements collected between 26 August and
2 September 2015. The instrument was recalibrated at the
University of Santiago, Chile, on 18 March 2022 using a
Bentham Instruments CL6 spectral irradiance standard trace-
able to the Physikalisch-Technische Bundesanstalt (PTB) in
Germany. The two lamp-based calibrations agreed to within
3.5 % at all wavelengths, but the 2022 calibration was con-
sidered more reliable because of the closer proximity in time
to the measurements at Union Glacier. The calibration used
for processing solar data at wavelengths between 305 and
380 nm was the vicarious calibration of 2015 scaled by the
ratio of the lamp-based calibrations of these channels in 2022
and 2015, while the 2022 lamp calibration was used for all
other channels. The spectral and angular response functions
were not characterized. Therefore, we used generic response
functions of this instrument model. To assess whether the
use of generic spectral response functions is appropriate, we
weighted the SUV-100 Version 2 spectra used for the instru-
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ment’s calibration in 2015 with these generic functions and
compared the weighted irradiances with the contemporane-
ous measurements of the GUV instrument. If generic and ac-
tual functions deviate, the ratio of GUV and SUV-100 mea-
surements would become dependent on the solar zenith angle
(SZA), as described in Sect. 4.1. The actual SZA dependence
was similar to that calculated for the GUV radiometer used at
Mazatlán and Fort Collins (for which the response functions
were measured), suggesting that the use of generic spectral
response functions does not appreciably increase the uncer-
tainty in the ozone data derived from measurements at Union
Glacier. However, the missing angular response data led to
increased uncertainty in the cosine error correction and some
artifacts in the data (as discussed in Sect. 5.4.1).

3.2 Microtops II ozonometer

A Model 521 Microtops II ozonometer from Solar Light
was used at Mazatlán to provide measurements of TCO that
were independent of the GUV instrument. The former instru-
ment is a sunphotometer and derives TCO from measure-
ments of direct solar irradiance at 305, 312, and 320 nm.
The bandwidth of each filter is 2.4 nm. Data processing is
described by Morys et al. (2001). The instrument was pur-
chased shortly before the eclipse and had a current factory
calibration from Solar Light. Measurements of TCO by the
instrument were consistently ∼ 6.5 % higher relative to ob-
servations from the GUV and the Ozone Monitoring Instru-
ment (OMI) on NASA’s Aura satellite, which were down-
loaded from NASA’s Giovanni data server at https://giovanni.
gsfc.nasa.gov, last access: 8 May 2024. We scaled measure-
ments down by this amount to better facilitate comparisons
with GUV data. The instrument is manually pointed at the
Sun; therefore, measurements are sensitive to pointing errors.
To reduce the associated uncertainty, three to five measure-
ments were taken consecutively and their average was cal-
culated. Averages were only used if the standard deviation
calculated from the individual measurements was less than
3 DU.

3.3 AERONET sunphotometer

The GUVis-3511 at Union Glacier was co-located with a
CE-318 sunphotometer from CIMEL Electronique, which is
part of NASA’s AERONET (Holben et al., 1998). The in-
strument measures AOD at 340, 380, 440, 500, 675, 870,
1020, and 1640 nm. Version 3 (Sinyuk et al., 2020), Level 1.0
AOD data were downloaded from the AERONET website
at https://aeronet.gsfc.nasa.gov/. These data are not screened
for clouds, but AOD values measured before the first and af-
ter the fourth contact are identical to Level 1.5 data, which
are screened for clouds and quality controlled. (We used
Level 1.0 data because the period of the eclipse is excluded
from the Level 1.5 dataset.) Both Level 1.0 and Level 1.5
data may not have the final calibration applied, as the in-

strument has not yet been returned from Antarctica for post-
deployment calibration. The uncertainty in the AERONET
field data is in the range of 0.01–0.021 (Sinyuk et al., 2020;
Eck et al., 1999).

3.4 Microbarometer

We operated a microbarometer (PTB210 BAROCAP digital
barometer from Vaisala) at Mazatlán in an attempt to observe
gravity waves that may lead to small changes in pressure at
the surface. It has a resolution of 0.01 hPa and was operated
at 1 Hz and equipped with a SPH10 static pressure head from
Vaisala, which reduces the effect of wind on pressure mea-
surements. The instrument was purchased shortly before the
eclipse and had a factory calibration from Vaisala.

4 Data processing

Measurements at Mazatlán and Fort Collins were processed
using the “GUVis-3511 Data Processor” software package
(hereinafter GUVDP), which was developed in 2020 and is
based on the methods described in the supplement of B&P19.
The software and its theoretical background are described
in a manual (see the “Code and data availability” section
and Bernhard et al., 2024). In brief, GUVDP ingests uncal-
ibrated raw data from the GUV radiometer and applies cal-
ibration functions that depend on the SZA and TCO occur-
ring at the time of the measurement. If the GUV radiometer
is equipped with a BioSHADE, GUVDP also produces sev-
eral secondary data products including (but not limited to)
the TCO, the cosine-error-corrected global irradiance, the ra-
tio of direct to global irradiance, and the AOD. Furthermore,
GUVDP performs Langley analyses, which can be used for
the calibration of AOD measurements. Calibrated measure-
ments report the solar spectral irradiance at a spectral res-
olution of 1 nm. More specifically, calibrated measurements
resemble measurements of a hypothetical spectroradiometer
with a slit function s(λ), where s(λ) is a triangular function
with a bandwidth of 1 nm FWHM. Version 2 SUV-100 data
are also normalized to this slit function.

GUVDP software does not currently support the process-
ing of data where the vicarious calibration was executed at
a location with low albedo (e.g., San Diego) and field mea-
surements are performed at a location with high albedo (e.g.,
Union Glacier). The software also does not apply a cosine
error correction if shadow band data are not available. For
these reasons, measurements of the GUV deployed at Union
Glacier were processed manually but using the same meth-
ods as implemented in GUVDP software. The ratio of direct
to global irradiance, which is required for the cosine error
correction, was calculated with the UVSPEC radiative trans-
fer model (Mayer and Kylling, 2005) in lieu of deriving this
ratio from shadow band data.
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4.1 Calculation of total column ozone

Total column ozone was calculated with GUVDP software
from GUV measurements of global irradiance with lookup
tables based on a method proposed by Stamnes et al. (1991).
These lookup tables are derived from spectra calculated with
UVSPEC, which are convolved with a triangular function
of 1 nm FWHM. To derive TCO for the 340–305 nm wave-
length pair, ratios named Q340/305(θ,�) of spectral irradi-
ance at 340 nm (a wavelength weakly absorbed by ozone)
and at 305 nm (a wavelength strongly absorbed by ozone)
are calculated as a function of the SZA (symbol θ ) in steps
of 1° and the TCO (symbol �) in steps of 20 DU. The result-
ing lookup table undergoes spline interpolation to SZA steps
of 0.1° because early results showed that linear interpolation
will lead to small (< 0.5 %) variations in TCO with a period-
icity of 1° in the SZA, which could be falsely interpreted as
changes in TCO during an eclipse. This lookup table is then
multiplied by a correction term K340/305(θ,�,θc,�c) to ad-
just for the relatively broad spectral response functions of the
GUV, resulting in a modified lookup table Q̃340/305(θ,�):

Q̃340/305(θ,�)=Q340/305(θ,�)×K340/305(θ,�,θc,�c)

=Q340/305(θ,�)
C340(θ,�)/C340(θc,�c)
C305(θ,�)/C305(θc,�c)

. (1)

The arguments θcand �c indicate the respective SZA and
TCO at the time of calibration.Ci(θ,�), with i = 340 or 305,
is defined as follows:

Ci(θ,�)=

∫
Em (λi,θ,�)ridλ
Em (λi,θ,�)

, (2)

where Em(λi,θ,�) is the modeled spectral irradi-
ance at wavelength λi and ri is the spectral response
function of channel i. Note that the correction term
K340/305(θ,�,θc,�c) is equal to 1 if θ = θc and �=�c.
TCO is finally calculated from the modified lookup table
Q̃340/305(θ,�), the SZA θ at the time of the solar observa-
tions, and the ratio P340/305(θ ) of calibrated measurements
at 340 and 305 nm, defined as follows:

P340/305(θ )=
V340(θ )/R340(θc,�c)
V305(θ )/R305(θc,�c)

, (3)

where V340(θ ) and V305(θ ) are the uncalibrated measure-
ments of the GUV at 340 and 305 nm, respectively, and
R340(θc,�c) and R305(θc,�c) are the responsivities estab-
lished during calibration at θc and �c.

TCO is also calculated from the wavelength pairs of 340–
313 and 320–305 nm using a similar approach. In the follow-
ing, TCO data calculated from the 340–305, 340–313, and
320–305 pairs are referred to as TCO340/305, TCO340/313,
and TCO320/305, respectively. In general, TCO340/305 data
are the most accurate data of the three datasets for clear-sky
conditions, as they are least impacted by calibration uncer-
tainties (Piedehierro et al., 2017). However, TCO340/313 data

become more accurate at large SZAs when measurements at
305 nm are close to the detection limit. Lastly, simulations by
Dahlback (1996) showed that TCO320/305 data are the least
influenced by clouds. Hence, this dataset should be the most
suitable for Mazatlán, the site impacted by cirrus clouds. All
ozone data are available at a frequency of 1 Hz during times
when the shadow band is inactive.

4.2 Solar limb darkening correction

The solar LD correction was calculated in the same manner
as that for the 2017 total solar eclipse described by B&P19.
In brief, the elevation, azimuth, and angular radii of the Sun
and Moon were downloaded from the Horizons System of
the Jet Propulsion Laboratory (JPL; https://ssd.jpl.nasa.gov/
?horizons, last access: 30 April 2024) and the fraction of
the solar disk as function of time during the progression
of the eclipse was calculated with the algorithm by Koepke
et al. (2001). However, we replaced the parameterization of
the wavelength dependence of solar LD used by Koepke et
al. (2001), which is based on the work of Waldmeier (1941),
with the parameterization by Pierce and Slaughter (1977) and
Pierce et al. (1977), which is based on data collected by the
McMath–Pierce Solar Telescope of the National Solar Ob-
servatory on Kitt Peak. Figure 4 shows results of the cal-
culations for Mazatlán. Between about 17:30 and 19:00, the
shortest wavelength (305 nm) is attenuated the most, whereas
the longest wavelength (1020 nm) is attenuated the least.

5 Results

5.1 Comparison of total column ozone measurements in
San Diego

After the GUV was calibrated, TCO values calculated from
GUV measurements at BSI’s headquarter in San Diego dur-
ing the period from 15 to 19 April 2024 were compared with
TCO data from the co-located SUV-100 spectroradiometer.
The latter were calculated from Version 2 spectra based on
the method described in Bernhard et al. (2003). This method
also uses measurements of global irradiance; however, it does
not use lookup tables. Instead, measured spectra are com-
pared with UVSPEC spectra calculated with different TCO
as input, and the TCO of the model spectrum that leads to
the best agreement between the measurement and model is
the TCO returned by the algorithm. The method was mainly
developed to retrieve TCO from global irradiance at high lat-
itudes, where large SZAs prevail and TCO becomes critically
dependent on the vertical distribution of ozone in the atmo-
sphere. Hence, the method allows one to change profiles on
a daily basis.

Figure 5a shows measurements of the two instruments as
well as observations by OMI and the Microtops ozonome-
ter. The sky was free of clouds until local solar noon on
17 April 2024. Measurements on the last day were affected
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Figure 4. Change in the extraterrestrial irradiance as a function
of time at Mazatlán, calculated from JPL ephemeris data and the
parameterizations of solar limb darkening published by Pierce and
Slaughter (1977) and Pierce et al. (1977) for the wavelengths of
the GUV radiometer. Vertical long-dashed lines indicate the times
of the first and fourth contact, the dot-dash lines indicate the times
of the second and third contact, the short-dashed line indicates the
time of the eclipse maximum, and the gray dashed line indicates
local solar noon.

by clouds, as indicated by measurements of spectral irra-
diance at 340 nm (Fig. 5b). For the clear-sky period, TCO
data derived from the GUV for a SZA < 80° are biased
low relative to the SUV-100 data, by −1.1 %, −1.1 %, and
−0.9 % for TCO340/305, TCO340/313, and TCO320/305, re-
spectively. The corresponding relative standard deviations
are 0.6 %, 1.0 %, and 0.9 %, respectively. For the cloudy pe-
riod, the standard deviations are increased to 2.4 %, 3.5 %,
and 2.2 %, respectively. The TCO measured by OMI is
about 2 % lower than GUV data, while measurements by
the Microtops ozonometer are 6.5 % higher (as mentioned
in Sect. 3.2). Results shown in Fig. 5a confirm that TCO
measurements from the GUV are accurate to within 2 %–3 %
and capture variations in TCO (such as the ∼ 20 DU drop on
16 April 2024) well. TCO320/305 is least affected by clouds,
confirming the conclusion by Dahlback (1996) mentioned
earlier.

5.2 Measurements at Mazatlán

5.2.1 Spectral irradiance

Figure 6a shows global spectral irradiance measured by the
GUV-3511 radiometer at Mazatlán on 8 and 9 April 2024
as well as model calculations with input parameters opti-
mized for 8 April. Specifically, TCO was set to 283 DU

Figure 5. (a) Total column ozone in San Diego calculated from
Version 2 spectra of the SUV-100 spectroradiometer (pink line);
derived from GUV measurements for the 340–313 (gray line), 340–
305 (blue line), and 320–305 (orange line) wavelength pairs; pro-
vided by OMI (black diamond); and measured by the Microtops
ozonometer (dark-green circle). Microtops measurements scaled by
1/1.065 are also shown. Only data up to SZAs of 85° are included.
(b) Spectral irradiance at 340 nm measured by the GUV radiometer.
Vertical broken lines indicate the times of local solar noon.

(TCO retrieved by the GUV close to totality), and AOD was
parameterized with the Ångström turbidity formula by set-
ting the Ångström coefficients α and β to α = 1.1080 and
β = 0.0234. These parameters were determined by fits to
AOD data derived with GUVDP software (Sect. 5.2.2). Fig-
ure 6b shows the ratio of the measured values on 8 April 2024
to the model. Lastly, Fig. 6c shows the ratio of measure-
ment values corrected for the LD effect (i.e., the LD func-
tions plotted in Fig. 4) to the model. Specifically, raw data
were divided by the LD functions and then reprocessed with
GUVDP. It can be seen that this correction removes the ef-
fect of the eclipse with high fidelity.

Figure 6 allows the following conclusions:

– Measurements on 8 April 2024 were affected by clouds,
which resulted in high variability in the measured spec-
tral irradiance. Comparison with the model indicates
that broken cirrus clouds (Fig. 2d) occurring between
14:00 and 20:00 (a period including the eclipse) mostly
added scatter about unity. During this period, measure-
ments varied by approximately ± 25 % about the value

Atmos. Chem. Phys., 25, 819–841, 2025 https://doi.org/10.5194/acp-25-819-2025



G. H. Bernhard et al.: Does total column ozone change during a solar eclipse? 829

Figure 6. (a) The global spectral irradiance measured on
8 April 2024 (small dots) and on 9 April 2024 (solid smooth lines)
and the modeled spectral irradiance with input parameters opti-
mized for 8 April 2024 (broken lines). (b) Ratio of measured values
for 8 April 2024 to the model. The gray band indicates the region
of± 5 % about the ideal ratio of 1. Ratios for 940 nm are not shown
because of the uncertainty due to water vapor absorption. Panel (c)
is the same as panel (b) but measured data were divided by the LD
function shown in Fig. 4. Long-dashed lines in all panels indicate
the first and fourth contact. The time of the eclipse maximum is
indicated by a short-dashed line, while the local solar noon is indi-
cated by a gray line.

expected for clear skies. This indicates that broken cir-
rus clouds above the observation site either reduced the
irradiance (when a cloud obscured the solar disk) or en-
hanced it (when the solar disk was free and additional
radiation reached the detector from bright white clouds

Figure 7. Close-up of change in spectral irradiance within± 10 min
of totality. Before 18:03 and after 18:13, data are based on cosine-
error-corrected data. Close to totality, the cosine error correction
becomes uncertain, and data were scaled by the diffuse correction
factor assuming isotropic sky radiance. The color coding is identi-
cal to that used in Fig. 6. Periods of shadow banding are indicated
by gray shading. The times of the second and third contact are in-
dicated by dot-dash lines, while the time of maximum eclipse is
indicated by a short-dashed line.

surrounding the Sun). The cloud effect was lowest be-
tween 15:15 and 15:30, when the ratio of the measure-
ment to the model was within ± 5 % of 1 at all wave-
lengths.

– After 20:00, broken cirrus cloud turned into overcast
conditions. Later in the day, longer wavelengths were
more strongly attenuated than shorter ones, as one
would expect for a thick cloud.

– The sky was free of clouds on 9 April throughout the
day, and measurements on this day agree well with the
model, giving confidence in both the measurements and
the model calculations.

Figure 7 shows a close-up of the spectral irradiance within
± 10 min of totality. As was observed in 2017, the spectral ir-
radiance decreases by more than 2 orders of magnitude when
transitioning into totality. The spectral irradiance during to-
tality is not constant and is lowest at approximately the time
of the eclipse maximum. At this time, the instrument per-
formed a shadow band sweep, but this is not obvious in the
data. In fact, the variability due to moving cirrus clouds was
likely larger than the shading effect of the band.

5.2.2 Aerosol optical depth

Figure 8 shows the AOD at Mazatlán derived with GUVDP
software. All AOD measurements on 8 April were affected
by clouds. The AOD measured at 16:07 was the lowest value
that day and was the least affected by clouds. AOD values for
the cloudless day of 9 April were derived at 18:09 (the time
of totality on the previous day) and at 20:54 (a time close
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Figure 8. Aerosol optical depth measured in Mazatlán on 8 and
9 April 2024 (symbols). Lines are fit functions based on the
Ångström turbidity formula using the following coefficients: α =
1.1080 and β = 0.0234 for 8 April 2024 at 16:07; α = 1.3345
and β = 0.0153 for 9 April 2024 at 18:09; and α = 1.2288 and
β = 0.0189 for 9 April 2024 at 20:45.

to the end of observations on this day). As the Ångström
exponent for clouds is close to 0, the fact that the spectral
dependence of the AODs (quantified with the Ångström ex-
ponent α) observed on 8 and 9 April is similar suggests that
the AOD measurement on 8 April is fairly accurate and not
greatly affected by clouds.

5.2.3 Total column ozone

Figure 9a, b, and c show TCO calculated from GUV,
Microtops, and OMI measurements at Mazatlán for 7–
9 April 2024. Data from 8 April were either processed “as
is” or were first corrected for the change in the extraterrestrial
solar spectrum during the eclipse. Figure 9d shows the power
spectrum density (PSD) of TCO320/305 between 18:14:00
and 19:22:16 on 7 and 8 April 2024. The period starts shortly
after the time of the third contact and is 4096 s long. During
a period of this length, fluctuations in TCO have been ob-
served by Mims and Mims (1993) and Zerefos et al. (2007),
as discussed in Sect. 1.1. For comparison, Fig. 9d also shows
the PSD for a hypothetical scenario in which TCO oscillates
with an amplitude of 10 DU and a period of 60 s about a con-
stant value of 300 DU. The following can be concluded from
Fig. 9:

– Uncorrected TCO340/305 measurements increase by
about 30 DU before totality and decrease by about
the same amount thereafter. When the wavelength-
dependent change in the extraterrestrial solar spectrum
is taken into consideration, there is virtually no effect of
the eclipse on TCO. Hence, the increase in TCO can be
entirely explained by the LD effect.

– TCO values derived from GUV measurements on 7 and
8 April are affected by clouds, resulting in spurious vari-
ability. TCO320/305 is the least impacted. Conversely,
TCO340/313 is much more impacted than TCO340/305
and TCO320/305, as changes in ozone affect measure-
ments at 305 nm much more strongly than at 313 nm.
Therefore, changes introduced by ozone are more im-
portant at 305 nm than at 313 nm, compared with cloud
effects. Measurements on the clear-sky day of 9 April
2024 are very consistent and vary smoothly with time,
giving further confidence in the good quality of the
GUV TCO data.

– The cirrus cloud cover on 7 and 8 April was similar,
as were the fluctuations in TCO with time. On 8 April
2024, there was no obvious change in TCO that could
be attributed to bow waves. However, because of the
variability introduced by clouds, a small effect from the
eclipse cannot be excluded, although it would have to
be smaller than about± 1.2 DU or± 0.4 % as estimated
from TCO320/305 data.

– During overcast conditions (second half of 8 April
2024), TCO340/313 data underestimate the actual TCO.

– There is a small increase in TCO over the course of the
eclipse, which is captured by both LD-corrected GUV
and Microtops measurements; however, this increase is
comparable in magnitude to increases and decreases ob-
served during other times. In fact, variations on 7 April
tend to be larger than those on the eclipse day of 8 April.

– Scaled Microtops measurements are consistent with
GUV measurements and do not indicate an increase at
the time of totality nor fluctuations beyond some scatter.

– On 9 April 2024, GUV measurements are 2.4 % higher
than the OMI measurements of this day. This is the typ-
ical difference between SUV-100 and OMI measure-
ments observed at Antarctic sites equipped with SUV-
100 spectroradiometers. The reason for this small bias
is unknown.

– The PSD values for 7 and 8 April are virtually identical.
There is no evidence of a periodic oscillation on 8 April
that could have been triggered by bow waves. The PSD
of the synthetic TCO (oscillation with an amplitude of
10 DU and a periodicity of 60 s) suggests that oscilla-
tions with an amplitude of well below 10 DU should
be detectable in a PSD calculated from measured TCO
data, if such fluctuations exist.

5.2.4 Variations in surface pressure

Figure 10a shows the surface pressure at Mazatlán on 7–
9 April 2024 measured by the microbarometer. The pressure
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Figure 9. Measurements of TCO at Mazatlán on (a) 7 April 2024, (b) 8 April 2024, (c) and 9 April 2024. TCO340/313, TCO340/305,
and TCO320/305 measurements at 1 Hz are shown in gray, blue, and orange, respectively. The red line shows the average of TCO320/305
calculated from the 90 s global spectral irradiance segments, which are separated by the shadow banding segments. Microtops measurements
are biased high (dark-green circles). Data scaled down by 6.5 % are also shown (light-green circles) for ease of comparison with GUV data.
OMI measurements are only available on 7 and 9 April 2024. All data were filtered for SZAs smaller than 75°. The vertical “very long-
dashed” vertical lines (before 16:00 and at about 21:00) indicate the times when the shadow of the Moon either first touched the Earth (over
the Pacific) or left the Earth (over Greenland). The first and fourth contacts at Mazatlán are indicated by dashed lines, and the second and
third contacts are indicated by dot-dash lines. Panel (d) shows the power spectrum density of TCO320/305 between 18:14:00 and 19:22:16
on 7 and 8 April 2024. The PSD for a hypothetical scenario in which TCO oscillates with an amplitude of 10 DU and a period of 60 s about
a constant value of 300 DU is also shown (cyan line).

exhibits a similar diurnal cycle on the 3 d with an amplitude
of about 1 hPa and a maximum at local solar noon. The di-
urnal cycle is caused by atmospheric tides resulting from
the Sun’s heating of the atmosphere during the day (Haurwitz
and Cowley, 1973). Overlaid on this diurnal cycle are short-
term fluctuation with an amplitude of about 0.2 hPa, which
are also similar on the 3 d. There is no clear evidence that
these variations are systematically different during the period
of the eclipse. Furthermore, the PSD of surface pressure for
the 3 d (Fig. 10b), which is based on a ∼ 1 h period starting
at the time of maximum eclipse on 8 April, is also similar.
Hence, there is no evidence that bow waves, which may have
been excited by the eclipse, led to measurable changes in sur-
face pressure.

5.3 Measurements at Fort Collins

5.3.1 Spectral irradiance

Global spectral irradiance values measured by the GUV ra-
diometer at Fort Collins on 14 October 2023 are shown in
Fig. 11. The figure also presents measurements that were cor-
rected for the change in the extraterrestrial solar spectrum by
dividing the instrument’s raw data by the change in the ex-
traterrestrial irradiance before processing with GUVDP. The
correction removes the effect of the eclipse with high fidelity,
leading to a smooth irradiance curve, as one would expect on
a day without an eclipse. Note that measurements become
affected by cloud for times after 17:15. There is almost no
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Figure 10. (a) Surface pressure at Mazatlán on 7–9 April measured by the microbarometer. The first and fourth contacts are indicated by
dashed lines, and the second and third contacts are indicated by dot-dash lines. (b) Power spectrum density of surface pressure for the 3 d
based on data collected between 18:09:25 (time to maximum eclipse on 8 April) and 19:11:02 each day.

Figure 11. Global spectral irradiance measured on 14 October 2024
with the GUV radiometer (solid lines) and measurements corrected
for the solar LD effect (broken lines). Vertical long-dashed lines in-
dicate the first and fourth contact. The time of the eclipse maximum
is indicated by a short-dashed line, while the local solar noon is
indicated by a gray line.

indication of clouds between the start of the eclipse and the
aforementioned time.

5.3.2 Aerosol optical depth

Figure 12a shows the AOD at Fort Collins calculated from
the direct irradiance derived with GUVDP using data ac-
quired during shadow band sweeps. Without LD correction,
the AOD retrieved by the algorithm shows a large spuri-
ous peak centered on the time of maximum eclipse, as the
program attributes the reduced solar irradiance to aerosols.
With LD correction, the effect of the eclipse is not noticeable
in the AOD data. Figure 12b shows the AODs retrieved at

three times during the eclipse (at 16:01, 16:35, and 17:01).
Data are very consistent: AODs calculated at the time of
the maximum eclipse (at 16:35) agree almost ideally (i.e.,
to better than 0.01) with AODs ∼ 30 min before and after
this time. This again confirms that the LD correction is accu-
rate. The Ångström turbidity formula was fitted to the aver-
age of the three measurements, resulting in α = 1.4917 and
β = 0.0284.

5.3.3 Total column ozone

Figure 13 shows TCO calculated from the GUV data on
14 October 2023. As was the case for Mazatlán, data were
either processed as is or were corrected for the LD effect.
The following can be concluded:

– Uncorrected TCO340/305 data increase by about 8 DU
before totality and decrease by a similar amount there-
after. When data are corrected for the LD effect,
TCO340/305 data remain constant to within ± 1 DU
(± 0.4 %). Over the time of the eclipse, corrected
TCO340/305 and TCO320/305 data agree almost ideally.

– Uncorrected TCO340/313 data increase by 16 DU and
LD-corrected data decrease by ∼ 5 DU compared with
the values at the start of the eclipse. (A decrease of sim-
ilar magnitude is also hinted at in the LD-corrected data
for Mazatlán (Fig. 9b), although scatter from cloud ef-
fects makes an assessment difficult.) The most likely
reason for the overcorrection is the uncertainty in the
LD coefficients near 313 nm published by Pierce and
Slaughter (1977). The shape of the corrected dataset
looks like an inverted LD function, strongly suggesting
that the feature is caused by a systematic error in the LD
correction instead of actual changes in TCO.

– TCO measurements derived after 17:15 are affected by
clouds. As was the case for Mazatlán, TCO320/305 is
affected the least, whereas TCO340/313 is affected the
most.
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Figure 12. (a) Aerosol optical depth calculated from shadow band sweeps of the GUV radiometer at Fort Collins. Thin lines indicate spurious
AODs measured without LD correction, whereas thick lines indicate AOD corrected for the LD effect. The color coding is identical to that
used in Fig. 11. Data were not filtered for clouds, and spikes occurring after 17:15 are attributable to clouds. Long-dashed lines indicate the
first and fourth contact. The time of the eclipse maximum is indicated by a short-dashed line, while the local solar noon is indicated by a
gray line. (b) Aerosol optical depth as a function of wavelength at three times during the eclipse. The broken black line shows the Ångström
fit to the average of all data.

– Early in the day (before 15:00), when SZAs are larger
than 71°, TCO340/313 data are biased low.

– There are similar wavy patterns in corrected TCO340/305
and TCO320/305 data close to the times of the first con-
tact and maximum eclipse. The decrease in TCO is
about 1 DU for the former and 1.5 DU for the latter (am-
plitude of 0.75 DU or 0.3 %). While these features could
have been triggered by the eclipse, their magnitude is
within the range of natural variability, and it would be
challenging to unambiguously attribute those to the so-
lar eclipse.

– There are no fluctuations occurring on timescales of
minutes.

– The day’s OMI measurement is 4 DU (1.5 %) higher
than GUV measurements.

– The data density is higher up to 15:35, as the shadow
band was not operational before this time.

5.4 Union Glacier

5.4.1 Spectral irradiance

Figure 14a shows cosine-error-corrected measurements of
global spectral irradiance by the GUV-3511 radiometer at
Union Glacier performed on 4 and 5 December 2021 as well
as model calculations with input parameters optimized for
4 December. Specifically, TCO was set to 215 DU (the av-
erage TCO on this day measured by OMI), and the AOD
was parameterized with the Ångström turbidity formula by
setting the Ångström coefficients α and β to α = 1.26 and
β = 0.0061. These parameters were determined by fits to
AOD data measured with the AERONET sunphotometer

Figure 13. Measurements of TCO at Fort Collins on 14 Oc-
tober 2024 with the GUV. TCO340/313, TCO340/305, and
TCO320/305 data are shown in gray, blue, and orange, respectively.
Uncorrected and LD-corrected data are indicated by broken and
solid lines, respectively. The OMI measurement of this day is indi-
cated by a black diamond. Long-dashed lines indicate the first and
fourth contact. The time of the eclipse maximum is indicated by a
short-dashed line, while the local solar noon is indicated by a gray
line.

(Sect. 5.4.2). For wavelengths up to 670 nm, albedo was set
to 0.95, in accordance with measurements by Cordero et
al. (2014). Albedo at 875, 1020, 1245, and 1640 nm was set
to 0.88, 0.75, 0.58, and 0.2 based on measurements at the
South Pole (Grenfell et al., 1994). Figure 14b plots the ratio
of measurements on 4 December (with and without the LD
correction applied) to the model. Lastly, Fig. 14c presents the
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ratio of measurements on 4 to those on 5 December, again
with and without the LD correction applied. As the SZAs
were different on the 2 d, measurements on 5 December 2021
underwent SZA interpolation to match the SZA on 4 Decem-
ber 2021 before calculating the ratios.

Figure 14 allows the following conclusions:

– Both 4 and 5 December 2021 were cloudless days with
stable atmospheric conditions. This is particularly obvi-
ous from the measurement ratios of the 2 d shown in
Fig. 14c. Before and after the eclipse, measurements
agree to within± 1 % for wavelengths between 340 and
1640 nm. Observations at 313 and 305 nm were lower
on 4 December, by about 4 % and 10 %, respectively,
because of the larger TCO on 4 December (OMI mea-
sured 215 DU on 4 December and 198 DU on 5 Decem-
ber).

– Before the first contact and after the fourth contact,
measurements at wavelengths between 305 and 412 nm
agree with the model to within ± 4 % (Fig. 14b). At
longer wavelengths, ratios between the measurement
and model values decrease with time, although they stay
within ± 11 % of unity. This bias and downward trend
are due to a systematic error in the cosine error correc-
tion. As mentioned in Sect. 3.1, the angular response
functions of the GUV used at Union Glacier were not
characterized; rather, generic response functions were
used for the correction instead. At a SZA of 75°, the ef-
fect of cosine errors are typically the largest, and the dif-
ference between the actual (but unknown) and generic
response functions can explain the pattern apparent in
Fig. 14b. However, this has no consequence with respect
to the assessment of the effect of the eclipse on changes
in TCO, as the affected wavelengths are not used for the
ozone retrieval.

– At wavelengths in the UV range, the LD-corrected
measurements agree with model calculations to within
± 5 % up to 5 min before the second and after the third
contact. This period decreases to 1.5 min for wave-
lengths in the visible and infrared range, again confirm-
ing the accuracy of the LD-correction method. At times
close to totality, measurements exceed the results of the
one-dimensional (1-D) model. Assessing these differ-
ences would require a 3-D model, which is beyond the
scope of this paper.

Figure 15 shows a close-up of the spectral irradiance
within ± 5 min of totality. A comparison with the similar
plot for Mazatlán (Fig. 7) reveals that the changes in spec-
tral irradiances at 305 and 313 nm are much smaller at Union
Glacier than at Mazatlán. This difference is likely caused by
the fact that the eclipse at Union Glacier occurred at a high-
albedo site and at a large SZA of 76°. Both factors lead to
almost entirely diffuse radiation at these wavelengths (the

Figure 14. (a) Global spectral irradiance measured at Union
Glacier on (eclipse day) 4 December 2021 (thick lines) and on
5 December 2021 (thin lines) as well as the modeled spectral irradi-
ance with input parameters optimized for 4 December 2021 (broken
lines). (b) Ratio of the measurement values to the model for 4 De-
cember 2021 (solid lines) and the ratio of the LD-corrected mea-
surement values to the model (dots). (c) Ratio of measurement val-
ues on 4 December 2021 to those on 5 December 2021 (solid lines)
and the ratio of the LD-corrected measurement values on 4 Decem-
ber 2021 to measurement values on 5 December 2021 (dots). Long-
dashed lines in all panels indicate the first and fourth contact. The
time of the eclipse maximum is indicated by a short-dashed line.
The horizontal dotted black lines in panels (b) and (c) indicate the
region of ± 5 % about the ideal ratio of 1.
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Figure 15. Close-up of the change in spectral irradiance at Union
Glacier within ± 5 min of totality. The color coding is identical to
that used in Fig. 14. The times of the second and third contact are
indicated by dot-dash lines, while the time of maximum eclipse is
indicated by a short-dashed line.

direct contribution is less than 4 % at these wavelengths ac-
cording to our model calculations). In contrast, spectral irra-
diance at 1245 and 1640 nm exhibits a steep decrease when
transitioning into totality, with measurements dropping be-
low the detection limit.

5.4.2 Aerosol optical depth

Figure 16 shows the AOD values at Union Glacier mea-
sured by the AERONET sunphotometer (Sect. 3.3). As was
the case for Fort Collins, AODs at Union Glacier calculated
without LD correction show a large spurious peak (Fig. 16a),
whereas LD-corrected data change by less than ± 0.01 be-
fore totality and by less than ± 0.02 after totality (Fig. 16b).
These small variations could be caused by the low signal lev-
els during the eclipse or by the fact that the unconcluded por-
tion of the Sun during the eclipse is not in the center of the
instrument’s field of view. The AODs shortly before the first
contact at 06:47, shortly after the fourth contact at 08:37,
and 1 h later are consistent to within 0.004 and are smaller
than 0.025 at 340 nm (Fig. 16c). An Ångström fit to the data
results in α = 1.26 and β = 0.0061. Measured AODs show
more variability about the fit line compared with variations
observed at Fort Collins. This can be explained by the fact
that the AODs at Union Glacier are very small and compara-
ble to the uncertainty in the AERONET data of 0.01–0.021
(Sinyuk et al., 2020; Eck et al., 1999). These data confirm
that the eclipse at Union Glacier occurred under pristine con-
ditions, with AODs close to Antarctic background conditions
(Chen et al., 2024).

5.4.3 Total column ozone

Figure 17 shows TCO calculated from the GUV data col-
lected at Union Glacier on 4 December 2021. As before, data

Figure 16. (a) Aerosol optical depth measured by the AERONET
sunphotometer at Union Glacier. Thin lines indicate spurious AODs
measured without LD correction, whereas thick lines indicate
AODs corrected for the LD effect. Panel (b) is the same as panel (a)
but plotted on a smaller y scale to emphasize AODs after LD cor-
rection. Vertical long-dashed lines in panels (a) and (b) indicate the
first and fourth contact. The time of the eclipse maximum is indi-
cated by a short-dashed line. (c) Aerosol optical depth as a func-
tion of wavelength for three times. The broken black line shows the
Ångström fit to the average of all data.

were either processed as is or were corrected for the LD ef-
fect. The following can be concluded:

– TCO340/305 data are much noisier than TCO340/313
data because of the large SZAs at Union Glacier (e.g.,
SZA= 77.2° at the time of the first contact). At these
large SZAs, the spectral irradiance at 305 nm is less than
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Figure 17. GUV measurements of TCO at Union Glacier on 4 De-
cember 2021. Uncorrected and LD-corrected TCO340/305 data are
shown in cyan and blue, respectively. Similar data calculated for
TCO340/313 are shown in gray and black. The average of the OMI
measurement for this day is indicated by a horizontal red line. Long-
dashed lines indicate the first and fourth contact. The time of the
eclipse maximum is indicated by a short-dashed line.

1 order of magnitude above the instrument’s detection
limit. While TCO340/305 data are typically more accu-
rate than TCO340/313 data, as they are less affected by
factors other than ozone, use of TCO340/313 becomes
advantageous if the SZA is very large.

– The LD effect leads to a spurious increase in TCO
when approaching totality, as was observed at Mazatlán
and Fort Collins. However, within ± 3.5 min of total-
ity, the calculated TCO drops greatly. The drop can be
seen both in TCO340/305 and TCO340/313, but it is much
stronger in the latter.

– TCO340/305 data corrected for the LD effect scatter to
within ± 2.5 DU outside of a ± 7 min interval centered
on the maximum eclipse. LD-corrected TCO340/313 data
are more constant than uncorrected data outside of about
± 15 min from the maximum eclipse, but the correction
overcorrects closer in time to totality.

– Apart from these changes in TCO close to totality,
there is no evidence of oscillations in TCO that could
be attributed to gravity waves. Closer inspection of
TCO340/313 data during a period of 4 h starting with to-
tality establishes an upper limit for short-term fluctu-
ation in TCO of ± 0.05 DU (± 0.03 %), which is well
within the range of natural variability.

5.5 Reduction in spectral irradiance during totality

Figure 18 quantifies the decrease in spectral irradiance during
totality by plotting “reduction factors”, defined as the ratio of
spectral irradiance expected without the eclipse to the mea-
surement at the time of totality, for three total solar eclipses:

those at Mazatlán and Union Glacier discussed here and the
one observed at Smith Rock State Park in Oregon on 21 Au-
gust 2017 described by B&P19. Reduction factors calculated
for Mazatlán are generally larger than those for Oregon. The
effect is particularly strong at wavelengths where ozone ab-
sorption is high (313 and 320 nm, with 305 nm in the noise)
or at 940 nm, which is affected by water vapor absorption.
This can be explained by the longer path lengths for pho-
tons entering the atmosphere outside the larger shadow on
8 April 2024. (The duration of the 8 April 2024 eclipse was
4:21 min, whereas that of the 21 August 2017 eclipse was
only 2:35 min. According to JPL Horizon data, the ratio of
the Moon diameter to the Sun diameter during totality was
1.0574 and 1.0250 on the 2 d, respectively. Therefore, the
area of the Moon’s shadow was larger on 8 April 2024, which
would imply that it was darker during totality in 2024 com-
pared with 2017.)

Reduction factors for Union Glacier are considerably
smaller compared with those at the other two sites. This may
be due to several reasons, such as the short duration of the
eclipse (48 s), the large SZA (76.1°), and the high surface
albedo (up to 0.95 in the UV range). Interestingly, the reduc-
tion factor at 305 nm is lower than those of visible wave-
lengths, whereas the opposite is true for reduction factors
at Mazatlán and Oregon. This is likely a consequence of
the large SZA leading to almost entirely diffuse radiation at
305 nm at the surface. We speculate that most photons de-
tected at the ground and at this SZA entered the atmosphere
far away from the observation site and were first scattered
above the ozone layer. If that were the case, the shadow of
the Moon would affect only a relative small part of the area
in which photons of this wavelength entered the atmosphere
and subsequently traveled towards the surface. Quantifying
this potential effect would require 3-D radiative transfer cal-
culations such as those performed by Ockenfuß et al. (2020).

6 Discussion

Some changes in TCO during solar eclipses reported in the
past are in conflict with results presented above. The poten-
tial reasons for these discrepancies are discussed below.

We found no convincing evidence of short-term fluctua-
tions in TCO for the three eclipses discussed here, consis-
tent with the results of our earlier publication describing the
2017 total solar eclipse (B&P19). The upper limits of the
amplitude of oscillations in TCO observed at Union Glacier
and Fort Collins were 0.03 % and 0.3 %, respectively. The
limit for Mazatlán is somewhat larger due to the compound-
ing effects of clouds. These variations are well within the
natural variability and the uncertainty in our measurements.
We also found no evidence of short-term fluctuation in sur-
face pressure that could be attributed to the effect of grav-
ity waves. While it cannot be excluded that conditions dur-
ing past eclipses where large fluctuations in TCO were ob-
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Figure 18. Reduction factors defined as the ratio of spectral irra-
diance expected without the eclipse to the measurement at the time
of totality. The red curve shows the factor for 21 August 2017 and
is identical to that shown in Fig. 15 of B&P19. The black curve is
the factor determined for the eclipse in Mazatlán on 8 April 2024.
The spectral irradiance at the time of totality used for this plot is the
average of measurements within ± 30 s of the time of the eclipse
maximum. Measurements at 305 nm are below the detection limit at
Mazatlán and Oregon and are not shown. Similarly, measurements
at 1245 and 1640 nm at Union Glacier are below the detection limit.

served (e.g., Bojkov, 1968; Mims and Mims, 1993; Zere-
fos et al., 2000, 2007) were different, we believe that this
is unlikely. For example, we found no fluctuations in TCO
during the 2017 eclipse (B&P19), even though bow waves
were clearly apparent in the ionosphere at this time (Zhang
et al., 2017). Furthermore, totality at Mazatlán occurred at
a small SZA of 20.9° and lasted quite a long time (4 min
and 21 s). These conditions should have been ideal for the
development of gravity waves because of the large absolute
change in the solar flux and the resulting cooling of the upper
and lower atmosphere over a large area. At Union Glacier, to-
tality was relatively short (48 s) but the eclipse occurred only
17 d before the austral summer solstice, leading to significant
changes in air temperature across the continent. For exam-
ple, the 2 m air temperature dropped by about 3 °C at Union
Glacier and by almost 5 °C at the South Pole (Garreaud et
al., 2023). However, no significant changes in the TCO were
detected at both Mazatlán and Union Glacier.

Increases in TCO340/305 within a few minutes of the
eclipse maximum can be convincingly explained by the LD
effect at Mazatlán and Fort Collins. The situation at Union
Glacier is more complicated because of low solar elevations
and high albedo. Nevertheless, even at this location, LD-
corrected TCO340/305 data are quite constant up to 5 min be-
fore and after the period of totality. Measurements closer to
totality are affected by noise in the measurements at 305 nm
and 3-D effects (see below). While the LD effect has been
acknowledged by several authors in the past, its magnitude is
typically regarded as too small (i.e., < 0.01 % – Blumthaler

et al., 2006, and Kazadzis et al., 2007; < 1 % – Zerefos et
al., 2000; or < 1.6 % – Kazadzis et al., 2007) to quantita-
tively explain the sometimes large increases in TCO reported
in these publications. In most of these cases, the LD effect is
underestimated because of the use of the LD parameteriza-
tion by Waldmeier (1941), which has been shown to be too
small (Fig. 1; B&P19).

Increases in TCO340/313 at the time of totality are larger
than increases in TCO340/305, and the LD correction over-
corrects TCO340/313 data at the three sites. The likely reason
for this overcorrection is systematic errors in the coefficients
published by Pierce and Slaughter (1977), which are the ba-
sis of the LD correction. This assertion is supported by the
observation that the spectral shape of the uncorrected and
corrected data is very similar, albeit inverted. It is highly un-
likely that effects that could lead to a real change in TCO over
a short periods of minutes before and after totality would
have the same spectral dependence as the LD effect, which
is independent of processes in the Earth’s atmosphere (as
it is entirely determined by the temperature structure of the
Sun’s photosphere). Furthermore, there is no plausible phys-
ical process that could increase the TCO by several tens of
Dobson units within a few minutes and then cause a symmet-
rical decrease by the same amount after totality, in particular
when considering that the day–night change in TCO is less
than 0.6 % (Sect. 1.4).

Measurements of TCO by the Microtops instrument are
about 6.5 % too high at both San Diego (Fig. 5) and Mazatlán
(Fig. 9). We attribute this bias to the calibration of the in-
strument, even though it was acquired just before the cam-
paign. Nevertheless, changes in TCO over time measured
by the Microtops and GUV at the two sites are very con-
sistent. Furthermore, changes in Microtops TCO data (scaled
by 1/1.065) over time agree almost ideally with LD-corrected
GUV340/305 data at Mazatlán. However, it is surprising that
Microtops data are not affected by the LD effect (Fig. 9b).
This may partly be due to the fact that the Microtops uses a
smaller wavelength range (305–320 nm) than the GUV (305–
340 nm), over which the wavelength dependence of the LD
effect is smaller. As the instrument calculates the TCO from
the 305–312 nm pair and the 312–320 nm pair separately and
then combines the two results, it is conceivable that LD ef-
fects of the two bands partly cancel when merging their re-
sults. Whatever the reason, it is reassuring that Microtops
measurements do not indicate variations in TCO that could
be attributed to the eclipse, consistent with the GUV results.

Fluctuations in surface pressure during an eclipse can only
be observed during stable atmospheric conditions (Sect. 1.3).
This was the case at Mazatlán, as the diurnal cycle in pressure
observed on the 3 d was almost identical with respect to both
magnitude and duration (Fig. 10a). However, the data do not
reveal any evidence of oscillations that could be attributed to
gravity waves.

Uncorrected TCO340/313 data at Union Glacier increase by
about 8 DU (4 %) leading up to totality, due to the LD effect,
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and then drop sharply by about 40 DU within 2.5 min before
the second contact. The 3-D Monte Carlo model calculations
by Emde and Mayer (2007) simulating the total solar eclipse
of 29 March 2006 showed that 1-D radiative transfer calcula-
tions, which also formed the basis for the ozone lookup tables
used here (Sect. 4.1), are no longer reliable about 1.5 min be-
fore the second contact. (The period applicable to the eclipse
at Union Glacier could be longer.) Furthermore, by modeling
the radiation of the 2017 total solar eclipse with a 3-D model
similar to that used by Emde and Mayer (2007), Ockenfuß et
al. (2020) found that the spectral UV irradiance close to to-
tality becomes very sensitive to the vertical distribution of
ozone in the atmosphere, surface albedo, and topography.
These factors also likely played a role here. Hence, the drop
in TCO340/313 is an artifact of using a lookup table that is in-
appropriately close in time to totality. We speculate that the
sharp decrease in TCO340/313 is caused by photons that first
traversed through the upper atmosphere horizontally (from
a region not shaded by the Moon towards a point approxi-
mately above the site of observation) and were then scattered
downward and passed through the ozone layer more verti-
cally. This would lead to a shorter optical path length through
the ozone layer compared with uneclipsed conditions. Re-
solving this issue quantitatively would require 3-D calcula-
tions, which are beyond the scope of this paper. It is clear,
however, that the sharp apparent decrease in TCO and the
immediate rebound after totality is far too fast and large in
magnitude to be real.

Apart from studying variations in TCO, we also quantified
the spectral irradiance during totality at Mazatlán and Union
Glacier and calculated the AOD at three sites. At Mazatlán,
spectral irradiance in the visible range is reduced by a factor
of 30 500 on average during totality, which is a larger reduc-
tion than that observed during the 2017 total solar eclipse
(B&P19). This can be explained by the larger eclipse mag-
nitude of the 2024 eclipse, which led to a larger shadow
of the Moon in 2024. Conversely, the reduction at Union
Glacier was considerably lower than at the other two sites.
At Fort Collins and Union Glacier, the uncorrected AOD ex-
hibits a large peak centered on the time of the eclipse max-
imum. After correcting for the LD effect, the AOD remains
almost constant over the period of the eclipse, providing fur-
ther evidence of the fidelity of the LD correction developed
by B&P19.

7 Conclusions

Measurements of spectral irradiance at 1 Hz were per-
formed with GUVis-3511 multi-filter radiometers during so-
lar eclipses observed at Mazatlán, Fort Collins, and Union
Glacier. GUV measurements at Mazatlán were augmented
by observations with a Microtops ozonometer and a micro-
barometer. At all sites, TCO retrieved from the data peaked
at the time of maximum eclipse, but these increases could

be convincingly explained by solar limb darkening, which
describes the wavelength-dependent decrease in the Sun’s
brightness between the Sun’s center and its edge. We found
no evidence of periodic oscillations or other short-term fluc-
tuations in TCO or surface pressure within the hours before
or after the eclipses that exceed natural variability. The up-
per limits of the amplitude of oscillations in TCO observed
at Union Glacier, Fort Collins, and Mazatlán were 0.03 %,
0.3 %, and 0.4 %, respectively. The slightly higher value at
Mazatlán compared with Fort Collins is due to variability
introduced by changing clouds. Our observations contradict
reports of much larger fluctuations during previous eclipses
published in the literature. We conclude that these large vari-
ations were caused by an insufficient correction for the solar
limb darkening effect, measurement artifacts, data process-
ing issues, or a combination thereof. This conclusion is also
supported by the fact that day–night differences in TCO are
smaller than 2 DU (∼ 0.6 %) at midlatitudes and that there is
no known physical mechanism that could greatly amplify this
magnitude during the relative short period of a solar eclipse.
Assessing variations in TCO within∼ 2 min of the start or the
end of totality would require 3-D model calculations, which
are beyond the scope of this paper. Therefore, we did not
assess potential changes in TCO within in this short period.
However, 3-D radiative transfer simulations of spectral solar
irradiance complementing the solar eclipse at Mazatlán are
planned, and these new results may provide further insights
into changes in TCO close to totality.

We answer the question “Does total column ozone change
during a solar eclipse?” posed in the title with “only by a
very small amount and perhaps not at all”, as variations in
the order of± 0.3 % cannot be excluded. However, the cross-
correlation between variations in TEC and JO1D described
by Zerefos et al. (2007) and summarized in Sect. 1.1 remains
unexplained. While this correlation is robust, the reported
amplitudes of 5–10 DU in TCO and 3 %–5 % in JO1D are
well outside the range of our measurements.
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cessor software and manual, raw data, and processed
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