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Abstract.  

Stratospheric ozone is an important constituent of the atmosphere. Significant changes in its concentrations have great 

consequences for the environment in general and for ecosystems, in particular. Here, we analyse ground-based, ozonesonde 

and satellite ozone measurements to examine the ozone depletion, and the spatiotemporal trends in ozone in the tropics 

during the past five decades (1980–2020). The amount of column ozone in the tropics is relatively small (250–270 DU) 15 

compared to high and mid-latitudes (Northern Hemisphere 275–425 DU; Southern Hemisphere 275–350 DU). In addition, 

the tropical total ozone trend is very small (±0–0.2 DU yr-1) as estimated for the period 1998–2022. No observational 

evidence is found regarding the indications or signatures of severe stratospheric ozone depletion in the tropics in contrast to a 

recent claim. Finally, current understanding and observational evidence do not provide any support for the possibility of an 

ozone hole occurring outside Antarctica today with respect to the present-day stratospheric halogen levels. 20 

1 Introduction 

Ozone is a triatomic molecule, and 90% of its atmospheric abundance is located in the stratosphere, roughly from 10 to 50 

km above the ground (e.g. Cicerone, 1987). Stratospheric ozone is chemically produced in the tropical stratosphere around 

25–35 km and transported to the middle and high latitudes. Therefore, stratospheric ozone mixing ratios are highest in the 

tropics and decrease towards the polar regions (London, 1992; Coldewey-Egbers et al., 2020). In general, the production of 25 

ozone is effective at low latitudes, and thus ozone mixing ratios at middle and high latitudes are smaller than those in the 

tropics. However, the ozone column, which is the integrated concentration of ozone from the surface to the top of the 

atmosphere (about 100 km), increases with latitude towards the poles, as its column amount is determined by atmospheric 

transport, which vertically propagate downwards at middle and high latitudes (e.g. Staehelin et al., 2001).  As ozone absorbs 

ultraviolet radiation (UV-B radiation, 280–320 nm), a decrease in its atmospheric concentration would facilitate more UV 30 
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incidence on the Earth’s surface. This is a great concern as UV-B radiation is harmful for life on the Earth (e.g. Bernhard et 

al., 2020). 

Since the late 1970s, ozone in the Antarctic lower stratosphere has shown a dramatic seasonal decrease, which is driven by 

anthropogenic halogens (Farman et al., 1985). Understanding of stratospheric ozone chemistry, model simulations and 

measurements (e.g. Tuck et al., 1989; Pyle et al., 1994) showed that the decline in ozone was due to the occurrence of polar 35 

stratospheric clouds (PSCs) in winter on which the inactive halogens are converted into active forms, that catalytically 

destroy ozone in the presence of sunlight during spring (e.g. Solomon, 1986; Crutzen and Arnold, 1986; Poole and 

McCromick, 1988). The depletion of ozone deepened in the 1980’s and peaked in the 1990s. The ozone loss in the Antarctic 

lower stratosphere is severe because of the unusual meteorology there, in particular winter/spring periods with very low 

temperatures and the formation of a polar vortex that effectively isolates the mid-latitude air from polar air. For strong polar 40 

ozone loss to occur, it is essential that high levels of active chlorine are maintained up to spring (August, September and 

October in the Antarctic) (Müller et al., 2018). However, ozone loss in other regions, including the Arctic, never reach 

similar and widespread low levels as that during Antarctic spring. Note that occasionally localised atmospheric dynamics can 

result in short lived small areas with low column ozone or mini ozone holes (McCormack and Hood, 1997; Millán and 

Manney, 2017). 45 

The change in globally averaged annual total column ozone (TCO) in the mid-1990s with respect to pre-ozone hole (pre-

1980) levels is about 5%, but about 17% in Antarctica, and the global TCO remains stable since the 2000s (Ball et al., 2019; 

Weber et al., 2018, 2022). The upper stratospheric decrease in ozone (4–8%) was induced by the increase in chlorine loading 

from 1980 to the late 1990s (e.g. Steinbrecht et al., 2017), but ozone has been steadily increasing thereafter due to the 

reduction in stratospheric halogens (WMO, 2018; Steinbrecht et al., 2017). The decrease in upper stratospheric temperature 50 

caused by the increase in atmospheric CO2 slows down the ozone loss catalytic reactions, which has also helped to increase 

ozone there. On the other hand, Godin-Beekmann et al. (2022) shows a 1–3%/dec reduction in the lower stratospheric ozone 

of both mid-latitudes and tropics since 2000. There are also studies indicating a significant reduction in ozone loss rates in 

Antarctica (Solomon et al., 2016; Kuttippurath and Nair, 2017; Pazmino et al., 2018), but statistically significant positive 

trends are not detected in other regions (WMO, 2018).  55 

In contrast to the mid-latitudes, ozone loss in the tropics is very small, and available analyses also show very small or 

nonsignificant trends (Randel et al., 2011; Heue et al., 2016; Lelieveld and Dentener, 2000; Staehelin and Poberaj, 2008; 

Thompson et al., 2021; Bognar et al., 2022). However, recently Lu (2022) claimed severe ozone depletion in the tropical 

stratosphere by using TOST (Trajectory mapped Ozonesonde dataset for the Stratosphere and Troposphere) data for the 

period 1960–2010. The study claimed that there is even an ozone hole, which is seven times larger than the Antarctic ozone 60 

hole. Furthermore, the ozone hole in the tropics according to that study would be currently increasing and would be a great 

threat to life in the region. Chipperfield et al. (2022) in response showed that there is no robust, credible observational 
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evidence for tropical ozone depletion. Also, the satellite and ground-based observations show that there is only 3–5% 

decrease in the tropical lower stratospheric ozone, which is far lower than that reported by Lu (2022). Chipperfield et al. 

(2022) further observe that the number of ozonesonde profiles used by Lu (2022) is very few, which has an impact on the 65 

smoothing method used for generating the TOST data. Since the SHADOZ ozonesonde network was established in the 

1990s, there have only been continuous ozone measurements since this period in the Southern Hemisphere (SH), which are 

inadequate to claim a year-around large ozone hole in the tropics prior to 1990. Although, the reprocessing (i.e. ensure high 

quality in the ozonesonde measurement system by following the consensus-based operating procedures and reprocessing 

guidelines established by ozonesonde experts around the world) has greatly enhanced the ozone data, these profiles were not 70 

considered in TOST. Furthermore, the cosmic ray driven electron-induced ozone loss in the tropics are ill-constructed, as it 

requires clouds like polar stratospheric clouds (PSCs), which are not present in the tropical lower stratosphere (Lu, 2010). 

The satellite and modelled CFC-12 data also do not support the lower stratospheric ozone depletion in the tropics (Hoffmann 

et al.,2014), suggesting that the results of Lu (2022) are flawed. Therefore, we present an in-depth investigation of tropical 

stratospheric ozone and its trend based on various ground-based, satellite and reanalysis data for the past five decades.  75 

2 Data and Methods 

2.1 GOZCARDS and SWOOSH ozone profile data 

Global OZone Chemistry and Related trace gas Data records for the Stratosphere (GOZCARDS v2.2) is a bias-corrected 

merged satellite-based stratospheric ozone dataset for the period 1979–2018. These data are produced by combining 

measurements from different satellites, such as Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-80 

FTS) on SCISAT, Stratospheric Aerosol and Gas Experiment (SAGE) I, its successor SAGE II, Halogen Occultation 

Experiment (HALOE) and Microwave Limb Sounder (MLS) on Upper Atmosphere Research Satellite (UARS) and Aura, by 

using SAGE II data as the primary reference. These data contain ozone mixing ratios and standard error for the altitude range 

of 215–0.21 hPa in 10° latitude bins. The GOZCARDS data are in good agreement with other satellite and ground-based 

ozone measurements. The GOZCARDS data do not show any upturn of more than 0.5–1%, which makes them suitable for 85 

global ozone trend analysis. More details can be found in Froidevaux et al. (2015). 

Stratospheric Water and OzOne Satellite Homogenised (SWOOSH) version 2 is a merged data from different limb-sounding 

satellite instruments; SAGE II, SAGE III, HALOE, UARS MLS and Aura MLS. The primary SWOOSH data are the zonally 

averaged monthly-mean time series of ozone mixing ratios at pressure levels between 316 and 1 hPa. These data are 

available from 1980 to date on 2.5°, 5°, and 10° zonal mean grids. The measurements are homogenised by applying 90 

corrections calculated from the measurements taken during the overlap period of those instruments. The bias in different 

satellite data used for SWOOSH is mostly within 0.2 ppmv with respect to ozonesondes (Davis et al., 2016). 
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2.2 SBUV and GSG merged TCO data 

Solar Backscatter Ultraviolet (SBUV) Merged Ozone Data Set (MOD v8.6) provides the longest available satellite-based 95 

time series of profile and TCO from a single instrument type for the period 1970–2013 (except a 5-year gap in the 1970s). 

Data from nine independent SBUV-type instruments are included in the record. Although modifications in instrument design 

were made in the evolution from the Nimbus-4 Backscattered Ultraviolet instrument to the modern SBUV (SBUV 2) type, 

the basic principle of measurement and retrieval algorithm remain the same; lending consistency to this data record 

compared to those based on measurements using different instrument types (Frith et al., 2018). The SBUV zonal mean ozone 100 

profiles agree within 10%, mostly within 5%, when compared to ground-based and other satellite measurements (Kramarova 

et al., 2013; DeLand et al., 2012). 

The merged GOME/SCIAMACHY/GOME2 (GSG) TCO dataset is a comprehensive compilation of measurements from 

three satellite instruments: Global Ozone Monitoring Experiment (GOME), Scanning Imaging Absorption Spectrometer for 

Atmospheric Chartography (SCIAMACHY) and GOME-2 (Lerot et al., 2014). By combining data from multiple 105 

instruments, GSG offers improved coverage and temporal continuity from 1995 to date (Weber et al., 2018). The ozone 

retrievals are based on the University of Bremen weighing function DOAS (WFDOAS) v4 algorithm (Coldewey-Egbers et 

al., 2005). These data are in good agreement with the World Ozone and UV Data Centre (WOUDC) ozonesonde 

measurements, with an average bias of 2–3% for the zonal and global averaged values (Fioletov et al., 2002). 

2.3 SHADOZ, WOUDC and TOST ozonesonde data  110 

Southern Hemisphere ADditional OZonesondes (SHADOZ) is a project designed to measure the vertical profiles of ozone 

from a number of tropical stations using ozonesondes, which started in 1998. These measurements make use of 

Electrochemical Concentration Cell (ECC) sondes. The ECC instrument has a gas-sampling pump connected to the ozone 

sensor to a radiosonde for data telemetry (Komhyr, 1995). The accuracy of ozonesonde measurements are better than 5%. A 

detailed description of these data is given in Thompson et al. (2017). Table S1 lists location of the SHADOZ stations.  115 

We also use the WOUDC ECC ozonesonde data for the period 1980–2022. The ECC ozonesonde is interfaced with a 

radiosonde, which transmits the data, including ozone, atmospheric pressure, temperature and relative humidity. The 

measurements in WOUDC were performed mainly with VIZ radiosondes during the period 1980–1991, followed by RS-80 

radiosondes until 2009 and the iMet radiosondes thereafter. The VIZ radiosondes use a hypsometer for pressure 

measurements, and they have an accuracy of ±0.2 hPa at altitudes above 20 hPa (Conover and Stroud, 1958). The RS-80 120 

radiosondes are paired with electronic boards, which are capable of transmitting data every 7 seconds. The ECC 

ozonesondes have a precision of about 3–5% and an absolute accuracy of about 10% (Tarasick et al., 2019; Smit et al., 

2007). However, the advanced versions (v2) have improved electronic components that transmit data every second. The i-
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Met radiosondes are equipped with a GPS receiver that measures the geometric altitude, in addition to atmospheric pressure 

(Johnson et al., 2018).  125 

TOST is a global 3-dimensional height-resolved ozone dataset, derived from WOUDC ozone sounding records across the 

globe using trajectory mapping. These data are spatially interpolated using 96-hour forward and backward trajectories 

calculated using the HYSPLIT v 4.8 model at each 1 km altitude from the surface for a number of locations. The National 

Centres for Environmental Prediction/ (NCEP) meteorological data are used to drive the trajectory model. The bias of TOST 

data is about 10% or less, but there are larger biases in the upper troposphere lower stratosphere (UTLS) region and in areas 130 

with sparse measurements. Furthermore, the precision and accuracy of TOST data further depend on the HYSPLIT model 

and meteorology used for its simulations. A detailed description of the TOST data (variable used: trop_strat_zbith_mean) is 

given in Tarasick et al. (2019) and Chipperfield et al. (2022).   

2.4 TROPOMI, OMI, OMPS and TOMS ozone column data 

Tropospheric Ozone Monitoring Instrument (TROPOMI) utilises a combination of spectral bands in the UV and visible 135 

wavelength ranges (270–850 nm), specifically designed to capture the absorption features of ozone in the Earth's 

atmosphere. By measuring the intensity of sunlight reflected or scattered by the atmosphere, TROPOMI can retrieve precise 

information on the TCO amount. With its high spatial resolution (7x5 km), TROPOMI provides global measurements and 

detects the ozone depletion events (Inness et al., 2019). In general, the retrieval of TCO from TROPOMI employing the 

GODFIT algorithm has an accuracy of about 1% (Spurr et al., 2021). 140 

Ozone Mapping and Profile Suite (OMPS) is one among the five instruments on-board the Suomi National Polar-orbiting 

Partnership (Suomi NPP) satellite, which is designed to measure TCO. The spectrometer uses the backscattered solar 

radiances each 0.42 nm between 300 to 380 nm, with 1 nm spectral resolution. The swath of OMPS is approximately 

50×2800 km2, with a field of view (FoV) of 0.27° along track and 110° across track. These measurements have a negative 

bias of 2–4% compared to reference products (Flynn et al., 2014).  145 

Ozone Monitoring Instrument (OMI) has been key in providing accurate measurements of TCO from 2004 onwards. By 

applying the advanced Ultraviolet (UV) and Visible (VIS) spectrometry techniques, OMI captures sunlight scattered by the 

Earth's atmosphere to determine ozone concentrations (Levelt et al., 2006). It operates in two wavelength ranges: 270–370 

nm in UV and 350–500 nm in VIS. The spectral resolution is 0.45 nm for UV and 0.63 nm for VIS. Its retrieval algorithm 

(DOAS) processes the spectral information to derive TCO values. Its high spatial resolution (25×25 km) enables detailed 150 

mapping of the global distribution of TCO with a bias less than 6% in the tropics and mid-latitudes (Huang et al., 2018).  

The Total Ozone Mapping Spectrometers (TOMS) are a series of instruments designed to measure TCO. Here, we use TCO 

measurements from TOMS aboard Nimbus-7 (N7) and Earth Probe (EP) covering the period from 1979 to 2004 (McPeters et 
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al., 1998). TOMS employs a single monochromator and a scanning mirror to sample the backscattered solar ultraviolet 

radiation at 3° intervals along a line perpendicular to the orbital plane. EP-TOMS employs six discrete wavelengths ranging 155 

from 309 to 360 nm, using triangular slit functions with a nominal 1 nm bandwidth. The estimated uncertainty of TOMS data 

is about 3.3%, and there is a bias of 1–2% among the ozone data from different TOMS platforms (Kroon et al., 2008).  

2.6 Methods 

We have estimated the long-term trends in ozone by applying the linear method using two sets of measurements. It defines a 

two-sided alternative hypothesis, for which the slope of regressed line is non-zero. The standard error of the slope is 160 

estimated using the assumption of residual normality, and statistical significance of the trend is estimated by finding the p-

value derived from the Wald-Test with t-distribution. We have considered the slope to be statistically significant if its p-

value is < 0.05 (95% CI). 

We use a multiple linear regression (MLR) model for computing the trends, which estimates the long-term change in ozone, 

which is driven by different processes and are represented here as the explanatory variables. The proxy variables include El 165 

Nino Southern Oscillation (ENSO), quasi-biennial oscillation at 10 hPa (QBO1), quasi-biennial oscillation at 30 hPa (QBO2), 

11-year solar cycle (SF), stratospheric Aerosol Optical Depth (sAOD) and the independent linear trend terms (Lpre and Lpost) 

to evaluate the change before and after the peak in ODSs in the stratosphere (Godin-Beekmann et al., 2022). The 

standardised and normalised (standard deviation = 1 and mean = 0) time series of ozone is regressed using the following 

equation: 170 

 

Where Gap is the value representing the turnaround period, y(z, t) is the ozone time series at different z altitude levels, C1 to 

C10 are the fitted coefficients, t1 is January 1997, t2 is January 2000 and 𝜀 is the residual term.  

3. Results and Discussion 

3.1 Ozone variability and trends across the latitudes 175 

Figure 1 (left) shows the latitudinal distribution of zonal mean stratospheric ozone from the merged satellite data 

(GOZCARDS) averaged for the period 1984–2021. The data show high ozone mixing ratios (10–11 ppm at 25–35 km) in the 

tropics (30° N–30° S), which decrease toward the high latitudes (2–5 ppm at 25–35 km). Since the production of ozone is 

higher in the tropics, ozone mixing ratios are highest in the tropical middle stratosphere. As the intensity of atmospheric 
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transport is different with seasons, there are also analogous changes in ozone distribution across the latitudes and altitudes. 180 

The seasonal variability of ozone is minimal in the tropics and very high in the polar regions with respect to the latitudinal 

distribution of sunlight and variability of the dynamical processes. Therefore, the seasonal averages show comparatively 

high ozone in summer and spring, and relatively lower ozone in autumn and winter in the tropics. Since the winter transport 

is stronger, the ozone values in the northern hemispheric middle and high latitudes are comparatively higher during this 

period (e.g. see the 4 ppm contour). Relatively lower ozone values are found in the mid-latitudes (e.g. 6–7 ppm at 10 hPa), 185 

but the lowest in the polar regions (3–4 ppm at 100 hPa). The smaller wintertime ozone values in the polar lower 

stratosphere (1–3 ppm) indicate the seasonal ozone loss there (e.g. Randel and Cobb, 1994; Chipperfield et al., 2015).  

  

Figure 1: Left: Latitudinal distribution of ozone mixing ratios in ppm averaged for the period 1984–2021 and throughout the seasons, as 

derived from the GOZCARDS data. Right: The global seasonal and annual distribution of Total Column Ozone (TCO in DU) for 2015 as 190 

measured by Ozone Mapping and Profiler Suite (OMPS) shows the region of ozone hole (Magenta line), i.e. TCO less than 220 DU. The 

white spaces are data gaps. Here, DJF is December, January and February; MAM is March, April and May; JJA is June, July and August; 

SON is September, October and November. 



8 

 

Figure 1 (right) shows the seasonal distribution of TCO across the latitudes for 2015 measured by OMPS. In contrast to 

mixing ratios, the TCO distribution shows high values in the northern high latitudes in winter and spring, and very low 195 

values in the SH spring. The Antarctic ozone hole is clearly visible in austral spring, but the analysis for the boreal spring is 

masked by the data gaps. However, a reduction of 50–60 DU, which is the average TCO loss expected in a normal cold 

Arctic winter, in 0°–50° E and 100°–130° E around 70° N, is clearly captured (Goutail et al., 2005). The seasonal variation 

of ozone in the tropical latitudes is very small, but the SH mid-latitudes show high values in winter and NH in spring, as the 

Brewer Dobson Circulation (BDC) is stronger in winter and spring (Lin and Fu, 2013). Here, we have used the data from 200 

OMPS for the year 2015 to show the changes in TCO, since there was a pronounced Antarctic ozone hole in that year.  

Figure 2 shows the TCO averaged over the tropics for the period 1978–2022, which is within 250–280 DU in this time 

period from all available measurements and reanalysis datasets. We also observe a decrease in peak TCO in the tropics 

during the period 1995–1999 (around 255 DU) when compared to the previous and following years (> 255 DU). However, 

there is an increase in TCO post–1997 and there is no significant difference (10–15 DU) in TCO among different datasets 205 

during the entire period. Furthermore, the bias in measurements from different instruments is within 5–10 DU, which shows 

that the data are robust and there is no substantial loss of ozone in the tropics during the period 1979–2022. The tropical 

column ozone is never below 220 DU. We have also computed the trends in TCO using MERRA-2, ERA-5 and satellite data 

(combined SBUV and OMPS measurements). The satellite-based estimates show significant negative trends (-0.076±0.028 

DU yr-1 and -0.093±0.059 DU yr-1) in the pre- and post-1997 periods, whereas the reanalysis data show nonsignificant trends 210 

in both periods. Conversely, the GSG (GOME–SCIAMACHY–GOME 2) data yield nonsignificant positive trends in the 

post-2000 period. 

 

Figure 2: The distribution of Total Column Ozone (TCO in DU) averaged over the tropics (30° S–30° N) from different satellites for the 

period 1978–2022. The light lines show the monthly distribution, whereas dark lines show the annually averaged value of TCO. The dotted 215 
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line shows the decadal distribution of TCO from MERRA-2 and ERA-5. The peak in 1991 may be driven by the Mount Pinatubo volcanic 

eruption. 

We have also estimated the trends in ozone in the stratosphere using the SWOOSH (Fig. 3) and GOZCARDS (Fig. S1) data 

for the period 1984–2022, and the trends are statistically nonsignificant (at the 95 CI) at most altitudes in both datasets. The 

SWOOSH estimates for the period 1984–1997 show nonsignificant, but high negative trends of about -0.035 ppm yr-1 in the 220 

upper stratosphere and -0.015 ppm yr-1 in the middle and lower stratosphere. Some regions also show nonsignificant positive 

trends (0.03–0.04 ppm yr-1) such as the lower stratosphere in all seasons (but DJF and JJA in GOZCARDS and these are 

significant). The negative trends indicate the impact of high amounts of stratospheric halogens during the period 1984–1997. 

In contrast, the estimates for the period 1998–2022 show nonsignificant positive trends (0.01–0.025 ppm yr-1) throughout the 

stratosphere across the seasons. The positive trends in other latitudes and altitudes are mostly within 0.01–0.02 ppm yr-1, and 225 

are significant. The highest among these trends (0.025 ± 0.01 ppm yr-1) are found in NH and SH low-latitude mid-

stratosphere (above 10 hPa) in March, April, May (MAM).  

 

Figure 3: Trends in mixing ratio of ozone estimated for each season using the SWOOSH data for the periods of 1984–1997 and 1998–

2022. The stippled regions are statistically significant at the 95% CI. Here, DJF is December, January and February; MAM is March, April 230 

and May; JJA is June, July and August; SON is September, October and November. 
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The GOZCARDS data also show similar trends, but those in the upper and middle stratosphere are slightly lower than that in 

SWOOSH in all seasons, about 0.1-0.2 ppmv yr-1 in 1984–1997. However, the trend in the middle stratosphere in DJF is 

slightly higher at 15°–30° S in GOZACARDS during the pre-1997 period. The trend computed for the post-1997 period is 

very similar and those in the lower and middle stratosphere are nonsignificant in both datasets. Therefore, we have examined 235 

the difference between GOZCARDS and SWOOSH ozone, which is shown in Fig. S2. In general, GOZCARDS shows 

relatively higher values in the middle stratosphere (25–35 km) until 2004, which is the UARS MLS period. However, 

GOZCARDS shows slightly lower values with SWOOSH during the HALOE period, from 1991 to 2004, within 0.5 ppmv. 

The agreement between both datasets is excellent in the lower and upper stratosphere, and throughout the stratosphere during 

2004–2020, within 0.1 ppmv. Our results are consistent with those of Szelag et al. (2020), as they also find significant 240 

negative trends in the lower stratosphere (up to -3% yr-1), but positive trends in the middle and upper stratosphere in spring 

and summer in the tropics.  

3.2 Tropical ozone variability and trends 

Our analyses (Figs. 3, S1, S3 and S5) show that there was substantial ozone loss in the 1984–1997 period at all latitudes and 

seasons, which is consistent in all the satellite based (GOZCARDS and SWOOSH) and reanalysis (ERA-5 and MERRA-2; 245 

see Supplementary File, Table S2) data used in this study. Neutral O3 trends are also found in the tropics, and is consistent in 

both ozone profile and TCO measurements. Recently Lu (2022) claimed that there is strong ozone loss that he refers to as an 

“ozone hole” in the tropics in the past decades (1990–2020), which is reported to be present in all seasons and increasing in 

size day by day. The author further argues that this “ozone hole” is similar to that in Antarctica and even the chemical 

mechanisms causing it were the same. However, there are serious concerns about that particular study and the so-called 250 

tropical “ozone hole”. First, the data Lu (2022) used are mainly from the pre-satellite era and these data have plenty of gaps 

in the tropical region (Chipperfield et al., 2022). For instance, Fig. 4 shows the data used by Lu (2022), in which there are 

large data gaps in the tropical latitudes in all three decades (1960s, 1970s and 1980s). These data gaps are in the middle 

stratosphere for 1960 and 1980, but in the entire lower and middle stratosphere for 1970. The ozone values in the tropics are 

about 20–40 ppbv and there is hardly any significant change in tropical ozone from 1960 to 2010. Note that there is no 255 

signature of an ozone hole in Antarctica in this data (not shown), which also illustrates the problem of TOST data in 

accurately representing stratospheric ozone. In brief, very small values are observed in TOST in the tropics and the data gaps 

make it not suitable for statistical analysis. Second, the low ozone value region in the tropics is known to the scientific 

community for long (London, 1992) and the reason for this is the tropical upwelling branch of BDC that carries air with low 

ozone to the lower stratosphere (10–20 km).  260 
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Figure 4: Average of vertical distribution of ozone from the Trajectory-mapped Ozonesonde dataset for Troposphere and Stratosphere 

(TOST) in each decade from 1960 to 2010. White areas indicate data gaps. Here, DJF is December, January and February; MAM is 

March, April and May; JJA is June, July and August; SON is September, October and November. The bottom panel shows the number of 

ozonesonde observations at 19 km for each decade. 265 

We have used all ozonesonde measurements available in the tropics from WOUDC to further examine the ozone values (Fig. 

5). As expected very small values are observed in the tropical lower stratosphere, approximately 2 ppm. The decadal change 

of ozone is also very small (middle panel) in the past four decades, and the long-term analysis shows nonsignificant trends, 

at about 0.01 ± 0.008 ppm yr-1 for all three latitude bands (0–30° N, 0–30° S and 30°–30° N/S).  
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We have also applied the MLR method to find the trend in ozone by using the SWOOSH and GOZCARDS data. The 270 

estimated trends are nonsignificant at most altitudes during the period 1984–1997 (Fig. S7). Both data show a statistically 

significant decline of ozone in the upper stratosphere (5–1 hPa) during the period 1984–1997. The upper stratosphere shows 

a negative trend of around -0.035 ppm yr-1, and the middle and lower stratosphere show a negative trend of around -0.015 

ppm yr-1. Although much of these tropical regions have noticeable positive trends (0.03–0.04 ppm yr-1), they are 

nonsignificant. However, the trend estimated for the period 1998–2022 suggests that ozone is increasing (0.025–0.05 ppm yr-275 

1) in the stratosphere across the seasons (Figs. S8 and S9), except in the lower-latitude lower stratosphere where the values 

are slightly negative (-0.01 ± 0.002 ppm yr-1) and are statistically significant. 

 

Figure 5. Top panel: Locations of the ozonesonde stations in the tropics. The Southern Hemisphere ADditional OZonesondes (SHADOZ) 

stations are marked with a red star. Bottom left panel: Ozone profiles from WOUDC ozonesonde averaged for the tropics. Bottom Middle 280 

Panel. Mean ozone distribution over each decade in the tropics. Bottom right panel: The yearly averaged ozone trends for the period 1980–

2020. 

Furthermore, we have collocated the SHADOZ measurements to the nearest grids of TOST data and estimated the linear 

trends and bias of TOST at 15–35 km. The decadal mean of SHADOZ data does not show any significant change in ozone 

concentrations, except above 30–32 km, which can also be due to balloon measurement errors at these altitudes (Fig. S10). 285 

The trend estimated for the individual SHAODOZ stations exhibit either significant positive trends of about 0.01±0.005 
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ppmv yr-1 or significant negative trends of about 0.01–0.035 ppm yr-1 in the lower stratosphere (below 25 km). The middle 

stratospheric trends are neutral or positive at the SH stations.  

The bias in TOST data, that were used by Lu (2022), estimated using the collocated SHADOZ measurements in the tropics 

are shown in Fig. 6. The TOST data show hardly any bias below 20 km at most stations, but a low bias (1–1.5 ppmv) above 290 

that at all stations, except Nairobi, Hilo and Irena, where the TOST data show higher bias of about 1–1.5 ppmv. This is one 

of the reasons for the low ozone found in the study by Lu (2022). In addition, the comparison between TOST and satellite 

data (GOZCARDS and SWOOSH) shows that TOST is biased low by 0.1–0.45 ppmv in the lower stratosphere, which 

increases with altitude (Fig. S11). Also, the ozone transported vertically from the tropical tropopause to the stratosphere 

usually is characterised by very low ozone values. Therefore, the low tropical ozone values are driven by dynamics (Telford 295 

et al., 2009; Chipperfield et al., 2018).  
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Figure 6: The bias in TOST data (TOST - SHADOZ in ppmv) calculated using collocated measurements from SHADOZ measurements 

for the period 1998–2012.  
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Third, Lu (2022) used the percentage change in ozone to define the “ozone hole”, which is not a good metric to show how 300 

much ozone is present in a region. Rather, an ozone hole definition (i.e. ozone values below 220 DU) should be based on the 

amount of ozone present in a region, not relative to some other decade or a period. Apart from that, ozone loss is a seasonal 

process in the polar regions and therefore the comparison must be made with respect to the period of ozone loss with respect 

to its starting year. In addition, the impact of “ozone hole” is depending on the amount of ozone present, not the amount 

relative to previous decades in that region. Fourth, the amount of TCO in the tropical region was never below 220 DU and 305 

there is a slight increase in ozone in the stratosphere and troposphere after the year 2005 (see Fig. 2). Additionally, Lu (2022) 

incorrectly assigns tropical altitudes above 10 km to the stratosphere, but troposphere extends up to 16–18 km there (Seidel 

et al., 2001), in which very low ozone can be found over the tropical Pacific due to vertical transport of clean boundary layer 

air by convection (Kley, 1997). Lu (2022) therefore incorrectly claims that Polvani et al. (2017) and Newton et al. (2018) 

had reported very low ozone values in the tropical lower stratosphere. Polvani et al. (2017) only discusses ozone at 70 hPa 310 

(18 km) and higher, whereas Newton et al. (2018) attribute the low ozone to “uplift of almost-unmixed boundary-layer air” 

to altitudes of 100–150 hPa (14–17 km). Therefore, no TCO measurements show values below 220 DU, but all depict a 

small increase in ozone after 2005, in contrast to the claim made by Lu (2022). Five, the formation of polar vortex and PSCs 

are key to ozone loss in the polar winter and spring. Formation of PSC particles is also required for the cosmic-ray-driven 

electron-induced reaction (CRE) mechanism put forward by Lu (2022). However, no such phenomena are reported for the 315 

tropical stratosphere; indeed, there is no evidence for ice particles in the tropical stratosphere in measurements (Zou et al., 

2022; Chipperfield et al., 2022). Therefore, no such heterogeneous ozone loss is observed in the low latitudes and there is no 

basis for the CRE theory (Grooß and Müller, 2011). Finally, it is already well established a couple of decades ago based on 

all then available measurements that the trends in tropical stratospheric ozone are largely absent or minimal at best for the 

period 1979–1997 (Staehelin et al., 2001), which is neither acknowledged nor discussed in Lu (2022). 320 

3.3 Reasons for the lower values of ozone in the tropics 

We also replicated the analysis made by Lu (2022), in addition to a detailed analysis by Chipperfield et al. (2022) with the 

same TOST data, and find the following issues with Lu's claim on tropical ozone loss. (i) The TOST data Lu (2022) used are 

sparse in the tropical latitudes in the troposphere and stratosphere in all three previous decades of 1960s, 1970s and 1980s 

(see Fig. 4, top three panels and Fig. S12). Although the values are very small (20–30 ppb), which is expected there, the data 325 

cannot be subtracted from another dataset with gaps in them. One cannot claim any scientific process with interpolated data 

with huge gaps in them, as shown here. (ii) As opposed to Lu’s statement of continuous decline, we find a slight increase or 

no significant change in ozone from 1980 to the next decades in various independent datasets.  

The tropical stratospheric ozone has increased at least by 10–20 ppb in the past decades according to our analysis of a wide 

range of available data, in contrast to Lu’s claim that, the so-called tropical “ozone hole” were expanding. The recent 330 

strengthening of BDC has reduced the ozone values in the tropical stratosphere, which is reflected in the analysis of ozone 
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for recent decades (Butchart et al., 2006). Due to the accelerated motion of air in the tropics, the time for photochemical 

production of ozone is reduced, which is another reason for the declining trend in ozone there (Avallone and Prather, 1996). 

The enhanced ozone transport to the middle latitudes further reduces ozone in the lower stratosphere (Wargan et al., 2018). 

In addition to the changes in relative strength of upper and lower branches of the BDC (Butchart et al., 2006; Keeble et al., 335 

2018; Abalos et al., 2019), the increase in halogen containing short-lived species as there are no regulations or polices to 

curb them (Hossaini et al., 2015; Villamayor et al., 2023), widening of extratropical troposphere (Zubov et al., 2013; Bognar 

et al., 2022), increased aerosol loading (Andersson et al., 2015), and unexpected emissions of CFC-11 (Fleming et al., 2020) 

and inorganic iodine (Cuevas et al., 2018; Karagodin-Doyennel et al., 2021) could also decrease tropical lower stratospheric 

ozone. There is also a study suggesting that the reduction in solar activity might reduce ozone in the tropical regions 340 

(Arsenovic et al., 2018). However, trend detection in the tropical latitudes is difficult due to the large dynamical variability 

there, as also found by Stone et al. (2018). Note that the warming of tropical upper troposphere causes a sharp temperature 

gradient between tropics and mid-latitudes, which would push the jet, and thus lift the tropopause. This, in turn, produces 

enhanced meridional transport between the regions (tropics to mid-latitudes) through the lower branch of BDC, and is 

projected to continue through the turn of the century. Henceforth, tropical lower stratospheric ozone is also expected to 345 

decline further in the coming decades (Zubov et al., 2013). In brief, the change in tropical ozone presented in Lu (2022) is 

mostly due to the issues in the data used in his study, and the lower values of ozone in the troposphere are driven by 

dynamics. In the tropics, there are no new ozone loss processes and certainly there is no “ozone hole” formed, as claimed. 

Apart from these arguments, the claim by Lu (2022) regarding the lower ozone values and its impact is based on the volume 

(molar) mixing ratios in the tropical lower stratosphere. However, the ozone peak is around 30–35 km at these latitudes 350 

when we consider volume mixing ratios (molar mixing ratios), and hence, the analyses of Lu (2022) miss the major part of 

tropical ozone. When we examine the column values, they are never below 220 DU and there is no big threat from UV 

radiation.  

4. Conclusions 

The analyses of stratospheric ozone in the tropics presented here show a consistent picture of ozone evolution in the past four 355 

decades. There is no significant loss or increase of tropical stratospheric ozone although slightly negative trends are found 

during the period of 2000–2020. Recent studies have suggested that the negative trends in the tropical upwelling region are 

caused by dynamical processes; including the increase in the speed of BDC. This is clearly pictured in the time series of 

tropical ozone in recent years. The long-term trend in tropical TCO for the period (1998–2022) also shows no notable 

difference from the past decades. Lu (2022)’s claim is solely based on one decadal dataset, which has only few profiles (see 360 

Fig. S12) and the dataset is available only for the lower stratosphere. On the other hand, here we have analysed a set of 

satellite, balloon-borne ground-based and reanalyses data to examine tropical ozone, and find that the claims are not properly 

based on measurements or model simulations, and the data Lu (2022) used are inadequate to analyse tropical stratospheric 
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ozone. In addition, there is no such threat as Lu (2022) claimed due to the slight negative trends in ozone in the past two 

decades (1998–2022) as these changes are driven by stratospheric dynamics. In summary, there is no tropical “ozone hole” 365 

and the evidence provided by Lu (2022) for such a phenomenon is seriously flawed. 

Data availability. TOST data is available via https://woudc.org/archive/products/ozone/vertical-ozone-

profile/ozonesonde/1.0/tost/, GOZCARDS and MERRA–2 data are available on https://disc.gsfc.nasa.gov/, ERA-5 data are 

available on https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview, SHADOZ is 

available via https://tropo.gsfc.nasa.gov/shadoz/, OMPS TCO is available at https://ozonewatch.gsfc.nasa.gov/, WOUDC 370 

data are available: https://woudc.org/home.php, SBUV MOD is available at https://acd-

ext.gsfc.nasa.gov/Data_services/merged/,  SWOOSH data is available at https://csl.noaa.gov/groups/csl8/swoosh/, 

TROPOMI data is available at https://sentinel.esa.int/web/sentinel/user-guides/sentinel-5p-tropomi, GSG data is available at 

http://www.iup.uni-bremen.de/UVSAT/datasets/merged-wfdoas-total-ozone  

Authorship contributions. JK: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Resources, Data 375 

Curation, Visualization, Writing - Original Draft, Writing - Review & Editing. GSG: Software, Validation, Formal analysis, 

Data Curation, Visualization, Writing - Review & Editing. RM: Methodology, Formal analysis, Data Curation, Writing - 

Review & Editing. SGB: Formal analysis, Investigation, Data Curation, Writing - Review & Editing. JB: Formal analysis, 

Investigation, Data Curation, Writing - Review & Editing. 

Competing interests. JK, RM, and SGB are editors of ACP, otherwise, there is no competing interest.  380 

Acknowledgements. We thank the Chairman, CORAL and the Director, Indian Institute of Technology Kharagpur, for 

providing the facility for this study. The authors thank M. P. Chipperfield, Anne Thompson and L. Froidevaux for their 

comments and suggestions on the draft. GSG acknowledges the Prime Ministers Research Fellowship from the Ministry of 

Education, GoI for his Ph.D. at IIT KGP.  

Financial Support. This study did not receive any project funding. 385 

References 

Abalos, M., Polvani, L., Calvo, N., Kinnison, D., Ploeger, F., Randel, W., and Solomon, S.: New Insights on the Impact of 

Ozone‐Depleting Substances on the Brewer‐Dobson Circulation, J. Geophys. Res.  Atmos., 124, 2435–2451, 

https://doi.org/10.1029/2018jd029301, 2019.  

Andersson, S. M., Martinsson, B. G., Vernier, J.-P., Friberg, J., Brenninkmeijer, C. A. M., Hermann, M., van Velthoven, P. 390 

F. J., and Zahn, A.: Significant radiative impact of volcanic aerosol in the lowermost stratosphere, Nat. Commun., 6, 

https://doi.org/10.1038/ncomms8692, 2015. 

https://woudc.org/archive/products/ozone/vertical-ozone-profile/ozonesonde/1.0/tost/
https://woudc.org/archive/products/ozone/vertical-ozone-profile/ozonesonde/1.0/tost/
https://disc.gsfc.nasa.gov/
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview
https://tropo.gsfc.nasa.gov/shadoz/
https://ozonewatch.gsfc.nasa.gov/
https://woudc.org/home.php
https://acd-ext.gsfc.nasa.gov/Data_services/merged/
https://acd-ext.gsfc.nasa.gov/Data_services/merged/
https://csl.noaa.gov/groups/csl8/swoosh/
https://sentinel.esa.int/web/sentinel/user-guides/sentinel-5p-tropomi
http://www.iup.uni-bremen.de/UVSAT/datasets/merged-wfdoas-total-ozone


18 

 

Arsenovic, P., Rozanov, E., Anet, J., Stenke, A., Schmutz, W. and Peter, T. Implications of potential future grand solar 

minimum for ozone layer and climate. Atmos. Chem. Phy., 18(5), pp.3469-3483. https://doi.org/10.5194/acp-18-3469-2018, 

2018 395 

Avallone, L. M. and Prather, M. J.: Photochemical evolution of ozone in the lower tropical stratosphere, J. Geophys. Res. 

Atmos., 101, 1457–1461, https://doi.org/10.1029/95jd03010, 1996. 

Ball, W. T., Alsing, J., Staehelin, J., Davis, S. M., Froidevaux, L., and Peter, T.: Stratospheric ozone trends for 1985–2018: 

sensitivity to recent large variability, Atmos. Chem. Phys., 19, 12731–12748, https://doi.org/10.5194/acp-19-12731-2019, 

2019. 400 

Bernhard, G. H., Fioletov, V. E., Grooß, J.‐U., Ialongo, I., Johnsen, B.,Lakkala, K., G. L. Manney, R. Mueller, and T, 

Svendby: Record‐breaking increases in Arctic solar ultraviolet radiation caused by exceptionally large ozone depletion in 

2020.Geophysical Research Letters, 47,e2020GL090844. https://doi.org/10.1029/2020GL090844, 2020. 

Bognar, K., Tegtmeier, S., Bourassa, A., Roth, C., Warnock, T., Zawada, D., and Degenstein, D.: Stratospheric ozone trends 

for 1984–2021 in the SAGE II–OSIRIS–SAGE III/ISS composite dataset, Atmos. Chem. Phys., 22, 9553–9569, 405 

https://doi.org/10.5194/acp-22-9553-2022, 2022. 

Butchart, N., Scaife, A. A., Bourqui, M., de Grandpré, J., Hare, S. H. E., Kettleborough, J., Langematz, U., Manzini, E., 

Sassi, F., Shibata, K., Shindell, D., and Sigmond, M.: Simulations of anthropogenic change in the strength of the Brewer–

Dobson circulation, Clim. Dyn., 27, 727–741, https://doi.org/10.1007/s00382-006-0162-4, 2006. 

Chipperfield, M. P., Chrysanthou, A., Damadeo, R., Dameris, M., Dhomse, S. S., Fioletov, V., Frith, S. M., Godin-410 

Beekmann, S., Hassler, B., Liu, J., Müller, R., Petropavlovskikh, I., Santee, M. L., Stauffer, R. M., Tarasick, D., Thompson, 

A. M., Weber, M., and Young, P. J.: Comment on “Observation of large and all-season ozone losses over the tropics” [AIP 

Adv. 12, 075006 (2022)], AIP Adv., 12, https://doi.org/10.1063/5.0121723, 2022. 

Chipperfield, M. P., Dhomse, S. S., Feng, W., McKenzie, R. L., Velders, G. J. M., and Pyle, J. A.: Quantifying the ozone 

and ultraviolet benefits already achieved by the Montreal Protocol, Nat. Commun., 6, https://doi.org/10.1038/ncomms8233, 415 

2015.  

Cicerone, R. J.: Changes in Stratospheric Ozone, Science, 237, 35–42, https://doi.org/10.1126/science.237.4810.35, 1987.  

Coldewey-Egbers, M., Weber, M., Lamsal, L. N., de Beek, R., Buchwitz, M., and Burrows, J. P.: Total ozone retrieval from 

GOME UV spectral data using the weighting function DOAS approach, Atmos. Chem. Phys., 5, 1015–1025, 

https://doi.org/10.5194/acp-5-1015-2005, 2005.  420 

Conover, W.C. and Stroud, W.G. A high-altitude radiosonde hypsometer. J. Atmos. Sci., 15(1), pp.63-68, 

https://doi.org/10.1175/1520-0469(1958)015%3C0063:AHARH%3E2.0.CO;2. 1958 

Crutzen, P. J. and Arnold, F.: Nitric acid cloud formation in the cold Antarctic stratosphere: a major cause for the springtime 

‘ozone hole,’ Nature, 324, 651–655, https://doi.org/10.1038/324651a0, 1986. 

https://doi.org/10.1029/2020GL090844


19 

 

Cuevas, C. A., Maffezzoli, N., Corella, J. P., Spolaor, A., Vallelonga, P., Kjær, H. A., Simonsen, M., Winstrup, M., Vinther, 425 

B., Horvat, C., Fernandez, R. P., Kinnison, D., Lamarque, J.-F., Barbante, C., and Saiz-Lopez, A.: Rapid increase in 

atmospheric iodine levels in the North Atlantic since the mid-20th century, Nat. Commun., 9, 

https://doi.org/10.1038/s41467-018-03756-1, 2018. 

Davis, S. M., Rosenlof, K. H., Hassler, B., Hurst, D. F., Read, W. G., Vömel, H., Selkirk, H., Fujiwara, M., and Damadeo, 

R.: The Stratospheric Water and Ozone Satellite Homogenized (SWOOSH) database: a long-term database for climate 430 

studies, Earth Syst. Sci. Data, 8, 461–490, https://doi.org/10.5194/essd-8-461-2016, 2016. 

DeLand, M. T., Taylor, S. L., Huang, L. K., and Fisher, B. L.: Calibration of the SBUV version 8.6 ozone data product, 

Atmos. Meas. Tech., 5, 2951–2967, https://doi.org/10.5194/amt-5-2951-2012, 2012. 

Farman, J. C., Gardiner, B. G., and Shanklin, J. D.: Large losses of total ozone in Antarctica reveal seasonal ClOx/NOx 

interaction, Nature, 315, 207–210, https://doi.org/10.1038/315207a0, 1985.  435 

Fioletov, V. E.: Global and zonal total ozone variations estimated from ground-based and satellite measurements: 1964–

2000, J. Geophys. Res. Atmos., 107, https://doi.org/10.1029/2001jd001350, 2002. 

Fleming, E. L., Newman, P. A., Liang, Q., and Daniel, J. S.: The Impact of Continuing CFC‐11 Emissions on Stratospheric 

Ozone, J. Geophys. Res. Atmos., 125, https://doi.org/10.1029/2019jd031849, 2020.  

Flury, T., Wu, D. L., and Read, W. G.: Variability in the speed of the Brewer–Dobson circulation as observed by Aura/MLS, 440 

Atmos. Chem. Phys., 13, 4563–4575, https://doi.org/10.5194/acp-13-4563-2013, 2013.  

Flynn, L., Long, C., Wu, X., Evans, R., Beck, C. T., Petropavlovskikh, I., McConville, G., Yu, W., Zhang, Z., Niu, J., Beach, 

E., Hao, Y., Pan, C., Sen, B., Novicki, M., Zhou, S., and Seftor, C.: Performance of the Ozone Mapping and Profiler Suite 

(OMPS) products, J. Geophys. Res. Atmos., 119, 6181–6195, https://doi.org/10.1002/2013jd020467, 2014.  

Frith, S. M., Kramarova, N. A., Stolarski, R. S., McPeters, R. D., Bhartia, P. K., and Labow, G. J.: Recent changes in total 445 

column ozone based on the SBUV Version 8.6 Merged Ozone Data Set, J. Geophys. Res. Atmos., 119, 9735–9751, 

https://doi.org/10.1002/2014jd021889, 2014. 

Froidevaux, L., Anderson, J., Wang, H.-J., Fuller, R. A., Schwartz, M. J., Santee, M. L., Livesey, N. J., Pumphrey, H. C., 

Bernath, P. F., Russell, J. M., III, and McCormick, M. P.: Global OZone Chemistry And Related trace gas Data records for 

the Stratosphere (GOZCARDS): methodology and sample results with a focus on HCl, 450 

H&amp;lt;sub&amp;gt;2&amp;lt;/sub&amp;gt;O, and O&amp;lt;sub&amp;gt;3&amp;lt;/sub&amp;gt;, Atmos. Chem. 

Phys., 15, 10471–10507, https://doi.org/10.5194/acp-15-10471-2015, 2015. 

Godin-Beekmann, S., Azouz, N., Sofieva, V. F., Hubert, D., Petropavlovskikh, I., Effertz, P., Ancellet, G., Degenstein, D. 

A., Zawada, D., Froidevaux, L., Frith, S., Wild, J., Davis, S., Steinbrecht, W., Leblanc, T., Querel, R., Tourpali, K., 

Damadeo, R., Maillard Barras, E., Stübi, R., Vigouroux, C., Arosio, C., Nedoluha, G., Boyd, I., Van Malderen, R., Mahieu, 455 

E., Smale, D., and Sussmann, R.: Updated trends of the stratospheric ozone vertical distribution in the 60° S–60° N latitude 

range based on the LOTUS regression model, Atmos. Chem. Phys., 22, 11657–11673, https://doi.org/10.5194/acp-22-11657-

2022, 2022.  



20 

 

Goutail, F., Pommereau, J.-P., Lefèvre, F., van Roozendael, M., Andersen, S. B., Kåstad Høiskar, B.-A., Dorokhov, V., 

Kyrö, E., Chipperfield, M. P., and Feng, W.: Early unusual ozone loss during the Arctic winter 2002/2003 compared to other 460 

winters, Atmos. Chem. Phys., 5, 665–677, https://doi.org/10.5194/acp-5-665-2005, 2005. 

Grooß, J.-U. and Müller, R.: Do cosmic-ray-driven electron-induced reactions impact stratospheric ozone depletion and 

global climate change? Atmos. Environ., 45, 3508–3514, https://doi.org/10.1016/j.atmosenv.2011.03.059, 2011. 

Heue, K.-P., Coldewey-Egbers, M., Delcloo, A., Lerot, C., Loyola, D., Valks, P., and van Roozendael, M.: Trends of tropical 

tropospheric ozone from 20 years of European satellite measurements and perspectives for the Sentinel-5 Precursor, Atmos. 465 

Meas. Tech., 9, 5037–5051, https://doi.org/10.5194/amt-9-5037-2016, 2016.  

Hoffmann, L., Hoppe, C.M., Müller, R., Dutton, G.S., Gille, J.C., Griessbach, S., Jones, A., Meyer, C.I., Spang, R., Volk, 

C.M. and Walker, K.A. Stratospheric lifetime ratio of CFC-11 and CFC-12 from satellite and model climatologies. Atmos. 

Chem. Phy., 14(22), pp.12479-12497. https://doi.org/10.5194/acp-14-12479-2014, 2014 

Hossaini, R., Chipperfield, M. P., Montzka, S. A., Rap, A., Dhomse, S., and Feng, W.: Efficiency of short-lived halogens at 470 

influencing climate through depletion of stratospheric ozone, Nat. Geosci., 8, 186–190, https://doi.org/10.1038/ngeo2363, 

2015.  

Huang, G., Liu, X., Chance, K., Yang, K., and Cai, Z.: Validation of 10-year SAO OMI ozone profile (PROFOZ) product 

using Aura MLS measurements, Atmos. Meas. Tech., 11, 17–32, https://doi.org/10.5194/amt-11-17-2018, 2018.  

Inness, A., Flemming, J., Heue, K.-P., Lerot, C., Loyola, D., Ribas, R., Valks, P., van Roozendael, M., Xu, J., and Zimmer, 475 

W.: Monitoring and assimilation tests with TROPOMI data in the CAMS system: near-real-time total column ozone, Atmos. 

Chem. Phys., 19, 3939–3962, https://doi.org/10.5194/acp-19-3939-2019, 2019.  

Johnson, B., Schnell, R.C., Cullis, P., Sterling, C.W., Jordan, A.F. and Petropavlovskikh, I.V. December. Data 

Homogenization Results from Three NOAA Long-term ECC Ozonesonde Records. In AGU Fall Meeting Abstracts (Vol. 

2018, pp. A31I-2959), https://ui.adsabs.harvard.edu/abs/2018AGUFM.A31I2959J/abstract, 2018  480 

Karagodin-Doyennel, A., Rozanov, E., Sukhodolov, T., Egorova, T., Saiz-Lopez, A., Cuevas, C. A., Fernandez, R. P., 

Sherwen, T., Volkamer, R., Koenig, T. K., Giroud, T., and Peter, T.: Iodine chemistry in the chemistry–climate model 

SOCOL-AERv2-I, Geosci. Model Dev., 14, 6623–6645, https://doi.org/10.5194/gmd-14-6623-2021, 2021.  

Keeble, J., Brown, H., Abraham, N. L., Harris, N. R. P., and Pyle, J. A.: On ozone trend detection: using coupled chemistry–

climate simulations to investigate early signs of total column ozone recovery, Atmos. Chem. Phys., 18, 7625–7637, 485 

https://doi.org/10.5194/acp-18-7625-2018, 2018. 

Kley, D.: Tropospheric chemistry and transport. Science, 276(5315), pp.1043-1044, 1997. 

Komhyr, W. D., Barnes, R. A., Brothers, G. B., Lathrop, J. A., and Opperman, D. P.: Electrochemical concentration cell 

ozonesonde performance evaluation during STOIC 1989, J. Geophys. Res. Atmos., 100, 9231–9244, 

https://doi.org/10.1029/94jd02175, 1995. 490 



21 

 

Kramarova, N. A., Frith, S. M., Bhartia, P. K., McPeters, R. D., Taylor, S. L., Fisher, B. L., Labow, G. J., and DeLand, M. 

T.: Validation of ozone monthly zonal mean profiles obtained from the version 8.6 Solar Backscatter Ultraviolet algorithm, 

Atmos. Chem. Phys., 13, 6887–6905, https://doi.org/10.5194/acp-13-6887-2013, 2013.  

Kroon, M., Veefkind, J. P., Sneep, M., McPeters, R. D., Bhartia, P. K., and Levelt, P. F.: Comparing OMI-TOMS and OMI-

DOAS total ozone column data, J. Geophys. Res. Atmos., 113, https://doi.org/10.1029/2007jd008798, 2008.  495 

Kuttippurath, J. and Nair, P. J.: The signs of Antarctic ozone hole recovery, Sci. Rep., 7, https://doi.org/10.1038/s41598-017-

00722-7, 2017. 

Lelieveld, J. and Dentener, F. J.: What controls tropospheric ozone? J. Geophys. Res. Atmos., 105, 3531–3551, 

https://doi.org/10.1029/1999jd901011, 2000. 

Lerot, C., Van Roozendael, M., Spurr, R., Loyola, D., Coldewey‐Egbers, M., Kochenova, S., van Gent, J., Koukouli, M., 500 

Balis, D., Lambert, J. ‐C., Granville, J., and Zehner, C.: Homogenized total ozone data records from the European sensors 

GOME/ERS‐2, SCIAMACHY/Envisat, and GOME‐2/MetOp‐A, J. Geophys. Res. Atmos., 119, 1639–1662, 

https://doi.org/10.1002/2013jd020831, 2014. 

Levelt, P. F., van den Oord, G. H. J., Dobber, M. R., Malkki, A., Huib Visser, Johan de Vries, Stammes, P., Lundell, J. O. 

V., and Saari, H.: The ozone monitoring instrument, IEEE Trans. Geosci. Remote Sensing, 44, 1093–1101, 505 

https://doi.org/10.1109/tgrs.2006.872333, 2006. 

Lin, P. and Fu, Q.: Changes in various branches of the Brewer-Dobson circulation from an ensemble of chemistry climate 

models, J. Geophys. Res. Atmos., 118, 73–84, https://doi.org/10.1029/2012jd018813, 2013.  

Liu, G., Liu, J., Tarasick, D. W., Fioletov, V. E., Jin, J. J., Moeini, O., Liu, X., Sioris, C. E., and Osman, M.: A global 

tropospheric ozone climatology from trajectory-mapped ozone soundings, Atmos. Chem. Phys., 13, 10659–10675, 510 

https://doi.org/10.5194/acp-13-10659-2013, 2013.  

London, J. and Liu, S. C.: Long-term tropospheric and lower stratospheric ozone variations from ozonesonde observations, J. 

Atmos. Terr. Phys., 54, 599–625, https://doi.org/10.1016/0021-9169(92)90100-y, 1992. 

Lu, Q.-B.: Cosmic-ray-driven electron-induced reactions of halogenated molecules adsorbed on ice surfaces: Implications 

for atmospheric ozone depletion and global climate change, Phys. Rep., 487, 141–167, 515 

https://doi.org/10.1016/j.physrep.2009.12.002, 2010. 

Lu, Q.-B.: Observation of large and all-season ozone losses over the tropics, AIP Advan., 12, 

https://doi.org/10.1063/5.0094629, 2022. 

Millan, L. and Manney, G.: An assessment of Ozone Mini-holes Representation in Reanalyses Over the Northern 

Hemisphere. Atmospheric Chemistry and Physics Discussions, pp.1-22, 2017  520 

McCormack, J.P. and Hood, L.L.: The frequency and size of ozone “mini‐hole” events at northern midlatitudes in February. 

Geophysical research letters, 24(21), pp.2647-2650, 1997 



22 

 

McPeters, R.: Earth probe total ozone mapping spectrometer (TOMS) data product user's guide (Vol. 206895). National 

Aeronautics and Space Administration, Goddard Space Flight Center, 

https://ntrs.nasa.gov/api/citations/19990019486/downloads/19990019486.pdf, 1998. 525 

Müller, R., Grooß, J.-U., Zafar, A. M., Robrecht, S., and Lehmann, R.: The maintenance of elevated active chlorine levels in 

the Antarctic lower stratosphere through HCl null cycles, Atmos. Chem. Phys., 18, 2985–2997, https://doi.org/10.5194/acp-

18-2985-2018, 2018.  

Newton, R., Vaughan, G., Hintsa, E., Filus, M.T., Pan, L.L., Honomichl, S., Atlas, E., Andrews, S.J. and Carpenter, L.J.: 

Observations of ozone-poor air in the tropical tropopause layer. Atmospheric chemistry and physics, 18(7), pp.5157-5171, 530 

2018 

Pazmiño, A., Godin-Beekmann, S., Hauchecorne, A., Claud, C., Khaykin, S., Goutail, F., Wolfram, E., Salvador, J., and 

Quel, E.: Multiple symptoms of total ozone recovery inside the Antarctic vortex during austral spring, Atmos. Chem. Phys., 

18, 7557–7572, https://doi.org/10.5194/acp-18-7557-2018, 2018.  

Polvani, L.M., Wang, L., Aquila, V. and Waugh, D.W.: The impact of ozone-depleting substances on tropical upwelling, as 535 

revealed by the absence of lower-stratospheric cooling since the late 1990s. Journal of Climate, 30(7), pp.2523-2534, 2017. 

Poole, L. R. and McCormick, M. P.: Polar stratospheric clouds and the Antarctic ozone hole, J. Geophys. Res. Atmos., 93, 

8423–8430, https://doi.org/10.1029/jd093id07p08423, 1988.  

Pyle, J. A., Harris, N. R. P., Farman, J. C., Arnold, F., Braathen, G., Cox, R. A., Faucon, P., Jones, R. L., Megie, G., O’Neill, 

A., Platt, U., Pommereau, J. ‐P., Schmidt, U., and Stordal, F.: An overview of the EASOE Campaign, Geophys. Res. Lett., 540 

21, 1191–1194, https://doi.org/10.1029/94gl00004, 1994.  

Randel, W. J. and Cobb, J. B.: Coherent variations of monthly mean total ozone and lower stratospheric temperature, J. 

Geophys. Res. Atmos., 99, 5433–5447, https://doi.org/10.1029/93jd03454, 1994.  

Randel, W. J. and Thompson, A. M.: Interannual variability and trends in tropical ozone derived from SAGE II satellite data 

and SHADOZ ozonesondes, J. Geophys. Res. Atmos., 116, https://doi.org/10.1029/2010jd015195, 2011.  545 

Seidel, D.J. and Randel, W.J. Recent widening of the tropical belt: Evidence from tropopause observations. Journal of 

Geophysical Research: Atmospheres, 112(D20), 2007 

Smit, H.G., Straeter, W., Johnson, B.J., Oltmans, S.J., Davies, J., Tarasick, D.W., Hoegger, B., Stubi, R., Schmidlin, F.J., 

Northam, T. and Thompson, A.M.: Assessment of the performance of ECC‐ozonesondes under quasi‐flight conditions in the 

environmental simulation chamber: Insights from the Juelich Ozone Sonde Intercomparison Experiment (JOSIE). Journal of 550 

Geophysical Research: Atmospheres, 112(D19), 2007  

Solomon, S.: Progress towards a quantitative understanding of Antarctic ozone depletion, Nature, 347, 347–354, 

https://doi.org/10.1038/347347a0, 1990.  

Solomon, S., Ivy, D. J., Kinnison, D., Mills, M. J., Neely, R. R., III, and Schmidt, A.: Emergence of healing in the Antarctic 

ozone layer, Science, 353, 269–274, https://doi.org/10.1126/science.aae0061, 2016. 555 



23 

 

Solomon, S., Garcia, R. R., Rowland, F. S., and Wuebbles, D. J.: On the depletion of Antarctic ozone, Nature, 321, 755–758, 

https://doi.org/10.1038/321755a0, 1986.  

SPARC: Chapter 4: Overviw of Ozone and Water vapour https://www.sparc-climate.org/wp-

content/uploads/sites/5/2022/01/04_S-RIP_Report_Ch04.pdf, 2017 

Spurr, R., Loyola, D., Heue, K.P., Van Roozendael, M. and Lerot, C.: S5P/TROPOMI Total Ozone ATBD. Deutsches 560 

Zentrum für Luftund Raumfahrt (German Aerospace Center), Weßling, Germany, Tech. Rep. S5P-L2-DLR-ATBD-400A, 

2021 

Staehelin, J., and Poberaj, C. S.: Long-term Tropospheric Ozone Trends: A Critical Review, Climate Variability and 

Extremes during the Past 100 Years, 271–282, https://doi.org/10.1007/978-1-4020-6766-2_18, 2008.  

Staehelin, J., Harris, N. R. P., Appenzeller, C., and Eberhard, J.: Ozone trends: A review, Rev. Geophys., 39, 231–290, 565 

https://doi.org/10.1029/1999rg000059, 2001.  

Steinbrecht, W., Froidevaux, L., Fuller, R., Wang, R., Anderson, J., Roth, C., Bourassa, A., Degenstein, D., Damadeo, R., 

Zawodny, J., Frith, S., McPeters, R., Bhartia, P., Wild, J., Long, C., Davis, S., Rosenlof, K., Sofieva, V., Walker, K., 

Rahpoe, N., Rozanov, A., Weber, M., Laeng, A., von Clarmann, T., Stiller, G., Kramarova, N., Godin-Beekmann, S., 

Leblanc, T., Querel, R., Swart, D., Boyd, I., Hocke, K., Kämpfer, N., Maillard Barras, E., Moreira, L., Nedoluha, G., 570 

Vigouroux, C., Blumenstock, T., Schneider, M., García, O., Jones, N., Mahieu, E., Smale, D., Kotkamp, M., Robinson, J., 

Petropavlovskikh, I., Harris, N., Hassler, B., Hubert, D., and Tummon, F.: An update on ozone profile trends for the period 

2000 to 2016, Atmos. Chem. Phys., 17, 10675–10690, https://doi.org/10.5194/acp-17-10675-2017, 2017. 

Stone, K. A., Solomon, S., and Kinnison, D. E.: On the Identification of Ozone Recovery, Geophys. Res. Lett., 45, 5158–

5165, https://doi.org/10.1029/2018gl077955, 2018. 575 

Szeląg, M. E., Sofieva, V. F., Degenstein, D., Roth, C., Davis, S., and Froidevaux, L.: Seasonal stratospheric ozone trends 

over 2000–2018 derived from several merged data sets, Atmos. Chem. Phys., 20, 7035–7047, https://doi.org/10.5194/acp-

20-7035-2020, 2020. 

Tarasick, D. W., Carey-Smith, T. K., Hocking, W. K., Moeini, O., He, H., Liu, J., Osman, M. K., Thompson, A. M., 

Johnson, B. J., Oltmans, S. J., and Merrill, J. T.: Quantifying stratosphere-troposphere transport of ozone using balloon-580 

borne ozonesondes, radar windprofilers and trajectory models, Atmos. Environ., 198, 496–509, 

https://doi.org/10.1016/j.atmosenv.2018.10.040, 2019. 

Telford, P., Braesicke, P., Morgenstern, O., and Pyle, J.: Reassessment of causes of ozone column variability following the 

eruption of Mount Pinatubo using a nudged CCM, Atmos. Chem. Phys., 9, 4251–4260, https://doi.org/10.5194/acp-9-4251-

2009, 2009.  585 

Thompson, A. M., Stauffer, R. M., Wargan, K., Witte, J. C., Kollonige, D. E., and Ziemke, J. R.: Regional and Seasonal 

Trends in Tropical Ozone from SHADOZ Profiles: Reference for Models and Satellite Products, J. Geophys. Res. Atmos, 

126, https://doi.org/10.1029/2021jd034691, 2021. 



24 

 

Thompson, A. M., Witte, J. C., Sterling, C., Jordan, A., Johnson, B. J., Oltmans, S. J., Fujiwara, M., Vömel, H., Allaart, M., 

Piters, A., Coetzee, G. J. R., Posny, F., Corrales, E., Diaz, J. A., Félix, C., Komala, N., Lai, N., Ahn Nguyen, H. T., Maata, 590 

M., Mani, F., Zainal, Z., Ogino, S., Paredes, F., Penha, T. L. B., da Silva, F. R., Sallons‐Mitro, S., Selkirk, H. B., Schmidlin, 

F. J., Stübi, R., and Thiongo, K.: First Reprocessing of Southern Hemisphere Additional Ozonesondes (SHADOZ) Ozone 

Profiles (1998–2016): 2. Comparisons With Satellites and Ground‐Based Instruments, J. Geophys. Res. Atmos, 122, 

https://doi.org/10.1002/2017jd027406, 2017. 

Tuck, A. F., Watson, R. T., Condon, E. P., Margitan, J. J., and Toon, O. B.: The planning and execution of ER-2 and DC-8 595 

aircraft flights over Antarctica, August and September 1987, J. Geophys. Res. Atmos., 94(D9), 11181– 11222, 

doi:10.1029/JD094iD09p11181, 1989. 

Villamayor, J., Iglesias-Suarez, F., Cuevas, C.A. et al.: Very short-lived halogens amplify ozone depletion trends in the 

tropical lower stratosphere, Nat. Clim. Chang, 13, 554–560, https://doi.org/10.1038/s41558-023-01671-y, 2023 

Wargan, K., Orbe, C., Pawson, S., Ziemke, J. R., Oman, L. D., Olsen, M. A., Coy, L., and Emma Knowland, K.: Recent 600 

Decline in Extratropical Lower Stratospheric Ozone Attributed to Circulation Changes, Geophys. Res. Lett., 45, 5166–5176, 

https://doi.org/10.1029/2018gl077406, 2018. 

Weber, M., Coldewey-Egbers, M., Fioletov, V. E., Frith, S. M., Wild, J. D., Burrows, J. P., Long, C. S., and Loyola, D.: 

Total ozone trends from 1979 to 2016 derived from five merged observational datasets – the emergence into ozone recovery, 

Atmos. Chem. Phys., 18, 2097–2117, https://doi.org/10.5194/acp-18-2097-2018, 2018. 605 

Weber, M., Arosio, C., Coldewey-Egbers, M., Fioletov, V.E., Frith, S.M., Wild, J.D., Tourpali, K., Burrows, J.P. and 

Loyola, D.: Global total ozone recovery trends attributed to ozone-depleting substance (ODS) changes derived from five 

merged ozone datasets. Atmospheric Chemistry and Physics, 22(10), pp.6843-6859, 2022. 

WMO (World Meteorological Organization). Scientific Assessment of Ozone Depletion: 2022, GAW Report No. 278, 509 

pp.; WMO: Geneva, 2022. 610 

WMO (2018): Braesicke, P., Neu, J.L., Fioletov, V.E., Godin-Beekmann, S., Hubert, D., Petropavlovskikh, I., Shiotani, M., 

Sinnhuber, B.M., Ball, W., Chang, K.L. and Damadeo, R., 2018. Update on Global Ozone: Past, Present, and Future, 

Chapter 3 in WMO Scientific Assessment of Ozone Depletion (2018). 

Zou, L., Griessbach, S., Hoffmann, L., and Spang, R.: A global view on stratospheric ice clouds: assessment of processes 

related to their occurrence based on satellite observations, Atmos. Chem. Phys., 22, 6677–6702, https://doi.org/10.5194/acp-615 

22-6677-2022, 2022.  

Zubov, V., Rozanov, E., Egorova, T., Karol, I., and Schmutz, W.: Role of external factors in the evolution of the ozone layer 

and stratospheric circulation in 21st century, Atmos. Chem. Phys., 13, 4697–4706, https://doi.org/10.5194/acp-13-4697-

2013, 2013.   

 620 

--- 

 

 

https://doi.org/10.1038/s41558-023-01671-y

