
Ozone Trends in the Upper Troposphere‐Lower
Stratosphere Using Equivalent Latitude‐Potential
Temperature Coordinates
L. Millán1 , P. Hoor2 , M. I. Hegglin3,4,5 , G. L. Manney6,7 , P. S. Jeffery8, F. M. Weyland2 ,
T. Leblanc9, K. A. Walker8 , H. Boenisch10 , D. Kunkel2 , I. Petropavlovskikh11 , and H. Ye4

1Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA, 2Institute for Atmospheric Physics,
University of Mainz, Mainz, Germany, 3Institute of Climate and Energy Systems ‐ Stratosphere (ICE‐4),
Forschungszentrum Jülich, Jülich, Germany, 4Department of Meteorology, University of Reading, Reading, UK, 5Institute
for Atmospheric and Environmental Research, University of Wuppertal, Wuppertal, Germany, 6NorthWest Research
Associates, Socorro, NM, USA, 7New Mexico Institute of Mining and Technology, Socorro, NM, USA, 8Department of
Physics, University of Toronto, Toronto, ON, Canada, 9Jet Propulsion Laboratory, California Institute of Technology,
Wrightwood, CA, USA, 10Karlsruhe Institute of Technology, Institute of Meteorology and Climate Research, Karlsruhe,
Germany, 11Cooperative Institute for Research in Environmental Sciences, National Ocean and Atmospheric
Administration, Boulder, CO, USA

Abstract We analyze ozone trends in the upper troposphere and lower stratosphere (UTLS, ∼300–50 hPa),
using geographical (latitude‐pressure and latitude‐altitude) and, for the first time, dynamical (equivalent
latitude‐potential temperature, EqL‐θ) coordinates. Trends are determined using linear least squares fits,
multiple linear regression, and dynamical linear modeling. Regardless of the method, EqL‐θ improves
consistency between trends across the UTLS, reduces large UT tropical uncertainties, alters the magnitude of
mid‐latitude trends, and, most notably, in the Southern polar lower stratosphere, reveals statistically significant
trends exceeding 8% per decade during Antarctic Spring. This provides further evidence of Antarctic ozone
recovery. These robust trends are not captured using geographical coordinates. We argue that EqL‐θ enables
more physically grounded interpretations of chemical ozone trends and their uncertainties, as EqL‐θ accounts
for the adiabatic (reversible) transport of ozone.

Plain Language Summary Ozone plays a vital role in Earth's atmosphere. In the stratosphere it
protects life by blocking harmful ultraviolet (UV) radiation, while in the troposphere it acts as a powerful
greenhouse gas and air pollutant. The region between these two layers, known as the upper troposphere and
lower stratosphere (UTLS, ∼10–22 km), is especially important because ozone in this region not only affects
surface UV levels, but also climate and the quality of the air we breathe. Tracking ozone changes in this region is
therefore essential for understanding its broader impacts. Typically, long‐term changes of ozone (known as
ozone trends) are determined using a geographical framework, where data are grouped by latitude and either
altitude or pressure. In this study, we evaluate trends in these geographical frameworks and compare them to an
alternative dynamical framework that accounts for the movement of ozone through the UTLS. We argue that
this dynamical approach enables more physically grounded interpretations of ozone trends and their
uncertainties. Notably, it reveals strong signals of Antarctic ozone hole chemical recovery that are not captured
by commonly used geographical frameworks.

1. Introduction
Ozone, an essential atmospheric constituent, acts both as a protective shield by absorbing harmful ultraviolet
radiation in the stratosphere (e.g., WMO, 2022) and a potent greenhouse gas in the troposphere (e.g., IPCC, 2021).
Ozone in the upper troposphere and lower stratosphere (UTLS) is of particular interest due to its critical role in the
Earth's radiation budget (e.g., Lacis et al., 1990; Riese et al., 2012), as well as its influence on air quality near the
Earth's surface (e.g., Langford et al., 2015; Lin et al., 2015; Williams et al., 2019). Quantifying ozone trends in
this region is thus essential for understanding its impacts not only for surface UV, but also on climate and air
quality.

Despite decades of measurements from the ground, balloons, aircraft, and satellites, estimating ozone trends in the
UTLS remains challenging because it is a transition region between the ozone‐poor troposphere and the ozone‐
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rich stratosphere (e.g., Gettelman et al., 2011). UTLS ozone exhibits large spatio‐temporal variability, primarily
driven by dynamical fluctuations in the tropopause and the UTLS jets locations (e.g., Manney et al., 2011; Pan
et al., 2009; Randel et al., 2007).

As part of the Observed Composition Trends And Variability in the UTLS (OCTAV‐UTLS) Atmospheric
Processes And their Role in Climate (APARC) activity, Millán et al. (2024) mapped multi‐platform ozone data
sets in various coordinate systems (including tropopause‐ and jet‐relative coordinates) to systematically assess
their influence on binned representations of ozone variability. They found that coordinate systems not aligned
with transport barriers tend to overestimate ozone variability, as they fail to account for the shifting positions of
jets and tropopauses or for wave‐induced displacements of air parcels, thus inflating the binned variability. In
contrast, equivalent latitude–potential temperature (EqL‐θ) coordinates largely preserve ozone gradients at
transport barriers and introduced the least binning‐induced variability, yielding the smallest overall variability
across the UTLS in all data sets and seasons (Millán et al., 2024). This is because EqL‐θ relies on the conservation
of potential temperature and potential vorticity (e.g., Hoskins, 1991; Krause et al., 2018), aligning well with the
adiabatic (reversible) transport of ozone on timescale up to a few days.

We analyze ozone trends from 2005 to 2024 in the UTLS (∼300–50 hPa) using data from the Aura Microwave
Limb Sounder (MLS, Waters et al., 2006) and the Atmospheric Chemistry Experiment‐Fourier Transform
Spectrometer (ACE‐FTS, Bernath et al., 2005). The data are binned in geographical coordinates (latitude‐pressure
and latitude‐altitude) as well as in EqL‐θ. To our knowledge, this is the first assessment of ozone trends using
these dynamical coordinates. Tropopause and jet coordinates are not used because they are only suitable near their
limited regions of influence (e.g., Hegglin et al., 2008; Millán et al., 2024). Unlike many studies that focus
primarily on the LS above ∼100 hPa, our analysis extends through the full depth of the LS and into the UT. We
also conduct a global analysis rather than limiting the study to only extra‐polar or polar regions.

2. Data Sets and Methods
We use Aura MLS version 5 (Schwartz, 2021) and ACE‐FTS version 5.3 ozone data, applying their recom-
mended quality screening (Livesey et al., 2022; Sheese et al., 2015). MLS ozone vertical resolution in the UTLS is
around 3 km (Livesey et al., 2022) whereas ACE‐FTS is around 1 km, achieved through oversampling in altitude
(Hegglin et al., 2008). MLS provides about 3,500 profiles along the suborbital track every day during both day
and night from 82°S and 82°N. In contrast, ACE‐FTS measures one sunrise and one sunset per orbit, resulting in
approximately 15 sunrise and 15 sunset occultations each day, largely concentrated at high latitudes. ACE‐FTS
achieves global coverage over a period of 3 months (i.e., one season), with almost identical coverage every year.
Typical MLS and ACE‐FTS sampling patterns are shown in Figures 1a and 1b. We use these data sets to exploit
their overlapping long timeseries and to contrast the impact of using EqL‐θ on dense versus coarse sampling. Both
ozone data sets have been extensively validated (e.g., Hubert et al., 2016; Jiang et al., 2007; Sheese et al., 2017,
2022; Zou et al., 2024).

To map these ozone observations into different coordinate systems, we use the JEt and Tropopause Products for
Analysis and Characterization (JETPAC) algorithms (e.g., Manney &Hegglin, 2018; Manney et al., 2011; Millán
et al., 2023). JETPAC provides equivalent latitude, potential temperature, and characterization of tropopauses and
UTLS jets, based on meteorological information from reanalysis fields for each measurement time and location.
For this study, these fields are derived from the Modern‐Era Retrospective analysis for Research and Applica-
tions, version 2 (MERRA‐2, Gelaro et al., 2017). MERRA‐2 has been extensively evaluated and is well‐suited for
UTLS studies (e.g., Homeyer et al., 2021; Manney et al., 2017; Tegtmeier et al., 2022), and shows no discon-
tinuities (e.g., related to changes in assimilated observations or segmentation into multiple processing streams)
during the study period (i.e., 2005 onward) (e.g., Fujiwara et al., 2017), either in temperature (i.e., θ, Long
et al., 2017) or potential vorticity (i.e., EqL, Millán et al., 2021).

MLS and ACE‐FTS ozone profiles are aggregated into seasonal zonal means in 5° bins (in either latitude or EqL).
Vertically, the data are binned onto uniform grids using pressure (12 levels per decade), altitude (2 km spacing), or
potential temperature (θ, 15 K spacing). For each grid cell time series (e.g., Figure 1c), trends are first calculated
by applying a linear (least squares) fit to the deseasonaliazed data (Figure 1d). For these simple trend analyses, we
avoid excluding sources of variability, such as El Niño Southern Oscillation (ENSO), the quasi‐biennal oscillation
(QBO), solar cycle, volcanic eruptions, etc, in the regression analysis to capture the full range of variability in
ozone trends over the study period and to explore the impact of using EqL‐θ without attributing other sources of
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variability. Trends are computed only for timeseries in which at least 95% of the seasonal grid cells contain data
points.

Uncertainties are estimated using a yearly block bootstrap resampling method (Figure 1e, e.g., Efron &
Tibshirani, 1994), which accounts for autocorrelation in the residuals (e.g., Bourassa et al., 2014; Froidevaux
et al., 2022). We report 2σ uncertainty values, that is, twice the standard deviations of the bootstrap distributions.

We further assess the impact of using EqL‐θ instead of geographical coordinates by using more advanced trend
methodologies (Section 5), namely multiple linear regression (MLR) and dynamical linear modeling (DLM).
These approaches aim to disentangle the influence of major sources of variability (such as the solar cycle, QBO,
ENSO) from long‐term trends.

3. Linear Trends
MLS ozone trends (2005–2024) using the latitude‐pressure coordinate system are shown in Figure 2a. For clarity,
trends are discussed by regions as illustrated in Figure S1 in Supporting Information S1. In agreement with
previous studies, the MLS trends suggest:

Figure 1. Example of (a) a Microwave Limb Sounder (MLS) daily sampling pattern and (b) an Atmospheric Chemistry
Experiment‐Fourier Transform Spectrometer 3‐month (December‐February) sampling pattern. (c) Example of an MLS
ozone time series and climatology in one zonal bin. (d) Deseasonalized ozone anomalies. (e) Example bootstrapped residuals
(i.e., anomalies− linear fit).
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• Non‐significant trends in the LS (∼100–50 hPa or ∼380–500 K) across tropical and mid‐latitude regions (e.g.,
Godin‐Beekmann et al., 2022; Petropavlovskikh et al., 2019; Steinbrecht et al., 2017; WMO, 2022).

• Statistically significant positive trends in the tropical UT (Froidevaux et al., 2025; Gaudel et al., 2024;
Thompson et al., 2021).

• Positive (non‐significant) trends in the Southern LS polar region (e.g., Johnson et al., 2023; Kuttippurath
et al., 2018; Solomon et al., 2016; WMO, 2022).

Further, MLS data reveal a hemispheric asymmetry in the mid‐latitude LS, with negative trends in the Southern
hemisphere and near‐zero ones in the Northern hemisphere. These results contrast with the trends reported by
Godin‐Beekmann et al. (2022), and WMO (2022), which were derived for the 2000–2020 period. A comparison
with MLS ozone trends calculated over 2005–2020 (see Figure S2 in Supporting Information S1) suggests that
this discrepancy might stem from the different start dates used in the analyses, as the MLS 2005–2020 trends
continue to exhibit the asymmetry shown in Figure 2a.

MLS trends also show a hemispheric difference in the lowermost stratosphere (LMS, ∼200–100 hPa or
∼320–380 K), with negative trends in the Southern hemisphere and positive trends in the Northern one. Hemi-
spheric asymmetries in stratospheric trace gas trends are well documented (e.g., Ball et al., 2018; Bognar
et al., 2022; Mahieu et al., 2014; Strahan et al., 2020; Szeląg et al., 2020) and are generally associated with
circulation changes (e.g., Dubé et al., 2025; Mahieu et al., 2014).

Figure 2c shows the latitude‐pressure ACE‐FTS ozone trends. Overall, there is limited consistency between
trends derived using MLS and ACE‐FTS, likely due to the sparse (non‐uniform) ACE‐FTS temporal and
geographical sampling (Millán et al., 2016; Toohey et al., 2013). Further, ACE‐FTS trends display potentially
spurious positive trends in the tropical LS. For completeness, MLS and ACE‐FTS trends using the latitude‐
altitude coordinate system are shown in Figure S3 in Supporting Information S1; results are similar to those
for latitude‐pressure, showing limited consistency between MLS and ACE‐FTS trends. In latitude‐altitude, MLS
displays potentially spurious negative trends in the tropical LS (i.e., opposite in sign to those seen in ACE‐FTS
using pressure coordinates), highlighting the need for caution when interpreting results across these two coor-
dinate systems. Note that the native vertical retrieval grids for ACE‐FTS and MLS are altitude and pressure,
respectively.

Ozone trends in EqL‐θ coordinates show substantially better consistency betweenMLS (Figure 2b) and ACE‐FTS
(Figure 2d), despite their dissimilar sampling patterns, compared to trends in geographical coordinates. The most

Figure 2. (a, b)Microwave Limb Sounder (MLS) and (c, d) Atmospheric Chemistry Experiment‐Fourier Transform Spectrometer (ACE‐FTS) ozone trends (2005–2024)
using (a, d) latitude‐pressure and (b, d) equivalent latitude‐potential temperature. Gray regions indicate areas without measurements. The hatching represents statistical
significance at the 2σ level. (e, f) MLS and (g, h) the ACE‐FTS bootstrap 2σ trend uncertainties. Dashed black lines show the climatological WMO (thermal) tropopause.
Contour lines show climatological potential temperature (in latitude‐pressure panels) or pressure levels (in EqL‐θ panels) as sampled by each instrument. Raggedness in the
ACE‐FTS panels arises from sparse sampling.
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prominent feature revealed by using EqL‐θ is for trends in the Southern polar LS: inconsistent trends in latitude‐
pressure of ∼2% per decade for MLS (and − 2% per decade for ACE‐FTS) are revealed in EqL‐θ as consistently
positive trends of up to 5% per decade, with statistically significant trends in MLS just poleward of 60°S. Using
EqL‐θ ensures that the low ozone values arising from chemical depletion in the vortex are binned together even
when the vortex is displaced/distorted, whereas geographical coordinates do not account for the air mass history
and dynamical separation, thus misrepresenting both polar and mid‐latitude ozone trends. The advantages of
dynamical coordinate systems, particularly those accounting for the vortex, over conventional approaches have
been highlighted by previous studies (e.g., Manney et al., 1995, 2023; McIntyre & Palmer, 1983; Schoeberl
et al., 1992).

EqL‐θ also improves the consistency between MLS and ACE‐FTS mid‐latitude trends. In the Southern mid‐
latitude LS, both data sets indicate stronger negative trends when using EqL‐θ, increasing in magnitude from
approximately − 1.5% per decade in geographical coordinates to around − 3.5% per decade.

Further, EqL‐θ reveals more realistic ACE‐FTS trends in the tropics, particularly a reduction in potentially
spurious positive trends in the LS. However, even using EqL‐θ, tropical trends derived from MLS and ACE‐FTS
remain inconsistent. MLS suggests mostly negative trends in the LS (consistent with previous studies, e.g.,
Benito‐Barca et al., 2025; Dietmüller et al., 2021) whereas ACE‐FTS indicates positive trends. This discrepancy
likely reflects persistent limitations arising from sparse and seasonally biased ACE‐FTS tropical sampling. A
dedicated study of the impact of sampling biases upon trends would be valuable to fully address this issue.

The bootstrap 2σ trend uncertainties for MLS and ACE‐FTS using latitude‐pressure and EqL‐θ are shown in
Figures 2e, 2f and 2g, 2h, respectively. Using EqL‐θ yields better consistency between the MLS and ACE‐FTS
trend uncertainties than using conventional geographical coordinates. For example, the large UT tropical trend
uncertainties displayed in the ACE‐FTS analysis are substantially reduced (from up to ∼12% to mostly less than
5% per decade) when using EqL‐θ. Moreover, in the polar LS, when using EqL‐θ, both data sets show trend
uncertainties that more effectively capture the interannual variability associated with Antarctic and Arctic vortex‐
related chemical depletion. In contrast, when using traditional geographical coordinates, this variability signature
is largely absent in the ACE‐FTS analysis (due to its sparse sampling) and limited to the Southern hemisphere
around 80 hPa in the MLS analysis.

4. Seasonal Dependence
Seasonal trends offer further insight into the role of dynamical variability in stratospheric ozone changes (e.g.,
Szeląg et al., 2020). In this analysis, the trends were determined using deseasonalized data from either December–
February (DJF), March–May (MAM), June–August (JJA), or September–November (SON). That is, instead of
applying a single linear fit to the 20‐year time series containing 80 data points (20 years × 4 seasons), the data
were divided into four separate seasonal time series, each consisting of 20 data points.

Figures 3a–3d and 3e–3h show the MLS and ACE‐FTS seasonal trends, respectively, using latitude‐pressure
(Figure S4 in Supporting Information S1 shows the seasonal trends using latitude‐altitude). Corresponding
trends using EqL‐θ are shown in Figures 3i–3p. In EqL‐θ, seasonal features appear sharper, and consistency
between the MLS and ACE‐FTS trends improves substantially. For example, using EqL‐θ mitigates artificially
positive trends seen just above the tropical tropopause in the ACE‐FTS analysis when using latitude‐pressure (and
artificially negative trends in MLS when using latitude‐altitude). It also yields a more coherent representation of
the ACE‐FTS LMS trends. In the Southern LMS, trends are predominantly negative except during MAM, while
in the Northern LMS, they are mostly positive except during DJF; matching the patterns seen in theMLS analysis.

The benefits of EqL‐θ become even more pronounced in the polar LS. In both hemispheres, the imprint of the
vortex on ozone trends is much more clearly captured by using EqL‐θ. In the Southern Hemisphere, the Antarctic
vortex becomes particularly evident in JJA (Figures 3i and 3m), during which season vortex‐related chemical
ozone loss begins. Statistically significant trends in JJA of ∼4% per decade are shown around the vortex edge
(just poleward of 60°S) in both data sets. Although similar significant trends appear in geographical coordinates,
ACE‐FTS trends often show unrealistic localized values exceeding ∼8% per decade, likely arising from sampling
impacts.

EqL‐θ provides even more clarity in SON (Figures 3j and 3n), when rapid vortex chemical ozone loss occurs and
minimum ozone values (along with maximum ozone hole depth and area) are reached. In this season, both data
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sets show statistically significant positive trends in the entire Southern polar LS, with magnitudes exceeding∼8%
per decade, suggesting a robust signal of ozone recovery, consistent with other recent analyses (e.g., Wang
et al., 2025). Conversely, trends in geographical coordinates are not statistically significant and the ACE‐FTS
analysis even shows localized regions with negative trends.

Similar advantages emerge in the Arctic when using EqL‐θ. In DJF (Figures 3k and 3o), which marks the onset of
vortex‐related ozone depletion in the Northern Hemisphere, MLS shows negative trends around the vortex edge
and positive trends inside the vortex (a pattern also hinted at in ACE‐FTS). During MAM (Figures 3l and 3p),
when the Arctic experiences significant ozone depletion in some years, both data sets suggest negative trends (up
to − 6% per decade) across the polar LS region. In contrast, the Arctic vortex imprint is obscured in geographical
coordinates because the Arctic vortex is virtually always distorted and displaced off the pole so that latitude‐
pressure binning “mixes up” mid‐latitude and polar air (e.g., Arosio et al., 2024; Manney et al., 1995).

These results underscore the value of using a coordinate system that accounts for dynamics in trend analysis.
EqL‐θ reveals physically coherent trends in both data sets that are not captured by geographical coordinate

Figure 3. (a–d) Microwave Limb Sounder (MLS) and (e–h) Atmospheric Chemistry Experiment‐Fourier Transform Spectrometer (ACE‐FTS) seasonal ozone trends
(2005–2024) using latitude‐pressure. (i–l) MLS and (m–p) ACE‐FTS seasonal ozone trends using EqL‐θ.
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systems. Moreover, consistent with previous studies (e.g., Wang et al., 2025; Wargan et al., 2025), trends in
EqL‐θ provide statistically robust physically based evidence that the Antarctic ozone recovery is ongoing, despite
the unusually low springtime ozone values reported in 2020–2023 (e.g., Kessenich et al., 2023; Yook et al., 2022).

Beyond the polar regions, the choice of coordinate system significantly influences the interpretation of ozone
trends in the mid‐latitude LS, even if the trends are non‐significant. Using EqL‐θ, Southern mid‐latitudes show
consistently stronger negative trends across all seasons while Northern mid‐latitudes show predominantly pos-
itive trends during MAM and DJF and near‐zero trends during JJA and SON. This seasonal pattern highlights the
hemispheric asymmetry in mid‐latitude LS ozone trends (i.e., negative trends in the Southern Hemisphere and
positive trends in the Northern Hemisphere), consistent with analysis in Section 3. In contrast, trends in
geographical coordinates are inconsistent: several LS regions in both hemispheres show spurious positive or
negative trends, likely due to misclassification of polar air as mid‐latitude air or vice‐versa.

The bootstrap 2σ trend uncertainties associated to the trends shown in Figure 3 are shown in Figure S5 in
Supporting Information S1. As with the full timeseries trends results, trend uncertainties when using EqL‐θ are
easier to interpret since they align with well‐known sources of variability.

5. Advanced Regression Analysis
To further examine the impact of using EqL‐θ instead of geographical coordinate systems, we compare
trend results using MLR and DLM. MLR has been widely used for trend analysis (e.g., Froidevaux et al., 2019;
Godin‐Beekmann et al., 2022; Li et al., 2023; Nair et al., 2015; Olsen et al., 2019; Petropavlovskikh et al., 2019;
Szeląg et al., 2020), whereas DLM is a newer technique (e.g., Laine et al., 2014), that has been used in recent trend
studies because it can identify smoothly evolving, non‐linear changes without requiring predefined inflection
points (e.g., Ball et al., 2018; Weyland et al., 2025).

We use the publicly available MLR and DLM codes described by Petropavlovskikh et al. (2019) and Als-
ing (2019), respectively, with modifications to accommodate seasonal rather than monthly data. Both methods
aim to disentangle the effects of dynamical, radiative, and solar processes on ozone trends. Specifically, we
include proxies for the QBO, ENSO, stratospheric aerosol optical depth, and the 11‐year solar cycle (see open
research section for more details about these proxies).

MLR trend uncertainties are estimated by scaling the covariance measurement matrix to match the observed
variance of the residuals. DLM uses an iterative process, based on Markov Chain Monte Carlo sampling, to infer
possible time series from a Kalman filter framework. In particular, following an initial burn‐in phase of 1,000
samples, each DLM run generates 2,000 model estimates of the system state, including a non‐linear trend state
time series. The DLM trend shown here corresponds to the mean difference in the non‐linear trend state variable
between 2005 and 2024, averaged across all samples. The standard deviation of this difference is used as the trend
uncertainty estimate. DLM also incorporates observational uncertainties by accounting for the standard error of
the mean at each grid cell throughout the time series.

The MLR and DLM full timeseries trend results are shown in Figures 4a–4h and 4i–4p for latitude‐pressure and
EqL‐θ, and Figure S6 in Supporting Information S1 for latitude‐altitude. TheseMLR and DLM results are broadly
consistent with the linear least squares analysis results in Figure 2 and Figure S3 in Supporting Information S1,
and support the conclusions drawn from the analysis in Section 3: all three methods demonstrate that using EqL‐θ
yields more reliable, consistent, and interpretable results when comparing MLS and ACE‐FTS, especially in
regions affected by complex dynamics such as the winter polar regions and near the tropopause.

That said, there are notable differences between the trend analyses (see Figures S7 and S8 in Supporting In-
formation S1). Regardless of the coordinate system or data set used, trend magnitudes typically differ by ∼±2%
per decade (i.e., ±100% of the trend), but can vary by up to 7% per decade (∼500%) in the Northern Hemisphere
LMS, by up to 4% per decade (>500%) in the Northern polar LS, and by up to − 6% per decade (<100%) in the
Southern polar LS. The Northern LMS and polar LS, in particular, show statistically significant positive trends in
both the DLM and MLR analyses, but not in the simple linear regression.

Moreover, MLR uncertainties are consistently smaller than the bootstrap uncertainties derived for the linear least
squares trends, differing by − 1% to − 4% per decade (− 20% to − 80%). DLM uncertainties are also generally
smaller than the linear estimates by up to − 4% per decade (− 80%), but in the LMS they can exceed the linear
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uncertainties by a similar magnitude (up to 4% per decade, or 80%). These differences (in magnitude and un-
certainty) result in variations in the regions identified as statistically significant, both between different coordinate
systems and different trend analysis methods.

Our results underscore the importance of interpreting trends not only using statistical significance, but also
through consistency across data sets and methods, as well as a solid understanding of the underlying physical
processes (e.g., Manney & Hegglin, 2018; Shepherd, 2021; Simmons, 2022). Analyzing trends in EqL‐θ co-
ordinates facilitates this informed interpretation of trend results by providing a framework that not only minimizes
binning‐induced variability (thus making results obtained from data sets with different sampling more compa-
rable) but also grounds the analysis in a coordinate view that reflects the primary physical processes shaping the
ozone distributions.

6. Conclusions
We have studied UTLS ozone trends from 2005 to 2024 using MLS and ACE‐FTS data binned in geographic
(latitude‐pressure, latitude‐altitude) and EqL‐θ coordinates. To our knowledge, this is the first study of ozone
trends using these dynamical coordinates. Trends are analyzed using deseasonalized data and three methods of

Figure 4. As Figure 2 using (a–h) multiple linear regression and using (i–p) DLM instead of a simple linear fit.
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varying complexity: linear least squares fit, MLR, and dynamic linear model (DLM). Trends are analyzed
globally rather than limiting the study to extra‐polar or polar regions.

Using EqL‐θ significantly improves the consistency between full timeseries trends derived from MLS and
ACE‐FTS, by accounting for transport‐related variations, thus helping to mitigate the impact of different
sampling. This is evident across all regions: In the Southern polar LS trends shift from 2% for MLS and − 2%
per decade for ACE‐FTS to up to 5% per decade, with MLS data indicating statistical significance just
poleward of 60°S. In mid‐latitudes, EqL‐θ helps prevent averaging of polar and extra‐polar air masses, yielding
clearer regional trends. In the tropics, it substantially mitigates spurious artifacts in the LS, particular those in
latitude‐pressure ACE‐FTS trends and in latitude‐altitude MLS trends.

Although the linear, MLR, and DLM trends exhibit similar overall patterns, the magnitudes and uncertainties can
differ substantially. In particular, the Northern LMS and polar LS show statistically significant increasing trends
in both the DLM and MLR analyses, but not in the simple linear regression.

Seasonal trends evaluated in EqL‐θ highlight physically based patterns across regions. In the Antarctic, the in-
fluence of vortex‐related chemical ozone depletion is clear in both data sets during the onset of the vortex‐related
chemical ozone loss (JJA) and during the period of rapid ozone depletion and minimum ozone values (SON), with
statistically significant trends (exceeding 8% per decade) observed near the vortex edge. These results support the
conclusion that Antarctic ozone recovery is ongoing. In contrast, using geographical coordinates, the vortex
imprint remains confined to a narrower range, with trends that are no longer statistically significant.

In the Arctic, the vortex influence is more clearly resolved in DJF and MAM in EqL‐θ (the periods when the
Arctic may experience significant ozone depletion) than in geographical coordinate systems, although the trends
remain non‐significant in both coordinate systems. At mid‐latitudes, coordinate choice strongly shapes the trend
interpretation: EqL‐θ reveals more consistent negative trends in the Southern Hemisphere and positive or near‐
zero trends in the Northern Hemisphere.

Independently of the trend methodology used, using EqL‐θ better captures variability across the UTLS. It rep-
resents the Antarctic and Arctic chemical ozone loss more accurately, clarifies mid‐latitude signals by accounting
for vortex movement, and reduces large (spurious) tropical UT errors in the ACE‐FTS analysis. Differences in
uncertainty magnitudes across methods, and the resulting variation in statistically significant regions, underscore
the need to interpret trends not solely by statistical significance but also via consistency across data sets and
methods, supported by a solid understanding of underlying physical processes. By minimizing binning‐induced
variability, enhancing data set comparability, and aligning with the physical processes that control ozone dis-
tributions, EqL‐θ provides a unified framework for assessing global ozone trends in the UTLS.
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• MERRA2 (Global Modeling and Assimilation Office (GMAO), 2015): https://doi.org/10.5067/WWQSXQ8I
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