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Abstract Ozone in the troposphere is a pollutant and greenhouse gas, and it is crucial to better understand
its transport from the ozone-rich stratosphere. Tropopause folding, wherein stratospheric air intrudes downward
into the troposphere, enables stratosphere-to-troposphere ozone transport (STT). However, systematic analysis
of the relationship between folding and tropospheric ozone, using data that can both capture folding's spatial
scales and accurately represent tropospheric chemistry, is limited. Here, we compare folding in high-resolution
reanalysis ERAS (0.25° horizontal, <21 hPa vertical) and low-resolution chemical reanalysis CAMSRA
(0.75°, <40 hPa), against CAMSRA ozone, over 1 year. Folding becomes dramatically more frequent at high
resolution, with vertical resolution overwhelmingly responsible. Deeper, more filamentary folding is almost
entirely unrepresented at low resolution. Higher-resolution folding is better-correlated with tropospheric ozone
(especially along midlatitude storm tracks, where deep folding is most common); STT is therefore likely more
attributable to tropopause folding than coarsely-resolved folding can capture.

Plain Language Summary “Tropopause folding” refers to high-altitude atmospheric events
wherein the “tropopause” (the boundary separating the troposphere, the lowest atmospheric layer, from the
stratosphere above it) is perturbed, “folding” downward and allowing stratospheric air to intrude into the
troposphere. These intrusions enable stratosphere-to-troposphere transport (STT) of ozone, a pollutant and
greenhouse gas in the troposphere—however, a thorough understanding of the relationship between folding
and ozone STT has been limited due to the difficulty of combining global yet detailed meteorological data
with high-fidelity chemical data. Here, we identify folding occurrences in both high- and low-resolution
representations of atmospheric motion throughout 1 year, and assess how strongly each folding data set is
related to estimated tropospheric ozone. A high-resolution view reveals that folding events are much more
frequent and widespread—and penetrate further into the troposphere, becoming thinner—than possible to
represent at lower resolution. Moreover, folding at higher resolution is more closely correlated with nearby
tropospheric ozone amounts. Folding may therefore exert influence over a larger proportion of ozone STT than
is suggested by coarse representations of folding. Furthermore, our results identify the importance of vertical
(rather than horizontal) resolution in representing such features and atmospheric transport.

1. Introduction

Ozone in the stratosphere is beneficial to life on earth, but in the troposphere (where it is much rarer) it is a
pollutant hazardous to human health and crops (Krzyzanowski & Cohen, 2008; Monks et al., 2015) and an
effective greenhouse gas (Myhre et al., 2013). Understanding the sources of tropospheric ozone is thus soci-
etally and climatically important. While photochemical production is the largest source of tropospheric ozone,
stratosphere-to-troposphere transport (STT) is a significant contributor (Hess et al., 2015; Neu et al., 2014;
Williams et al., 2019), and stratospheric influence on tropospheric ozone is projected to strengthen due both to
global-warming-related changes in the stratospheric circulation and to stratospheric ozone recovery (Akritidis
et al., 2019; Banerjee et al., 2016; Fu & Tian, 2019; Hegglin & Shepherd, 2009; Hess et al., 2015; Meul
et al., 2018).

The dominant mechanism for STT of air is tropopause folding (Stohl et al., 2003), wherein an intrusion of
the stratosphere into the troposphere allows exchange between the two layers, typically influencing upper- and
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mid-tropospheric ozone concentrations (Danielsen, 1968; Shapiro, 1980). Folding can also enable large strato-
spheric influence on near-surface ozone in some regions—notably the eastern Mediterranean and Middle East
(Akritidis et al., 2016; Tyrlis et al., 2014; Zanis et al., 2014), western United States (Langford et al., 1996, 2009;
Langford & Reid, 1998; Lefohn et al., 2012; Wang et al., 2020), and Tibetan Plateau (X. L. Chen et al., 2011; X.
Chen et al., 2013; Skerlak et al., 2019). But a more precise and systematic assessment of folding's role in ozone
STT and relationship to tropospheric ozone than established by previous global studies (Beekmann et al., 1997,
Boothe & Homeyer, 2017; Skerlak et al., 2014; Sprenger & Wernli, 2003) is possible due to new analysis tools.

Gaps in understanding the relationships between tropopause folding, ozone STT, and tropospheric ozone have
persisted due to limitations in both meteorological and chemical data. First, global-scale analyses of folding and
its role in STT (Akritidis et al., 2019; Skerlak et al., 2015; Sprenger et al., 2003) have been restricted by available
reanalysis resolution (recently extended to 50 km horizontally; Akritidis et al., 2021). Capturing fold morphology
and fold-related turbulent STT processes is known to require resolution of at least 50 km (Buker et al., 2005;
Knowland, Ott, et al., 2017; Spreitzer et al., 2019), but whether such resolutions are sufficient remains unknown,
as does any estimation of necessary vertical resolution. In ERAS, currently the highest horizontal and verti-
cal resolution reanalysis, “double-tropopause” structures (of which folding is one type) are significantly more
frequent than in ERA-Interim (Hoffmann & Spang, 2022), but no systematic analysis of folding in ERAS has
been conducted. High-resolution observational evidence, although sparse and localized, has suggested that atmos-
pheric transport structures are horizontally and vertically filamentary, characterized by thin, diffusion-resistant
layers (Appenzeller & Davies, 1992; Appenzeller et al., 1996; Danielsen, 1959; Newell et al., 1996, 1999; Trickl
et al., 2010, 2020). Resolution, both horizontal and vertical, may therefore greatly impact the representation of
tropopause folding and its associated transport (Akritidis et al., 2021). Second, the fidelity of reanalysis ozone
(particularly tropospheric) is constrained by both observational sparseness and, crucially, a lack of integrated
chemical transport models (Dragani, 2010; Knowland, Ott, et al., 2017; Park et al., 2020; Wargan et al., 2017).
Therefore, despite reanalysis- and observation-based research on folding and its STT and ozone impacts (largely
separately), a systematic global-scale relation of tropospheric ozone to tropopause folding has remained elusive.

Characterization of tropopause folding and its relationship with tropospheric ozone therefore lacks both (a) anal-
ysis of folding in a global data set of sufficient meteorological fidelity, and (b) analysis of its ozone impacts in a
global data set of sufficient chemical fidelity. Here, addressing both gaps, we identify folding throughout 1 year in
both high-resolution reanalysis ERAS and a lower-resolution chemical reanalysis CAMSRA (with meteorology
assimilated nearly-identically to ERAS but at the resolution of ERA-Interim), and assess the relationship between
both folding datasets and tropospheric ozone (derived from CAMSRA). Specifically, we address the following
questions:

1. How are frequencies and global distributions of folding affected by reanalysis resolution, and what are the
roles of horizontal versus vertical resolution?
2. How is the relationship between folding and tropospheric ozone affected by folding resolution?

bl

How may folding frequency or morphology differences account for differing folding—ozone relationships?
4. What do our findings imply about ozone STT associated with folding?

2. Data and Methods

We analyze data throughout 2012 from reanalyses CAMSRA (Copernicus Atmosphere Monitoring Service
Reanalysis; European Center for Medium-range Weather Forecasting [ECMWF]) and ERAS (ECMWF Reanaly-
sis version 5). CAMSRA (Inness et al., 2019) is a new chemical reanalysis at T255 spectral horizontal resolution
(0.75°,79 km grid) and 60 vertical levels to 0.1 hPa. ERAS (Hersbach et al., 2020) is the latest ECMWF meteor-
ological reanalysis at T639 resolution (0.25°, 31 km) and 137 levels to 0.01 hPa. Both reanalyses are produced by
ECMWF's Integrated Forecasting System (IFS) using 4D-Var data assimilation; ERAS uses IFS Cycle 41r2 and
CAMSRA uses Cycle 42r1 (both implemented in 2016). CAMSRA meteorological fields are at the resolution
of ERA-Interim (Dee et al., 2011) but produced with an updated model cycle nearly equivalent to that of ERAS
(while ERA-Interim used Cycle 31r2, implemented in 2006)—therefore, the difference between CAMSRA and
ERAS5 meteorology is likely almost entirely due to resolution, even more strictly than between ERA-Interim
and ERAS. From each reanalysis, we obtained six-hourly zonal and meridional wind components, temperature,
and specific humidity at model levels up to 50 hPa, and surface pressure.
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From CAMSRA, we also obtained ozone and a stratospheric ozone tracer (O,S) at model levels up to 50 hPa and
pressure levels 250, 500, and 850 hPa (interpolated from model levels for O,S). Unlike other reanalyses that also
assimilate ozone observations (such as NASA's MERRA-2 [Modern-Era Retrospective analysis for Research
and Applications, version 2; Gelaro et al., 2017] and ERAS), CAMSRA employs a chemical transport model
(CTM)—the Carbon Bond 2005 (CBO0S5) chemistry mechanism (Flemming et al., 2015; Huijnen et al., 2010)—
integrated within IFS. While two previous ECMWF chemistry reanalyses (MACC and GEMS) also employed a
CTM, it remained two-way coupled to IFS instead of directly integrated (on-line) within it, and while one other
reanalysis employs a CTM (Tropospheric Chemical Reanalysis 2 [TCR-2] from NASA's Jet Propulsion Labo-
ratory; Miyazaki et al., 2019) it is of much coarser resolution. Recent NASA coupled chemistry-meteorology
products are likewise promising for studying stratospheric intrusions (MERRA2-GMI [Global Modeling Initi-
ative] and GEOS-CF [Goddard Earth Observing System Composition Forecasts]; Strode et al., 2015; Keller
et al., 2021; Knowland et al., 2022). CAMSRA ozone is broadly consistent with upper-tropospheric observations
during stratospheric intrusions over Europe, despite overestimation in some sites (Akritidis et al., 2022), and
lower-tropospheric ozone in East Asia (Park et al., 2020). Stratospheric ozone in CAMSRA is parameterized
using the Cariolle scheme (Cariolle & Déqué, 1986; Cariolle & Teyssedre, 2007), and subject to data assimila-
tion. O,S is identical to ozone (but without data assimilation) in the stratosphere, but once across the tropopause
(a spatially-varying time-fixed pressure threshold) it is freely transported and subject to chemical loss and depo-
sition, but not production. It therefore roughly represents the portion of tropospheric ozone deriving from the
stratosphere, likely tending toward an upper limit.

To identify tropopause folding in CAMSRA and ERAS, we apply a modified version of the algorithm of Skerlak
et al. (2015) (building on Sprenger et al., 2003; Skerlak et al., 2014). The algorithm first defines the dynamical
tropopause as the lower of the +2 Potential Vorticity Unit (PVU) or 380 K potential temperature surface. At each
timestep, folding is identified in each atmospheric column in which the tropopause is crossed in the vertical three
or more times. Pressure values of the three crossings (interpolated between model levels based on the PV profile)
are saved: pmin and pmax are the pressures of the upper and lower crossings and dp is the pressure difference
between the upper and middle crossings (Figure 1a). Folded columns are classified into three depth ranges: Shal-
low (50 hPa < dp < 200 hPa), Medium (200 hPa < dp < 350 hPa), and Deep (dp > 350 hPa), ignoring folding
<50 hPa. However, high-PV anomalies can arise in the troposphere independently from folding (e.g., cut-off
from the stratosphere, or generated by diabatic or surface frictional processes). Therefore, to avoid spuriously
identifying folding, the algorithm labels each 3D grid cell as either troposphere, stratosphere, troposphere but
high-PV, or stratosphere but low-PV. In our analysis, ERAS's high resolution necessitated modifications to the
algorithm to avoid occasional classifications of the entire stratosphere as high-PV surface-connected (there-
fore tropospheric) air (see details in Supplementary Information). Comparing folding identification with versus
without our modifications (in CAMSRA) shows them to be generally conservative, reducing folding frequency
(Figure S1 in Supporting Information S1).

Analysis year 2012 was chosen in order to minimize discontinuities in assimilated ozone data and provide the
most recent data free of known instrumentation biases affecting CAMSRA ozone from 2013 onwards (Inness
etal., 2019; Wagner et al., 2021). Folding frequencies in 2012 are roughly consistent with the 1979-2014 average
from ERA-Interim (Figure S1 in Supporting Information S1). Ozone and folding fields were deseasonalized by
removing smoothed local monthly averages before correlation analysis.

3. Results

We first show an example of tropopause folding captured only at higher resolution: a latitudinal cross-section
displays a fold in the ERAS tropopause that CAMSRA's tropopause is too coarse to resolve (Figure 1a).
Meanwhile, in this fold's vicinity, ozone (in CAMSRA) intrudes from the stratosphere into the troposphere—
hence, while the ozone intrusion itself is resolved by CAMSRA, its relationship to folding is only captured
by a higher-resolution tropopause (Knowland, Doherty, et al., 2017). More broadly, during the example time-
step, folding is geographically much more widespread in ERAS, and reveals stronger correspondence with
mid-tropospheric ozone, overlapping with many filamentary ozone structures that CAMSRA folding does not
(Figures 1c and 1d). This improved correspondence generally persists across the 250, 500, and 850 hPa levels
for both O, and stratosphere-sourced ozone (O,S), although the folding—ozone relationship weakens in the trop-
ics and at 850 hPa (Figure S2 in Supporting Information S1), emphasizing other production processes. This
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Figure 1. Comparison of tropopause folding, vertical resolution, and mid-tropospheric ozone in CAMSRA and ERAS. (a) Dynamical tropopauses in CAMSRA and

ERAS, and ozone from CAMSRA, along a latitudinal cross-section (line in (¢, d)) on 1 January 2012. ERAS's tropopause is folded throughout a range of columns (~

51°=53°N); pressure parameters pmin, dp, and pmax produced by the folding identification algorithm (see Data and Methods) are illustrated for one column. Pressure
is plotted using a 1013.25 hPa reference surface pressure. (b) Vertical resolution of CAMSRA and ERAS model levels (pressure difference between interfaces) on the
y-axis of (a); dots indicate level midpoints. (c, d) All columns with folding identified in CAMSRA, ERAS, or both (c), and 500 hPa ozone (d), during the example

timestep.

cross-section suggests an important role for vertical resolution—ERAS's is at least roughly double CAMSRA's
throughout the troposphere (Figure 1b)—while a geographic perspective also emphasizes horizontal resolution
(Figures 1c and 1d). Overall, it appears common that ozone intrusions are only revealed to be associated with
folding when the tropopause is seen at high-enough resolution.

Expanding our analysis to 1 year, we find that folding frequency increases nearly everywhere from CAMSRA
to ERAS (Figures 2a—2c). The frequency difference (Figure 2c) resembles the underlying distributions (largest
along the subtropical jets [STJs], especially over the South Indian Ocean, Middle East, and North Africa), while
most closely mirroring ERAS's. However, relative frequency differences (Figure 2d) reveal where CAMSRA
particularly under-represents folding, highlighting areas with generally rarer folding. Over much of the extratrop-
ics, folding increases >10-fold between datasets; many areas with zero CAMSRA folding approach 2% in ERAS.
Additionally, while absolute frequency increases are strongest for shallower folds, relative increases are strongest
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Figure 2. One-year tropopause folding frequencies in CAMSRA and ERAS. (a, b) Folding frequency throughout 2012, in percent of timesteps (ERAS frequencies
subsampled to CAMSRA's grid). (c, d) Frequency difference (ERAS—-CAMSRA) and ratio (ERA5/CAMSRA). (e-g) Zonal-mean frequency of Shallow, Medium, and
Deep folding (note x-axis scales). (h—i) Zonal-mean frequency ratio and percentage of folding missed by the lower-frequency data set in each gridcell (see formula)
separated by depth range, with running 15° means. (j) Frequency difference (for all folding depths), comparing folding in ERAS5 at various resolution configurations

minus that in CAMSRA.

for deeper folds (Figures 2e-2i). In fact, zonal-mean distributions of Medium and Deep folding in CAMSRA
(Figures 2f-2g) fail to capture to first order their prominent midlatitude peaks evident in ERAS. Zonal-mean
frequency ratio (Figure 2h) and percentage of ERAS folding missed by CAMSRA (Figure 2i) confirm that deeper
folding is more likely to be uncaptured at low resolution. Specifically, while around half of ERAS5 folding is
missed by CAMSRA at its dominant latitudes (but nearly 90% on average), nearly 100% of Deep folding is missed
almost everywhere (Figure 2i; Figure S3 in Supporting Information S1).

Importantly, coarsening ERAS to CAMSRA's resolution in both dimensions and each alone (before calculating
PV) reveals that folding frequency increases are almost entirely attributable to vertical resolution improvement
(Figure 2j; Figure S4 in Supporting Information S1)—although ERAS coarsened in both dimensions still iden-
tifies more folding than CAMSRA, implying some remaining effects of the initial model resolution, possibly
including horizontal effects. Moreover, while folds are often thinner than the vertical resolution in CAMSRA,
they largely occur at resolved scales in ERAS (Figure S5 in Supporting Information S1), suggesting that such
vertical resolutions may be necessary to fully resolve folding—<20 hPa (Figure 1b) or roughly 0.3 km throughout
the troposphere (Hoffmann et al., 2019). Therefore, lower-resolution data disproportionately misses deeper fold-
ing likely because as intrusions extend deeper into the troposphere they tend to become more filamentary, hence
more difficult to resolve vertically. Accordingly, maps of average depth of folding dp (Figure S6 in Supporting
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Figure 3. Correlations between tropopause folding and CAMSRA ozone at three pressure levels. (a) Spearman's rank correlation between folding occurrence in
CAMSRA and stratospheric ozone tracer (O,S, from CAMSRA) at 250 hPa, throughout 2012, dotted where insignificant (at the 0.05 level). (b) As in (a) but for ERAS
folding. In other words, between (a) and (b) the same O,S field is correlated against two different folding fields. (c) Difference in correlation coefficients, dotted where
insignificant. (d) Zonal means of (a—c). (e-1) As in (a—d) but for O,S at 500 and 850 hPa. Before correlating, fields are coarsened to 4.5° x 4.5° (250, 500 hPa) or

9° % 9° (850 hPa), and smoothed by 1-day (500 hPa) or 3-day (850 hPa) running means, to better capture non-local ozone impacts of folding; only Medium and Deep
folding is considered at 850 hPa.

Information S1) strongly predict that of frequency ratio (Figure 2d). This underestimation of specifically deeper
intrusions may be consequential toward capturing folding's relationship with tropospheric ozone: therefore,
we next investigate the influence of folding resolution on temporal correlations between folding activity and
ozone STT.

Accompanying more frequent folding with increased resolution, the correlation between folding and tropospheric
O,S (to most directly reflect STT) significantly strengthens, outside the tropics (Figure 3). The relationship between
folding and 250 hPa O,S closely follows underlying fold frequency distributions (Figures 2a, 2b, and 2e): correlation
maximizes along STJs, reaching 0.40 for CAMSRA and 0.45 for ERAS, and generally strengthens with higher fold-
ing frequency (Figures 3a—3d). However, correlations strengthen most where relative (Figure 2d) rather than absolute
(Figure 2c) frequency differences are highest, increasing by ~0.2 from near-zero in CAMSRA throughout much of
the extratropics (where 250 hPa most represents the upper-troposphere-lower-stratosphere region). At 500 hPa, O,S
is most correlated to folding in the extratropics, emphasizing storm tracks rather than STJs (Figures 3e, 3f, and 3h).
Correlations strongly mirror folding depth (Figure S6 in Supporting Information S1), implying that deeper midlati-
tude folds, though rarer than STJ-related folds, are more powerfully associated with mid-tropospheric ozone. O,S at
500 hPa is roughly twice as correlated (or roughly four times as attributable) to ERAS folding as to CAMSRA fold-
ing, reaching ~0.4 over widespread regions, and correlation increases again reflect distributions of relative frequency
increases and Medium and Deep folding differences (Figure S7 in Supporting Information S1). At 850 hPa, O,S is
much less correlated with folding overall (Figures 3i, 3j, and 31), perhaps partially reflecting that folding-related
ozone impacts may be spatially offset from folding itself after transport into the lower troposphere. However, O,S
correlation with ERAS folding reveals maxima in known hotspots of strong stratospheric and folding influence on
near-surface ozone (not well captured by CAMSRA folding), including western North America, the Tibetan Plateau,
the Mediterranean, and storm track regions (Skerlak et al., 2014). Correlation differences most closely follow Deep
fold frequency increases—strongest over midlatitude storm tracks and North America (Figure 3k).

Since O,S's stronger relation to ERAS than CAMSRA folding occurs with more frequent folding, we argue
that ozone STT may be more attributable to folding than low-resolution folding implies. In other words, ozone
STT occurring without folding in CAMSRA is revealed to occur in the vicinity of folding at smaller scales, as
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Figure 4. Tropopause folding morphology in CAMSRA and ERAS. (a, b) Composited latitudinal cross-sections of Deep folds in ERAS (i.e., throughout ranges of
columns where folding depth dp exceeds 350 hPa, centered horizontally on the column of smallest dp and vertically on that column's middle tropopause crossing),
for folding identified in both ERAS5 and CAMSRA simultaneously (a) versus only in ERAS (b). The composited field is a binary label delineating troposphere
versus stratosphere, producing an average fold morphology; the 10% stratospheric contour is indicated. (c) Histograms of dp for folding in CAMSRA and ERAS

in each depth category, with means compared. (d) As in (c) but for folding thickness (the pressure difference between the lowest and middle tropopause crossings,
pmax — (pmin + dp)).

suggested by Figure 1. Altogether, correlations strengthen most at the approximate latitudes of maximum ozone
STT—in midlatitudes, poleward of STJs (Hsu & Prather, 2009; Skerlak et al., 2014)—implying the relevance of
these changes for overall STT. Furthermore, Figure 3's correlation results are generally consistent when substi-
tuting ozone for O,S (Figure S8 in Supporting Information S1)—except at 850 hPa, where its drivers are very
diverse—suggesting that folding-related O,S is important to free-tropospheric ozone overall.

Following Figure 3's indication of deeper folding's role in strengthening ozone correlations, we directly investigate
fold morphology, confirming that higher-resolution folding is both deeper and thinner, especially for Deep folding
(Figure 4). We compare composited cross-sections of Deep folds in ERAS5 captured by both CAMSRA and ERAS
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with those only captured by ERAS (Figures 4a and 4b). To compare fold morphology, we composite a binary label
field that geometrically delineates the stratosphere and troposphere. Cross-sections are fixed around folds' column
of minimum depth and their middle tropopause crossing in that column, so that fold depth (negative pressures) and
thickness (positive pressures) can be simultaneously visualized. These cross-sections capture only folds' latitudinal
component; however, we note that even primarily-longitudinal folds likely still express in latitude (e.g., Figure 1).
Qualitatively, folds only captured by ERAS are thinner, with their 10% stratospheric contour extending less far
below their middle tropopause surface—however, depth differences are less clear (Figures 4a and 4b). Histograms
of depth and thickness (Figures 4c and 4d) reveal more quantitatively that with increasing resolution, folding
becomes deeper but thinner, consistently across folding depth categories (geospatially resolved in Figure S9 in
Supporting Information S1). Deep folding is most affected, becoming on average 12 hPa deeper and 6 hPa thinner.
Furthermore, in columns where ERAS identifies Deep folding but CAMSRA fails, CAMSRA almost exclusively
identifies no folding rather than simulating Medium or Shallow folding (Figure S10 in Supporting Information S1),
confirming that CAMSRA specifically underresolves the tips of intrusions rather than simulating the wrong depth.

Figure 4 therefore provides evidence that resolving deeper, thinner folding is particularly responsible for uncov-
ering stronger relationships between folding and tropospheric ozone. Specifically, with higher-resolution folding,
ozone anomalies at greater distance from the dynamical tropopause remain attributable to folding activity, as
epitomized by Figure la: the fold tip in ERAS extends deeper than in CAMSRA (which finds no fold), over-
lapping with more of the underlying ozone intrusion and thereby revealing that deeper parts of it are attrib-
utable to folding. As Figures 1 and 3 show, in such cases, the transport itself occurs at scales larger than the
ERAS5-identified folding: CAMSRA ozone is advected by resolved winds, entering the troposphere despite an
unfolded (coarsely-resolved) tropopause. This suggests that alternative features besides folding may correspond
well with ozone STT: indeed, O3S is well-correlated with dryness (nearly everywhere) and descent (mostly in
the lower troposphere) in CAMSRA, providing potential low-resolution proxies for ozone STT that can surpass
CAMSRA folding and compare with ERAS folding (Figure S11 in Supporting Information S1).

4. Conclusions and Discussion

In this study, we identified tropopause folding in two reanalyses—high-resolution ERAS and lower-resolution
chemical reanalysis CAMSRA (providing nearly identical meteorology but at the resolution of ERA-Interim). We
compared the distribution and characteristics of folding in ERAS (the highest-resolution reanalysis investigation
of folding to date) to those in CAMSRA, and assessed the relationships of both folding datasets with ozone from
CAMSRA, to examine folding's role in the behavior of tropospheric ozone and its transport from the stratosphere.
Our findings corresponding to the research questions in the Introduction are as follows:

1. Higher-resolution folding is markedly more frequent. Between datasets, frequency increases most along the
subtropical jets and for shallower folds, but increases relatively most in the extratropics and for deeper folds
(roughly 10-100-times). Deep folding is nearly entirely unrepresented at lower resolution, versus about half
of shallow folding at its dominant latitudes. Increased folding derives nearly entirely from vertical resolution
(which roughly doubles), even though horizontal resolution increases more (9-fold).

2. Higher-resolution folding reveals significantly stronger correlations between folding and upper- and
mid-tropospheric O,S (stratospheric ozone tracer), especially where relative fold frequency increases are
greatest and folds are deeper. Higher-resolution folding's correlation with near-surface O,S highlights known
hotspots of stratospheric ozone influence uncaptured by low-resolution folding. Correlations of folding with
O,S and with ozone are largely consistent with each other (above 850 hPa).

3. Increased resolution reveals folding to be deeper and thinner, suggesting that such folding may contribute
significantly to folding—ozone correlations.

4. Our results suggest that ozone STT and tropospheric ozone are more systematically associated with tropo-
pause folding than implied based on low-resolution folding. Specifically, in places where ozone STT occurs
despite an unfolded (coarsely-resolved) tropopause in CAMSRA, much is revealed to be associated with
smaller-scale folding only visible at higher resolution. Meanwhile, we show that dryness and descent could
potentially provide low-resolution proxies of ozone STT comparable to high-resolution folding.

Research has long indicated the significance of folding to STT: localized observational and process-based studies
have demonstrated strong ozone STT within intrusions extending deep into the troposphere, while broader-scale
studies have shown folding's role in STT of air and noted the important influence of stratospheric ozone vari-
ability on tropospheric ozone (Hess et al., 2015; Langford et al., 1996, 2009; Langford & Reid, 1998; Lefohn
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et al., 2012; Neu et al., 2014; Ott et al., 2016; Skerlak et al., 2019; Stohl et al., 2003; Wang et al., 2020; Williams
et al., 2019). However, an investigation of folding's relationship with ozone STT that is systematic and global
while based on data with high chemical and meteorological fidelity is lacking, despite recent developments
in coupled chemistry and meteorology products (including those not analyzed here, e.g., MERRA2-GMI and
GEOS-CF). Here, we provide systematic evidence that higher-resolution folding accounts for a larger proportion
of ozone STT than lower-resolution folding. Our findings are specifically consistent with midlatitude-cyclone-as-
sociated folding representing a primary STT mechanism (Jaeglé et al., 2017; Knowland, Doherty, et al., 2017).
We show that, although ozone STT is known to be strongest along storm tracks (Hsu & Prather, 2009; Skerlak
et al., 2014), its linkage with folding in these areas has remained uncaptured by low-resolution folding climatol-
ogies, which underrepresent midlatitude folding due to its smaller scales.

Furthermore, the particular importance of thinner and deeper folding to tropospheric ozone underscores that
transport in the stable, highly-sheared free troposphere dominantly occurs in thin layers and plumes that fila-
ment, resisting diffusion (Heald et al., 2003; Newell et al., 1999; Stoller et al., 1999; Thouret et al., 2000).
These high-concentration layers can enable strong localized stratospheric influence on near-surface (Trickl
etal., 2010, 2020) and mid-tropospheric (Trickl et al., 2011) ozone. However, current global models fail to repre-
sent transport plumes' observed persistence due to (dominantly vertical) resolution-related diffusion (Eastham
& Jacob, 2017; Zhuang et al., 2018). Our results suggest that vertical resolution similar to ERA5 (<20 hPa or
roughly 0.3 km throughout the free troposphere) may be necessary to resolve tropopause folding, and emphasize
its importance over horizontal resolution for representing such filamentary dynamical and transport processes in
reanalysis and model simulations.
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All reanalysis data is publicly available from the ECMWEF at https://doi.org/10.24381/cds.bd0915¢6 (ERAS) and
https://ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-global-reanalysis-eac4 ?tab=overview (CAMSRA).
The tropopause folding identification algorithm and code to reproduce the main and supplementary figures is
available at http://doi.org/10.5281/zenodo.7764851.
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