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ABSTRACT: Atmospheric jet streams belong to the most fundamental elements of the global general circulation system
and are susceptible to climate change. Jet stream variability in our present climate is usually studied from modern reanaly-
sis products, although uncertainties arise due to insufficiently strong constraints of the underlying global wind field by the
available observational records, especially concerning their long-term trends. This motivates the use of observation-based
metrics to track dynamical variability and historical trends. Here, we investigate how the zonal-mean ozone structure can
be used to indirectly infer changes in the strength and latitudinal position of the subtropical jet streams (STJs). We mainly
consider the winter-mean ozone distribution and analyze different diagnostics that track anomalies of the sharp ozone gra-
dients near the subtropical tropopause, based on either vertically resolved or total-column ozone (TCO) fields. Using
ERA5 reanalysis output, we find significant correspondence of these sharp ozone gradients with the STJ’s strength and lo-
cation, with the jet acting as a tracer transport barrier and, hence, governing wave-induced horizontal ozone transport
across the jet core. The ozone gradient metrics obtained from vertically resolved ozone observations agree well with ERA5 in
more recent years when densely sampled satellite measurements were included. We furthermore obtain mostly consistent his-
torical trend signals from both conventional STJ metrics from reanalyses and more independent TCO records. Chemistry–
Climate Model Initiative phase 1 (CCMI-1) and CMIP6 climate simulations suggest a strong correspondence between changes
in subtropical ozone gradient maxima and projected STJ trends under different climate forcing scenarios.
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1. Introduction

Climate research has provided evidence for robust climate
change signatures of the large-scale atmospheric general cir-
culation as the response to increasing levels of greenhouse
gas concentrations (e.g., Shaw et al. 2024; Lee et al. 2021;
Schneider 2006). In particular, generations of climate projec-
tions suggest a robust strengthening of the strong eastward
winds located along the subtropical tropopause break in both
hemispheres, usually referred to as the subtropical jet streams
(STJs), which is consistent with enhanced meridional temper-
ature gradients in the subtropical upper troposphere and
lower stratosphere (UTLS) under climate change (e.g., Vallis
et al. 2015; Shaw and Miyawaki 2024). Changes in the STJ
strength and position further play a key role to drive changes
in the (lower) stratospheric circulation, e.g., via regulating
wave driving of the shallow branch of the stratospheric
Brewer–Dobson circulation and quasihorizontal transport

in the UTLS region (Shepherd and McLandress 2011; Abalos
and de la Cámara 2020).

The STJs also have been discussed to provide a measure of
the latitudinal extent of the tropical belt, albeit their covari-
ability with the tropical overturning Hadley circulation turned
out to be rather limited (Staten et al. 2018; Menzel et al. 2019,
2024). Furthermore, the STJ is known to be dynamically
linked with the eddy-driven jet (EDJ) stream in the midlati-
tudes in both hemispheres (e.g., Lee and Kim 2003). This cor-
respondence is clearly reflected, e.g., by the leading mode of
intrinsic extratropical variability, which corresponds to latitu-
dinal shifts in the location of the EDJ that project onto the
strength of the STJ (Thompson and Wallace 1998, 2000;
Limpasuvan and Hartmann 1999). Consistent with the STJ re-
sponse, robust evidence was found for the poleward shifting of
theEDJ in both hemispheres and the strengthening of theAustral
midlatitude jet under climate change, with potential implications
on the hemispheric storm tracks and extreme synoptic weather
events (e.g.,Woollings 2016; Shaw 2019; Zappa 2019).

Climate change signals, spanning the last few decades, have
started to emerge from historical climate variability (e.g., Totz
et al. 2018; Chemke and Yuval 2023; Woollings et al. 2023).
The associated wind field variations characterizing the large-
scale circulation patterns are often studied using recent re-
analysis products that provide highly resolved geophysical
model data and that benefit from assimilation through mete-
orological observations. These wind field components are
effectively constrained by temperature through the thermal
wind relation, but this constraint may not be sufficiently
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strong for long-term trends and the lack of broadly distrib-
uted and regular wind measurements prevents more accu-
rate wind assimilation. Long et al. (2017, 2022) assessed this
zonal wind and temperature output from reanalyses and es-
pecially for the more recent reanalysis products found over-
all good agreement, with substantial improvements due to
new observational data and advanced measurement systems
that became available over time. However, the authors
pointed out considerable uncertainties in long-term trend
evaluation from reanalyses due to changing observational
constraints over time and different procedures to assimilate
the observational data. Examining historical Hadley circula-
tion trends, Grise et al. (2019) further emphasized that sub-
stantial trend uncertainties are caused by large intrinsic
variability in combination with the still rather narrow time
frame considered for historical trend analyses. In contrast,
interannual atmospheric variability commonly features more
consistent signals across datasets and therefore should be less
affected by systematic biases in the reanalysis data. This high-
lights the relevance of modern reanalyses for understanding
the atmosphere’s internal mechanisms and interconnections
from the perspective of both state-of-the-art atmospheric
modeling and various types of global observations.

Additional observation-based metrics of jet stream variabil-
ity may account for some of the above issues and may help to
improve the evaluation of relevant general circulation fea-
tures from reanalysis data. In particular, trend uncertainties
may be reduced by choosing indirect metrics that feature
reduced intrinsic variability and by using high-quality obser-
vational data that minimize inconsistencies due to the mea-
surement setup and during data processing. Here, we propose
exploiting atmospheric trace gas distributions to derive tracer-
based diagnostics of variability and long-term circulation
change. In particular, we consider the ozone distribution in
the UTLS region, which is known to be shaped by the transport
barrier associated with the STJ and has been found to not be
affected much by chemistry in the UTLS. Hudson et al. (2003,
2006) and Hudson (2012) previously used the correspondence
between characteristics in the structure of total-column ozone
(TCO) and the locations of the atmospheric jets in the Northern
Hemisphere to indirectly detect circulation trends. Davis et al.
(2018) discussed the limitations of TCO as a tropical width
metric due to the generally weak meridional TCO gradients,
although they did not examine vertically resolved ozone
metrics or TCO-based metrics during seasons with the stron-
gest gradients (e.g., boreal winter).

In this study, we present a class of ozone metrics intended
for investigations of jet stream variability in the past climate
based on observational data but also applicable to future cli-
mate projections by climate models. These metrics are de-
rived from the strong meridional gradients of the zonal-mean
ozone distribution in the STJ regions and can be used with
both vertically resolved ozone fields as well as TCO profiles.
Section 2 lists the data and methods used in this work,
and section 3 describes the methodology for computing the
ozone-based diagnostics. In section 4, we use data from
the fifth major global reanalysis produced by ECMWF
(ERA5) to discuss the physical background of the statistical

correspondence between zonal-mean ozone and STJ variabil-
ity. The features and limitations of applying the proposed
ozone gradient metrics to observational data are explored in
section 5 using vertically resolved ozone observations and
TCO records. Finally, in section 6, we compare trend projec-
tions for STJ and ozone variability based on the Chemistry–
Climate Model Initiative phase 1 (CCMI-1) and phase 6 of
the Coupled Model Intercomparison Project (CMIP6) climate
simulations. Section 7 contains the summary and discussion of
our results.

2. Data and methods

a. Data

We use monthly averaged, zonal-mean ERA5 atmospheric
reanalysis data for the years 1979–2023, which was provided
on 37 pressure levels between 1 and 1000 hPa with 18 meridio-
nal resolution (Hersbach et al. 2020, 2023a,b). In ERA5, a
linear ozone parameterization scheme by Cariolle and
Teyssèdre (2007) is implemented (ECMWF 2016). Despite
the known limitations due to modeling and data assimilation,
which require a careful evaluation of the reanalysis output,
ERA5 was shown to perform reasonably well in reproducing
the observed variability in the vertically resolved ozone distri-
bution (Davis et al. 2022).

For comparing historical STJ and EDJ trends, we also use
monthly mean data from three additional reanalyses: com-
bined CFSR (through 2010) and CFSv2 (from 2010), Japanese
Reanalysis for three quarters of a century (JRA-3Q), and
MERRA-2, each for the time period 1980–2019 with 2.58
meridional resolution, which all were provided through the
“Reanalysis Intercomparison Dataset” (RID) prepared by
the SPARC Reanalysis Intercomparison Project (S-RIP; us-
ing updated data by Martineau et al. 2018). Note that here,
for consistent zonal averaging of the 850-hPa zonal wind field,
we masked out all data in these three reanalyses that corre-
spond to data points below ground in MERRA-2 and there-
fore were missing in the MERRA-2 output, mainly located in
the American and Asian high mountain regions and covering
most parts of Greenland and the Antarctic continent.

In section 5, we evaluate “Stratospheric Water and Ozone
Satellite Homogenized” (“SWOOSH”) version 2.6 data pro-
duced by Davis et al. (2016). Starting in 1984, this dataset pro-
vides monthly averaged zonal-mean ozone distributions, merged
from different observational instruments and interpolated on
31 pressure levels between 1 and 316 hPa with 2.58 meridional
resolution. Furthermore, we consider zonally averaged TCO
data from the ESA Climate Change Initiative (CCI) multisensor
reanalysis (MSR), covering the years 1970–2022 with 0.58 merid-
ional resolution (Copernicus Climate Change Service 2020;
Van Roozendael et al. 2021a,b). We compare them with the
“BS Filled Total Column Ozone Database” version 3.4.1
(monthly means, 1978–2019, 18 meridional resolution) by
Bodeker et al. (2021, 2022).

We also consider zonal-mean, monthly averaged model out-
put from 18 CCMI-1 climate simulations (Eyring et al. 2013;
Hegglin et al. 2015) listed in Table 1. With two exceptions,
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all of these models provided data for both a free-running hind-
cast simulation (“REF-C1,” 1960–2010) using historical obser-
vations, as well as for a projection run “REF-C2” (1960–2100)
that is based on the WMO A1 scenario on ozone-depleting
substances from 2011 combined with the CMIP5 representa-
tive concentration pathway (RCP) 6.0 (Eyring et al. 2013;
Morgenstern et al. 2017; WMO 2011). Here, the RCP6.0 sce-
nario assumes an increase of 6 W m22 in the global radiative
forcing by the end of the twenty-first century compared to the
preindustrial period (Taylor et al. 2012). We follow the naming
convention by Morgenstern et al. (2017) for the CCMI-1 models
and refer to this study for a comprehensive description of each
model’s individual setup.

In addition, we compare five models that are part of CMIP6
(Eyring et al. 2016) and that include interactive chemistry
schemes [cf. Table 1, following the assessment by Keeble et al.
(2021)]. Here, we limit our analysis to the CMIP6 shared so-
cioeconomic pathway (SSP) 2-4.5 and SSP5-8.5 projections,

which simulate an increase of 4.5 and 8.5 W m22 in the radia-
tive forcing by 2100, respectively, and additionally, each in-
cludes the global impacts of a possible SSP, that is, SSP2
(usually entitled as the “Middle of the road” scenario in the
existing literature) and SSP5 (“Fossil-fueled development”),
respectively (O’Neill et al. 2016; Riahi et al. 2017; Meinshausen
et al. 2020). We use each model’s first three ensemble runs, ex-
cept for GFDL-ESM4 and MRI-ESM2.0 where at the time of
this analysis the required model data were provided only for
one ensemble member. For CESM2 (WACCM), no total-
column ozone data were available.

We consider the CCMI-1 (CMIP6) data on 27 (19) pressure
levels between 1 and 1000 hPa, which we interpolated on a me-
ridional grid with 2.58 resolution. MOCAGE and UMSLIMCAT
only provided output below 10 hPa and above 250 hPa, respec-
tively. We furthermore limit the time range of our analysis to
maximize the number of models for which the corresponding
data are available, i.e., 1979–2008 for CCMI-1 REF-C1 and
2015–98 for CCMI-1 REF-C2 and the CMIP6 projections. We
use ensemble-mean data for each individual model if more than
one run is available (cf. Table 1).

b. Jet stream variability

In this work, we consider the year-by-year variability of the
STJ in both hemispheres by assessing changes in the magni-
tude and the meridional location of zonal-mean maximum
zonal wind speeds in the STJ regions. We follow the method
by Davis and Birner (2013, 2017) and consider the maximum
zonal wind vertical shear (relative to the 850-hPa zonal wind)
as a function of latitude, where only data points up to 50 hPa
above the thermal tropopause are included. The hemispheric
maximum of this meridional profile of zonal wind shear max-
ima defines the strength of the STJ (STJ MAX), and the
STJ’s latitudinal position (STJ LAT) is obtained from the
zero crossing of the associated meridional derivative profile
(Davis and Birner 2013, 2017). To link our results to previous
work and explore linkages between the STJ and the EDJ
stream, we also diagnose the EDJ. In particular, we define the
EDJ’s magnitude (EDJ MAX) as the maximum of the zonal-
mean zonal wind at 850 hPa, with EDJ’s meridional location
(EDJ LAT). Table 2 provides an overview of the jet stream
metrics considered in this study.

Previous studies also referred to the STJ as an indicator of
tropical circulation changes, in particular of variations in the
meridional extent of the overturning Hadley cell (e.g., Davis
and Birner 2017; Staten et al. 2018; Waugh et al. 2018). Here,

TABLE 1. CCMI-1 and CMIP6 simulations together with the number
of ensemblemembers considered in this work.

CCMI-1 REF-C1 REF-C2

ACCESS CCM 1 2
CCSRNIES MIROC3.2 3 2
CESM1 CAM4-chem 3 3
CESM1(WACCM) 3 3
CHASER (MIROC-ESM) ? 1
CMAM 3 1
CNRM-CM5-3 1 1
EMAC (L47MA) 1 3
EMAC (L90MA) 1 1
GEOSCCM 1 1
GFDL-CM3 5 1
GRIMs-CCM 1 ?

MOCAGE 1 1
MRI-ESM1r1 1 1
NIWA-UKCA 3 5
SOCOL 3 1
UMSLIMCAT 1 1
UMUKCA-UCAM 1 2

CMIP6 SSP2-4.5 SSP5-8.5

CESM2(WACCM)a 3 3
CNRM-ESM2-1 3 3
GFDL-ESM4 1 1
MRI-ESM2.0 1 1
UKESM1.0-LL 3 3

aNo TCO data available.

TABLE 2. Overview of jet stream diagnostics used in this analysis.

Label Description

STJ MAX Maximum strength of the vertical shear of the zonal-mean zonal wind between 850 hPa and any given higher
level; altitudes higher than 50 hPa above the thermal tropopause are excluded in the data (Davis and
Birner 2013, 2017)

STJ LAT Following Davis and Birner (2013, 2017), latitude of STJ MAX, derived from the zero crossing of the
meridional derivative profile of maximum zonal wind vertical shear as a function of latitude

EDJ LAT Latitude of maximum zonal-mean zonal wind at 850 hPa in the midlatitudes (e.g., Waugh et al. 2018;
Adam et al. 2018a)

EDJ MAX Zonal-mean zonal wind interpolated at EDJ LAT
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in the interest of clarity, we will limit our analysis to the corre-
spondence between (direct) wind field–related and (indirect)
ozone-based metrics of STJ and EDJ variability. In some
cases, we will point to extended results that are provided in
the supplemental material.

In general, we quantify statistical jet stream covariability by
computing Pearson correlation coefficients, where the linear
trends of the anomaly time series, as obtained from least
squares linear regressions, are removed beforehand. The cor-
relation coefficients’ confidence intervals are calculated using
Fisher’s z transformation. Similarly, we derive regression
maps in the latitude–height plane pointwise by regressing the
anomaly time series of the given data field (the predictand) at
each grid point on a one-dimensional predictor index, after
subtracting linear trends.

For calculating the jet stream diagnostics described above
and tropical width metrics, we partially make use of “PyTropD”

(Ming 2022), which is the Python edition of the “Tropical-
Width Diagnostics” (“TropD”) software developed by Adam
et al. (2018a,b). We also use various helper functions that are
available from PyTropD. Furthermore, if not stated otherwise,
we refer to the WMO (1957) thermal tropopause in this paper,
which we calculate from a modified version of PyTropD’s inter-
nal routine TropD_Calculate_TropopauseHeight. The
modification was necessary because the implemented criterion
for the lapse rate tropopause definition in PyTropD turned out
to be too strong.

3. Definition of ozone gradient diagnostics

The ozone metrics proposed in this work aim to detect STJ
changes by measuring the variations of monthly mean, zonal-
mean ozone near the STJ in each hemisphere. The climato-
logical ozone distribution features well-pronounced gradients
in the UTLS region (cf. Fig. 1) where the tropopause and the
STJ act as tracer transport barriers. This motivates the differ-
ent ozone gradient definitions discussed in this section, which
are also listed in Table 3. We probe three different methods
for diagnosing proxies of the STJ based on the meridional
ozone gradients. Two of them require vertically resolved
ozone data, while the third approach uses TCO profiles, which
may be useful for application due to the availability of long-
term TCO observational records (cf. section 5b). Two addi-
tional methods testing minor modifications of the setup are
shown in the supplemental material.

The first diagnostic in Table 3 is based on the field of the
meridional ozone gradient with respect to geographical lati-
tude f:

O3GRAD(t, p, f) ; ­fx

hxit
, (1)

which is derived from the ozone distribution in the latitude–
pressure plane x(t, p, f), where the overbars in our notation
denote zonal-mean quantities. The gradient field is weighted
by the zonal-mean ozone climatology hxit ; hx(t, p,f)it, such
that O3GRAD provides a relative measure of changes in

zonal-mean ozone and therefore is insensitive to the back-
ground ozone mixing ratios that usually vary strongly with
altitude.

The isolines of zonal-mean ozone in the UTLS closely fol-
low the tropopause, in particular the tropopause break in the
STJ region is closely aligned with a strong slope in ozone iso-
lines (see Fig. 1b). This motivates to use a second metric that
is derived from the meridional gradients of the height of

FIG. 1. Overview of the different ozone diagnostics and the un-
derlying ozone gradient fields considered in this work. All panels
show winter-mean climatologies derived from ERA5 reanalysis
data 1979–2023 (NH DJF and SH JJA, respectively). The color
codings provide (a) the meridional ozone gradient field (% deg21)
and (b) the ozone isoline gradient field (km deg21, scaled by a fac-
tor of 10), both computed from winter-mean climatological ozone.
Contour lines show (a) the zonal-mean zonal wind (m s21) and
(b) the zonal-mean ozone distribution (ppmv, black contours) as
well as the mean meridional mass streamfunction [gray contour
lines with intervals of 2 3 1010 kg s21, displayed below the tropo-
pause only; computed using PyTropD by Adam et al. (2018a)].
The thick dotted lines in (a) and (b) show the mean thermal tropo-
pause. The orange and red markers in (a) and (b) show the meridi-
onal locations of the jet stream cores and ozone gradient maxima,
respectively. In (a), red vertical arrows illustrate the altitude range
for vertical averaging of the ozone gradient profiles, as defined for
the O3GRAD_LMS metric in Table 3. The reference level Zref for
the O3ISO_TTP–3KM diagnostic in (b) is marked by the red
dashed lines. (c) Winter-mean TCO in Dobson units (DUs;
solid lines) and the corresponding meridional gradient profile
(DU deg21, dashed lines), with the locations of the subtropical gra-
dient maxima indicated by vertical red lines.
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zonal-mean ozone isolines (referred to as “ozone isoline gra-
dient field” in the following):

O3ISO(t, p, f) ; dZ(p)
df

∣
∣
∣
∣
x5const:

52
­fx

­Zx
(t, Z, f)

5
H
p

­fx

­px
(t, p, f), (2)

where Z(p) ; H log(p0/p) denotes log-pressure height with
scale heightH5 7 km and surface pressure p0 5 1000 hPa.

Figure 1 provides the winter-mean climatologies of these
ozone gradient fields computed from monthly mean ERA5
reanalysis data for 1979–2023 [Northern Hemisphere (NH)
DJF and Southern Hemisphere (SH) JJA]. The meridional
ozone gradient field in Fig. 1a clearly shows one subtropical
extremum in each hemisphere. These extrema are vertically
stretched, roughly following the tropopause break, and peak
around the STJ core. The ozone isoline gradient field peaks in
the tropics around 300 hPa, expanding across the tropopause
break into the lowermost stratosphere (Fig. 1b). Here, the
high tropospheric gradients correspond to steep isoline curva-
tures, which are formed by both up- and downward ozone
transport through the overturning Hadley circulation in the
tropics (illustrated by the x 5 50 ppbv ozone isoline and the
mean meridional mass streamfunction in Fig. 1b).

Except for the TCO gradient metric, it is necessary to apply
vertical averaging or level selection to gain latitudinal profiles
from the two-dimensional gradient fields, which the metric
can be based upon. We tested different procedures to perform
the vertical selection (see also supplemental material) and set-
tled on the following:

1) Due to the vertically coherent structure of the subtropical
O3GRAD extrema (Fig. 1a), we average vertically across
N 5 10 equidistant log-pressure height levels, equally dis-
tributed between the mean tropical tropopause (TTP;
f , 208) and the mean polar tropopause (PTP; f . 608).
To capture vertical shifts and fluctuations of the lowermost
stratosphere (LMS) over time, we allow both TTP and PTP
to be a function of time (at monthly resolution as with other
diagnostics). We refer to the resulting ozone gradient metric
as “O3GRAD_LMS” (cf. Table 3).

2) We select fixed reference levels Zref 5 H log(p0/pref) onto
which the ozone isoline gradient field (O3ISO) is interpo-
lated (cf. Fig. 1b). Again, to account for vertical shifts and

fluctuations, this level is adapted monthly. Here, we link this
reference level to the mean tropical tropopause height, i.e.,

Zref(t) ; ZTTP(t) 1 DZ, (3)

where DZ denotes a constant offset. We set DZ 5 23 km in
the following, representing an isobar that is located below the
TTP and that approaches the altitude of the STJ core to maxi-
mize STJ covariability. Note, however, that biases in observa-
tional ozone data due to measurement limitations occur
especially at lower altitudes (cf. section 5), which effectively
narrows the range of suitable offset values DZ. The corre-
sponding metric is called “O3ISO_TTP–3KM” in Table 3 and
aims to track changes associated with STJ dynamics across
the set of isolines featuring strong curvatures along the tropo-
pause break.

Figure 1 shows that all these ozone gradient definitions,
O3GRAD_LMS, O3ISO_TTP–3KM, and TCO, feature well-
pronounced subtropical extrema for both hemispheres on a
climatological average. As a final step, we derive two types of
key parameters for each profile. Given multiple time steps,
they form two index time series:

• The absolute magnitude of the subtropical extremum, searched
for among all data points across latitude and for each month
and each hemisphere separately, referred to by adding a suffix
“MAX” behind each definition’s label. Accordingly, account-
ing for the sign convention in our gradient definitions, from
now on we will always refer to absolute subtropical gradient
maxima for both hemispheres.

• The latitude of that maximum, applying the smoothing approach
with strength parameter n 5 6 introduced by Adam et al.
(2018a), where we use PyTropD’s TropD_Calculate_MaxLat
routine, labeled by adding a suffix “LAT.”

The climatological location (LAT) of each ozone gradient
maximum is illustrated in Fig. 1. During our analysis, we
found substantial differences in the gradient maxima’s aver-
age strength throughout the year due to the seasonal cycle. In
the appendix, we provide a qualitative estimate on their vari-
able peak sharpness, which turned out to be significantly re-
duced especially during summer, causing issues in identifying
these maxima. We therefore limit our analysis to hemispheric
winters in the following and add the results for annual-mean
data where appropriate to allow for a comparison with the re-
sults from the existing literature.

TABLE 3. Classification of ozone gradient metrics. See the main text for a detailed description.

Label Gradient (unit) Required data Profile Definitiona

O3GRAD_LMS Meridional (% 8N21) Vertically resolved
ozone field

Vertical averaging
with N 5 10
levels

∑
N21

i50
O3GRAD[t, Z5 ZTTP(t)1 idZ, f]/N

with dZ 5 [ZPTP(t) 2 ZTTP(t)]/(N 2 1)

O3ISO_TTP–3KM Isoline (km 8N21) Vertically resolved
ozone field

3 km below tropical
tropopause height

O3ISO[t, p 5 pref(t), f]

TCO Meridional (DU 8N21)b TCO } ­fTCO(t, f)
aDefinitions of O3GRAD and O3ISO as in Eqs. (1) and (2) in the main text, respectively.
bDU5Dobson unit.
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4. Ozone gradient metrics in ERA5 reanalyses

In this section, we evaluate the statistical relation of inter-
annual variability between the jet stream diagnostics from
Table 2 and the ozone gradient metrics defined in Table 3 and
try to shed light on the physical mechanism behind their
correspondence.

Figure 2 provides the associated correlation coefficients
based on winter-mean ERA5 reanalysis data for 1979–2023,
combining the results for the NH and SH (based on DJF and
JJA winter seasons, respectively). Here, the individual entries
in the correlation table are color coded if the statistical signifi-
cance of the associated correlation was found at the 95%
level. We note that, overall, the different ozone gradient defi-
nitions mostly agree well in measuring interannual variations
in the location and strength of the subtropical gradient max-
ima, as indicated by the strong correlations within the two
sets of LAT and MAX ozone indices, respectively (lower-
right panel of Fig. 2). In particular, we find the most robust
correlations among the LAT-type metrics (“O3 LAT”) in

both hemispheres. In the NH, TCO MAX is significantly cou-
pled with the LAT time series of the two other ozone gradient
metrics, and TCO LAT is strongly anticorrelated with the
O3_GRAD_LMS maxima. TCO LAT and TCO MAX them-
selves, however, turn out to be decoupled and similar for the
LAT and MAX of the O3GRAD_LMS and O3ISO_TTP–
3KM diagnostics, indicating that they represent distinct vari-
ability modes. In the SH, this only holds for the O3GRAD_LMS
definition, and we find significant anticorrelations among
the LAT and MAX metrics based on TCO and isoline
gradients.

Across all ozone-based metrics, we find robust correlations
with the STJ properties; i.e., the latitudinal positions of the
ozone gradients (O3 LAT class of indices) vary with the STJ lat-
itude and are similar for the gradients’ magnitudes (O3 MAX)
and the strength of the STJ in both hemispheres (lower-left and
upper-right panels in Fig. 2). This relation is strongest between
STJ LAT and the LAT-type gradient metrics in the NH. Here,
we also find substantial anticorrelations between the MAX-type
metrics and the EDJ LAT, which is likely due to the dynamical
coupling between EDJ LAT and the strength of the STJ
(r 5 20.68 for NH in the upper-left panel of Fig. 2). Similarly,
EDJ MAX is robustly coupled with the O3 LAT time series in
the NH, although STJ LAT and EDJ MAX are not directly
linked in ERA5 (r5 0.17).

Overall, we find high consistency between ozone-based
metrics of the strength and latitude of the subtropical maxi-
mum and a high correlation to the respective STJ properties.
An extended version of Fig. 2 is provided as Fig. S1 in the on-
line supplemental material, showing also correlations be-
tween two slightly modified versions of the above introduced
ozone gradient diagnostics, as well as common metrics of
tropical width associated with the tropospheric meridional
mass streamfunction, the subtropical tropopause break, and
near-surface zonal winds.

For understanding the covariability with the STJ, consider
Fig. 3 which shows the responses of the underlying ozone gra-
dients to variations of STJ strength and position. These are
computed by regressing the winter-mean ozone gradient
anomalies on the standardized index time series STJ MAX
and STJ LAT, respectively (ERA5, 1979–2023, NH DJF, and
SH JJA). In addition, we consider the meridional gradient
field of modified potential vorticity (Lait 1994):

­fP ; ­f[P(u/u0)29/2], (4)

where P denotes the zonal-mean potential vorticity (PV) and
u is the zonal-mean potential temperature with reference
level u0 ; 300 K. We find that the subtropical gradient max-
ima in the O3GRAD, O3ISO, and PV fields simultaneously
follow the changes in the latitudinal position of the STJ, as in-
dicated by the dipole-like response signatures in Figs. 3a–c.
Likewise, in all cases, we clearly observe sharper gradients
when the STJ strengthens (Figs. 3e–g). This is consistent with
the meridional PV gradient acting as a tracer transport barrier
in the STJ region, regulating the amount and the equatorward
extent of quasi-isentropic ozone transport by eddy mixing
across the subtropical tropopause. Figure 3 also shows that

FIG. 2. Pearson’s correlation coefficients, based on interannual
variability, for all combinations of detrended jet stream and gradi-
ent-based ozone diagnostics listed in Tables 2 and 3, respectively.
The results were computed separately for the NH (upper-right
area) and SH (lower-left area), based on winter-mean ERA5 data
(1979–2023, NH DJF, and SH JJA). For better readability, the
ozone gradient diagnostics are divided into two groups of
“O3 LAT” and “O3 MAX” time series, which are marked by
the light and dark green panel shading, respectively. In addi-
tion, the O3GRAD_LMS metric from Table 3 here is abbrevi-
ated as “O3GRAD” and similar for O3ISO_TTP–3KM which is
denoted as “O3ISO.” Statistical significance at the 95% level
was found where color coding and bold type are applied to the
corresponding entries in this table. Plot design inspired by
Waugh et al. (2018, their Fig. 5).
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the response signals in the SH are less pronounced and more
confined to narrow altitude ranges compared to the NH,
which may be associated with the weaker correlation coeffi-
cients during austral winter found in Fig. 2 (lower-left panel).
We hypothesize that the limited contribution of planetary-
scale atmospheric waves in the SH may play a role here, but
analyzing the local ozone budget as a function of zonal wave-
number is left for future work. Note that the regression maps
in Fig. 3 show the response relative to the ozone gradient
climatology (illustrated by the black contour lines), which
partially feature subtropical gradient minima (i.e., negative
meridional gradients). However, the associated correlation
coefficients are always positive in Fig. 2 as we consider abso-
lute gradient magnitudes.

In addition, Figs. 3d and 3h provide further evidence that
STJ covariability is also reflected by the meridional TCO

gradients similar to the vertically resolved ozone gradients
but with some deviations from the simple response signatures
characterizing the shifting and strengthening of the gradient
maxima upon changes in STJ LAT and STJ MAX, respec-
tively. These differences are consistent with the significant
amount of cross correlations with the TCO metrics identified
in Fig. 2. Note that especially in the NH, we also expect some
impact on tropospheric ozone due to meridional fluctuations
of the midlatitude jet (EDJ LAT) where we found a strong
anticorrelation with the TCO MAX diagnostic r 5 20.77 ac-
cording to Fig. 2.

The results from this section show that the gradient-based
ozone metrics primarily measure variations of the STJ, which
appeared to be consistent with our knowledge on the jet
working as a dynamically fluctuating ozone transport barrier
in the subtropics. We found a clear dichotomous behavior

FIG. 3. Meridional ozone gradient field (O3GRAD), ozone isoline gradient field (O3ISO, scaled by an additional
factor of 20 for plotting), and meridional gradient field of modified PV (Lait 1994) regressed on the standardized
(a)–(c) STJ LAT and (e)–(g) STJMAX index time series, respectively. The regression maps are shown in units of per-
cent per degree (% deg21), kilometers per degree (km deg21), and PV units per degree (PVU deg21), respectively,
per standard deviation of the STJ predictors. Black contours show the structures of the gradient field climatologies
(dashed lines indicate negative values). The thick dotted lines represent the mean thermal tropopause. (d),(h) As be-
fore, but for the response (red dashed lines) of the TCO meridional gradient profiles (DU deg21; black lines show cli-
matology), obtained by linear regression on the standardized STJ diagnostics. All results were calculated from winter-
mean ERA5 reanalysis data (1979–2023). Hatches indicate where the regression maps are not statistically significant
at the 95% level.
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among these ozone metrics, i.e., statistically significant corre-
spondence of the index time series with either the varying
zonal-mean zonal wind strength in the STJ region (subset of
MAX-type indices) or with the jet’s meridional position
(LAT). In the NH, the metrics measuring fluctuations in the
strength (or meridional position) of the STJ are also coupled
to the shifting (or strengthening) of the EDJ (cf. Lorenz and
Hartmann 2001, 2003).

5. Comparison with observational data

After constructing tracer-based diagnostics for STJ variabil-
ity, we now make use of observational records in two ways:
First, we evaluate the ozone index time series obtained from
ERA5 reanalysis data by comparing them with ozone meas-
urements. Second, we derive trends across the historical time
period and evaluate the trend uncertainties of this observa-
tion-based approach.

a. Comparison with SWOOSH ozone data

We use the SWOOSH dataset described in section 2 to
evaluate the ozone gradient definitions from Table 3 that are
based on the vertically resolved distribution of zonal-mean
ozone. As indicated by Figs. 4a and 4b, especially in the mid-
dle stratosphere, winter-mean ERA5 ozone agrees well with
SWOOSH ozone across two predefined time intervals of
equal length ranging 1985–2003 and 2005–23, respectively.
The biases in the climatological ozone distribution mainly oc-
cur in the tropical UTLS region and in the upper stratosphere.
We find substantial differences in ERA5 and SWOOSH inter-
annual ozone covariability between these two time intervals,

as measured by pointwise Pearson correlation coefficients in
the latitude–pressure plane: Figs. 4c and 4d show a less homo-
geneous and rather modest correlation between ERA5 and
SWOOSH year-by-year ozone anomalies prior to 2005 and
strongly increased correlation values across almost the entire
meridional plane after that date. This is presumably due to
the availability of global, densely sampled Aura MLS meas-
urements (Waters et al. 2006), which entered both the
SWOOSH data processing and ERA5 data assimilation in
more recent years. Overall, although differences between
ERA5 and SWOOSH ozone are still substantial for 2005–23
around the STJ in both hemispheres, winter-mean ozone
anomalies, which play a key role in defining ozone-based met-
rics of atmospheric variability, seem to agree much better in
more recent years (as seen by the high correlation values in
Fig. 4d).

Intercomparisons between the ERA5 and SWOOSH ozone
gradient metrics turned out to be challenging due to the sub-
stantial differences in interannual ozone variability between
the earlier and later parts of the available time period. In par-
ticular, artifacts in the SWOOSH ozone gradient profiles prior
to 2005 resulting from missing and noisy data in the UTLS
caused problems when applying our computation routines
(not shown). During this time period, SWOOSH is dominated
by data from solar occultation sensors that provide around
two orders of magnitude less data than Aura MLS and are
subject to cloud and aerosol interference (e.g., due to Mount
Pinatubo) that results in very sparse sampling in the UTLS.
As a consequence, we found poor correlations between the
ERA5 and SWOOSH ozone metrics for the time period up to
2005 and mostly very good agreement for the recent years

FIG. 4. (a),(b) Differences in climatological zonal-mean ozone during winter (NH DJF and SH JJA) between
ERA5 and SWOOSH relative to ERA5 ozone. (c),(d) Correlation coefficients for interannual zonal-mean ozone vari-
ability derived from SWOOSH compared to ERA5. Contour lines show the corresponding zonal-mean zonal wind
climatologies. The thick dotted lines illustrate the winter-mean tropopause. The left and right columns of this figure
provide the results for the time periods until 2003 and starting 2005, respectively.
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(not shown). The O3ISO_TTP–3KM definition represents the
only exception with no statistically significant correlations
during 2005–23. This is probably due to the underlying isoline
height gradient fields, which are based on both meridional
and vertical ozone gradients [cf. Eq. (2)] and therefore may
be much more sensitive to biases in the ERA5 and SWOOSH
ozone data. We obtained much better agreement between the
ERA5 and SWOOSH O3ISO metrics when we shifted the
reference level Zref for evaluating the gradient profiles up-
ward (not shown), i.e., if DZ was increased in Eq. (3). This is
because the relative differences between the reanalysis data
and the ozone measurements decrease at higher altitudes.
However, we found that modification of DZ can also lead to
reduced covariability of the ozone gradient metrics with the
STJ, indicating an important trade-off in the parameter setup.

b. Historical trends from TCO observations

Our analysis showed that observational, vertically resolved
ozone data are not yet available in sufficient quality and for a
long enough time period to allow an assessment of trends
based on the two-dimensional, zonal-mean ozone gradient
fields O3GRAD and O3ISO. We therefore apply the two
total-column ozone gradient metrics, TCO LAT and TCO
MAX, where we compare TCO from ERA5 and the ESA
CCI MSR. Since the underlying model for the ESAMSR uses
ECMWF meteorological data (Van Roozendael et al. 2021a),
we examine zonal-mean “BS Filled” TCO data by Bodeker
et al. (2021) as an additional, and perhaps more independent,
reference. Using these datasets, we compare historical trends
in the TCO-based metrics with the trends found in the
strength and location of the jet streams, which we derive di-
rectly from global zonal-mean zonal wind data from the
ERA5, CFSR/CFSv2, JRA-3Q, and MERRA-2 reanalyses
(S-RIP RID; Martineau et al. 2018). It is not clear a priori
whether and how variations in TCO, indicating variability of
vertically accumulated ozone, allow for a precise quantifica-
tion of local covariability between the jet stream and ozone in
the STJ regions. The TCO gradient metrics may still represent
indirect but meaningful indicators of jet stream variability if
they are sufficiently well related to the jet stream properties
under consideration, i.e., significant correlations between
these TCO-based diagnostics and the STJ are essential for the
subsequent interpretation of the results.

Figure 5 provides the results for the years 1980–2019, where
we computed linear trends from annually resolved data based
on both winter-mean and annual-mean anomalies and for
both hemispheres separately. Here, we estimated the trend
uncertainties from a bootstrapping approach, each based on
1000 randomly sampled time series containing 30 out of the
40 index time steps. All reanalyses indicate a poleward move-
ment of the STJ in both hemispheres and for both winter
mean and annual mean (Figs. 5a,d,g,j), albeit not all of these
trends are statistically significant. However, the high correla-
tions and mostly similar trend magnitudes across these four
reanalyses suggest that these trends may be robust. We find
that, if the correlation with STJ LAT is significantly strong
(i.e., as given in Figs. 5a,d,g but not Fig. 5j, as indicated by the

colored boxes at the bottom of each panel), then indeed the
TCO LATmetric qualitatively reproduces this poleward shift-
ing of the STJ for all three TCO datasets (ERA5, MSR, and
BS; red bars in Fig. 5). We find larger trends in the TCO met-
rics than for the STJ, which is consistent with stronger inter-
annual variability in TCO LAT compared to STJ LAT (not
shown). This may be due to chemical and nonlinear effects
and due to advective ozone transport beyond the STJ core,
which is not governed by the strength of the subtropical mix-
ing barriers. In general, based on the TCO LAT trend DfTCO,
the trend in jet latitude may be indirectly estimated from
TCO covariability as

DfSTJ ≃ b[TCO, STJ] ? DfTCO, (5)

where b[TCO, STJ] is the linear regression coefficient of the
multireanalysis STJ anomaly time series regressed on the
TCO index. This indirect estimate assumes that the system
dynamics giving rise to the trend behave the same as those
giving rise to intrinsic, interannual variability. This is some-
what akin to the fluctuation–dissipation theorem (e.g., Leith
1975). We find that the magnitudes of poleward STJ move-
ment inferred from the TCO scale well with the direct reanal-
ysis STJ LAT trends for winter-mean NH variability (orange
bars in Fig. 5a) but are substantially reduced for the SH com-
pared to the wind field–related STJ metric in Fig. 5g. In con-
trast, enhanced trend values are found for NH annual-mean
data, where now the TCO trends show statistical significance,
whereas STJ LAT trends from the reanalysis data do not
(Fig. 5d).

For the NH during winter, Figs. 5b and 5c furthermore
show that the trends in the STJ’s strength (STJ MAX) and
the location of the midlatitude jet (EDJ LAT) are not statisti-
cally significant, and neither are the trends in TCOMAX. For
annual-mean data, TCO MAX trends suggest a robust weak-
ening of the STJ and a poleward shift of the EDJ during the
historical time period, which qualitatively agrees with the
(nonsignificant) STJ MAX and EDJ LAT reanalysis trends
(Figs. 5e,f). In particular, Fig. 5e provides an example where
the statistically significant trend estimates from the observa-
tion-based TCO MAX metric may help to constrain the di-
verging results on STJ MAX trends from the different
reanalyses.

Finally, Figs. 5g–l suggest that constraining jet variability
from our TCO gradient metrics is rather challenging in the
SH. In particular, the TCO LAT trend magnitudes in Fig. 5g
roughly compare with the NH results (Fig. 5a), but we find
much larger confidence intervals, presumably due to the lim-
ited availability of observational data during Austral winter
and weaker TCO gradients in the subtropics compared to the
NH. Further conclusions, e.g., on covariability with STJ MAX
and EDJ LAT in the SH, turn out to be difficult due to the in-
sufficient statistical correlations with the TCO diagnostics (cf.
white boxes indicating weak correlations in Figs. 5h,i). Finally,
the statistically significant annual-mean TCO MAX trends
suggest poleward movement of the EDJ (orange bars in
Fig. 5l) and weakening of the STJ (orange bars in Fig. 5k), but
the latter contradicts the robust STJ MAX trends from the
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reanalyses. Note that in Figs. 5k and 5l, correlations between
TCOMAX and the two jet stream metrics are statistically sig-
nificant but rather weak, which complicates interpretations.
In addition, substantial ozone depletion in the SH higher lati-
tudes may impact the subtropical TCO gradients, which may
weaken the relation between jet stream variability and ozone
gradient changes.

6. Ozone gradient metrics from climate simulations

In this section, we first assess how the relation between
jet stream variability and ozone gradients is represented in
CCMI-1 climate models as compared to ERA5 reanalysis
data. Figure 6 shows the multimodel averaged correlation co-
efficients similar to the ERA5 correlations shown in Fig. 2,
where we used winter-mean 1979–2008 model output from 17
CCMI-1 REF-C1 hindcast simulations listed in Table 1. The

corresponding correlation table for each individual model is
available in the supplemental material. Statistical robustness
is assumed where at least 80% of the models agree on the
sign of covariability and provide a statistically significant cor-
relation at the 95% level (indicated by colors). Additionally,
agreement in terms of the spread of the correlations between
models, as measured by cross-model standard deviations, is
indicated by bold numbers as an indication of robustness, in
the case of significant correlations with a threshold of 25% of
the multimodel mean (MMM) and 50% for the nonsignificant
correlation values.

Figure 6 (lower-right panel) shows that the CCMI models
provide some robust correlations within the two groups of
O3 MAX and O3 LAT ozone metrics, respectively, which is
mostly consistent with ERA5 except for the correlations re-
lated to TCO LAT where the models simulate weaker corre-
lations. Furthermore, the models do not reproduce the ERA5

FIG. 5. Historical (1980–2019) STJ and EDJ trends from reanalyses (green bars on the left side of each panel) and TCO trends (red
bars) from ERA5, MSR, and BS TCO data. TCO trends are compared to the TCO LAT time series for STJ LAT, and TCOMAX other-
wise, following the correlation table in Fig. 2. The unit of all LAT trends is degrees per decade (deg decade21), where positive values indi-
cate a northward shift. STJ MAX and TCO MAX trends are provided in units of m s21 decade21 and DU deg21 decade21, respectively.
Correlation coefficients with the multireanalysis mean jet variability are provided by the color-coded boxes at the lower end of each panel,
where white boxes indicate that no significant correlation was found at the 95% level. The orange bars provide estimates on the jet trend
magnitudes obtained from TCO variability according to Eq. (5). Error bars provide 95% confidence intervals derived from a bootstrap-
ping approach each based on 1000 randomly sampled 30-yr time series.
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anticorrelations between O3 MAX and O3 LAT metrics in
the SH, and the substantial model spreads there (.50% ac-
cording to the formatting criterion described above) suggest
that the strength of this coupling is influenced by the different
modeling schemes. In contrast, the robust anticorrelation be-
tween O3GRAD_LMS MAX and TCO LAT in the NH
agrees quite well with ERA5. Overall, the CCMI models
clearly reflect the two-mode behavior of the ozone gradient
diagnostics, where we found that O3 LAT metrics strongly
correlate with the STJ’s meridional position (STJ LAT) in
both hemispheres and are similar for O3 MAX and STJ
MAX (lower-left and upper-right panels in Fig. 6). Substan-
tially reduced correlations are only found for TCO LAT. In
some cases, the high correlation magnitudes and reduced
model spreads provide evidence that STJ–ozone covariability
in part is even more pronounced than in ERA5 (cf. individual
models in the supplemental material). We hypothesize that
the inconsistencies in the reanalysis output due to data assimi-
lation may play a role here. The simulations also reproduce
the significant anticorrelation between the strength of the STJ
(STJ MAX) and the EDJ LAT in the NH (r 5 20.74, upper-
left panel in Fig. 6) and, as a consequence, robust anticorrela-
tions between O3 MAXmetrics and EDJ LAT.

As a second step, we analyze the projected trends for the
twenty-first century in the zonal-mean ozone gradient structure

in the subtropics, in particular associated with variations in the
strength and location of the STJ in both hemispheres. To do so,
we use monthly averaged model output from the CCMI-1
REF-C2 climate projections (17 models; cf. Table 1). We com-
pare them with simulations from the CMIP6 using two different
SSP climate forcing scenarios, where we select five CMIP6
models that use an interactive chemistry scheme [following
Keeble et al. (2021)]. Figure 7 provides the linear trends found
in the STJ metrics and in the ozone gradient time series defined
in Table 3, as obtained from winter-mean projections for the
years 2015–98.

Figures 7b and 7d show that the O3GRAD_LMS MAX
and TCO MAX time series feature positive multimodel mean
trends (illustrated by the vertical bars) for all three scenarios
(REF-C2, SSP2-4.5, and SSP5-8.5), indicating a strengthening
of the meridional ozone gradients in the STJ region in both
hemispheres. This is consistent with the projected increase in
STJ zonal wind speeds, which act to strengthen the effective
dynamical transport barrier for wave-induced ozone mixing.
For O3ISO_TTP–3KM, we find similar results except for
CCMI-1 REF-C2 where some model outliers cause rather ex-
treme multimodel mean trends.

Direct comparison of the CCMI-1 and CMIP6 groups of
simulations needs to be treated with caution due to the sub-
stantial differences in the scenario setup and the small subset
of CMIP6 models analyzed here. However, comparing the
underlying RCP (Taylor et al. 2012; cf. section 2a), Figs. 7b
and 7d suggest that the multimodel mean STJ MAX trends
from the CCMI-1 REF-C2 runs (RCP6.0) indeed range be-
tween the two CMIP6 SSP2-4.5 and SSP5-8.5 projections,
which assumed a slightly lower (RCP4.5) and larger (RCP8.5)
future increase in global radiative forcing, respectively. Both
CMIP6 scenarios project a robust strengthening of the STJ in
both hemispheres, with at least doubled trend magnitudes for
the extreme SSP5-8.5 setup compared to SSP2-4.5.

Figure 7c shows that, for the multimodel average, the simu-
lations project a robust poleward movement of the subtropi-
cal ozone gradient maxima along with the STJ in the SH,
again in agreement with our understanding of the underlying
ozone transport mechanisms discussed in section 4. The CMIP6
SSP5-8.5 runs show that this shifting becomes stronger upon in-
creased release of greenhouse gases into the atmosphere. In
contrast, for the NH, the trends in STJ LAT are less clear
among CCMI-1 and CMIP6 (Fig. 7a), and neither are the pro-
jected changes in O3GRAD_LMS LAT and TCO LAT, which
suggest a robust strengthening and no significant changes in the
subtropical ozone gradients, respectively. The latter may be
consistent with the significant anticorrelation of TCO LAT with
STJ MAX on interannual time scales in ERA5 (cf. Fig. 2),
which is indeed reproduced by most of the CCMI-1 models (cf.
Fig. 6 and supplemental material), such that TCO LAT would
track the counteracting effects of both STJ strengthening and
latitudinal jet shifting in the NH.

From the trend analysis of the O3ISO_TTP–3KM metric in
Fig. 7, we obtain more divergent results, with some CCMI-1
models showing extreme, rather unrealistic changes in the
subtropical ozone gradient magnitudes compared to others
and CMIP6. In contrast, trends in O3ISO_TTP–3KM LAT

FIG. 6. Table of correlation coefficients for winter-mean jet
stream and ozone gradient metrics obtained from 17 CCMI-1
REF-C1 hindcast simulations listed in Table 1 (1979–2008). The
color coding provides an estimate on the statistical robustness of
each correlation; i.e., at least 80% of the models agree on the sign
of the correlation coefficient and show statistical significance at the
95% level. Bold type numbers indicate that the cross-model stan-
dard deviation of the correlations is below 25% (50%) of the
MMM for the (non)significant correlation values. Other details are
as in Fig. 2.
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turn out to agree better with those derived for O3GRAD_LMS
LAT (Figs. 7a,c) and are mostly consistent with the projected
changes in the STJ. We assume that the poor performance of
the isoline-based metric may sometimes be caused by the
limited vertical resolution of the model output (cf. similar
issues in analysis with SWOOSH observational data re-
ported in section 5a), indicating potential practical limita-
tions when applying this vertically resolved ozone gradient
diagnostic.

Overall, we conclude that CCMI-1 and CMIP6 projections
mostly provide evidence for robust coupling of the subtropical

jet stream and meridional ozone gradient mean states in ex-
tended climate simulations under different external forcing
scenarios. While this analysis was based on a multimodel
mean framework, Fig. 8 provides an example on STJ–ozone
covariability across the individual models considered in this
section. In particular, we find robust correlations between the
relative strengthening of the STJ and the relative increase in
ozone gradient magnitudes in the STJ region in both hemi-
spheres (based on the O3GRAD_LMS ozone gradient met-
ric) across CCMI-1 REF-C2 and the two CMIP6 scenarios.
This relationship seems to be slightly weaker in the NH

FIG. 7. Projected STJ and ozone gradient trends based on winter-mean data from CCMI-1 (REF-C2) and CMIP6
(SSP2-4.5 and SSP5-8.5) simulations for 2015–98 (NH DJF and SH JJA). Here, the O3GRAD_LMS metric from
Table 3 is denoted as “GRAD” and O3ISO_TTP–3KM is abbreviated as “ISO.” The models are listed in the legend
together with the number of model runs used for computing ensemble-mean linear trends (shown in parentheses
each). MMM trends are provided by the vertical bars right next to the individual model markers. Note that the large
CCMI-1 MMM trends for ISO MAX are due to outliers that are not fully displayed within (b) and (d). Error bars
show 95% confidence intervals for the linear trend regressions. All LAT trends are given in units of 8N decade21, and
MAX trends were normalized relative to climatology (1 decade21, scaled by a factor of 3 for plotting).
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compared to the SH, but overall scales reasonably well with
the degree of correlation found for interannual covariability
from ERA5 reanalysis data in both hemispheres (cf. Fig. 2).
The correlations mainly stem from the correlation across sce-
narios (i.e., different forcing strength), while the correlation
between STJ MAX and O3GRAD_LMS MAX trends across
the subset of 17 CCMI-1 models is not statistically significant
(not shown). This suggests that the cross-model spread in the
CCMI-1 trend projections may be associated with differences
in model representations of the STJ–ozone covariability,
likely linked to differences in the representation of transport
processes.

In general, it is not a priori clear whether a linear relation
between the response of the jet stream and meridional ozone
gradients in the STJ region holds in a changing climate, in
particular for strong climate forcing scenarios where large
deviations from the historical mean state of the system are ex-
pected. Specifically, in addition to the contribution of horizon-
tal mixing to subtropical ozone variability, indirect effects
from other transport processes might amplify or dampen the
ozone gradient response to STJ changes. For example, the
STJ strength is closely linked to changes in wave driving,
which influences both horizontal mixing and the advective
transport circulation.

7. Summary and conclusions

In this paper, we investigated whether the distribution of
monthly mean zonal-mean ozone in the upper troposphere

and lower stratosphere (UTLS) can be used as an indicator of
the dynamical variability of large-scale general circulation fea-
tures. We presented different options for defining ozone-
based diagnostics, which each measure the magnitude and
meridional position of the maximum zonal-mean ozone
gradients located near the subtropical tropopause of both
hemispheres.

Using winter-mean ERA5 reanalysis data, we show that
this approach yields a robust ozone gradient index, based on
either the vertically resolved ozone structure or total-column
ozone (TCO) profiles, and is fairly independent of the exact
configuration setup. For both hemispheres, we find a close
correspondence in interannual variability between the meridi-
onal location of the subtropical jet stream (STJ) and the lati-
tude of the maximum ozone gradient in the UTLS region and
similar for the jet’s zonal wind speed and the sharpness of
these gradients. This is consistent with the jet core acting as a
barrier for ozone transport governed primarily by wave-
induced, quasi-isentropic mixing. Consistently, our results con-
firm that anomalies in STJ strength and position are coupled
with modulations in the meridional gradients of both ozone
and potential vorticity. However, advective ozone transport by
the mean residual circulation may also indirectly change the
magnitude of the ozone gradients as a response to anomalous
wave driving (e.g., Abalos et al. 2017, 2020).

Our comparison with vertically resolved ozone observa-
tions from the SWOOSH dataset shows good agreement of
the results derived from ozone measurements and ERA5 es-
pecially in more recent years, when densely sampled satellite

FIG. 8. O3GRAD_LMSMAX ozone gradient trends from CCMI-1 and CMIP6 simulations (NH DJF and SH JJA,
2015–98) plotted against the projected STJ strengthening (STJ MAX), each shown relative to climatology (1 decade21).
Diamond (triangle) markers show the results for the CMIP6 SSP2-4.5 (SSP5-8.5) runs. Note that for the SH, trends
obtained from the MOCAGE model projecting an ozone gradient strengthening of approximately 0.12 decade21

(cf. Fig. 7d) are located outside of the figure’s panel and therefore are not shown. Cross-model correlation coefficients
with p values p, 0.01 are provided at the upper-right corner of each panel, where MOCAGE has not been used for the
calculation in the SH (correlation coefficient drops to r5 0.24 with p5 0.22 if this outlier is included). The black dashed
lines illustrate orthogonal distance regressions [ODRs; implementation based on scipy.odr by Virtanen et al. (2020)]
that account for the trend uncertainties in both the predictand and the predictor. Error bars at each model marker show
95% confidence intervals for the trend regressions.
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observations allow accurate characterization of the global
structure of vertically resolved ozone. Using 40 years of TCO
records and the corresponding column ozone metrics, we
demonstrate that historical STJ trends may indeed be con-
strained by observational tracer data and that this indirect
approach may allow for further reduction in uncertainties
arising from a multireanalysis assessment, provided that long-
term and high-quality, global tracer measurements are avail-
able. For example, evidence is provided that nonsignificant or
diverging results from reanalyses on the historical changes of the
NH STJ can be narrowed down by robust trends in the observa-
tion-based TCO gradients; i.e., from TCO variations, we infer
an annual-mean poleward jet shift of about 0.28 per decade and
robust STJ weakening around20.2 m s21 decade21.

Finally, from our evaluation of CCMI-1 and selected CMIP6
climate models, we find that recent climate simulations properly
reproduce the mode-like correlation signature found in
ERA5, i.e., significant covariability within the two groups of
diagnostics measuring either the magnitude or latitudinal
movement of the STJ core, respectively, and the peak ozone
gradients. This is also reflected by mostly consistent STJ and
ozone gradient trend signatures obtained from CCMI-1 and
CMIP6 climate projections based on different external forc-
ing scenarios.

In conclusion, we showed that changes in zonal-mean
ozone in the UTLS can be used to track interannual STJ vari-
ability from an atmospheric trace gas distribution in both
hemispheres during winter and in the annual mean. Covari-
ability between the STJ and the strong meridional ozone gra-
dients in the STJ region is overall well captured by the two
vertically resolved ozone gradient fields analyzed in this work,
albeit this approach still suffers from the limited availability
of observational ozone data. Additionally, some diverging re-
sults from observational records and recent climate simula-
tions, potentially due to the limited vertical resolution of the
data used, need to be treated with caution. The underlying
metrics, however, are rather intuitive and can be easily brought
together with our current understanding of STJ–ozone covari-
ability. In contrast, the usage of TCO-based diagnostics a priori
is less clear but indeed allows to constrain historical STJ
trends from a much broader range of (observational) data-
sets. In this sense, potential users of the ozone gradient met-
rics may apply a combined approach whenever possible and
carefully evaluate the underlying STJ–ozone correlations
for each individual case.

Since the midlatitude eddy-driven jet (EDJ) is known to be
coupled to the STJ through wave-driven dynamics, especially
in the NH, this may allow to indirectly estimate EDJ variabil-
ity from subtropical UTLS ozone. Figure 9 shows the anticor-
relation between the STJ magnitude (STJ MAX) and the
EDJ’s latitudinal position (EDJ LAT) for 1980–2019, which is
strong especially during NH winter (DJF) across four differ-
ent reanalyses (cf. Fig. 2 for ERA5). Likewise, the covariabil-
ity of EDJ LAT and the ozone gradient strength in the STJ
region, as indicated by O3GRAD_LMS, O3ISO_TTP–3KM,
and TCO (cf. Table 3), is significant during that time (based
on ERA5 data). This could help to constrain interannual EDJ
variability from ozone observations and may be compared,

e.g., to near-surface zonal wind measurements. We expect the
weaker correlations during the summer months in Fig. 9 to
arise from both the reduced coupling between the STJ and
EDJ as well as from less unique, rather poorly pronounced
meridional gradients in the STJ region (cf. appendix). In addi-
tion, the EDJ was found to feature a substantial correlation
with the meridional mass streamfunction in the troposphere
as a relevant metric of tropical width, which was not the case
for the STJ (e.g., Davis and Birner 2017; Waugh et al. 2018).
This correspondence with the EDJ may be used to further
constrain historical tropical expansion trends from observa-
tional, ozone-based diagnostics.

We presented a new proxy diagnostic for STJ variability
that can be constrained by ozone observations and that serves
as a complementary metric of zonal-wind-based metrics from
reanalyses, providing support to improve the quantification of
essential climate trend signals. Our analysis requires suffi-
ciently strong meridional ozone gradients, which currently
limits the application of the ozone gradient metrics to winter-
mean and annual-mean data. Climate models show, however,
that the underlying subtropical ozone gradients become more
pronounced in a future climate, since changes in the STJ wind
speeds and midlatitude wave activity can substantially influ-
ence UTLS ozone. Future work may also assess other atmo-
spheric trace gases for constructing observation-based metrics
of dynamical variability. In particular, long-lived trace species
without considerable chemical sources or sinks in the UTLS may
be suitable if a sufficient amount of observational data is avail-
able and the tracer’s distribution features some characteristic

FIG. 9. Seasonal variability of NH correlation between STJ
strength (STJ MAX) and EDJ position (EDJ LAT), derived from
reanalysis data [1980–2019; S-RIP RID data by Martineau et al.
(2018)] and shown by square markers, and ERA5 correlation
between EDJ LAT and subtropical ozone gradient magnitudes,
as measured by O3GRAD_LMS MAX (round markers),
O3ISO_TTP–3KM (hexagons), and TCO MAX (octagons). The
filled (open) markers indicate (non)significant correlation values
at the 95% level.
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structure that can be continuously linked to the relevant mecha-
nisms of the large-scale general circulation.
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APPENDIX

Notes on the Seasonal Cycle

The ozone metrics discussed in section 2 have been con-
structed such that the subtropical maxima of the underlying

ozone gradient fields are clearly pronounced in the resulting lati-
tudinal profiles. From Fig. 1, we find that this works well for all
definitions when evaluating their long-term climatology limited
to hemispheric winters. However, analyzing full monthly mean
data requires to account for the substantial variability induced
by the seasonal cycle. As an example, Fig. A1a shows monthly
climatologies for the TCO meridional gradient profiles (ERA5,
1979–2023), illustrating regular fluctuations in the locations and
strengths of the subtropical gradient maxima throughout the
year. In particular, computing the ozone gradient diagnostics
turned out to be challenging where unique maxima are missing.

FIG. A1. (a) TCO meridional gradient climatologies (DU deg21)
and as a function of month, based on ERA5 data (1979–2023).
(b) Vertical bars illustrate seasonal fluctuations in the subtropical
peak shape of the TCO profiles shown in (a) according to the peak
sharpness measure defined in Eq. (1), calculated for each hemi-
sphere separately. The white and gray markers show this cycle for
the remaining two ozone gradient definitions and for the STJs’
zonal-mean zonal wind vertical shear maxima, respectively.
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We may quantify this finding by defining a “peak sharpness”
P(m) as the ratio between the absolute magnitude of the sub-
tropical gradient maximum and its full width at half maximum
for a given monthly climatology m 5 1, 2, … , 12. Then, the
dimensionless measure,

P(m)
Pclim

2 1, (A1)

gives an estimate of the seasonal variation of the peak sharp-
ness relative to the annual-mean climatology Pclim. For exam-
ple, if P(m) . Pclim, the subtropical ozone maximum is better
pronounced during month m than for the annual mean, and
thus, peak-based metrics may be more robust during this
month. Figure A1b provides this peak sharpness measure de-
fined in Eq. (A1) for the different ozone gradient profiles as a
function of month m. We note a clear seasonal cycle for all
ozone-based metrics, suggesting enhanced “performance” dur-
ing winter and early spring on each hemisphere. Furthermore,
it turns out that the zonal-mean zonal wind vertical shear
maxima, as constructed for the STJ LAT metric described in
Table 2, show a similar, albeit less strongly pronounced, be-
havior. The peak sharpness may be additionally weakened by
local monsoon effects during summer on the NH. This sug-
gests that in general our findings need to be treated with cau-
tion if they potentially result from less unique structures of
the zonal-mean variable fields.
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