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Abstract.

Northern Hemisphere summer (June—August) storm tracks have been extensively studied over recent decades, with evidence
for weakening trends in parts of the Northern Hemisphere and strengthening trends in the Southern Hemisphere. However, the
physical drivers of these trends, and their strong regional variability, are still debated. Here, we investigate recent changes in
mid-latitude baroclinicity by analysing trends in Eady Growth Rate and baroclinic mean available potential energy (MAPE)
in ERAS reanalysis data and CMIP6 single-forcing large-ensemble experiments over both the industrial and satellite eras. We
further decompose baroclinic MAPE and Eady Growth Rate into their physical components and compare the baroclinicity
trends with trends in storm-track intensity. We find that changes in the meridional temperature gradient provide the domi-
nant contribution to recent baroclinicity trends. Significant regional asymmetries are identified between the North Pacific and
North Atlantic baroclinicity trends, with the strongest recent weakening occurring over the North Pacific storm-track region.
Greenhouse-gas forcing produces a robust positive Southern Hemisphere baroclinicity trend and a mixed weakening response
in the Northern Hemisphere, while aerosol perturbations generate substantial regional responses in both hemispheres and
partially offset the greenhouse-gas-driven baroclinicity signal. In particular, changes in aerosol emissions during the satellite
era are associated with enhanced negative baroclinicity trends over the North Pacific and contribute to the emergence of the
greenhouse-gas-driven storm-track response. These results highlight the competing roles of greenhouse gases and aerosols
in shaping recent mid-latitude circulation changes, and demonstrate that both forcings must be considered when interpreting

historical storm-track trends and projecting their future behaviour.

1 Introduction

Storms in the mid-latitudes tend to occur in specific regions termed the storm-tracks (Hoskins and Valdes, 1990; Shaw et al.,
2016; Woollings, 2016). These regions include the North Pacific and North Atlantic, as well as the southern hemisphere mid-
latitudes (at around 30 — 60°V and 30 — 60°.S respectively, Hoskins and Valdes, 1990; Shaw et al., 2016; Shaw, 2019; Kang
et al., 2024a). These storm tracks are a result of the existing energy imbalance between the tropics and the polar regions, and
they play a crucial role in the transfer of momentum and energy between the two (Lorenz, 1955; Held and Soden, 2006; Harvey

et al., 2014; Shaw et al., 2016; Woollings, 2016). Accordingly, a large amount of the variability in weather patterns, and in the
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frequency and intensity of extreme weather events in the mid-latitudes is attributed to changes in storm tracks, underlining the
societal importance of better explaining their behaviour and expected changes (Francis and Vavrus, 2012; Cohen et al., 2014;
Shaw et al., 2016).

This crucial importance has spurred a large body of research into storm tracks and their response to anthropogenic forcings
(mainly focusing on the impact of anthropogenic warming on their intensity and position, O’Gorman and Schneider, 2008;
O’Gorman, 2010; Coumou et al., 2015; Chang et al., 2016). Specifically, previous investigations of storm-track changes focused

on:

1. a mechanistic understanding of the governing processes causing changes in storm track behaviour in idealized simula-

tions (O’Gorman and Schneider, 2008; Mbengue and Schneider, 2017a, 2018).

2. astudy of recent reanalysis and observational records to identify trends in storm track behaviour (Coumou et al., 2015;

Chang et al., 2016; Hersbach et al., 2020; Chemke and Yuval, 2023, 2026).

3. a study of state-of-the-art global circulation models (GCMs), using historical simulations to compare with reanalysis
trends and simulations of future climate scenarios to predict future behaviour under different anthropogenic forcings.
This allows for the identification of the biases in the models and the differences between them when it comes to rep-
resenting storm-track behaviour (Harvey et al., 2014; Shaw et al., 2018; Andrews et al., 2020a; Chemke and Yuval,
2023, 2026).

These investigations yielded leading hypotheses for the major storm-track responses to anthropogenic warming and their un-
derlying physical causes. In particular, studies have suggested a general weakening of storm-track activity across seasons (Hall
et al.,, 1994), potentially associated with enhanced latent heat transport and a reduced dry static energy flux. Separately, a
poleward shift of the storm tracks has been linked to changes in the meridional temperature gradient (Harvey et al., 2014),
expansion of the Hadley circulation (Lu et al., 2007), and changes in the vertical temperature structure of the troposphere
(Lorenz and DeWeaver, 2007; Riviere, 2011).

In the last decade, the Northern Hemisphere summer (June-August) storm tracks have been extensively studied and debated,
suggesting a Northern Hemisphere weakening and a Southern Hemisphere strengthening of June-August storm tracks over the
satellite era, and in climate model projections (Coumou et al., 2015). Additionally, differences between the North Atlantic and
North Pacific storm tracks were also described, suggesting that different anthropogenic drivers in these regions play a significant
role in the observed patterns (Kang et al., 2023; Chemke, 2024; Kang et al., 2024b). For example, regional differences in aerosol
emission trends over the last few decades have been suggested as a potential contributing factor for the differences between the
behaviours of the North Pacific and North Atlantic storm track trends, but remained relatively understudied (Dong and Sutton,
2021; Dong et al., 2022; Kang et al., 2024b).

Simultaneously, baroclinicity is widely recognised as a key energy source for extratropical storms through the conversion
of available potential energy into eddy kinetic energy (Lorenz, 1955; Lindzen and Farrell, 1980). However, long-term trends

in baroclinicity and their relationship to storm-track changes have received comparatively less attention in previous studies
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(Lehmann et al., 2014; Gertler and O’Gorman, 2019). Despite recent advances, it remains unclear how and why baroclinicity
has changed in response to anthropogenic forcings, and how this has shaped recent storm track trends, particularly during
Northern Hemisphere summer (June-August).

Anthropogenic greenhouse gas and aerosol emissions are expected to influence June—August baroclinicity through different
physical mechanisms. Greenhouse-gas warming is generally expected to weaken mid-latitude meridional temperature gradients
due to enhanced warming at high latitudes (Mbengue and Schneider, 2013; Coumou et al., 2015; Mbengue and Schneider,
2017a), further intensified by a warming trend in sea surface temperatures (SSTs) in the North Pacific and North Atlantic
dominated by a negative trend in the mixed layer depth in these regions (Chen and Wang, 2015; Alexander et al., 2018; Jo
et al., 2022). Anthropogenic aerosol emissions, by contrast, are much more regionally variable, and are thus expected to exert a
regionally variable radiative forcing response through both aerosol-radiation and aerosol-cloud interactions, leading to spatially
varying changes in temperature gradients and atmospheric circulation (Zelinka et al., 2020; Smith et al., 2020). The significant
changes in aerosol emissions during the late twentieth century, with declining emissions over Europe and North America and
continued increases over parts of Asia, provide an additional source of temporal and spatial variability that may contribute to
recent changes in June—August baroclinicity and storm tracks. However, the question of the relative importance of greenhouse
gases and aerosols in driving these circulation changes remains underexplored.

Therefore, the primary objectives of this study are to (i) quantify the recent trends in June—August baroclinicity in both
hemispheres, (ii) identify the dominant physical contributors to these trends, (iii) assess the relative contributions of different
anthropogenic forcings (with a specific focus on greenhouse gases and anthropogenic aerosols) using single-forcing experi-
ments, and (iv) examine how the resulting baroclinicity changes relate to observed and simulated storm-track trends. To achieve
these objectives, we analyse baroclinic mean available potential energy (MAPE) and maximum Eady Growth Rate (Lindzen
and Farrell, 1980; Hoskins and Valdes, 1990), while decomposing them according their leading physical contributors (Mbengue
and Schneider, 2017a; Mbengue et al., 2019). We further use CMIP6 single-forcing experiments to investigate the baroclinicity
response to specific anthropogenic forcings across the industrial and satellite eras and relate these changes to trends in storm
activity using Eddy Kinetic Energy (EKE) and sea level pressure variance (SLP variance) (Gillett et al., 2016; Smith et al.,
2022).

2 Data and methods
2.1 Data

To investigate recent changes in baroclinicity patterns, we used ERAS reanalysis data (Hersbach et al., 2020) as a baseline to
identify historical baroclinicity trends. To study the physical drivers at the root of the observed trends, we incorporate four
large ensemble single forcing experiments using CMIP6 models. Additionally, to distinguish between the competing physi-
cal processes, we use the different CMIP6 single forcing experiments and assess the anthropogenic causes for the historical

baroclinicity and storm-tracks trends we report.
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2.1.1 ERAS reanalysis

To analyse the vertical structure of the atmosphere and its impact on the baroclinicity trends, we use the ERAS global reanalysis
(Hersbach et al., 2020) data from 1979 to 2024 (satellite era). ERAS5 data has a horizontal resolution of 0.25° x 0.25°, and 37
vertical levels in pressure coordinates spanning from 1000hPa to 1hPa, allowing the study of the entire troposphere (Hoffmann
and Spang, 2022). ERAS data has been widely used as a reference in previous investigations of storm track trends and is thus
considered a reliable source for the historical changes since the onset of the satellite era (Chang et al., 2016; Chemke and

Coumou, 2024; Chemke and Yuval, 2026).
2.1.2 CMIP6 single forcing experiments

To distinguish between the physical drivers contributing to the observed baroclinicity and storm-track trends, we use four
CMIP6 single-forcing large ensemble datasets from the Detection and Attribution Model Intercomparison Project (DAMIP,
Gillett et al., 2016). Specifically, we analyze simulations from the HadGEM3-GC31-LL (Ridley et al., 2018; Andrews et al.,
2020b), CanESMS5 (Swart et al., 2019), CNRM-CM6-1 (Voldoire et al., 2019), and IPSL-CM6A-LR (Boucher et al., 2020)
models. Some of these experiments are part of the Large Ensemble Single Forcing Model Intercomparison Project (LESFMIP;
Smith et al., 2022). These specific models were chosen because each model provides at least ~ 10 ensemble members for the
single-forcing experiments considered here, allowing an estimate of the range of internal variability. Sampling internal variabil-
ity is crucial for robust assessment of forced baroclinicity signals. We primarily analyse four experiments: aerosol-only forcing
(hist-aer), greenhouse-gas-only forcing (hist-GHG), natural-only forcing (hist-nat; excluding anthropogenic influences), and
the historical simulation, which includes all forcings (both natural and anthropogenic). To assess the role of stratospheric
ozone, we additionally use the ozone-only forcing experiment (hist-totalO3), available for the HadGEM3-GC31-LL model.

In the hist-aer experiments, the simulated response includes both aerosol-radiation interactions, associated with aerosol
scattering and absorption, and aerosol-cloud interactions. The relative contribution of these processes varies among CMIP6
models owing to differences in aerosol schemes, cloud microphysics, and aerosol parameterisations (Smith et al., 2020; Zelinka
et al., 2020). To characterise the aerosol perturbations experienced by each model, we analyse trends in aerosol optical depth
(AOD) and aerosol absorption optical depth (AAOD). To also study the relative contribution of absorbing and scattering
aerosols in the different models, we also calculate the column-mean single scattering albedo (SSA), defined as

AAOD
AOD

SSA=1- (1)

which quantifies the relative influence of scattering to the total (scattering + absorption) aerosol extinction. While these di-
agnostics do not separately quantify aerosol-radiation interactions and aerosol-cloud interactions, they provide insight into
differences in the total aerosol burden, the absorbing aerosol component and the relative importance of scattering and absorb-
ing aerosols across the participating models. AOD is also widely used as a proxy for cloud condensation nuclei (CCN), despite
documented limitations (Stier, 2016). Here we use AOD as a simple proxy to quantify the aerosol perturbation in terms of ex-

tinction and CCN, while AAOD provides additional insights into aerosol perturbations to atmospheric absorption and thereby



125

130

135

140

145

150

https://doi.org/10.5194/egusphere-2026-5066
Preprint. Discussion started: 7 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

diabatic heating. Additional research is needed to decouple the specific contribution of the aerosol-cloud and aerosol-radiation
impacts on the baroclinicity and storm-track trends.

All experiments are analysed over the entire industrial period (1850-2014), with a specific focus on the satellite era (1979—
2014). Monthly mean model output is used for the calculation of all diagnostics, and seasonal means are computed as weighted

averages of monthly values. The data was accessed through the CEDA archive via the UK’s JASMIN cluster.
2.2 Calculating Baroclinicity

To investigate the recent observed storm tracks trends, and better understand their underlying physics, we calculate the sea-
sonally averaged baroclinicity using both the Eady Growth Rate (Lindzen and Farrell, 1980; Hoskins and Valdes, 1990) and
the baroclinic MAPE metrics (Lorenz, 1955; Mbengue and Schneider, 2017a, b; Mbengue et al., 2019). Additionally, we also
calculate the decomposition of Eady Growth Rate and baroclinic MAPE according to their leading physical contributors to

better study the underlying physical forces at play (Mbengue et al., 2019) .
2.2.1 Eady Growth Rate

For a first approximation of the baroclinicity in the troposphere, we calculate the Eady Growth Rate, following the method
presented in Hoskins and Valdes (1990) and Lindzen and Farrell (1980). We define the maximum Eady growth rate as:

- /] Ou
o~0.31 N |6Z|,

where f is the Coriolis parameter, N is the Brunt-Viisild frequency, and u is the zonal wind vector. According to convention,

2

we calculated Eady Growth Rate between 850 — 500h Pa, keeping our analysis consistent with previous studies (Lindzen and
Farrell, 1980; Hoskins and Valdes, 1990).

To investigate the causes of Eady growth rate trends, we decompose ¢ into the two dominant factors:
c=031-|f]-Q-S, (3)

where, Q = |0,u|, and S = N L. This form allows us to attribute the trend in o to changes in vertical zonal wind shear through

(@, and changes in static stability through .S. A first-order Taylor expansion gives
00 ~0.31-|f]-(S6Q +QHS), “4)

neglecting nonlinear interaction terms.

Because |0, u] is closely linked to the thermal-wind relationship, an alternative physical interpretation can be obtained by
studying the connection between the zonal wind shear and the meridional temperature gradient. In practice, however, we
use the direct decomposition in terms of |9, u|, and N ! because it is robust for both ERA5 and CMIP6 data and does not
rely on additional assumptions. Monthly o values were calculated using monthly mean fields, and seasonal mean o values
were calculated using the seasonal mean weighted winds, calculated from the monthly mean wind data. In reanalysis data,
Eady Growth Rate was calculated using the 37 standard atmospheric levels, while in the CMIP6 data Eady Growth Rate was

calculated on the native model levels.
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2.2.2 Baroclinic MAPE

To improve our understanding of the baroclinicity trends and their causes, we calculate the baroclinic mean available potential
energy (baroclinic MAPE) and decompose it according to its leading physical contributors. Contrary to Eady Growth Rate,
baroclinic MAPE is proportional to the squared meridional temperature gradient and the inverse static stability and depth of

the troposphere. Following Mbengue et al. (2019) and Mbengue and Schneider (2017a) we define baroclinic MAPE as:

PO (1= ) 3, 1) w(p3,) ) ;

MAPE = 54T, o

where pg is the reference pressure defined as 1000hPa, Lz = 2000km is a constant baroclinic zone width, I'; is the dry
adiabatic lapse rate, p; is the surface pressure, p; is the tropopause pressure calculated using the WMO criteria (Reichler et al.,
2003), T is the vertical temperature profile, 6 is the potential temperature and « is the adiabatic exponent. The angled brackets
indicate a vertical mean over the approximate depth of the troposphere (-) = zi °(-)dp/(ps — pt)- To ensure the stability of
the analysis, we defined the troposphere for the vertical mean calculations in the meridional temperature gradient and the
inverse stability as the atmospheric layer between 800hPa and 200hPa (contrary to the focus on the lower troposphere in
Eady Growth Rate). To assess the robustness of the results, we also calculated the vertical means in the calculation for the
entire calculated tropospheric depth (between p, and p,) and for the lower troposphere (between 850 and 500h Pa), yielding
similar but less stable results (mainly due to the influence of processes within the boundary layer creating large static stability
anomalies, not shown). To calculate the tropopause pressure (p;) the vertical geopotential height, temperature and pressure
fields were interpolated into a 500m resolution to improve its precision. All other means were calculated on the model’s native
vertical levels.

Following Mbengue et al. (2019), we decompose MAPE into the pressure depth of the troposphere (1— ﬁ), the squared mean
meridional temperature gradient ((0,7)?), and the inverse of the static stability of the troposphere ((—r(pd,0)~')). Using this
decomposition, we can investigate the physical processes causing the baroclinicity and storm-tracks trends in recent decades.
Using the decomposition framework, we can approximate the portion of the baroclinic MAPE trends that is attributed to trends
in each of its decomposed parts by adding the contributed trends from each parameter. If we follow Mbengue et al. (2019),
and define G = (0,T)2, S = (—k(pdpf) ') and H=1— Pt the approximate (neglecting non-linear interactions) baroclinic

MAPE trend becomes:
OIMAPE ~GSOH +GH6S + SHOG (6)

according to a first order Taylor expansion, with § defined as the linear trend. This allows for the assessment of the contribution
of each factor to the calculated baroclinicity trends.

To investigate the seasonal mean baroclinicity state, we calculated baroclinic MAPE and its decomposition for the seasonal
mean (DJF, MAM, JJA, and SON means) temperature and pressure (calculated from the monthly mean original data). In this
analysis, we focus specifically on the seasonal trends that occur during Northern Hemisphere summer and Southern Hemisphere

winter months (June—August), and neglect the monthly variability within the seasonal mean.
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2.3 Calculating storm-track intensity

To compare the baroclinicity trends to shifts in storm-track behaviour, we also calculated the storm track intensity for the single
forcing model experiments. Using the daily output from the model experiments, we calculated a proxy for eddy kinetic energy

(EKE) and the variance of sea level pressure (SLP variance).
2.3.1 Eddy Kinetic Energy

Daily transient eddy kinetic energy (EKE) was calculated from daily wind fields on pressure levels for the CMIP6 single
forcing simulations. To isolate transient variability associated with storm-track activity, an 8-day running mean was used to

define the slowly evolving flow. Daily wind anomalies were then defined as deviations from this 8-day running mean:
u' (t) = u(t) — Usday; V' (t) = v(t) — Vsday @)

when tigqey and Ugqqy represent the 8-day running mean field. A proxy for the horizontal Eddy kinetic energy was then

calculated as

EKEvertical - . (u/2 + UI2) (8)

M| —

yielding a measure of transient atmospheric kinetic energy associated with synoptic variability. Seasonal means of EKE were
computed from the daily EKE fields. Vertically integrated EKE was calculated over the 800-200 hPa layer according to

200hPa
1
BKE=2 [ BKBuucudp ©)
800hPa
where g is gravitational acceleration, and p is pressure. This vertically integrated quantity provides a bulk measure of tropo-

spheric storm activity and was used as a storm-track kinetic energy metric in our analysis.
2.3.2 Sea level pressure variance

Seasonal storm-track variability was also diagnosed using the variance of high-pass-filtered daily mean sea-level pressure
(SLP). Daily SLP fields were filtered to isolate synoptic-scale variability associated with transient midlatitude cyclones by
removing variability on timescales longer than approximately one week. This was achieved by subtracting an §-day running

mean from the daily SLP field:
SLP'(t) = SLP(t) — SLPgqy(t) (10)

where S L Pggq4, denotes the centered 8-day running mean SLP. The resulting high-pass-filtered anomalies represent transient
synoptic pressure disturbances associated with storm activity. Seasonal storm-track intensity was then quantified as the variance

of these filtered anomalies within each season:

0% p=Var(SLP'(t)) (1)
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Large values of 0%, p indicate enhanced synoptic-scale pressure variability in the region, and therefore increased storm-track

activity. Seasonal variances were calculated directly from the daily anomalies for each grid point and season.
2.4 Calculating temporal trends

To identify the impact of anthropogenic forcings on the storm tracks and mid-latitude baroclinicity, we calculated the temporal
trends for the baroclinicity and storm-track measurements over the satellite era (1979-2024) in ERAS and the industrial (1850—
2014) and satellite (1979-2014) eras in the single-forcing model experiments. To calculate the temporal baroclinicity trends
for each season, the seasonal mean baroclinicity fields were first calculated using the mean temperature, wind, pressure, and
geopotential fields. Then, the mean, and the anomaly from it, were calculated, and the anomaly was used to calculate the linear
trend and its significance at each location. The significance of the trend was calculated by assuming a null hypothesis of there
being no meaningful trend (trend = 0), and using the Student’s t-test to show that the trend is significantly different from O,
above the 95% confidence level. For the CMIP6 single forcing large ensemble model data, we calculated the trend for each
one of the individual members within each experiment, and assumed the trend is significant if more than 80% of the members

agreed on its sign.

3 Results

We begin by investigating the observed baroclinicity trends in June-August ERAS since 1979 to create a baseline for the
historical trends. This is followed by an investigation of the baroclinicity and storm track intensity trends in the different

single-forcing model experiments, to better isolate the drivers and physical processes affecting the observed historical trends.
3.1 Satellite era trends using ERA5 reanalysis

Focusing on Northern Hemisphere summer (June-August), we analyse the trends in Eady Growth Rate and baroclinic MAPE
and their decomposition over the satellite era in ERAS (1979-2024, Figures 1 and 2). Looking at the seasonal mean baroclin-
icity maps, we see that the Eady Growth Rate and baroclinic MAPE exhibit high amplitudes in the extratropical southern and
northern hemispheres (Figure 1a and 2a). Notably, the mean baroclinicity maps using Eady Growth Rate and baroclinic MAPE
depict a high degree of similarity, and a spatial correlation of R = 0.72 (Table 1). Additionally, following the claim presented
in Mbengue and Schneider (2013) that Eady Growth Rate behaves similarly to the square root of baroclinic MAPE, we find
that the spatial correlation with this square root of MAPE is R = 0.84 (Table 1).

In both Eady Growth Rate and baroclinic MAPE, we also find high baroclinicity values over land areas in the Northern
Hemisphere, which may be the result of warm land surface conditions in the summer months that cause more thermal instability
in the lower troposphere, as well as land and mountainous regions that force large meridional temperature gradients, increasing
the baroclinicity measured by both Eady Growth Rate and baroclinic MAPE (Figures 1 and 2).

Assessing the summer mean maps for the decomposition of baroclinic MAPE and Eady Growth Rate, we notice that the

mean squared meridional temperature gradients and the zonal wind shear very closely resemble the mean summer baroclinic
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Figure 1. June-August mean maps for Eady Growth rate (a), 0,u (b), N ~1 (c). Means were calculated using ERAS reanalysis data for the

period of 1979-2024. Regions with surface pressure below 800hPa were excluded from analysis.

MAPE and Eady Growth Rate maps and have significant spatial correlations with them (see Table 1), indicating their large
primary influence on baroclinicity (Figure 2b).

The inverse of the static stability and the tropospheric depth show high mean values in the tropics, presenting the influence
of the high surface temperatures on the near-surface stability (as is evident by the unstable conditions seen over desert areas
such as the Sahara, Figures 2c and 1b), as well as the extent and edges of the Hadley circulation separating the tropics and
the mid latitudes (Figure 2d). In the summer mean map of tropospheric depth, we clearly see the slight seasonal shift of the
Hadley circulation to the north during Northern Hemisphere summer, as is expected with the shift in the maximum radiation
and temperature bands towards the hemisphere experiencing summer conditions (Figure 2d).

Figures 3 and 4 depict the trend maps of Eady Growth Rate and baroclinic MAPE and their decomposition over the 1979-
2024 period from ERAS reanalysis data. The trends in the original components used to calculate baroclinic MAPE (the merid-
ional temperature gradient, inverse of the static stability and tropospheric depth) can be seen in Figure Al. Analysing these
trends, we find an overall good agreement between the trend patterns of Eady Growth Rate and baroclinic MAPE (Figures 3a
and 4a), with a spatial correlation of R = (.56 between them (Table 1).

Analysing the trend patterns, we find a significant negative trend in Northern Hemisphere Eady Growth Rate and baroclinic
MAPE (seen in the zonal mean trends in Figure Ala and b), as well as positive significant trends in parts of the Southern

Hemisphere mid-latitudes (Figures Ala, 3 and 4a). These mid-latitude trends are clearer and more significant in the Southern
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Figure 2. June-August mean maps for baroclinic MAPE (a), squared meridional temperature gradient (b), inverse static stability (c), and
tropospheric depth (d). Means were calculated using ERAS reanalysis data for the period of 1979-2024. Regions with surface pressure

below 800hPa were excluded from analysis.

Hemisphere, primarily at latitudes of about 30°.S, from the South-Eastern Pacific to the Southern Atlantic, on the edge of the
Hadley cell (Figures 3 and 4). Another positive trend band is also evident further south, at about 60°5, and a general poleward
shift is seen over most of the South Pacific (Figures 3a and 4a).

The Northern Hemisphere zonal mean trends also tend to be more significant for Eady Growth Rate, compared with baro-
clinic MAPE, primarily at high latitudes (Figure Ala and b). In the North Atlantic, a region studied extensively for its influence
on European weather systems, we find contrasting regional trends over the satellite era. In both Eady Growth Rate and baro-
clinic MAPE, there is an evident positive observed baroclinicity trend in the north-eastern Atlantic and over western Europe
and a negative trend over the north-western part and eastern North America (Figure 3a and 4a). Additionally, a negative trend
is seen in Eady Growth Rate and baroclinic MAPE over Iceland and the Mediterranean, while a positive trend is seen over
north-western Europe. This baroclinicity trend pattern is similar in nature to the Summer North Atlantic Oscillation (SNAO)
pattern and its suggested influence on summer North Atlantic storm-track and baroclinicity conditions in the region (Folland
etal., 2009; Dong et al., 2013). Meanwhile, in the North Pacific, a general negative baroclinicity trend is observed in baroclinic
MAPE and Eady Growth Rate, in agreement with the proposed mechanisms from previous studies (Figure 3a and 4a, Coumou
et al., 2015; Mbengue and Schneider, 2017a; Chemke and Yuval, 2023). This contrast between the North Atlantic and North

Pacific basins suggests that different processes or forcings contribute to the observed regional baroclinicity trends.

10
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N1t -0.12 -0.15 - -0.07 -0.04 -0.15 0.77 0.10
baroclinic MAPE 0.56 0.61 -0.10 - 0.92 0.97 -0.17 -0.21
vVMAPE 0.64 0.74 -0.13 0.87 - 0.87 -0.19 -0.32
squared temp. gradient 0.57 0.59 -0.15 0.94 0.82 - -0.26 -0.27
inverse static stability -0.17 -0.16  0.49 -0.16 -0.13 -0.23 - 0.49
tropospheric depth 0.05 0.03 -0.01 0.17 0.11 0.07 -0.03 -

Table 1. Area weighted spatial correlations between June—August mean (above diagonal) and trend (below diagonal) maps of Eady Growth
Rate, 8,u, N1, baroclinic MAPE, the square root of baroclinic MAPE, mean squared meridional temperature gradient, inverse static

stability and tropospheric depth.

Strong negative baroclinicity trends over the Mediterranean, as well as positive trends over land areas in South Asia and the
Himalayas (and other mountainous regions around the world) further reinforce that regional rather than hemispheric warming
patterns shift local meridional temperature gradients, leading to major influence on the regional baroclinicity conditions and
trends, specifically in mountainous and very topographically heterogeneous regions (Figure 3a and 4a). This pattern of a
decrease in the baroclinicity over the Mediterranean, an increase over central Asia and a decrease over the Tibetan Plateau is
also consistent with the summer Eurasian jet trends identified by Dong et al. (2022).

For both the Eady Growth Rate and baroclinic MAPE metrics we find that their trends most closely resemble the component
due to zonal wind shear / mean squared meridional temperature gradient (Figures 3b, 4b and Alc). Accordingly, the spatial
correlation between the trends in the zonal wind shear and those in Eady Growth Rate and the trends in squared meridional
temperature gradient and those in baroclinic MAPE are significant, with R = 0.67 and R = 0.94 respectively (Table 1). This is
in agreement with the connection between the wind shear and the meridional temperature gradients, and with previous studies
suggesting that the decrease in the meridional temperature gradient, caused by anthropogenic forcings, is a major driver of the
observed trends in June—August mid-latitude storm-tracks in the Northern Hemisphere (Coumou et al., 2015; Mbengue and
Schneider, 2017a; Chemke and Yuval, 2023; Dong et al., 2022; Kang et al., 2023).

While these trends have often been linked to polar amplification, there is considerable regional structure in the trends, which
is likely not explained solely by Arctic amplification. Observing the spatial trends in inverse static stability and the decomposi-
tions of baroclinic MAPE (G H65) and Eady Growth Rate according to it, we find that the tropical static stability experiences

a negative trend during northern-hemisphere summer since 1979, excluding the warm desert regions where continued warming
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JJA EGR decomposition trends

Eady Growth Rate Inverse stability contribution

<z Global trend: 4.67e-10_]

Trend per decade [s71] le=7

Figure 3. June-August trend map for Eady Growth Rate and its decomposition. Trends were calculated using ERAS reanalysis data from
1979 to 2024. Stippling indicates a significant trend above the 95% confidence bounds using the Student’s t-test method. Regions where the

surface pressure is lower than 800hPa were excluded. For reference, the global mean trends are shown in the bottom right of each panel.

JJA baroclinic MAPE decomposition Trends
Baroclinic MAPE

Global trend: 169.72 Global trend: -159.15 |
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Figure 4. June-August trend map for baroclinic MAPE and its decomposition. Trends were calculated using ERAS reanalysis data from
1979 to 2024. Stippling indicates a significant trend above the 95% confidence bounds using the Student’s t-test method. Regions where the

surface pressure is lower than 800hPa were excluded. For reference, the global mean trends are shown in the bottom right of each panel.
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is expected to create more unstable conditions in the lower troposphere (Figure Ald). This change, however, seems to have
only a minimal effect on the Eady Growth Rate and baroclinic MAPE trends in the storm track regions, as seen in Figures 3c
and 4c.

The trends seen in tropospheric depth show a general increase in the depth of the troposphere and the height of the tropopause
since 1979, as expected with anthropogenic global warming causing the deepening of the tropospheric air columns and the
expansion of the Hadley cell (Figure Ale). We also find latitudinal bands of high positive trends in the tropospheric depth on
the edges of the Hadley cell, depicting its expanding nature caused by anthropogenic warming (Figure Ale, Reichler et al.,
2003; Adam et al., 2014; Mbengue and Schneider, 2018; Kang et al., 2025). These tropospheric depth trends seem to have a
minor impact on the trends in baroclinic MAPE, compared to the influence held by the meridional temperature gradient (Figure
4c).

3.2 Single-forcing experiments

To investigate the mechanisms underlying the observed June-August baroclinicity and storm track trends, we analyse simu-
lations from four CMIP6 single-forcing ensembles, for the historical, hist-GHG, hist-aer and hist-nat experiments. Seasonal
trends in baroclinic MAPE and Eady Growth Rate were calculated for both the industrial (1850-2014) and satellite-era (1979—
2014) periods. Following the ERAS reanalysis trends presented in the previous subsection, we focus on June—August (JJA)
trends in the Northern and Southern Hemisphere mid-latitudes (30° — 60° in each hemisphere), encompassing the storm-track
regions. In addition, because ERAS5 exhibited contrasting baroclinicity behaviour between the North Atlantic and North Pacific
sectors, regional mean trends in Eady Growth Rate and baroclinic MAPE are additionally evaluated over the North Atlantic
(30° — 60°N, 280° — 350°E) and North Pacific (30° — 60°N, 120° — 240°E) storm-track regions (Appendix C).

Across both baroclinicity metrics, all simulations show distinct trends between the full post-industrial period versus the
satellite-era. This difference is most pronounced for the Northern Hemisphere. For the satellite-era ERAS period all models
generally reproduce the broad spatial characteristics of the ERAS summer baroclinicity trends and mean patterns, despite
substantial regional spread (Figures 5, 6, 7 and 8, mean maps not shown). Comparable trend structures are obtained using
both Eady Growth Rate and baroclinic MAPE, although the Eady Growth Rate trend maps exhibit greater small-scale spatial
variability, especially at high latitudes. Baroclinic MAPE, however, highlights more coherent trends towards the subtropics.
To express the connection between the baroclinicity and the storm-track trends, we also calculated the trends in SLP variance
(Figures 14 and 15) and EKE (Figures E1 and E2) for the two periods. Additionally, to provide an initial intuition for the cause
of the different trend patterns across the different models we also study the trends in the aerosol optical depth (AOD), the
aerosol absorption optical depth (AAOD), and the single scattering albedo (SSA) at the 550nm wavelength, and in sea surface
temperature (SST) across the models for the two periods (Figures 9, 10, 11, 12 and 13 respectively).

Observing the differences in the aerosol perturbation response between the models, as represented by trends in AOD and
AAOD and the derived single scattering albedo (SSA), we find substantial inter-model variability in both the magnitude and
spatial distribution of aerosol changes (Figures 9 and 10). During the full industrial period (1850-2014), all models exhibit
positive AOD and AAOD trends over the major industrialised regions of the Northern Hemisphere, although the spatial extent
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JJA Eady Growth Rate trend maps (1850-2014)
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Figure 5. Spatial maps of trends in Eady Growth Rate across the models and experiments used in the single forcing experiments for the
1850-2014 period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each panel, the

number of members available for this diagnostic is stated.

and magnitude of these trends differ considerably across models. In contrast, the satellite-era trends (1979-2014) display a
more coherent large-scale pattern, characterised by decreasing AOD and AAOD over Europe and North America and increasing
values over South and East Asia, reflecting the redistribution of anthropogenic aerosol emissions during the late twentieth and
early twenty-first centuries. While the AAOD trends broadly mirror the total AOD response, they exhibit substantially larger
inter-model differences in magnitude, particularly between CanESMS5 and HadGEM3-GC31-LL and the weaker responses
simulated by CNRM-CM6-1 and IPSL-CM6A-LR. The derived SSA trends indicate that these changes are accompanied by
differences in the relative contributions of scattering and absorbing aerosols across models. In particular, the pronounced
satellite-era reductions in total AOD over Europe and North America are substantially weaker in AAOD, leading to generally
negative SSA trends, i.e. aerosol becoming more absorbing, over these regions. This was primarily driven by de-sulfurisation of

fuels in response to acid rain and corresponding policy changes. This suggests that changes in aerosol composition accompany

14



340

345

https://doi.org/10.5194/egusphere-2026-5066
Preprint. Discussion started: 7 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

JJA Eady Growth Rate trend maps (1979-2014)
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Figure 6. Spatial maps of trends in Eady Growth Rate across the models and experiments used in the single forcing experiments for the
1979-2014 period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each panel, the

number of members available for this diagnostic is stated.

changes in aerosol loading, with potentially different radiative impacts on the simulated circulation. These satellite era trends
are largely in agreement with recent trends derived from satellite observations. A more comprehensive discussion regarding
recent aerosol emission changes can be found in Quaas et al. (2022).

Corresponding differences in the simulated aerosol perturbations are reflected in the simulated sea surface temperature
(SST) trends (Figures 12 and 13). The historical and hist-GHG experiments show widespread warming across most ocean
basins for both periods, with particularly strong warming at high latitudes in the Northern Hemisphere. In contrast, the hist-aer
simulations across models produce more spatially heterogeneous SST trends, including widespread cooling across parts of the
Southern Ocean during the full industrial period and pronounced regional contrasts across the Northern Hemisphere during
the satellite era. These aerosol-driven SST responses broadly resemble the spatial structure of the corresponding baroclinicity

trends, particularly over the North Pacific and Southern Ocean. Given that changes in the meridional temperature gradient
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JJA Baroclinic MAPE trend maps (1850-2014)
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Figure 7. Spatial maps of trends in baroclinic MAPE across the models and experiments used in the single forcing experiments for the

1850-2014 period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each panel, the

number of members available for this diagnostic is stated.

provide the dominant contribution to the MAPE trends, these results suggest that differences in aerosol forcing influence the
simulated circulation response primarily through their impact on large-scale temperature gradients.

The similarities between the AOD, AAOD, SST and baroclinicity trend patterns also help explain part of the inter-model
spread in the circulation response. Models exhibiting stronger and more spatially diverse AOD and AAOD trends also tend
to produce larger SST and baroclinicity responses in the hist-aer experiments, particularly in the North Pacific and Southern
Hemisphere mid-latitudes (Figures 9, 10, 11, 12 and 13). Specifically, CanESM5 and HadGEM3-GC31-LL generally exhibit
the largest AOD and AAOD responses, together with stronger aerosol-induced SST changes, and consequently produce some of
the strongest baroclinicity responses in the hist-aer experiments. This relationship is particularly evident over the North Pacific
and Southern Ocean, where stronger aerosol-induced temperature gradient changes are associated with larger circulation re-

sponses. While the precise regional response differs between models, the broad correspondence between aerosol perturbations,
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JJA Baroclinic MAPE trend maps (1979-2014)
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Figure 8. Spatial maps of trends in baroclinic MAPE across the models and experiments used in the single forcing experiments for the
1979-2014 period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each panel, the

number of members available for this diagnostic is stated.

SST gradients and baroclinicity trends suggests that differences in the representation of aerosol-radiation and aerosol-cloud in-
teractions contribute substantially to the spread in simulated summer baroclinicity and storm-track trends, although the relative
contributions of these processes cannot be isolated from the current experiments used.

The clearest robust baroclinicity feature in baroclinic MAPE across the models and experiments is a positive trend in South-
ern Hemisphere mid-latitude baroclinicity, particularly over the Southern Ocean, which is evident in both the historical and
hist-GHG simulations for the 1850-2014 and 1979-2014 periods (Figures 7 and 8). These Southern Hemisphere trend patterns
are also evident, but tend to be lesss significant, for Eady Growth Rate over the industrial era, and are largly absent from the
satellite era Eady Growth Rate trend patterns (Figures 5 and 6). These trends are largely absent in the hist-nat experiments,
and are generally negative in the hist-aer experiments over the industrial era and weak in the satellite era, indicating that

the long-term Southern Hemisphere winter (JJA) baroclinicity increase is primarily driven by anthropogenic greenhouse gas
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Figure 9. Spatial maps of trends in aerosol optical depth in the 550nm wavelength (AOD) across the industrial and the satellite periods in
the single forcing experiments. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each

panel, the number of members available for this diagnostic is stated.

JJA Aerosol Absorption Optical Depth trend maps - hist-aer
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Figure 10. Spatial maps of trends in aerosol absorption optical depth in the 550nm wavelength (AAOD) across the industrial and the satellite
periods in the single forcing experiments. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left

of each panel, the number of members available for this diagnostic is stated.
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Figure 11. Spatial maps of trends in single scattering albedo (SSA) across the industrial and the satellite periods in the single forcing
experiments. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each panel, the number of

members available for this diagnostic is stated.

forcing. The Southern Hemisphere baroclinic MAPE response also exhibits relatively strong inter-model agreement compared
to the Northern Hemisphere, seen in the zonally consistent positive baroclinic MAPE trends in the historical and hist-GHG
experiments located in the Southern Hemisphere between approximately 40°.S and 60°.S.

In contrast, Northern Hemisphere summer trends are substantially more heterogeneous and exhibit varied sensitivities to both
forcing and period. During the satellite era (1979-2014), the historical experiments show widespread negative baroclinicity
trends over the North Pacific storm-track region, while model trends over the North Atlantic are generally weaker, don’t fully
capture the SNAO pattern, and divert from reanalysis trends in the region (Figures 8 and 6, Harvey et al., 2023). These negative
satellite-era North Pacific trends are strongest in the hist-aer experiments and are weak or absent in the hist-GHG and hist-nat
experiments for both Eady Growth Rate and baroclinic MAPE. The close correspondence between the aerosol-driven North
Pacific SST trends and the baroclinicity response further suggests that aerosol-induced SST changes and their impact on the
meridional temperature gradients contribute substantially to the recent weakening of North Pacific summer baroclinicity.

The comparison between the post-industrial and satellite-era trends further highlights the specific baroclinicity response.
The 1850-2014 trends are generally zonally smooth, particularly in the Southern Hemisphere, whereas the 1979-2014 trends
exhibit substantially larger regional amplitudes and stronger zonal asymmetries (Figures 5, 6, 7 and 8). This behaviour is espe-
cially evident in the hist-aer experiments, suggesting that shorter-timescale aerosol forcing changes exert a stronger influence
on satellite era June—August baroclinicity trends. Specifically, in the hist-aer experiments, the aerosol forcings seem to have a
relatively low influence on the Southern Hemisphere in the satellite era compared to the entire industrial era (Figures 5, 6, 7
and 8). This could be partially explained by the concentration of the significant aerosol emission trends over the satellite era in

the Northern Hemisphere.
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JJA Sea Surface Temperature trend maps (1850-2014)
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Figure 12. Spatial maps of trends in sea surface temperature (SST) across the models and experiments used in the single forcing experiments
for the 1850-2014 period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each panel,

the number of members available for this diagnostic is stated.

Contrasting behaviour is evident between the North Atlantic and Pacific regions (regional means are given in appendix C for
convenience). Across most models, the North Pacific exhibits robust negative historical baroclinicity trends during the satellite
era (1979-2014), with the strongest reductions occurring in the hist-aer experiments. By contrast, North Atlantic mean trends
are weaker and often remain near-neutral for baroclinic MAPE, and tend to be negative but weaker than the North Pacific ones
for Eady Growth Rate. The contrasting North Pacific and North Atlantic responses are consistent with the different aerosol
perturbations simulated over the two basins. In particular, the opposite-signed AOD and AAOD trends between the North
Pacific and North Atlantic during the satellite era are accompanied by contrasting SST and baroclinicity responses, suggesting
that regional aerosol forcing contributes to the observed basin-scale differences (Figures 9, 10, 12 and 13).

To better understand the physical drivers underlying the baroclinicity trends, we also analyse the decomposition of Eady

Growth Rate and baroclinic MAPE into their contributing factors in the single-forcing experiments (Appendix B and D). In
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JJA Sea Surface Temperature trend maps (1979-2014)
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Figure 13. Spatial maps of trends in sea surface temperature (SST) across the models and experiments used in the single forcing experiments
for the 1979-2014 period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each panel,

the number of members available for this diagnostic is stated.

agreement with the ERAS trends over the satellite-era, across experiments and eras, the dominant contribution to the summer
baroclinicity trends arises from changes in the meridional temperature gradient and the vertical wind shear terms (Figures B3,
6, D5 and D6), while the static stability and tropospheric depth contributions are weaker and more local (Figures D3, D4,
D1 and D2). This is particularly evident within the aerosol-forced North Pacific response, where reductions in the vertically
averaged meridional temperature gradient and vertical wind shear closely resemble the total baroclinicity trend pattern (Figures
D5 and D6).

To assess the impact of these baroclinicity trends on the storm tracks, we also calculated the trend maps for the SLP variance
(Figures 14 and 15) and EKE (Figures E1 and E2) across the periods and compared them to the baroclinicity trends. These
calculations were limited by the fewer members available at the daily temporal resolution, required for the calculation of SLP

variance and EKE, and are thus considered to be less robust. More members included the surface fields needed to calculate the
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JJA SLP variance trend maps (1850-2014)
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Figure 14. Spatial maps of trends in SLP variance across the models and experiments used in the single forcing experiments for the 1850—

2014 period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each panel, the number of

members available for this diagnostic is stated.

SLP variance at daily resolution, and so we focus on SLP variance trends in the main text, and present the trends in EKE in
Appendix E. As expected, the SLP variance trends tend generally to resemble the baroclinicity trend patterns. Specifically, for
the industrial era, most model experiments depict a positive trend in the Southern Hemisphere for the historical experiments
with a more mixed trend in the Northern Hemisphere (Figure 14). Furthermore, the SLP variance trends in the hist-aer and
hist-GHG experiments are also similar to the baroclinicity trends for those experiments, depicting a positive Northern Hemi-
sphere and a negative Southern Hemisphere trend for the hist-aer experiment, and the opposite trend pattern for the hist-GHG
experiment (Figure 14).

The satellite-era SLP variance trends in the historical experiments also generally agree with the corresponding baroclinicity
trends seen in Eady Growth Rate and barclinic MAPE, depicting a generally weak negative trend across the Northern Hemi-

sphere and a positive trend across the Southern Hemisphere (Figure 15). Similarly, the hist-aer and hist-GHG experiments
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Figure 15. Spatial maps of trends in SLP variance across the models and experiments used in the single forcing experiments for the 1979—
2014 period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each panel, the number of

members available for this diagnostic is stated.

415 exhibit negative and positive SLP variance trends in the Southern Hemisphere, respectively, while the Northern Hemisphere
responses are more spatially heterogeneous. Consistent with the baroclinicity trends, these SLP variance responses suggest
that greenhouse gases and aerosols exert competing influences on storm-track behaviour over the industrial period. During the
satellite era, however, this contrast becomes less pronounced, reflecting the substantial redistribution of anthropogenic aerosol

emissions during the late twentieth century.

420 4 Discussion

The analysis of the Eady Growth Rate and baroclinic MAPE decompositions indicates that the observed summer baroclin-

icity trends are primarily driven by changes in the meridional temperature gradient and the associated vertical wind shear,
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highlighting its dominant role in shaping June—August circulation changes (Figure 4). In ERAS, both diagnostics identify ro-
bust weakening over the North Pacific and strengthening across much of the Southern Hemisphere mid latitudes, although
the Northern Hemisphere satellite-era response is more mixed and Eady Growth Rate additionally exhibits stronger negative
trends at higher latitudes. In both diagnostics, the strongest and most robust Northern Hemisphere weakening occurs on the
subtropical side of the Pacific storm-track region, suggesting that changes in the meridional temperature gradient play a key
role in the recent decline in summer baroclinicity.

Although the two diagnostics produce broadly similar large-scale baroclinicity responses, they differ in the spatial expression
of the Northern Hemisphere satellite-era trends. Eady Growth Rate exhibits a somewhat more dominant Northern Hemisphere
weakening, including stronger high-latitude negative trends, whereas baroclinic MAPE emphasises stronger regional differ-
ences, particularly between the North Pacific and North Atlantic and has a weaker Arctic response. These differences likely
reflect the different mathematical formulations of the diagnostics rather than fundamentally different physical mechanisms.
Eady Growth Rate depends approximately linearly on the meridional temperature gradient through its impact on the vertical
wind shear. In contrast, baroclinic MAPE is proportional to the square of the meridional temperature gradient. Consequently,
baroclinic MAPE places greater emphasis on regions with large climatological temperature gradients and large regional per-
turbations, while Eady Growth Rate is more sensitive to local changes in wind shear, including at higher latitudes.

The CMIP6 single forcing experiments’ results presented here suggest that summer baroclinicity and storm-track trends
are strongly influenced by the competing forcings of greenhouse gases and anthropogenic aerosols. Across the CMIP6 single-
forcing experiments, both greenhouse gas and aerosol forcings produce significant and sometimes opposite baroclinicity and
storm-track responses in both hemispheres, while the comparatively weak trends in the natural forcings experiments (hist-nat)
support the dominant role of anthropogenic forcings in shaping the observed trends. However, the aerosol-forced responses
exhibit strong regional asymmetries and substantial temporal sensitivity, particularly between the post-industrial (1850-2014)
and satellite-era (1979-2014) periods. Interestingly, the aerosol single forcing experiment suggests that changes in aerosol
emissions, located mainly in the Northern Hemisphere, produce significant baroclinicity and storm-track trends in the Southern
Hemisphere, suggesting their large-scale impact on storm track behaviour.

The inter-model comparison suggests that differences in the simulated aerosol forcing response contribute substantially to
the spread in the diagnosed baroclinicity and storm-track trends. Models exhibiting larger changes in aerosol optical depth
(AOD), aerosol absorption optical depth (AAOD), and sea surface temperature (SST) generally produce stronger baroclinicity
and storm-track responses during June-August, particularly over the North Pacific and Southern Hemisphere mid-latitudes.
Across the industrial period, the hist-aer experiments exhibit positive baroclinic MAPE and storm-track trends over parts of
the North Pacific and North Atlantic, together with negative trends across much of the Southern Hemisphere mid-latitudes.
These responses are accompanied by corresponding changes in SST gradients, representing enhanced meridional temperature
gradients over parts of the Northern Hemisphere oceans and weakened gradients across much of the Southern Ocean. In
contrast, the greenhouse-gas-only forcing experiments generally produce opposite responses, suggesting that aerosol forcing
partially offsets components of the greenhouse-gas-driven circulation response through its influence on large-scale temperature

gradients.
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The aerosol-forced response during the satellite era differs substantially from the longer-term industrial era response. Re-
ductions in aerosol emissions over Europe and North America (and particularly a reduction in scattering aerosols) following
the implementation of air quality regulations, contrasted with continued increases over parts of South-East Asia (dominated by
absorbing aerosols as seen in the trends in SSA), are associated with markedly different baroclinicity and storm-track trends
compared to those found over the full industrial period. In particular, strong negative baroclinicity trends emerge over the
North Pacific in the aerosol-only experiments, while the North Atlantic response remains comparatively weak. The consis-
tency between these satellite-era trends in the historical simulations and ERAS reanalysis suggests that recent aerosol emission
reductions may be muting the circulation response to anthropogenic greenhouse-gas warming. The stronger North Pacific re-
sponse is consistent with the larger aerosol perturbations simulated over this basin, which are accompanied by larger SST and
meridional temperature gradient changes than over the North Atlantic, helping to explain the pronounced asymmetry between
the North Pacific and North Atlantic summer baroclinicity trends. However, the mechanisms responsible for these regional

differences remain uncertain and require further investigation.

5 Summary and conclusions

In this paper, we analyse temporal trends in Northern Hemisphere summer (June—August) baroclinicity in ERAS reanalysis dur-
ing the satellite era, together with baroclinicity and storm-track trends in CMIP6 single-forcing experiments over the industrial
and satellite periods. Significant baroclinicity trends are identified in both hemispheres since 1979, in agreement with previous
studies. In the satellite era ERAS data, negative Eady Growth Rate and baroclinic MAPE trends are found over the North
Pacific, mixed trend patterns resembling the summer North Atlantic Oscillation (SNAO) are identified over the North Atlantic,
and positive baroclinicity trends occur across much of the Southern Hemisphere mid-latitudes during the 1979-2024 period
(Figures 4 and A1). The decomposition of Eady Growth Rate and baroclinic MAPE indicates that changes in the meridional
temperature gradient provide the dominant contribution to the observed baroclinicity trends, while changes in static stability
and tropospheric depth play comparatively minor roles.

Motivated by these identified satellite-era baroclinicity trends, we incorporate four CMIP6 single-forcing large ensemble
experiments to examine the impacts of different anthropogenic forcings on baroclinicity trends over both the post-industrial and
satellite-era periods. The results suggest that both greenhouse gases and aerosol forcings produce significant and comparable
baroclinicity and storm-track responses in both hemispheres, while the weak trends in the hist-nat simulations indicate a limited
role for natural forcings alone in producing the observed temporal trends. The results also suggest that aerosol emissions have
a significant influence on baroclinicity and storm-track trends in the Southern Hemisphere, even though the majority of the
aerosol emissions and trends are located within the Northern Hemisphere, indicating that aerosol emission shifts can influence
circulation changes on the global scale. The aerosol-only forcing experiments additionally exhibit large differences in the
calculated trends between the 1850-2014 and 1979-2014 periods, suggesting that major changes in anthropogenic aerosol

emissions over recent decades have significantly influenced the baroclinicity and storm-track response in both hemispheres.
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Overall, the results suggest that recent summer baroclinicity trends are strongly shaped by the balance between greenhouse-
gas warming and aerosol emissions, and their competing impacts on meridional temperature gradients. Greenhouse-gas forcing
provides a relatively smooth large-scale radiative perturbation, whereas aerosol forcing is inherently regional because aerosol
emissions are concentrated over industrialised regions. Despite these different forcing patterns, the resulting baroclinicity re-
sponses are often similar in structure but opposite in sign, reflecting their competing influences on the sea surface temperature
gradients and the resulting meridional temperature gradients. This competition is particularly important over the North Pa-
cific, where aerosol forcing significantly contributes to the recent negative baroclinicity response. The marked differences
between the industrial and satellite-era aerosol responses further indicate that changes in aerosol emissions over recent decades
have modified the circulation response to anthropogenic warming. These findings highlight the importance of considering
both greenhouse-gas and aerosol forcings when interpreting historical storm-track changes, and when projecting their future
behaviour in different emission scenarios.

Future analysis will aim to better understand the competing physical impacts of greenhouse gas and aerosol emission changes
on the observed baroclinicity and storm-track trends identified here, and to better explain the physical mechanisms by which
aerosol forcing influences baroclinicity and storm-track behaviour in both hemispheres and across different seasons and pe-
riods. In particular, a more detailed investigation into the relative roles of aerosol-radiation and aerosol-cloud interactions, as
well as assessing the storm-track changes under different aerosol emission scenarios, would likely provide further insight into
the processes driving the identified responses. Extending the analysis to additional seasons, reanalysis products and climate
model experiments would also improve the robustness of the identified trends and assist in understanding model biases as-
sociated with mid-latitude baroclinicity and storm-track variability. Finally, investigating the future evolution of these trend
patterns under different future emission scenarios would provide insight into potential future storm-track changes and their

associated impacts on society and improve the efficiency of mitigation and adaptation efforts.
Code availability. The analysis code could be obtained upon request from the authors in a GitHub repository used for this project.

Data availability. All data used in this analysis is open-source and freely distributed online. ERAS data can be found on the climate data
store in the following link: https://cds.climate.copernicus.eu/. All single forcing CMIP6 data were used on the Jasmin cluster in connection

with the CEDA archive. Explanation about the data structure and download can be found here: https.://wcrp-cmip.org/cmip-data-access/.
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515 Appendix A: Extended ERAS baroclinicity trends
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Figure Al. June-August trend maps and zonal mean trends for Eady Growth rate (a), baroclinic MAPE (b), mean squared meridional

temperature gradient (c), inverse static stability (d) and tropospheric depth (e). Means were calculated using ERAS reanalysis data from 1979

to 2024. Stippling indicates a significant trend above the 95% confidence bounds using the Student’s t-test method.
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JJA Shear contribution trend maps (1850-2014)
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Figure B1. Spatial maps of trends in the shear contribution of Eady Growth Rate across the models and experiments used in the single forcing
experiments for the 1850-2014 period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of

each panel, the number of members available for this diagnostic is stated.

Appendix B: Eady Growth Rate decomposition trends in the single forcing experiments
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JJA Shear contribution trend maps (1979-2014)
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Figure B2. Spatial maps of trends in the shear contribution of Eady Growth Rate across the models and experiments used in the single forcing
experiments for the 1979-2014 period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of

each panel, the number of members available for this diagnostic is stated.
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JJA Inverse stability contribution trend maps (1850-2014)
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Figure B3. Spatial maps of trends in the shear contribution of Eady Growth Rate across the models and experiments used in the single forcing
experiments for the 1850-2014 period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of

each panel, the number of members available for this diagnostic is stated.
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JJA Inverse stability contribution trend maps (1979-2014)
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Figure B4. Spatial maps of trends in the shear contribution of Eady Growth Rate across the models and experiments used in the single forcing
experiments for the 1979-2014 period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of

each panel, the number of members available for this diagnostic is stated.
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Appendix C: regional mean baroclinicity trends over the North Atlantic and North Pacific
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Figure C1. Regional mean Eady Growth Rate trends in the North Atlantic (between 30° — 60° N and 280° — 350° E) across the single

forcing models and experiments used.
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Figure C2. Regional mean baroclinic MAPE trends in the North Atlantic (between 30° —60° N and 280° — 350° E) across the single forcing

models and experiments used.
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Figure C3. Regional mean Eady Growth Rate trends in the North Pacific (between 30° —60° N and 280° — 350° E) across the single forcing

models and experiments used.
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Figure C4. Regional mean baroclinic MAPE trends in the North Pacific (between 30° — 60° N and 280° — 350° E) across the single forcing

models and experiments used.
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Figure C5. Regional mean Eady Growth Rate trends in the SH mid-latitudes (between 30° — 60°.S) across the single forcing models and

experiments used.
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Figure C6. Regional mean baroclinic MAPE trends in the SH mid-latitudes (between 30° — 60°S) across the single forcing models and

experiments used.
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Appendix D: Baroclinic MAPE decomposition’s trends in the single forcing experiments

JJA GHB&S trend maps (1850-2014)
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Figure D1. Spatial maps of trends in GH4S across the models and experiments used in the single forcing experiments for the 1850-2014
period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each panel, the number of

members available for this diagnostic is stated.
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JJA GHbS trend maps (1979-2014)
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Figure D2. Spatial maps of trends in GHdS across the models and experiments used in the single forcing experiments for the 1979-2014
period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each panel, the number of

members available for this diagnostic is stated.
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JJA GS6H trend maps (1850-2014)
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Figure D3. Spatial maps of trends in G.S§H across the models and experiments used in the single forcing experiments for the 1850-2014
period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each panel, the number of

members available for this diagnostic is stated.
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JJA GSBH trend maps (1979-2014)
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Figure D4. Spatial maps of trends in G.S§H across the models and experiments used in the single forcing experiments for the 1979-2014
period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each panel, the number of

members available for this diagnostic is stated.
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JJA SH8G trend maps (1850-2014)
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Figure D5. Spatial maps of trends in SHJG across the models and experiments used in the single forcing experiments for the 1850-2014
period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each panel, the number of

members available for this diagnostic is stated.
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JJA SH6G trend maps (1979-2014)
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Figure D6. Spatial maps of trends in SHJG across the models and experiments used in the single forcing experiments for the 1979-2014
period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each panel, the number of

members available for this diagnostic is stated.
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Appendix E: Eddy Kinetic Energy trends in the single forcing experiments

JJA EKE trend maps (1850-2014)
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Figure E1. Spatial maps of trends in EKE across the models and experiments used in the single forcing experiments for the 1850-2014
period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each panel, the number of

members available for this diagnostic is stated.
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JJA EKE trend maps (1979-2014)
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Figure E2. Spatial maps of trends in EKE across the models and experiments used in the single forcing experiments for the 1979-2014
period. Stippling indicates agreement of > 80% of the members on the sign of the trend. To the lower left of each panel, the number of

members available for this diagnostic is stated.
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