
The role of individual forcings in driving the wave–like recent trends
in northern hemisphere summer atmospheric circulation.
Gerard Marcet-Carbonell1, 2, Markus G. Donat1, 3, and Carlos Delgado-Torres1

1Barcelona Supercomputing Center (BSC), Barcelona, Spain
2Facultat de Física, Universitat de Barcelona (UB), Barcelona, Spain
3Institució Catalana de Recerca i Estudis Avançats (ICREA), Barcelona, Spain

Correspondence: Gerard Marcet-Carbonell (gerard.marcet@bsc.es)

Abstract. The summer climate in the Northern Hemisphere during recent decades has shown distinct trend patterns, with

warming hotspots that spatially match with the ridges of a circumpolar atmospheric wave-5 pattern in the upper troposphere.

The drivers behind this wave–like trend and warming pattern are not yet well understood. Through the use of the Large Ensem-

ble Single Forcing Model Intercomparison Project (LESFMIP) and the Atmospheric Model Intercomparison Project (AMIP)

simulations, we study the contributions of different forcing components as well as the role of oceanic temperature variability5

to the observed changes. Analysis of the single-forcing experiments shows that in particular historical anthropogenic aerosol

forcing leads to responses that have some pattern similarity with the observed changes in atmospheric circulation, diagnosed

from the 200 hPa geopotential height (Z200) after removing the zonal mean. However, despite high pattern agreement, the

magnitude of the trends is underestimated in models. Our results suggest that the observed spatial structure of trends in Z200

is at least partially caused by anthropogenic aerosol emissions and is not the result of global warming caused by greenhouse10

gas emissions, and highlight important inconsistencies between models and observations.

1 Introduction

Anthropogenic global warming since pre-industrial times is now unequivocal (Intergovernmental Panel On Climate Change

(Ipcc) (2023)), with associated increases in heatwaves and precipitation extremes (Robinson et al. (2021)). The observed trends,

however, are not spatially homogeneous and show pronounced regional variations (Lewis et al. (2017)), with evidence of these15

regional differences being related to changes in the atmospheric circulation (Vautard et al. (2023), Rousi et al. (2022), Horton

et al. (2015)).

Understanding atmospheric circulation change is, therefore, important as it is a key driver of surface climate and is associated

with regional weather conditions and extreme events. For instance, the "Dust Bowl", a devastating drought affecting the U.S.,

Mexico and part of Canada in the 1930s, was linked to a change in the upper tropospheric circulation caused by anomalies20

in tropical sea-surface temperatures (SST) (Schubert et al. (2004)), and record high temperatures that lasted as records until

the early 21st century were set during the Dust Bowl years in central parts of North America (Donat et al. (2016)). Increased

hurricane activity in the Atlantic during 1995 to 2000 is linked to an increase in tropical Atlantic SST interacting with the
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overlying tropospheric circulation that reduced vertical wind shear (Goldenberg et al. (2001)). Atmospheric circulation has

also been identified as the primary influence of UK surface climate (Fereday and Knight (2023)).25

Despite its importance as a driver of regional climate, atmospheric circulation is difficult to predict and is a major source

of uncertainty in climate projections due to its chaotic nature and errors in modelling the circulation response to climate forc-

ing (Shepherd (2014)). There is increasing evidence that shows how climate models appear to underestimate the atmospheric

circulation changes in response to forcing. Some examples include the underestimation of summer temperatures and extremes

trends over Europe due to trends in southerly flow being underestimated in models (Vautard et al. (2023)), and the underesti-30

mation of the magnitude of North Atlantic Oscillation (NAO) variations in model ensembles due to the ratio of the predictable

signal to unpredictable noise being too small in models (Smith et al., 2025)

The challenges to understand changes in atmospheric circulation are also highlighted in a recent study by Teng et al. (2022),

where a non-homogeneous warming trend during 1979-2020 in the Northern Hemisphere (NH) boreal summer months (JJA)

coinciding with a similar trend in 200 hPa geopotential height (Z200) is reported. The pattern observed in the trend resembles35

that of a circumglobal wavenumber-5 Rossby wave. The observed warming differs from the more homogeneous warming

projected at the time by CMIP5 models (Knutti and Sedláček (2013)), and the CMIP6 multi-model mean shows a more

homogeneous trend in Z200 (Teng et al. (2022)). We currently do not have a clear understanding of what is driving these

observed changes and why the CMIP6 ensemble mean is underestimating the magnitude of the regional variations of Z200

trends.40

Knowing the causes behind the recent trends is key because it informs our anticipation of how these trends may evolve in the

future, and can guide model developers in improving the representation of these processes. Current hypotheses centre around

interdecadal modes of ocean variability such as the Atlantic Multidecadal Variability (AMV) (Trenberth and Shea (2006))

and Interdecadal Pacific Oscillation (IPO) (Henley et al. (2015)) contributing to the observed changes (Teng et al. (2022)).

However, in recent years there has been new literature highlighting the role of aerosol and GHG emissions in shaping different45

features of summertime Northern Hemisphere circulation such as storm-track weakening (Kang et al. (2024), Chemke and

Coumou (2024)) and jet-stream weakening (Dong et al. (2022)). The effect of aerosols and other forcings such as GHGs,

ozone or volcanic influence remaining unexplored in the context of the recent wave–like Z200 trends.

In this study, we aim to understand how different radiative forcings and observed ocean temperature variations affect trends

in Z200 and to get a better understanding of the mechanisms responsible for the recent observed changes. To do so, we leverage50

simulations from the Large Ensemble Single Forcing Model Intercomparison Project (LESFMIP) (Smith et al. (2022)) and the

Atmospheric Model Intercomparison Project (AMIP) (Eyring et al. (2016)).

2 Data and methods

To analyse atmospheric circulation patterns in the higher troposphere, we used monthly means of Z200 over the Northern

Hemisphere during the following two different periods: 1943–1978 and 1979–2014. 1979–2014 was chosen based on the55

previous literature (Teng et al. (2022)) and because historical simulations end in 2014. We decided not to concatenate the
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historical runs with scenario simulations as these do not include observed forcings. The 1943–1978 period was chosen to

complement the analysis of recent changes with a different period, and understand the evolution of the trend in time and

identify possible differences in the mechanisms involved.

In the study we used three different reanalysis datasets to get estimates of the observed changes in atmospheric circulation:60

ERA5 (Hersbach et al. (2020)), NCEP-1 (Kanamitsu et al. (2002)) and JRA-3Q (Kosaka et al. (2024)). Given the similarities

between their trends (Fig. S1) we used ERA5 as reference dataset, and show the respective analysis with JRA-3Q and NCEP-1

in the supplementary information (Fig. S4–S7). To disentangle the contributions that different forcings exert to the observed

changes in atmospheric circulation, we used climate model simulations from LESFMIP (Smith et al. (2022)). LESFMIP pro-

duces simulations for different forcings, isolating each forcing at a time. More specifically, we used simulations isolating65

anthropogenic aerosol concentration, well-mixed GHG concentrations, volcanic emissions, solar activity changes, total ozone

concentrations, as well as historical forcing simulations combining all of the above. To sample internal variability we selected

models with at least 10 members per forcing configuration, so that the ensemble mean can be considered a reliable estimate

of the model-specific forcing response. In total, 1687 simulations from 11 models (ACCESS-ESM1-5 (Ziehn et al., 2020),

CanESM5 (Swart et al., 2019), CMCC-CM2-SR5 (Cherchi et al., 2019), E3SM-2-0 (Golaz et al., 2022), GISS-E2-1-G (Kelley70

et al., 2020), HadGEM3-GC31-LL (Andrews et al., 2020), IPSL-CM6A-LR (Boucher et al., 2020), MIROC6 (Tatebe et al.,

2019), MPI-ESM1-2-LR (Gutjahr et al., 2019), MRI-ESM2-0 (Yukimoto et al., 2023), NorESM2-LM (Seland et al., 2020))

were used. Different parametrizations of a given model were treated as different models. We indicated this by adding the label

p+number of parametrization to models with parametrizations different from p1. A complete list of all the models and members

used can be found in Table S1.75

To quantify the potential effect of SST forcing, we also analysed Atmospheric Model Intercomparison Project (AMIP)

simulations (Eyring et al. (2016)). These are idealized atmosphere-only experiments that use SSTs and sea ice concentration

from reanalysis data as boundary conditions as well as prescribed historical forcings. While not being a coupled system,

therefore missing feedback mechanisms between ocean and atmosphere, these simulations represent ocean variability patterns

and modes in sync with the observed climate. Given the current hypothesis centred around ocean variability driving the recent80

trends (Teng et al. (2022)), we used AMIP simulations to assess if representation of observed SST variations leads to better

representation of trends in geopotential height (GPH). Only models with at least three members have been selected to be able

to filter out internal variability, which provides a total of 60 simulations from nine models (ACCESS-ESM1-5 (Ziehn et al.,

2020), CanESM5 (Swart et al., 2019), E3SM-2-0 (Golaz et al., 2022), GISS-E2-1-G (Kelley et al., 2020), HadGEM3-GC31-

LL (Andrews et al., 2020), IPSL-CM6A-LR (Boucher et al., 2020), MIROC6 (Tatebe et al., 2019), MPI-ESM1-2-LR (Gutjahr85

et al., 2019), MRI-ESM2-0 (Yukimoto et al., 2023)) for the analysis. A list with the AMIP models and members used can be

found in Table S2.

To remove the thermal expansion imprint on Z200, we removed the zonal mean of geopotential height at each latitude and

summer season. We will refer to this new variable as the azonal component of Z200, i.e. Z200_az. We then computed the linear

trend for each of the periods (1943–1978 and 1979–2014) of Z200_az in:90

– Reanalysis.
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– Each individual member of both LESFMIP and AMIP simulations.

– The model specific ensemble mean for each forcing and model of LESFMIP and AMIP.

– The multi-model ensemble mean for each forcing and AMIP.

The model specific ensemble means were obtained by taking the mean at each point in space and time of all members of95

the corresponding forcing and model. The multi-model mean was computed averaging all respective model-specific ensemble

means, thus all models contribute equally regardless of their ensemble size. The linear trends in atmospheric circulation were

computed by means of a least squares linear regression, and the statistical significance of the trends was assessed using a

two-sided t-test at the 95 % confidence level. We accounted for autocorrelation in the data by applying an effective sample

size correction assuming a first order autocorrelation of the data residuals (Wilks, 2011). Similarity of the spatial patterns100

of changes between models and reanalysis was assessed using the area-weighted Pearson pattern correlation at midlatitudes

(30º N-60º N) for the whole circumference and the two longitude ranges defined in Happé et al. (2025): Eurasia (15º E -

110º E) and North America - Atlantic (NA-Atl) (100º W - 0º E). Significance of the pattern similarity was assessed using block

bootstrap resampling at the 95 % confidence level. All reanalysis and model simulations were interpolated by means of bilinear

interpolation to a common 2.5ºx2.5º grid.105

3 Results

3.1 Forced responses

The 1979–2014 trends in Z200_az in NH summer present a clear circumglobal wave-5-like pattern as was documented in

depth in Teng et al. (2022) (Fig. 1a). The different multi-model ensemble means, on the other hand, present a wide range

of trends (in both magnitude and spatial distribution of changes) for the same period depending on the forcing configuration110

of each multi-model ensemble (Fig. 1). Our results indicate that only simulations forced with anthropogenic aerosol or well-

mixed greenhouse gas emissions show significant trends in NH midlatitudes Z200_az during summer (Fig. 1b–i). This suggests

that natural radiative forcings (solar and volcanic) as well as ozone do not drive significant changes in Z200_az in the model

simulations, and do not play a role in driving the observed changes.

Regarding the spatial structure of the trends, the aerosol, AMIP and historical ensembles present very similar patterns (Fig.115

1b–d). This indicates that the historical simulations are dominated by the aerosol response. Notable features are the decrease in

Z200_az in the North Atlantic, as well as the wave train over Eurasia with two centres of increased Z200_az over central Europe

and Asia combined with a decrease in Z200_az between them over western Asia. This structure is present and significant in

reanalysis (Fig. 1a). AMIP fails to capture the GPH increase over western Europe but captures better the quadrupole structure

over the Pacific (Fig. 1c). The decrease in Z200_az over west Asia is displaced Southward in the aerosol only experiments (Fig.120

1d). Simulations forced with only well-mixed greenhouse gases (Fig. 1e), while showing some regionally significant trends,

do not show a spatial structure of changes similar to reanalysis.
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Figure 1. Trends of Z200_az [m per 30 yr] for the period 1979–2014 obtained with the ERA5 reanalysis (a) and the multi-model ensemble

mean for each respective forcing (b–i). The line plot under each map represents the meridionally averaged trend from 30º N to 60º N (region

enclosed by a black box in the maps). Stippling indicates statistically significant trends using a two-sided t-test at 95% confidence level.
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Figure 2. Percentile of ERA5 Z200_az trends with respect to the trends in the individual simulations of specific forcing configurations (a–e)

and all experiments combined (f). Hatching indicates where ERA5 lies below the 2.5th percentile or above the 97.5th percentile of simulated

trends, and the red areas indicate that ERA5 is outside all model values.

The amplitude of the Z200_az trends in those forcing configurations that present significant trends (AMIP, historical, aerosols

and GHG) is in all cases appreciatively fainter than that of the reanalysis. Out of the 4 forcing configurations, AMIP shows the

largest amplitude. However, AMIP has fewer ensemble members per model than each LESFMIP forcing experiment (Tables125

S1 and S2). The amplitude of the trends in reanalysis is not only stronger than that of the ensemble means, but often also than

that of individual members. As can be seen in Fig. 2, all the main hotspots over Eurasia fall outside of the model range of trends

for natural and GHG forcings (Fig. 2d, e). Some of them fall outside the range of trends in the historical, aerosol or AMIP

simulations (Fig. 2a–c). This is the case despite the large ensemble sizes (60 for AMIP, between 208 and 388 for LESFMIP),

indicating that there is a systematic underestimation of changes in Z200_az in models in these regions where the observed130

trends are strongest. Even taking into account all 1747 simulations from combining all experiments, reanalysis falls outside all

model trends in regions of the North Atlantic (Fig. 2e) consistent with the findings in D’Andrea et al. (2024).
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Figure 3. Pearson pattern correlation of model-specific ensemble averages of the Z200_az trend with respect to ERA5 during 1979–2014.

Each different model mean is represented by a different shape. Multi-model ensemble means for each forcing are shown with a black cross.

Non-significant correlation values are shown in grey.

We next quantify the similarities in spatial patterns of the trends between the different model ensembles and reanalysis

through Pearson pattern correlation. As we can see in Fig. 3 for 1979–2014, AMIP simulations and experiments using aerosol

and historical forcings show similar values of positive pattern correlation across all models, while GHG consistently show135

correlation values around zero with reanalysis. This indicates that the historical forcings, and in particular aerosol forcing, have

at least a partial effect in driving the trends in Z200_az. Whereas changes stemming from GHG forcings do not correlate to the

trends in reanalysis. Therefore, these results suggest that GHG emissions alone, and the associated global warming, do not play

a role in driving the observed trends in Z200_az. The similarity in pattern correlation between AMIP and historical simulations

implies that realistic representation of modes of ocean variability in models is not related to an increase in pattern similarity140

over what the historical forcing simulations show. Accordingly, we find no evidence for oceanic variability contributing to

the wave-5 like trend pattern in Z200_az. However, while not appreciated using this metric, AMIP simulations show better

representation of Z200_az changes over the Pacific compared to historical simulations (Fig. 1b,c).

If instead of studying the whole midlatitudes we focus on Eurasia and NA-Atl longitudes (similar to Happé et al. (2025)) the

results become more noisy as the region studied is smaller. Accordingly, for the NA-Atl region (Fig. 4a) the pattern correlation145

values for aerosols and GHG become comparable, with larger variations and less significant values in the aerosol simulations

compared to the whole circumference. On the other hand, the Eurasia region (Fig. 4b) shows higher pattern correlation and

results consistent with the whole circumference. Therefore, different regions of the circumglobal wave-5 pattern may have

different drivers as was also shown for shorter term variability by Happé et al. (2025). Additionally, despite high correlation

values in some cases, none of the multi-model ensemble means captures the increase in geopotential height over Greenland150
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Figure 4. As Fig. 3 but for the NA-Atl region (a) and Eurasia (b).

associated with the wave pattern over the NA-Atl region in line with the reported model error in reproducing Greenland

Blocking (GB) trends (Maddison et al. (2024), Hanna et al. (2018))

3.2 Variability in individual simulations

In addition to the trends of the ensemble mean (representative of the forced response), we explore the range of trends in the

individual simulations for each forcing experiment. All forcing configurations during 1979–2014 have a large spread in pattern155

correlations across the individual ensemble members, with several members presenting negative correlation values (Fig. 5).

This includes AMIP simulations, indicating that prescribed SSTs are not enough to constrain the atmospheric circulation
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Figure 5. Pearson pattern correlation of the Z200_az trends in the individual simulations with respect to ERA5 during 1979–2014. Violin

plots represent the probability density function estimated by a Gaussian kernel density estimator. Multi-model means for each forcing are

shown with a black cross. Non-significant correlation values are shown in grey.

trends. Out of all the forcing configurations only AMIP, historical and aerosol forced runs show distributions skewed towards

positive values of pattern correlation.

The differences between different members of the same model are, by design, reflecting uncertainty from internal climate160

variability in the models. This suggests that, in the model simulations, internal variability is a strong contributor to the trend

patterns. If internal variability in the models is representative of internal variability in the real world, there would be a strong

contribution of internal variability to the observed circulation changes. However, as the AMIP experiments do not show en-

hanced pattern similarity compared to the historical or aerosol forcing simulations, we cannot associate this internal variability

with large-scale modes of ocean variability.165

In Fig. 6 we show that there is a large overlap between distributions of pattern correlations across different models, indicating

that the large spread does not arise from different model behaviours. And models that provide a larger ensemble size tend to

have a larger spread across their ensemble members. It can also be appreciated how model mean trends are in the higher end of

the distribution for aerosol, AMIP and historical, reinforcing the idea that the observed trends are in part a response to forcing.

As the forced response derived from averaging different members tends to be more similar to the observed trends than the170

average individual member.

3.3 1943–1978 period

To complement the analysis of changes in the northern hemisphere summer atmospheric circulation during the most recent

decades, we also analyse the observed and modelled changes in an earlier period. During 1943–1978, the trend pattern in Z200
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Figure 6. Pearson pattern correlation of the trends in Z200_az in each individual simulation for different forcing experiments with the trends

in ERA5: historical (a), AMIP (b), aerosols (c) and GHG emissions (d). Non-significant correlation values are shown in grey. Violin plots

represent the probability density function estimated by a Gaussian kernel density estimator. Pattern correlation of the trend of model means

are shown with a black cross (these correspond to the values shown in Figure 3). The numbers above the x-axis indicate the number of

members per model in each forcing experiment.

is largely different to that of 1979–2014 in reanalysis, with opposite changes in some regions between the two periods (Fig.175

S2a). This indicates that the changes in GPH are time dependent, with a reversal of the trends between the two periods in

some regions (compare Fig. 1a and Fig. S2a). When analysing the pattern similarity of the different model experiments with

the reanalysis trends, we get, however, similar results as for the more recent period: Also for the earlier period, aerosol forcing

dominates the historical forcing response. Both historical and aerosol simulations reproduce some of the more prominent

features in reanalysis, such as the decrease in GPH over northeast Asia, at a much fainter magnitude than in the reanalysis (Fig.180

S2b,c). Note that the AMIP simulations are not available for this earlier period, and so cannot be included in this analysis. In

this earlier time period, the GHG simulations do not show significant trends (Fig. S2d).

Also for this earlier time period, and similar to our findings for the more recent trends discussed above, the pattern correla-

tions of the ensemble means and reanalysis show similar values between historical and aerosol-only simulations (Fig. 7). These
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Figure 7. As Fig. 3, but for 1943–1978. AMIP simulations are not available for this period.

model-specific pattern correlation values, however, present a larger spread than in the 1979–2014 period (compare Fig. 7 and185

Fig. 3). These results suggest that aerosol emissions contributed, at least partially, also to the observed changes in Z200_az

during 1943–1978, and based on the LESFMIP experiments we find no evidence that GHGs and natural radiative forcings

were driving the observed changes in Z200_az. Finally, individual simulations present a large spread in pattern correlations

(Fig. S3), as was the case during the later period (Fig. 5), indicating that internal variability plays a strong role in the simulated

changes also for that earlier time period.190

4 Discussion

Our results show that to some extent the model simulations that include aerosol forcing, were able to capture the spatial patterns

of the observed atmospheric circulation changes on the northern hemisphere during summer during the last decades, showing

multi-decadal trends similar to a wave-5 pattern (as defined in Teng et al. (2022)). This, together with the appreciatively

different response of models to different forcings is indication that the observed trends have a forced component. Similarly, the195

lack of significant trends in volcanic, solar and ozone concentration forcing configurations points towards these forcings not

meaningfully affecting the spatial structure of Z200 during the analysis period.

Similarly, GHG emissions-only forced simulations did not show significant trends in Z200_az during 1943–1978 and showed

no agreement in pattern correlation to reanalysis during 1979–2014. This suggests that global warming related to enhanced

GHG emissions alone has not contributed to the spatial structure of trends in northern hemisphere atmospheric circulation200

during summer, as measured by Z200_az, in recent decades.
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The magnitude of trends in the simulations, on the other hand, is appreciatively smaller than in the reanalysis for all forcing

configurations. This is the case for both ensemble means (indicating the model-specific responses to forcing) and, to a lesser

extent, also in individual simulations . The smaller magnitude of trends in the ensemble means implies that the forcing response

is small based on the models that we used. This means that either other processes than radiative forcings are driving the largest205

part of the observed changes (e.g. internal variability), or that the models are underestimating the forced response. This latter

possibility is consistent with the documented signal-to-noise problem in climate models, which indicates that model simulations

underestimate the strength of the predictable signal (Scaife and Smith, 2018) and responses to forcings (Smith et al., 2025).

On the other hand, the smaller magnitude of changes in individual simulations highlights that even considering the forcing

response together with internal variability, models are not capturing the magnitude of the observed trends in some regions. If210

the observed trend is linked to extreme events at the surface as proposed in Teng et al. (2022), underestimation of changes of

atmospheric circulation in models could hinder our ability to predict these events.

Notably, aerosol-only forced runs are able to match to a large degree the changes in Z200_az from historically forced runs and

to a lesser extent reanalysis data. This points to aerosols being an important contributor to the trends in Z200_az during summer.

However, there are some patterns that are not well captured in the models. More specifically, the increase in geopotential height215

over Greenland is not present in any of the multi-model ensemble means (Fig. 1). This increase in geopotential height over

Greenland has been related to an increase in GB events linked to SST and aerosol forcing, underestimated in models (Maddison

et al. (2024), Hanna et al. (2018)). This finding would be consistent with the multi-model ensemble means not showing a clear

increase in Z200_az over Greenland.

At the same time, without clear understanding of the physical mechanisms behind the changes it is challenging to attribute220

the different regional behaviours in models to model error or a faithful representation of disconnected wave patterns. The

concrete mechanisms behind the changes are, however, not clear at this point. Aerosols, compared to GHG forcings, have a

much more localized influence and present regional changes in effective radiative forcing during recent decades (Fiedler et al.

(2023); Hoesly et al. (2018)).

Based on this, a possible explanation for the observed changes is a positive feedback between surface warming and Z200.225

The localized radiative effect of aerosols can generate localized heating in the surface, expanding the air and increasing the

GPH in the column. This in turn could generate a high-pressure system which increases clear-sky conditions and warming

through subsidence in turn driving change in the patterns of atmospheric circulation. This hypothesis is coherent with a recent

study documenting a westward shift of heatwave hotspots linked to increased soil moisture-atmosphere coupling (Zhang et al.

(2025)), which could be accentuated by an increase in surface downward shortwave radiation net flux related to reductions in230

aerosol emissions over the mid-latitudes.

The effect of aerosol radiative forcing has also been linked to changes in the jet stream due to its repercussions on the

meridional temperature gradient (Dong et al. (2022)). Therefore, an alternative possible mechanism of influence between

aerosols and the Z200 trends could be via modulation of the Circumglobal Teleconnection (CGT) (Ding and Wang (2005)).

The CGT is defined as the 2nd principal component of Z200 during summer and takes the shape of a stationary Rossby wave235

embedded in the westerly Jet Stream (Ding and Wang, 2005). In recent decades the CGT structure has reportedly changed
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(Tang et al., 2025). The observed changes in the CGT bear a large degree of similarity to the reported trend in Z200 and are

facilitated by changes in the structure of El Niño Southern Oscillation and the westerly jet (Tang et al., 2025). Given that the

changes in the westerly jet could be a result of aerosol radiative forcing (Dong et al., 2022), the observed trends in Z200 during

summer could therefore be a reflection of changes in the CGT linked to the effect of aerosols on the westerly jet.240

Previous literature (Teng et al. (2022)) pointed at modes of ocean variability, in particular AMV and IPO, as possible drivers

behind the observed changes in atmospheric circulation. In our study we did not find enhanced pattern similarity in AMIP

compared to historical simulations. This, together with a large spread in individual AMIP runs, does not allow us to establish

a clear link between boundary forcing from SSTs and the observed wave-5 trend. In contrast, Teng et al. (2022) did find

higher pattern correlation between the AMIP multi-model mean and reanalysis anomalies in Z200_az compared to the CMIP6245

multi-model ensemble, suggesting that the pattern similarity between model ensembles and reanalysis is sensitive to the way

the ensemble is constructed. Concerning the magnitude of the model trends, the AMIP multi-model ensemble mean shows

slightly higher magnitude compared to historical simulations and better pattern representation over the Pacific Ocean (Fig. 1b,

c), but the much smaller ensemble size (60 members in AMIP and 388 members in historical) makes it difficult to draw a clear

conclusion.250

Recent work (Happé et al. (2025)) highlights that there is an SST imprint preceding observed Rossby wave events which is

not present in CMIP6 models, which could mean key feedbacks between SSTs and high troposphere atmospheric circulation

are missing in these models, possibly explaining the lack of added similarity in AMIP runs if the changes are caused by ocean

variability.

5 Summary and conclusions255

In recent decades significant trends in Z200_az on the NH during summer have been observed. However, there is not a clear

understanding of what has been driving these changes. In this study, we have used LESFMIP and AMIP simulations to study the

contributions from the different radiative forcings and observed ocean temperature variations. More specifically, we quantified

the degree of pattern similarity between the model simulations and observations with the aim of identifying which drivers play

a role in shaping Z200 spatial trend patterns.260

Our results suggest that aerosols played an important role in producing the observed changes, especially over the Eurasian

region, presenting a spatial structure of changes very similar to that of historical simulations. GHG-only simulations, on the

contrary, have little to no spatial correlation to the observed changes, suggesting that GHG-forced global warming did not

drive the wave-5 like trends in the northern hemisphere summer atmospheric circulation. We did not find evidence for a link

between modes of ocean variability and the atmospheric circulation trends, as AMIP simulations had a similar degree of pattern265

similarity compared to historical and aerosol simulations.

Trends in the model simulations have a smaller magnitude than in the reanalysis. This is the case for ensemble means and to

a lesser degree individual runs, with reanalysis trends falling outside the model response at the reported hotspots. We believe

the low magnitudes in the ensemble means are indicative of a small forced response in models, likely related to signal-to-noise
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issues in climate models (Scaife and Smith (2018)). While for individual simulations it indicates that some of the observed270

changes fall outside the range of simulated changes even when accounting for the internal variability of the models.

Follow-up research should explore the specific physical mechanisms by which aerosol emissions are driving the changes in

summer atmospheric circulation, and understand the small signals of the forcing response. If these small signals are indications

of so-called signal-to-noise errors, then it may be possible to develop calibrations aimed at correcting these errors (Smith et al.

2025). This may imply that in reality a larger part of the observed changes are happening in response to forcing than the small275

magnitude of the responses when taking the models at face value.

Finally, our finding that GHG-related warming is likely not a contributor to the observed wave-5-like atmospheric circulation

changes, indicates that these changes may not continue as such under continued global warming in the coming decades. De-

pending on future aerosol emissions, some of these changes in atmospheric circulation and the associated accelerated warming

in some regions could even revert in the future. Accurate predictions will require better understanding of the specific processes,280

potential signal-to-noise errors, and regularly updated estimates of future aerosol emissions.
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