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Climate Models Struggle to Simulate Observed North Pacific
Jet Trends, Even Accounting for Tropical Pacific Sea
Surface Temperature Trends
Matthew Patterson1 and Christopher H. O’Reilly1

1Department of Meteorology, University of Reading, Reading, UK

Abstract We show that the wintertime (December‐January‐February) North Pacific jet in ERA5 has shifted
northwards over the satellite‐era (1979–2023) at a faster rate than any of the state‐of‐the‐art coupled climate
models used in this study. Differences in tropical sea surface temperature (SST) trends can only partially explain
the discrepancy in jet trends between models and observations and a small minority of simulations forced with
observed SSTs match the magnitude of the observed jet trend. However, analysis of longer‐term jet variability in
reanalysis suggests that the jet trend has not clearly emerged from multi‐decadal internal climate variability.
Consequently, it is unclear whether the difference in observed and modeled jet trends arises due to differing
responses to anthropogenic forcing or overly weak long‐term internal variability in models. These results have
important implications for future climate projections for North America and motivate further research into the
underlying causes of long‐term jet trends.

Plain Language Summary The North Pacific jet stream has a large effect on precipitation and
temperatures over North America. Climate model simulations suggest that the jet is likely to move northwards
with climate change which could lead to a shift in rainfall patterns. We show that the observed jet has shifted
northwards at a faster rate over the past 45 years than in the vast majority of model simulations. However, we
cannot rule out the possibility that the observed shift may largely be the result of natural climate variability. Our
findings suggest that models either underplay natural jet stream variability or the Pacific jet response to climate
change, both of which increase the real uncertainty in future climate change for North America.

1. Introduction
Jet stream variability has a large impact on surface weather variations in the mid‐latitudes as well as playing an
important role in energy and momentum balances in the atmosphere (Schneider, 2006). In response to
increased greenhouse gas concentrations, idealized and comprehensive climate models generally simulate a
poleward shift of the zonal mean jets in both hemispheres (e.g., Barnes & Polvani, 2013; Butler et al., 2010;
Patterson et al., 2019; Rivière, 2011; Simpson et al., 2014), though the precise mechanism governing these
shifts is the subject of considerable debate (Shaw, 2019). Projections of jet shifts also vary regionally and by
season (Ossó et al., 2024; Simpson et al., 2014) with some models showing an equatorward shift of the North
and South Pacific jet exit regions under weak future warming scenarios (Li et al., 2018). Any jet shifts would
significantly affect regional precipitation, for example, and future jet changes constitute a major source of
uncertainty in future regional climate change projections (e.g., Harvey et al., 2023; Mindlin et al., 2020; Zappa
& Shepherd, 2017).

Recent observational studies have shown evidence for statistically significant poleward shifts in the wintertime
northern hemisphere zonal mean jet (Woollings et al., 2023) and North Pacific jet (Keel et al., 2024) over the
satellite era (1979‐present). However, this is a short enough period that internal modes of climate variability, such
as the Interdecadal Pacific Oscillation (IPO, e.g. Henley et al., 2015) or Atlantic Multidecadal Variability (e.g.,
Zhang et al., 2019), may influence these trends.

Furthermore, observed sea surface temperature (SST) trends from around 1960 to present in the tropical Pacific
are inconsistent with trends simulated by climate models (Coats & Karnauskas, 2017; Seager et al., 2019, 2022).
Specifically, the observed trend consists of cooling along the equator whereas models tend to warm (Seager
et al., 2019). There remains debate over whether this discrepancy is a forced response to climate change which
isn't captured bymodels (Seager et al., 2019), a manifestation of internal variability (Chung et al., 2019;Watanabe
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et al., 2021; Wu et al., 2021) or a combination of these two (Heede & Fedorov, 2023; Rugenstein et al., 2023;
Wills et al., 2022).

Regardless of the drivers of this discrepancy, tropical Pacific SST variability has global impacts via atmospheric
teleconnections (Trenberth et al., 1998) and is hence, highly likely to have a substantial impact on trends in
atmospheric circulation. In this study, we examine trends in the wintertime North Pacific jet in reanalysis and
models from the Coupled Model Intercomparison Project Phase 6 (Eyring et al., 2016) and investigate the impact
that tropical Pacific SSTs have on these trends.

2. Data and Methods
2.1. Model and Reanalysis Data

We analyze monthly mean zonal wind and SST data from the Coupled Model Intercomparison Project Phase 6
(Eyring et al., 2016). Specifically, we combine historical simulations with corresponding simulations for the
scenario run, “shared socioeconomic pathway 585” (ssp585; Meinshausen et al., 2020), to create a time series
spanning 1979–2023. These simulations are forced by specified variations in greenhouse gases and aerosols as
well as other forcings such as volcanic and solar radiation. We use up to 10 members for each model so that
models with a large number of members do not dominate the results, however the results are essentially un-
changed if all available members are used (e.g., Supplementary Figure S2 in Supporting Information S1). Only
simulations for which both historical and ssp585 data are available are analyzed. We also analyze atmosphere‐
only simulations from corresponding atmospheric model intercomparison project (AMIP) simulations and
atmosphere‐only simulations from the experiment ‘highresSST‐present’ within the HighResMip project
(Haarsma et al., 2016). A full list of model simulations analyzed is given in Supplementary Tables S1 and S2 in
Supporting Information S1.

For observation‐based data sets, we use monthly mean HadISST SSTs (Rayner et al., 2003; Titchner & Ray-
ner, 2014) and monthly mean precipitation data from the Global Precipitation Climatology Project (GPCP, Adler
et al., 2018), Climate Research Unit (CRU) multivariate climate data set (Harris et al., 2020) and the Climate
Hazards InfraRed Precipitation with Station data data set (CHIRPS, Funk et al., 2015). We also use monthly mean
zonal wind from four reanalysis data sets; modern data sets ERA5 (1940–2023, Hersbach et al., 2020) and JRA‐55
(1958–2023, Kobayashi et al., 2015) and two spanning the twentieth century, ERA‐20C (1900–2010, Poli
et al., 2016) and 20th Century Reanalysis version 3 (1836–2015, L. C. Slivinski et al., 2021). The modern data sets
utilize the full range of available observations including satellite observations, whereas the longer data sets only
assimilate surface winds and sea level pressure and so are less well constrained by observations.

2.2. Jet Latitude Indices

Many jet indices, particularly for the North Atlantic and southern hemisphere, have used lower level (often
850 hPa) winds to isolate the eddy‐driven portion of the flow (e.g., Woollings et al., 2010). This also has the
advantage of being more closely correlated with surface weather. However, variability of the North Pacific jet is
more thermally driven (Li & Wettstein, 2012) and the lower level winds are largely controlled by this upper
tropospheric variability. We therefore primarily analyze 250 hPa zonal winds. Specifically, we calculate a jet
index, based on the method of Bracegirdle et al. (2018) but for the 250 hPa level, in which the seasonal‐mean
zonal mean zonal wind, is calculated within the North Pacific sector (140°E− 120°W, 20°N‐70°N) and inter-
polated using a cubic spline onto a resolution of 0.1°. The jet latitude is then the latitude of the maximum North
Pacific sector zonal mean zonal wind for the December‐January‐February (DJF) season. To test the sensitivity to
the jet latitude index, we calculate a jet index following Zappa et al. (2018) as the mean latitude, weighted by the
square of the 850 hPa zonal wind, where the wind is westerly, averaged over the same North Pacific sector.
That is,

ϕjet =∫

70°

20°
u20 ϕ dϕ/∫

70°

20°
u20 dϕ (1)

where ϕ is the latitude and u0 is the North Pacific sector zonal mean zonal wind, but with u0 being zero where the
wind is easterly. For the majority of this paper, the index based on Bracegirdle et al. (2018) is used.

Geophysical Research Letters 10.1029/2024GL113561

PATTERSON AND O’REILLY 2 of 10

 19448007, 2025, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

L
113561 by T

est, W
iley O

nline L
ibrary on [18/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3. Results
3.1. Observed and Modeled North Pacific Jet Trends

We begin by comparing wintertime (December‐January‐February, DJF), upper‐tropospheric zonal wind trends in
models and ERA5 over the satellite era (1979–2023). Consistent with Keel et al. (2024) there is a northward shift
of the jet over the North Pacific (Figure 1a). This shift is strongest over the eastern North Pacific, though there is
also a strengthening of the jet on the poleward flank near Japan (Figure 1a). The jet has weakened markedly on the
equatorward flank, downstream of the main jet core (Figure 1a). Intriguingly, this jet shift pattern is not present in
the CMIP6 mean (Figure 1b). It should be noted that averaging over many CMIP6 simulations hides a range of
different behaviors. The leading empirical orthogonal function (EOF) of zonal wind trend maps over the North
Pacific sector over all ensemble members, is a meridional jet shift, explaining 46% of the variance in trends across
the CMIP6 ensemble (Figure 1b). Nevertheless, the North Pacific zonal wind trends in ERA5 lie outside of the
middle 95% of the model trend ensemble (Figure 1a). Notably, the ERA5 zonal winds trends over East Asia also
lie outside of the middle 95% of model trends (Figure 1a).

To visualize the spread of North Pacific jet trends in models we calculate a jet latitude index (see the materials and
methods section) for each model and calculate the trend. The ERA5 and JRA‐55 jet trends of 0.47°N/decade and
0.43°N/decade lie outside of the model spread (Figure 1c). For Figures 1b and 1c only up to 10 ensemble members
are taken from each model so that models with many members do not dominate, however the figure is almost
identical when all available members are plotted (Supplementary Figure S1 in Supporting Information S1). If the
jet latitude index is evaluated on the 850 hPa level rather than at 250 hPa, the ERA5 and JRA‐55 reanalysis trends
are 0.69°N/decade and 0.71°N/decade, respectively (Supplementary Figure S2c in Supporting Information S1). In
this case, 5 and 4 simulations out of 180 exceed the ERA5 and JRA‐55 trends, respectively (Supplementary Figure
S2c in Supporting Information S1). The study of Keel et al. (2024) noted that the choice of jet detection method
was a larger source of uncertainty than the reanalysis data set in North Pacific jet trends. However, calculating the
jet latitude index using the method of Zappa et al. (2018) on 850 hPa gives similar results to the original index,

Figure 1. Trends in the DJF North Pacific jet in models and observations (1979–2023). (a) The trend in ERA5 250 hPa zonal wind is shown by filled colors with the
climatology indicated by unfilled contours, drawn every 10 m/ s. Hatching in (a) indicates the grid‐points at which the ERA5 trend lies outside of the middle 95% of the
ensemble of model trends. (b) The mean of 250 hPa zonal wind trends for all CMIP6 ensemble members (filled colors) and the leading EOF of model trends across all
members within the North Pacific region (unfilled contours, red for positive and blue for negative values, contoured at intervals of 1 m/ s/decade/σ). The North Pacific
region is shown by a box in (b). The distribution of model jet latitude trends is shown in (c), with ERA5 and JRA‐55 jet trends shown by a triangle and a cross, respectively.
In this and subsequent figures, percentages adjacent to symbols indicate the percentile at which these lie with respect to the CMIP6 distribution.
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with the reanalysis trends exceeding trends in almost all model simulations (Supplementary Figure S3 in Sup-
porting Information S1). In summary, the greater northward jet trend in observations relative to models is not
sensitive to the choice of methodology.

The observed northward North Pacific jet trend has important implications for regional precipitation change. All
three precipitation data sets analyzed show a clear drying trend for the southern US and Mexico over the satelite‐
era which is not captured by the CMIP6 ensemble‐mean (Supplementary Figures S4a–S4d in Supporting In-
formation S1). However, the 10% of model simulations with the most northward jet trends do simulate the drying
trend, underlining the role of dynamics in recent precipitation trends (Supplementary Figure S4e in Supporting
Information S1). There is, however, some disagreement amongst data sets on whether or not there has been a
wetting trend further north along the coast around Washington State and British Columbia, like that seen in the
CMIP6 models (Supplementary Figures S4a–S4c and S4e in Supporting Information S1).

To put the jet trend into a longer term context, we plot reanalysis estimates of variations in the 250 hPa jet latitude
index throughout the twentieth century (Figure 2a). There is good consistency in the low‐frequency variability of
the jet in the reanalyses back to around 1950. Before this the data sets diverge, likely because of the underlying
dynamical models reverting to their mean states due to a paucity of observations (Figure 2a). Hence, we focus on
jet variability in the period from 1950 onwards. Post‐1950, there is clear multi‐decadal variability in the jet
latitude with a southward trend until around 1980. Following this, the jet shifts northward after 1980, hence the
northward shift coincides with the beginning of the satellite‐era. These low‐frequency variations in jet variability
are strongly correlated with a pattern of SST variations which resembles the IPO, with positive anomalies in the
extratropical North Pacific and negative anomalies in the tropics (Figure 2b). The link between low‐frequency
Pacific SST variability and North Pacific atmospheric circulation is well established (e.g., Dai, 2013; Patter-
son et al., 2022; Robertson, 1996; Trenberth & Hurrell, 1994). Tropical SSTs are thought to influence the North
Pacific jet via Rossby wave dynamics, while the jet alters extratropical SST by modulating the air‐sea heat flux
(Newman et al., 2016). However, there is also some evidence of a weak effect of extratropical atmospheric
circulation on tropical SSTs (Dow et al., 2024). Overall, Figure 2 makes it clear that recent trends in the North
Pacific jet have not clearly emerged from long‐term internal variability, however it is possible that external
forcing has contributed to the recent jet trend.

3.2. The Role of Tropical Pacific SST Variability

Noting the discrepancy between modeled and observed trends (Figure 1) and the link between observed North
Pacific jet variability and Pacific SSTs (Figure 2b; Trenberth & Hurrell, 1994; Robertson, 1996) we now
investigate the degree to which differences in tropical Pacific SST trends can explain the jet trend discrepancy.
Since the beginning of the satelite‐era in 1979, the tropical Pacific in DJF has cooled, in contrast to the broader
global warming trend (Figure 3a). On the other hand, the tropical Pacific has generally warmed in CMIP6
simulations covering this same period (Figure 3b) and the observations lie at the tail of the simulated trends
(Figure 3a). On an interannual basis, a northward shift of the North Pacific jet is generally associated with a

Figure 2. (a) Jet latitude time series constructed from four different reanalysis data sets. Interannual variability is shown by thin lines and the 10 years running mean for
each time series is shown by a thicker line. (b) Map showing the correlation between the 10 years running mean ERA5 jet and HadISST time series at each grid‐point
(1940–2023). Hatching indicates where grid‐point correlations have p‐values below 0.05, following the phase‐shuffling method of Ebisuzaki (1997).
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Figure 3. Trends in SSTs (DJF, 1979–2023) and their impact on the North Pacific jet trend. The trend is shown for (a) HadISST (b) the mean over trends in all CMIP6
members. Hatching in (a) indicates grid‐points at which HadISST trends lie outside of the middle 95% of the CMIP6 ensemble. The regression of the SSTs onto jet index
is shown for (c) HadISST/ERA5 and (d) the mean over CMIP6 members. Jet trend distributions are shown (e) before (blue) and after (red) linearly removing the Niño
3.4 index, (f) the period with the most negative Niño 3.4 SST trends in the historical simulations for each simulation and (g) the period with the largest jet trend in each
simulation. Distributions in (e)–(g) are shown by histograms with a distribution function calculated from a Gaussian kernel density estimate; the percentiles of the ERA5
trend with respect to the different CMIP6 distributions are also shown. Inset panels in (f), (g) show the SST trends over the corresponding periods, averaged across all
simulations, using the same contour interval and units as panels (a), (b). The box in the inset panel in (f) shows the Niño 3.4 region.
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cooling of the tropical Pacific in both observations (Figure 3c) and models (Figure 3d), therefore the cooling trend
in observations may have contributed to the northward jet trend.

To assess the role of the cooling trend, we linearly remove the Niño 3.4 index (SST averaged over 170°W‐120°W,
5°S‐5°N) from the jet latitude index for each model member and for observations, and calculate the new trend.
The results are insensitive to the use of other El Niño Southern Oscillation (ENSO) indices (Supplementary
Figure S5 in Supporting Information S1) or using a more complex method to remove the optimal SST‐jet tele-
connection pattern from the jet time series (Supplementary Figure S6 in Supporting Information S1). Regressing
out the tropical SST influence reduces the ERA5 and JRA55 jet trends from 0.47°N/decade and 0.43°N/decade to
0.42°N/decade and 0.4°N/decade, respectively, and shifts the ensemble of CMIP6 simulations (Figure 3e).
Nevertheless, ERA5/JRA55 remain at the tail of the CMIP6 distribution (99th and 97th percentiles, Figure 3e)
suggesting that this can explain some but not all of the discrepancy. When the Niño 3.4 index is linearly removed
from zonal wind variability at each grid‐point, trend maps also show ERA5 lying near the edge of the CMIP6
distribution (Supplementary Figure S7 in Supporting Information S1).

To further examine the role of the tropical Pacific cooling, we find the period with the most negative DJF Niño 3.4
trend over a 45‐year period in each historical simulation (1850–2014) and plot a histogram of the corresponding
jet trends. The inset panel in Figure 3f) shows the mean of the most negative Niño 3.4 trends, which approxi-
mately resembles the observations in magnitude and pattern (Figure 3a). The jet trends corresponding to these
analogue periods are more northward (Figure 3f) than for the same simulations in the recent period (Figure 3e).
However, only one analogue SST period shows a northward jet trend of a greater magnitude than ERA5
(Figure 3f). To illustrate how extreme the ERA5/JRA55 trends are relative to the models, we plot a histogram of
the highest 45‐year trend measured across the period of the historical experiment (1850–2014) for each simulation
(Figure 3g). The ERA5 and JRA55 jet trends lie at the 89th and 86th percentiles compared to these maximum jet
trends, respectively. This is not a particularly fair comparison given that the 1979–2023 period has not been cherry
picked and we do not have accurate jet time series stretching back to 1850 to find the maximum trend in ob-
servations. This analysis suggests that unless the recent period is extremely unusual, the models struggle to
capture the strength of jet trends seen in observations. Note that the inset panel in Figure 3g shows these strong
positive jet trends tend to occur when the eastern tropical Pacific is warming less than more western and sub‐
tropical regions, a negative IPO‐like pattern. Nevertheless, the SST trends can only explain part of these jet trends.

We further analyze the role of SST trends in North Pacific jet trends using atmosphere‐only simulations forced
with observed SSTs. We compare the atmosphere‐only models with observations over the period 1979–2014 as
AMIP and highresSST‐present simulations end in 2014. Atmospheric model intercomparison project simulations
show a northward jet trend over this period (Figure 4b), similar to ERA5 and also capture the pattern of the
circulation trend over East Asia (Figure 4a). This clearly shows that the SSTs do contribute to the observed trend.
However, the ERA5 trend still is larger than most model trends (Figure 4a). Moreover, plotting the histogram of
jet trends shows that the ERA5 and JRA55 jet trends are more northward than 97% and 89% of model trends,
respectively (Figure 4e).

The resolution of coupled climate models is limited, for practical reasons, but it is of interest to examine how these
jet trends might vary in higher resolution models. We test the role of resolution by selecting groups of high and
low resolution models from the HighResMIP project (Haarsma et al., 2016). Specifically, we choose all models
which have performed both high and low resolution simulations for the highresSST‐present experiment (which is
broadly similar to the AMIP protocol), giving 13 and 18 ensemble members for the high and low resolution
groups, respectively, from a total of 6 model ‘families’. The full lists of models in each group are given in
Supplementary Table S2 in Supporting Information S1. Note that we test whether the trends are statistically
significantly different by creating 1,000 sets of synthetic composites by randomly shuffling the HighResMIP
members between the two composite groups and calculating the difference in the means of these synthetic
composites. Differences are deemed statistically significantly different at the 5% level for a given grid‐point if the
absolute value of the true high‐low composite difference is larger than at least 95% of the synthetic composite
differences. The high and low resolution models show a very similar trend (Figures 4c and 4d) and these models
do not clearly show an improvement on the full AMIP ensemble (Figure 4e). It therefore appears that factors
beyond atmospheric resolution are important for capturing the observed North Pacific jet trend or that much
higher resolutions are required to see an improvement.
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4. Summary and Discussion
Over the past 45 years, the wintertime North Pacific jet has shifted northwards (Figures 1a–1c). The magnitude of
this trend exceeds all coupled model simulations studied (Figure 1c). However, analysis of longer‐term jet
variability in reanalysis data sets suggests that the observed trend could be mostly a manifestation of internal
climate variability (Figure 2), rather than a purely anthropogenically forced trend. Previous work has shown that
observed cooling trends in tropical Pacific sea surface temperatures (SSTs) are inconsistent with recent gener-
ations of coupled general circulation models, which mainly show a warming (e.g., Seager et al., 2022). If this is
accounted for, the observed jet trend lies within the spread of coupled model trends, but still at the upper end
(Figure 3e). Indeed, the ERA5 and JRA55 North Pacific jet trends over the 1979–2023 period are larger than the
largest 45‐year period jet trend in 89% and 86% of all model historical simulations over the 1850–2014 period,
respectively (Figure 3g). Atmosphere‐only simulations corroborate this picture. Imposing the observed SSTs
leads to a northward shift in the mean of the simulations (Figure 4b), but only a small minority of models show a
similar or larger magnitude of North Pacific jet trend relative to ERA5 (Figure 4e). Overall, this suggests that
while SST trends play a substantial role in the observed North Pacific jet trend, this cannot account for the larger
trend in observations relative to models.

These results clearly have implications for future projections. North Pacific jet variability has a large impact on
temperatures and precipitation for the US and Canada. The inability of models to capture observed tropical Pacific
SST trends over the past 60 years means that there is considerable uncertainty concerning the accuracy of those

Figure 4. Trends in 250 hPa zonal wind in atmospheric model intercomparison project (AMIP) simulations (DJF, 1979–
2014). (a) The trend in ERA5 and (b) the mean of the trends in all AMIP members, (c) the mean of trends in high resolution
highresSST‐present members and (d) the mean of trends in low resolution highresSST‐present members. Hatching and gray
contours in (a) indicate grid‐points where ERA5 lies outside of the middle 95% and middle 80% of the AMIP distribution,
respectively, and stippling in (c), (d) indicates where the high and low resolution groups are statistically significantly
different at the 5% level, calculated via a shuffling method (see text). In (e), histograms of the jet trends from the AMIP
(magenta) and high resolution (green) models are shown, with ERA5 shown by a triangle and JRA55 by a cross.
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same models' future projections of tropical Pacific SSTs. The teleconnection between the tropical Pacific Ocean
and the North Pacific jet implies that we should therefore be less confident in future jet projections, introducing
uncertainties around future surface weather over North America.

Moreover, the weaker jet trends in models relative to observations, even accounting for differing SST trends,
introduces a further uncertainty in the ability of models to capture future jet trends. There may be a number of
reasons for this discrepancy, though assessing these is beyond the scope of this article. One hypothesis surrounds
the weaker interannual ENSO teleconnections in many models relative to observations (e.g., Williams
et al., 2023), however the jet teleconnection does not appear to be systematically too weak in the AMIP models
(Supplementary Figure S8 in Supporting Information S1). A more subtle possibility is that ocean‐atmosphere
coupling in the extratropical North Pacific acts as a positive feedback, on atmospheric circulation anomalies
forced from the tropics, on multi‐decadal time‐scales. This would explain why removing the interannual ENSO
teleconnection in Figure 3e), does not resolve the jet trend difference. Furthermore, an overly weak jet trend has
also been noted for the wintertime North Atlantic (Blackport & Fyfe, 2022). The authors of that study also posited
that overly weak extratropical ocean‐atmosphere interactions in the North Atlantic (Simpson et al., 2018) could be
responsible for the weak jet trends, while others have shown that multi‐decadal variability is too weak for the
North Atlantic (Eade et al., 2024; O’Reilly et al., 2021).

Finally, differing responses to external forcings (such as aerosols), in models and observations, could also be a
factor in their differing jet trends. This study cautions against attributing observed North Pacific jet trends to
anthropogenic climate change. However, it does not preclude the possibility that aerosols or greenhouse gases
have contributed to the recent North Pacific jet trend, either via tropical SSTs or more directly, by altering
tropospheric meridional temperature gradients (e.g., Woollings et al., 2023).

It is clear that further research is required to investigate the drivers of observed North Pacific jet trends and to
assess the degree to which anthropogenic forcing may have contributed. Moreover, the weaker jet trends in
models relative to observations presents an important puzzle to unravel, in order to improve model future pro-
jections for the North Pacific region.

Data Availability Statement
No new data were created as part of this study. ERA5 data are available from the Climate Data Store Copernicus
Climate Change Service (2019) at https://doi.org/10.24381/cds.6860a573 and JRA‐55 JMA/Japan (2013) at
https://doi.org/10.5065/D60G3H5B, 20th Century Reanalysis L. L. Slivinski (2019) at https://doi.org/10.5065/
H93G‐WS83, and ERA‐20C ECMWF (2014) at https://doi.org/10.5065/D6VQ30QG are all available from the
NCAR website. HadISST data can downloaded from the Met Office website at https://www.metoffice.gov.uk/
hadobs/hadisst/data/download.html), CRU data from the Centre for Environmental Data Analysis site at https://
catalogue.ceda.ac.uk/uuid/5fda109ab71947b6b7724077bf7eb753/, GPCP data from the NOAA website at
https://downloads.psl.noaa.gov/Datasets/gpcp/ and CHIRPS at https://www.chc.ucsb.edu/data. Finally, CMIP6
data, including for the historical, ssp585, AMIP and HighResMIP experiments, are available from the Earth
System Grid Federation (ESGF) servers at https://esgf‐ui.ceda.ac.uk/cog/search/cmip6‐ceda/.
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