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Abstract Weather regimes are widely used in weather prediction, but less often to study climate variability
and change. Here, we use a year-round North American regime classification to identify summertime circulation
trends from 1981 to 2024. We find large increases in the frequency, persistence and interannual variability of the
Greenland High (GH) regime, similar to Greenland blocking. A simple Markov model shows that the observed
increased GH frequency and variability can arise from increased persistence. We then show that a 10,000-
member ensemble using SEASS seasonal model data fails to capture the observed trend in GH frequency
because persistence trends are too weak. This occurs despite SEAS5 producing summers with more GH days
and individual regimes more persistent than observed, so the issue is not simply an overall lack of persistence.
Hence, the missing trends must arise from fundamental model deficiencies which develop on subseasonal
timescales and are not rectified by initialization.

Plain Language Summary The weather across a region can be categorized into several patterns
which occur repeatedly. Climate change—either natural or human-caused—can lead to some patterns occurring
more often or lasting longer. We look at trends in daily weather patterns across North America during summer
over the last 44 years. One pattern, named the ‘Greenland High’ (GH) because it features unusually high
pressure near Greenland, has recently occurred more often and lasted longer. The number of days on which it
occurs has also varied more from one summer to the next. We statistically show that an increase in the
persistence can explain these trends. We then look at 10,000 different possible evolutions of the past 44 years
using data from an operational seasonal forecasting model. While the model can produce extremely long-lasting
GH patterns or summers with lots of GH days, it cannot produce the observed trends because it cannot produce
the increasing trend in persistence. Therefore, similar problems previously reported in climate models are also
present in seasonal models. This is a problem because it reduces our ability to forecast summer weather and to
understand and predict long-term changes in weather patterns.

1. Introduction

“Weather regimes” are recurrent, persistent and quasi-stationary atmospheric circulation patterns which dominate
mid-latitude low-frequency, super-synoptic variability (e.g., Michelangeli et al., 1995). Typically defined through
clustering, regimes have been extensively studied over the North Atlantic—-European sector (e.g., Cassou, 2008;
Cassou et al., 2004; Cortesi et al., 2021; Grams et al., 2017; Michelangeli et al., 1995; Vautard, 1990) and more
recently over North America (Lee et al., 2023; Nabizadeh et al., 2022; Robertson et al., 2020; Straus et al., 2007;
Vigaud et al., 2018). Moving beyond the traditional focus on individual seasons, year-round weather regimes
have been defined for the North Atlantic—-European sector (Grams et al., 2017) and North America (Lee
et al., 2023). Evidence from dynamical systems theory suggests that these regimes have a physical basis, rep-
resenting persistent atmospheric states with low dimensionality (Hochman et al., 2021; Lee & Messori, 2024).
Regimes have been widely used to understand large-scale subseasonal prediction (e.g., Biieler et al., 2021; Osman
et al., 2023; Pérez-Carrasquilla & Molina, 2025), but have been relatively underutilized in analysis of observed
and projected climate variability and change. This is particularly true of changes to regimes in seasons other than
winter: although several recent studies have analyzed historical and projected changes in winter regimes over the
Atlantic and Pacific (Dorrington, Strommen, & Fabiano, 2022; Dorrington, Strommen, Fabiano, &
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Molteni, 2022; Fabiano et al., 2021), a regime-based view of historical changes in the summertime circulation
over North America is lacking.

Motivating such an analysis are the large regional summertime circulation trends that have been observed in
recent decades (reviewed by Shaw, Arias, et al., 2024). Notably, many summers in the 21st century—particularly
since 2007—have seen an unusual dominance of Greenland blocking (e.g., Beckmann et al., 2025; Hanna
et al., 2016; McLeod & Mote, 2016; J. R. Preece et al., 2023). This pattern consists of an anomalous mid-
tropospheric anticyclone near Greenland, and is associated with the negative phase of the summer North
Atlantic Oscillation (SNAO; Folland et al., 2009) and an equatorward-shifted Atlantic jet stream. A pattern
similar to Greenland blocking appears as the “Greenland High” regime in the year-round North American regime
classification of Lee et al. (2023); they reported a large increase in its summertime frequency over 1979-2022,
noting it was the largest trend among the four regimes in any season.

Weather patterns comprising an anticyclone over Greenland during the melt season can exert a significant
direct influence on the ice sheet (Hanna et al., 2014; J. Preece et al., 2022) and Arctic sea ice (Ding
et al., 2017). This is in addition to the wider temperature and precipitation anomaly footprint from the cir-
culation pattern across Europe and North America (e.g., Folland et al., 2009; Hanna, Hall, et al., 2018;
Simonson et al., 2022). It is therefore vital that climate models accurately represent observed trends and
variability in Greenland blocking and related patterns. However, the recent increase in summertime Greenland
blocking is not captured by historical simulations from models contributing to the Coupled Model Intercom-
parison Project phase 5 (CMIP5) (Hanna, Fettweis, & Hall, 2018) or phase 6 (CMIP6) (Delhasse et al., 2021;
Maddison et al., 2024). Atmosphere-only and anthropogenic aerosol-only experiments better represent past
variability, but with much weaker amplitude than observed (Maddison et al., 2024). Furthermore, across
CMIPS5 and CMIP6, the majority of models project a decrease in summertime Greenland blocking (i.e., a more
positive SNAO) in response to increased CO, (Davini & d’Andrea, 2020; Mitevski et al., 2025). Hence, the
observed trend is both absent from historical climate model simulations, and opposite in sign to the expected
response under increased greenhouse gas forcing.

Not yet explored is whether the summertime circulation trends over Greenland are captured by the initialized
models used for seasonal prediction: this is a key goal of the present study. Seasonal model hindcasts are an
underappreciated and underutilized resource for understanding the climate system. They can be leveraged to
generate very large ensembles of potential climate trends (e.g., Thomas et al., 2025) or so-called “unseen” ex-
tremes (Thompson et al., 2017) without additional expense, because the data are produced routinely by opera-
tional prediction centers for model validation and calibration. Most seasonal models are similar to those used in
CMIP, and their evaluations thus provides insight into the development of biases and trend errors in their
uninitialized counterparts (Beverley et al., 2024; L’Heureux et al., 2022; Mayer et al., 2025).

Using the year-round North American weather regime classification of Lee et al. (2023), we here provide a
detailed assessment of trends in the frequency of the summertime Greenland High weather regime over the last
four decades. The regimes perspective connects local circulation trends over Greenland to the dominant
continent-scale circulation patterns, while allowing simultaneous quantification of trends across all regimes and a
straightforward analysis of large-scale circulation persistence. We then assess whether a very large 10,000-
member ensemble constructed from a current-generation initialized, coupled seasonal prediction model can
capture the regime trends.

2. Data and Methods

We base our study on ERAS (Hersbach et al., 2020), the fifth generation reanalysis from the European Centre for
Medium-Range Weather Forecasts (ECMWF), obtained once-daily at 0000 UTC on a 1.0° latitude—longitude grid
from 1 January 1981 to 31 December 2024 (44 years). To investigate the regime trends within an initialized
model, we take data from the 1 May initialization of SEASS (Johnson et al., 2019), the fifth generation ECMWF
seasonal prediction system, over 1981-2024. The model output is obtained at the same temporal and horizontal
resolution as the ERAS data. SEASS is based upon Cy43r1 of the ECMWF Integrated Forecasting System (IFS), a
more recent version of the IFS than Cy36r4 which underpins the CMIP6 EC-Earth3 model (Doscher et al., 2022).
SEASS has a horizontal resolution of T319 and 91 vertical levels, and comprises 25-member hindcasts from 1981
to 2016 and 51-member operational forecasts from 2017 to 2024. Specifically, we use SEASS5 because of its large
hindcast size (number of years X number of members) relative to other seasonal models, and the continuity
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between hindcasts and operational forecasts. We use the first 25 members of the 51-member forecasts so as to
have the same ensemble size for each initialization date (similar to Kolstad et al., 2022). Note that the hindcasts
were initialized from ERA-Interim reanalysis (Dee et al., 2011) while the real-time forecasts were initialized from
operational ECMWEF analyses, but we find no evidence of discontinuities for the purposes of this study. SEAS5
includes time-varying greenhouse gas radiative forcing, which follows CMIP5 historical greenhouse gases from
1981 to 2005 and the CMIP5 RCP2.6 (also known as RCP3-PD) scenario thereafter. For further details, we refer
the reader to Johnson et al. (2019).

North American weather regimes are calculated in ERAS using a slightly modified version of the year-round
method outlined in Lee et al. (2023). 500 hPa geopotential height (Z500) anomalies are first computed by sub-
tracting the daily 1981-2024 climatology, which is smoothed with a 60-day centered running mean. The small
difference from the 1979-2022 period in Lee et al. (2023) has negligible effect; the regimes are highly repro-
ducible for different periods. To emphasize variability beyond synoptic timescales, we apply a 5-day centered
running mean to the anomalies. This differs from the 10-day Fourier filter used in Lee et al. (2023), but we adopt it
here as it is easier to apply to discontinuous forecast model output, while yielding the same regime attribution on
90% of days. We then de-trend the data by subtracting the trend in the cosine latitude-weighted area-average Z500
anomalies for each calendar day, smoothed with a 60-day running mean. This allows us to remove the mean-state
thermal expansion of the Z500 surface while retaining circulation trends, and allows for seasonality in the trend
which was not included by Lee et al. (2023); however, the impact of a seasonally-varying trend is minimal, with
the same regime attribution on 96% of days if a fixed trend is used (and 95% of days if no de-trending is per-
formed). Then, the seasonal cycle in the variance of the field is removed by dividing the daily anomalies by the
60-day smoothed cosine-latitude weighted domain-average grid-point standard deviation of the anomalies for
each calendar day.

An empirical orthogonal function (EOF) decomposition of these normalized Z500 anomalies is then performed
(with a square-root cosine-latitude weighting), and the leading 12 principal components (PCs) are retained
(explaining 81% of the variance). k-means clustering is then performed on the 12 PCs with k = 4, and data points
are assigned to clusters based on minimum Euclidean distance. Finally, days which are closer to climatology (i.e.,
all PCs equal to zero) than their assigned centroid are reassigned as “No Regime.”

The resultant four regimes and their mean summertime (1 June—31 August) occurrence frequencies are Pacific
Trough (PT; 20 days), Pacific Ridge (PR; 19 days), Alaskan Ridge (AKR; 15 days), and Greenland High (GH;
20 days). The remaining days are classified as No Regime (18 days). The average summertime Z500 anomalies
for each regime are shown in Figure S1 in Supporting Information S1. For further information, we refer the reader
to Lee et al. (2023).

In SEASS, assuming each ensemble member represents a possible evolution of the atmosphere each summer, we
create a 10,000 member ensemble (as in Thomas et al., 2025). We first choose a random member from each year
to construct a synthetic 44-year time series. The data are then processed identically to the ERAS description
above: initially, we use May—September data to allow for the 60-day smoothing windows, before truncating to
June—August. In order to work with a consistent set of weather regimes, we use the EOFs and regime centroids
calculated from ERAS: we project the SEASS data onto the ERAS EOFs to obtain pseudo-PCs, which are then
assigned to regimes based on the minimum Euclidean distance to the ERAS centroids. This process is then
repeated 10,000 times—where each 44-year set of ensemble members is unique.

Statistical significance of linear trends is tested by bootstrap resampling with replacement 10,000 times. Two-
sided p-values are obtained from the bootstrapped distribution as twice the probability of the sample statistic
having the opposite sign. For trends computed on running mean time series, the resampling procedure is adjusted
to account for autocorrelation by ensuring sampled data points are separated by the running mean window.

3. Observed Summertime Regime Trends

We begin by reporting the trends in the summertime frequency of the regimes over 1981-2024 according to
ERAS, focusing on the Greenland High regime (Figure 1d). We find a significant increase in the frequency of the
GH regime (+3.5 days decade™, p = 0.04), similar to the 1979—2022 trend reported in Lee et al. (2023). The
summertime frequency of the GH regime is highly correlated with the summer NAO (r = —0.84) (e.g., Dunstone
et al., 2023) and the Greenland Blocking Index (GBI) (r = 0.88 for GBIl and » = 0.84 for GBI2 (Hanna
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Figure 1. Summertime (June—August) frequency of the (a) Pacific Trough regime, (b) Pacific Ridge regime, (c) Alaskan
Ridge regime, (d) Greenland High regime and (e) No Regime for 1981-2024 according to ERAS. Black dashed lines denote
the linear trend. Solid green lines denote an 11-year centered moving average. (f) Standard deviation of the time series shown
in (a—e), computed in 11-year centered periods. Linear trends and p-values are given in the top left of each panel.

et al., 2016; Hanna, Fettweis, & Hall, 2018)) (Figure S2 in Supporting Information S1). This confirms the ability
of the year-round North American regime classification to identify similar summertime circulation patterns, and
that such patterns are among the dominant ones across the North American continent. The exceptionally high
frequency of the GH regime during the summers of 2012 (55 days), 2016 (46 days), 2019 (46 days) and 2023
(45 days) exceeded the frequency of a single regime in any summer except for the 48 days of PT in 1983
(Figure 1a). Both 2012 and 2019 saw extreme Greenland melt seasons (Hanna et al., 2014; Tedesco & Fett-
weis, 2020), while 2023 saw unusual warmth over high-latitude North America consistent with the GH regime,
contributing to an extreme wildfire season (Jain et al., 2024). The occurrence of an exceptionally GH-dominated
summer in 2023 (exceeding any year prior to 2012) suggests a continuation of the increased likelihood of the GH
regime beyond the peak in the decadal frequency in the early 2010s. Although we focus on the 1981-2024 period
here for comparison with SEASS, the recent increased GH frequency remains exceptional when considering the
full ERAS data set back to 1940 (Figure S3d in Supporting Information S1), consistent with GBI-based analyses
(Hanna et al., 2016; Maddison et al., 2024).

In Figure 1f one can also see a clear increase in the interannual variability of GH frequency (+3.2 days decade ™",
p <0.001), computed here as the 11-year rolling standard deviation, resulting in an approximate doubling of the
variability across the 44 years. Juxtaposed with the extremely GH-dominated summers of 2016, 2019, and 2023 are
the summers of 2017, 2018, 2021, 2022, and 2024, which saw fewer than 10 GH days (zero in the case of 2018,
which saw an extremely positive SNAO (Drouard et al., 2019)). The GH frequency during these five summers
would have been below-average even at the start of the period. Hence, while summers with an extremely high GH
frequency have become more likely, summers with a relatively low GH frequency have continued to occur.

As for the other regimes, we find no significant trends in the frequency of the PR regime (+1.2 days decade™!,
p = 0.37), the AKR regime (—1.2 days decade™, p = 0.22), or the No Regime (—0.7 days decade™, p = 0.47),
but we note a significant decrease in the frequency of the PT regime (—2.8 days decade™, p = 0.005). However,
when extending the regimes back to 1940, the reduced occurrence of the PT regime in recent years is not
exceptional (Figure S3a in Supporting Information S1). In fact, the downward trend appears at least partly due to
the shorter 1981-2024 period starting during unusually high PT frequency. The PT regime also does not show a
significant change in interannual variability, and so we focus on the GH regime hereafter.

Increased regime frequency and increased interannual variability can arise due to increased persistence once a
transition to the regime has occurred. Figure 2 provides three different diagnostics which all show that the GH
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Figure 2. For 11-year centered overlapping windows: (a) time series of GH regime duration (consecutive days with the same
regime). Red line denotes the median with shading from the 25th—75th percentiles. (b) Probability, in %, of the GH regime
persisting into the next day (solid red line), with linear trend (black dashed line). (c) Lagged probability of the GH regime
given the GH regime on day 0, where the line color denotes the 11-year time period (blues = older, reds = more recent). Blue
and red dashed lines show exponential decay curves with e-folding timescales of 5 and 12 days respectively. Horizontal
dotted line denotes 1/e.

regime has become more persistent. The median regime duration, defined here as consecutive days with the same
regime attribution and computed in 11-year overlapping periods, has increased from 5 to 6 days in the 1980s/
1990s to 8-10 days in the 2010s/2020s, at a rate of approximately 1 day decade™! (Figure 2a). Similarly, the
probability of the GH regime persisting into the next day—the lag-1 persistence probability—has increased at a
rate of 2.2 pp decade™ (p <0.01), from 84% in the 1980s to around 90% in the most recent decade (Figure 2b).
The e-folding time of the regime, defined here as the number of days before a least-squares exponential fit to the
function p(GH on day d|GH on day 0) decays below 1/e, has approximately doubled from 5 days to 10-12 days
(Figure 2c). On five occasions in five separate summers, the GH regime persisted for more than 3 weeks (27 days
in 2019, 26 days in 2009, 25 days in 2023, 25 days in 1993, and 22 days in 2011), indicating potential windows of
subseasonal predictability should models be able to accurately simulate the processes involved.

4. Markov Model

To further demonstrate the role of persistence in driving the frequency trend, we use a first-order two-state
Markov model with either fixed or time varying persistence probabilities. The model is run 10,000 times each
for the two variants. The time-varying lag-1 persistence probabilities, p(GH, . ;|GH,), are taken as the linear fit to
the lag-1 persistence probabilities computed over 11-year centered overlapping periods (cf. Figure 2b):

Prary(GH,41|GH,) =2.18 X 107y — 3.499,  y € [1986,2019] (1)
The fixed persistence probabilities are computed using the full 44-year data set, yielding:
ﬁﬁx (GHI+1 |GHI) =0.878 (2)

In this simple model, we assume the probability of transitioning into the GH regime from the “Other” state is a
constant and use the value computed across 1981-2024:

H(GH,,,|Other,) = 0.035 3)

Under fixed persistence probabilities, the median frequency trend is zero and the probability of obtaining a trend
greater than the ERAS trend is 1.6%. With linearly-varying persistence probabilities, the probability of obtaining a
trend greater than the ERAS trend is 27.5% and thus statistically indistinguishable from the observed trend (Figure
S4a in Supporting Information S1). Hence, the observed trend in regime frequency can be statistically attributed
to increased regime persistence.

We also assess the probability of obtaining a trend in the standard deviation of the season-total frequency
(computed over 11-year centered overlapping periods). Under fixed persistence probabilities, the probability of
obtaining a trend greater than that in ERAS is 1.3%. When the time-varying persistence probabilities are used, this
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Figure 3. Boxplots of summertime (a) regime frequency and (b) regime duration (consecutive days with the same regime
assignment) for ERAS5 (left-hand colored boxes) and SEASS (right-hand unfilled boxes) 1981-2024. Whiskers extend to 1.5
X the interquartile range or to the extrema, with outliers marked as open circles (ERAS) and crosses (SEASS).

increases to 6.7%, and is thus marginally captured by the simple Markov model (Figure S4b in Supporting In-
formation S1). This is because, for a 92-day summer, solely increasing regime persistence raises the likelihood of
summers with a high regime frequency more than it reduces the likelihood of summers with a low regime fre-
quency, similar to the observed GH behavior (cf. Figure 1d).

5. Summertime Regimes in SEASS

We now turn to examining the summertime regimes in the initialized SEASS model. Before assessing trends in
the regimes, we first assess whether the model can simulate regimes of a similar frequency and duration to those in
ERAS. Considering the full distribution of regime durations and seasonal frequencies over 1981-2024, the
median summer regime frequencies are similar (£2 days) for all but the AKR regime (Figure 3a), which is slightly
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Figure 4. Boxplots of trends in (a) regime frequency, (b) lag-1 regime persistence and (c) seasonal frequency standard
deviation in SEASS. In (b) and (c), the standard deviation is computed over 11-year centered running windows prior to trend
calculation. (d) Boxplots of the maximum 11-year running mean frequency. Red open circles denote the ERAS trends.
Percentages denote the fraction of SEASS members less than the ERAS value; those outside 2.5%-97.5% are shown in red.

more likely in SEASS (17 days) than ERAS5 (13 days). Reassuringly, our 10,000-member SEASS5 ensemble in-
cludes summers with a greater total regime frequency than those seen in ERAS for all four regimes and No
Regime, with an overall maximum of 72 days of GH in 2006 (78% of the season and 17 days longer than the
observed maximum in 2012). Considering all ensemble members and all years, the probability of a summer more
dominated by a single regime than in ERAS is smallest for GH (0.1%) compared to 0.4% for PT, 3.5% for No
Regime, 4.2% for PR and 4.9% for AKR.

Across all regime instances, the median regime durations (Figure 3b) are nearly identical between ERAS5 and
SEASS (5 days for PT, PR and AKR; 6 days for GH and 2 days for No Regime). However, for all regimes the
SEASS ensemble features far more persistent events than those so far observed. These include 48 consecutive GH
days (3 weeks longer than the most persistent GH regime in ERAS and 52% of the season) and an overall
maximum of 51 consecutive PR days. Hence, SEASS is able to simulate more extreme GH regime summers than
those observed in terms of both regime dominance and overall regime persistence. Nevertheless, relative to other
regimes, we note that the observed GH frequency extremes (Figure 3a) fall at the top end of the model
distribution.

While SEASS can produce extreme GH events, the observed increasing trends in GH regime frequency,
persistence and standard deviation are vanishingly unlikely within our 10,000-member ensemble. The probability
of obtaining a trend greater than or equal to that in ERAS is only 0.02% for GH frequency (Figure 4a), 0.32% for
GH persistence (Figure 4b), and 0.14% for GH standard deviation (Figure 4c). For all three metrics, the GH trends
are by far the most extreme across the five classes; while the decline in PT frequency is only exceeded by 0.32% of
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SEASS ensemble members, it is not accompanied by a similarly extreme rank in persistence or standard deviation.
In fact, SEAS5 shows a small median declining trend in both the frequency (—0.7 days decade™") and persistence
(—0.4 pp decade™) of the GH regime consistent with the expected forced response to increased CO,; the fre-
quency trend is equal and opposite to the PR trend, while the persistence trend is the largest among the five
classes. Additionally, SEASS fails to capture the observed decadal peak in GH frequency (Figure 4d): the peak
11-year running mean GH frequency of 33.3 days (2006-2016) lies beyond the maximum in the SEAS5 ensemble
(31.9 days) and remains above the 95th percentile through the end of the record (Figure S5 in Supporting In-
formation S1), even for our very large 10,000-member ensemble.

Finally, we note that across the ensemble, trends in GH persistence and trends in frequency are moderately
correlated (r = 0.44, p <0.001; Figure S6a in Supporting Information S1) as are trends in GH persistence and
standard deviation (» = 0.40, p <0.001; Figure S6b in Supporting Information S1). With the additional insight
gained from the reanalysis-based Markov model, this relationship indicates that the inability of the model to
produce the observed frequency and standard deviation trends can be attributed to insufficient trends in
persistence.

6. Summary and Discussion

The discrepancy between the observed increase in summertime Greenland blocking and its absence from his-
torical simulations using uninitialized climate models is well-known but poorly understood (Shaw, Arias,
etal., 2024). Here, using the year-round, daily weather regime classification for North America introduced by Lee
et al. (2023), we have found that such a discrepancy is present even in a 10,000-member ensemble of the current-
generation initialized seasonal prediction model SEASS. We demonstrated that the increasing persistence of the
GH regime has played a central role in the increasing GH frequency and interannual variability. We then showed
that SEASS fails to reproduce the frequency and variability trends not due to a general lack of GH regime
persistence, but because its GH persistence trends are too weak.

The inability of SEASS to represent the observed GH trends provides one more example of a model bias that is not
rectified by initialization, indicating that it must develop on relatively short (i.e., subseasonal) timescales
(L’Heureux et al., 2022; Beverley et al., 2024; Lee & Polvani, 2024; Mayer et al., 2025). We therefore encourage
a more unified approach, analyzing both initialized/seasonal models and uninitialized/climate models to help
solve persistent modeling challenges across timescales (Randall & Emanuel, 2024; Shaw, Arblaster, et al., 2024).
While we have only considered a single model, our results are consistent with the low probability of obtaining the
observed SNAO trend in a similarly large ensemble of Met Office DePreSys3 hindcasts over 1981-2022 (Thomas
et al., 2025).

Increased persistence implies increased predictability, particularly on medium-range to subseasonal timescales
given the lifespan of extremely persistent regimes. This is deserving of further investigation. One limiting factor is
the relatively short hindcast periods (~20-year) typically used, but trends in persistence should be considered
when assessing model skill and skill differences between model versions/hindcast periods. Further, Strommen
and Palmer (2019) proposed that insufficient regime persistence can lead to the signal-to-noise “paradox” seen in
seasonal predictions of the NAO; whether trends in persistence play a role is an open question.

Several avenues exist for determining why the persistence of the GH regime has increased, and why this is
missing from SEASS. Synoptic-scale potential vorticity analyses (Hauser et al., 2024) could provide process-
based insight. On larger scales, Arctic amplification (AA) has been linked to weaker summertime westerlies
and more persistent circulation patterns (reviewed by Coumou et al., 2018). CMIP6 models also under-represent
observed AA during summer (Rantanen et al., 2022). It does not immediately follow that this should affect the GH
regime specifically, but may be related to eddy feedbacks (e.g., Barnes & Hartmann, 2010) since both the GH
regime and AA weaken the meridional Z500 gradient.

Finally, while the persistence of the summertime GH regime has significantly increased, we do not argue that the
regime will continue to become more persistent (some physical limits must eventually apply). If the CMIP models
are to be believed, which one hesitates to do as they fail to capture the observed trends, the GH regime trends
would actually reverse in the coming decades as a consequence of increasing greenhouse gases. The key question
—whether or not the increased GH frequency that has occurred is a result of anthropogenic forcing—remains
difficult to answer.
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