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Abstract Summertime spatially compound climate extremes in the Northern Hemisphere are associated
with dominant jet stream Rossby wavenumber patterns, including wavenumber5 (wave5). However, our
knowledge of wave5, including its response to anthropogenic warming, is limited by the short length of
instrumental records of upper‐level fields. To provide a longer‐term perspective, we present a 1,000‐year
reconstruction of a wave5 pattern that modulates summertime compound extremes, constructed by targeting
drought anomalies associated with this pattern in three regions. Our results show no major trends in the
occurrence of this pattern over the past millennium.We further show that La Niña winters often precede a wave5
event the following summer, evident over centuries. This pattern was exemplified by the La Niña winter of
2022–2023, which was followed by wave5‐driven compound heatwaves in July. The imprint of continued
anthropogenic warming on ENSO may exacerbate wave5‐driven extremes, especially if the tropical Pacific
becomes more La Niña‐like.

Plain Language Summary The jet stream, a band of strong winds high above the Earth's surface, is
related to atmospheric patterns that can lead to extreme climate events that occur simultaneously in multiple
locations around the Northern Hemisphere during the summer. One such pattern occurs when the jet stream
forms five peaks and troughs around the Northern Hemisphere (referred to as a wavenumber‐5 pattern, or
wave5), resulting in a higher likelihood of co‐occurring extreme climate events. We use tree‐ring‐based data to
reconstruct this wave5 pattern during the early summer months over the past millennium and find no major
trends in the pattern over this time period. We also find a relationship between this wave5 pattern in the jet
stream and the El Niño Southern Oscillation, where anomalously cool sea‐surface temperatures in the tropical
Pacific (La Niña‐like winters) often precede a summer where the jet stream is commonly in a wave5 pattern,
driving extreme events.

1. Introduction
As the Earth's surface warms under anthropogenic forcing, compound climate extremes are becoming more
frequent and intense (AghaKouchak et al., 2020). Of these extremes, concurrent summertime heatwaves and
droughts in the Northern Hemisphere are particularly consequential for both ecosystems and human systems.
Concurrent heatwaves and droughts have the potential to disrupt multiple important crop‐growing regions
simultaneously (Gaupp et al., 2020; Kornhuber et al., 2023; Rogers et al., 2022; Sarhadi et al., 2020), which can
contribute to global food shortages (Puma et al., 2014; d’Amour et al., 2016) and price spikes. More broadly,
extreme heat also drives forest fires (Nojarov & Nikolva, 2022), reduces carbon stocks (Arias‐Ortiz et al., 2018),
adversely impacts human health (Chen et al., 2024; Florido et al., 2021) and socio‐economic systems (Zhou
et al., 2024), and drives climate related migrations (Nawrotzki et al., 2016). Indeed, in July 2023 simultaneous
record‐breaking heatwaves in China, the southwestern United States, and southern Europe demonstrated the
threat posed by these compound extremes in a warming world, as heat related deaths and crop failures occurred in
each region (World Weather Attribution, 2023). Because spatially compounding climate extremes are influenced
by both anthropogenic warming and atmospheric dynamics (Rogers et al., 2022), there is growing interest in
understanding changes to the dynamical drivers of these compound extremes (Goddard & Gershunov, 2020;
Kornhuber et al., 2020; Wei et al., 2021) as average global temperature continues to rise (IPCC, 2022; Vautard
et al., 2023).
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One important dynamical driver of terrestrial climate extremes in the Northern Hemisphere is the polar jet stream
(Screen & Simmonds, 2014). Jet stream winds shift with changes in temperature and pressure at the Earth's
surface: the winds intensify and form a tighter ring when latitudinal temperature and pressure gradients are strong,
whereas they can slow down when temperature and pressure gradients slacken (Chemke & Coumou, 2024) and
can become more sinuous with higher land‐ocean temperature gradients (Moon et al., 2022). These shifts in jet
stream position and speed impact terrestrial climate by altering spatial patterns and progression of high and low‐
pressure systems and their hemispheric organization (Brunner et al., 2018; Dong et al., 2013). These surface
pressure anomalies can cause simultaneous persistent extreme climate events, such as heatwaves, floods, and
wildfires, especially if the jet stream gets stuck in a configuration linked to atmospheric blocking, forming high
amplitude ridges and troughs around the Northern Hemisphere (Kornhuber et al., 2019, 2020; Röthlisberger
et al., 2016; Rousi et al., 2022; Scholten et al., 2022; Wahl et al., 2019; Xu et al., 2024).

One highly debated topic concerns the waviness of the jet stream under anthropogenic warming. Some studies
suggest that the jet stream will become wavier as the globe warms (Coumou et al., 2015; Francis & Vavrus, 2015;
Mann et al., 2017; Trouet et al., 2018), while others suggest it will migrate northward (Hallam et al., 2022; Osman
et al., 2021), and still others reveal no discernible changes (Barnes & Screen, 2015; Blackport & Screen, 2020;
Brönnimann et al., 2025; Kornhuber et al., 2020; Woollings & Blackburn, 2012). It is also uncertain how oceanic
and atmospheric modes of variability, such as the El Niño Southern Oscillation (ENSO), may interact with jet
stream waviness, especially when modulated by global warming (Cohen, 2016; Di Capua et al., 2021; Wang
et al., 2021). For example, the July 2023 compound heatwaves were driven by a stationary, wavey jet stream
(World Meteorological Organization, 2023) and were likely intensified by a developing El Niño event in the
tropical Pacific Ocean (NOAA Climate Prediction Center, 2023). Insights into jet stream interactions with modes
of climate variability inform the debate on drivers of jet stream waviness under anthropogenic warming (Wang
et al., 2020; Woollings et al., 2023) and elucidate possible feedbacks between tropical climate and extratropical
atmospheric circulation (Alfaro‐Sanchez, 2018).

To characterize the waviness of the jet stream, it is useful to consider the dynamics of planetary waves, or Rossby
waves (Madden, 2007). One metric used to describe Rossby waves is the zonal wavenumber, named for the
number of wave cycles in an atmospheric Rossby wave as it circumvents the Northern Hemisphere (Blackmon &
White, 1982), forming a circumglobal teleconnection (Ding & Wang, 2005). Some wavenumber patterns have
been related to chains of blocking that drive compound summertime weather extremes in recent decades (e.g., Di
Capua et al., 2021; Wicker et al., 2024). Wavenumber 5 (wave5) (Figure 1) and wavenumber 7 (wave7) have
repeatedly been associated with major heatwaves, droughts, and floods throughout the Northern Hemisphere due
to this phenomenon (Di Capua et al., 2021; Kornhuber et al., 2020) but other wavenumbers within the synoptic
scale have been found to be relevant as well (Screen & Simmonds, 2014; Yang et al., 2024). These wavenumbers
directly refer to the number of high‐ and low‐pressure systems in the mid‐latitudes that are then associated with
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Figure 1. Rossby wavenumber‐5 pattern and its relationship to self‐calibrating Palmer Drought Severity Index (scPDSI)
values. The colored map shows the Pearson correlation between the instrumental summer (MJJ) wave5‐PC target and
scPDSI (https://crudata.uea.ac.uk/cru/data//drought/) values from 1948 to 2018 CE. Statistically significant values (p ≤ 0.1)
are stippled, and values that remain significant after applying the false discovery rate (FDR) correction are additionally
shaded with black squares. Red boxes show the locations of the three regions used in the multiple linear regression model for
the reconstruction. The configuration of Rossby wavenumber‐5 in its “preferred” phase (as used to compute wave5‐PC) is
shown with the black line (median) and gray ribbon (full zonal range of preferred phase).
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often persistent and extreme weather events at the Earth's surface. When the jet stream is in certain wavenumber
configurations the wavetrain tends to lock, trapping surface‐level pressure systems in stationary locations for days
at a time (White et al., 2022).

Compared to most Rossby wavenumbers, a wave5 jet stream pattern is a robust feature of internal climate
variability, and its influence on climate extremes has been well documented. For example, wave5 forms a
recurrent teleconnection pattern with similar centers of action as the summertime circumglobal teleconnection
(CGT) identified by Ding and Wang (2005). Variations in the CGT are associated with climate anomalies across
North America, Europe, and Asia (Ding & Wang, 2005), demonstrating the influence of a wave5 jet stream
configuration on summer climate in the Northern Hemisphere. The influence of wave5 on summer climate is
further evidenced by the numerous climatic extremes in recent decades that have been driven by a wave5
wavetrain (Tables S1 and S2; Figure S1 in Supporting Information S1) (Chang & Wallace, 1987; Di Capua
et al., 2021; Grams et al., 2014; Kornhuber et al., 2020; Ulbrich et al., 2003; Zhang et al., 2015). Teleconnections
between the CGT and ENSO have also been identified (Ding & Wang, 2005), indicating the potential for re-
lationships between wave5 and oceanic and atmospheric modes of climate variability.

To analyze the dynamics of jet stream wavenumbers and their response to anthropogenic warming, a long‐term
perspective is needed to provide information on steady state conditions, as instrumental records do not extend
prior to the industrial period and atmospheric dynamical variables are notoriously noisy. To this end, we present a
novel millennium‐length reconstruction (1000–2005 CE) of jet stream waviness using a Rossby wavenumber
framework, focusing on the frequency of early Northern Hemisphere summer (May–June–July) wave5 patterns
that cause stationary wavetrains and compound climate extremes. We also examine the relationship between the
frequency of this wave5 pattern and ENSO, one of the most important modes of variability for driving extreme
weather events globally (Rifai et al., 2019). Our results highlight the relationship between tropical sea‐surface
temperatures and extra‐tropical atmospheric circulation, potentially informing efforts to predict weather ex-
tremes, and offer insight regarding the evolution of the jet stream under anthropogenic warming.

2. Materials and Methods
2.1. Wave5‐PC Target Index

To reconstruct wave5, we targeted events where the Rossby wavetrain becomes locked in a high amplitude
configuration for multiple days. We chose this target because such locked wave5 events should be impactful
enough to be recorded in tree‐ring proxy indicators, and because they are societally relevant: a high amplitude
wavetrain encourages prolonged atmospheric blocking, leading to climate extremes (Kornhuber et al., 2020).

To develop the reconstruction target, we used data derived from a Fourier transform of meridional wind speed at
300 mb in the NCEP/NCAR reanalysis (1948–2018 CE), which gives the dominant phase and amplitude for these
winds in each week of the early boreal summer (Kornhuber et al., 2020) (see Data Set S1). These variables are
related to wavenumbers as described by the simple fluid dynamics shown in Equation 1:

ψ = A sin(k λ – ρ) (1)

where ψ is the wavefunction, A is the amplitude, k is the zonal wavenumber, λ is the longitude, and ρ is the phase
(Karoly, 1983).

In Equation 1, amplitude describes the latitudinal extent of the wave, and phase summarizes its longitudinal
position around the Northern Hemisphere. For wavenumber patterns that are likely to cause summer climate
extremes, like wave5, a locked wavetrain and associated climate anomalies are more likely to occur in certain
phases, and during high amplitude events (Kornhuber et al., 2020). In choosing a metric for our reconstruction
target, we created an index related to both phase and amplitude, but with an emphasis on phase. This is because
high amplitude events can occur in any phase (zonal position), so an index related only to amplitude might not
capture blocking and climate extremes occurring in the same locations over time. Kornhuber et al. (2020) showed
that wave5 phases between 0 and ½π, or centered on longitudes of 0°–90°, tend to correspond with high amplitude
events, phase‐locking, and climate anomalies (Figure 1). Therefore, wave5 phases within this range are an
appropriate target for climate reconstruction, capturing both consistency in zonal location and intensity/duration
of the high amplitude events that cause climate anomalies of interest. We focused on events that occur during
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May, June, and July (MJJ) for our target index, because the high‐ and low‐level meridional wind and pressure
anomalies driven by jet stream dynamics change their spatial configuration in August and September compared to
June and July (Ding & Wang, 2005).

To produce the target index, we leveraged this relationship between certain wave5 phases, a locked wavetrain, and
subsequent climate extremes (Figure 1). Using data from our Fourier transform of 300 mb meridional wind from
the NCEP/NCAR reanalysis (Kalnay et al., 1996; Kornhuber et al., 2020), for each year we tallied the number of
weeks during MJJ when the average phase for wave5 was centered on longitudes of 0°–90°, the longitudes
associated with high amplitude positions that are known to cause anomalous and often impactful weather and
climate events. The range of possible values for this metric is 0–13 tallied weeks. We then weighted this value by
the number of these preferred phases that co‐occur with high amplitude waves (≥1σ above average), as measured
by procedures described by Kornhuber et al. (2020), giving more weight to years with more events that contain
clearly expressed high amplitude events in our targeted zonal position. Specifically, we weigh the initial phase
tally (0–13, representing the number of weeks of MJJ dominantly in a preferred phase) by 10% of that phase‐tally
value for each high amplitude event (see Data Set S1). The scale for our target index exceeds 13, theoretically
ranging to 29.9 (if every single week of the 13 weeks in MJJ was dominated by high amplitude conditions). This
method accounts only for high amplitude events that exceed our chosen threshold (≥1σ), meaning that lower
amplitude values are not registered in our target index.

We termed this index the “wave5 phase count” (wave5‐PC), corresponding to our target “wave5‐PC” index for
the instrumental period (1948–2018 CE). In the wave5‐PC index, a higher value represents a summer where the
jet stream was more frequently in a wave5 configuration that causes high amplitude events, blocking, and
spatially concurrent extreme climate anomalies over the selected regions. This target index expresses the amount
of time within a given MJJ season that the wave5 pattern is in a configuration likely to induce a compound
extreme event, but does not distinguish whether these event weeks were consecutive. For example, a year with
two separate weeks dominated by the preferred phase position and high amplitude would have the same value in
our index as a year where these weeks were consecutive. The weekly timescale, as chosen initially by Kornhuber
et al. (2020), is appropriate for this analysis because the wave5 “events” of interest occur on the timescale of
multiple consecutive days, meaning that a daily timescale would not capture this prolonged nature of the pattern
of interest.

To investigate the relationships between the wave5‐PC target and climate variables, we computed spatial cor-
relations between the target time series and early summer (MJJ) gridded surface temperature (HadCRU4; https://
www.metoffice.gov.uk/hadobs/hadcrut4/), precipitation (CRU TS v4.04; https://crudata.uea.ac.uk/cru/data/hrg/
cru_ts_4.04/), self‐calibrating Palmer Drought Severity Index (scPDSI; https://crudata.uea.ac.uk/cru/data/
drought/), and sea level pressure (SLP; ERA5 reanalysis; https://www.ecmwf.int/en/forecasts/dataset/ecmwf‐
reanalysis‐v5) data over the period of overlap between these data sets and the target (1948–2018 CE). We also
computed composites for each of these climate variables for the years with the highest (80th percentile; d80;
Figure 2) and lowest (20th percentile; d20; Figure S2 in Supporting Information S1) wave5‐PC values (Table S1
in Supporting Information S1), to demonstrate that years with high wave5‐PC values show climate anomalies
associated with a locked wave5 pattern. To mitigate the increase in false positives in these field analyses, we use
the Benjamini–Hochberg false discovery rate (FDR) correction for P‐values (Benjamini & Hochberg, 1995).
Specficially, we set αFDR = 0.1 in order to maintain a global α level of 0.05 (Wilks, 2016). PFDR was estimated as
follows:

PFDR = max
j=1,… ,k

[Pj : Pj ≤ ( j/N)αFDR] (2)

where αFDR is the control level for FDR, Pj is the P‐value of the jth local test after sorting P‐values in an ascending
order, and N is the total number of local tests. Grid cells with P‐values of local test less than PFDR are considered
significant.

We also computed spatial correlations between the wave5‐PC target and 200 mb geopotential height (gph) from
the NCEP/NCAR reanalysis over the period of overlap (1948–2018 CE) to compare with the circumglobal tel-
econnection (CGT) pattern, defined as the second empirical orthogonal function (EOF) of 200 mb gph in the
summer (JJAS) months (Ding & Wang, 2005). To do this, we conducted an EOF analysis (Lorenz, 1956) on the
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Figure 2. Relationships between wave5‐PC and summer climate variables. (a) Comparison between reconstructed early
boreal summer wave5‐PC and instrumental wave5‐PC (1948–2005 CE). Red dots show the years corresponding to
instrumental wave5‐PC values in the 80th percentile (d80), which are first composited and then correlated with climate
variables of interest in (b–e). (b) Early summer (MJJ) temperature (HadCRU4; https://www.metoffice.gov.uk/hadobs/
hadcrut4/) map for years between 1948 and 2018 CE (target time series) with high wave5‐PC values (d80). (c) As in (b), but
for MJJ precipitation (CRU TS v4.04; https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.04/). (d) As in (b), but for self‐
calibrating Palmer Drought Severity Index (scPDSI; https://crudata.uea.ac.uk/cru/data/drought/). (e) As in (b), for sea level
pressure from 1950 to 2018 CE (https://www.ecmwf.int/en/forecasts/dataset/ecmwf‐reanalysis‐v5; ERA5 reanalysis). In (b–
e), statistically significant values (p ≤ 0.1) are stippled, and values that remain significant after applying the false discovery
rate (FDR) correction are additionally shaded with black squares.
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200 mb gph field of the NCEP/NCAR reanalysis (Kalnay et al., 1996) from 1948 to 2018 CE, after passing the
data through a high‐pass filter (11 years). We then computed correlations between the corresponding scores of the
second principal component, representing the CGT, and wave5‐PC (Figure S3 in Supporting Information S1).
Both this correlation and the similar spatial pattern between wave5‐PC and the CGT demonstrate that the two are
related, despite the differences in seasonality (MJJ vs. JJAS) (Figure S3 in Supporting Information S1).

2.2. Wave5‐PC Reconstruction

To reconstruct wave5‐PC back to 1000 CE, we leveraged the correlation between our target index and scPDSI
(Figure 1; Figure S4 in Supporting Information S1) as recorded in tree‐ring data. Because our reconstruction
targets a specific spatial pattern in surface climate conditions, as driven by a particular wave5 position (phase),
tree‐ring data are well suited for our approach: the regions that are impacted by our targeted wave5 events will be
the same each time this pattern occurs, because it is zonally constrained. Therefore, the same trees will experience
the same wave5‐driven climate impacts each time the pattern occurs. Spatial correlations with temperature over
the instrumental period are robust in several regions (Figure 2b; Figure S4a in Supporting Information S1), but the
slight seasonal offset between the sensitivity of most summer temperature tree‐ring proxies (e.g., maximum
latewood density) and our target time series resulted in difficulties finding statistically significant temporal
correlations between wave5‐PC and tree‐ring‐derived temperature reconstructions.

Instead of temperature, we pursued our reconstruction using tree‐ring derived scPDSI data. Our target season
works well for scPDSI data, because MJJ is the time of year in which numerous tree species are most hydro-
climatically sensitive (e.g., Stambaugh et al., 2011; Touchan et al., 2017), meaning that we are more likely to
capture hydroclimatic variability related to wave5 during this early summer season. scPDSI (“self‐calibrating”
PDSI) differs from standard PDSI because values are adjusted to local historical climate data, yielding values that
are more consistent and comparable across regions, especially at the global scale (Wells et al., 2004). As such,
scPDSI is particularly well suited to our global‐scale reconstruction of wave5‐PC, which relies upon the rela-
tionship between wave5‐PC and scPDSI from two locations in North America and one location in Europe as
recorded in the North American Drought Atlas (NADA) and the Old World Drought Atlas (OWDA). These
gridded (0.5° × 0.5°) products contain gridded summer (JJA) scPDSI reconstructions based on a large network of
moisture‐sensitive tree‐ring chronologies, derived by spatially interpolating moisture‐sensitive tree‐ring data over
the last several hundred to 2,000 years, depending on the location. As such, they offer an opportunity to use
spatially reconstructed, tree‐ring‐derived scPDSI data even in locations where not many moisture‐sensitive tree‐
ring chronologies are available (e.g., in the central plains of the United States). Because scPDSI is a time‐
integrated variable, conditions in MJJ (represented by wave5‐PC due to changing jet stream conditions in
August) should be well represented by the JJA scPDSI values derived from the drought atlases, as evidenced in
part by correlations between wave5‐PC (MJJ) and scPDSI (JJA) over the instrumental period (Figure 2d). The
approach of using gridded climate data as the target(s) for a tree‐ring based reconstruction has been employed in
several previous studies (e.g., Graham & Hughes, 2007; Nguyen & Galelli, 2018). We derived three scPDSI time
series from two locations in North America (NADA) and one location in Europe (OWDA) where scPDSI is
strongly correlated with the wave5 target from 1948 to 2018 CE (Figure 1; Table S2; Figure S5 in Supporting
Information S1). Each time series extends back to 1000 CE (Figure S6 in Supporting Information S1). In the
drought atlases, each 0.5 × 0.5 grid cell incorporates information from a minimum of 20 tree‐ring chronologies
within a 1,000–1,500 km radius (Cook et al., 2015); as such, there are >20 chronologies incorporated into each of
our three scPDSI time series (Cook et al., 2007, 2015). We used each of these three time series as predictors
(independent variables) in a multiple linear regression (MLR) model, with wave5‐PC as the reconstruction target
(dependent variable).

To evaluate the MLR model, we used the adjusted R‐squared (R2adj), an F‐test, and Akaike information criterion
(AIC) parameters. We also evaluated reconstruction skill based on reduction of error (RE), coefficient of effi-
ciency (CE) (Cook & Kairiukstis, 1990), and R2adj over two periods of equal length (split period calibration)
covering the common period between our reanalysis‐based target and the chronologies (1948–1975 CE and 1976–
2005 CE) (Table S3 in Supporting Information S1). We then scaled the reconstruction to fit the mean and variance
of the wave5‐PC target over the overlap period (1948–2005 CE) (Esper et al., 2005). We chose this standard
scaling method because it performed more successfully (i.e., reconstructed values more closely matching the
target) compared to quantile scaling (Robeson et al., 2020). We estimated uncertainty in the reconstruction based
on the calibration uncertainty (Esper et al., 2007) using the root mean square error (±1 RMSE) derived from the
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MLR of the reconstruction against the target. We further calculated correlation coefficients between the recon-
structed and instrumental wave5‐PC target at high and low frequencies using 20‐year spline high‐pass and low‐
pass filters, respectively (Figures S7a and S7b in Supporting Information S1). We also conducted a cross‐wavelet
coherency analysis (Torrence & Compo, 1998) between instrumental and reconstructed wave5‐PC to evaluate
coherence in their variability (Figure S7c in Supporting Information S1).

Quantifying certain sources of uncertainty (“detrending error” and “chronology error” per Esper et al., 2007) in a
reconstruction based on drought atlas data is challenging, because NADA and OWDA are regression products
with inherent uncertainties that increase as the number of available chronologies decreases back in time. These
uncertainties are not represented by the drought atlas data used as the inputs to our reconstruction model.
However, a major advantage of this approach is that the tree‐ring chronologies used in NADA and OWDA are
already detrended and standardized. In our reconstruction we do estimate uncertainty in the reconstruction using
bootstrapping, as described by Nguyen et al. (2020). Specifically, using the R package “boot”, we ran our
reconstruction model using our three drought‐atlas‐derived time series 10,000 times, and then calculated the
lower and upper 95% confidence intervals for the reconstruction based on those 10,000 iterations. These estimates
constitute the “reconstruction error” (per Esper et al., 2007) for this time series. We further quantify the “cali-
bration error” (per Esper et al., 2007) by applying the residual standard error of our model as additional upper and
lower bounds for the reconstructed values.

2.3. Comparison With the El Niño Southern Oscillation

To analyze the relationship between wave5‐PC and ENSO, we first calculated Pearson correlations over the
period of overlap with both instrumental and reconstructed ENSO time series. Instrumental sea surface tem-
perature anomaly (SSTA) data for the Niño 3, Niño 3.4, Niño 4, andMultivariate ENSO (MEI) indices were taken
from the NOAA Physical Science Laboratory (https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html). We
then computed Pearson correlations between these indices and wave5‐PC for 1854–2018 CE, the period for which
we have both wave5‐PC data and instrumental SSTA data. As part of this analysis, a correction for autocorrelation
was performed (Bretherton et al., 1999). We also computed the spatial correlation between wave5‐PC over this
interval and SSTAs using the HadISST1 data set (1° × 1°; https://hadleyserver.metoffice.gov.uk/hadisst/) in the
KNMI Climate Explorer (https://climexp.knmi.nl/). We also conducted a boxplot analysis for the ENSO time
series and the wave5‐PC index, comparing the values in one boreal winter (DJF) of the ENSO time series to the
following boreal early summer for wave5‐PC.

To evaluate whether extreme wave5‐PC values are associated with SSTA's in the ENSO indices, we then con-
ducted a bootstrap superposed epoch analysis (SEA) (Haurwitz & Brier, 1981) using the wave5‐PC index from
1854 to 2018 CE as the continuous time series. We considered the 90th percentile (d90) and 10th percentile (d10)
of the Niño 3, Niño 3.4, and Niño 4 indices, as well as El Niño and La Niña events in the multivariate ENSO index
(MEI), as event years in the SEA. We superposed an 11‐year window (5 years before and 5 years following) to
analyze contemporaneous and lagged relationships from 1854 to 2018 CE. We defined anomalies in the
continuous wave5‐PC time series with respect to the mean over the 5‐year period preceding a wave5‐PC event,
which can minimize the effect of low‐frequency variability on the analysis (Rao et al., 2019). Monte Carlo
simulations (n = 10,000) were applied to develop bootstrapped 95% confidence intervals (Rao et al., 2019).

To analyze these relationships in the past, we conducted the same analysis, but using ENSO paleoclimate re-
constructions to identify the events for the SEA. For each of these analyses, we similarly used the wave5‐PC
reconstruction as the continuous time series and computed the d90 and d10 values for the ENSO re-
constructions over the period of overlap with the wave5‐PC reconstruction, for the following time periods: 1190–
2005 CE (Liu et al., 2017), 1617–2005 CE (Freund et al., 2019), and 1301–2005 CE (Li et al., 2013). For the data
provided by Gergis and Fowler (2009), which spans 1525–2002 CE, we used reconstructed events classified as
“high”, “very high”, or “extreme” as the ENSO event years. Although Li et al. (2013) is based on tree‐ring‐width
proxy data in the drought atlases, the chronologies used for their ENSO reconstruction are independent from those
used in our wave5‐PC reconstruction; there is no spatial overlap in the regions of focus for the two studies, as Li
et al. (2013) focuses on the southwestern United States (in NADA) and data from the Monsoon Asia Drought
Atlas.

We also computed all SEAs described above using the opposite data as continuous time series and event years
(i.e., using the SSTA's as the continuous time series and extreme (d90 and d10) wave5‐PC years as the events),
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yielding results with similar patterns in most instances (Figure S8 in Supporting Information S1), though the
results are difficult to compare directly because the winter SSTA occurs in a different calendar year (previous
winter) compared to the wave5‐PC anomaly. Cross‐wavelet coherency analysis (Torrence & Compo, 1998)
between the SSTA time series and the wave5‐PC reconstruction further indicates the coherence in the variability
between these data sets (Figure S9 in Supporting Information S1).

3. Results
3.1. Wave5‐PC Target Index

High wave5‐PC values (Figure 2a; Table S1 in Supporting Information S1) over the instrumental period are
associated with documented extreme climate events (Table S4, Figure S1 in Supporting Information S1), and with
spatially coherent climate anomalies in the Northern Hemisphere, as revealed by temperature, precipitation, and
self‐calibrating Palmer Drought Severity Index (scPDSI) composites for these summers (Figures 2b–2d).
Composited sea level pressure data for these extreme wave5‐PC summers also reveal a spatial pattern showing the
expected high and low pressure systems commonly related to the climate anomalies targeted in our reconstruction
(Figure 2e). These indicators demonstrate that our target index is representative of the climate patterns associated
with a locked wave5 wavetrain in this zonal position. Additionally, the correlation between wave5‐PC and
200 mb geopotential height (gph) resembles that of the summertime CGT, which is computed as the second EOF
of the 200 mb gph field (NOAA Climate Prediction Center, 2023) (Figure S3 in Supporting Information S1; see
Methods). Wave5‐PC is also moderately positively correlated with the corresponding scores of the second
principal component (PC2) of 200 mb gph from 1948 to 2018 CE, which represents the CGT as a time series
(Figure S3 in Supporting Information S1; see Methods).

3.2. Wave5‐PC Reconstruction

The MLR model that uses our three selected scPDSI time series to predict wave5‐PC explains 39% of the
variability in the wave5‐PC target over the instrumental period, with robust calibration and verification statistics
(Table S3 in Supporting Information S1). The variance inflation factor (VIF) for the model is modest (below 2 in
all cases), indicating that multicollinearity is not a factor substantially influencing the efficacy of our recon-
struction. Using this MLR model, we reconstructed millennium‐length (1000–2005 CE) MJJ wave5‐PC vari-
ability (Figure 3). Our calibration and verification trials show that wave5‐PC can be skillfully reconstructed back
to 1000 CE (1000–2005 CE), with 40%–42% of the variance explained in the verification procedure and positive
RE and CE values. The residuals from the model output expressed a normal distribution, show no trend, and are
homoscedastic (Figure S10 in Supporting Information S1), with no outliers detected using Cook's distance index.
The calibration and reconstruction error estimates (see Methods) are shown in Figure 3.

Figure 3. Reconstructed wave5‐PC from 1000–2005 CE. The black line shows the reconstruction values, with 95%
confidence bands associated with calibration uncertainty in dark gray and 95% confidence intervals based on reconstruction
uncertainty shown in light gray (see Methods). The period of overlap (1948–2005 CE) with the target (1948–2018 CE;
enlarged in Figure 2a) is also shown, with the wave5‐PC target in blue. The horizontal dashed line shows the median value of
the reconstruction time series, and the red line shows the 10‐year running average of the reconstruction.
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Because we applied a linear regression to a bounded dependent variable, the
resulting reconstruction may ocassionally fall outside the theoretical bounds
of possible values, specifically by yielding negative values that are unrealistic
for a weighted tally of weeks per year. These occurences are infrequent,
affecting <0.1% of values for the median, 1.6% of the lower 95% bootstrapped
confidence interval, and in 9.4% of the lower bound of the total reconstruction
uncertainty. We simply truncate the lower bound of our reconstruction at
zero, as any negative values produced by the linear regression are interpreted
to represent 0 weeks with likely wave5 events.

3.3. Wave5 and the El Niño Southern Oscillation

The most consistent and prominent relationships between summer wave5‐PC
and Sea Surface Temperature Anomalies (SSTAs) are during the winter (DJF)
preceding a wave5‐PC event for the Niño 3, Niño 3.4, Niño 4, and multi-
variate ENSO (MEI) indices (https://psl.noaa.gov/data/gridded/data.noaa.
ersst.v5.html). Early summer (MJJ) wave5‐PC bears similarity to these winter
ENSO indices over the period of overlap with the SSTA data (1854–2018 CE)
(see Methods) (Figures S11 and S12 in Supporting Information S1), and the
spatial correlation between MJJ wave5‐PC and DJF SSTAs over this interval
also reveals a pattern reminiscent of a La Niña event (Figure 4a). We further
evaluated relationships over the instrumental period using superposed epoch
analysis (SEA; see Methods) (Table S5 in Supporting Information S1), which
reveals significant departures in wave5‐PC during the year following La Niña
(anomalously low SSTs) or El Niño (anomalously high SSTs) events
(Figure 4b). The results of the SEA using winter (DJF) and spring (MAM)
ENSO reconstructions based on various annually resolved proxy data (Freund
et al., 2019; Gergis & Fowler, 2009; Li et al., 2013; Liu et al., 2017)
(Figure 4c; Table S5 in Supporting Information S1) indicate that this rela-
tionship between wave5‐PC and ENSO has persisted over the past millen-
nium and is a consistent feature of natural climate variability.

4. Discussion and Conclusions
4.1. Reconstructed Early Summer Wave5 Events Over the Past
Millennium

Our reconstruction reveals that the occurrence of locked, high amplitude
wave5 events has remained steady over the past millennium, with some
centuries exhibiting more pronounced multi‐decadal fluctuations in wave5‐

Figure 4.

Figure 4. Relationship between early boreal summer wave5‐PC and winter El Niño
Southern Oscillation (ENSO) conditions. (a) The spatial correlation between winter
(DJF) sea surface temperature anomalies (SSTA) (HadISST1, 1° × 1°; https://
hadleyserver.metoffice.gov.uk/hadisst/) and the following summer (MJJ) wave5‐PC
values from 1870 to 2018 CE. Areas with statistically significant values (p ≤ 0.1) are
stippled. (b) Results from a superposed epoch analysis (SEA) of extreme wave5‐PC
years and instrumental SSTs timeseries for Niño3, Niño3.4, Niño4, and the
multivariate ENSO index (MEI) (https://psl.noaa.gov/data/gridded/data.noaa.ersst.
v5.html) from 1854 to 2018 CE. The x‐axis indicates the lag (in years) in the
response of wave5‐PC to ENSO. (c) As in (b), but for annually resolved proxy‐based
reconstructions of ENSO indices, including those from tree ring δ18O in Taiwan
[56], Pacific corals [57], compiled tree ring widths [58], and a multi‐proxy
compilation [59]. For (b, c), shapes are filled if values are statistically significant
(p ≤ 0.05). Seasonality of the ENSO proxies is detailed in Table S5 of Supporting
Information S1.
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PC values (Figure 3; Figure S13 in Supporting Information S1). Both linear and quantile regressions (Khan
et al., 2022; Maxwell et al., 2021) that tested for changes in median and extreme values (e.g., d95, d99) over time
yielded small slopes (m < ±0.001), most of which were statistically insignificant. The uncertainties in our
reconstruction (Figure 3; Table S3 in Supporting Information S1) and the challenges associated with recon-
structing the jet stream, which influences terrestrial surface climate from the top of the troposphere, should be kept
in mind in our interpretations of this reconstruction. The period corresponding to the Medieval Climate Anomaly
(MCA; 1000–1300 CE) is characterized by slightly higher wave5‐PC values (µ = 5.8 ± 1.3) compared to the
period corresponding to the Little Ice Age (LIA; 1300–1850 CE) (µ= 5.5± 1.4) (Figure 3). This could imply that
during the MCA, a frequent wave5 pattern might have contributed to more persistent early summer heat waves
and droughts in Scandinavia, the British Isles, and much of the continental United States, and cooler and wetter
conditions in the Iberian Peninsula and much of Canada (Figures 2b–2d), with the opposite pattern during the
LIA. Such a pattern, albeit with substantial temporal and spatial heterogeneity, has previously been documented
for MCA and LIA climate in the Iberian Peninsula (Abrantes et al., 2017) and Scandinavia (Bjorklünd et al., 2023;
Esper et al., 2014) and is also reminiscent of a summertime dipole in the modern climate of Europe (Dorado‐Liñan
et al., 2022) and the midwestern United States (Singh et al., 2023). A high frequency of the wave5 pattern during
the MCA, a period postulated to be dominated by La Niña‐like conditions (Graham et al., 2007; Seager
et al., 2007; Trouet et al., 2009), further corresponds to the relationship we find between wave5 and ENSO.

Notably, recent (1948–2018 CE) wave5‐PC values are well within the bounds of natural variability as indicated
by the millennium‐length reconstruction (Figures 2a and 3). In fact, there are periods in the past with substantially
higher values than those recorded in recent decades. For example, during the 12th and 13th centuries, wave5‐PC
values were generally elevated, and in the mid‐15th century for ∼30 years there was an abrupt shift to some of the
highest values in the reconstruction (Figure 3). Furthermore, there is no discernible trend in wave5‐PC values over
recent decades (Figures 2a and 3). Our findings are supported by an ensemble of monthly and daily atmospheric
field reconstructions over Europe showing that recent jet indices fall within variability over the past 600 years
(Brönnimann et al., 2025) and indicate that the wave5‐PC events targeted for this reconstruction have not become
more frequent over the past century. However, the natural variability of wave5‐PC, including several intervals
with higher values, indicates that a future multi‐decadal or multi‐centennial period characterized bymore frequent
wave5‐PC events cannot be excluded. In the event of a shift to higher wave5‐PC values, the resulting spatially
compound climate extremes are likely to be unprecedented in the last millennium context due to the progression
of anthropogenic warming and associated feedbacks, which have played a role in recent severe heat extremes
(Bartusek et al., 2021; Vautard et al., 2023).

4.2. Wave5 and La Niña

Climate warming is thought to modulate aspects of both the jet stream and ENSO (Cai et al., 2023; Freund
et al., 2019; Moon et al., 2022) and both are responsible for terrestrial climate extremes (Cordero et al., 2024;
Kornhuber et al., 2020; Rifai et al., 2019). Furthermore, the established relationship between ENSO and the
summertime circumglobal teleconnection (CGT) (Ding & Wang, 2005) suggests a possible teleconnection be-
tween ENSO and wave5‐PC. Our reconstruction results support a millennium‐scale teleconnection between these
two components of ocean‐atmospheric circulation, but the paleoclimate record explains 39% of the variance in
wave5‐PC (leaving 61% unexplained). Mindfulness of the uncertainties inherent to these paleo results is therefore
warranted, but our confidence in the relationship between the two phenomena during the instrumental period is
unaffected by these uncertainties, especially given the documented relationship between the two in the existing
literature (Di Capua et al., 2021; Ding et al., 2011; Ding &Wang, 2005; Lin et al., 2023; Luo & Lau, 2020; Wang
et al., 2012; Yasui & Watanabe, 2010).

The relationship between wave5‐PC and tropical Pacific SSTAs, with preceding winter La Niña conditions
associated with a wave5 pattern in the boreal summer, is similar to that documented in previous studies focused on
the relationship between ENSO and either a wave5 wavetrain or the CGT. For example, Ding and Wang (2005)
found La Niña conditions associated with a CGT pattern in the summer (JJAS) and Di Capua et al. (2021)
demonstrated that La Niña conditions were associated with extreme events caused by wave5 in the summer of
2010. Proposed mechanisms for this relationship between ENSO and the CGT and/or wave5 include SSTA‐
driven geopotential height and anticyclonic wind anomalies (Lin et al., 2023; Luo & Lau, 2020; Yasui &
Watanabe, 2010) and SSTA‐driven modulation of the Indian and Pacific monsoons (Ding et al., 2011; Wang
et al., 2012).
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Most studies that demonstrate this relationship between ENSO and the CGT find that the relevant SSTAs occur in
the spring or summer of a developing La Niña event, during the same season as the wave5 jet stream pattern. Our
results suggest the influence of La Niña on wave5 may begin in the previous winter, possibly providing some
early predictive power to compound extreme forecasts. This seasonally earlier influence of tropical Pacific
SSTAs on the CGT has been previously identified in experiments performed using the Community Earth System
Model (CESM) (Lin et al., 2023). Anecdotal evidence for this relationship also occurred in 2023, when concurrent
heatwaves in July in the Northern Hemisphere were driven by a wave5 pattern (Figure S14 in Supporting In-
formation S1), with a La Niña event having occurred during the previous winter (DJF 2022–2023
SSTA = − 1.1°C).

4.3. Implications for Future Wave5 and ENSO Behavior

Our millennium‐length reconstruction of wave5‐PC reveals that the phase locking behavior driving high
amplitude early boreal summer wave5 events has consistent multi‐decadal natural variability, and, so far, does not
exhibit an increasing trend under observed anthropogenic warming. The few other studies that have analyzed
trends in summer wave5 behavior report mixed results, with some describing an increase in wave5 events (Lee
et al., 2017) and others reporting no statistically significant trend (Kornhuber et al., 2020). Based on reanalysis
data as well as CMIP6 baseline simulations, Teng et al. (2022) recently suggested that a related jet stream pattern
is modulated by Atlantic multidecadal variability and might have become more frequent in response to anthro-
pogenic climate change. This pattern shows a compound warming signal over the Atlantic, Eastern Europe, and
the western United States that is similar to the footprint of the wave5 pattern. Our finding that the occurrence of
summer wave5 events shows no significant trend in the Industrial Era underscores the need for data sets that
extend beyond the instrumental period to evaluate recent wave5 variability against baseline conditions. This
supports previous research suggesting that the increased frequency of Northern Hemisphere heatwaves associated
with wave5 is primarily driven by anthropogenic warming rather than changes in atmospheric circulation (Rogers
et al., 2022). This finding, however, does not rule out potential future changes in wave5‐PC, nor changes in other
characteristics of Northern Hemisphere summertime circulation, such as persistence (Pfleiderer et al., 2019; Teng
et al., 2022) and position (Osman et al., 2021) of wave patterns. This result could also suggest that changes in
land‐ocean temperature contrasts linked to global warming have not yet sufficiently influenced the stationary
forcing patterns associated with coastlines or orography (Jiménez‐Esteve et al., 2022) to significantly increase the
waves' tendencies to lock in specific spatial patterns, though this might occur once the forcing becomes suffi-
ciently strong.

Though intriguing, our findings neither corroborate nor disprove the theory that anthropogenic warming enhances
jet stream waviness (Moon et al., 2022). As we have focused on one specific pattern only, the analysis does not
allow for broader conclusions on how velocity, location, or waviness have been altered by anthropogenic in-
fluences and how these characteristics might evolve in the future. To comprehensively evaluate the impact of
relevant characteristics of the jet stream across multiple spatial and temporal scales, more research focused on
other seasons, configurations, and measures of jet stream behavior over the past centuries to millennia is needed
(Brönnimann et al., 2025; Hu et al., 2022a, 2022b; Osman et al., 2021; Wahl et al., 2019; Xu et al., 2024).

However, we reveal that over the past millennium, La Niña events tend to precede summers with wave5‐driven
climate extremes, demonstrating the influence of tropical climate on jet stream variability. This finding has the
potential to increase long‐term predictability of high‐impact climate extremes that are typically predicted only
days or weeks in advance, which is one of the major challenges of seasonal forecasting (Vitart, 2019).
Furthermore, this relationship between ENSO and wave5 means that, as global temperature continues to rise
(Peters et al., 2013), related shifts both in the mean state of the tropical Pacific and in the intensity of ENSO events
will have implications for summer climate extremes driven by wave5. If the tropical Pacific mean state follows
the trend of recent decades and becomes more La Niña‐like (Sobel et al., 2023), we may experience more frequent
summer climate extremes related to wave5 in future decades, though predictions of future ENSO conditions are
uncertain (Seager et al., 2022; Willis et al., 2022). Similarly, with ENSO events projected to become more intense
(Cai et al., 2023; Collins et al., 2010), the impact of a naturally occurring period of more frequent wave5 events
could have more disruptive consequences (e.g., Kornhuber et al., 2020). As such, our findings demonstrate that
robust extreme weather forecasts rely on disentangling the complex interplay between multiple components of
variability in the internal climate system and anthropogenic forcing.
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Data Availability Statement
The instrumental and reconstructed wave5‐PC data sets, as well as the NCEP/NCAR wave5 data used in this
analysis, are available at the NOAA Paleoclimatology website at https://www.ncei.noaa.gov/access/paleo‐search/
study/42679, and are contained in the attached Data Set S1 file. The NADA and OWDA data sets can be found at
https://www.ncei.noaa.gov/ (Cook et al., 2007, 2015). All instrumental climatological data used in our analyses
can be found using the links provided below (also cited in the Main Text):

• HadCRUT4: https://www.metoffice.gov.uk/hadobs/hadcrut4/ (Morice et al., 2012)
• CRU TS v 4.04: https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.04/ (Harris et al., 2020)
• CRU scPDSI: https://crudata.uea.ac.uk/cru/data/drought/ (van der Schrier et al., 2013)
• ERA5 Reanalysis: https://www.ecmwf.int/en/forecasts/dataset/ecmwf‐reanalysis‐v5 (Hersbach et al., 2020)
• NOAA Extended Reconstructed SST V5: https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html (Huang

et al., 2017)
• HadISST: https://www.metoffice.gov.uk/hadobs/hadisst/ (Rayner et al., 2003)

The KNMI Climate Explorer can be found at https://climexp.knmi.nl/start.cgi (Trouet & Van Oldenborgh, 2013).
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