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Abstract 

Western North America (WNA) is a regional hotspot for summer heat extremes. However, our 

understanding of the atmospheric processes driving WNA heatwaves remains largely based on a 

few case studies. In this study, we investigate the general characteristics of atmospheric pathways 

associated with WNA heatwaves using a 30-member high-resolution coupled model simulation. 

Synthesizing the WNA heatwave events across the large ensemble, we reinforce the view that 

WNA heatwaves are systematically driven by: (1) a Rossby wave train originating from the 

western North Pacific, (2) poleward moisture transport toward the Gulf of Alaska, occasionally 

via atmospheric rivers, and (3) downstream ridge amplification over WNA. Although these 

features also appear in the late 21st-century projections, notable changes include farther poleward 

moisture transport and broader ridge development in the future. Under the anomaly-based 

heatwave definition used in this study, which removes the influence of mean temperature change, 

the frequency of WNA heatwaves is projected to decrease. Our findings suggest that mechanisms 

identified in case studies, including upstream Rossby wave packets and subsequent moist 

processes, are broadly applicable to understanding WNA heatwaves over recent decades and their 

projected changes. 

Introduction 

The year 2024 was recorded as the warmest year in the 175-year observational record, marking a 

1.5°C increase in global mean surface temperature compared to the pre-industrial level1. The 

global warming, further accelerated in recent decades, has been linked not only to an increasing 

trend in the frequency and intensity of summer heat extremes worldwide2-4, but also to a higher 

probability of record-shattering magnitudes in these events5-7. The impacts of extreme heat 

events on socioeconomic losses and environmental damage are substantial, as demonstrated by 

observational findings on widespread heat-related mortality8, crop yield sensitivity9, increased 

wildfire activity10, and disruptions to net ecosystem carbon uptake11, all of which have drawn 

extensive attention from the scientific community. Regarding the overall frequency of 

temperature extremes, changes in the mean temperature of a given temperature distribution 

appear to play a leading role5,6, a relationship that has been documented over recent decades in 

various observational datasets and is well simulated by climate models12-14. 

On a regional scale, however, dynamical atmospheric processes also play a significant 

role in regulating local temperature variability. The Pacific Northwest heatwave in June 2021 is a 

notable example, illustrating how synoptic-scale atmospheric circulation contributed to the 

development and persistence of heat extremes in that midlatitude location15. It was a record-

breaking extreme heat event over North America16,17, meteorologically characterized by an 

upstream extratropical cyclone with latent heat release and an amplified upper-level ridge over 

the Pacific Northwest. This synoptic condition led to an unprecedented surface temperature 
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increase through the combined effect of upstream diabatic process, adiabatic warming by 

subsidence, and enhanced clear-sky shortwave radiation15,18-22. Previous studies further showed 

that during this particular event, anomalously high moisture was transported in the form of a 

narrow and intense filament, identified as an atmospheric river23,24, and that this synoptic-scale 

moisture transport could in turn be traced back to a Rossby wave train originating from the 

subtropical western North Pacific24,25. The sequence of an upstream Rossby wave packet, 

moisture transport, and a persistent anticyclonic circulation (i.e., atmospheric blocking), as 

observed in the 2021 Pacific Northwest heatwave, constitutes an atmospheric pathway for 

driving regional extreme heat events26-28.  

Our understanding of this atmospheric pathway during boreal summer heatwaves, 

particularly those over western North America (WNA), can be deepened by using recently 

developed large ensemble simulations. Due to the rare nature of extreme weather events, the 

enhancement of the sample sizes offered by climate model large ensembles provides a means for 

investigating significant circulation patterns and surface responses associated with WNA 

heatwaves. Such an analysis can help determine whether the atmospheric processes associated 

with WNA heatwaves exhibit a systematic pattern originating from farther upstream regions, and 

whether they can be generalized throughout their evolution. Furthermore, although atmospheric 

blocks intensified by upstream moist processes are typically observed within the oceanic storm 

track regions, including the North Pacific29,30, their general linkage to WNA heatwaves and 

atmospheric moisture transport remains largely unexplored. This study therefore aims to identify 

a robust relationship between atmospheric processes and WNA heatwaves by utilizing the 

Seamless system for Prediction and Earth system Research Large Ensemble (SPEAR-LE; 

Method), recently developed at the Geophysical Fluid Dynamics Laboratory of the National 

Oceanic and Atmospheric Administration (NOAA). The advantages of using large ensembles to 

investigate extreme temperature events for both deriving robust statistics of their 

characteristics6,7,16,31-34 and achieving a high signal-to-noise ratio in synoptic-scale atmospheric 

circulation responses 35-37 have been well demonstrated. 

This study also aims to address how the atmospheric pathway associated with WNA 

heatwaves will respond to a warming climate. The case study of the Pacific Northwest event18 

suggested that the contribution of upstream moisture transport may become more significant in 

future heat extremes, given that saturation vapor pressure is expected to increase nonlinearly 

under a warming climate following the Clausius–Clapeyron relationship38, enabling the 

increased amount of water vapor in the atmosphere. This thermodynamic change, reflected in 

projected increases in saturation specific humidity, plays a dominant role in the increasing trend 

of extreme precipitation in the midlatitudes39. However, it is still uncertain whether the response 

of WNA heatwaves becomes stronger in the projection, because atmospheric circulation 

associated with WNA heatwaves will also change simultaneously. In light of the above, we 

explore how atmospheric moisture transport and blocking associated with WNA heatwaves are 
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reshaped in future emissions scenarios (i.e., SSP2-4.5 and SSP5-8.5). Throughout the study, we 

use high-resolution large-ensemble simulations with an atmospheric horizontal grid spacing of 

50 km and an ocean horizontal grid spacing of nominal 1.0° (i.e., SPEAR-MED).  

Results  

Current and projected changes in the frequency of western North American heat extremes 

We begin by examining the frequency of heat extremes over WNA, further motivating the focus 

on the WNA region, and then investigating their projected changes under two different emissions 

scenarios. While various approaches exit to define heat extremes, we use an anomaly-based 

heatwave definition to effectively capture local temporal peaks that are strongly coupled with 

synoptic-scale atmospheric circulation variability. Specifically, to identify regional hotspots of 

heat extremes over land, we focus on short-term temperature variations beyond both high-

frequency weather noise and the long-term mean warming. To this end, we remove the seasonal 

cycle and apply a 5-day moving average to daily maximum 2-meter temperatures (𝑇𝑚𝑎𝑥) anomalies 

to isolate more persistent heat anomalies. We also remove the long-term trend to isolate variations 

beyond the mean warming (see Methods). Using this 𝑇𝑚𝑎𝑥 anomaly field, we select days (i.e., the 

central day of the 5-day period) at each land grid point with 𝑇𝑚𝑎𝑥 values that exceed 2.0 standard 

deviations of the June-July-August (JJA) values and define them as heat extremes. Figure 1 shows 

the spatial distribution of boreal summer heat extremes during the recent historical period (i.e., 

1979-2023 JJA) in the Climate Prediction Center (CPC) global unified temperature dataset, used 

as the observational reference, and SPEAR. Both datasets highlight the preferred locations of 

heatwave occurrences along the west coast of North America, including the Pacific Northwest. In 

terms of the median over the WNA domain (i.e., 40°-60°N, 140°-115°W; denoted by green boxes 

in Fig. 1), approximately 49.9 heat extreme occurrences per 1,000 Km2 are simulated by the 30 

ensemble members of SPEAR (Fig. 1C). We also find that the observed heat extreme frequency 

averaged over the WNA domain (i.e., 51.2 occurrences per 1,000 Km2) lies within the model 

ensemble range and is approximately 2.6% higher than the ensemble mean.  

The longitudinal variation in this heat extreme frequency from observation and model 

simulations becomes more pronounced when the zonally averaged frequency over the midlatitudes 

(i.e., 40°-60°N) is subtracted, as shown in Figs. 1D and E. However, in contrast to the raw values, 

the longitudinal variation simulated by SPEAR shows a systematic underestimation (Fig. 1F). In 

a later section, we show that this underestimation is potentially due to weaker amplitudes of North 

Pacific storm track and westerly jet stream intensity in the model. To compare SPEAR’s 

performance with other climate models, we additionally used output from 29 Coupled Model 

Intercomparison Project Phase 6 (CMIP6)40 models and computed WNA heatwave occurrences in 

the same manner (see Table S1 for the list of models used in this study). As a result, the boxplots 

of CMIP6 models in Figs. 1C and 1F show that the observed values are well captured by the 
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CMIP6 intermodel spread, which is several times larger than the range from the SPEAR large 

ensemble simulations. Climate models also reproduce the overall spatial pattern of heat extreme 

occurrences, such as regional hotspots over western North America (Fig. S1). However, for zonal 

asymmetry, the interquartile range of CMIP6 models (Fig. 1F) does not include the CPC value, 

indicating that climate models tend to underestimate this metric. The similarity between the 

medians of the CMIP6 models and the SPEAR simulations (orange lines in the boxplots) suggests 

that SPEAR performs comparably to the average of the CMIP6 models used in this study. The 

statistics of individual models in Fig. S1 support that the SPEAR model shows moderately good 

performance in representing WNA heat extremes relative to other CMIP6 models. Based on these 

results, we conclude that SPEAR captures key observed aspects of WNA heat extremes and is a 

relevant modeling system for investigating projected changes. 

With this result from both observations and SPEAR that WNA has experienced elevated 

frequencies of heat extremes relative to surrounding land areas during the historical period, we 

move onto the frequency of heat extremes in the SSP5-8.5 and SSP2-4.5 emissions scenarios (Fig. 

2). We again apply the same criterion to define heat extremes but relative to this future period (i.e., 

2056-2100 JJA; Methods). In both high and intermediate radiative forcing simulations, the 

medians of WNA heat extreme frequencies are approximately 44.8 and 46.7 occurrences per 1,000 

Km2 (Fig. 2G), respectively, substantially lower than during the historical period (Figs. 2B and 

2C). This decrease in the frequency of WNA heat extreme occurrences dependent on the removal 

of the mean temperature increase effect in computing the 𝑇𝑚𝑎𝑥 anomaly in the future period, which 

is equivalent to shifting the baseline of temperature distribution. If the same historical base period 

is applied to 𝑇𝑚𝑎𝑥 in future projections, the number of WNA heat extremes would be considerably 

increased relative to that of the historical period7,41. However, from the framework adopted in this 

study, which removes the mean temperature increase, the dynamic and thermodynamic processes 

that induce extreme temperature anomalies over WNA may weaken under global warming. 

Moreover, the simulated zonally asymmetric features in heat extreme frequency (Figs. 2E and 2F) 

become much weaker, except for the coastal regions where the impact of marine heatwaves 

dominates42. This reduced asymmetry is also detectable from the projected decrease in the standard 

deviation and skewness of the 𝑇𝑚𝑎𝑥 anomaly distribution over WNA (Fig. S2). The reductions 

shown in Fig. 2 primarily reflect the reduction in skewness, given that we define heat extremes 

using standard deviation thresholds that are unique to each period.  

The warming rate of extreme hot days in certain regions notably deviates from the 

summer mean warming rate13,41,43,44, due to the contribution from regional drivers of temperature 

variability. Indeed, previous studies showed that some regions, including WNA, actually exhibit 

projected decreases in temperature anomalies and heatwave frequency after the removal of mean 

warming effects41,45, as supported by Fig. 2. In this context, we aim to further investigate 

whether this decrease is causally linked to changes in regional atmospheric circulation46-48 in the 

following sections. Since temperature extremes in the SPEAR SSP2-4.5 scenario are spatially 
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consistent with those in the SSP5-8.5 scenario but exhibit a generally weaker rate of increase7,34, 

we hereafter show model results from the SSP5-8.5 scenario only. 

Evolution of atmospheric circulation and moisture transport during western North American 

heatwaves 

We next investigate the spatiotemporal evolution of atmospheric processes related to WNA 

heatwaves. Earlier studies have examined the statistics and metrics by aggregating mid-latitude 

land grid points to provide a theoretical understanding17,49 and to compare the relative importance 

of physical processes responsible for heat extremes6,11,50. Others have employed grid point-based 

temperatures or domain-averaged indices to analyze temporal extrema and long-term 

trends7,13,16,44,48,51. However, if one focuses on heatwaves within a certain region, it should be 

considered that the size and location of regional heat extremes are unique in every case, particularly 

when regulated by daily atmospheric circulation anomalies.  

Taking this into account, we introduce a methodology to identify a sizeable extreme heat 

event over WNA (see Methods for a detailed description). We first filter a 𝑇𝑚𝑎𝑥 anomaly field 

over land by the 2.0 standard deviation threshold, calculated from all JJA days at each grid point, 

as in Fig. 1. Next, an object tracking algorithm52 with a size threshold of 106 Km2 is applied to 

this filtered 𝑇𝑚𝑎𝑥 anomaly field to isolate large, continuous regions (“blobs”) that meet the heat 

extreme threshold. Any blob that has a center of mass (i.e., the mean location of 𝑇𝑚𝑎𝑥 anomalies 

within the blob) being located within the WNA domain is defined as a WNA heatwave event. This 

procedure has been illustrated in Fig. S3 for a particular heatwave event in a single ensemble 

member. For the following lag composite analysis, we only take onset days of the WNA heatwave 

events into account, which corresponds to lag 0 in the composites, and composite 𝑇𝑚𝑎𝑥, 500-hPa 

geopotential height (Z500), and vertically integrated water vapor fluxes (IVT; Methods) from each 

ensemble member.  

Figure 3 shows the ensemble averaged results associated with the evolution of WNA 

heatwaves during the recent historical and future periods. A hint on the development of a Rossby 

wave train over the North Pacific is clearly seen by the Z500 anomaly field (i.e., black contours in 

Fig. 3A), indicating that this upstream atmospheric circulation can be simulated earlier than a week 

prior to the onset of WNA heatwave, while there is no signal of 𝑇𝑚𝑎𝑥 anomaly in the WNA domain 

(i.e., purple box in Fig. 3). Note that the simulated spatial structure of the upstream circulation 

anomaly resembles that of the 2021 Pacific Northwest event19,23,24. Also, the trough centered over 

the Sea of Okhotsk begins to bring moisture to the central North Pacific where a weak ridge is 

situated. The Rossby wave train pattern becomes distinct at the following pentad of lag days -7 to 

-3 (Fig. 3B) and comprises cyclonic circulation anomalies over the Far East Asia, anticyclonic 

circulation anomalies centered at the west of the dateline, and cyclonic circulation anomalies over 

the central to eastern North Pacific Ocean. Together with the atmospheric ridge situated over WNA, 
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anomalous moisture flux (i.e., denoted by green vectors) develops and propagates poleward along 

the western flank of this ridge. Previous studies of atmospheric blocking have shown that this 

upstream moisture transport leads to the amplification of downstream blocking29,53-56, suggesting 

that this moist process may have contributed to the growth of an atmospheric ridge during WNA 

heatwave events.  

In Fig. 3C, 𝑇𝑚𝑎𝑥 anomalies reach the peak in the WNA domain, corresponding to the WNA 

heatwave definition, accompanied by intense anticyclonic circulation anomalies. As will be shown 

later, these quasi-stationary upper-level ridges simulated by SPEAR are often identified as 

atmospheric blocks, consistent with the typically observed relation between blocking and 

heatwaves26,27,57. It is also notable that moisture transport toward WNA is blocked by atmospheric 

flow but diverted toward northern Canada, which thus exacerbates dry surface conditions locally. 

Across eastern North America, on the other hand, negative 𝑇𝑚𝑎𝑥 anomalies with an atmospheric 

trough concurrently develop, resulting in a zonal dipole structure of 𝑇𝑚𝑎𝑥 over North America. In 

accordance with the dissipation of the upstream Rossby wave train and associated moisture 

transport, these continental-scale temperature anomalies substantially weaken in lag days +3 to +7 

(Fig. 3D), which is ensued by a termination of the heatwave and blocking over WNA.  

In the late 21st century period, although the growth and decay of 𝑇𝑚𝑎𝑥 and Z500 anomalies 

are generally similar to that in the recent historical period, some notable differences are found at 

each pentad. For example, during the period between approximately one and two weeks preceding 

the WNA heatwave (Fig. 3E), the circulation response over East Asia and the North Pacific is not 

as pronounced as that in the recent historical period. This slower development of the wave train 

leads to weaker magnitudes of the trough-ridge-trough upstream pattern in the following pentad 

(Fig. 3F). However, we also see a farther poleward moisture transport along with a broader extent 

of anticyclonic flow over WNA, which persists and intensifies until the peak of WNA heatwaves 

(Fig. 3G). Accordingly, a broader region undergoes positive 𝑇𝑚𝑎𝑥  anomalies during WNA 

heatwave events in the future projection.  

In short, the overall characteristics of atmospheric physical processes associated with 

heatwaves are similar in both recent historical and late projection periods. The general sequence 

is: 1) a Rossby wave train generated from the western North Pacific – 2) poleward moisture 

transport along a trough over the central North Pacific – and 3) amplification of the anticyclonic 

circulation anomaly over WNA. However, there are some notable differences between the two 

periods, such as moisture anomalies transported farther poleward and a broader atmospheric ridge 

development in the latter period. Therefore, with this qualitative picture of heatwave evolution in 
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mind, we proceed to investigate how atmospheric physical processes are spatially linked to the 

WNA heatwaves and what structural changes between them are projected to occur in the future.  

Projected changes in moisture transport, atmospheric river, and atmospheric blocking associated 

with western North American heatwaves 

In this subsection, we employ a heatwave-centered diagnostic approach, analogous to the 

atmospheric blocking-centered diagnostics29,35,58, to quantitatively investigate the projected 

changes of linkages between WNA heatwaves and associated physical drivers. This method 

composites variables of interests with respect to the center of all WNA heatwaves (i.e., 1,610 

events in the historical period and 1,450 events in the late 21st century period; Fig. S4) onto 

coordinates defined by relative longitude and latitude. 

The first row in Fig. 4 exhibits the 𝑇𝑚𝑎𝑥 anomalies composited against the center of WNA 

heatwaves (pink dots in Figs. 4A and 4B) during the recent historical and late 21st century epochs. 

As expected, the area where the 𝑇𝑚𝑎𝑥 anomalies are most intense is located around the heatwave 

center in both epochs. However, the peak intensity of WNA heatwaves in the projection becomes 

weaker than that of the historical period. To ascertain whether the properties of WNA heatwaves 

are projected to change significantly between the two periods, we further compared the distribution 

of their size and intensity (Fig. S4). Regarding the intensity, defined as the area-weighted average 

of 𝑇𝑚𝑎𝑥  anomalies that exceed 2.0 standard deviations (i.e., heat extremes) in the identified 

heatwave, SPEAR simulates a significant heatwave weakening under the future emissions scenario, 

resulting in 0.44 K mean decrease (p < 0.001). In addition, the size of WNA heatwaves, defined 

as the area occupied by the identified WNA heatwave, decreases as well, with an average decrease 

of approximately 0.058 Mm2 (p < 0.001). These results pose a question of whether atmospheric 

processes associated with WNA heatwaves show similar features such as a weakened intensity and 

reduced spatial extent under a future emissions scenario.  

To address the above question, we next examine the composites of vertically integrated 

moisture transport in the same manner. During the recent historical period, positive IVT 

anomalies are situated at the poleward flank of the heatwave center (Fig. 4C), indicating 

poleward moisture transport, consistent with the direction of moisture flux in Fig. 3. In the later 

epoch, however, moisture transport by circulation anomalies around WNA is strengthened and 

becomes more extensive (Fig. 4D), due to the increased availability of moisture during boreal 

summer in a warming climate35,59, despite the weaker magnitudes of the upstream Rossby wave 

train (Fig. 3F). Motivated by the importance of atmospheric rivers for temperature extremes over 

WNA23 24,60, as discussed in the introduction, we further examine the frequency of atmospheric 

rivers associated with the simulated moisture transport. The projected enhancement of moisture 

transport is similarly supported by the composite field of atmospheric river frequency (i.e., the 

fraction of atmospheric river occurrences during heatwaves) which shows a secondary peak on 
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the western flank of heatwave events (Figs. 4E and 4F). This upstream maximum of atmospheric 

river frequency, shown in both periods, reflects that intense moisture transport and associated 

moist processes generally operate ahead of the WNA anticyclonic circulation pattern, consistent 

with the previous studies of the 2021 Pacific Northwest heatwave18,19,23,24. The local maximum 

becomes further pronounced when the heatwave-centered composites are constructed against the 

onset days of WNA heatwaves only (Fig. S5).  

In line with the enhanced and broader moisture transport, the composited atmospheric 

blocking frequency (i.e., the fraction of occurrences of atmospheric blocking to heatwaves) shows 

a similar spatial response (Figs. 4G and 4H) under a warming climate. Again, a larger area of 

WNA heatwave events accompanies an increased fraction of co-occurrence of quasi-stationary 

and persistent atmospheric blocking events during the late 21st century period, compared to the 

recent historical period, particularly at the northwestern side of the heatwave center. While this 

northwestward expansion is also detectable in the Z500 field (Fig. 4H), there is no hint of increase 

in the projected peak intensity. Together with a reduction in the intensity of collocated 𝑇𝑚𝑎𝑥 

anomalies (Fig. 4B), the result rather suggests that the blocking intensity close to the center of 

heatwaves mildly weakens. The description of the aforementioned key features is further supported 

by domain-averaged quantities over the selected regions in Fig. 4.  

Our results suggest that the projected increase in upstream moisture contributes to an 

expansion of blocking size over the western North American domain, but not to a strengthening 

of the block-center intensity. This weaker block intensity may seem counterintuitive given earlier 

studies highlighting the role of moist processes in blocking amplification29,53. In short, the 

proposed mechanism can be summarized as the following steps: (1) Positive moisture advection 

by cyclonic circulation →  (2) latent heat release upstream of the blocking → (3) stronger ascent 

and subsequent divergent wind (i.e., divergent outflow produced by diabatic processes) → (4) 

greater negative potential vorticity (PV) advection by the divergent outflow (i.e., 𝑣𝜒 ∙ ∇PV) at 

upper levels. While the first step of the mechanism, greater moisture advection by cyclonic 

circulation, is explicitly shown by Fig. 4, whether the remaining processes operate has not been 

explicitly investigated. Unfortunately, the limited set of variables and coarse vertical resolution 

of the saved variables due to storage constraints from these large ensemble simulations restricts 

our ability to perform a detailed investigation of moist processes related to atmospheric blocking. 

Despite these limitations, we further investigate whether 1) upstream latent heating is 

enhanced, and 2) the magnitude of divergent upper tropospheric wind is strengthened during 

future WNA heatwaves, using precipitation (as an estimate of latent heating) and horizontal 

wind. The first two rows of Fig. 5 show the heatwave-centered composites of precipitation 

anomalies and divergent wind amplitudes during the two different periods, composited against 

the center of WNA heatwaves. At the upstream region, consistent with the greater moisture 

transport and atmospheric river frequency in future projections (Figs. 4C-F), greater precipitation 
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anomalies are found (Figs. 5A-C). However, the intensity of the divergent wind field southwest 

of the heatwave center, near the North Pacific storm track exit region, is projected to weaken. In 

contrast, the divergent wind strengthens northwest of the heatwave center, consistent with a 

broader blocking pattern in the future period (e.g., Fig. 4H). Although the PV advection 

associated with divergent outflow, following previous studies, cannot be explicitly computed in 

this study due to data limitations, we infer that projected changes in the divergent wind do not 

effectively enhance downstream blocking intensity but rather contribute to an expansion of 

blocking size during WNA heatwave events.  

The heatwave-centered plots in Fig. 4 reveal two important structural changes of 

atmospheric processes associated with WNA heatwaves under a future emissions scenario: First, 

a broader and stronger propagation of vertically integrated moisture flux is found in the proximity 

of the heatwave center. Second, the fraction of atmospheric blocking frequency increases with an 

increased width of WNA anticyclonic circulation anomalies. Whilst we do not attempt to address 

the causality between these changes in this study, it is worth noting that the importance of upstream 

diabatic processes on the ridge amplification over WNA, suggested by the earlier studies of 

blocking from the global perspective29,30,35, is similarly found; during WNA heatwaves, a 

northeastward expansion of poleward moisture transport likely leads to a broadening of the ridge 

in the same direction through diabatic processes, rather than to an intensification of peak blocking 

intensity. To support that changes in the atmospheric processes affect the properties of WNA 

heatwaves, we shift our attention to atmospheric blocking over WNA to examine regional 

heatwaves from the viewpoint of atmospheric blocking.  

Projected changes in western North American blocking and their linkages to moisture transport 

and heatwaves  

The blocking-centered composites for the two different periods, constructed in the same manner 

as the heatwave-centered composites, clearly show that the response of WNA blocking frequency 

is overall positive and concentrated on the western and eastern side of the blocking center (Figs. 

6A-C). This increase in size of WNA blocks, which can be categorized into midlatitude land blocks 

during boreal summer, is consistent with the earlier finding that blocks in general are projected to 

increase in size under a warming climate59. The corresponding composites of IVT and AR 

frequency show similar results in the sense that the poleward and eastward moisture transport by 

WNA anticyclonic circulation expands spatially and with greater intensity (Figs. 6D-F). However, 

we also note that a mild decrease of AR frequency approximately 15 longitude ahead of the 

blocking center (Fig. 6F) may have contributed to the weaker circulation amplitudes near the center 

through reduced diabatic effects. Namely, the location where upstream moist process of WNA 

blocking operates is likely to be displaced farther westward and poleward in projections, as 

similarly shown by the precipitation differences during WNA heatwaves (Fig. 5C). This shift may 
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imply a stronger positive feedback of moist processes on the outer region of the blocking compared 

to the historical period. 

The decreased peak intensity of blocking over WNA captured from both blocking and 

heatwave-centered composites supports the aforementioned idea that the decreased temperature 

response close to the center of WNA heatwaves may have been induced by a weaker amplitude of 

circulation anomaly and thereby weaker dynamic warming. Indeed, we see that the 𝑇𝑚𝑎𝑥 

composites with respect to the blocking center display a similar response, with suppressed 

warming around the core of the blocks, particularly at the western flank where a weaker 

anticyclonic flow develops as indicated by the coarser Z500 gradients during the late 21st century 

period (Figs. 6C and 6D). The 𝑇𝑚𝑎𝑥 response instead shows enhanced warming on the eastern 

flank of the blocking center, farther inland, in conjunction with the increased blocking frequency 

(Fig. 6C) and reduced moisture transport (Fig. 6F). This dipole structure of 𝑇𝑚𝑎𝑥  changes is 

consistent with a recent CMIP6 modeling study showing projected changes in 2-m temperature 

anomalies associated with atmospheric ridges over the Pacific-American region58, indicating that 

this temperature response in SPEAR is not model-specific. Our findings therefore highlight that 

the intensity and spatial extent of WNA heatwaves under a future emissions scenario are likely to 

be regulated by the projected changes in atmospheric processes such as upstream moisture 

transport and atmospheric blocking.    

Whilst we mostly focused on the investigation of WNA heatwaves that substantially grow 

and decay in the intraseasonal time scale, as observed in the 2021 Pacific Northwest heatwave, the 

relationship between atmospheric circulation and regional heat extremes can also vary on the 

interannual time scale under a future emissions scenario. For instance, a recent study showed that 

some regions such as Europe and Greenland are projected to have significant changes in the 

heatwave-blocking relation that affect the overall frequency of heatwaves, besides the dominant 

effects of mean temperature increase45. Prompted by this finding, we have examined if a similar 

change in the heatwave-blocking relation is simulated over WNA (Fig. S6) by using the warm 

spell duration index61 (Methods) that provides a large enough sample size to investigate the 

interannual variability of heatwaves (but includes those with a milder intensity), as in ref.45 A 

comparison of the heatwave-blocking relationship between the two epochs, estimated by 

correlation between WNA heatwaves and blocking during the corresponding periods, shows only 

an insignificantly weak decrease in the relationship across ensemble members in the future 

projection. This relatively stable relationship suggests that the mean decrease in WNA heatwaves 

is, overall, proportional to the mean decrease in blocking frequency, once the contribution from 

mean temperature increase is excluded.  

This study primarily focuses on projected changes in the atmospheric pathway that drives 

western North America heatwaves, but we do not rule out the possible contributions from 

significant changes in land properties (e.g., soil moisture) and related land-atmosphere 
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interaction through the modulation of local evapotranspiration62. Indeed, a recent study 

suggested potential regime shifts in soil moisture-evaporation coupling across many regions 

under a warming climate63, although little evidence of significant change is found over WNA in 

large ensemble simulations44. A more detailed exploration of this land-atmosphere coupling is 

beyond the scope of this study due to the unavailability of the required variables saved from the 

SPEAR simulations. Nonetheless, we emphasize the need for future research to understand how 

projected land-atmosphere coupling contribute to changes in the characteristics of WNA 

heatwaves and interacts with atmospheric processes50,64. 

Projected changes in the intensity of North Pacific atmospheric circulation and westerly jet stream 

in SPEAR 

So far, we have examined the projected decrease in the frequency of WNA heatwave occurrences 

and the associated atmospheric processes using two different center-based composite approaches. 

At this point, one may ask whether projected changes in the mean state of the atmospheric 

circulation play a role in the weaker synoptic-scale wave train over the North Pacific during WNA 

heatwave events. In this subsection, we briefly address this question and provide further insights 

by examining the general characteristics of boreal summer circulation in the future projection.  

We first demonstrate if this general weakening is similarly found from geopotential height 

eddy fields simulated by SPEAR. Figure 7 shows the 75th percentile of Z500 eddy field within the 

40°-80°N latitudinal band, which serves as an indicator of the amplitude of midlatitude 

anticyclonic eddies. The result reveals that the mean value of SPEAR large ensemble during the 

historical period (i.e., approximately 61.5 m) is comparable to values obtained from various GFDL 

model configurations and the two reanalysis datasets used in a previous study65. Under SSP5-8.5, 

however, this mean value is projected to decrease by 1.5 m. This result therefore supports the 

notion that zonal eddies of the Northern Hemisphere during boreal summer generally become 

weaker under a warming climate. In fact, weakening of the boreal summer midlatitude circulation 

in future projections has been robustly simulated in climate models66. For instance, recent storm 

track studies have consistently shown projected weakening in Northern Hemisphere summer storm 

tracks from Eulerian metrics, such as eddy kinetic energy67  and mean sea level pressure fields68, 

and from Lagrangian-based extratropical cyclone properties, such as frequency69 and wind speed70. 

The right column of Fig. 7 displays the JJA climatological Z500 eddy field from SPEAR 

simulations in both historical and SSP5-8.5 scenarios. As indicated by the differences between 

the two periods (Fig. 7D), the reduced intensity of climatological Z500 stationary eddies is 

pronounced over the North Pacific Ocean (e.g., 30°-50°N), consistent with previous findings71. 

This contrasts with the strengthened eddies over the southwestern U.S. where sharp increases in 

the probability of record-breaking daily maximum temperature are expected7, as well as the 

relatively muted response over the Pacific Northwest. In line with the projected changes in North 

Pacific stationary eddies, we remind that the intensity of the upstream Rossby wave train 
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traversing the North Pacific during WNA heatwave events tends to be weaker in the future 

period (Fig. 3). This collocation of weaker climatological stationary eddies and transient eddies 

is indicative of weaker interference between eddies over the North Pacific37,72, which warrants 

further investigation.  

Next, we examine the upper tropospheric temperature gradient response to climate 

change in SPEAR. This analysis is motivated by a recent study that examined the responses of 

atmospheric waves to climate change in terms of zonal wavenumber73. They found that the 

amplitudes of midlatitude synoptic-scale waves (i.e., wavenumbers equal to or greater than 6) are 

projected to decrease in all seasons, whereas those of large-scale waves strengthen. Based on the 

linear normal-mode instability analysis, they attributed these scale-dependent changes in the 

growth rate of waves to the effect of the mean upper tropospheric zonal wind, which is related to 

an increase in the meridional temperature gradient (i.e., enhanced tropical upper tropospheric 

warming). Figure 8A illustrates the JJA 250-hPa meridional temperature gradients (∆𝑇250) 

measured by the regional temperature differences (i.e., 60°-80°N minus 20°-40°N)74 in the two 

different periods. It is clearly shown that the magnitude of ∆𝑇250 in SPEAR is projected to 

increase due to more rapid warming in the tropical upper troposphere75, which is quantitatively 

confirmed by the boxplots (Fig. 8B). In the late 21st century period, the median linear trend of 

∆𝑇250 exhibits an increase of approximately 0.2 K per decade relative to that of the recent 

historical period, consistent with the previous finding. We note that all trends in both periods are 

statistically significant at the p < 0.001 level assessed by the non-parametric Mann-Kendall 

test76.  

In Figs. 8C-E, we further examine if appreciable changes in the meridional temperature 

gradient on the intraseasonal time scale are found during WNA heatwaves. The composites of 

detrended zonal-mean 250-hPa temperature anomalies show that the upper tropospheric 

temperature gradient prior to the onset of heatwave events generally increases in both periods. 

Although there are notable differences such as anomalous cooling at mid-to-high latitudes (e.g., 

north of 70°N, 30°-50°N band) and warming at the 50°-70°N band (Fig. 8E), the change in the 

meridional gradient is small. Therefore, we conclude that intraseasonal change in the meridional 

temperature gradient does not play a crucial role in moderating the circulation intensity during 

WNA heatwaves.  

Lastly, we turn our attention to projected changes in the Pacific jet stream from SPEAR 

simulations, which serves as a Rossby waveguide that constrains the propagation of the Rossby 

wave perturbation77,78. The climatological westerly jet streams at 250 hPa from the historical and 

future periods are shown in Figs. 9A-C. Consistent with the mid tropospheric circulation (e.g., 

Fig. 6) and storm track intensity responses to climate change66, the overall Pacific jet intensity 

substantially weakens, particularly over the jet entrance region (Fig. 9C). As the synoptic-scale 

wave energy tends to propagate zonally within the narrow atmospheric jets according to 

stationary wave theory77 and upper-level divergence occur at the poleward flank of the jet exit79, 

the location of jet exit affects where meridional divergent outflow develops. In Figs. 9D to E, we 
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show the tail of the Pacific jet by illustrating only wind speeds greater than 18 m s−1. The 18 m 

s−1 isotach in the historical period nearly reaches the western boundary of the WNA domain 

used in this study. In the future projection, however, we clearly see the weakening and retreating 

of the jet structure within the 18 m s−1 isotach (Fig. 9F), suggesting that the probability of 

synoptic-scale waves propagation toward western North America is reduced and that the 

preferred location of meridional divergent outflow in the future may shift westward.  

As a further step, we quantitatively investigate the properties of the boreal summer jet 

stream, namely its location and intensity. Here, we define these two metrics as the location and 

magnitude of the maximum 250-hPa zonal mean zonal wind, respectively, identified by a 

quadratic fit of local maximum and its two adjacent grid points80. The latitudinal profile of zonal 

mean zonal wind field in Fig. 9G again corroborates that the boreal summer jet is projected to 

weaken while maintaining its general structure, which is demonstrated by the boxplots of jet 

properties (Fig. 9H). The median of simulated jet intensity decreases by approximately 1.5 m 

s−1, whereas the jet locations exhibit a minimal change. While the connection between jets and 

waves remains an active area of research, recent waveguide studies support the idea that weaker 

jets are likely to serve as weaker waveguides, leading to smaller midlatitude wave amplitudes78. 

In light of the above, we conclude that weaker midlatitude jets in a warming climate serve as a 

key contributor to weaker amplitudes of the synoptic-scale wave circulation during boreal 

summer.  

Discussion 

Western North America (WNA) regularly experiences daily extreme temperature anomalies 

associated with intense synoptic-scale circulation activity - as evidenced by the 2021 Pacific 

Northwest case, making the region a hotspot for heat extremes in the midlatitudes13,20,34,81. The 

present study leverages high-resolution large-ensemble simulations (i.e., a 50-km atmospheric 

horizontal resolution and a nominal 1.0° ocean horizontal resolution; see Methods) generated by 

GFDL SPEAR to obtain a sufficient number of WNA heat extreme cases and gain insights into 

the general properties of WNA heatwaves and the associated atmospheric processes. After 

removing the effects of the seasonal cycle and long-term trends, we show that the geographical 

distribution of WNA heat extreme occurrences during the recent historical period (i.e., 1979-

2023 JJA) is elevated relative to surrounding land regions (Fig. 1); however, this hotspot feature 

dissipates under future warming scenarios (Fig. 2).  

The intraseasonal evolution of WNA heat extremes and associated atmospheric processes 

was examined to address the question of whether this projected reduction is driven by a 

diminished role of zonally asymmetric atmospheric process, particularly atmospheric blocking. 

In order to focus on daily synoptic-scale variations of these extreme events, we have employed a 

feature-tracking algorithm to identify heatwaves of varying shapes and morphologies that are 

centered over WNA. The lag composite analysis for the WNA heatwave events for each period 
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reveals that the following chain of atmospheric processes is a common thread of WNA 

heatwaves in both periods: 1) A Rossby wave packet is generated over the western North Pacific 

and gradually propagates eastward. 2) Moisture flux anomalies propagating along this wave 

packet tend to create a narrow and intense poleward transport (sometimes detected as 

atmospheric river activity) at the western flank of anticyclonic circulation over WNA, leading to 

maintenance and amplification of the ridge. 3) This quasi-stationary and persistent ridge, often as 

blocking, contributes to the occurrence of WNA heatwaves, through physical processes that 

drive surface warming11,26. However, in a future emissions scenario, we find that the blocked 

area is of broader extent and accompanied by farther poleward moisture transport but weaker 

upstream wave train magnitudes during WNA heatwave events (Fig. 3).  

We have performed a quantitative analysis on these projected changes in the properties of 

WNA heatwaves and their linkages to associated atmospheric physical processes with a 

heatwave-centered diagnostic approach. Our results show that in the future projection, moisture 

transport at the northern flank of heatwaves is considerably enhanced (i.e., by approximately 

27% compared to the historical period) corresponding to increased atmospheric moisture 

availability38 and atmospheric river activity82 in a warming climate. We also find atmospheric 

blocking co-occurs with WNA heatwaves more frequently with a larger areal extent but slightly 

reduced peak intensity in the late 21st century period (Fig. 4). These structural changes in 

atmospheric moisture transport, blocking, and heatwaves are consistently shown in the WNA 

blocking-centered composites (Fig. 5), further demonstrating that projected changes in the 

properties of WNA heatwaves are closely linked to changes in atmospheric processes. 

Our results on the projected changes in the background mean state of atmospheric 

circulation suggest that overall weaker synoptic-scale circulation anomalies during WNA 

heatwave events are associated with projected weakening in the climatological stationary eddies 

(Fig. 7), enhanced upper tropospheric tropical warming (Fig. 8), and jet intensity over the North 

Pacific (Fig. 9). We particularly emphasize the substantial weakening of the upper tropospheric 

jet stream intensity with minimal changes in jet location, as the simulated co-occurrence of 

reduced WNA heatwave frequency and weaker Pacific jets is consistent with the recent studies 

linking the projected reduction in midlatitude synoptic-scale wave amplitudes to weaker jets 

serving as waveguides78. More detailed analyses of Rossby waveguides and their impacts on 

WNA heatwaves are left for a future work.  

 Another priority for future research is to understand and diagnose why models 

systematically underrepresent longitudinal variation in WNA heatwaves relative to observations 

(e.g., Figs. 1D-F). Considering the importance of upstream synoptic-scale circulation for regional 

temperature variability, we show the 250-hPa JJA climatological synoptic-scale eddy kinetic 

energy (EKE) from SPEAR and ERA5 in Fig. S7. The synoptic-scale EKE in ERA5 is almost 

evenly distributed across the North Pacific, whereas the SPEAR-MED ensemble mean exhibits 
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synoptic-scale eddy disturbances concentrated over the western North Pacific that does not 

extend sufficiently into the eastern North Pacific. A similar underestimation over WNA is found 

in the climatological zonal wind speed, in spite of the model’s reasonable performance in 

capturing zonal mean jet properties (Fig. S8). This weaker mean upper-level circulation in 

SPEAR may reflect an overall underestimation of synoptic-scale eddy activity toward WNA and 

a diminished role of atmospheric jets as Rossby waveguides78, thus acting as a possible source of 

bias. It is also noteworthy that climate models generally struggle to simulate the summertime 

extratropical cyclone track density over the eastern North Pacific Ocean83, implying that 

synoptic-scale eddies affecting WNA during boreal summer tend to be underrepresented from 

both Eulerian and Lagrangian perspectives, which warrants further investigation. 

Other possible causes behind these biases in SPEAR are listed as follows: [1] Model bias 

in land-atmosphere interaction. Although the land model of the SPEAR modeling system, LM4, 

has incorporated dynamic vegetation and improved the representation of land surface properties 

relative to previous generations of GFDL models84, biases in soil moisture and 

evapotranspiration persist, partly due to limited representation of land-atmosphere interaction85. 

[2] Model bias in tropical-extratropical interaction. Recent studies have shown that extratropical 

teleconnections triggered by tropical convective activity, particularly those associated with the 

Boreal Summer Indian Oscillation (BSISO), can enhance the likelihood of heat extreme 

occurrences over the Pacific Northwest86. We conjecture that errors in simulating this tropical-

extratropical interaction in SPEAR, including errors in simulating BSISO87 and its 

teleconnections, may contribute to the bias in the simulated WNA heatwave occurrences. [3] 

Coarser ocean horizontal resolution and topographic variations in this version of SPEAR 

(SPEAR-MED): The SPEAR-MED simulations used in this study adopt a relatively coarse ocean 

horizontal resolution for computational efficiency (i.e., 1° with tropical refinement to 0.3°)84 and 

simplified topography, compared with other versions currently under development. This practical 

decision may introduce biases in surface turbulent fluxes resulting from the inability to resolve 

oceanic mesoscale eddies, as well as underestimated adiabatic warming resulting from the 

model’s flattened topography, both of which in turn influence downstream atmospheric 

circulation variability. Future modeling efforts to reduce these possible biases will help improve 

the representation of regional heat extreme occurrences, including hotspots such as WNA.  

The overall reduction in WNA heatwave occurrences in the SPEAR large ensemble (i.e., 

approximately 11%, Fig. S4) reflects decreased 𝑇𝑚𝑎𝑥 skewness in the projections (e.g., Fig. S2), 

after accounting for the effect of mean temperature increases. This is generally consistent with 

the projected decline in boreal summer mid- to high-latitude blocking frequency35,71,88 and storm 

track activity67,70, suggesting a reduced likelihood of synoptic-scale circulation anomalies 

contributing to the development of intense heat extremes over WNA throughout the analyzed 

period. However, this does not necessarily imply that the influence of atmospheric processes on 

regional temperature extremes will weaken under future emissions scenarios, since a broader 
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moisture transport and atmospheric blocking area may also broaden the impacts and lead to more 

expansive region of anomalous heat. Even a small increase of temperature anomaly, once 

combined with increasing mean temperature trends under future emissions scenario, can result in 

an unprecedented extreme temperature event6 and exacerbate adverse impacts of regional 

heatwaves45. In this regard, the need for accurate prediction and projection of heatwaves will 

likely remain high in the future, both to minimize adverse impacts of heatwaves on human health 

and ecosystems8,11,15,89 and to support the timely development of adaptation and mitigation 

strategies26. 

The present study shows that a distinct Rossby wave pattern is captured by SPEAR 

approximately 1-2 weeks prior to the development of WNA heatwaves, a feature that is often 

recognized as a potential source of predictability for extreme weather events over North America 
28,37,86,90,91. The model representation of upstream wave train affects the capability of capturing 

moist process and their feedback on downstream blocking55. In the case of the 2021 Pacific 

Northwest heatwave, for instance, previous studies found that operational subseasonal-to-

seasonal forecast models were able to reasonably predict the location of the heatwave and 

associated blocking up to 10-20 days in advance, capturing a similar Rossby wave train across 

the North Pacific as seen in the composite analysis of this study15,24. However, models struggle 

to reproduce the intensity of this heatwave, possibly due to their failure to capture the upstream 

moisture transport driven by AR activity along the wave train23,24. Our results suggest that this 

upstream wave packet, accompanied by anomalous moisture transport, is a key process in the 

development not only of the 2021 Pacific Northwest case, but of WNA heatwaves more 

generally. In light of recent findings that tropical variability, such as the Boreal Summer Indian 

Oscillation86 and Southeast Asian monsoon24,25, can excite a Rossby wave train propagating 

toward North America, further investigation into the driving mechanisms of the wave train 

during WNA heatwaves is currently underway.   

Amid the ongoing warming trend, marked by a record breaking 1.5°C increase in global 

mean temperature above pre-industrial level1, a continued rise in the frequency of global 

temperature extremes appears inevitable. However, the regional characteristics of projected 

heatwaves are more complex than simple monotonic increases, as demonstrated by our findings 

on projected changes in WNA heatwaves and their linkages to atmospheric processes. The 

escalating likelihood of record-breaking temperature extremes in a warming climate6,7 

underscores the need for further region-specific studies to provide information tailored to 

communities and stakeholders for effective adaptation and societal preparedness.  

Methods 

Data 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS
 

 

In this study, we use a 30-member large ensemble of simulations from a fully coupled model, the 

Seamless System for Prediction and Earth System Research (SPEAR). The SPEAR model, 

developed by the National Oceanic and Atmospheric Administration (NOAA) Geophysical Fluid 

Dynamics Laboratory (GFDL), is one of the latest modeling systems designed to improve 

scientific understanding of Earth system variability, predictability, and projected changes across a 

wide range of time scales. The model employs the state-of-the-art component models from GFDL, 

including the AM4 atmosphere model, LM4 land model, SIS2 sea ice model, and MOM6 ocean 

model, with moderately adjusted configurations optimized for simulating long-term variability of 

the Earth system under different scenarios. Each ensemble member is initialized by different initial 

conditions derived from a long-term control simulation with a 20-year interval. We refer readers 

to ref.84 for further details. While SPEAR offers several options for horizontal resolution 

configurations, with a common 33-vertical level and 1.0° × 1.0° ocean grid refined to 0.3° in the 

tropics92, a 50-km atmospheric horizontal resolution (i.e., SPEAR-MED) version has been utilized 

in this study. The relevance of SPEAR-MED for an investigation of regional heat extreme over 

North America has been demonstrated by recent studies7,33,34.  

To examine how characteristics of heatwaves over western North America and related atmospheric 

processes change in a warming climate, we analyze two different 45-year periods – the recent 

historical (1979-2023) boreal summers (June-July-August, JJA) and the late 21st century (2056-

2100) boreal summers. All SPEAR simulations follow the Coupled Model Intercomparison Project 

Phase 6 (CMIP6)40 protocol for radiative forcing; the model simulations are forced by CMIP6 

historical forcing until 2014 and then forced by radiative forcing under different emissions 

scenarios, specifically the Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5) and SSP2-4.5 

scenarios. For the recent historical period, as in ref.37, we use the first 36 boreal summers from the 

historical simulations and the remaining summers from the SSP5-8.5 simulations. Note that global 

and regional temperature differences across future emissions scenarios are marginal for the first 

10 years of future projections7,14 (i.e., 2015-2024). Throughout this study, unless noted otherwise, 

daily anomalies are computed by removing the seasonal cycle, smoothed by retaining the first 10 

harmonics of the calendar-day-mean values.  

For observational reference, we use the global daily maximum near-surface air temperature (𝑇𝑚𝑎𝑥) 

data from the NOAA Climate Prediction Center (CPC)93, which has a 0.5° × 0.5° horizontal 

resolution, to validate the simulated regional hot spot of heat extremes over North America (Fig. 

S1). This data has been regridded to the native resolution of SPEAR-MED for a fair comparison. 

Moreover, to compare SPEAR’s performance in simulating heat extremes with that of other 

climate models, we also analyze corresponding simulations from 29 CMIP6 models, based on the 

availability of daily 𝑇𝑚𝑎𝑥 data (Table S1). 

Identification of heat extremes and heatwave events 
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An impact driven by intraseasonal atmospheric circulation on regional temperature variation can 

be accurately assessed when the effects of the long-term trend and seasonal cycle are removed41. 

To this end, we defined heat extremes as described in the ref.57, in which the seasonal cycle and 

long-term trends are removed from daily maximum near-surface air temperature data while 

accounting for their non-stationarity. Specifically, we first applied a 5-day moving average to 

daily maximum temperature to filter out high-frequency weather noise. Next, to remove the 

seasonal cycle and interdecadal trend, we subtracted centered 29-calendar day × 11-year moving 

averages, allowing a slowly varying seasonal cycle to reflect its non-stationarity. The resultant 

variable is termed as the 𝑇𝑚𝑎𝑥 anomaly. This anomaly is calculated separately for the two 

analysis periods by removing the corresponding seasonal cycle and long-term trends. Lastly, we 

identified all JJA 5-day periods when the grid point 𝑇𝑚𝑎𝑥 anomaly exceeds its 2.0 local standard 

deviation (i.e., approximately the top 2.5% of warmest 5-day periods under a Gaussian 

distribution). The results of this study are qualitatively consistent, though fewer cases are 

identified when using the 2.3 standard deviation threshold, as in the ref.57 This anomaly-based 

definition is adopted in this study to explore the linkage between heat extreme frequency over 

North America and synoptic-scale atmospheric variability, such as atmospheric blocking. 

Meanwhile, we note that the results are not qualitatively sensitive to the specific definition of 

𝑇𝑚𝑎𝑥 anomaly (e.g., using a stationary seasonal cycle, as described in the Data section).  

Considering that synoptic-scale atmospheric circulation affects surface temperature on a 

similar spatial scale28,35,48, we propose a novel methodology to identify a synoptic-scale heatwave 

event over western North America. First, 5-day heat extremes were identified following the 

method described above, but only at grid points with at least 80% land coverage7 (e.g., Fig. 1). 

Next, we applied an object-tracking algorithm (i.e., the ConTrack-Contour Tracking)52 that 

considers the connectivity of nearby grid points that also meet the criteria for a heat extreme to 

isolate 𝑇𝑚𝑎𝑥 anomaly “blobs” over land. We then calculate the area of the 𝑇𝑚𝑎𝑥 anomaly blobs 

and define those that exceed an area threshold of 106 Km2  as a synoptic-scale heatwave81. For 

each identified temperature blob, we compute a center of mass (i.e., the mean location of 𝑇𝑚𝑎𝑥 

anomaly distribution in the blob). If this center of mass is located within the WNA domain (i.e., 

40°-60°N, 140°-115°W; green boxes in Fig. 1), this day is defined as a WNA heatwave event. As 

an example of event identification, Figure S3 shows the 5-day average 𝑇𝑚𝑎𝑥  anomaly field 

simulated by the first ensemble member centered on 2008-08-02 in the upper left panel, the 

identified 𝑇𝑚𝑎𝑥 anomaly blob in the upper right panel, and its center of mass in the lower right 

panel, marked by a yellow star. Leveraging the advantage of a large ensemble dataset, heatwave 

event detection was performed for all 30 ensemble members, which results in total 1,610 WNA 

events during the recent historical period and 1,450 events during the late 21st century period (Fig. 

S4). Among the detected heatwave event days, consecutive WNA heatwave events are frequently 

found, reflecting the long duration of many events. For the composite analysis in Fig. 3, we define 

the onset day of a heatwave as the first central day (within the 5-day window) that the WNA 
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heatwave event criteria are reached. These onset days are separated by at least 7 days, sufficiently 

exceeding the e-folding timescale of the 𝑇𝑚𝑎𝑥 autocorrelation in WNA (i.e., approximately 3 days).  

For the evaluation of the general heatwave-blocking relationship shown in Fig. S6, 

following ref.45, we use the warm spell duration index61 that defines heatwaves as days when daily 

𝑇𝑚𝑎𝑥 anomalies (i.e., without a 5-day moving average) exceed the local 90th percentile for at least 

6 consecutive days. 

Atmospheric river identification 

An atmospheric river (AR) is an intense and narrow plume of moisture transport effected by a 

synoptic-scale weather system, often associated with torrential moisture transport and related 

extreme precipitation94,95. Atmospheric river activity has been further linked to regional 

temperature extremes60, as suggested for the 2021 Pacific Northwest heatwave event23,24. 

Previous studies using SPEAR-MED have shown that the model reproduces the key observed 

characteristics of atmospheric river climatology across seasons95 and is suitable for investigating 

AR projections and predictions36,96. Following these prior studies, we track ARs by using a 

detection algorithm introduced by ref.97 for the analysis periods. This detection algorithm tests 

whether the integrated vapor transport (IVT) anomaly at a given grid point meets specified 

intensity and geometry criteria, capturing the filamentary structure of ARs. In this study, given 

the available SPEAR-MED outputs, IVT is computed as follows: 

IVT =  
1

𝑔
√(∫ 𝑢𝑞

250

1000

𝑑𝑝)

2

+ (∫ 𝑣𝑞
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1000
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2

  

where 𝑢, 𝑣 correspond to the zonal and meridional wind, respectively, and 𝑞 corresponds to the 

specific humidity, and 𝑔 us the gravitational acceleration. Prior to an AR detection, an IVT 

anomaly is computed by removing the seasonal cycle smoothed by retaining the first 10 

harmonics of the calendar-day mean values. An AR is detected if a contiguous IVT anomaly 

exceeds 125 kg 𝑚−1𝑠−1, spans at least 150 grid points, and exhibits an aspect ratio of at least 

1.4, serving as the intensity, area, and geometry threshold, respectively36,95-97. While the fixed 

thresholds are implemented to examine projected changes in AR frequency associated with 

WNA heatwaves, these results are likely to be influenced by the choice of the thresholds. For 

instance, using the time-varying thresholds for AR detection in SPEAR-MED simulations, a 

previous study found that the estimated AR time of emergence is delayed by approximately two 

decades over most regions36. Therefore, caution is warranted when interpreting projected 

increases in upstream AR frequency during WNA heatwave events, as such increases may be 

reduced if a stronger IVT magnitude threshold is used for AR detection.   

Atmospheric blocking identification  
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Atmospheric blocking refers to a quasi-stationary and persistent anticyclonic circulation pattern 

that has been extensively studied for its connection to surface temperature extremes, both locally 

and remotely54,88. To identify local blocking associated with WNA heatwaves, this study 

employs an anomaly-based blocking index, among different metrics of atmospheric blocking, 

that tests whether local 500-hPa geopotential height (Z500) anomalies meet thresholds for 

intensity, area, consecutiveness, and persistence29,45,98. This choice is based on previous findings 

that omega-shaped blocking preferentially develops over western North America during boreal 

summer99, which is well captured by the anomaly-based detection method29,100. Specifically, we 

first compute the daily Z500 anomaly amplitude threshold for blocking, defined as 1.3 standard 

deviations of Z500 anomalies over 30°–80°N within a three-month window centered on the 

target month. The Z500 anomaly that meets or exceeds the amplitude threshold is considered as a 

blocking candidate. These blocking candidates then must pass the area threshold (≥

2.0 × 106 𝑘𝑚2), have at least 50% spatial overlap within consecutive days, and persist for a 

minimum of 5 days to be defined as a blocking event. This detection procedure was carried out 

using the previously introduced Python package ConTrack-Contour Tracking52. The blocking 

index is calculated separately for each ensemble member and analysis period. Previous blocking 

studies using GFDL models have shown that these models generally perform well in capturing 

regional blocking characteristics and variability across different generations and configurations 
65, including SPEAR98. However, they tend to moderately underestimate zonal eddies in Z500 

during boreal summer over the Northern Hemisphere midlatitudes65. This weaker amplitude of 

geopotential height eddy intensity may have partly contributed to a negative bias in the zonal 

asymmetry of WNA heat extremes (Fig. S1). 

Data Availability 

All data used in this study is publicly available. NOAA-CPC global daily maximum/minimum 

temperature and precipitation data can be downloaded from 

https://psl.noaa.gov/data/gridded/index.html. SPEAR Large ensemble data can be downloaded 

from https://www.gfdl.noaa.gov/spear_large_ensembles/. The CMIP6 model output used in this 

study is available at https://aims2.llnl.gov/search/cmip6/. The ERA5 reanalysis hourly data used 

in the supplementary information can be downloaded from 

https://cds.climate.copernicus.eu/datasets/reanalysis-era5-pressure-levels?tab=overview for 

pressure levels.   

Code Availability  

The feature tracking algorithm code used in this study is a python open-source package, 

CONTRACK, which is accessible from https://github.com/steidani/ConTrack52. Other custom 

scripts directly implement the statistical methods and techniques described in the Methods 

section.   

https://aims2.llnl.gov/search/cmip6/
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Figure 1. Comparison between observations and SPEAR in representing Western North 

America as a regional hotspot of boreal summer heat extremes. Occurrence of heat extremes 

over western North America (WNA) during the recent historical (1979-2023, June-July-August) 

period from (A) observed (CPC data) 𝑇𝑚𝑎𝑥 and (B) SPEAR-MED 𝑇𝑚𝑎𝑥 data. (C) Boxplots of 

WNA domain-averaged heat extreme occurrences from (A) and (B). In addition, statistics from 

30 climate models (i.e., 29 CMIP6 models and the first SPEAR ensemble member; see Table S1 

for the list of models) are included for comparison and shown in the right boxplot. The medians 

of the model ensemble spread are indicated by thin orange lines, while white circles represent 

outliers. The CPC value is indicated by a red star. (D to F) As in (A to C) but with the latitudinal 

average over 40°-60°N removed. In (F), The CPC value is indicated by a red star. Green boxes in 

(A), (B), (D), and (E) denote the WNA domain used in this study, defined as 40°-60°N and 

140°W-115°W.  
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Figure 2. Western North America as a regional hotspot of boreal summer heat extremes. 

Occurrence of heat extremes over western North America (WNA) during (A) the recent 

historical (1979-2023, June-July-August) and (B to C) late 21st century (2056-2100, June-July-

August) periods under the (B) SSP5-8.5 and (C) SSP2-4.5 scenarios, expressed as the number of 

occurrences over the analyzed period. (D to F) As in (A to C) but with the zonal average over 

40°-60°N removed. (G) Boxplots of WNA domain-averaged heat extreme occurrences for all 

periods and scenarios. The mean and median of the model ensemble spread are indicated by a 

pink star and a thin red line, respectively, while white circles represent outliers. The statistical 

tests of the mean differences between the historical and future periods are shown at the bottom of 

the panel, evaluated using Welch’s t-test. Green boxes in (A to F) denote the WNA subdomain 

used in this study.  
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Figure 3. Simulated evolution of Western North American heatwaves and associated 

atmospheric processes over the North Pacific Ocean. (A to D) Pentad composites of 𝑇𝑚𝑎𝑥 

anomaly (shading; K) and 500-hPa geopotential height anomaly (Z500; black contour; m), and 

vertically integrated moisture flux (IVT; green vector; kg m−1 s−1) averaged over (A) lag days -

12 to -8, (B) -7 to -3, (C) -2 to +2, and (D) +3 to +7 during WNA heatwaves from the recent 

historical SPEAR simulations. Lag day 0 corresponds to the onset day of WNA heatwaves. (E to 

H) As in (A to D) but during late 21st century WNA heatwaves under SSP5-8.5. Stippling 

indicates a region where at least 80% of ensemble members agree with the sign of anomaly. 

Contour interval of Z500 field is denoted at the upper right corner of each panel. For 

visualization, IVT vectors smaller than 200 kg m−1 s−1 are not shown.  
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Figure 4. Spatial pattern of atmospheric processes during Western North American 

heatwave events. Heatwave-centered composites of (A and B) 𝑇𝑚𝑎𝑥 anomalies over land (K), 

(C and D) IVT anomalies (kg m−1 s−1), (E and F) atmospheric river frequency (%), (G and H) 

atmospheric blocking frequency (%), and (I and J) Z500 anomalies (m) during (left) the recent 

historical period and (right) late 21st century period under SSP5-8.5. In (A) and (B), for 

visualization, 𝑇𝑚𝑎𝑥 anomalies were spatially smoothed by two iterations of a nine-point 

smoothing. (C to J) Red and black boxes indicate the domains used to compute the domain-

averaged values shown in the bottom right corner.   
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Figure 5. Spatial pattern of daily precipitation anomaly and 250-hPa divergent wind 

magnitudes during Western North American heatwave events. Heatwave-centered composites 

of (A to C) precipitation anomalies (mm day−1) and (D to F) magnitude of 250-hPa divergent 

wind speed (m s−1) during (left) the recent historical period and (center) late 21st century period 

under SSP5-8.5, and (right) their differences. 
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Figure 6. Spatial pattern of daily maximum temperature anomaly and atmospheric 

moisture transport during Western North American blocking events. Blocking-centered 

composites of (A to C) atmospheric blocking frequency (shading; %) and Z500 anomalies (black 

contours; m), (D to F) atmospheric river frequency (shading; %) and IVT anomalies (black 

contours; kg m−1 s−1), and (I to K) 𝑇𝑚𝑎𝑥 anomalies over land (shading; K) for the (left) recent 

historical period, (middle) late 21st century period under SSP5-8.5, and (right) differences 

between the two periods. Black contours in (A to B) indicate Z500 anomalies with an interval of 

20 m, while those in (C) represents Z500 differences with an interval of 4 m. Black contours in 

(D to E) indicate IVT anomalies with an interval of 10 kg m−1 s−1, while those in (F) represent 

IVT differences with an interval of 5 kg m−1 s−1. Black contours in (I to K) outline 𝑇𝑚𝑎𝑥 

anomalies with an interval of 0.5 K. Yellow and purple stars indicate the location of peak 𝑇𝑚𝑎𝑥 

intensity during the recent historical and late 21st century periods, respectively.   
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Figure 7. Projected changes in the boreal summer North Pacific Z500 eddy fields from 

SPEAR. (A) Boxplots of the 75th percentile of 500-hPa zonal geopotenital height eddies (Z500*) 

in the Northern Hemisphere midlatitudes (40°-80°N) during the historical and late 21st century 

JJA periods. The medians of the model ensemble distribution are indicated by thin orange lines. 

(B to D) Spatial map of 250-hPa JJA climatological Z500* during the (C) recent historical period, 

(D) late 21st century period under SSP5-8.5, and (E) their differences. In (D), only regions where 

at least 80% of ensemble members agree on the sign of the difference are shaded, and yellow box 

denotes the WNA domain used in this study. Stippling indicates statistical significance at the 5% 

level, evaluated using Welch’s t-test.  
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Figure 8. Projected changes in the boreal summer 250-hPa meridional temperature gradient 

from SPEAR. (A) Timeseries of JJA 250-hPa meridional temperature gradient (∆𝑇250) measured 

by the difference in zonally averaged temperature between the high latitudes (60°-80°N) and low 

latitudes (20°-40°N). (B) Boxplots of the linear trends in ∆𝑇250 (K per decade) in all SPEAR 

ensemble members during the recent historical period and late 21st century period under SSP5-8.5 

The medians of the model ensemble distribution are indicated by thin black lines. (C to E) Lag 

composites of detrended 250-hPa zonal-mean temperature anomalies during the (C) historical 

WNA heatwave events, (D) future WNA heatwave events, and (E) their differences. In (E), 

stippling indicates statistical significance at the 5% level, evaluated using Welch’s t-test.  
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Figure 9. Projected changes in the boreal summer 250-hPa westerly jet stream from SPEAR. 

(A to C) Spatial map of 250-hPa JJA climatological zonal wind during the (C) recent historical 

period, (D) late 21st century period under SSP5-8.5, and (E) their differences. (D to F) As in (C to 

E) but with wind speed equal to or greater than 18 m s−1 over a subdomain (30°-60°N, 150°E-

110°W). In (C) and (F), only regions where at least 80% of ensemble members agree on the sign 

of the difference are shaded. Yellow boxes from (A) to (F) denote the WNA domain used in this 

study. (G) Latitudinal profile of 250-hPa JJA climatological zonal mean zonal wind from the 

recent historical period (blue) and late 21st century period (red) for the ensemble mean (solid line) 

and individual members (dashed lines). Horizontal lines indicate the mean location of the 

climatological jet from SPEAR ensemble members for both periods (black dashed line). (H) 

Boxplots of climatological jet location and intensity during the two periods. The medians of the 
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model ensemble distribution are indicated by thin orange lines, while white circles represent 

outliers.   
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Figure Captions 

Figure 1. Comparison between observations and SPEAR in representing Western North 

America as a regional hotspot of boreal summer heat extremes. Occurrence of heat extremes 

over western North America (WNA) during the recent historical (1979-2023, June-July-August) 

period from (A) observed (CPC data) 𝑇𝑚𝑎𝑥 and (B) SPEAR-MED 𝑇𝑚𝑎𝑥 data. (C) Boxplots of 

WNA domain-averaged heat extreme occurrences from (A) and (B). In addition, statistics from 

30 climate models (i.e., 29 CMIP6 models and the first SPEAR ensemble member; see Table S1 

for the list of models) are included for comparison and shown in the right boxplot. The medians 

of the model ensemble spread are indicated by thin orange lines, while white circles represent 

outliers. The CPC value is indicated by a red star. (D to F) As in (A to C) but with the latitudinal 

average over 40°-60°N removed. In (F), The CPC value is indicated by a red star. Green boxes in 

(A), (B), (D), and (E) denote the WNA domain used in this study, defined as 40°-60°N and 

140°W-115°W. 

Figure 2. Western North America as a regional hotspot of boreal summer heat extremes. 

Occurrence of heat extremes over western North America (WNA) during (A) the recent 

historical (1979-2023, June-July-August) and (B to C) late 21st century (2056-2100, June-July-

August) periods under the (B) SSP5-8.5 and (C) SSP2-4.5 scenarios, expressed as the number of 

occurrences over the analyzed period. (D to F) As in (A to C) but with the zonal average over 

40°-60°N removed. (G) Boxplots of WNA domain-averaged heat extreme occurrences for all 

periods and scenarios. The mean and median of the model ensemble spread are indicated by a 

pink star and a thin red line, respectively, while white circles represent outliers. The statistical 

tests of the mean differences between the historical and future periods are shown at the bottom of 

the panel, evaluated using Welch’s t-test. Green boxes in (A to F) denote the WNA subdomain 

used in this study. 

Figure 3. Simulated evolution of Western North American heatwaves and associated 

atmospheric processes over the North Pacific Ocean. (A to D) Pentad composites of 𝑇𝑚𝑎𝑥 

anomaly (shading; K) and 500-hPa geopotential height anomaly (Z500; black contour; m), and 

vertically integrated moisture flux (IVT; green vector; kg m−1 s−1) averaged over (A) lag days -
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12 to -8, (B) -7 to -3, (C) -2 to +2, and (D) +3 to +7 during WNA heatwaves from the recent 

historical SPEAR simulations. Lag day 0 corresponds to the onset day of WNA heatwaves (n = 

549). (E to H) As in (A to D) but during late 21st century WNA heatwaves (n = 489) under 

SSP5-8.5. Stippling indicates a region where at least 80% of ensemble members agree with the 

sign of anomaly. Contour interval of Z500 field is denoted at the upper right corner of each 

panel. For visualization, IVT vectors smaller than 200 kg m−1 s−1 are not shown. 

Figure 4. Spatial pattern of atmospheric processes during Western North American 

heatwave events. Heatwave-centered composites of (A and B) 𝑇𝑚𝑎𝑥 anomalies over land (K), 

(C and D) IVT anomalies (kg m−1 s−1), (E and F) atmospheric river frequency (%), (G and H) 

atmospheric blocking frequency (%), and (I and J) Z500 anomalies (m) during (left) the recent 

historical period and (right) late 21st century period under SSP5-8.5. In (A) and (B), for 

visualization, 𝑇𝑚𝑎𝑥 anomalies were spatially smoothed by two iterations of a nine-point 

smoothing. (C to J) Red and black boxes indicate the domains used to compute the domain-

averaged values shown in the bottom right corner.  

Figure 5. Spatial pattern of daily precipitation anomaly and 250-hPa divergent wind 

magnitudes during Western North American heatwave events. Heatwave-centered 

composites of (A to C) precipitation anomalies (mm day−1) and (D to F) magnitude of 250-hPa 

divergent wind speed (m s−1) during (left) the recent historical period and (center) late 21st 

century period under SSP5-8.5, and (right) their differences. 

Figure 6. Spatial pattern of daily maximum temperature anomaly and atmospheric 

moisture transport during Western North American blocking events. Blocking-centered 

composites of (A to C) atmospheric blocking frequency (shading; %) and Z500 anomalies (black 

contours; m), (D to F) atmospheric river frequency (shading; %) and IVT anomalies (black 

contours; kg m−1 s−1), and (I to K) 𝑇𝑚𝑎𝑥 anomalies over land (shading; K) for the (left) recent 

historical period, (middle) late 21st century period under SSP5-8.5, and (right) differences 

between the two periods. Black contours in (A to B) indicate Z500 anomalies with an interval of 

20 m, while those in (C) represents Z500 differences with an interval of 4 m. Black contours in 

(D to E) indicate IVT anomalies with an interval of 10 kg m−1 s−1, while those in (F) represent 
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IVT differences with an interval of 5 kg m−1 s−1. Black contours in (I to K) outline 𝑇𝑚𝑎𝑥 

anomalies with an interval of 0.5 K. Yellow and purple stars indicate the location of peak 𝑇𝑚𝑎𝑥 

intensity during the recent historical and late 21st century periods, respectively.  

Figure 7. Projected changes in the boreal summer North Pacific Z500 eddy fields from 

SPEAR. (A) Boxplots of the 75th percentile of 500-hPa zonal geopotenital height eddies 

(Z500*) in the Northern Hemisphere midlatitudes (40°-80°N) during the historical and late 21st 

century JJA periods. The medians of the model ensemble distribution are indicated by thin 

orange lines. (B to D) Spatial map of 250-hPa JJA climatological Z500* during the (C) recent 

historical period, (D) late 21st century period under SSP5-8.5, and (E) their differences. In (D), 

only regions where at least 80% of ensemble members agree on the sign of the difference are 

shaded, and yellow box denotes the WNA domain used in this study. Stippling indicates 

statistical significance at the 5% level, evaluated using Welch’s t-test. 

Figure 8. Projected changes in the boreal summer 250-hPa meridional temperature 

gradient from SPEAR. (A) Timeseries of JJA 250-hPa meridional temperature gradient (∆𝑇250) 

measured by the difference in zonally averaged temperature between the high latitudes (60°-

80°N) and low latitudes (20°-40°N). (B) Boxplots of the linear trends in ∆𝑇250 (K per decade) in 

all SPEAR ensemble members during the recent historical period and late 21st century period 

under SSP5-8.5 The medians of the model ensemble distribution are indicated by thin black 

lines. (C to E) Lag composites of detrended 250-hPa zonal-mean temperature anomalies during 

the (C) historical WNA heatwave events, (D) future WNA heatwave events, and (E) their 

differences. In (E), stippling indicates statistical significance at the 5% level, evaluated using 

Welch’s t-test. 

Figure 9. Projected changes in the boreal summer 250-hPa westerly jet stream from 

SPEAR. (A to C) Spatial map of 250-hPa JJA climatological zonal wind during the (C) recent 

historical period, (D) late 21st century period under SSP5-8.5, and (E) their differences. (D to F) 

As in (C to E) but with wind speed equal to or greater than 18 m s−1 over a subdomain (30°-

60°N, 150°E-110°W). In (C) and (F), only regions where at least 80% of ensemble members 

agree on the sign of the difference are shaded. Yellow boxes from (A) to (F) denote the WNA 
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domain used in this study. (G) Latitudinal profile of 250-hPa JJA climatological zonal mean 

zonal wind from the recent historical period (blue) and late 21st century period (red) for the 

ensemble mean (solid line) and individual members (dashed lines). Horizontal lines indicate the 

mean location of the climatological jet from SPEAR ensemble members for both periods (black 

dashed line). (H) Boxplots of climatological jet location and intensity during the two periods. 

The medians of the model ensemble distribution are indicated by thin orange lines, while white 

circles represent outliers.
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