
1. Introduction
Persistent heat extremes can have devastating impacts on ecosystems and society (Garcia-Herrera et al., 2010; 
Shaposhnikov et al., 2014; Wegren, 2011). Thus, it is of great importance to understand the dynamics of these 
events and how they might evolve in warmer climates (Horton et al., 2016; Perkins, 2015). In this article the 
relationship between heat extremes and atmospheric blocking is examined –both in the current climate and in an 
extreme emissions (Hausfather & Peters, 2020) climate model projection of the end of the 21st century.

Atmospheric blocks are large (∼10 6  km 2), persistent (5+ days), quasi-stationary anticyclones (Lupo,  2021; 
Rex, 1950) linked to hazardous weather phenomena. In particular, case studies and global statistical analyses 
have found that blocks can be drivers of persistent heat extremes (Chan et al., 2019, 2022; Pfahl & Wernli, 2012; 
Suarez-Gutierrez et al., 2020; Trenberth & Fasullo, 2012). When colocated with heat extremes, blocked flow can 
generate warmer temperatures through (a) adiabatic compression of subsiding air, and (b) diabatic heating effects 
induced by clear skies (i.e., drying of soil moisture, greater sensible heat flux; e.g., Horton et al., 2016); When 
offset with heat extremes, blocking can also drive temperatures via warm horizontal advection (Pfahl, 2014).

The dominating mechanisms to which blocks drive heat extremes has been found to be regionally dependent 
(Brunner et al., 2018; Pfahl, 2014; Pfahl & Wernli, 2012). For example, northern European heat extremes tend 
to be more colocated with blocking, whereas southern European events tend to be more offset (Pfahl, 2014). 
In recent work, Chan et  al.  (2022) analyzed blocking and heat waves focusing on Euro-Atlantic regions and 
area-averages over the entire Northern Hemisphere (NH) extratropics. Herein, we complement that work with a 
gridpoint-by-gridpoint probabilistic analysis of the colocation of blocking occurrence and extreme heat events 
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throughout the NH extratropics. To do this, we investigate the colocation of blocking and heat extremes in the 
NH—both in current and future possible climates.

On one hand, heat extremes are projected to increase in future climates (Collins et  al.,  2014; Fischer & 
Knutti, 2015); On the other hand, blocking is projected to decrease (Chan et al., 2022; Davini & D'Andrea, 2020; 
Woolings et al., 2018). This then begs the questions: In a warmer climate, does blocking play a less prevalent role 
in driving heat extremes? If so, do the changes have specific regional variability, and will the duration of extremes 
change as well? This paper aims to address these questions as well as document the regional variability of the 
colocation of blocking and heat extremes in the current climate.

2. Materials and Methods
2.1. Reanalysis and General Circulation Models

We focus on NH summer defined as the months of June, July, and August. First, ERA5 reanalysis (Hersbach 
et al., 2020) is used to analyze the colocation of atmospheric blocking and persistent heat extremes from 1980 
to 2014.

Then, the colocation of atmospheric blocking and persistent heat events in a comprehensive general circulation 
model is analyzed. For this, the Geophysical Fluid Dynamics Laboratory's (GFDL) coupled atmosphere-ocean 
model, CM4 (Held et al., 2019), is used. CM4 is part of the Coupled Model Intercomparison Project 6 (CMIP6; 
Eyring et al., 2016). CM4 consists of the GFDL atmosphere model AM4 (Zhao et al., 2018) coupled to the GFDL 
ocean model OM4 (Adcroft et al., 2019). The atmosphere is integrated at roughly 100-km horizontal resolution 
on 33 vertical levels.

Two separate climate simulations are analyzed, one historical and one climate projection. The first climate simu-
lation is a historical integration that includes time-evolving solar irradiance, aerosol precursor emissions, and 
green-house gas concentrations. These features provide realistic forcing conditions and follow CMIP specifica-
tions. The model period spanning 1980–2014 is analyzed and referred to herein as the historical integration of 
CM4 or “Hist.”

To investigate the effects of anthropogenic climate change on blocking and heat extremes, a representative 
concentration pathway 8.5 (RCP 8.5; Riahi et  al., 2011) simulation of CM4 is analyzed. RCP 8.5 assumes a 
continued rise of greenhouse gas emissions throughout the 21st century. RCP 8.5 leads to a radiative forcing of 
8.5 W m −2 by the year 2100. Though this scenario might be unrealistic (Hausfather & Peters, 2020), it is still 
useful in demonstrating physical responses to warming. The analyses in this paper focus on the projection for 
years 2065–2099.

For all analyses in this article daily mean data on 2.0 × 2.5 latitude by longitude grids are used. This resolution 
was chosen due to what was the most readily accessible geopotential height data from the CM4 integrations. 
Although ERA5 data is available at finer resolution, we chose to use ERA5 data on 2.0 × 2.5-degree grids to 
avoid numerical errors if we instead interpolated the CM4 data onto finer grids. The chosen resolution yields 
blocking climatologies and properties consistent with previous studies (Dunn-Sigouin & Son, 2013; Narinesingh 
et al., 2022; e.g., Woolings et al., 2018 and the references therein).

2.2. Block Tracking and Climatology

To identify and track summer blocking, the methodology of Chan et al. (2019) is implemented. This metric is a 
modification of the 500 hPa geopotential height (𝐴𝐴 𝐴𝐴500  ) metric in Dunn-Sigouin and Son (2013). Both versions 
are hybrid metrics, meaning they search for contiguous, positive, high amplitude 𝐴𝐴 𝐴𝐴500  anomalies that also reverse 
the meridional gradient of 𝐴𝐴 𝐴𝐴500  . The modification in Chan et al. (2019), however, is better for summer blocking, 
where both the anomaly amplitude and area thresholds are reduced compared to Dunn-Sigouin and Son (2013). 
Full details of the block tracking algorithm can be found in the Supporting Information S1 section.

To calculate the climatology of blocking, 𝐴𝐴 𝐴𝐴 (𝐵𝐵) , for each timestep, the block tracking algorithm yields binary 
lat-lon grids where ones indicate blocked gridpoints, while zeroes denote no blocking is present. These grids are 
then averaged over all summer timesteps (June, July, August) to yield 𝐴𝐴 𝐴𝐴 (𝐵𝐵) (Figure 1). 𝐴𝐴 𝐴𝐴 (𝐵𝐵) is the percentage 
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of days that a block is present out of all summer days. For example, regions of 𝐴𝐴 𝐴𝐴 (𝐵𝐵) = 20% corresponds to 644 
blocked days out of 3220 total summer days in the 35-year dataset.

2.3. Persistent Extreme Heat Events: Tracking and Block Association

The persistent heat extreme metric described in Chan et al. (2019) is used for the analyses herein. First, a 5-day 
running mean is applied to daily maximum 2-m temperature data, 𝐴𝐴 𝐴𝐴  , yielding the smoothed field 𝐴𝐴 �̃�𝑇  (Equation 1). 
This time-averaging approach filters the temperature field to emphasize persistent events with timescales compa-
rable to blocking (Chan et al., 2019). Then, a 29-day by 11-year running mean, 𝐴𝐴 �̂�𝑇  (Equation 2), is subtracted to 

remove the seasonal cycle and long-term trend. Note, 𝐴𝐴 �̂�𝑇  and 𝐴𝐴 �̃�𝑇  are functions of day, 𝐴𝐴 𝐴𝐴  , and can also be written 

as a function of the corresponding year, 𝐴𝐴 𝐴𝐴  . Subtracting 𝐴𝐴 �̂�𝑇  from 𝐴𝐴 �̃�𝑇  yields the 2 m temperature anomaly field, 
𝐴𝐴 𝐴𝐴

′  (Equation 3). At the data endpoints, all running averages use the data that is available when there are fewer 
elements than the window size.

�̃�𝑇 (𝑑𝑑𝑑 𝑑𝑑) =
1

5

𝑑𝑑+2
∑

𝛿𝛿=𝑑𝑑−2

𝑇𝑇 (𝛿𝛿) (1)

�̂�𝑇 (𝑑𝑑𝑑 𝑑𝑑) =
1
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∑

𝜐𝜐=𝑑𝑑−5

1

29

𝑑𝑑+14
∑

𝛿𝛿=𝑑𝑑−14

�̃�𝑇 (𝛿𝛿𝑑 𝜐𝜐) (2)

𝑇𝑇
′
(𝑑𝑑𝑑 𝑑𝑑) = �̃�𝑇 − �̂�𝑇 (3)

For the analyses in this paper, persistent heat extremes of increasing magnitude are examined by identifying 
timesteps with temperature anomalies exceeding the 80th, 90th, and 99th percentiles. For each magnitude of 
intensity, the conditional probability, 𝐴𝐴 𝐴𝐴 (𝐵𝐵|𝐻𝐻) , is calculated at each grid-cell. 𝐴𝐴 𝐴𝐴 (𝐵𝐵|𝐻𝐻) is defined as the follow-
ing: given a persistent heat extreme, the probability of blocking being colocated in the same gridcell (Figure 1). 
By definition, the climatological frequency of 80th, 90th, and 99th percentile persistent heat extremes are 20%, 

Figure 1. In ERA 5 reanalysis, percent of extreme heat event days on which blocking is colocated with the event (shading), 𝐴𝐴 𝐴𝐴 (𝐵𝐵|𝐻𝐻)  , for (a) 80th, (b) 90th, and (c) 
99th percentile events. Contours indicate the percent of all summer days that are blocked, 𝐴𝐴 𝐴𝐴 (𝐵𝐵)  . The outer contour and contour interval is 5%. Blue stippling indicates 
significant differences between 𝐴𝐴 𝐴𝐴 (𝐵𝐵|𝐻𝐻)  and 𝐴𝐴 𝐴𝐴 (𝐵𝐵)  .
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10%, and 1% everywhere, respectively. Full details for the significance calculations are located in the Supporting 
Information S1.

3. Results
3.1. The Association of Blocking and Heat Extremes in Reanalysis

For this analysis, we will report the results by continental region. Blocking occurs approximately 5%–10% 
of summer days over most of North America (Figure 1). During heat extremes, however, blocking frequency 
increases significantly. During 90th percentile heat extremes, the frequency of blocking increases to 20%–30% 
over central North America and to 30%–50% near the northeastern and northwestern coasts (Figure 1b); For 
99th percentile extreme heat events, blocking frequency increases to 30%–50% and 40%–80%, respectively 
(Figure 1c). In southern Eurasia, blocking frequency ranges from 5% to 10%, and in Northern Eurasia, blocking 
occurs 10%–20%. During 90th percentile heat events, however, blocking frequency jumps to 30%–70% through-
out the continent. For 99th percentile events these frequencies increase by an additional 10%–20%.

Over land, increased heat extreme severity is associated with a greater probability of events being colocated with 
blocking (Figures 1a–1c). A regional variation in the colocation of blocking and heat extremes is also evident. In 
North America, the frequency of heat extremes colocated with blocks maximizes in the northwestern (NW) and 
northeastern (NE) parts of the continent (Figure 1c). In Europe, the colocation of blocking and heat extremes is 
most frequent over northern Europe and less frequent equatorward; This agrees with Pfahl (2014), who found that 
southern European heat extremes tend to be more driven by horizontal advection, matching the lack of colocated 
blocking in the region that we show in Figure 1.

Over the ocean, the colocation of blocking and heat extremes is not as prevalent as over land: 𝐴𝐴 𝐴𝐴 (𝐵𝐵|𝐻𝐻) has values 
of 70%–90% over some land areas, but never reaches above 60% over the ocean. The contrast in block-heat 
extreme colocation over land versus ocean highlights the distinct mechanisms that can drive heat extremes over 
the two surfaces –including ocean advection and heat flux convergence (Oliver et al., 2021).

3.2. Blocking and Heat Extreme Simulation in CM4

The GFDL global climate model, CM4, is able to reproduce the spatial structure of the blocking climatology 
found in reanalysis (Figure 2). The blocking climatology features a bimodal spatial distribution with maxima near 
Alaska and Greenland, consistent with previous findings (e.g., Woollings et al., 2018). No significant blocking 
biases over North America and Northern Eurasia occur in CM4. However, near southern Europe and extending 
eastward into the western Pacific there is more blocking in the model than reanalysis.

Figures 2b and 2c shows the percentage of extreme heat events that are colocated with blocking. The model 
demonstrates similar event association compared to reanalysis. CM4 captures the properties that: (a) as the sever-
ity of heat threshold is raised, more heat events are colocated with blocking—that is, it captures a positive rela-
tionship in 𝐴𝐴 𝐴𝐴 (𝐵𝐵|𝐻𝐻) with respect to increased heat extreme threshold, and (b), more heat events over land are 
colocated with blocking as compared to over the ocean. The regional variation in heat extreme and blocking colo-
cation is also captured by CM4 (Figures 1, 2b, and 2c). For example, the northeastern and northwestern  coasts of 
North America have greater colocation of heat extremes and blocking compared to central parts of the continent. 
In addition, CM4 also simulates that heat extremes over Scandinavia are most colocated with blocking compared 
to the rest of Eurasia.

Overall, CM4 reproduces the frequency of blocking over North America and northern Eurasia but deviates for 
southern Eurasia. Nonetheless, CM4 produces a similar association of heat extremes with atmospheric blocking 
compared to reanalysis. Next, we investigate the model's simulation of blocking and heat extremes in the RCP 
8.5 climate scenario.

3.3. End of 21st Century in RCP 8.5: Historical 90th Percentile Versus Mean State Warming

For our analysis of model output from the forced climate simulation, the first question we address is: How does 
the 90th percentile temperature anomaly in the historical climate compare to the magnitude of mean state warm-
ing in the RCP 8.5 simulation?
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Figure 3a shows the difference in the summer surface temperature climatology between the RCP 8.5 and histor-
ical CM4 integrations; Figure 3b shows the 90th percentile anomaly used to define extreme heat events in the 
historical integration, 𝐴𝐴 𝐴𝐴90thHist. ; Figure 3c then shows the difference between the two. Throughout most of the NH 
midlatitudes, RCP 8.5 mean state warming exceeds 𝐴𝐴 𝐴𝐴90thHist. (Figure 3c).

Consistent with this mean state warming, and other climate projection studies (e.g., Horton et al., 2016), temper-
atures exceeding the 90th percentile of the historical climate occur more often in RCP 8.5. To deduce this, we 
calculate temperature anomalies in RCP 8.5, 𝐴𝐴 𝐴𝐴

′∗

RCP 8.5
 , with respect to the historical climate, inherently including 

the mean-state warming between the integrations. Specifically, 𝐴𝐴 𝐴𝐴
′∗

RCP 8.5
 (Equation 4) is calculated by subtracting 

the mean state of the historical integration, 𝐴𝐴 �̂�𝑇Hist. , from the time-filtered surface temperature field in RCP 8.5, 
𝐴𝐴 �̃�𝑇RCP 8.5 (as defined in Equation 1).

𝑇𝑇
′∗

RCP 8.5
= �̃�𝑇RCP 8.5 − �̂�𝑇Hist. (4)

Then, at each gridpoint, 𝐴𝐴 𝐴𝐴90thHist. (Figure 3b) is compared to distributions of 𝐴𝐴 𝐴𝐴
′∗

RCP 8.5
 , determining how 𝐴𝐴 𝐴𝐴90thHist. 

ranks amongst events in RCP 8.5 (Figure 3d).

Over midlatitude oceans, 𝐴𝐴 𝐴𝐴90thHist. is now between the 0–5th percentile in RCP 8.5. This means that in RCP 8.5 
temperatures exceed the 90th percentile in the historical climate nearly all of the time. The one exception to this is 
in the North Atlantic, where 𝐴𝐴 𝐴𝐴90thHist. corresponds to only the 30–35th percentile in RCP 8.5, consistent with this 
region being where mean-state warming minimizes (Figure 3a). Still, for most of the ocean, future temperatures 
are projected to exceed the historical 90th percentile temperature all of the time (Figure 3d). Part of this is due to 
the small range of variability in ocean surface temperatures in the current climate, however, the fact remains that 
the mean state warming exceeds present day variability for these regions.

Over land, there is some regional variation in the rank of the historical 90th percentile in the RCP 8.5 climate 
(Figure 3d): (a) central North America drops to the 30–50th percentile while the rest of the continent mostly 
sees a drop to the 0–30th percentile. (b) In western and northern Europe, there is a drop to 0–40th percentile 

Figure 2. (a) Difference in blocking climatology, 𝐴𝐴 𝐴𝐴 (𝐵𝐵)  , CM4 historical minus ERA5 reanalysis (shading). 𝐴𝐴 𝐴𝐴 (𝐵𝐵)  in ERA5 reanalysis is shown in contours with outer 
contour and contour interval of 5%. (b, c) In CM4's historical integration, percent of extreme heat event days that include blocking (shading), 𝐴𝐴 𝐴𝐴 (𝐵𝐵|𝐻𝐻)  , for (b) 90th and 
(c) 99th percentile events. 𝐴𝐴 𝐴𝐴 (𝐵𝐵)  in CM4 Hist. is shown in contours. Blue stippling indicates significant differences between (a) 𝐴𝐴 𝐴𝐴 (𝐵𝐵)  between ERA5 and CM4 Hist., 
and (b, c) 𝐴𝐴 𝐴𝐴 (𝐵𝐵|𝐻𝐻)  and 𝐴𝐴 𝐴𝐴 (𝐵𝐵)  in CM4. Hist. for 90th and 99th percentile heat events, respectively.
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but over the Eurasian Steppe only 50–60th. Still, all places over land show a drop to 60th percentile or lower. In 
other words, what was once considered the minimum for the top 10% of temperatures in the historical climate, 
becomes closer to the norm in the RCP 8.5 projection. This increased occurrence of temperatures exceeding the 
historical 90th percentile can be interpreted as a shift of the entire distribution (not shown) to warmer tempera-
tures –leading to a much warmer climatology (Figure 3a), which is consistent with previous findings (Schneider 
et al., 2015).

3.4. RCP 8.5 Heat Extremes: Changes in Block Colocation and Heat Extreme Duration

3.4.1. Blocking Climatology and Block-Heat Extreme Colocation

Next, we use the RCP 8.5 integration to examine atmospheric blocking and the colocation of heat extremes in a 
warmer world. In observations and CM4's historical simulation, we saw the strongest heat events had increased 
likelihood to be colocated with blocking (Figures 1 and 2). As such, we now turn our attention to the strongest 
events in the warmer, RCP 8.5 climate.

In this case, because our focus is on circulation and temperature anomalies, we now switch to define our RCP 8.5 
heat extremes using anomalies, 𝐴𝐴 𝐴𝐴

′

RCP 8.5
 (Equation 5), with respect to the RCP 8.5 mean state, 𝐴𝐴 �̂�𝑇RCP 8.5. .

𝑇𝑇
′

RCP 8.5
= �̃�𝑇RCP 8.5 − �̂�𝑇RCP 8.5. (5)

Figure 3. (a) Difference in summer mean surface temperatures in RCP 8.5 and the historical CM4 integrations. (b) Anomaly threshold for 90th percentile extreme heat 
events in the CM4 historical integration. (c) Difference between plots (a, b). Blue stippling denotes significant differences. (d) The percentile that (b) corresponds to in 
RCP 8.5.
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This allows to us to make a comparison between the occurrence of blocking during heat extremes in two differ-
ent climates. We note, blocking is also defined with respect to a climatology, and we use historical and RCP 8.5 
climatologies to define the historical and RCP 8.5 blocks, respectively.

Blocking is found to decrease throughout the hemisphere (Figure 4a), consistent with previous findings (Chan 
et al., 2022, e.g., Woollings et al., 2018). The regions in which decreased blocking are statistically significant are 
near the western and eastern coasts of North America, as well as eastern Asia –regions where blocking occurs 
nearly half as frequently in the last 35 years of the 21st century. Decreases in blocking are found to be robust 
to changes in the criteria used in the identification algorithm, such as: removing the block tracking criteria of a 
gradient reversal; and, separately, increasing anomaly and area thresholds as in Dunn-Sigouin and Son (2013).

As with blocking itself (Figure 4a), the colocation of blocking and persistent heat extremes decreases in RCP 
8.5 (Figures 4b and 4c). We find that regions of decreased block-heat extreme colocation correspond to regions 
of significant reduction in blocking (Figure 4a). For 90th percentile events, colocation with blocking decreases 
10%–30% (Figure 4b); For 99th percentile events, colocation is reduced by 20%–40% (Figure 4c). Thus, 𝐴𝐴 𝐴𝐴 (𝐵𝐵|𝐻𝐻) 
in RCP 8.5 becomes nearly half as probable as in the historical climate (Figures 2b and 2c). This is consistent 
with the findings of Chan. et al. (2022), who found heat extremes over land in RCP 8.5 to be less correlated with 
blocking across CMIP6 models. Together, our findings along with Chan et al. (2022) suggests that at the synoptic 
scale of the atmosphere (∼1,000 km), the physical mechanisms important for persistent heat extremes in RCP 8.5 
differ from the historical climate.

Figure 4. (a) Difference in the blocking climatology, 𝐴𝐴 𝐴𝐴 (𝐵𝐵)  , for CM4 RCP 8.5 minus CM4 historical (shading). 𝐴𝐴 𝐴𝐴 (𝐵𝐵)  in CM4 historical (contours). Outer contour and 
contour interval is 5%. (b, c) Difference in percent of heat extreme days that include blocking, 𝐴𝐴 𝐴𝐴 (𝐵𝐵|𝐻𝐻)  , CM4 RCP 8.5 subtracting CM4 historical (shading) for (b) 90th 
and (c) 99th percentile heat events. (d) Difference in average duration of 90th percentile heat events in RCP 8.5 and the historical integration. Blue stippling denotes 
significant differences between the quantities being compared in each panel. Note, there is a difference in color axes between (b, c).
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3.4.2. 90th Percentile Heat Extreme Duration

To get a sense of how heat extremes may change as a result of decreased colocated blocking, heat extreme dura-
tion is examined. At each grid point heat extremes are grouped into separate continuous events. Heat extreme 
duration is classified as the number of successive days in which the temperature anomaly exceeds the 90th 
percentile. Note, the 5-day running mean at the beginning of the anomaly calculation smooths out any 1–3-day 
spikes or dips in the 2-m temperature field. Then, the average duration of all heat extremes at a gridpoint is calcu-
lated. Figure S1 in Supporting Information S1 shows average duration at each grid point for each model.

Over land, with the exception of a few places in East Asia, no significant differences in 90th percentile heat 
extreme duration are found between RCP 8.5 and Hist. (Figure 4d). This is despite decreases in colocated block-
ing (Figures 4a and 4b). Though there is some suggestion that heat extreme duration increases over midwestern 
North America, these changes are insignificant by the standards set here.

On the other hand, over ocean, heat extreme duration does change in certain regions. Over the north Pacific 
and parts of the north Atlantic basins, there are significant increases in duration even though blocking generally 
decreases in this regions.

Taken together, the results over land and ocean suggest that the colocation of blocking does not have a strong 
control on heat extreme duration in RCP 8.5. In addition, it is important to note that although 90th percentile heat 
extremes over land in RCP 8.5 are generally not more persistent than in the historical climate, events that would 
be considered extreme in the historical climate now become the norm in RCP 8.5 (as discussed with Figure 3).

4. Discussion and Conclusions
In this analysis, the colocation of persistent heat extremes and atmospheric blocking is investigated for the current 
climate and a high-emissions, end of 21st century projection. Focusing first on the current climate, it is found 
that the stronger heat extreme, the higher the likelihood of it being colocated with blocking (Figure 1), and the 
colocation of heat extremes and blocking shows strong regional variation: (a) In North America, event colocation 
maximizes in the northeastern and northwestern parts of the continent, and minimizes near the center (Figure 1), 
(b) In Eurasia, event colocation is greater in the northern sectors of the landmass compared to the south.

These findings in Eurasia agree with Pfahl (2014), who finds that over northern Europe, heat extremes tend to 
be more colocated with blocking and thus are more likely to be maintained by subsidence and radiative effects; 
While over southern Europe, heat extremes are associated with warm horizontal advection induced by strong 
anticyclonic flow to the northeast.

Taken together, our results and Pfahl's work suggest that over northeastern and northwestern North America, 
where block-heat extreme colocation is most prevalent (Figure 1), subsidence and radiative effects could be the 
key drivers of heat extremes. Furthermore, over central North America, where block-heat extreme colocation 
minimizes, events may be more driven by horizontal advection or other effects. To further investigate this, future 
work could examine the advective and diabatic terms of the near-surface temperature tendency (a technique 
explored in Nabizadeh et al., 2021) from region to region. This would be especially helpful for North America, 
which is much less studied compared to Europe.

In reanalysis data, we also find that block-heat extreme colocation is more prevalent over land than it is over 
ocean. This result emphasizes the fact that over the ocean, ocean circulation also plays an important role in 
generating heat events –in addition to the atmosphere (e.g., Oliver et al., 2021). For example, although blocking 
circulation can create conditions conducive to strong sensible and shortwave heat fluxes into the ocean, ocean 
circulation can counteract this via anomalous horizontal advection or upwelling of colder water. Furthermore, 
over land net cooling reduction from soil moisture depletion plays a role not found over ocean.

We then go on to examine heat extremes and blocking in NOAA GFDL's CM4 for a historical simulation and an 
end of 21st century climate projection (RCP 8.5). In the historical simulation, CM4 captures the regional varia-
tion in block and heat extreme colocation, as well as increased colocation for more severe extremes (Figure 2). 
This agreement shows that the model reproduces the various atmospheric circulation patterns that drive heat 
extremes throughout different regions, as well as the subsequent anomalous temperatures.

In the RCP 8.5 projection, temperatures exceeding the historical 90th percentile threshold are much more prev-
alent: over land the historical 90th percentile temperature becomes 0–60th percentile and 0–30th percentile over 
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ocean (Figure 3d). This means that by the end of the RCP 8.5 21st century, temperatures in the top 10% of 
all summer days in the historical climate, now occur regularly, around 30%–100% of the time, everywhere. 
This increased probability of warm events is primarily due to changes in the mean state temperature rather than 
changes in synoptic scale dynamics, consistent with previous findings (Chan et al., 2022; Schneider et al., 2015). 
We also note that the magnitude of increased likelihood varies from region to region, perhaps indicative of circu-
lation changes.

On the other hand, blocking is projected to decrease, as is the colocation of blocking and heat extremes. This 
is consistent with recent findings by Chan et al., 2022, who also found less blocking and block-heat extreme 
association, but increased heatwave occurrence driven primarily by mean state warming. Decreases in block-heat 
extreme colocation could point to changes in the dominating mechanical and thermodynamic drivers of persistent 
heat extremes in a warmer world. For example, where more colocated events were driven by clear sky diabatic 
effects and warming via the compression of subsiding air, perhaps in the future, warm horizontal advection could 
play a more major role when blocks are not as colocated (Pfahl, 2014).

One could argue that in a warmer world, the decrease in blocking could actually be a benefit because the circu-
lation patterns that typically drive persistent heat extremes occur less often. However, we find that this decrease 
does not matter. In this high-emissions scenario the duration of extreme heat events remains mostly unchanged 
over land (Figure 4d), and the mean state temperature becomes so much warmer that temperatures that were once 
considered extreme in the historical climate, now become close to average in RCP 8.5 –regardless of blocking 
circulation.

That being said, it is important to note that RCP 8.5 might be a worst-possible case for a forcing scenario 
(Hausfather & Peters, 2020) and open questions still remain on whether or not warming simulations accurately 
capture changes in the physical properties of blocking (e.g., Woollings et al., 2018). Still, the present study is 
useful in understanding the response of blocking and heat extremes to a warmer climate in general, and also 
discerning signal to noise in similar experiments utilizing more realistic end of 21st century forcing.

Data Availability Statement
ERA5 reanalysis data can be downloaded from the European Center for Medium Range Weather Forecasts (https://
www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5). Data from GFDL CM4 can be downloaded from 
The World Climate Research Programma Coupled Model Intercomparison Project 6 webpage (https://esgf-node.
llnl.gov/search/cmip6/).
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