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Quantifying the physical processes leading 
to atmospheric hot extremes at a global scale

Matthias Röthlisberger�  �   & Lukas Papritz�  �

Heat waves are among the deadliest climate hazards. Yet the relative 
importance of the physical processes causing their near-surface 
temperature anomalies (��)—advection of air from climatologically warmer 
regions, adiabatic warming in subsiding air and diabatic heating—is still a 
matter of debate. Here we quantify the importance of these processes by 
evaluating the �� budget along air-parcel backward trajectories. We �rst 
show that the extreme near-surface �� during the June 2021 heat wave in 
western North America was produced primarily by diabatic heating and, 
to a smaller extent, by adiabatic warming. Systematically decomposing �� 
during the hottest days of each year (TX1day events) in 1979–2020 globally, 
we �nd strong geographical variations with a dominance of advection 
over mid-latitude oceans, adiabatic warming near mountain ranges and 
diabatic heating over tropical and subtropical land masses. In many regions, 
however, TX1day events arise from a combination of these processes. In 
the global mean, TX1day anomalies form along trajectories over roughly 
60�h and 1,000�km, although with large regional variability. This study thus 
reveals inherently non-local and regionally distinct formation pathways of 
hot extremes, quanti�es the crucial factors determining their magnitude 
and enables new quantitative ways of climate model evaluation regarding 
hot extremes.

Atmospheric hot extremes such as the record-shattering heat wave 
during late June 2021 in the Pacific Northwest 1–3 (PNW heat wave) 
regularly claim large numbers of lives, threaten ecosystems and dis -
rupt economic activities 1,4,5. The number and severity of heat waves 
will increase globally in response to global warming 6 with expected 
severe impacts on human health 7–9. The socioeconomic relevance of 
hot extremes is thus more than obvious and mandates the scientific 
community to provide a quantitative understanding of the relevant 
physical processes involved in their formation. This process under-
standing is a prerequisite for evaluating climate models with regard 
to their ability to realistically reproduce heat-wave characteristics 10, 
as well as for developing physically plausible storylines of heat waves 
and their impacts in a future climate 11–13.

Existing literature has identified three physical processes that 
contribute to the formation of atmospheric hot extremes: temperature 
advection (transport of air from climatologically warmer regions to 

colder regions 14–16), adiabatic compression and subsequent warm -
ing in subsiding (descending) air 17–20 and diabatic heating of air near 
Earth’s surface through surface sensible heat fluxes and turbulent and 
convective mixing 21–28. Importantly, however, no consensus has been 
reached so far about the relative importance of these three processes 
for atmospheric hot extremes at a global scale 19,25,29. Rather, individual 
studies have focused on one particular process 14,15,21,24, individual case 
studies 21–24,28 or hot extremes in selected regions 17–19,26, leading to diverg -
ing results regarding the relative importance of the processes.

In this Article, we quantify the contributions of horizontal 
temperature advection, adiabatic warming and diabatic heating to 
near-surface temperature anomalies during the hottest day of each year 
in 1979–2020 (TX1day events) at each location on the globe. To this end, 
a new diagnostic based on kinematic air-parcel trajectories is employed. 
The diagnostic makes use of the Lagrangian temperature-anomaly 
equation (see Methods for its derivation from the thermodynamic 
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T� contributed positively with larger magnitude than the advective 
T� (more than 6�K in vast regions in the northwestern United States 
and British Columbia). Finally, the diabatic T� was clearly dominant in 
regions of largest T� and exceeded 16�K at some grid points.

Focusing on backward trajectories started within the heat-wave 
region (defined here by the 12�K contour in Fig. 1a) at times tX between 28 
and 30 June 2021, we next elucidate the Lagrangian formation pathway 
of the respective temperature anomalies (see Supplementary Text 1 for 
more details). The mean age and formation distance of these anomalies 
were 161�h and 3,834�km, respectively, and most of their genesis points 
were located over the central North Pacific (Supplementary Fig. 2). 
After anomaly genesis, the bulk of the air parcels tracked northwards 
into an amplifying ridge between roughly six and four days before 
tX, and thereby increased their T � predominantly through advective 
T� (Fig. 1e,f and Supplementary Video 1). Between four and two days 
before tX, most of the air parcels moved onshore, which reduced their 
advective T� (by moving to a climatologically warmer region). At the 
same time, however, the air parcels also started gaining diabatic T � 
such that their T� still increased (Fig. 1f ). In the final two days, most air 
parcels gained further diabatic T �, descended (generating adiabatic T �) 
and curved anticyclonically towards the south, which consumed nearly 
all remaining advective T � (Fig. 1f). There is large regional variability in 
the processes’ relative importance for the final T � (Fig. 1b–d). Neverthe-
less, averaged across the core heat-wave region, the contributions to T � 
were, respectively, 59.2% diabatic, 37.7% adiabatic and 9.5% advective, 
with a residual of �6.3% (mostly seasonality T�; Extended Data Fig. 1). 
In summary, near-surface temperature anomalies during the June 
2021 heat wave in the PNW formed through a combination of all three 
processes, with substantial contributions of remotely generated T �, 
but in particular in regions of maximum T �, quasi-locally produced 
diabatic T� dominated (Extended Data Fig. 2).

Decomposing TX1day anomalies
We next extend the analysis to a global 42�yr climatology of near-surface 
temperature anomalies during TX1day events, which reveals geographi -
cally strongly varying contributions of the three processes (Fig. 2 ). 
Over the mid-latitude storm-track regions, advective T � exceeds the 
full TX1day anomalies, but is partly offset by negative diabatic T �, while 
the adiabatic T � is small (Fig. 2). Thus, after the respective t g, air parcels 
contributing to TX1day events in storm-track regions move polewards 
across climatological T  gradients (positive advective T �) at near-surface 
levels (small adiabatic T �), and they are cooled diabatically, conceivably 
through radiation and the cool ocean surface underneath. Similarly, 
also over the elevated Greenland and Antarctic ice sheets, advective 
T� dominates, but in contrast to storm-track regions, the adiabatic T� 
is negative, consistent with orographic ascent (Fig. 2).

Adiabatic T� dominates in many regions near major moun -
tain ranges, for example, in Nepal, north of the Tibetan Plateau 
and along the Rocky Mountains (Figs. 2  and 3 and Extended Data  
Figs. 3–5). Hereby, the largest values of adiabatic T� are not collocated 
with orographic peaks but rather occur in their vicinity (Extended Data 
Figs. 3–5). This clear signature of orography in adiabatic T � suggests 
that downslope winds are a key ingredient of TX1day events in many 
regions of the world. Furthermore, adiabatic T � dominates in south-
ern Europe and the Mediterranean, where the summer circulation is 
dominated by anticyclonic conditions and very strong and persistent 
mid-tropospheric subsidence 32. Finally, adiabatic T� also dominates 
TX1day anomalies over subtropical oceans (Fig. 3).

Diabatic T� contributes positively to TX1day anomalies over all land 
regions except for ice sheets. The largest diabatic T� is in many cases 
found over dry regions, for example, in central Asia, Mexico, Argentina 
and western Australia (Fig. 2d), where during TX1day events the avail-
ability of soil moisture and thus latent cooling from evaporation is 
often limited 33. Over most tropical land regions, the diabatic T� is the 
dominant contributor (Fig. 3b ) and is partially offset by advective T� 

energy equation), which quantifies the change in the temperature 
anomaly T� along an air-parcel trajectory and allows attributing these 
changes to the aforementioned processes. In pressure coordinates, 
the equation reads
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where v is the horizontal wind, �È�È�È�Ó�Ó�Ó is the horizontal gradient, 
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�² �`���b�h�f, p is pressure (p0�=�1,000�hPa), �  is the vertical velocity, 

� is the potential temperature and �a is the temperature climatology 
(see Methods for the formal definition of �a used in this study).

Equation (1) allows any temperature anomaly T�(x,t X) at location 
x and time tX to be decomposed into contributions from the three pro -
cesses discussed above, provided one knows the backward trajectory 
(x(t),t) of the air parcel located at x at time t X, as well as the quantities 
appearing on the right-hand side of equation (1 ) along this trajectory. 
To do so, the terms on the right-hand side in equation (1 ) are integrated 
forward in time along the backward trajectory, from the time when the 
temperature anomaly of this air parcel was last zero (the ‘genesis time’, 
tg, of the anomaly T�(x,t X)) until tX, that is,
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Terms on the right-hand side of equation ( 2) denote, respectively, 
T� arising from changes in the temperature climatology over time, T� 
due to horizontal advection of the air parcel across climatological 
temperature gradients, T� generated through vertical motion and 
T� caused by diabatic processes along the trajectory, including sur-
face sensible heat fluxes and turbulence. These terms are hereafter 
referred to as seasonality T�, advective T�, adiabatic T� and diabatic T�, 
respectively. Note that advective T � quantifies T � generated through 
horizontal advection of air parcels across climatological temperature 
gradients between t g and tX and is not to be confounded with transport 
of T� (‘advection of T�’). The seasonality T� is usually small on the time-
scale of the formation of temperature anomalies. The time difference 
tX���t g is hereafter referred to as ‘Lagrangian age’ of the temperature 
anomaly T�(x ,t), and the great circle distance between the location 
where the anomaly genesis occurred (the ‘genesis point’ x(tg)) and x(tX) 
is termed the ‘Lagrangian formation distance’. These two Lagrangian 
parameters, quantified here, provide essential information about the 
spatio-temporal formation of T� in hot extremes.

Using European Centre for Medium-Range Weather Forecasts 
reanalysis ERA5 data30, we first apply equation ( 2) to backward trajec-
tories started on near-surface levels in western North America during 
the PNW heat wave and then quantify the contributions of advective, 
adiabatic and diabatic T� to near-surface TX1day anomalies globally.

The 2021 PNW heat wave
The PNW heat wave peaked during 28–30 June1, and near-surface T� 
averaged across these three days exceeded 12�K in vast parts of west-
ern North America (Fig. 1a). The largest three-day mean T� of +18.4�K 
occurred near Lytton, British Columbia, Canada (cross in Fig. 1a–d), 
where on 29 June, a daily maximum temperature of 49.6�°C was meas-
ured before the town was destroyed in forest fires on 30 June 31. Evaluat-
ing equation ( 2) for backward trajectories from western North America 
reveals that all three processes contributed to T �, albeit with consid -
erable regional differences in the magnitudes of their contributions 
(Fig. 1b–d). The advective T� exceeded 6�K west and north of Vancouver 
Island but was small or even negative where T� was largest. The adiabatic 
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(Fig. 2). That is, after anomaly genesis, air parcels approach the respec -
tive TX1day event location from climatologically colder regions, while 
they are heated diabatically, conceivably through surface heat fluxes. 
Globally over the oceans, however, TX1day air parcels are cooled dia-
batically between the respective anomaly genesis and TX1day event, 
except in some tropical regions with small positive diabatic T � (Fig. 2d).

In many regions, the TX1day anomalies are composed of compa-
rably large contributions from two or even all three processes, without 
one process clearly dominating. For example, in the Canadian and Eura -
sian Arctic as well as at the southern tips of South America and Australia, 
all three processes contribute positively (Figs. 2  and 3). Thus, air parcels 
contributing to TX1day events in these regions experience anomaly 
genesis in climatologically warmer regions, then subside and experi-
ence net diabatic heating en route to the respective TX1day events. Over 
several extratropical land regions and over tropical oceans (orange 
in Fig. 3), the combined effect of adiabatic and diabatic T � generates 
the TX1day anomalies, while advective T’ dampens these anomalies 
(Figs. 2 and 3). Finally, along extratropical coastlines as well as in the 
high Arctic, TX1day anomalies are composed of positive advective and 
adiabatic T� and negative diabatic T �. Note that there is variability in the 
contributions of the three processes across TX1day events at any grid 
point (Extended Data Fig. 6), and hence not all individual events fall 
into the respective category depicted in Fig. 3 .

Age and formation distance of TX1day anomalies
The age of TX1day T� varies by almost an order of magnitude, from 
less than a day to roughly a week (Fig. 4a), with a global mean of 60�h.  

There is no clear land–sea contrast in the age of the anomalies (Fig. 4a), 
and moreover, there is no apparent universal relationship between the 
age, the magnitude of TX1day T� and the dominant contributing process 
for TX1day anomalies. The youngest anomalies are found over tropi -
cal West Africa and Brazil (Fig. 4a), where they form due to diabatic T� 
(Figs. 2 and 3). However, almost equally young TX1day anomalies are 
found over the Southern Ocean, where advective T � is the dominant 
contributor. Likewise, the oldest anomalies occur over the Greenland 
and Antarctic ice sheets (forming through advective T�, with negative 
contributions from adiabatic T�) as well as over eastern Europe, where 
the advective T� is negative and the adiabatic T� is strongly positive.

The formation distance of TX1day anomalies also varies by roughly 
an order of magnitude, from a few hundred kilometres, for example, 
in tropical West Africa, to more than 2,000�km over the Greenland 
and Antarctic ice sheets and the Southern Ocean, with a global mean 
value of 1,145�km (Fig. 4c,d). Thereby, regions with comparatively old 
anomalies also feature rather long formation distances and conversely 
for regions with young anomalies (Fig. 4c,d). A clear exception is the 
Southern Ocean, where TX1day anomalies form rapidly within less than 
two days, but on average over distances exceeding 2,000�km, which is 
in line with generally large wind speeds there.

Lagrangian information is essential for a 
quantitative understanding of hot extremes
The lack of consensus about the physical processes that generate 
atmospheric hot extremes is clearly unsatisfactory given the impacts 
of these events and the prominent role they play in public and political 
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Fig. 1 | 2021 Pacific Northwest heat-wave anomaly decomposition. a–d,T�  
(a), advective T� (b), adiabatic T� (c) and diabatic T� (d) averaged for 28–30 June 
2021. e, The trajectories of air parcels arriving at Lytton (121.5°�W, 50.0°�N, marked 
with a black cross in a–e) during the same period. Trajectories are plotted only 
for trajectory times after the respective anomaly genesis (for trajectory times t 
for which t g���t ) and are coloured according to their respective T � (t). f , Formation 

pathway of T�, averaged for all trajectories arriving within the heat-wave region 
during 28–30 June 2021. Grey shading (left y axis) denotes the fraction of 
trajectories for which t g���t  for each trajectory time t . Coloured lines show the 
evolution of T �, advective T�, adiabatic T� and diabatic T� within these trajectories 
in Kelvin (right y  axis). In each trajectory, all terms are set to zero for trajectory 
times before the respective t g.
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