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Abstract.

Studying the spatial extent of heat extremes is essential to understand their impacts and physical mechanisms. Although
some studies have examined the structure and extent of heat extremes at the surface, few have quantified their horizontal and
vertical spatial extent and analyzed their variations with characteristics of heatwaves such as intensity and location. Here, we
propose a global and systematic description of the three-dimensional structure of temperature anomalies during surface heat
extremes using ERAS reanalysis data. This is achieved by performing a percentile-based contour-stacking algorithm on the
daily mean temperature anomaly field to obtain a representation of the three-dimensional structure of temperature anomalies in
the troposphere. We characterize this structure in terms of area, intensity and geometry. We find that near-surface heat extremes
have a relatively uniform average area globally, corresponding to the area covered by a circle with a radius of 800 km, although
with important geographical variations. The intensity and area of temperature anomalies decrease with height, but much faster
in the tropics than in the extratropics. The shape of temperature anomalies at all levels is not circular and is better described
by an ellipse with an axis ratio of 0.5-0.6. These ellipses have a systematic preferential orientation that depends mostly on
latitude and topography. Tropical temperature anomalies are zonally oriented, but the orientation leans poleward towards higher
latitudes, following the direction of anticyclonic wave breaking. Although there is a robust positive correlation between the
intensity and the spatial extent of heat extremes in the mid-troposphere, this relationship is more complex and weaker at the
surface. We finally advocate against the image of a “heat dome” to describe the vertical structure of temperature anomalies

associated to surface heat extremes.

1 Introduction

One of the main consequences of the on-going anthropogenic global warming is the near-ubiquitous increase in the intensity
and frequency of extreme heat events (Seneviratne et al., 2021). As a consequence, significant efforts have been made to
better understand the physical mechanisms that lead to surface heat extremes (Barriopedro et al., 2023; Domeisen et al.,
2023), especially in the mid-latitudes. Generally, temperature anomalies arise from three categories of physical processes
(Rothlisberger and Papritz, 2023): advection from climatologically warmer or colder regions, adiabatic warming or cooling by
vertical motions, and diabatic changes of (potential) temperature via various processes such as turbulent surface heat fluxes,

radiation and latent heat release from water vapor condensation. There are significant regional differences in the contribution
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of these processes to surface heat extremes (Rothlisberger and Papritz, 2023; Mayer, 2025), especially between climatological
zones and between land and oceans. From an Eulerian point of view, surface heat extremes in the mid-latitudes arise mainly
as a result of the synoptic circulation: strong anticyclones in the mid- to upper-troposphere favor subsidence and clear skies,
leading to enhanced surface heating (Barriopedro et al., 2023). Elucidating the physical mechanisms explaining the formation,
persistence and/or recurrence of upper-level anticyclones in conjunction with surface heatwaves remains an active area of
research (Kornhuber et al., 2017; Rothlisberger et al., 2019; Zschenderlein et al., 2020; Lembo et al., 2024). The dynamics of
Rossby waves (Wicker et al., 2024) and their interaction with large-scale topography (Jiménez-Esteve et al., 2022; Jiménez-
Esteve and Domeisen, 2022; Tan et al., 2024) has been outlined as a key mechanism for explaining upper-level synoptic
dynamics during heatwaves. Land-atmosphere coupling also plays a central role in the intensification of heat extremes, through
soil desiccation and the partition of energy fluxes from latent to sensible heat fluxes in the boundary layer (Seneviratne et al.,
2010; Wehrli et al., 2019; Miralles et al., 2019). More localized heat extremes can also be formed under the influence of large-
scale topography through adiabatic warming of downward-moving air masses through foehn effects (Elvidge and Renfrew,
2016; McGregor, 2024).

In polar regions, upper-level anticyclones are also prevalent during heat extremes (Papritz, 2020), but case studies have
shown that advection of warm and moist air likely plays the major role in eroding the climatological near-surface temperature
inversion (Blanchard-Wrigglesworth et al., 2023; Wille et al., 2024). Finally, in equatorial regions, heat extremes occur when
moist convection is suppressed, because of reduced soil moisture and humidity in or dry air entrainment above the boundary
layer (Joshi et al., 2008; Byrne, 2021; Zhang et al., 2021; Costa et al., 2022; Duan et al., 2024). In the subtropics, heat extremes
can also be induced at the synoptic scale by approaching tropical cyclones along coastal areas, where peripheral downdrafts
suppress convection, leading to strong radiative heat fluxes and promoting adiabatic heating through air subsidence (Zhang
et al., 2024).

Despite substantial, systematic and global investigations of the processes leading to surface heat extremes, there have been
much fewer investigations of the entire vertical structure of the atmosphere during these extremes. This comes as a surprise
given that (i) the physical mechanisms occurring on the vertical dimension are fundamental to the coupling between the
synoptic dynamics and the surface extremes (O’Gorman and Schneider, 2009; Zhang and Boos, 2023), and (ii) there are
indications of substantial vertical variability in these mechanisms (Zschenderlein et al., 2020; Neal et al., 2022; Schumacher
et al., 2022; Oertel et al., 2023; Hotz et al., 2024). Recent studies have hypothesized that the vertical structure of temperature
may be important to explain the intensity of very intense extremes (Zhang and Boos, 2023; Nicolas and Hotz, 2026). Miralles
et al. (2014) showed, for two case studies of very intense heatwaves, that the vertical dimension can act as a heat storage during
the night, which re-enters the BL during the day. Brunner et al. (2016), Brunner and Steiner (2017) and Nabizadeh et al. (2021)
found vertically deep positive temperature anomalies inside summer anticyclones associated with heatwaves, similar to model
results (Noyelle et al., 2025). Zhang and Boos (2023) put light on the importance of the vertical dimension for heat extremes by
proposing that, similar to the tropics, the surface intensity of mid-latitude heat extremes is constrained by moist convection and
upper-level environmental conditions. This ignited interest in evaluating the merits and limits of this approach for understanding

and constraining surface heat extremes (Duan et al., 2024; Li and Tamarin-Brodsky, 2026; Nicolas and Hotz, 2026; Noyelle



65

70

75

80

85

90

https://doi.org/10.5194/egusphere-2026-5697
Preprint. Discussion started: 15 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

et al., 2026). Using a Lagrangian approach on three case studies of record-breaking events, Hotz et al. (2024) found vertically
deep temperature anomalies but with varying importance of associated physical mechanisms from one event to another. Lhotka
and Kysely (2024) investigated systematically European atmospheric heat extremes based on whether they occur at the surface,
in the mid-troposphere, in the high-troposphere or throughout the vertical profile. Subsequent works used the same approach to
investigate the link between heatwaves at different levels and the atmospheric circulation (Poppova et al., 2026) and evaluate
regional models (Plavcova et al., 2025). Hotz et al. (2026) is the only global study to have looked systematically and globally at
the vertical profile of temperature anomalies during surface heat extremes, showing that the vertical profiles cluster into three
climatological zones (polar, mid-latitude and equatorial regions) corresponding to distinct shapes of the temperature anomalies
profiles. However, this study also did not consider the horizontal dimension of heat extremes.

A few studies have proposed methods to quantify the horizontal extent of heat extremes and their spatial or temporal vari-
ations (Lyon et al., 2019; Cebridn et al., 2022; Luo et al., 2022; Happé et al., 2024), although they are often confined to the
surface or take into account the vertical dimension only through one mid- or upper vertical level (usually at 500 hPa). As a con-
sequence, most of what is known about the three-dimensional, i.e., combined vertical and horizontal, structure of temperature
anomalies during heat extremes is based so far on case studies only.

This study aims to systematically and globally describe the three-dimensional structure of temperature anomalies during

surface heat extremes and quantify their size and geometry. In particular, we address the following three questions:

1. What are the typical area, shape and orientation of temperature anomalies across the troposphere during surface heat

extremes?
2. How do these characteristics vary geographically?
3. How do these characteristics relate to the intensity of surface heat extremes?

The paper is organized as follows. In Sect. 2 we detail the data used, the computation of the temperature anomalies, and the
detection and stacking algorithm. In Sect. 3 we present the results obtained. The results and the limitations of the algorithm are

discussed in Sect. 4. Finally, we present the conclusions reached in Sect. 5.

2 Data and methods
2.1 Reanalysis data and temperature anomaly computation

Throughout the paper, we use the three-dimensional (3D) temperature data from the ERAS5 global reanalyses from the European
Centre for Medium-Range Weather Forecasts (ECMWF) over the period 1951-2023 (Soci et al., 2024). We use 3D daily mean
temperature and surface daily maximum temperature with a 0.5 degree resolution horizontally. Vertically, we select all data
from hybrid sigma-pressure levels {k|137 > k > 80}, which correspond to pressure levels between approximately 1000 hPa
and 260 hPa, covering most of the troposphere. For simplicity, we call them “model levels” in the following. All computations

are first performed on model levels and then converted to pressure using 1000 hPa as a surface pressure reference. This choice
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Figure 1. Example of the heat cell identification procedure for a heat extreme event on 28 August 1964 over Central Europe. (a) Daily

mean temperature anomaly 7" at the lowest model level. (b) Corresponding 95th percentile contour (red), defining the surface “heat cell”,

least-square fit of an ellipse (orange) on the heat cell contour and corresponding shape parameters: semi-major axis a, semi-minor axis b, and

orientation angle 6 with respect to the hemispheric pole. (¢) Associated mid-tropospheric heat cell contour (light-blue) overlapping with the

search area (shaded), centered at the centroid (red dot) of the surface heat cell (red). (d) 3D schematic of the heat cell contour stack produced

by the stacking algorithm, with the red dots denoting surface grid points experiencing a TXx event. Only 5 levels are shown for illustration.
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Figure 2. Vertical distribution of the number of identified heat cells. Fraction of the number of heat cells with respect to the surface heat
cell sample size at (a) 300 hPa and (c) 750 hPa. (b, d) Corresponding zonal means for land and sea grid points. (e) Total sample size of the

surface heat cells and (f) its zonal mean.

was made for visualization purposes. In the following, we group the vertical levels into lower (1000-900 hPa), mid- (750-

550 hPa) and upper troposphere (400-300 hPa) using this reference pressure. This is done using a fixed range of model levels
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for each category, and the corresponding pressure range thus reflects a typical range for ocean grid points. For high elevation
grid points, these ranges of pressure do not represent the actual range of pressures.

Temperature anomalies are computed analogously to Rothlisberger and Papritz (2023). We first compute a moving climatol-
0gy Teiim as the average of the daily mean temperatures over a centered window of 21 days and 9 years at each day, grid point

(i,7), and vertical level k. We then obtain the temperature anomaly 7" as the difference with the absolute temperature:

T'(i,5,k) =T(i,§,k) — Tetim (i, 5, k). (1)

This computation of the temperature anomalies is assumed to remove both the seasonal cycle and the long-term drift due to
anthropogenic global warming.

The ERAS data set tends to underestimate near-surface maximum temperatures and thus introduces potential bias in the
quantification of the intensity of heat extremes at the surface (Lopes et al., 2024). Given that we work mainly with daily-
average temperature fields and that ERAS is known to have good performance in representing atmospheric features at synoptic
scales, i.e., at the scales of typical heat extremes (Soci et al., 2024), this bias should not impact our analyses. We thus consider

that ERAS well represents the temperature anomaly field during heat extremes in the following.
2.2 Finding vertical temperature anomaly stacks

To obtain a representation of the 3D temperature anomalies associated with a surface heat extreme, we start with the lowest
model level. We consider a grid point to be part of a heat extreme if its daily mean temperature anomaly is higher than the local
95th climatological quantile. For each grid point (3, j), vertical level k, and day of the year, we estimate the 95th climatological
quantile Té% of the distribution of temperature anomalies 7" within a 21-day-of-year centered window and across all years
considered (1951-2023), i.e. 1533 data points.

We use the marching square algorithm (Maple, 2003) from Python’s ContourPy library to generate contours that enclose the
area formed from grid points that are part of a heat extreme (i.e., with 7" above the 95th quantile). This contour is represented by
a series of n coordinate vertices of the grid: {(\;,¢;)}, where A stands for longitude and ¢ for latitude. We call the contiguous
area formed from the collection of heat extreme grid points a “heat cell”. The boundary of this area — i.e. the polygon
{(N\i, i)}~y — is called a “heat cell contour”. To handle contours crossing the International Date Line, the computation is
done on a longitudinally-extended global grid such that the longitude values stay continuous at the date line.

We proceed to implement a number of criteria to filter surface heat cell contours. First, we impose that every heat cell
contour should be a closed contour on the Earth’s surface by checking that the starting coordinate vertex is the same as the
ending coordinate vertex (i.e. Ay = A, and 1 = ¢, ). Second, we check whether a heat cell contains at least one grid point
with an annual maximum 2-meter temperature (TXx) event that occurs on the same day. This is done to ensure that we do not
select extremes in the cold season. In addition, we impose a minimum and maximum heat cell area to constrain the physical
scales of the heat cells, see below for how we compute the area of a heat cell. We discard heat cells that have an area A

below A, i, = 31415 km? (equivalent radius of r 4 = 100 km, see below) or above A, = 1.9 x 107 km? (equivalent radius
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of 7 4 = 2500 km) in order to filter out highly localized temperature anomaly spikes and large-scale atmospheric systems that
generate large regions of positive temperature anomalies that are not associated with surface heat extremes. The choice of the
minimum and maximum area values is discussed in Sect. 4 and does not impact our results in any major way. Figure 1a shows
an example of a surface temperature anomaly map over Europe, and Fig. 1b shows the corresponding heat cell contour at the
surface.

Once heat cells have been identified on the lowest model level, we proceed to search for the vertical temperature anomaly
structure. We use temperature anomaly fields at the other model levels to find heat cells above the surface. We then stack heat
cells that are considered to be part of the same heat extreme together. We call such a vertical ensemble of heat cells a “heat cell

stack”. The stacking algorithm proceeds as follows:

— Step 1: We consider the centroid c of the surface heat cell contour, defined as:

c:= (Ao, pe) = (7112)\“ rlzz%> (2)
i=1 i=1

We define a search area with a 500 km radius (hereby named R¢q.cr) around this centroid (shaded geodesic circle with
green perimeter in Fig. 1c) to be used for the search of heat cell contours at the vertical levels above. The computations
are also done on a longitudinally-extended grid to handle centroid calculation of contours crossing the International Date

Line.

— Step 2: For each model level k, we search for heat cell contours similarly to the lowest model level. At each vertical
level, a heat cell contour is considered to be associated with the same heat extreme as the surface heat cell contour if it
is found to overlap with the search area defined around the centroid, i.e. when the heat cell contour has at least one grid
point that is inside the search area. An example of this overlap is illustrated in Fig. 1c, where the cyan contour overlaps
the search area centered at the centroid of the surface contour (red contour). The reason for defining a search area instead

of directly checking for contour overlaps is discussed in Sect. 4.

— Step 3: We group all the heat cell contours found at each vertical level together with the original surface heat cell contour
to form a “heat cell contour stack” (Fig. 1d). This resulting contour stack is therefore the discretized representation of

the 3D volume of temperature anomalies associated with a surface heat extreme.

Intense and persistent heat extremes are more likely to be associated with barotropic anticyclones (Wang et al., 2022; Jin
et al., 2024; Vakrat and Kushner, 2025; Noyelle et al., 2025) for which the vertical tilt of the temperature anomaly structure
is relatively small. Therefore, heat cell stacks are likely to have a vertically continuous structure. We are thus confident in the
assumption that the overlap check can select the heat cell contour at each vertical level that belongs to the same heat extreme
as the one on the lowest model level. Previous work (Hotz et al., 2026) also showed that temperature anomalies during heat

extremes extend vertically at the same grid point. Repeating the above operation for every surface heat cell contour between
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1951 and 2023, we obtain a collection of heat cell stacks associated with surface heat extremes during this period. Note that we
do not consider the temporal dimension here, therefore a heat extreme lasting several days is considered as independent heat
cell stacks.

The implementation of the heat cell selection criteria and the event-specific nature of the stacking algorithm implies that (i)
there is not a constant number of heat cell stacks per grid point (Fig. 2e) and (ii) not every surface heat extreme is associated
with a temperature anomaly structure that extends throughout the troposphere (Fig. 2a—d). The TXx event association criterion
limits the sample size of every grid point by ensuring that every sample is associated with at least one TXx event in the
vicinity, which leads to different sample sizes at the surface. There are generally more surface heat cell instances in the tropics
compared to the middle and high latitudes (Fig. 2e), likely due to differences in the average area of heat cells as seen later
in Sect. 3. Vertically, since heat extremes are of surface origin and the temperature anomalies are larger close to the surface
(Hotz et al., 2026), we expect the sample size of heat cells to decrease at subsequent vertical levels, with the rate of decrease
depending on the average vertical extent of the heat extremes in the region. While over mid-latitudes land, this decrease at
300 hPa corresponds to 50% of the surface sample size, in the tropics it can decrease down to 25% (Fig. 2a).

The decrease in heat cell sample size introduces missing data points within our datasets, mostly at vertical levels above
the vertical extent of a heat cell stack. Since the calculation of heat cell metrics (see below) is based on the presence of a
heat cell, when no heat cell is detected at a vertical level, the corresponding metric is not considered in the calculation of
the corresponding mean value. This results in the statistics of the metrics considered being biased towards taller heat cell
stacks, especially at upper levels. As shown in Sect. 3.3, these events likely correspond to surface heat extremes with higher
intensities. Thus, one should keep in mind this inherent statistical bias when interpreting the results of heat cell characteristics.

An exception from this bias is the heat cell area, which is counted as zero when no heat cell is found.
2.3 Definition of heat cell area and geometry

From the collection of heat cell contour stacks, we extract several metrics to represent the 3D structure of temperature anomalies
during surface heat extremes. First, we quantify the spatial extent of each heat cell in the contour stack as the geodesic area of

the heat cell. The geodesic area A is defined as the surface integral:

A://dS, 3)
Q

where () denotes the region enclosed by the heat cell contour on the Earth’s surface. In practice, the area is computed using
Python Pyproj’s algorithm (Evenden et al., 2026), where the geodesic area of an input polygon (i.e., the heat cell contour) is
computed over the World Geodetic System 1984 (WGS84) ellipsoid (Kumar, 1988). This area can be expressed inkm?, but
for a more intuitive comparison, we define a first-order circle approximation to the contour and express the area A in terms of

the equivalent radius that a circle with the same area would have:

A
TATEA “4)

where r 4 is expressed in km. At vertical levels where no heat cell is found, the area is set to zero.
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However, as shown in Fig. 1b, actual heat cells do not need to be circular. To quantify the geometric characteristics of heat
cells at the second order, we approximate their shape with an ellipse. An ellipse approximation provides additional geometrical
parameters, namely orientation angle # and axis ratio ¢ (see below), in addition to the area of the heat cell. The equation of an

ellipse on a Cartesian (x,y) plane can be written as:
Az? + Bry+Cy?> + Dz +Ey+ F =0, 6)

where (4,B,C,D, E,F) are the conic coefficients. We estimate these coefficients via a least-squares ellipse fitting method

that minimizes the algebraic residual of the conic equation:

N

(A, B,C,D,E, F) = argmin Z (Axf + Bay; + Cy? 4+ Dy + Ey; + F)
(A,B,C,D,E,F) i,

g (©)
where {(z;,v;)}"_, C R? is the set of n vertices that represent the heat cell contour in a local Cartesian plane with azimuthal
equidistant projection from the set of heat cell longitude-latitude coordinate pairs {(A;, ;) }"_; (see appendix B for the de-
tails). The estimated set of conic coefficients parametrizes an ellipse that best fits the original shape and orientation of the heat
cell contour. We subsequently obtain three key geometric parameters that summarize the shape of the ellipse: the semi-major
axis length a, the semi-minor axis b and the orientation angle 6, see appendix C for a detailed derivation from the estimated
(fl, B , C’, D, E , F ). These parameters are shown in Fig. 1b for the illustrated case. Note the deformation of the ellipse when
projected on a latitude—longitude regular map. The semi-major and semi-minor axes together represent the horizontal dimen-
sion of the ellipse and the amount by which it differs from a circle (a = b for a circle). We measure the deviation from the circle
approximation using the axis ratio:

a

A g value of 1 therefore represents a circle, with the shape becoming more stretched along the semi-major axis as g approaches
0. Meanwhile, the orientation angle is defined with respect to the direction of the respective poles in the two hemispheres.
Therefore, the direction of 0°points north in the northern and south in the southern hemisphere, respectively, see Fig. 1b and
Fig. 6 for examples. When averaging orientation angles over several events occurring over the different grid points, we use a
circular mean (Mardia and Jupp, 1999) instead of the standard averaging.

It should be noted that there are underlying assumptions made when we re-project the heat cell in a Cartesian coordinate
plane that introduce errors in the values of axes lengths and orientation angles. Nevertheless, we find these errors to be minimal
(approx. 0.1%) under the typical length scales of the heat events detected (see Appendix B). In addition, the ellipse approxi-
mation and the associated geometric parameters are most representative of the original heat cell if the shape of the heat cell is
regular. Similarly to what is shown in Fig. 6b, if the shape of a heat cell is irregular and complex, the ellipse will inevitably be

a less accurate representation of the original geometry.
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2.4 Heat cell area vs intensity

In addition to quantifying the spatial characteristics of heat extremes, we investigate how the intensity of surface heat extremes
is related to their vertical temperature anomaly structure. We compute correlations between heat cell area A and corresponding
intensity at two vertical levels, at model level 137 (approx. 1000 hPa) and model level 97 (approx. 500 hPa), representing
respectively the near-surface and free atmosphere. We define the intensity of a heat cell using the temperature anomaly values
within the heat cell contour. We use two metrics to measure the intensity of a heat cell: the mean value of the temperature
anomalies 7" for all grid points within the heat cell contour and the maximum value of temperature anomalies 7" within the
heat cell contour. For each combination of area and intensity metric, we compute the Spearman rank correlation between the
two. We use the Spearman rather than Pearson correlation for its robustness to outliers and its capacity to quantify non-linear
relationships. We therefore obtain four correlations between the heat cell area and maximum 7" at 500hPa (p4(T X500)),

mean 7" at 500hPa (p 4 (T Ms00)), maximum 7" at 1000hPa (p.4(T X)) and mean T" at 1000hPa (p4 (T My)).

3 Results
3.1 Heat cells area and maximum intensity

Globally, surface heat cells have an average equivalent radius 74 of around 800 km (Fig. 3e). This value is almost constant
with latitude both over land and oceans when zonally averaged (Fig. 3f), but there are important regional differences. The
largest heat cells over land, with an average r 4 exceeding 960 km, are found at the center of major continents (Eurasia, Africa,
North and South America). Meanwhile, the smallest land-based heat cells at the surface are found close to large-scale mountain
ranges such as the Himalayas and the Andes. It is already known from previous work that large-scale topography can affect
the location and frequency of heat extreme occurrences through modifications of the temperature structure and large-scale
circulations (Jiménez-Esteve and Domeisen, 2022). They therefore also likely influence the area extent of heat cells through
similar physical mechanisms. Over the oceans, the largest heat cells are found in the central Pacific region, which very likely
reflects ENSO anomalies of SSTs, with 74 above 1120 km. Large heat cells are also found over subtropical highs. The smallest
surface heat cells are found both near the North Pole and around the maritime continent. Note that there is substantial spread
in the values of r 4 for individual heat cells (Fig. Alg-i), with the 90th quantile of the distribution of r 4 being up to twice as
large as the mean.

Above the surface, the average extent of heat cells gradually decreases with height: in the upper troposphere, the zonally
averaged r 4 drops to around 200 km for tropical heat cells and just below 400 km for mid- to high-latitude heat cells (Fig. 3b,d).
The decrease in area is more intense in the tropics, with the average r 4 of some tropical grid points dropping to near-zero in
the middle and upper troposphere (Fig. 3a,c). Meanwhile, the average r 4 heat cells in the extratropics remain relatively high
even at upper levels. The more intense vertical decrease in area extent for heat cells in the tropics indicates that there are, on
average, fewer heat extremes that reach the upper levels compared to the extratropics, indicating that tropical heat extremes

have a vertical extent confined to the lower levels. This is consistent with the results of Hotz et al. (2026), who showed that

10
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Figure 3. Averaged values of the heat cell equivalent radius r 4 (in km) at three vertical layers: (a, b) upper troposphere (300-400 hPa), (c,
d) middle troposphere (550-750 hPa) and (e, f) lower troposphere (900-1000 hPa). (b, d, f) show the corresponding zonal means for grid

points over land (red) and over ocean (blue).

heat extremes in the tropics are confined mainly to the lower troposphere. It should be noted that the heat cells remaining in
250 the upper levels of the tropics still have a similar range in area as the lower levels if the sample points with zero area extent
are ignored (Fig. Ala,d). This shows that the low average 4 at upper levels in the tropics is skewed by the large fraction of

samples with zero 7 4.
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Large-scale topography also influences the area of heat cells in the middle troposphere, creating anomalously large heat cells
in regions with high topography such as the Tibetan Plateau (Fig. 3c). In addition, a systematic land-sea contrast is seen for
heat cells in the middle troposphere, particularly in the extratropics, where the average r 4 of heat cells over land is generally
higher than over the ocean (Fig. 3c,d). In the extratropics, in contrast to the tropics, the distribution of heat cell area is more
zonally and vertically homogeneous, especially over land. Based on the fact that Rossby waves are known to play an important
role in the formation of mid-latitude heat extremes (Jiménez-Esteve and Domeisen, 2022; Domeisen et al., 2023; Barriopedro
et al., 2023), we hypothesize that the spatial configuration of Rossby wave packets also plays a role in modulating the area
extent of mid-latitude heat cells, making them more zonally consistent in the middle troposphere.

Contrary to the mean area, the maximum intensity of heat cells shows a strong meridional gradient that is preserved from
the lower to the upper troposphere (Fig. 4). Anomalies amount to up to 10 K in the mid-latitudes, but only reach 3 K in the
tropics. This meridional gradient reflects the climatologically higher variability of temperature anomalies at higher latitudes
(Hotz et al., 2026), which is captured here when using a local high quantile to identify heat cells. Land and ocean grid points
have similar maximum temperature anomalies in the middle and upper troposphere (Fig. 4b,d), but land extremes are 3—4 K
more intense than ocean extremes at the surface (Fig. 4f). The maximum intensity of heat cells decreases with height, but not
as much as one could expect based on previous work (Hotz et al., 2026). As discussed in Sect. 4.1, this is likely the results of
the bias introduced by filtering events that do not reach a certain level, which favors more intense events. The mean intensity

of heat cells show similar patterns as the maximum intensity (Fig. A4).
3.2 Geometry of heat cells

As detailed in Sect. 2.3, we fit an ellipse to individual heat cell contours as an approximation of their shape and analyze their
dimensions and orientation. The axis ratio of the heat cell ellipses is remarkably homogeneous throughout the troposphere and
across the globe: most of the ellipses have an axis ratio of around 0.5-0.6 (Fig. 5a,c,e), with medians over land and ocean at the
surface being 0.57 and 0.51, respectively. This indicates that the length of the semi-minor axis is around half the length of the
semi-major axis for most heat cell ellipses, which implies that heat cells are indeed not circular in shape on average, but tend
to be stretched in a particular direction. There are also regions with a lower axis ratio, down to 0.3, especially over the ocean at
the near-surface level. This occurs particularly over subtropical highs and parts of the equatorial ocean (Fig. Se). This indicates
that heat cells in these regions are more elongated compared to the other regions and likely reflect the shape of underlying SST
anomalies. The geographical variability of the axis ratio decreases with height, with the mean axis ratio in the middle and upper
troposphere closer to the 0.5-0.6 range. There is also substantial spread in the distribution of the axis ratio for individual heat
cells (Fig. A2), however with more similar distributions between regions and levels than for the equivalent radius. Nevertheless,
very few heat cells reach an axis ratio between 0.9 and 1 (less than 1%), which indicates that the non-circular shape of heat
cells is a robust geometric feature.

As a result of this non-circular shape, one can reliably define the angle 6 that measures the orientation of each ellipse with
respect to its hemispheric pole. We find a systematic meridional gradient in 6 throughout the troposphere: heat cells tend to

orient zonally in the tropics and then gradually change to a northeast-southwest orientation in the mid-latitudes of the Northern
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Figure 4. As Fig. 3 for the maximum values of 7" in heat cells.

Hemisphere (e.g., Fig. 6b) and a northwest-southeast orientation in the Southern Hemisphere (e.g., Fig. 6g), corresponding to
0 ~ 60°. An example of the zonal orientation near the equator is shown in Fig. 6¢,d and of the northwest-southeast orientation
in the Southern Hemisphere mid-latitudes in Fig. 6g,h. In the mid-latitudes, this orientation reflects the usual direction of
anticyclonic wave breaking (Weijenborg et al., 2012), which is typically associated with the formation of persistent ridges

creating the conditions for surface heat extremes (Barriopedro et al., 2023).
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Figure 5. Mean geometry of heat cells. (Left column) Mean axis ratio ¢ and (right column) orientation angle € at the same vertical layers
as in Fig. 3. For the orientation angle 0, the values range from —90 degrees to +90 degrees with respect to the respective hemispheric pole.

Green contours indicate topographic features above 1750 m.

There is a strong topographic influence on the variation of 6 near the surface. The orientation of heat cells near large-
scale topographic features tends to follow the orientation of the topography itself: for example the Rocky Mountains in North
America, the Andes in South America and the Great Rift Valley of Africa all have orientation angles that are very different than

295 the heat cells at similar latitudes without major surrounding mountains (Fig. 5f). Specific examples of topographic alignment

of a surface heat cell can be seen in Fig. 6a,e. A striking feature of the surface orientation angle is the difference between North
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Figure 6. Examples of heat cell contours and their respective ellipse approximation at 1000 hPa and 720 hPa. Heat cells found in (a, b)
the North American Rockies (40°N, 114°W) on 14 June 1974 ; (¢, d) the equatorial Eastern Pacific (0°, 160°E) on 29 January 1952; (e, f)
the South American Andes (27°S, 66°W) on 1 March 1966; and (g, h) South Africa (20°S, 23°E) on 23 December 1960. Colors show the
temperature anomalies 7", note that the color scales differ. As in Fig. 1, the red contours show the heat cells based on the 95th quantile and

the orange contours show the ellipse approximation. Green contours indicate topographic features above 1750 m.

America and Europe at similar latitudes. North America is split in two at the surface, with its western part following mostly a
meridional orientation along the Rockies and the eastern part having nearly zonal orientation of the ellipses. In contrast, Europe
presents a more continuous distribution of the orientation angle, around 30 to 60°. These topographic influences are less visible
atupper levels, as the orientation of heat cells is less influenced by surface processes and more by the free-troposphere dynamics
(Fig. 5b,d). The weakening of topographic influences in the free atmosphere is also seen by comparing Fig. 6a to Fig. 6b, where
the alignment with the Rockies for the surface heat cell changed to a more typical northeast-southwest orientation in the free
troposphere mid-latitudes at 720 hPa. Finally, we note a reversal of the orientation angle towards negative values of around
—45°for the high latitudes in both hemispheres, which may reflect different mechanisms leading to heat extremes in these

regions compared to the anticyclonic structures in the mid-latitudes (Hotz et al., 2026). There is also some variability of the
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Figure 7. Spearman’s rank correlation coefficient between heat cell area and intensity. Correlation between (a) maximum 7" vs. area at
500 hPa, (b) mean 7" vs. area at 500 hPa, (¢) maximum 7" vs. area at 1000 hPa, and (d) mean 7" vs. area at 1000 hPa. Note that the

number of events considered in the correlation is not the same at 1000 and 500 hPa.

orientation angle between individual heat cells in all regions and at the different vertical levels (Fig. A3), but this tends to be

low and the average angle represents well the typical direction of heat cells.
3.3 Correlation of heat cell size and intensity

Finally, we explore the relationship between the intensity and the area of the identified heat cells. Overall, the area and intensity
of heat cells are positively correlated globally for each intensity metric both at the surface and in the mid-troposphere (Fig. 7):
larger heat cells tend to be more intense. An important exception is the correlation between the mean anomaly and the area
at the surface (Fig. 7d): while there are usually positive correlations over subtropical highs for example, heat cells in western
Europe show a slightly negative correlation between the mean surface intensity and the area, similar to the mid-latitudes land
regions in the Southern Hemisphere. In North America, the correlation is weak, while it is stronger over China and the Middle
East. However, when considering the maximum temperature anomaly (Fig. 7¢), the correlations are much higher and systematic
over the globe, typically above 0.8. In the mid-troposphere, the correlations are even more homogeneous and systematic for

both the mean and maximum intensity, although with lower values for the former (Fig. 7a,b).
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We hypothesize that the different behavior for p 4(7'Mj) could be caused by turbulent mixing within the boundary layer.
One supporting observation is that surfaces over subtropical highs, with a relatively stable boundary layer due to persistent
air subsidence, have both highest p (T X;) and p 4 (T My), indicating that these regions also have the least deviations to the
area-intensity relationship. This hypothesis could also explain the low p 4 (7' X) values and even negative p 4 (T M) in many
coastal areas, where sudden changes in surface roughness create the internal boundary layer, with more complex thermal and
dynamical exchanges between the ground and the atmosphere (Krishnamurthy et al., 2023), potentially leading to the break-
down of the correlation. Meanwhile, the ocean regions with the lowest values of p4(T'M,) seem to have no distinct pattern.
Intuitively, a possible hypothesis could be that the p 4(T'M,) minima over the oceans are related to regions with strongly
positive or negative ocean surface heat fluxes, since air—sea turbulent heat fluxes link strongly to changes in stability conditions
in the marine atmospheric boundary layer (Song et al., 2024), which is likely to also modify the area-intensity relationship of

near-surface heat cells. However, further analysis is required to validate the hypothesis.

4 Discussion
4.1 Evaluation of the heat cell detection and stacking algorithm

There are four main parameters in the heat cell stack identification algorithm introduced in Sect. 2.1 that our results may be
sensitive to: the quantile chosen to identify the level of extremeness, the minimum A,,,;,, and maximum A,,,,,. areas for the heat
cells detection, and the search radius Rs.q.cp for attributing a heat cell at a certain level to a surface extreme. The choice of the
95th quantile to identify extremes is arbitrary, but it is a quantile that is often chosen in the literature on heatwaves (Barriopedro
et al., 2023). Most quantitative results are sensitive to this choice, but insofar as we are using a local climatological quantile, we
do not expect that the qualitative results such as the geographical differences would change massively. We tested the sensitivity
of the detection and stacking algorithm by repeating the procedure with A,,;, set between 0km? to 3.141592 x 107 km?,
Ainaz set between 1.0 x 107 km? to 2.0 x 107 km?, and R,cqrcn set between 500 km to 1000 km. We qualitatively assessed
and concluded that there are no major differences in the final results for this range of values of Rg.q.cn,. Meanwhile, a non-zero
value of A,,;,, is needed to filter out highly localized temperature anomaly spikes that are too small to be considered a heat
cell. On the other hand, the value of A,,,. affects the average area extent of heat cells, particularly in the tropics, where we
observed that outliers of large heat cell contours that are not characteristic of the typical structure of heat extremes appear in
the upper troposphere if the value of A,,,4. is above 2.5 x 107 km?, or if the maximum contour area is not limited. A possible
explanation is that positive 7" anomalies at upper levels, linked to large scale modes of variability such as ENSO, for example,
would overlap with the heat cell stack, and lead to the merging of the 95th percentile contour associated with two separate
heat cells. This would violate a major assumption that each heat cell stack represents a unique heat extreme event. We found
that setting the value of the maximum contour area A4, to 1.9 x 107 km? minimizes such misidentification, but this issue
constitutes a limit of our procedure in the tropics.

Although complete elimination of such sources of error remains challenging, after averaging across all sampled heat cell

contour stacks, we are able to obtain a smooth and continuous vertical heat cell area consistent with the findings of previous
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studies, especially Hotz et al. (2026). It should be noted that the existence of merged contour instances is also the reason why,
instead of directly checking for lateral overlaps of heat cell contours between neighboring vertical levels, we define a search
area based on the surface heat cell contour for selecting contours belonging to the same heat extreme in the stacking algorithm.
This is to avoid cases where an anomalously large merged contour is used for overlap checking and falsely identified contours

very far away as part of the heat cell contour stack.
4.2 Heat cell geometry

We have shown that the axis ratio of the ellipses that best fit the heat cells geometry was remarkably constant in various
regions of the globe, around 0.5-0.6. Accordingly, we could precisely define an orientation angle with respect to the pole in
each hemisphere. In the mid-latitudes, this ellipse shape with a typical orientation angle around 60°is not surprising because
it corresponds to the direction of anticyclonic wave breaking that is associated with the anticyclones promoting surface heat
extremes (Weijenborg et al., 2012; Barriopedro et al., 2023). Another way to interpret this angle is the usually slightly positive
phase speed of Rossby wave packets that occur in conjunction with stationary anticyclones (Rothlisberger et al., 2019; Jiménez-
Esteve and Domeisen, 2022; Noyelle et al., 2025). However, the direction of Rossby wave breaking does not appear to explain
the effect of large-scale topography on heat cell orientation, because surface heat cells near large mountains seem to be aligned
with the orientation of the elevated terrain. As the effect seems to be very localized and not at the scale of the Rossby wave,
an alternative mechanism could be that heat extremes with surface heat cells that are aligned with the topography are formed
through foehn effects on the leeward slopes of mountains (Tan et al., 2024). The near-zonal orientation of the heat cells in the
tropics is more mysterious and we are not aware of previous studies that systematically identified spatial mechanisms linked
to temperature extremes in the tropics. Equatorial large-scale atmospheric waves are generally elongated in the zonal direction
(Roundy and Frank, 2004; Knippertz et al., 2022), which may explain this result, but it is not clear whether and how they are
related to surface heat extremes, especially over oceans where SST anomalies also tend to be zonally elongated (e.g. Vialard
et al., 2025).

5 Conclusions

We have developed a novel, global heat cell contouring and stacking method to identify the 3D temperature anomaly structure
in the troposphere associated with surface heat extremes. We have examined their geometric properties, including size, aspect
ratio and orientations, and the geographical distribution of these properties globally. In addition, we have measured the link

between the area and the intensity of heat cells at the surface and in the mid-troposphere. The main findings are as follows:

1. Globally, near-surface heat cells have a relatively uniform average area, corresponding to the area covered by a circle
with an equivalent radius r 4 of around 800 km. Surface heat cells in the tropics are on average larger than those at higher
latitudes, especially over oceans. 3D temperature anomalies in the tropics have a significantly lower vertical extent than

those in the extratropics, with the former being mostly confined to the lower troposphere.
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2. The shape of heat cells at the surface and in the middle to upper troposphere is not circular. Heat cells are mostly
elliptical, with a ratio of 0.5-0.6 between the semi-minor and semi-major axes lengths, which is remarkably uniform

across the globe.

3. Heat cells have a systematic preferential orientation that is mostly dependent on latitude and local topography. While
tropical heat cells are mostly zonally oriented, the orientation of heat cells leans poleward towards higher latitudes,
following the direction of anticyclonic wave breaking in each hemisphere. High-elevation mountain ranges massively

influence the orientation of heat cells near the surface.

4. There is a robust positive correlation between the intensity and the area of heat cells in the mid-troposphere: more
extreme events tend to be larger. While the relationship is also present at the surface for the maximum intensity, it is

weaker for the mean intensity of heat cells.

Our results provide a global and systematic description of the 3D temperature anomalies associated with surface heat ex-
tremes. In recent years, the vertical shape of temperature anomalies during heatwaves — especially in mid-latitudes — has
been described as a so-called “heat dome” (Zhang et al., 2023; Jain et al., 2024; Li et al., 2024). Based on our results, we
think this simplified image can be misleading. Although it is true that during surface heat extremes the temperature anomalies
extend throughout the troposphere in the mid-latitudes, as already shown systematically by Hotz et al. (2026), the horizontal
shapes of those anomalies are clearly not circular as implied by the image of a dome. In addition, in the tropics, the image of a
“heat dome” is misleading because the temperature anomalies do not extend throughout the troposphere. Finally, the image of
the “heat dome” gives an implicit idea that the mechanisms leading to temperature anomalies throughout the troposphere are
horizontally and vertically uniform, despite scientific evidence that they are not (Zschenderlein et al., 2020; Neal et al., 2022;
Schumacher et al., 2022; Hotz et al., 2024). We thus advocate against the use of this image and terminology for describing the

3D temperature anomaly structure associated to surface heat extremes in the scientific literature.
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Figure Al. Distribution of equivalent radius r 4 values for every heat cells in three latitude bands. (a, d, g) Deep tropics (20°S—20°N),
(b,e,h) sub-tropics (20°S-35°S and 20°N-35°N), and (c, f, i) mid-latitudes (35°S-65°S and 35°N-65°N). The distributions are shown at
three vertical pressure levels with reference to a surface pressure level of 1000 hPa: (a,b,c) 350 hPa, (d, e, f) 500 hPa, and (g,h,i) 1000 hPa.
Bars with different colors separated by vertical, gray dotted lines corresponds to data below the 90th percentile (blue), between 90th-95th
percentiles (green), between 95th—99th percentiles (brown) and above the 99th percentile (purple). Red dotted lines show the mean of each
distributions. The fraction of non-zero r 4 refers to the ratio of data points where a heat cell is presented with a non-zero area extent to the

total number of heat cell stack samples in each distribution.
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Figure A4. As Fig. 4 for the mean values of 7 in heat cells.
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Appendix B: Heat cell vertices re-projection for ellipse approximation

To simplify the process of least-square ellipse approximation of heat cells, the calculation of the best-fit ellipse (shown in
appendix C) is done on a local Cartesian plane instead of directly over Earth’s surface. For each set of longitude-latitude
coordinate pairs {(\;, ;) }_; that represents a heat cell contour on the Earth’s surface, we choose the centroid ¢ := (A., @.) to
be the tangent point of the local Cartesian plane relative to the Earth’s surface. Then, each pair of longitude-latitude coordinates
(X, ) is mapped to the planar coordinate (x;,y;) such that the distance and bearing of the original heat cell contour are
preserved (Hofmann-wellenhof and Moritz, 2006). The angular distance ¢; between a vertex (\;, ;) and the centroid (\., ¢.)

is:

¢; = arccos [sin ¢ Sin @ 4 cos ¢ cos pcos(A — Ng)]. (B1)
The forward azimuth ~ between a vertex (\;, ;) and the centroid (A, ) is:

v = atan2[cos ¢; sin(A; — Ag), €os¢osing; — sindg cos @; cos(A; — Ag)] . (B2)
Assuming spherical Earth, the corresponding planar coordinate vertex, scaled by Earth Radius R will therefore be:

x; = Re;siny; y; = Re; cosny;. (B3)

The assumption that the ellipse fitted to the contour exists on a planar surface rather than the Earth’s surface leads to
deviations in the measurement of the semi-major and semi-minor axes lengths, in which the size of the error depends on
whether the size of the ellipse is comparable to the Earth’s curvature. Let us assume a heat cell length scale of around 1000 km.

The difference between a straight-line distance c and the arc-length s on the Earth’s surface is:

0
A =s—c= RO — 2Rsin<2), (B4)
where 6 is the latitude range. Given the arc-length s = 1000 km, the corresponding straight-line distance will therefore be:
s 1000
9 == = — ~ 0.16rad B5
R~ 6370 rad ®)

which leads to:

0.16
¢ = 2(6370) sin<2> ~ 998.97km. (B6)

This implies an error A ~ 1.03 km, or around 0.1%.

Meanwhile, the RMSE of the least-square ellipse fit would be:

deg ~ 100km, (B7)

where d; is the (Euclidean) distance from the data point ¢ to the fitted ellipse (in meters), and N is the total number of data

points.
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Appendix C: Derivation of ellipse parameters

The lengths of the semi-major and semi-minor axes (a, b) and the orientation angle of the ellipse (#) are the geometric param-
eters summarizing the shape of the ellipse approximating the heat cell contour. They can be derived following the methods in
classical conic geometric analytics (Chdvez-Pichardo et al., 2025).

The quadratic coefficient matrix of the conic equation () can be written as:

A B

Q=5 2 (@)
5 C

The constant term Fp, the eigenvalues A1, Ao of () are then:
. CD?-BDFE + AE?

Fy:=F— C2

0 4(B2—4AC) €2
A+C+\/(A-C)2+ B2
A1 = (A1 < ), (C3)

’ 2
where (A, B , C‘, D,E , a ) are the estimated conic coefficients as described in Sect. 2.3.

The semi-major axis a and semi-minor axis b are therefore:

_ /= _ =k
a = Tl, b— )\2 s (aZb) (C4)

Meanwhile, the rotation angle 6 of the ellipse (from the y-axis to the ellipse’s principal axes in the local Cartesian plane) can

be expressed in a simplified expression as:

0= % arctan2(B, A— é’), (C5)

which is obtained by first rotating the coordinate system to align with the orientation of the ellipse (Chédvez-Pichardo et al.,

2025).
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