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Abstract. Atmospheric deserts are air masses originating
in hot, dry, and deep convective boundary layers over arid
and/or elevated regions and are advected across cooler,
moister regions while possibly being modified by diabatic
processes and differential advection. They are frequently ad-
vected over Europe and can modify temperature profiles
throughout the free troposphere, with implications for con-
vective potential. Atmospheric deserts generalise elevated
mixed layers, which are known to influence near-surface
temperatures and the formation of thunderstorms, but it
remains unknown how frequently atmospheric deserts co-
occur with strong positive temperature anomalies and light-
ning. We also investigate if atmospheric deserts frequently
co-occur with dust events, since the source region for Euro-
pean atmospheric deserts is also the main source region for
dust events.

Atmospheric desert air is tracked during the study pe-
riod from May 2022 to April 2024, using a direct detec-
tion method based on Lagrangian trajectories initiated at a
very high spatio-temporal resolution. Positive temperature
anomaly events, thunderstorms, and dust events are identi-
fied from reanalysis datasets and ground based lightning ob-
servation data. Conditional probabilities and corresponding
standardised log-odds ratios provide insight into whether the
mentioned extreme events occur more frequently in the pres-
ence of atmospheric deserts.

The probability of events with strong positive temperature
anomalies, thunderstorms, or dust anomalies is enhanced in
the presence of atmospheric deserts in almost the entire do-
main. In most of the domain, strong positive temperature
anomaly events are more likely given the presence of at-
mospheric desert air, but it could not be confirmed that the

limitation of boundary layer growth by the capping stable
layer was the main driver. Lightning probability is clearly
enhanced along the atmospheric desert edges, and, in con-
trast to expectations, also in the atmospheric desert centres.
In western Europe, up to 50 % of occurrences of atmospheric
desert air are accompanied by unusually high amounts of
dust. Dust events co-occur almost exclusively with atmo-
spheric deserts.

1 Introduction

Elevated mixed layers (EML) have long been linked to high
near surface temperatures (e.g. Sibley, 2012; Cordeira et al.,
2017; de Villiers, 2020) and severe thunderstorms (e.g. Carl-
son and Ludlam, 1968; Lanicci and Warner, 1991b; Dahl and
Fischer, 2016). EMLs can form when the warm, well-mixed
convective boundary layer (CBL) of arid and/or elevated re-
gions is advected over cooler and moister regions, while re-
taining its well-mixed vertical structure (Carlson and Lud-
lam, 1968).

However, during multi-day transport, diabatic processes
and differential advection will degrade the well-mixed struc-
ture (evidence also found in Schultz et al., 2025a, for a Span-
ish plume event). It can be expected that also this modified
EML air can alter the stability in the target region and have
implications for temperature and thunderstorm formation,
even if it is not necessarily recognisable as a well-mixed layer
anymore (Farrell and Carlson, 1989; Johns and Dorr, 1996;
Gitro et al., 2019; Fix et al., 2024; Schultz et al., 2025a).
Little is known about their prevalence and impacts, however,
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as EML detection methods cannot track these modified air
masses once their well-mixed structure is eroded (Gitro et
al., 2019).

Therefore, we introduced atmospheric deserts (ADs) as a
new concept for this more general case (Fix et al., 2024; Fix-
Hewitt et al., 2026): ADs are air masses that originate in the
hot, dry, deep convective boundary layers (CBLs) of desert,
(semi-) arid and/or elevated regions and are subsequently ad-
vected downstream, including cases where the original well-
mixed structure has been modified. Unlike EMLs, which are
defined by their well-mixed vertical structure (even in the
target region), ADs are defined by their origin, allowing for
enroute modification. Our direct detection approach via La-
grangian tracking allows the investigation of ADs for the first
time, as it does not require prior knowledge about the verti-
cal structure of the AD – unlike EML detection methods (i.e.
Carlson and Ludlam, 1968; Andrews et al., 2024).

Applying this approach, the most relevant findings from
our previous studies (Fix et al., 2024; Fix-Hewitt et al., 2026)
are: ADs occur frequently in Europe and affect large parts
of the European domain, however only 2.5 % of identified
air streams conserve their thermodynamic properties like ex-
pected for EMLs, indicating that most cases would go unde-
tected by the EML detection methods. In an AD case study
in mid June 2022 lightning occurred close to the AD edge at
800 hPa, and high near-surface temperatures were recorded,
yet it remains unknown how often ADs are accompanied by
high near-surface temperatures and thunderstorms. The well-
documented links between EMLs, high temperatures (Carl-
son and Ludlam, 1968; Cordeira et al., 2017), and convective
initiation (e.g. Carlson and Ludlam, 1968; Keyser and Carl-
son, 1984; Lanicci and Warner, 1991b) motivate the inves-
tigation of whether these connections extend to ADs more
generally.

This work therefore addresses the following questions:
Do ADs frequently co-occur with events of strong positive
temperature anomalies (PTAs)? Is the probability of thun-
derstorms elevated near AD edges? Is thunderstorm proba-
bility in the AD centre reduced or enhanced? Additionally,
the source region of ADs in Europe is North Africa, which
contains the largest and most persistently active dust sources
(Prospero et al., 2021), which makes ADs prone to transport
dust towards Europe. So another research question becomes:
How often do ADs and strong dust events co-occur? We aim
to assess co-occurrence and spatial associations, not causal-
ity. Extending the concept from EMLs to the more general
ADs will advance our understanding of how desert-origin air
masses – including modified EMLs – shape temperature ex-
tremes, convection, and dust events across Europe.

This article is structured as follows: necessary background
on ADs, EMLs, and dust events is given in Sect. 2. The
data and methods used to investigate the co-occurrence of
ADs with positive temperature anomalies, thunderstorms and
dust events are presented in Sects. 3 and 4. Results for the
co-occurrence of ADs with positive temperature anomalies,

thunderstorms, and dust are shown and discussed in Sects. 5,
6, and 7, respectively. A summary is presented in Sect. 8.

2 Background

Understanding how EMLs affect near-surface heat and con-
vection provides the basis for investigating the broader im-
pacts of ADs. As warm and dry air masses, EMLs are ad-
vected over cooler and moister local air masses. They then
form an elevated, well-mixed layer with high potential tem-
perature, which often leads to a layer of very strong stability
– a “cap” or even capping inversion – immediately atop the
local boundary layer (BL; e.g. Carlson and Ludlam, 1968;
Carlson et al., 1983; Farrell and Carlson, 1989; Lanicci and
Warner, 1991a; Andrews et al., 2024). Strong capping can
confine small-scale convection to a shallow layer and hin-
der the growth of the local boundary layer, leading to near-
surface warming (Cordeira et al., 2017). The consequences
are high near surface temperatures, higher wet bulb temper-
atures and increased instability (Carlson and Ludlam, 1968;
Carlson et al., 1983; Cordeira et al., 2017, and others).

In spite of the resulting increased convective available po-
tential energy (CAPE), thunderstorms are unlikely to initiate
in the centre of EMLs, where convective inhibition (CIN) is
large due to the stable stratification above the BL (e.g. Carl-
son et al., 1980, 1983; Banacos and Ekster, 2010; Cordeira
et al., 2017; Ribeiro and Bosart, 2018). Near the edges, how-
ever, the cap (and CIN) tends to be weaker and its base height
higher, so that thunderstorms can develop. Various processes
have been suggested to erode the cap and trigger convection
near the EML edges, for example underrunning of the moist
air from below (Carlson et al., 1983; Farrell and Carlson,
1989; Johns and Dorr, 1996), and ageostrophic circulations
at the midlevel baroclinic zone or a convergence line near the
edge (Keyser and Carlson, 1984; Dahl and Fischer, 2016).
Several studies associated severe weather events like torna-
dos, mesoscale convective systems, and mesocyclones with
EMLs (Farrell and Carlson, 1989; Johns and Dorr, 1996;
Lewis and Gray, 2010; Peyraud, 2013; Cordeira et al., 2017;
Feldmann et al., 2021). The severity, as well as size and lo-
cation of convection are influenced by the EML cap (Lan-
icci and Warner, 1991b; Li et al., 2021). The consequence
is that especially severe storms are observed near the EML
edge (Carlson and Ludlam, 1968; Carlson et al., 1980, 1983;
Keyser and Carlson, 1984; Dahl and Fischer, 2016), a feature
that has proven useful for thunderstorm forecasting (Young
and Grahame, 2023).

Extending this framework to ADs is therefore of interest,
particularly given their frequent occurrence across Europe.
Fix-Hewitt et al. (2026) show that ADs over Europe are fre-
quent (up to 60 % of the time in some regions), albeit short-
lived (persistence of approximately one day duration on aver-
age). They find that ADs can cover large parts of Europe (up
to 72 % of the land-area, results based on May 2022–April
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2024, 30° W to 60° E and 37 to 73°), and extend through most
of the free troposphere, but rarely reside near the BLH form-
ing a lid. The associated synoptic patterns are characterised
by either a trough extending far south, or a ridge extending
far north, leading to east- or north-eastward transport of air
from the source to the target region. Lightning was also ob-
served near the air mass edge by Fix et al. (2024) in the more
general case of an AD. Multiple air streams can be distin-
guished, following different trajectories and thermodynamic
evolution (e.g. increase or decrease in potential temperature
possibly by condensation, evaporation, mixing, and/or radi-
ation). Only one of five air streams – the rarest one – al-
most conserves its thermodynamic properties, which makes
it EML-like (Fix-Hewitt et al., 2026). Hence, often the AD
air is altered during the transport and the well-mixed proper-
ties can be lost, so investigating whether processes known for
EMLs also extend to the more general case of ADs is neces-
sary and will further the understanding of how this large scale
phenomenon can affect the local weather.

Northern Africa contains the largest and most active dust
sources in the world (Prospero et al., 2021), so ADs can
transport dust to the target region by definition, but whether
they carry significant loads depends on mobilisation pro-
cesses in the source region, controlled by wind and soil
properties (e.g. Knippertz, 2014; Barkan et al., 2005). The
synoptic situations associated with dust events in Europe
(e.g. Barkan et al., 2005; Varga et al., 2013; Rostási et al.,
2022) resemble those connected to extensive AD events (Fix-
Hewitt et al., 2026). The Saharan air layer (Carlson and Pros-
pero, 1972; Prospero and Carlson, 1972) provides a link
between dust, EMLs, and ADs. Although it is often char-
acterised as a dust-laden air mass advected westward from
the Sahara across the tropical Atlantic (Prospero and Carl-
son, 1972; Gutleben et al., 2020), several studies also de-
scribe it as well mixed (i.e., an EML; Carlson and Pros-
pero, 1972; Karyampudi et al., 1999; Carlson, 2016; Gut-
leben et al., 2020). However, Gkikas et al. (2016) argue that
dust outbreaks towards Europe and the Mediterranean differ
in vertical structure from those towards the Atlantic. Since
the amount of dust carried by ADs varies, understanding its
prevalence is important given its wide-ranging impacts: be-
yond effects on visibility, air quality, and deposition (Pen-
ner et al., 2001; Barkan et al., 2005; Helmert et al., 2007;
Varga et al., 2013; Bangert et al., 2012; Knippertz and Stuut,
2014), dust can reduce incoming solar radiation at the sur-
face while warming the atmosphere aloft, stabilising the col-
umn, although the magnitude of this effect is uncertain given
dust’s strong spatiotemporal variability (e.g., Nabat et al.,
2015; Highwood and Ryder, 2014). Beyond its radiative ef-
fects, dust also modifies cloud microphysics and precipita-
tion, including dusty cirrus formation (Seifert et al., 2023;
Hermes et al., 2024), suppression of warm rain (Rosenfeld
et al., 2001), and intensification of storms, heavier precipita-
tion, and favoured hail formation (Xi et al., 2026; Brennan
and Wilhelm, 2025).

3 Data

We analyse the 2-year period from 1 May 2022, 00:00 UTC
to 30 April 2024, 23:00 UTC (consistent with Fix-Hewitt
et al., 2026). To investigate the co-occurrence of ADs and
positive temperature anomalies (PTAs), thunderstorms, and
dust, we employ an atmospheric reanalysis dataset (ERA5,
Sect. 3.1; Hersbach et al., 2020), lightning data (Blitzor-
tung.org, Sect. 3.2; Wanke et al., 2014), and a reanalysis of
the atmospheric composition (EAC4, Sect. 3.3; Inness et al.,
2019).

3.1 Atmospheric reanalyis

The latest global reanalysis, ERA5, from the European Cen-
tre for Medium Range Weather Forecasts (ECMWF; Hers-
bach et al., 2020), is used in this study. The model configura-
tion corresponds to IFS Cy41r2 and data is available at 0.25°
horizontal grid spacing. The data are provided hourly on 137
vertical model levels extending up to 1 Pa (Hersbach et al.,
2020). Consequently, the vertical spacing is approximately
20 m near the surface and around 300 m at 500 hPa. In this
work, ERA5 single-level and model-level fields on the low-
est 74 model levels (from the surface up to roughly 120 hPa)
are employed. The domain encompasses northern Africa and
Europe, specifically from 30° W to 60° E and 15 to 73° N, to
calculate the trajectories, while the analysis is restricted to
north of 37° N. For climatological reference, we use the 30-
year period prior to the study period, hence January 1992–
December 2021.

3.2 Lightning data

A lightning measurement dataset is used as a proxy for thun-
derstorm location. We use data from the lightning location
network “Blitzortung” (Wanke et al., 2014). A large number
of volunteers around the world have contributed to this net-
work by setting up very low-frequency sensors. The network
allows to reliably locate widespread lightning activity, al-
though it cannot detect weak strokes at this frequency range,
and isolated single-stroke detections are more prone to false
positives (e.g., from noise or misclassification). Physically,
genuine convective lightning activity is expected to produce
spatially clustered strokes rather than a single isolated de-
tection. We therefore exclude grid cells where only a single
flash is recorded with no other flashes in the adjacent ERA5
grid-cells in the same hour. This filtering is conservative and
consistent with our focus on widespread lightning activity as-
sociated with ADs. Data are aggregated to the ERA5 grid and
timestamps are floored to the previous full hour to match the
hourly resolution. This results in a gridded dataset recording
the presence or absence of lightning for each ERA5 grid cell
and hour. In this work, “lightning occurrence” or “lightning
probability” will refer to these binary, cell-aggregated light-
ning data, not individual strokes.
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3.3 Atmospheric composition reanalysis

The fourth generation ECMWF global reanalysis of atmo-
spheric composition, EAC4 (ECMWF Atmospheric Compo-
sition Reanalysis 4; Inness et al., 2019), is used as a dust
reanalysis product. It provides dust aerosol optical depth at
550 nm (AOD550 nm) every 3 h and at 0.75° grid spacing.
For comparability, we bi-linearly remap (in space) and lin-
early interpolate (in time) the EAC4 data to match the spatio-
temporal resolution of the ERA5 data (0.25°, 1 h; using cdo,
Schulzweida, 2023). Dust aerosol optical depth (AOD550 nm)
is a single level variable which we use to determine unusu-
ally dusty periods during the study time period. Since the
EAC4 data is only available from 2003 onwards, the years
2003–2021 are used for climatological reference in this case.

4 Methods

A trajectory model is needed for the AD detection (LA-
GRANTO, Sect. 4.1; Sprenger and Wernli, 2015). The detec-
tion of the AD edge is explained in Sect. 4.2. The calculation
of the anomalies, definition of events and statistical methods
for the event association are presented in Sect. 4.3 and 4.4.

4.1 Trajectory calculation and detection of the
atmospheric desert air mass

The calculation of the trajectories and detection of the AD
– the air mass originating in the BL of desert, (semi-)
arid and/or elevated source regions – follows Fix-Hewitt
et al. (2026): trajectories are calculated forward in time
with the Lagrangian Trajectory Analysis Tool (LAGRANTO;
Sprenger and Wernli, 2015). They are initiated hourly along a
“curtain” marking the northern boundary of the source region
in North Africa (see Fig. 1). The grid spacing of initialisation
locations is 5 km in the horizontal and 10 hPa in the vertical
between 1100 and 400 hPa. Only those trajectories are cal-
culated forward that have a northward (Europe-ward) wind
component and start below the interpolated boundary layer
height BLHi (linearly interpolated between daily maxima of
the BLH, as a way to take into account former BLH air that
resides above the night-time BLH as residual layer). Trajec-
tories are integrated for 120 h. This results in approximately
108 million trajectories, of which 61 million pass 37° N and
are therefore taken into account in this analysis. Trajecto-
ries are aggregated to grid boxes of 0.25°× 0.25°× 500 m.
A grid box containing at least one trajectory is defined as an
AD-cell, and the AD air mass consists of all AD-cells com-
bined. If there is any AD-cell in a column, this is defined as
an AD-column. For the statistical analysis in this study, “AD
presence” refers to the presence of an AD-column, unless
noted otherwise. For more details on the detection method
refer to Fix-Hewitt et al. (2026).

Figure 1. Map of the location of the curtain from which the trajec-
tories are initiated.

4.2 Detection of the AD edge

In order to analyse effects (especially thunderstorm occur-
rence) that are connected to the edge of the AD, the air mass
edge has to be detected from the binary AD-cell data in a
respective layer, L. To obtain a smoother and more contin-
uous boundary, small isolated gaps within detected AD re-
gions and isolated noisy pixels or pixel clusters outside the
main regions were removed prior to edge detection. This
is done using standard mathematical morphology operations
used in image processing. The edge is then detected from this
smoothed AD region, again using a morphology operation.
A more detailed description and schematic figure of the edge
detection algorithm can be found in Appendix A (Sect. A1).

To assess effects caused by proximity to the edge or the air
mass centre, we classify grid cells by their distance to the AD
edge. Let L be the layer for which the edge is detected, d the
shortest distance from a cell to the detected edge (Euclidean
distance in number of cells), and D1<D2 two distance cri-
teria. Then cells are classified as follows:

“near-edge” d < D1
“AD centre” AD in L and d ≥D2

excluded AD in L but D1 ≤ d < D2

The cells with AD in L but D1≤ d <D2 are excluded to al-
low for a clear separation between “near-edge” and “centre”
cells. Cells that do not have AD in L and satisfy d ≥D2 are
not considered, as they are neither close to the edge at the
level of interest nor within the AD centre, even if they might
have AD air present at other levels.

The edge detection can be applied for different layers L,
which can be individual levels, or vertically aggregated lay-
ers. We applied the edge detection algorithm to individual
levels (1500, 2000, 2500 m) and to 1.5 km thick layers (AD-
cell centre in 1–2, 1.5–2.5, 2–4 km). The results showed little
sensitivity to the exact altitude or layer thickness (Figs. A2,
A3), but using a layer of 1.5 km (3 levels thick) instead of
only one level makes the edge less noisy. We therefore de-
fine the AD edge from a layer extending from 1250 to 2750 m
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(AD-cell centres at 1.5, 2.0, and 2.5 km), approximately cor-
responding to the region at and above the local BL and in-
cluding the 800 hPa AD edge where lightning occurred in
the study by Fix et al. (2024).

A sensitivity analysis showed that the results are largely
insensitive to whether D1 is chosen as 5 or 10 grid cells (ap-
prox. 150 or 300 km, Fig. A2). We therefore adopt D1= 5
(≈ 150 km) cells for the near-edge definition. Increasing D2
from 10 to 15 or 20 cells substantially reduces the number of
AD-centre cells, hence the number of observations to inter-
pret (Fig. A3). We use D2= 10 cells (≈ 300 km) for the AD
centre definition, to retain as many observations as possible.
We consider 10 cells sufficiently far from the edge to avoid
edge-related influences. With these thresholds, 64.4 million
grid cells were classified as near-edge and 9.2 million as AD-
centre, while 12.2 million cells were excluded from either
category to maintain a clear distinction between the two re-
gions.

4.3 Anomalies and event definition

We identify hours with strong positive temperature anomaly
and anomalously high amounts of dust, respectively, using
standardised anomalies of T2 m and AOD550 m. For T2 m we
use 1992–2021 as the reference period, to follow the standard
30-year climatological window, which yields more robust es-
timates than a shorter period (especially in the presence of a
climate trend). Because a climate-change signal can be ex-
pected in T2 m, the full T2 m time-series (January 1992–April
2024) is linearly detrended prior to anomaly calculation for
each cell (using cdo, Schulzweida, 2023). The dust reanaly-
sis data is only available from 2003 onward, so we use 2003–
2021 as reference period. As no significant long-term trend
is present in the dust time series (January 2003–April 2024,
area-weighted, annually averaged domain means; Theil–Sen
trend: −1.32× 10−5 yr−1, p= 0.96), we do not detrend it
and consider the shorter 2003–2021 reference period suffi-
cient.

For each hour of the year, we define the climatological
background as the median over the respective reference pe-
riod, denoted medianclim(x), and the corresponding clima-
tological standard deviation σclim(x). To smooth out synop-
tic scale variations, a 4th-order Butterworth low-pass filter is
applied using a 30 d cutoff period (fc= 1/30 d−1). To pre-
serve the diurnal cycle, the filtering is performed separately
for each hour of the day for T2 m. Standardised anomalies are
then calculated as:

x′ =
x− lowpass

(
medianclim(x),fc = 1/30d−1)

lowpass
(
σclim(x),fc = 1/30d−1

) (1)

where x is the respective variable (AOD550 m or detrended
T2 m) and x′ is its standardised anomaly (dimensionless).
Strong events are defined by a threshold of 2 (as in Gkikas et

al., 2009). This results in the following event definitions:

T ′2 m > 2 strong positive temperature anomaly
event (PTA)

AOD′550 m > 2 dust event

“Event” refers to individual hours in this study, i.e. it is not an
analysis of heat waves but of individual hours (events) with
strong positive temperature (or dust) anomalies. For thunder-
storms, we use lightning as a proxy, so that an event is defined
as any hour with a lightning flash.

4.4 Event association and log-odds ratio

We quantify the association between AD occurrence and ex-
treme weather events using conditional probabilities and log-
odds ratios (lnOR; similar approaches used in Stephenson,
2000; Mohr et al., 2019; Röthlisberger and Martius, 2019;
Taszarek et al., 2020). The conditional probability P(Event |
AD) can help answer what percentage of AD occurrences
comes with an event, or how likely an event is to occur,
given the presence of AD air. The odds ratio (OR) compares
the odds of an event in the presence of AD to those of an
event in the absence of AD. The standardised log-odds ratio,
lnORstd, is based on the full 2× 2 contingency table of joint
occurrences and accounts for all combinations of event and
AD presence. It is defined as the logarithm of the odds ratio
divided by its standard error:

lnORstd =
ln(OR)

SE(ln(OR))
=

ln
(

P(Event |AD)/P (no Event |AD)
P (Event | no AD)/P (no Event | no AD)

)
SE(ln(OR))

(2)

Here, OR is the odds ratio and SE is the standard error
(derivation provided in Appendix A, Sect. A2). lnORstd is
centred around zero with positive values indicating increased
odds of the event in the presence of AD or decreased odds in
the absence of ADs. Negative values indicate decreased odds
in the presence of AD or increased odds in its absence. Larger
magnitudes indicate stronger evidence relative to sampling
variability. Increased odds can indicate that the event may be
a consequence of an AD, or that they have a common driver.

This analysis is applied to strong positive temperature
anomaly events and dust events. For lightning, the same
framework is additionally applied using “near AD edge” or
“AD centre” as conditioning states. The shown quantities are
the same, but the colour scales may vary to ensure visibility
for different magnitudes.

5 Co-occurrence of ADs and strong positive
temperature anomalies

In this section, the co-occurrence of ADs with events with
strong positive temperature anomalies (PTA, T ′2 m> 2) is in-
vestigated. Note that we are not investigating heat waves here
specifically, as we do not require longer periods of strong
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positive temperature anomalies, but we examine strong pos-
itive temperature anomaly events hour-by-hour. Results are
shown in Sect. 5.1 before they are interpreted and discussed
in Sect. 5.2.

5.1 Results for strong positive temperature anomalies

The co-occurrence of strong positive temperature anoma-
lies and ADs is investigated using the conditional probabil-
ity and the standardised lnOR for a strong positive tempera-
ture anomaly event given the presence of AD air. Figure 2a
shows the total, unconditional probability of a strong posi-
tive temperature anomaly event P (PTA Event). In some re-
gions, particularly in western Europe and over the sea, strong
positive temperature anomaly events occur in more than 9 %
of the time during the study period. Figure 2b shows the
probability of a strong positive temperature anomaly event,
given the presence of an AD (P (PTA Event |AD), shading),
and the conditioning probability (P (AD), contours). Condi-
tional probabilities are highest in an arc from southwestern
to northern Europe, where temperatures are unusually high
during more than 10 % of the time that AD air is present (or-
ange colours in Fig. 2b). Figure 2c shows the standardised
lnOR. Positive values (green colours) in Fig. 2c indicate that
strong positive temperature anomaly events are more likely
to occur in the presence of AD than during its absence. It is
obvious that this is the case in most of the domain, and the
large values indicate strong evidence with respect to the vari-
ability. The strongest effect is visible over the Bay of Biscay
and the British Isles, as well as over the Mediterranean Sea
and regions neighbouring the Baltic Sea, while in the Alps
and over the Anatolian peninsula the effect is much smaller
or non-existent. This pattern is also reflected in the mean and
median of the standardised anomalies T ′2 m during AD and
non-AD periods: the mean and median T ′2 m are higher during
AD than during non-AD periods in the entire domain (me-
dian is shown in Fig. B1 in Appendix B). The difference is
largest in the region of the Bay of Biscay and over the British
Isles, where the difference between AD and non-AD median
standardised temperature anomalies reaches 1.

5.2 Discussion of strong positive temperature
anomalies

A striking feature in Fig. 2a is the increased probability of
positive temperature anomalies in the western Mediterranean
Sea and the Atlantic, especially close to the Iberian and
French coasts. This pattern is likely linked to marine heat
waves that occurred in the North Atlantic and Mediterranean
during the study period (e.g. Juza et al., 2024; England et al.,
2025), as unusually high sea surface temperatures in these
regions could explain unusually high near-surface air tem-
peratures. To test this, we repeated the analysis excluding the
periods of the two major marine heat waves (summer 2022
and summer 2023) as a diagnostic check. This reduced the

probability of strong positive anomalies around the British
Isles and in the western Mediterranean, supporting the inter-
pretation that these heat waves substantially contribute to the
observed pattern. We emphasize that this exclusion was used
only for diagnostic purposes and is not applied in the final
analysis presented here. Removing these two summers would
substantially shrink our already limited two-year dataset and
would eliminate summer data entirely. Extending the time
series to dilute the influence of these events is not feasible
given data storage constraints.

The standardised lnOR is largest in the Bay of Biscay and
over the British Isles, as well as over the western Mediter-
ranean Sea, indicating that the effect of the presence of
AD air on positive temperature anomalies is strongest there
(Fig. 2c). Interestingly, the British Isles experience AD air
less than 10 % of the time, but more than 20 % of those cases
co-occur with positive temperature anomalies (Fig. 2b). Sev-
eral studies report positive temperature anomalies over the
UK during Spanish plume events (de Villiers, 2020; Sibley,
2012). The Spanish plume is an EML originating over the
Iberian Peninsula, although the term has frequently been mis-
used (Schultz et al., 2025b). Some studies suggest that during
Spanish plume events air also originates in northern Africa
(Sibley, 2012; de Villiers, 2020; Schultz et al., 2025a), so
that some Spanish plume air streams can be seen as a sub-
set of ADs. Given that Spanish plumes are reported to pro-
duce strong warming over the UK, it may seem surprising
that only around 20 % of AD events co-occur with a strong
positive temperature anomaly there, even though the British
Isles are among the regions where this co-occurrence is most
likely. This has an important implication: even in the region
where the standardised log-odds ratio suggests the strongest
relationship between strong positive temperature anomaly
events and the presence of ADs, AD occurrence alone is not a
sufficient indicator. Therefore, additional conditions like the
presence of subsidence, near-surface advection, or the stabil-
ity of the AD layer, may determine whether such events oc-
cur. This emphasises the need to extend the EML (and Span-
ish plume) concept to the more general case of ADs, and
to investigate systematically which of these conditions de-
termine whether high temperatures accompany a given AD
event.

In Fig. 2c the Alps and the Anatolian peninsula stand out
as the only land regions that do not have a strongly positive
standardised log-odds ratio. In these regions, also the prob-
ability of intrusion of AD air into the local BL is increased
(Fix-Hewitt et al., 2026, their Fig. 7). Additionally, these re-
gions have the lowest number of joint occurrences of AD air
and strong positive temperature anomaly events (fewer than
100 occurrences, see Fig. B2). This indicates that, although
the BL in these regions frequently reaches potential temper-
atures similar to those in the AD and thus allows penetra-
tion, other processes play a larger role in producing strong
positive temperature anomalies. This is not the case for all
regions with elevated terrain; the most prominent counterex-
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Figure 2. (a) Total probability of a strong positive temperature anomaly event (PTA event, T ′2 m> 2) per grid cell and hour. (b) Probability
of a PTA event, given the presence of AD air. Contour lines show the conditioning probability, P (AD), per cell and hour in percent, 5
percentage-points spacing. (c) Standardised lnOR for a PTA event given AD presence. Note that the colourbar for the probabilities has
irregular spacing to highlight gradients at both the low and high ends of the probability range.

ample is the Iberian Peninsula, another region of elevated to-
pography. There, the probability of AD air intruding into the
local BL is likewise increased (Fix-Hewitt et al., 2026, their
Fig. 7), yet ADs also co-occur with strong positive tempera-
ture anomaly events more frequently, and the odds of strong
temperature anomaly events are increased in the presence of
AD (Fig. 2c). One possible explanation is the near-surface in-
trusion of warm air into the Western Mediterranean region in
combination with the AD, as described by Cos et al. (2025).

In Fix-Hewitt et al. (2026), 66 dates with extensive AD
coverage were identified. On 19 of those dates at least 10 %
of the area covered by AD (north of 37° N) also experienced
strong positive temperature anomalies. Often, the area with
strong positive temperature anomaly events is on the up-
stream side of the ridge axis, sometimes coinciding with ar-
eas without or with only high clouds (not shown). We do
not have further explanation for this behaviour and further
investigations are beyond the scope of this study or the avail-
able data. As ERA5 is not informed of the aerosol optical
depth, its radiation variables are of limited use in investigat-
ing the reasons behind the patterns in strong positive temper-
ature anomalies.

The proposed mechanism for enhanced near-surface tem-
peratures during an EML (and thus during an AD) is that a
cap of stable stratification limits the vertical growth of the
CBL. Convective turbulence distributes the surface sensible
heat input through the mixed layer. When that layer remains
shallow, the same heat input produces larger temperature in-
crease (Cordeira et al., 2017). According to Carlson and Lud-
lam (1968) one day of insolation in the presence of a capping
EML can be enough to increase the wet-bulb temperature in
the underlying BL significantly. However, the joint occur-
rence of a strong positive temperature event with an AD-

imposed cap (defined as the lowest AD trajectory residing
within 500 m above the BLH and the stratification in that
500 m-layer being nearly isothermal) is too rare to permit
meaningful analysis. This suggests that the increased odds
of strong positive temperature anomalies in the presence of
AD air seen in Fig. 2c are unlikely to be primarily due to situ-
ations in which a cap of stable stratification limits BL growth
leading to larger temperature increase in a shallower layer.
While investigating the direct co-occurrence of ADs with
strong positive temperature anomaly events already yields in-
sightful results, potential time-lagged responses may not be
captured by our co-occurrence analysis.

Moreover, strong positive temperature anomaly events fre-
quently co-occur with ADs, but this does not necessarily im-
ply a causal relationship. Fix-Hewitt et al. (2026) showed
that the average duration of AD streaks is below one day
across most of the domain (their Fig. 4) and that the low-
est AD-cell resides close to the BLH is uncommon (their
Fig. 6). High near-surface temperatures during ADs could be
due to short-lived AD-related capping stable layers and re-
duced cloudiness, or unrelated diabatic heating, subsidence-
driven adiabatic warming, and/or warm-air advection (Röth-
lisberger and Papritz, 2023). Disentangling these contribu-
tions and whether or how they are related to ADs or con-
founding factors is beyond the scope of this study.

Nonetheless, several processes discussed in the heat-wave
literature share features with ADs and may help contextualise
our findings. For example, Cos et al. (2025) describe low-
level warm air intrusions from the Sahara into the Mediter-
ranean, although Zschenderlein et al. (2019) find horizontal
advection to play a minor role in European high tempera-
tures. When air ascends in a warm conveyor belt, it releases
latent heat and brings low potential vorticity air to higher
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levels, which can lead to an intensification of the ridge (or
even atmospheric blocking; Pfahl et al., 2015). Since one air
stream identified within the AD is similar to a warm conveyor
belt (although from a drier source region), and ADs often oc-
cur within amplified ridges (Fix-Hewitt et al., 2026), ADs
may also intensify these ridges. High temperatures can be
observed in ridge situations, and especially in summer they
are caused by diabatic heating due to increased insolation,
and to a lesser degree due to adiabatic heating from subsi-
dence, or even advection (Sousa et al., 2018; Lemburg et al.,
2026).

6 Co-occurrence of ADs and thunderstorms

EMLs are known to suppress convection in their centre due to
a cap, while convective initiation preferentially occurs along
their edges (e.g. Carlson and Ludlam, 1968; Keyser and Carl-
son, 1984; Farrell and Carlson, 1989; Cordeira et al., 2017;
Ribeiro and Bosart, 2018, and many more). In the following,
we examine whether this also holds for the more general case
of ADs.

6.1 Results for lightning along the AD-edge versus in
the AD-centre

Lightning throughout the year is a rare event locally. The un-
conditional probability of lightning is generally below 2 %
(Fig. 3a). Higher probabilities coincide with land areas, es-
pecially mountainous regions (see white contours, Fig. 3a),
where orographic lifting of the larger scale flow and oro-
graphically induced circulations provide additional mecha-
nisms for releasing CAPE (in agreement with Enno et al.,
2020). As lightning is already a rare event, conditioning it on
the presence of ADs, their edges, or their centres results in
relatively small datasets (tens to hundreds of occurrences per
grid cell). We therefore interpret the following analysis as an
exploratory assessment which is still useful as it establishes
a foundational understanding of AD behaviour in relation to
lightning.

Figure 3b shows that lightning probability approximately
doubles when AD air is present in the levels 1.5, 2, and
2.5 km, which is the case in up to 40 % over the Mediter-
ranean (white contours, Fig. 3b). Also the standardised log-
odds ratio confirms that lightning is more likely in the pres-
ence of AD air at those levels by being strongly positive
(green, Fig. 3c) in large parts of the study region.

ERA5 grid cells can be within a swath of about 1.25° (5
cells) on either side of the AD edge in an astonishing 30 % of
the time in the Mediterranean (Fig. 3d, white contours). This
probability gradually decreases northwards to 5 % in north-
ern Europe. In a large part of the domain, the probability of
lightning is strongly increased, given an AD edge is close
(Fig. 3d, shading), which is also supported by strongly posi-
tive values in the standardised log-odds ratio (green, Fig. 3e).

In fact, almost 27 % of all lightning occurs within the 5 cell
margin around the AD edge (not shown).

The probability of an ERA5 cell being in the centre of
an AD (at least 10 cells≈ 2.5° interior of the edge) is lower
than for the edge, with 10 % in the Mediterranean, decreasing
northwards and being negligible in northern Europe (Fig. 3f,
white contours). The probability of lightning conditional on
the presence of the AD centre is increased (yellow colours
in Fig. 3f) and the standardised log-odds ratio is positive
(Fig. 3), indicating that lightning is more likely in the pres-
ence of the AD centre.

6.2 Discussion of lightning occurrence

Several past studies have investigated the initiation of par-
ticularly violent thunderstorms near the edges of EMLs, and
the processes discussed therein provide a framework for un-
derstanding convective initiation at AD edges. It is described
that near the edge, a convergence zone forms, possibly ahead
of a cold front or dryline (Carlson et al., 1983; Keyser and
Carlson, 1984; Dahl and Fischer, 2016). In this region, a
strong stability gradient is present (Carlson et al., 1983) and
it is characterised by a baroclinic zone. Keyser and Carl-
son (1984) describe how due to confluence and anticyclonic
shear in this baroclinic zone, a thermally direct ageostrophic
circulation forms at the midlevel air mass boundary, while
a thermally indirect cell forms higher up. This leads to as-
cent near the EML edge, which is likely too weak to initiate
convection, but can diminish the strength of the cap and, to-
gether with other lifting mechanisms, lead to the initiation of
thunderstorms along EML edges. Another mechanism foster-
ing convective outbreaks near EML edges is “underrunning”
(Carlson et al., 1983; Farrell and Carlson, 1989), where the
moist and heated air in the local BL moves horizontally, until
it reaches the lateral edges of the EML, where inhibition is
weaker, so that convection can occur.

The results presented above also show increased odds for
lightning near the AD edge across large parts of continen-
tal Europe, which indicates that the processes described for
EMLs also occur along AD edges and foster thunderstorm
formation. The increased odds of lightning in western and
central Europe near the AD edges are also supported by Feld-
mann et al. (2025) who find that western and central Europe
are regions with “temperature-limited severe convective out-
break types”. In temperature-limited regions, the advection
of warm and moist air leads to instability. They also appreci-
ate that EMLs support this instability for these types. Con-
vective outbreaks happen on the western flank of a ridge,
ahead of a trough, and strong positive temperature anoma-
lies are found within the ridge – hence, a synoptic set-up that
is similar to those leading to ADs, and convective outbreaks
in regions where their edges can be expected. Only in the
Slavic and Balkan regions the standardised log-odds ratio of
lightning occurrence near the edge is small, or even nega-
tive (Fig. 3e). This likely reflects the low joint occurrence
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Figure 3. (a) Total probability of lightning per grid cell and hour. White contour lines indicate the 600 m topographic isoline. b) Probability of
lightning, given AD air is present at the 1.5, 2, and 2.5 km levels (AD1.5−2.5). Contour lines show the conditioning probability, P (AD1.5−2.5),
per cell and hour in percent, 5 percentage-points spacing. (c) Standardised lnOR of lightning within AD1.5−2.5. (d) Probability of lightning,
given it is close to the AD edge. Contour lines show the conditioning probability, P (near AD edge), per cell and hour in percent, 5 percentage-
points spacing. (e) Standardised lnOR of lightning near AD edge. (f) Probability of lightning, given it is within the AD centre (≥ 10 cells
away from edge). Contour lines show the conditioning probability, P (AD centre), per cell and hour in percent (contours for 1 %, 5 %, and
10 % are shown). (g) Standardised lnOR of lightning in the AD centre. Note that the colourbar for the probabilities has irregular spacing to
highlight gradients at both the low and high ends of the probability range.

of lightning and AD-edge conditions in these areas, which
results in large uncertainty and therefore low values of the
standardised log-odds ratio.

The fact that lightning is more likely in the presence of the
AD centre is surprising, as in the centres of EMLs, thunder-
storms are thought to be suppressed as a capping stable layer
confines convection to the layer below (Carlson and Lud-

lam, 1968). While strong convective inhibition (CIN) hinders
convection, medium values of CIN (50–200 J kg−1) can actu-
ally be favourable. Thunderstorm initiation is delayed, which
allows for further surface heating and destabilisation until
strong enough triggers overcome the inhibition (Andrews et
al., 2024). Air that originates within a deep, warm CBL in
the source region is typically well-mixed with a near-dry-
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adiabatic lapse rate. If this air is advected downstream with
modest modification, it causes steep lapse rates and condi-
tionally unstable stratification over a moister local BL. Once
an air parcel is lifted beyond its level of free convection and
CIN is overcome, e.g. by surface heating, low-level conver-
gence, or synoptic ascent, deep moist convection can initiate
– even in the centre of the AD, if it causes low values of CIN.

A layer is conditionally unstable when the satura-
tion equivalent potential temperature decreases with height
∂θEs/∂z=

(
θEs,BLH+2 km− θEs,BLH

)
/2 km< 0 K km−1. The

top row of Fig. 4 (panels a–d) shows daytime conditions for
the edge of the AD, the bottom row (panels e–h) for its cen-
tre. On average, the layer above the BL is not, or only weakly,
conditionally unstable everywhere along the AD edge (grey
and light yellow colours in Fig. 4b). For the AD centre,
∂θEs/∂z is strongly negative (orange colours in Fig. 4) in re-
gions, where AD centre occurrence is non-negligible (≥ 1 %,
white contours in Fig. 3f). Figure 4c and g show the min-
imum ∂θEs/∂z on days on which lightning occurs near the
AD edge or in the AD centre, respectively (daily minimum is
computed from only those sub-daily samples when the cell
is classified as near-edge or centre, respectively). The time
of maximal instability (minimal gradient of θEs ) is used here,
because the profile at the time of the lightning may no longer
be representative for the (pre-) convective environment. Fig-
ure 4, panels (c) and (g) show that on days, when lightning
occurred near the AD edge or in its centre, the most unstable
profile was strongly conditionally unstable (orange colours).
CIN at the times of the greatest instability on days when
lightning occurred near the AD edge or in its centre, is, on av-
erage, in the favourable range of less than 200 J kg−1 (Fig. 4d
and h, CIN at the same times as used in panels c and g). Mod-
erate, non-zero values of CIN can delay thunderstorm initi-
ation which allows for further surface heating and destabili-
sation. A parcel that overcomes the CIN and is lifted beyond
its lifting condensation level, will freely rise in the condition-
ally unstable layer aloft. The combination of a conditionally
unstable layer provided by the AD and modest CIN values
therefore creates conditions favourable for thunderstorm de-
velopment even in the centre of ADs, which can explain why
the standardised log-odds ratio for lightning is positive both
near the AD edges and in the AD centre (Fig. 4a, e, green
colours).

The fact that the combination of conditionally unstable air
aloft and modest CIN is favourable for thunderstorms along
the edges of ADs has been extensively documented (for the
special case of EMLs, e.g. Carlson and Ludlam, 1968; Carl-
son et al., 1983; Keyser and Carlson, 1984; Farrell and Carl-
son, 1989; Lanicci and Warner, 1991b; Johns and Dorr, 1996;
Banacos and Ekster, 2010; Lewis and Gray, 2010; Dahl and
Fischer, 2016; Ribeiro and Bosart, 2018; Li et al., 2021). The
favourable vertical profiles also help explain how lightning
can occur at AD centres, contrary to the expectation that
ADs, like EMLs, inhibit convection (Carlson and Ludlam,
1968).

Since the patterns of standardised log-odds ratios for day-
time hours (Fig. 4a, e) are very similar to those for the entire
day (Fig. 3e, g), we expect the explanation to also approx-
imately hold for the whole day. Considering that the joint
occurrence of lightning and AD centre is very rare (only on
the order of tens of events, Fig. B3c), the values of individual
cells of Fig. 3g and the bottom row of Fig. 4 have to be inter-
preted carefully, because they might be driven by single long-
loved or highly organised systems such as mesoscale con-
vective systems. An example is the isolated extremum over
southern France in Fig. 3f, g. Despite this limitation, these
results are interpretable: first, the log-odds ratios are suitably
standardised to reduce the influence of rare events with large
variances. Second, the band of elevated log-odds ratios ex-
tending across the Iberian Peninsula and along the northern
flank of the Alps (Fig. 3g) is coherent over several hundred
kilometres and hundreds of independent grid cells. Thus, this
cannot be driven a single convective system. The same argu-
ments hold for the analysis of lightning in the presence of
AD and near the AD edge, for which the joint occurrences
are also rare but less so than for the AD centre (Fig. B3).

7 Co-occurrence of ADs and dust events

Dust can be swept up into the CBL in the arid and desert
source regions of ADs and subsequency lead to dust events
in the target regions. In Sect. 7.1 we show how often ADs co-
occur with dust events, which is then discussed in Sect. 7.2.

7.1 Results for dusty ADs

We define a dust event to occur when the standardised dust
aerosol optical depth at 550 nm anomaly (AOD′550 nm, Eq. 1)
exceeds 2 at the given time (Sect. 4.3). Figure 5a shows the
total, unconditional probability of dust events, P (dust). The
Mediterranean region experiences strong dust events more
than 9 % of the time, and also regions around the Baltic Sea
and north-east of the Black Sea have enhanced dust event
probabilities. It becomes apparent that the pattern of the un-
conditional probability for dust (Fig. 5a, shading) is similar
to the pattern of the probability of AD (Fig. 5b, contours),
with higher values in the southern part of the domain, and
a north-eastward extension of the region with enhanced val-
ues. Figure 5b shows the probability of a dust event, given
the presence of an AD (P (Dust Event |AD), shading), and
the conditioning probability (P (AD), contours, same as in
Fig. 2b). Conditional probabilities are enhanced compared
to the unconditional probability throughout the domain, and
they are highest north and northwest of the Iberian penin-
sula. In these regions, ADs occur less than 10 % of the time,
yet several hundred co-occurrences of ADs with dust events
are recorded, resulting in conditional probabilities of beyond
40 % (Fig. 5b). Figure 5c shows the standardised lnOR. Pos-
itive values (green colours) in Fig. 5c highlight that dust
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Figure 4. Daytime hours (10:00–15:00 UTC) only. Panels (a)–(d) show results for near AD edge cells, panels (e)–(h) for AD centre cells.
Panels (a) and (e) show the standardised lnOR for lightning occurrence, given the proximity of the AD edge (a) or the presence of the AD
centre (e) (as Fig. 3e, f, but for daytime only). Panels (b) and (f) show the average ∂θEs/∂z in the 2 km above the local BLH, given the cell is
near the AD edge (b) or in its centre (f). Panels (c) and (g) show average daily minimum ∂θEs/∂z on days that have a lightning occurrence
near the AD edge (c) or in its centre (g) at least once that day. The daily minimum is computed from only those sub-daily samples when the
cell is classified as near-edge (c) or centre (g). Panels (d) and (h) show the average CIN for those same time steps.

events are more likely to occur in the presence of AD than
during its absence. It is obvious that this is the case ev-
erywhere in the domain, and the very large values indicate
strong evidence with respect to the variability. This is most
pronounced from the Iberian Peninsula, across the English
Channel and to southern Scandinavia, but less pronounced
over the Mediterranean and the far east of the domain. How-
ever even in the Mediterranean logORstd exceeds 10, which
is clearly robust with respect to the sample variability.

The conditional probability of dust events given that an
AD is present in the column (P (Dust Event |AD); Fig. 5b,
shading) also gives insight into what fraction of AD events
are dusty. While the probability of AD (P (AD); Fig. 5b, con-
tours) decreases towards the north and northwest, the prob-
ability of a dust event given the presence of AD (P (Dust
Event |AD), Fig. 5b, shading) increases towards the north-
west. Especially in the western part of the domain (west-
ern Europe and southern British Isles), more than 40 % of
AD occurrences also bring dust events (yellow colours in
Fig. 5b).

7.2 Discussion of dusty ADs

The pattern of P (Dust Event) (Fig. 5a) is similar to P (AD),
and logically so. The probability for a dust event is highest
closest to the source region, while regions further away have
a reduced probability – because the dust-carrying air does not
reach as far as often, and because more dust can be deposited
during the longer journey. The only region that draws atten-
tion is the very east of the domain. Here, the probability of
a dust event is higher than in neighbouring regions, and the
effect of the AD is less pronounced (light colours in Fig. 5c).
Additionally, east of 30° E is the only region, where P (dust
event |AD) exceeds 5 %. This indicates that in the very east
of the domain, the presence of ADs is not as important for
the occurrence of a dust event as in the rest of the domain.
Two reasons are possible: (1) The dust may originate from
source regions not represented in our study, such as the Ara-
bian peninsula or central Asian arid regions. (2) The air may
take longer than 120 h to reach eastern Europe and thus is no
longer tracked as AD air by our algorithm.

The frequent co-occurrence of dust events and ADs is in
agreement with the results from Hermes et al. (2024) and
Barkan et al. (2005) who find that dust over Europe typically
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Figure 5. (a) Total probability of a dust event (AOD′550 nm> 2) per grid cell and hour. (b) Probability of a dust event, given the presence of
AD air. Contour lines show the conditioning probability, P (AD), per cell and hour in percent, 5 percentage-points spacing. (c) Standardised
lnOR for a dust event given AD presence. Note that the colourbar for the probabilities has irregular spacing to highlight gradients at both the
low and high ends of the probability range.

occurs when a far-south-reaching trough over the Iberian
peninsula transports dust towards Europe across the western
Mediterranean. Cuevas-Agulló et al. (2024) find that during
more than half of the late winter/early spring dust events in
the western Mediterranean region, a cut-off low was present
west of the Iberian peninsula. They also find increased block-
ing over the Euro-Atlantic sector. Israelevich et al. (2012)
identify dust transport pathways towards Europe across the
Mediterranean and via recirculation from the Atlantic. These
are all synoptic situations and trajectory pathways that re-
semble those typical for ADs, found by Fix-Hewitt et al.
(2026).

An interesting intersection with aerosol atmospheric rivers
(AAR) and atmospheric rivers (ARs) emerges: ARs are nar-
row, elongated regions of enhanced water vapour transport
(Ralph et al., 2018). Chakraborty et al. (2021) apply this con-
cept to narrow, elongated regions of aerosol transport and de-
fine AARs. They attribute 40 % to > 100 % of the total inte-
grated aerosol transport over many regions to these AARs.
By definition, AARs originating in the boundary layers of
desert regions will also be ADs. A combination of the con-
cepts is presented by Dezfuli et al. (2021) and Francis et al.
(2022), who describe that ARs can pick up dust, when trav-
elling over desert areas, forming dusty atmospheric rivers.
Francis et al. (2022) also describe how the phenomena are in-
terlinked: ARs cause higher near-surface wind, which makes
dust air-borne. They report that 78 % of ARs crossing North-
west Africa are linked to dust events in Europe. In this con-
text, it could be interesting for future research to examine the
extent and nature of the overlap among (dusty) atmospheric
rivers (ARs), aerosol atmospheric rivers (AARs), and atmo-
spheric deserts (ADs).

8 Summary and conclusions

Atmospheric deserts (ADs) are air masses that are advected
away from the convective boundary layers (CBLs) of their
desert, (semi-) arid, and/or elevated source regions towards
typically cooler, moister target regions. During their trans-
port over thousands of kilometres, the air mass can be mod-
ified and lose its well-mixed properties. They are a general-
isation of elevated mixed layers (EMLs), which are former
boundary layer (BL) air masses that overlie cooler, moister
local air masses, are well-mixed and often form a lid or cap-
ping inversion. Since ADs have been found to be frequent
over Europe (Fix-Hewitt et al., 2026) and EMLs are known to
influence thunderstorm and heat wave formation (e.g. Carl-
son and Ludlam, 1968; Carlson et al., 1980, 1983; Keyser
and Carlson, 1984; Banacos and Ekster, 2010; Cordeira et
al., 2017; Ribeiro and Bosart, 2018), this study aimed to in-
vestigate whether ADs behave similarly. Due to their origin
in North Africa, European ADs are also prone to bring dust
towards Europe. In this study, we therefore examined how
frequently strong positive temperature anomalies, lightning,
and dust events co-occur with ADs. Through investigation
of conditional probabilities and standardised log-odds ratios,
we come to the following conclusions:

1. The probability of anomalously high near-surface tem-
peratures is significantly increased in the presence of
ADs. However, co-occurrence of high near-surface tem-
peratures with AD-induced caps is so rare that limited
BL growth and resulting distribution of surface sensible
heat input through a shallower layer (e.g. Cordeira et al.,
2017) could not be confirmed as the main driver.

2. Lightning occurrence is clearly enhanced near the AD
edges in western and central Europe. This is consistent
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with the well-documented tendency for severe thunder-
storms to initiate near EML edges, and extends this find-
ing to the more general case of ADs.

3. Conditional instability above the local BL and moderate
CIN provide favourable environments for thunderstorm
formation in the presence of ADs, both near their edges
as well as in their centres.

4. In 10 % to more than 40 % of AD occurrences (depend-
ing on the region), anomalously high dust aerosol opti-
cal depths are also present, and almost all events with
strong positive anomalies in dust aerosol optical depth
co-occur with ADs.

These findings advance prior knowledge about EMLs and
their implications: ADs frequently co-occur with strong pos-
itive temperature anomaly events and lightning probability
is increased both near their edges and in their centres. Ex-
tending the concept of EMLs to ADs is therefore a useful
step to understanding and forecasting such events, which be-
comes more and more important to warn the affected popu-
lations, especially as temperatures rise. Our results highlight,
that while ADs, just as EMLs, co-occur with hot events, the
cause remains unclear. Similarly, while enhanced lightning
near AD edges is consistent with expectations from EML
studies, the enhancement in AD centres is a novel and unex-
pected result, which may point towards additional destabili-
sation mechanisms that are not present in the case of EMLs.

This opens several questions that should be addressed
in future research. Of particular interest are the causal re-
lations. Why are ADs often accompanied by anomalously
high near surface temperatures? Do they have a common
driver, or could the AD be cause? Which processes lead to
the triggering of thunderstorms near the AD edges? Can the
suggested processes of underrunning (Farrell and Carlson,
1989) and ageostrophic circulations at a resulting conver-
gence line (Dahl and Fischer, 2016) or mid-level baroclinic
zone (Keyser and Carlson, 1984) be confirmed for ADs?

While it has been described that dusty Saharan air layers
can qualify as EMLs (Carlson and Prospero, 1972; Karyam-
pudi et al., 1999; Carlson, 2016; Gutleben et al., 2020), the
presence of dust within EMLs other than over the tropical At-
lantic is rarely discussed, although EML (and AD) source re-
gions are often also possible dust source regions. And indeed,
ADs often co-occur with dust events in the target region.
Future research could investigate the vertical distribution of
dust within the AD and the influences it has on e.g. tempera-
ture and cloudiness. Moreover, we investigated the individual
co-occurrences, but it may be of interest to also include con-
current events, i.e. dusty ADs that are also accompanied by
high near-surface temperatures or thunderstorms. It can be
expected that the different effects influence each other: dust
can absorb or scatter radiation, reducing the surface incom-
ing solar radiation and therefore the near-surface temperature
as well as stratification (Helmert et al., 2007; Bangert et al.,

2012; Nabat et al., 2015). Dust can also serve as condensa-
tion nuclei, altering cloud properties and favouring hail for-
mation (Rosenfeld et al., 2001; Seifert et al., 2023; Brennan
and Wilhelm, 2025). Furthermore, high near surface temper-
atures can increase CAPE and lead to more violent convec-
tion. The interplay between these AD-related effects there-
fore warrants further investigation, requiring datasets with
larger sample sizes of concurrent events.

While there are many open questions to be addressed, the
findings in this study present a valuable next step towards es-
tablishing ADs as a new air stream type: one that generalises
the well-studied EML concept and demonstrates that desert-
origin air masses – whether or not they retain a well-mixed
structure – are systematically associated with temperature
extremes, enhanced convection, and dust transport across Eu-
rope.

Appendix A: In-depth explanation of methods

A1 Edge detection

The air-mass edge is detected from the binary AD-cell data
within a given layer L as follows:

1. Layer definition: a layer L can consist of several levels,
l. If desired, combine the binary data of the altitude lev-
els l by logical “or”:
L= AD(l1)∨AD(l2)∨ . . .∨AD(ln) (Fig. A1a–d).

2. Pad domain edges: to prevent artificial edge truncation
at the domain boundary, pad L with replicate values
(Fig. A1d, light grey).

3. Smooth AD layer: to obtain a smoother and more con-
tinuous boundary, remove small isolated gaps within de-
tected AD regions and isolated noisy pixels or pixel
clusters outside the main regions (Fig. A1e, f). This
is achieved using multidimensional binary closing fol-
lowed by binary opening with a structuring element S
that includes all spatially neighbouring cells (including
the diagonals, 3×3 Moore neighbourhood; Haralick et
al., 1987). The resulting smoothed field is denoted Ls.

4. Edge detection: edge cells are defined as the outer
boundary of the smoothed field Ls, obtained as the set
difference between Ls and its morphological erosion:
Edge=Ls r (Ls	) (Haralick et al., 1987, Fig. A1g, or-
ange).

Distances to the detected edge are used in the main text to
classify grid cells into near-edge (light orange in Fig. A1g)
and centre regions (dark blue in Fig. A1g) using thresholds
D1 and D2. The results of the sensitivity analysis for the al-
titude in which the edge should be detected (l, L), as well as
for the distances used to define near-edge and centre regions
(D1,D2) are shown in Figs. A2 and A3.
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Figure A1. Schematic of edge detection algorithm. (a–c) AD extent at the respective levels 1500, 2000, and 2500 m. (d) AD extent in the
combined layer, L. (e) Isolated gaps were filled, using binary closing. (f) Isolated pixels or small pixel groups were removed using binary
opening, results in smoothed AD extent Ls. (g) Final result with smoothed AD extent (grey), AD edge (orange), cells near the AD edge (light
orange), and cells within AD centre (dark blue).

Figure A2. Standardised lnOR for lightning near AD edge, as in Fig. 3c. Columns: different altitudes for the edge detection (AD-cell centres
given in the title). Rows: different values for D1. Subplot with thick frame is as Fig. 3c.
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Figure A3. Standardised lnOR for lightning in AD centre, as in Fig. 3e. Columns: different altitudes for the edge detection (AD-cell centres
given in the title). Rows: different values for D2. Subplot with thick frame is as Fig. 3e.

A2 Conditional probability and odds ratios

Table A1. Contingency table. n is the number of observations, a, b, c, d the absolute frequencies for the respective combination of events.
“Event” refers to an extreme weather event (e.g. strong positive temperature anomaly (PTA) or dust event). “AD” refers to an AD-column
being present.

Event no Event

AD a
n = P(AD∩Event) b

n = P(AD∩ no Event) a+b
n = P(AD)

no AD c
n = P(no AD∩Event) d

n = P(no AD∩ no Event) c+d
n = P(no AD)

a+c
n = P(Event) b+d

n = P(no Event) 1= a+b+c+d
n

In this section the standardised log-odds ratio used in
Sect. 4.4 is derived. We consider a 2×2 contingency-table
as in Table A1 (reporting relative frequencies), with abso-
lute frequencies a, b, c, d and a total number of observations
n= a+b+ c+d. The joint and conditional probabilities are
defined as

P(Event∩AD)=
a

n
(A1)

P(Event | AD)=
P(Event∩AD)

P (AD)
=

a

a+ b
(A2)

From these, the odds of an event occurring given AD pres-
ence and absence are

odds(Event | AD)=
P(Event | AD)
P (no Event | AD)

=
a

b
(A3)

odds(Event | no AD)=
P(Event | no AD)
P (no Event | no AD)

=
c

d
(A4)

Their ratio is the odds ratio, OR:

OR=
odds(Event | AD)

odds(Event | no AD)
=
ad

bc
(A5)

The standard error of the log-odds ratio, SE(lnOR), can be
calculated as (Stephenson, 2000):

SE(ln(OR))=

√
1
a
+

1
b
+

1
c
+

1
d

(A6)

The standardised log-odds ratio is then defined as

lnORstd = lnOR/SE(ln(OR)) (A7)
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Appendix B: Supporting figures

Figure B1a shows the median of the standardised anomaly of
T2 m (T ′2 m) given that AD air is present in the same column,
while Fig. B1b shows the median given there is no AD air
present. Their difference is shown in Fig. B1c. The entire
domain has higher standardised anomalies for AD periods
than for non-periods, most strikingly in western France and
over the British Isles.

Figure B1. (a) Median T ′2 m given the presence of AD. (b) Median T ′2 m given the absence of AD. (c) The difference between AD and
non-AD periods.

Figure B2. Joint occurrences of PTA event and AD. Joint occurrence numbers in shading. The probability of AD is denoted in contours, as
in Fig. 2b.
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Figure B3. Joint occurrences of lightning (a) with AD between 1.5 and 2.5 km, (b) near AD edge, (c) in AD centre. Contours mark the
probabilities of AD1.5−2.5 km, AD edge, and AD centre, respectively, as in Fig. 3b, d, f.

Figure B4. Joint occurrences of dust event and AD. Joint occurrence numbers in shading. The probability of AD is denoted in contours, as
in Fig. 5b.

Code availability. Much of the data processing is done with
the climate data operators (cdo; Schulzweida, 2023) and
python. All code used for the analysis is made available at
https://doi.org/10.5281/zenodo.19658813 (Fix-Hewitt, 2026).

Data availability. ERA5 data is freely available at the Coper-
nicus Climate Change Service (C3S) Climate Data Store
(https://doi.org/10.24381/cds.adbb2d47, Hersbach et al., 2023).
EAC4 data is freely available at the Copernicus Atmo-
sphere Monitoring Service (CAMS) Atmosphere Data Store
(https://doi.org/10.24381/04a0b097, Copernicus Atmosphere Mon-
itoring Service, 2021). The results contain modified C3S infor-
mation 2020. Results are generated using Copernicus Atmosphere
Monitoring Service information 2025. Neither the European Com-
mission nor ECMWF is responsible for any use that may be made
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of the Copernicus information or data it contains. Lightning data
from Blitzortung.org (https://www.blitzortung.org/en/cover_your_
area.php; Wanke et al., 2014) is available as participant of measure-
ment network. LAGRANTO is available from https://iacweb.ethz.
ch/staff/sprenger/lagranto/ (Sprenger and Wernli, 2015).
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