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Abstract,

During the nonths of February-March (FM), of the 2020-2022 period, several intense dust intrusions from northern #

Africa affected Europe. Jhe frequency of dust events was, exceptional, considering that wintertime is the season

with minimum dust activity in the Mediterranean, and some episodes displayed a duration and/or intensity never
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recorded before, affecting large areas of the western Euro-Mediterranean, region (WEM), The main objective of i ([\ leted: by several international operational and rese{ _
$his, work is to construct a catalogue of FM dust events over WEM for the 2003-2022 period based on satellite ¥ :(Formatted

acrosol retrievals and analyse fheir, atmospheric drivers at the synoptic and large, scales, paying special attention to

thegecent 2020-2022 period of high dust activity, Overall, our results indicate large jntra-seasonal and inter-annual
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variability jn, the pccurrence, of wintertime dust events pver WEM. Dust events of FM 2020-2022 were

characterised by enhanced dust concentration and high maximum altitudes jn comparison with those of previous

years (2003-2019). WEM, dust events are associated with enhanced activity of high-pressure systems over the Euro-

Atlantic sector, which favour, the obstruction of the westerlies and the occurrence of cut-off lows at subtropical

latitudes. However, these high-pressure systems can exhibit a large variety of configurations, including meridional

dipole blocking patterns with poleward shifted jets, or Mediterranean subtropical ridges with an intensified mid-
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latitude jet. The former js the dominant favourable pattern for WEM dust occurrence, buf the latter was relatively

common during the 2020-2022 period.
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1 Introduction <

Mineral dust, when considering its mass, is the most abundant type of atmospheric aerosol found over the ocean<.

and continents, representing about 75% of the global aerosols present in the atmosphere (Kinne et al., 2006; Wu et

al., 2020). Dust affects the climate system by interacting with longwave and shortwave radiation, as well as

contributing to the formation of cloud condensation nuclei and ice nucleating particles (e.g. Szopa et al., 2021).

Recent studies revealed that the magnitude of radiative forcing due to mineral dust is small (Kok et al., 2017; Ryder
et al., 2018) because dust particles seem to be larger than previously thought (Kok et al., 2017; Szopa et al., 2021).
This new finding, along with the fact that global models underestimate the amount of coarse dust in the atmosphere
(Adebiyi and Kok, 2020) raises the possibility that dust emissions may even be warming the climate system (Szopa
et al., 2021). Primary emissions of mineral dust from deserts are the most important contributor to the aerosol

budget in the Middle East, Eurasia, and Africa, accounting for 40-70 % of the annual average atmospheric
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concentrations (Szopa et al., 2021). In large regions of the Earth, mineral dust exerts a great impact on ecosystems

Middleton and Kappelle, 2020), human health (Aghababaeian et al., 2021; Kinni et al., 2021) and other socio- .

economic sectors such as energy and transportation (Cuevas et al., 2021; ESCAP, 2021; Monteiro et al., 2022).

The Sahara and surrounding regions contribute to more than half of global dust emissions (Kok et al., 2021). Dust

mobilization and transport in northern Africa shows high variability at different time scales: diurnal (Knippertz,

2008; Cuesta et al., 2009; Fiedler et al., 2014), intraseasonal (Ashpole and Washington, 2013; Cuevas et al., 2017),

2013; Wagner et al., 2016) and multidecadal (Wang et al., 2015) ones. African dust can travel around the globe to ;
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with the maximum of dust activity in the Mediterranean. As for winter, cyclones on the leeward side of the Atlas ; &

Mountains, also known as “Sharav cyclones” (Winstanley, 1972), and more recently as North African cyclones or AN

Saharan cyclones have been, associated with dust storms (Flaounas et al., 2022; and references herein). However

the gelease of dust from western Sahara, which is, the primary source of dust events reaching, the western °
\

Mediterranean {e.g. Gkikas et al., 2016), takes place at a considerable distance from recognized cyclogenesis areas.

This implies that the jransport of dust may be more closely linked to intense North Atlantic cyclones (Flaounas, et
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path of synoptic cyclones (Rex, 1950). The region with the highest frequency of winter blocking is the castern

North Atlantic (Barriopedro et al., 2006; Wazneh et al., 2021, and references herein). Jn this region, blocking

induces an equatorward displacement of the storm track towards the Mediterranean basin and North Africa region
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troughs and cut-off lows upstream, downstream or in the equatorial flank of the block (Barriopedro et al., 2006

Nieto et al., 2007). This favourable large-scale environment for the development of cyclones and cut-off lows 3

suggests an active role of blocking in the occurrence of dust intrusions in western Mediterranean. ,
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Winter dust intrusions over the western Mediterranean have received little attention and existing studies on the
associated atmospheric circulation have mainly focused on synoptic systems during individual case studies. For

example, deep North Atlantic cyclones entering the western Mediterranean through North Morocco and Algeria

were associated with an extreme dust intrusion jn, February 2017 over western Europe (Fernandez et al., 2019;
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three consecutive days. Similar values (AOD > 0.15) have also been, associated with dust conditions, in previous

studies (Dubovic et al., 2002; Basart et al., 2009).

A drawback of the MODIS dataset might be the presence of clouds within some atmospheric systems. This could

be particularly inconvenient in winter, when the strongest cyclones are expected over the Mediterranean Sea.

However, we have verified that our MODIS-based approach, already used in previous studies (e.g., Moulin et al.

1998: Barnaba and Gobbi, 2004; Gkikas et al., 2016). is robust and reliable. Following Gkikas et al. {2016), we .

have also compared the MODIS AOD.,, with ground-based observations from Aerosol Robotic Network

(AERONET) (Giles et al., 2019: see details in Section S2.1). In the comparison with five European stations (see

Figure S2), the correlation for dust days of the January-March period of 2003-2022 is in the 0.41-0.67 range (see

Table S2).

Table 1. Aerosol optical depth (AOD) thresholds used to identify and classify the intensity of dust events. The imposed criteria

must be satisfied for at least three consecutive days.

Type of dust L
Criteria AOD thresholds
event
Moderate | AODcim + SD < AODav < AODaim + 25D | O+18 < A0Dm0 =
Strong AODcim + 28D < AODavg < AODciim + 4SD | 0.23 <0A303Davg <
Extreme AODavg > AODcim + 4SD AODavg > 0.33
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employed to distinguish dust days with and without blocking, which allows us to assess the jmportance of blocking .~
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The jet stream is diagnosed from 10-day low-pass filtered fields of the 925-700 hPa averaged zonal wind (see more« k

details in Barriopedro et al., 2023). The latitudinal position of the jet is inferred from the daily meridional profile

of the zonal wind at each longitude, which has been previously smoothed by averaging the zonal wind over a
longitudinal sector of 60° width centred at that longitude. The latitudinal position of the jet is the latitude of the
zonal wind maximum in the meridional profile. The poleward and equatorward boundaries of the jet correspond to
the latitudes at each side of the jet latitude where the zonal wind maximum decreases by a given amount (defined

as half the difference between the zonal wind peak and the meridional mean of the zonal wind over 15-75° N). All

latitudes between the poleward and equatorward flanks of the jet identify the jet structure at that longitude. When ¢

applied to all longitudes of the Euro-Atlantic sector, the method provides a 2-D daily identification of the North
Atlantic jet.

Blocking patterns are identified from £500, daily fields, following the meridional gradient reversal method ;/

described in Woollings et al, (2018). For each day d and longitude A, meridional Z500 gradients are computed to

the north and south of a given latitude ¢ as follows:

GHGN'(A, (,b, d) _ ZSOO(A,([hLA,dA)7Z5[)0(/1,<1J,d)A (la)

__ Z500(4,¢,d)—Z500(A,¢—Ad)
GHGS (7, ¢, d) = - A

(1b)

GHGSZ'(}L, (f),d) _ ZSUU(A,(l)*A,d)*AZSOU(A.,(,b*ZA,d)A (10)

where 45° < ¢ <70° N and A = 15° latitude. GHGS is employed to detect flow reversals, whereas GHGN and<: g

GHGS?2 aim to filter out other aspects, unrelated to block. The meridional gradients in Eq. (1) are averaged over -

A/2 in longitude, denoted by the overbars in Eq. (2):

GHGN (A, ¢, dy < —10m /°, (2a)

GHGSA, ¢, dy>0m /% (2b)

GHGS2(A, ¢,dy < —=5m/° (2¢)
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Daily blocking-like structures are identified as spatial clusters of contiguous grid points satisfying the conditions<. .

in Eqg. (2), and covering a minimum areal extension of 500,000 km?. Finally, the blocked areas detected in

- CDeIeted: Eq. (2)
) [Formatted: Font: 11 pt

consecutive days are required to overlap and persist for at least five days to be considered a blocking event.
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3. Results

The results are structured in two sections, which describe the climatological characteristics of wintertime dust«
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events in WEM, paying special attention to the anomalous-dust,2020-2022 period (Section 3.1) and the atmospheric

circulation associated with these events (Section 3.2).

3.1 Climatological assessment, of winter, dust gvents over WEM

We start assessing, the spatial patterns of MODIS monthly mean AOD averaged for the 2020-2022 period in order+

to find footprints of the strong wintertime Saharan dust intrusions over the, Mediterranean basin, and specifically

over WEM at that time. The analysis is performed for each month of the extended winter (December-March)

separately and compared with the corresponding maps of the previous period with available MODIS observations

(2003-2019) (Figure 1),
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Figure 2. Time series of monthly averages of MODIS/Aqua AOD at 550 nm of the extended winters months (i.e., December.
January, February, and March) of the 2003-2022 period and for WEM (black box in Figure 1).
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As the frequency of dust intrusions in WEM is almost negligible in December and January (Figures 1a-b, e-f), from

now on the analyses will focus on the months of February and March only. Our choice of the wintertime, defined

as February-March (FM), is supported by both climatological arguments (higher AOD in late than in early winter:;

Figure 2) and the degree of extremeness of the 2020-2022 period as compared to the 2003-2019 period (see Section

S2). Because of the coverage limitations associated to satellite-based products to capture the daily cycle (i.e.

satellite overpasses or cloud contamination), the same dust event analysis is being done using the NASA MERRA -
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Table 2, Mean Jrequency, of dust events J# year;") and dust days (days, year ") for February and March, of the 2003-2019 and+

2020-2022 periods. E :

v

2003-2019 2020-2022
Feb Mar Feb Mar
Dust events (# year") | 0.35 0.82 1.66 1.66

Dust days (# year™) 1.6 6.8 5.0 12.3

<
x

According to the dust climatology of Gkikas et al. (2016), dust layers in the Mediterranean are normally observed-<

between 2 and 6 km height during summer, while in winter they are mainly detected below 3 km and over the

central and eastern Mediterranean Sea. Here, we have calculated the mean percentage of pure dust in seven
tropospheric layers (between 0 and 10 km) of our geographical region based on the aerosol vertical profiles from
LALIPSO, (see Section 2.1), which are available for 2020-2022, and ; ier 2007-2019, period, For the 2007-
2019 period, the results show slightly higher percentages of pure dust at higher altitudes (2-4 km) than those

reported by Gkikas et al. (2016) (Table 3). The percentages of pure dustjncreased, significantly in F'M, 2020-2022,

In March,2020-2022,, a non-negligible percentage of pure mineral dust is detected,in an upper layer, between 4 and |

6 km of altitude. These results suggest that the enhanced intensity of dust intrusions during 2020-2022 could have

been mediated by atmospheric circulation, processes lifting mineral dust from the desert to heights higher than !

usual. Other, factors could have contributed to exacerbate the frequency, duration and/or intensity of recent dust
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3.2.1. Dust-related patterns and weather regimes
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Figure 5. Probability of occurrence of weather regimes (WRs) during dust days of 2003-2019 (black bars) and 2020-2022 (red< .-

bars). The following acronyms are used. No; no regime; AT: Atlantic trough; AR: Atlantic ridge; GL: Greenland blocking;

EuBL: European blocking; ScBL: Scandinavian blocking; ZO: zonal regime and ScTr: Scandinavian trough.

A

Jhe dust-related configurations identified in Figure 4 do not necessarily match with the dominant Jarge-scale

; '[Formatted

[Formatted
[Formatted .. [379]

‘(Deleted: no

‘ (Formatted
[Formatted ... [382

e [Deleted: To investigate the evolution of the

patterns responsible for the day-to-day variability of the extratropical girculation (WRs). To investigate whether
(Deleted: the Euro-Atlantic region and its relationshi__. [384

the occurrence of dust days pver WEM is favoured by specific recurrent, patterns, we psed, the WR classification

described in Section 2.2, Figure 5 shows the frequency density distribution of the seven WRs for the FM dust days

of each period. We note that none of the WRs coincide exactly, with the dust-related patterns of Figure 4, which is

reflected in the dispersion, of dust days across different WRs. As such, dust intrusions can occur under different

Formatted

... [383

: (Deleted: consider

\ ; [Deleted: seven WRs of Grams et al. (2017).

‘ (Formatted

s | skl s el

‘[Formatted

W
159
>

Formatted

WRs, stressing again the multiplicity of large-scale patterns compatible with dust events. In spite of this, a ... [387
detailed, analysis of WRs and their correspondence with the clusters of Figure 4 reveal the following results: ; ‘._[Deleted: accounts specifically for the transport of af__.. 388
L CDeIeted: clusters
e The WR with a higher probability of occurrence during dust days is the EuBL WR (Figure 5), which is . (Formatted 389
consistent with the high frequency of occurrence of the C#1 clusters in the two periods (Figures 4a,£). i "[Deleted: Figure 4 (e.g., GL, ZO). Despite
o  Several WRSs featuring high-pressure systems at subtropical latitudes of the Euro-Mediterranean (e.g. AR (Formatted .. [390
and AT) show, a small increase in probability of occurrence during dust days of the 2020-2022 period,, * (Deleted: the
which Js consistent with the distinctive positive, Z500 anomalies over the Furo-Mediterranean region of \ \ (Formatted

C#2 (Figure 4d).
o The frequency of ZO also, increased (by a factor of two) during dust days of the 2020-2022 period with

respect to 2003-2019. ZO,does not have a direct correspondence with any of the clusters of Figure 4 but its

occurrence js consistent with the presence of European subtropical ridges, which are associated with an

(Formatted

[ Deleted: ¢

k (Formatted

... [393

( Deleted: The AR is

o) sl el s e

intensification of the mid-latitude zonal flow (Sousa et al., 2021). Therefore, the high frequency of ZO in

the 2020-2022 period could be interpreted as an jncrease in subtropical ridges (readily apparent, in C#2,

Figure 4d)

Therefore, dust intrusions can occur during WRs featuring high-pressure systems at different latitudes (mainly<

European Blocking, EuBl, and Atlantic Ridge, AR), which is consistent with, the clustering analysis. The relative

influence of blocking and pther high-pressure systems is analysed in more detail in the next section.,

( Deleted: second most likely WR during dust day{"_ [395

! [Formatted

... [394]

\ [Formatted

ii s

... [396

C Deleted: the 2020-2022 period. The increase in tl

... [397

' [Formatted

2

... [398]

: ( Deleted: could also be explained by clusters C#3_ [399]

: .\ (Formatted

... [400]

( Deleted: display negative

! (Formatted

... [401]

20

‘ [ Deleted: North Atlantic, and account for a large

... [402]

L [Formatted

... [403

] j

[ Deleted: the )

(Formatted (W

[ Deleted: WR )

(Formatted (W

| Deleted: This WR )

Formatted (W

: [ Deleted: reported )

; .(Formatted (W

.’{ [ Deleted: Section 3. )

‘ l(Formatted (W

( Deleted: .2, )
: (Formatted ... [409]

s




530

535

540

545

550

3.2.2,Meteorological systems, )

v‘,(DeIeted: 2.

In this section, we analyse the weather systems associated with WEM dust events, following the methods described«

(from 925 to 100 hPa) for each day of the 30, dust events of 2003-2022. The results revealed the following common

analysis of the Z fields at different pressure levels

signatures: 1) synoptic systems: negative Z anomalies (typically < -80 m) at all levels from 925 to 200 hPa located

in the subtropical region of the eastern North Atlantic or in porth-western Africa, which are identified as cut-off

lows; and 2) large-scale systems: relatively extensive regions of positive Z anomalies (typically > 100 m at 500 :

hPa), The latter can occur under a variety of flow configurations, and locations (high pressure systems from

patterns (Figures 4a, e) or EuBL WR, with positive Z anomalies located to the north of 4 cut-off low, therefore

subtropical to high latitudes), as confirmed by Figures 4 and 5. A substantial number of cases yesemble, the, C#1

forming a dipole-like block (Rex, 1950; Barriopedro et al,, 2010). A second group, like AR, reveals positive Z

anomalies at comparatively lower latitudes, which are more characteristic of subtropical ridges (Sousa et al., 2021)
or low-latitude blocks (Davini et al., 2012) over the eastern North Atlantic or western Mediterranean. The next

sections describe the synoptic (cut-off lows) and large-scale (high-pressure) systems associated with dust days. We

also assess, the jet stream, since these weather systems are often associated with substantial departures of the

westerlies and the storm track activity (Trigo et al., 2004). The analysis relies on composites anomalies for the

(Deleted: drivers %
| Formatted (W
. (Formatted .. [417]
; [Formatted (W
(Formatted (W
W ~"CDe|eted: intrusions in the western Mediterranean )
[N Formatted (W
% (Formatted ... [421]
2 ~‘(Formatted [419]
L (Deleted: subjective
y (Formatted ... [422
» :(l‘ leted: 32 winter
[Formatted ... [423
:‘(Deleted: North
-(Formatted ... [424]

(Deleted: ) in mid or high latitudes.

‘ (Deleted: s

_[Formatted

... [425

O‘ leted: resembles

2003-2019 and 2020-2022 period, separately, to emphasise distinctive features of the recent anomalous period,

Section S4 provides a more detailed analysis of the three dust episodes labelled as “extreme” in the 2003-2022

period, which occurred on 20-24 February 2017 (Section S4.1), 27-31 March 2021 (Section S4.2), and 15-31 March

2022 (Section 4.3). Furthermore, for the three case studies analysed, the geographical location as well as the

activation time of each dust hotspot has also been identified manually (Schepanski et al., 2007, 2009, 2012) by

using the 15-min EUMETSAT RGB dust animations (MetOffice; EUMETSAT, 2022: see timelapse videos at

https://repositorio.aemet.es/handle/20.500.11765/15054). Although the results should not be generalised to all dust

[Deleted: cluster

[Formatted

; (Formatted

:[Formatted

(Deleted: the

__(Formatted

... [429

[Deleted: .

[Deleted: WR

events, the inspection of case studies confirms that cut-off lows are commonly involved during WEM dust events.

i (Formatted

Moreover, the three cases featured large-scale high-pressure systems with different configurations and at different

latitudes, ranging from high-latitude blocks to subtropical ridges (Sousa et al., 2021).,The synoptic and large-scale

patterns favourable for the occurrence of dust events will be addressed in the next sections.

21

’(Formatted

i (Deleted: characterise

"‘» (Formatted

... [432

| (Deleted: describe

b“(Formatted

... [433

(Deleted: periods

\ (Formatted

... [434]

‘:‘k[Moved (insertion) [4]

:(Deleted: 3.2.2.1. Main synoptic features

... [436

(Formatted

elel o) Bl el e | el el | el ) el )

... [435



https://repositorio.aemet.es/handle/20.500.11765/15054

595

00

605

10

615

620

:[Formatted

3.2.2.1. Synoptic scales i (Formatted
7 v‘CDeleted: of Z anomaly
For all dust events, the vertical cross-section shows pegative Z anomalies petween 925 and 200 hPa (not shown).« [Formatted 7S

Jhese Z anomalies are jn all cases prominentat 200 hPaand weaken towards the surface, consistent with the typical (Deleted: a robust structure with

signatures of upper-level cut-off lows (Nieto et al., 2005, and references herein). Indeed, more than half (65%) of L (Fm’ma“ed

... [440

the J'M, dust events of the 2003-2019 period concurred with a cut-off low. This relationship strengthened during CDeIEtEd: throughout the troposphere

the 2020-2022 period, particularly in March, when all dust events were accompanied by cut-off lows. In few cases. (mea“'ed .. [441
a near-surface cyclone initiated during the later phases of the cut-off low. For, dust days, cut-off lows are normally . %::::::;zhe i
located between the Canary Islands and the Iberian Peninsula, activating the dust sources pver Morocco and Algeria . O‘ leted: (

and transporting dust northwards (see Section 54), Noticeable negative, Z anomalies were also found in the lower [Formatted 43

CDeleted: absolute value)

Although the negative Z anomalies at the lowest (925 hPa) level are weaker than at higher levels (not shown), they [Fm’ma“ed

el Bl e ) Bl e

. [444]

are, intense enough to generate surface winds exceeding the wind speed threshold for dust mobilization in gvestern,

\(Deleted: are in all cases larger than those found at 500 hPa

N

i
L . [ F tted
Sahara, which is between 5 and 12.5 m-s” (Helgren and Prospero, 1987). .This is supported by 6-hourly surface [ ormatte

... [445

B : (Deleted: winter

wind data from NCEP/NCAR reanalysis over Morocco, Algeria, western Sahara and Mauritania (see Section S5)

i (Deleted: reference

( ] j
)
)
For some dust events the centres of these cut-off lows remained stationary over the Atlantic coast of Morocco< (Formatted C.. [446]%
during ~3-4 days, mobilizing dust on its eastern flank (see some examples in Figure S16), However, stationary cut- E:)::::f:nomalous [447])
off lows were relatively uncommon; in most cases, cut-off lows moved eastward from the subtropical North (Deleted: During )
Atlantic to the western Mediterranean,(see e.g. the cut-off low to the west of the Atlas Mountains during the events (Formatted (W
0f 20-24 February 2017 in Section S4.1 and 27-31 March 2021 in Section S4.2). The same event,can comprise two i (Formatted (W
or more successive cut-off lows. This situation was identified in at least one third of the 2003-2019 dust events, but (Delete‘t identified )
in almost all March dust events of the 2020-2022 period, (see e.g. the sequence of cut-off lows over the coasts of (Formatted (. [450]3
Morocco and Algeria in the 15-31 March 2022 event; Section S4.3), The maximum number of cut-off lows in a (DEIEted: S1 in the Supplement). ):
dust event was four, registered in the historical episode of 15-3 1, March 2022 (see case /3 jn Section S4.3). Finally, 'EIF‘otmat:.e:nomalous [451])

the cut-off lows detected during dust events tend to be long-lasting, in agreement with the characteristic time scale (F ormatted 1452]
(~1 week) of the accompanying high-pressure systems (Barriopedro et al,, 2006), which act to weaken the mean -Cpemed; The deeper and stronger Z signatures of th("_ [453] )
zonal flow and slow down the reabsorption of cut-off lows by the westerlies, Apart from this, we do not identify (Ddewd: ) but )
distinctive features of the cut-off lows associated with dust events. Indeed, their characteristics are consistent with (F°"“a“ed (... [454] )
those reported in previous climatological studies (e.g. Nieto et al., 2005, 2007): 1) winter cut-off low occurrence is ,(meaned C [455]}
mostly related to blocking events; 2) winter cut-off lows of the European sector tend to occur in northern Africa CDEIEtEd: the west 2
and southern Europe; 3) more than 80% of cut-off lows are highly transient during their life cycle, EFD::::?: a fow cases, a noar- [456])
22 (Formatted (W
(Deleted: cyclone can be initiated by the circulation )
(Deleted: aloft during the later phases of the cut-off low. )

‘[Formatted [458]

: - ! Formatted [459]

\“ (Formatted [460]

'r’ [Formatted . [461

‘[‘(Deleted: S1 in Section S1 of the Supplement), befo

... [462

(Formatted

... [463

ik
CDeIeted: . Transient cut-off lows

... [464]

5 Blek)



700

705

710

3.2.2.2. Large scale

To assess the influence of Jarge-scale plocking and jet stream configurations, we computed the local frequency of+. -~

blocking and jet stream occurrence for all 'V, dust days and compared them with their climatological frequencies

:[Formatted

... [476

(Deleted: Main

e ’ [Formatted

' [Formatted

f"CDeleted: features 9

(Formatted

(regardless of dust occurrence). Figures Ha, and g show blocking and jet frequency exceedances above the

(Deleted: winter

e [Formatted

... [481

climatology during dust days, for, the 2003-2019,and fhe 2020-2022, periods. Overall, dust days are associated with “C[\ leted: 6 ()
enhanced blocking activity over a latitudinal band centred at mid latitudes (~50-60° N) and extending from the [Formatted (482
eastern Atlantic to Scandinavia, (Figure 6a), Therein, the probability of blocking occurrence increases up to ~12% ; (Deme": (
(red shading in Figure 6a), which more than doubles fhe expected values from the climatology, (contours in Figure it »(Formatted .. [483
6a), The North Atlantic jet is shifted poleward, with preferred locations over high latitudes and reduced frequencies * CDeIeted: )

: (Formatted .. [484]

over typical jet latitudes,(Figure 6¢), consistent, with the obstruction of the westerlies by the blocking action and its i

diverting effect on the jet (Trigo et al,, 2004; Barriopedro et al,, 2010; Sousa et al,, 2018). Therefore, European e

blocking with poleward shifted jets represent a favourable configuration for dust occurrence. ,

S (Deleted: respectively. The analysis focuses on Feb:

... [485

i _[Formatted

... [486

O‘ leted: reference (

1 (Formatted

; (Deleted: )

[Formatted

... [488

(Deleted: anomalous (

i (Formatted

s sl s o) )l B el

... [489

_(Deleted: ) period, although we obtain similar result{___ (490

23

; (Deleted: days. Dust

1

“_ (Formatted ... [491]
'1 (Formatted (m
.(Deleted: Ocean )
(Deleted: . )
(Formatted (W
Formatted (m
» Deleted: during dust days as compared to )
(Deleted: . )
(Formatted (W
l (Formatted (m
_‘ (Deleted: , which is in agreement )
(Formatted (m
: :’(Deleted: . )
» .(Deleted: . )
(Deleted: . 2017 )
(Formatted (W
’(Formatted (W
(Formatted (W
(Deleted: )
( | j

(Formatted

... [501




770

775

780

a) FM Block-Dust (2003-2019) b) FM Block (2020-2022)

-12 -9

¢) FM Jet-Dust

— '. L0607
) -

‘

(Deleted: February-March (
CDeIeted: )
/ CDeIeted: reference

Figure 6. Blocking (a,b) and jet stream (c,d) frequency anomaly during dust days (in our study region) in FM, of thg 2003-«;
2019 (a,c) and 2020-2022 (b,d) period. Frequencies are expressed in percentage of dust days of the 'V, period and anomalies

(colour shading) are defined with respect to the expected frequency of occurrence (contours). Dots denote significant positive ;

anomalies at p<0.05 (i.e. grid points where local blocking and jet frequency is significantly higher than expected), as inferred

from a 500-trial bootstrap. Significance is assessed with a bootstrapping of 500 members, each one derived from a random

choice of FM days of the same size as the number of dust days. The expected frequency of occurrence is defined as the mean

of the 500 random members, all with the same sample size as the number of considered days but random dates of occurrence. ,

A

Figures ob, and d show the anomalies in blocking and jet frequency for FM 2020-2022. Overall, blocking activity
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was not significantly higher than the climatology, suggesting that the anomalous frequency of dust days in 2020-

2022 cannot be fully explained by a corresponding blocking increase over the favourable region for dust intrusions.

However, the lack of statistical significance in the blocking and jet frequency of FM 2020-2022 partially results

from contrasting signatures between the corresponding patterns for February and March 2020-2022 (Figure S17).

March 2020-2022 was characterized by poleward jets and enhanced blocking over the climatological region of
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occurrence, like in Figure 6(a) and the canonical pattern associated with dust (cluster C#1 of Figure 4). Differently

during, February 2020-2022, blocking activity was almost suppressed over central Europe, but it was recurrent at

lower latitudes, resulting in a significant increase over the Mediterranean (also apparent in Figure 4d), A high 7
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frequency of low-latitude blocks is commonly associated with subtropical ridges, which can temporarily exhibit

meridional gradient reversals (Sousa et al., 2021). These high-pressure low-latitude structures reinforce the zonal

wind at their poleward flanks, favouring a mid-latitude intensification of the jet, (consistent with the zonal flow  /

C" leted: . 2017), as in February
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configuration of Figure 6d), rather than its poleward migration (see e.o. Sousa et al,, 2018: Woollings et al., 2018; ;
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Barriopedro et al., 2023). The enhanced occurrence of high-pressure systems at subtropical latitudes during the,

2020-2022 period is also consistent with the high frequency of AR, AT and ZO WRs (Figure 5).
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Jhese results indicate that dust events can be favoured by high-pressure systems at very different latitudes, ranging

from subtropical ridges with mid-latitude jets to high-latitude blocks with polewardzshifted jets. The occurrence of /
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subtropical ridges was particularly, enhanced during dust days of FM 2020-2022, weakening the strong block-dust :

linkage reported, over the historical period. To address thig,question, we quantified the association between blocking

and dust days as, the percentage of dust days when a block was detected at any latitude of the |25° W-30° E] domain.
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the blocking-like patterns associated with dust days in 2020-2022 and 2003-2019. The pattern evidences an eastern
shift and equatorial elongation of 2020-2022 blocking (positive Z500 differences over continental Europe), with a
deeper trough upstream of the blocking high (negative Z500 differences over the eastern Atlantic).

a) FM dust block (2003-2019) b) FM dust block (2020-2022) c) FM dust block dif

JFigure 7. Composites of Z500 anomalies (in m) for dust days of: (a), (d), and (c), the 2003-2019 period; (b), (e), and (h), the;;;

2020-2022 period; (¢), (f), and (i), the difference of composites between the 2020-2022 and 2003-2019 periods. Top and middle

panels show the composites for dust days ((a), (b) and (c)) with and without blocking ((d), (e), and (f)) panels show the

composites for dust days with and without blocking over the 25° W-30° E domain, respectively.
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On the other hand, non-blocking dust days are favoured by positive Z500 anomalies over central Europe and the</

Mediterranean (Figures/d. &), These situations denote high-pressure systems with no meridional reversals of the .~

Z500 gradient, (i.c. no block), which is a distinctive feature of pure subtropical ridges (Sousa et al,, 2021). This

non-blocking pattern was recurrent during 2020-2022 (~44% of dust days),and it actually concurred with more dust

days than in the historical period, explaining the reduced intervention of blocking. Moreover, the difference

between the non-blocking dust days composites of Z500 for 2020-2022 and 2003-2019 indicates an anomalous i

occurrence and/or location of cut-off lows over the Canary Islands and eastern northern Africa during 2020-2022
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(Figure /f). The results are consistent with those of Section 3.2.2.1, which report an increased percentage of dust .~

events accompanied by cut-off lows during the 2020-2022 period. They also agree with the emergence of a dust-

related pattern with positive Z500 anomalies at subtropical latitudes (C#2; Figure 4d) and the increased frequency

of WRs featuring high-pressure signatures over the Mediterranean (Figure 5), Therefore, while blocking was still -
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the dominant pattern associated with dust days in 2020-2022, an enhanced occurrence of subtropical ridges and

cut-off lows at low latitudes also contributed to the outstanding frequency of dust intrusions. Jndeed, the high

b‘CDeIeted: anomalous period of 2020-2022.
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cut-off lows represent independent phenomena (and hence
their unusually high concurrence in 2020-2022 was by
chance) or they can be dynamically linked, as in the case of
blocking and cut-off lows. In any case, the

frequency of dust days associated with high-pressure systems at low-latitudes (different to blocking) suggests that

these systems were particularly relevant for the anomalous frequency of dust events in 2020-2022. Dedicated

studies are required to address the causes of the anomalous activity of cut-off lows and associated subtropical ridges

(blocking) in February (March) 2020-2022.,
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Jn this study, we analyse winter dust events over WEM for the 2003-2022 period, paying special attention to the

recent period of exceptional dust activity (FM 2020-2022). This section discusses additional pertinent questions

not addressed in the results. For the summer season, Cuevas et al. (2017) found that Saharan dust pulses towards

the Mediterranean and the North Atlantic were the result of the coupling between mesoscale dust uplift processes

and longitudinal shifts of the Sahara heat low governed by the North African Dipole and Rossby waves. Similarly,

winter dust events in WEM may, constitute a good example of atmospheric processes interacting at very different

scales: microscale to mesoscale processes, necessary for dust lifting and mobilization (Knippertz and Todd, 2012) :

from small dust sources located in Morocco and Algeria (Ginoux et al., 2012), synoptic-scale systems such as cut-
off lows driving its transport (Mufloz et al., 2020), and a large-scale environment favouring these synoptic
disturbances and the persistence of high AOD values. The latter can occur under a variety of large-scale high-

pressure systems, including European blocking with poleward shifted jets (as in the 2003-2019 period: Figures 6a

¢) or Mediterranean subtropical ridges with an intensified mid-latitude jet (e.g., as in the 2020-2022 period; Figures

6b, d). Previous studies have reported a strong relationship between the occurrence of cut-off lows and blocking
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media reported severe winter dust intrusions in Europe. Some
of them displayed a duration never recorded before and were
referred to as "unusual”, "historical", or “exceptional".
Although winter dust intrusions are more common in the
eastern Mediterranean, these events largely affected the
western Mediterranean and Canary Islands. A record-
breaking dust event occurred on 15-30 March 2022, with an
AOD mean of 0.4. The event impacted on air quality, with
large PM10 values (50-100 pg-m-3) at many air quality
stations of western and central Europe, including those
located on high mountains, such as the Pyrenees and the Alps.
This event broke all records in terms of duration (14 days),
intensity, and affected area. ¢

This work provides a catalogue of dust events over the
western Mediterranean region and describes their
characteristics during the climatological (2003-2019) and
recent anomalous (2020-2022) periods. The criteria used to
detect a dust event are those employed in previous st(" .. [545]
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ridges, particularly strong during the 2020-2022 period. However, it is unclear whether subtropical ridges and cut-

off lows represent independent phenomena (and hence their unusually high concurrence in 2020-2022 was by

chance) or they can be dynamically linked, as in the case of blocking and cut-off lows. Additional studies are
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encouraged to address connections between subtropical ridges and cut-off lows. It is also unclear if the influence

of cut-off lows on dust events depends on specific characteristics of the weather system. In this sense, dust-related

cut-off lows of the 2020-2022 period were deeper and extended to higher pressure levels than those of the 2003-

2019 period. This seems to be in agreement with the enhanced percentage of pure dust in the lower troposphere (0-

4 km) and the non-negligible concentration of pure dust in upper layers (4-6 km) recorded during recent dust events. , /

Jothe author’s knowledge, this work represents the first comprehensive study showing a close relationship between*;{‘

Saharan dust events and different types of large-scale high-pressure systems, namely blocking and subtropical

ridges. Reliable forecasts of these weather systems ynight enhance, the mean-range predictability of dust events, |
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which is highly valuable since these episodes can Jead to severe pollution episodes locally and jn yemote, regions, *

The relationship between blocking, and air quality is also supported by recent studies describing atmospheric :

blocking influences on air stagnation and PM10 gconcentrations in Europe (Garrido-Pérez et al., 2018). High surface,

ozone levels in Europe have also been related to blocking (Otero et al., 2022), as well as to the location of

subtropical ridges (Ordoénez et al,, 2017). Therefore, blocks and ridges represent potential predictors of pollution
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events in Europe, as also shown by Maddison et al. (2021) using statistical models.

Atmospheric rivers have also been pointed out as an important triggering factor of Saharan dust intrusions in Europe

Francis et al., 2022). Preliminary analyses based on a visual identification of atmospheric rivers -herein defined

as long and narrow structures with vertically integrated water vapour higher than 20 Kg m? (Gimeno et al., 2014)-

indicate that ~10% of the FM dust days of our catalogue concurred with atmospheric rivers. The linkage strengthens

during the 2020-2022 period (~17% of the FM dust days with atmospheric rivers), which is comparable to the

values reported by Francis et al. (2022), but much lower than that obtained by conditioning on cut-off lows or

blocks (Section 3.2.2). Moreover, atmospheric rivers might not be fully independent of blocking and cut-off lows
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as suggested in previous studies (Benedict et al., 2019). Indeed, case studies (Francis et al., 2022) and composite

analyses (Lorente-Plazas et al., 2020) of Mediterranean atmospheric rivers reveal high-low pressure configurations

that are consistent with those reported herein for WEM dust events (Figure 7). In any case, atmospheric rivers

might play an important role in the wet deposition of dust, as during some of the extreme events analysed herein.

Additional studies are encouraged to address the similarities and differences between dry and wet dust events in

terms of driving processes and associated impacts.

The shocking images of European ski slopes covered by Saharan dust that were published by the media during the<-.-

winters of 2021-2022 raised the question of whether these events are becoming more likely because of climate

change. Several, reasons prevent making attribution statements at this stage. First, our catalogue of dust events is .~
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5. Summary and conclusions

This work provides a catalogue of dust events over the western Euro-Mediterranean region (WEM) for 2003-2022 .«

focusing on their characteristics during the unusual 2020-2022 period of exceptional activity. Dust events are

detected based on satellite aerosol products from MODIS/Aqua. This study also contributes to the understanding

of WEM dust events and their synoptic and large-scale environments, which have been poorly addressed in the

literature. It shows that wintertime WEM dust events are linked to meridional flows typically induced by

subtropical cut-off lows and/or large-scale high-pressure systems at mid or low latitudes. ;The main results can be

summarized as follows:

o Winter dust intrusions over WEM show irregular activity and large differences among the winter

months. December and January are characterised by very low frequencies, and the winter months of

highest activity (February and March, FM) display large multi-year variations characterised by calm

(e.g. 2018-2019) and active (2020-2022) periods (see Figure 3), It is unclear if these intra-seasonal .

differences are meaningful or just reflect the effects of limited sampling (a short record with a low

number of events).

e More than half of all FM dust events over WEM were accompanied by cut-off lows between the Canary

Islands and the Iberian Peninsula, which is substantially higher than the frequencies for central and

castern Mediterranean events reported in literature. These results indicate that cut-off lows are a key

synoptic driver of WEM dust intrusions in winter. This association increased during the 2020-2022

period. and all March dust events of that period were concurrent with cut-off lows, suggesting an

unusual frequency and/or efficiency of cut-off lows.

e Concerning the large-scale circulation, WEM dust days are associated with enhanced blocking activity

over the mid-latitudes of the Euro-Atlantic sector. This meridional pressure dipole favours the

obstruction of the westerlies, which are shifted poleward by the blocking high, and the occurrence of

cut-off lows at subtropical latitudes. Although European blocking is not a necessary condition for the

occurrence of dust, it represents the most recurrent pattern associated with FM dust days. Consistently,

WEM dust days tend to occur under anticyclonic weather regimes.

e Enhanced mid-latitude blocking and poleward jet configurations were favourable for the outstanding
occurrence of WEM dust days, particularly during March 2020-2022. However, a substantial fraction

of dust days (mainly those in February 2020-2022) concurred with high-pressure structures at low

30

’ (Formatted: Space Before: 0 pt, After: 6 pt

""CMoved (insertion) [6]

’ CFormatted: Font: 11 pt

N N

CMoved (insertion) [7]

) CFormatted: Font: 11 pt

N N




340

345

350

360

B65

latitudes or subtropical ridges, which favour a mid-latitude intensification of the jet, rather than its

poleward migration. Although subtropical ridges do not necessarily develop secluded troughs, they

were frequently accompanied by cut-off lows enhancing the southerly winds over northern Africa.

To assess whether the anomalous conditions persisted during the winter of 2023 we have evaluated the already

available data for February and March 2023 (see Section 7). No dust event was recorded in March 2023, however,

a six-day strong dust event occurred on 18-23 February 2023 (Figure S19). Like for the dust events of the 2020-

2022 period, dust uplift and transport were associated with two consecutive cut-off lows in the vicinity of the

Canary Islands. This event was also accompanied by positive Z500 anomalies over central Europe and the

Mediterranean, like the characteristic pattern of subtropical ridges (Figure 4d). Further research is required to

address the ultimate causes of the anomalous activity of dust events and their atmospheric drivers.
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Data availability <

The MODIS and MERRA-2
https://giovanni,gsfc.nasa.gov/giovanni. CALIPSO, Level 2, Vertical Feature Mask (VFM) Version 3.1 and 4.2 ; '
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