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a b s t r a c t 

From 26 October to 2 November 2024, Spain experienced a record-breaking rainfall event, with the most intense 

episode appearing in Valencia Province. During the event, Turis station recorded a historic 24-hour precipitation 

of 710.8 mm, exceeding the national annual average. This resulting flood led to widespread disruption and sig- 

nificant societal impacts. Synoptic analyses reveal that the event was dominated by a deep cut-off low extending 

through the entire troposphere and persisting for approximately 186 h. Background conditions were character- 

ized by upper-level divergence, mid-tropospheric warm advection, and a strong southeasterly low-level jet, which 

promoted vertical motion and sustained moisture transport. The steep, funnel-shaped terrain along the eastern 

Iberian coast further triggered and enhanced the local convection. A 10-day backward Lagrangian moisture trac- 

ing using the HYSPLIT model identified the Mediterranean Sea as the primary moisture source (78.1 %), followed 

by northwestern Africa (8.5 %) and central-eastern Europe/the Black Sea (6.2 %). Low-level moisture transport 

was mainly driven by the cut-off low and a persistent Mediterranean high, while mid- to upper-level trajecto- 

ries were associated with a preceding low-pressure system over the Mediterranean and the subtropical Atlantic 

high. These systems acted in sequence to relay moisture toward the Valencia region, and under the influence of 

the strongly rotating and convergent cut-off low —along with terrain-induced lifting —this moisture was rapidly 

uplifted, ultimately triggering the extreme rainfall event. 

� �

2024 � 10 �26 ��11 �2 �, ��� �� ���� � � ���� �, Turis �24 ��� � ��710.8 �� , ��� �

����. �������186 �����������, ����� , ��������	�������
��

�����, 	������������� . HYSPLIT ������ , ��������� ( ���78.1 %), �� 

������ (8.5 %) ����	�/ �� (6.2 %). ����
�������������, �������	

����� � �� � � 
, ���� � �� ����. 
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. Introduction 

Extreme rainfall and floods are recurrent hazards in Mediterranean

ountries, particularly in densely populated coastal zones, which are

specially vulnerable during late summer and autumn ( Riesco Martin

t al., 2013 ). The province of Valencia, on the eastern flank of the

berian Peninsula, is particularly prone to such events ( Insua-Costa et al.,

021 ). Geographically, the region is bordered to the west by the Iberian

ountains, which rise above 2000 m, while to the east it opens into
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he Mediterranean Sea via a broad lowland plain. This “funnel-shaped ”

errain ( Fig. 1 (a)) channels moist easterly winds inland, enhancing topo-

raphic lifting and convergence, thus creating conditions favorable for

ntense convective rainfall. Historical events underscore the region’s vul-

erability to high-impact rainfall. For instance, the catastrophic “Great

alencia Flood ” in October 1957 brought 446 mm of rainfall in 48 h

t Lliria station, resulting in levee breaches and 81 deaths ( Portugues-

olla et al., 2016 ; Puertes and Francés García, 2016 ). Similarly, in Oc-

ober 1982, 426 mm of rainfall at Cofrentes triggered dam failures and
Ai Communications Co. Ltd. This is an open access article under the CC 

https://doi.org/10.1016/j.aosl.2025.100666
http://www.ScienceDirect.com/science/journal/16742834
http://www.keaipublishing.com/en/journals/atmospheric-and-oceanic-science-letters/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aosl.2025.100666&domain=pdf
mailto:fusm@mail.iap.ac.cn
https://doi.org/10.1016/j.aosl.2025.100666
http://creativecommons.org/licenses/by-nc-nd/4.0/


T. Huang, S. Fu, X. Li et al. Atmospheric and Oceanic Science Letters 18 (2025) 100666

Fig. 1. The topography, precipitation distribution, and synoptic conditions associated with the extreme rainfall event in Spain from 26 October to 2 November 

2024. (a) Topography of Spain and surrounding regions, with the red outline marking Valencia Province. (b) Maximum, average, and 95th percentile of 24-hour 

accumulated precipitation (from 0700 UTC of the previous day to 0600 UTC) during the event period. The dot and label indicate the timing and amount of the 

maximum 24-hour precipitation, and the orange dashed line points to the corresponding station in (c). (c) Distribution of 24-hour accumulated precipitation on 29 

October 2024, where color and marker size indicate amounts; the red rectangle highlights the area of most intense rainfall. In (a) and (c), black solid lines indicate 

coastlines, dashed black lines show national borders, and the purple line marks Spain’s boundary. (d–g) Synoptic fields at 1800 UTC 29 October 2024, including 

geopotential height (black solid lines), divergence (shaded), temperature advection (shaded), wind speed (shaded), specific humidity (shaded), and flow field at 200, 

500, 700, and 850 hPa levels. Wind barbs denote wind speeds exceeding level-specific thresholds: 25 m s− 1 at 200 hPa, 16 m s− 1 at 500 and 700 hPa, and 12 m s− 1 

at 850 hPa. 
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s  
idespread flooding along the Júcar River, resulting in over 40 fatalities

nd $630 million in damages ( Barredo, 2007 ). More recently, in Septem-

er 2019, Orihuela reported 492 mm of rainfall, reported 7 deaths

nd damages exceeding €425 million ( Amengual, 2022 ; Hermoso et al.,
021 ). 

Moisture is a key prerequisite for extreme precipitation ( Tao, 1980 ),

nd both its supply and transport play a central role in driving high-

mpact rainfall events ( Khodayar et al., 2018 ). Therefore, understand-

ng the origin and transport pathways of moisture has become a critical

ocus in extreme rainfall research ( Huang et al., 2024, 2025 ). Approxi-

ately 90 % of atmospheric moisture originates from oceanic and conti-

ental water bodies ( Quante and Matthias, 2006 ), and reaches precipita-

ion zones through atmospheric advection. Three main sources typically

ontribute to rainfall: remote transport, pre-existing humidity, and local

urface evaporation, with their relative importance varying significantly

cross events. Insua-Costa et al. (2019) used WRF model simulations to

nvestigate two major flood events over the western Mediterranean in

utumn 1982. They found that in October, both long-range transport

nd local evaporation contributed comparably to rainfall, whereas in

ovember, remote sources dominated. Moisture sources can vary signif-

cantly even within a single region. The Iberian Peninsula, located be-

ween two major vapor reservoirs —the Atlantic Ocean and the Mediter-

anean Sea —experiences seasonal fluctuations in their relative influ-

nce. During spring and summer, local and regional evaporation pre-

ominates, while in autumn and winter, moisture is often advected from

he subtropical Atlantic through the North Atlantic moisture corridor

 Gimeno et al., 2010 ). Additionally, studies have shown that the Bay

f Biscay contributes significantly to rainfall over the Galician/northern

ortugal region under anticyclonic conditions ( Drumond et al., 2011 ).

ind direction has also been identified as a key factor: southeasterly

inds typically enhance coastal rainfall, while southerly flows tend to

hift precipitation inland ( Javier Miro et al., 2022 ). 

Recent studies suggest a general decline in mean precipitation along

pain’s Mediterranean coast, coupled with increasing trends and high

ncertainty in both droughts and extreme rainfall events ( Beneto and

hodayar, 2023 ). An unprecedented extreme rainfall event struck Spain

etween 26 October and 2 November 2024. On 29 October, Turis sta-

ion in Valencia recorded 710.8 mm of rain —more than the coun-

ry’s average annual rainfall —leading to 232 fatalities, affecting over

6 000 people, and causing economic losses estimated at $11 billion

 https://public.emdat.be/data [Accessed 2025–04–12]). Given the mag-

itude and societal impact of this event, a focused case study is essential

o understand the mechanisms and moisture dynamics involved. Insights

ained will help inform risk assessments for similar regions across the

editerranean. This study focuses on the moisture sources and trans-

ort pathways associated with the 2024 Valencia event, addressing the

ollowing key questions: (a) What were the dominant moisture source

egions? (b) What were the quantitative contributions and transport

haracteristics of each source? (c) Which synoptic-scale systems gov-

rned the anomalous moisture transport? To answer these questions,

e combine synoptic diagnostics with a Lagrangian moisture tracing

pproach. 

The remainder of this paper is structured as follows: Section 2 de-

cribes the data and methods; Section 3 provides an event overview;

ection 4 examines moisture source regions and transport patterns from

 Lagrangian perspective; Section 5 explores the governing synoptic sys-

ems; and Section 6 provides the conclusions and some further discus-

ion. 

. Data and methods 

.1. Data 

This study utilizes four datasets: (i) daily accumulated precipita-

ion data from 947 gauges provided by the Spanish Meteorological

gency (AEMET), which are used to analyze temporal and spa-
3

ial precipitation distributions; (ii) hourly reanalysis products at a

esolution of 0.25° × 0.25° from the fifth major global reanalysis

roduced by ECMWF (ERA5; Hersbach et al., 2020 ), which are used

o investigate the large-scale circulation patterns and synoptic sys-

ems, as well as to drive the HYSPLIT model for backward moisture

racking; (iii) topographic data at a resolution of 15 ″ × 15 ″ (arc-

econds) from the General Bathymetric Chart of the Oceans (GEBCO;

ttps://www.gebco.net/data_and_products/gridded_bathymetry_data 

Accessed 2024–11–12]). 

.2. Backward trajectory simulations and quantification of moisture source

ontributions 

We used the HYSPLIT model to conduct 10-day backward trajectory

imulations from the peak of the rainfall event on 29 October 2024,

riven by ERA5 data from the surface to 300 hPa. Based on the observed

ainfall maximum ( Fig. 1 (c)), we defined the target region (38.7°–41°N,

°W–0°) and initialized 51 239 particles on a uniform 0.25° × 0.25° hori-
ontal grid across the domain. Following Stohl et al. (2008) , target parti-

les were identified by a significant decrease in specific humidity within

he first three hours of backward tracking, indicating moisture release

ithin the target region. A total of 26 697 particles met this criterion

nd were used for further analysis. 

Following Stohl and James (2004 , 2005 ), the moisture budget is di-

gnosed from the temporal changes in specific humidity: 

 − 𝑃 ≈
∑𝑁 

𝑖 =1 

(
𝑚𝑖 

d 𝑞𝑖 
d 𝑡 

)

𝐴 

, 

here E and P are the evaporation and precipitation rates per unit area,

i is the mass of the parcel, and d qi /d t is the rate of change in spe-

ific humidity. In the HYSPLIT model, each parcel’s mass is assumed

o be 1 kg. We use a 1° × 1° grid as area A and calculate d q /d t from

he HYSPLIT output to estimate E − P . Based on Trenberth and Stepa-

iak (2003) and Stohl and James (2004) , evaporation and precipitation

arely occur simultaneously. In this context, when E − P ≫ 0, evapo-

ation dominates and the region acts as a moisture source. Conversely,

hen E − P ≪ 0, precipitation dominates and the region acts as a mois-

ure sink. The E− P distribution helps identify potential moisture sources

or the extreme rainfall event. 

To quantify the relative contributions of different source regions

nd examine moisture transport pathways, we applied the areal source–

eceptor attribution method proposed by Sun and Wang (2014) . Full

ethodological details are provided in the Supplementary Material. 

. Overview of the event 

From 26 October to 2 November 2024, Spain experienced persis-

ent heavy rainfall, with both the average and 95th percentile of 24-

our accumulated rainfall remaining exceptionally high, peaking on 27

nd 29 October ( Fig. 1 (b)). Throughout this period, 24-hour rainfall

onsistently exceeded 50 mm, with 29 October standing out. On this

ay, Turis station in Valencia recorded a staggering 710.8 mm —more

han its annual average —setting a new historical rainfall record. The

torm’s impact was widespread, affecting nearly the entire country,

ith Valencia at the storm’s center ( Fig. 1 (c)). The event resulted in se-

ere flooding, 232 fatalities, numerous injuries, and enormous economic

osses. 

On 29 October, at 200 and 500 hPa, a deep cut-off low centered over

he Iberian Peninsula was flanked by ridges over the eastern Atlantic

nd North Africa ( Fig. 1 (d, e)). At 700 and 850 hPa, these ridges devel-

ped into a high-pressure system with clockwise circulation ( Fig. 1 (f, g),

orming a blocked pattern that contributed to the persistence of the cut-

ff low. The primary driver of this extreme event was a cut-off low that

etached from the midlatitude westerlies over northern Spain around

500 UTC on 26 October, gradually deepened while remaining quasi-

tationary, and finally dissipated over northwestern Africa around 2200

https://public.emdat.be/data
https://www.gebco.net/data_and_products/gridded_bathymetry_data
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Fig. 2. Frequency distribution of backward trajectories and moisture source contributions. (a) Frequency distribution (shaded) of backward trajectories on a 1° × 1°
grid. Black polygons outline moisture source regions (A–T), including the northern Atlantic (A), central-eastern Europe/the Black Sea (B), Mediterranean (C), northern 

Africa (D), and the target rainfall area in Spain (T). (b) Contribution of each moisture source region and total contribution (left purple bars), with moisture uptake 

components (unreleased, enroute loss, and released) as percentages of total uptake. (c) Evaporation zones ( E − P > 0; shading, units: mm), with moisture contributions 
from each source. (d) Precipitation zone ( E − P < 0; shading, units: mm). 
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TC 2 November —lasting approximately 186 h (Fig. S1 in the Supple-

entary Material). The most intense rainfall occurred on 29 October,

oinciding with the mature phase of the cut-off low. At that time, strong

pper-level divergence, mid-level warm advection, and a southeasterly

ow-level jet prevailed over eastern Spain ( Fig. 1 ). According to quasi-

eostrophic theory and the continuity equation, upper-level divergence

nd mid-level warm advection enhanced vertical ascent ( Holton and

akim, 2013a , b ), while the southeasterly low-level jet continuously

ransported the moisture from the Mediterranean toward the Valencia

egion, resulting in strong mass and moisture convergence ( Ricard et al.,

012 ). Importantly, the steep funnel-shaped terrain along the eastern

berian coast further amplified orographic lifting as it interacted with

he low-level jet (Fig. S2 in the Supplementary Material), helping to fo-

us rainfall over the Valencia area. This vertical configuration supported

ersistent deep convection and extreme precipitation through enhanced

atent heat release ( Fu et al., 2017 ). 

. Lagrangian moisture budget 

Trajectories showing a specific humidity drop greater than 1 g kg− 1 

ithin the first three hours (26 697 in total) were defined as tar-

et trajectories, representing key contributors to precipitation. The tar-

et trajectories were densely concentrated over the eastern North At-

antic, Europe, the Mediterranean, and northwestern Africa ( Fig. 2 (a)),

uggesting that these regions were likely potential moisture source

reas. 

To quantify surface moisture uptake and release, we calculated E − P

alues along the trajectories on a 1° × 1° grid and display the net evap-
ration ( E − P > 0) and net precipitation ( E − P < 0) separately to

istinguish source and precipitation regions ( Fig. 2 (c, d)). Strong mois-

ure uptake is evident over the Mediterranean, Europe, the Atlantic, and

orthern Africa, while the target region, Valencia, exhibits intense mois-

ure release, which is consistent with the observed distribution. Based

n both trajectory density and E − P patterns, we identified four major

oisture uptake regions (A–D, outlined in Fig. 2 (a, f, g): the northern At-
4

antic (A); central-eastern Europe/the Black Sea (B); the Mediterranean

C); and northern Africa (D)). The rainfall region (T) was also included

s a potential local source. 

The contribution of each region was quantified using the areal–

ource–receptor attribution method ( Sun and Wang, 2014 ; Fig. 2 (b)).

ogether, these regions accounted for 94.6 % of the total moisture,

roviding a strong explanation for the event’s moisture sources. The

editerranean dominates (C; 78.1 %) due to its high moisture up-

ake, relatively low enroute loss (48.2 %), and high release efficiency

10.1 %). Northern Africa (D; 8.5 %) and central-eastern Europe/the

lack Sea (B; 6.2 %) contributed moderately, with region D being more

ffective due to lower transport loss and greater release. Contributions

rom the distant Atlantic (A; 1.4 %) and the local source (T; 0.5 %) were

inimal, limited by substantial enroute loss and low release, respec-

ively. 

In summary, the Mediterranean served as the primary moisture

ource, supported by abundant oceanic supply, efficient transport, and

trong release near the target region. Continental sources provided lim-

ted support, while remote and local inputs were minimal. 

. Controlling synoptic systems 

To investigate the synoptic systems governing moisture transport

uring the 10-day backward trajectory analysis, we overlaid circulation

atterns at 500 and 850 hPa with trajectories at different altitudes, rep-

esenting mid-to-upper and low-level flows, respectively. Specifically,

rajectories with average altitudes above 3000 m were analyzed at 500

Pa, and those below 3000 m at 850 hPa. This analysis revealed three

hases of moisture transport, each controlled by different synoptic sys-

ems. From 19 to 23 October, mid-to-upper-level systems —including

he midlatitude westerlies and a low-pressure system over the Mediter-

anean —transported air parcels eastward toward the Mediterranean

 Fig. 3 (a)). At lower levels, a high-pressure system over the eastern

editerranean guided moist air toward the southern Mediterranean

oast ( Fig. 3 (b)). From 24 to 25 October, the Mediterranean low weak-
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Fig. 3. Geopotential height with air parcel trajectories at different altitudes on 21, 24, and 28 October 2024. Panels (a, c, e) show circulations at 500 hPa, and (b, d, 

f) at 850 hPa. Panels (a, b) correspond to 21 October 2024; (c, d) to 24 October; and (e, f) to 28 October. Black contours represent geopotential height, and colored 

trajectories indicate specific humidity. Trajectories are grouped by average height: above 3000 m in (a, c, e), and below 3000 m in (b, d, f). Moisture source regions 

(A–D) are outlined in green, and the target rainfall region (T) is highlighted in red. The gray shading in (b, d, f) indicates terrain elevation > 1500 m. “H ” and “L ”

denote the centers of high-pressure and low-pressure systems, respectively. 
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ned, and a westerly trough-ridge pattern began to dominate the mid-to-

pper levels ( Fig. 3 (c)). Meanwhile, at low levels, high-pressure systems

ver the eastern Atlantic and Mediterranean channeled moisture toward

he Iberian Peninsula ( Fig. 3 (d)). Between 26 and 29 October, a deep

ut-off low developed and dominated the entire troposphere over Spain.

orking in tandem with a subtropical high to the east of Spain, this con-

guration efficiently funneled moisture from the western Mediterranean

oward Valencia ( Fig. 3 (e, f)). 

In summary, moisture transport primarily occurred in the mid- to

ower troposphere, with systems to the west (a Mediterranean low and

he Atlantic subtropical high) and east (a cut-off low and the eastern

editerranean high) controlling moisture flow from both directions.

heir convergence over Valencia triggered the extreme rainfall. Despite

tructural differences, these systems worked together to facilitate the

oisture transport from the Mediterranean, which played a crucial role
n the event. s  

5

. Discussion and conclusion 

From 26 October to 2 November 2024, Spain experienced a pro-

onged period of intense rainfall, which affected nearly the entire coun-

ry. On 29 October, Turis station in Valencia recorded a record-breaking

10.8 mm of rain within 24 h —exceeding the region’s typical annual

ainfall. This extreme event caused severe flooding, widespread infras-

ructure damage, and economic losses exceeding $11 billion. Tragically,

32 lives were lost and many residents were displaced. Synoptic anal-

sis reveals that the primary weather system responsible for this event

as a deep, vertically extending cut-off low centered over Spain, flanked

y powerful high-pressure systems to the west and east. This configura-

ion caused the low to remain quasi-stationary over the region, enhanc-

ng upper-level divergence, mid-level warm advection, and the develop-

ent of a strong southeasterly low-level jet. These processes promoted

ustained upward motion and a continuous supply of moisture. Addi-
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ionally, the funnel-shaped topography along the eastern Iberian coast

layed a critical role in triggering and amplifying convection through

orced orographic lifting. Such atmospheric configurations are com-

only associated with extreme rainfall events in Spain and the broader

editerranean region ( Ferreira, 2021 ; Insua-Costa et al., 2021 ). How-

ver, the intensity and societal impact of this event were particularly

xceptional, raising concerns about the increasing likelihood of similar

r more severe events under a warming climate. 

The occurrence of this extreme rainfall event was closely linked to

egional and nearby moisture sources. Using Lagrangian trajectory anal-

sis, we traced the moisture transport pathways and quantified the con-

ribution from different source regions. Results show that the Mediter-

anean was the dominant contributor, accounting for 78.1 % of the mois-

ure, due to its high moisture uptake and minimal transport losses. The

egions of northwestern Africa and central-eastern Europe/the Black Sea

lso contributed significantly, at 8.5 % and 6.2 %, respectively. In con-

rast, the distant Atlantic only contributed 1.4 % of the moisture, indi-

ating that long-distance transport played a negligible direct role. These

esults differ from those gained using Eulerian methods, such as those

f Insua-Costa et al. (2019) , who emphasized the role of moisture ad-

ection from the tropical and subtropical Atlantic and Africa in similar

xtreme events. Furthermore, our estimate of the Mediterranean con-

ribution far exceeds the 20 % reported by Turato et al. (2004) for the

000 Piedmont floods. This discrepancy may be partly attributable to

nhanced evaporation from an anomalously warm Mediterranean in Oc-

ober 2024 (Fig. S3 in the Supplementary Material), possibly linked to

ngoing global warming ( Pastor et al., 2018 ; Sánchez-Almodóvar et al.,

022 ), and warrants further exploration. 

In terms of the weather systems controlling moisture transport, the

ut-off low and the subtropical high over eastern Spain played key roles

n channeling moisture from the Mediterranean and North Africa to-

ard Spain at low levels. Meanwhile, a low-pressure system over the

editerranean and the subtropical Atlantic high guided mid-to-upper-

evel trajectories into Spain, which subsequently descended and trans-

ormed into warm and moist low-level flows (Fig. S4 in the Supplemen-

ary Material). These systems acted in sequence to relay moisture to-

ard the Valencia region, ultimately fueling the extreme rainfall event.

 similar relay-like moisture transport process was also observed in an

xtreme rainfall event in China ( Huang et al., 2025 ). 

In summary, this study explains the causes of the extreme rainfall

vent from the perspectives of synoptic-scale circulation, moisture trans-

ort characteristics, and the weather systems controlling that transport.

he findings help clarify the key features of this sudden and devastating

vent in Spain, deepen our understanding of extreme rainfall mecha-

isms in the Mediterranean and surrounding regions, and provide use-

ul insight for improving heavy rainfall forecasting and early warning

ystems in other coastal cities with similar funnel-shaped terrain. 
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