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Supplementary Figure 1. Monthly spatial evolution of meteorological anomalies |  The figure presents the

anomalies of various meteorological variables analysed from January to November 2022 (top to bottom). The

columns represent the following variables in order: air temperature at 2 m (T2, K), vertical velocity at 500

hPa  (omega500,  Pa/s),  monthly  accumulated  precipitation  (P,  m),  6-month  Standardized  Precipitation

Evapotranspiration  Index  (SPEI6),  atmospheric  evaporative  demand  (AED,  m),  and  soil  moisture  (SM,

m³/m³). The analysis covers the period from 1994 to 2023. Data from the ERA5 reanalysis.
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Supplementary  Figure 2. Monthly spatial evolution of meteorological variables |  The figure presents the

various meteorological variables analysed from January to November 2022 (top to bottom). The columns

represent the following variables in order: air  temperature at 2 m (T2,  °C),  vertical  velocity at  500 hPa

(omega500,  Pa/s),  monthly  accumulated  precipitation  (P,  m),  6-month  Standardized  Precipitation

Evapotranspiration  Index  (SPEI6),  atmospheric  evaporative  demand  (AED,  m),  and  soil  moisture  (SM,

m³/m³). The analysis covers the period from 1994 to 2023. Data from the ERA5 reanalysis.
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Supplementary Figure 3. The geopotential height at 850 hPa (Z850) and its monthly anomaly for the North

Atlantic region and Europe |  The figure presents the Z850 (km) module (coloured filled) and its monthly

anomaly (km, black contours)  from January to November 2022 (top to bottom).  The analysis  covers the

period from 1994 to 2023. Data from the ERA5 reanalysis.
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Supplementary Figure 4. The vertically integrated water vapour transport (IVT) and its monthly anomaly for

the North Atlantic region and Europe | The figure presents the IVT (kg m-1 s-1) module (coloured filled, first

column)  and  direction  (arrows)  and  its  monthly  anomaly  (kg  m-1 s-1,  second  column)  from January  to

November 2022 (top to bottom). The analysis covers the period from 1994 to 2023.  Data from the ERA5

reanalysis.
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Supplementary  Figure 5. Masks used for moisture transport analysis |  The  land (green) and ocean (blue)

sectors of the North Atlantic, the Mediterranean Sea (MED, magenta), and two European subregions (Fig. 1a

in manuscript)  are considered for the calculation of the moisture uptake. In addition, the  North Atlantic

Ocean (NATL, red),  MED (pink) and two European subregions were used for  the determination of the

precipitation  contribution  pattern. The  masks  defined  for  the  source  regions  have  been  taken  from

Fernández-Alvarez et al. [1]. 
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Supplementary Figure 6.  Monthly spatial evolution of moisture uptake (MU) pattern | The figure

shows the spatial patterns of moisture uptake (mm/day) and its anomalies (mm/day) from January to

November 2022 (top to bottom).  The first  and third columns correspond to  SE_Europe, while the

second and fourth columns represent  NW_Europe.  The analysis  period spans  from 1994 to 2023.

Processed data from FLEXPART outputs using TROVA software. 
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Supplementary  Figure 7.  Moisture sink patterns (precipitation contributions,  PCs) associated with target

regions and their monthly anomalies | The first to second columns correspond to SE_Europe and the third to

fourth columns correspond to NW_Europe. From top to bottom the months from January to November 2022.

The pattern of moisture sinks (P-E >0) and anomalies are represented in mm/day. The analysis covers the

period from 1994 to 2023. Processed data from FLEXPART outputs using TROVA software.
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Supplementary Figure 8. Moisture sink patterns (precipitation contributions, PCs) associated with different

moisture  sources  and  their  monthly  anomalies  |  The  first  to  second  columns  correspond  to  the

Mediterranean Sea source (MED) and the third to fourth columns correspond to the North Atlantic Ocean

source (NATL). From top to bottom, the months from January to November 2022. The pattern of moisture

sinks (P-E >0) and its anomaly are represented in mm/day. The analysis covers the period from 1994 to 2023.

Processed data from FLEXPART outputs using TROVA software.
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Supplementary  Figure  9.  Spatial  pattern  of  temperature  anomaly  sources  related to  the  2022  European

drought using SE_Europe as target region | The columns (left to right) show temperature anomalies (K) for

the  months in  2022 with positive  anomalies  (January,  February,  May,  June,  July,  August,  October,  and

November). The first column represents the total anomaly (T′), while the following columns correspond to

diabatic (Tdiab), adiabatic (Tadiab) and advective  (Tadv) components. The analysis covers the period from 1994

to 2023. Processed data from FLEXPART outputs.

10



Supplementary Figure 10.  Spatial  pattern of temperature anomaly sources  related to the 2022 European

drought using NW_Europe as target region | The columns (left to right) show temperature anomalies (K) for

the  months in  2022 with positive  anomalies  (January,  February,  May,  June,  July,  August,  October,  and

November). The first column represents the total anomaly (T′), while the following columns correspond to

diabatic (Tdiab), adiabatic (Tadiab) and advective  (Tadv) components. The analysis covers the period from 1994

to 2023. Processed data from FLEXPART outputs.
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Supplementary  Figure  11.  Percentage  contributions  of  regional  source  areas  to  monthly  temperature

anomalies for SE_Europe and NW_Europe during the 2022 European drought | Stacked area plots show the

relative influence of four source regions—the two European subregions, the Mediterranean Sea, and the land

and ocean sectors of the North Atlantic domain—on the total (a,b),  adiabatic (c,  d),  advective (e, f), and

diabatic (g, h) temperature anomalies.  The framed drought period (May–August)  highlighted by dashed

vertical lines. The analysis covers the period from 1994 to 2023. Processed data from FLEXPART outputs.
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Supplementary Figure 12. Monthly anomalies of surface fluxes and radiation for the North Atlantic region

and Europe during the 2022 European drought  |  Spatial distribution of monthly anomalies in outgoing

longwave  radiation  (OLR,  W/m2,  first  column),  surface  latent  heat  flux  (SLHF,  W/m2,  second  column),

surface sensible  heat flux (SSHF, W/m2,  third column),  and net longwave radiation (LWR, W/m2,  fourth

column) from January to November 2022. Red (blue) shading indicates positive (negative) departures from

the climatological mean. The analysis covers the period from 1994 to 2023. Data from the ERA5 reanalysis.
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Supplementary Figure 13. Monthly patterns of surface fluxes and radiation for the North Atlantic region and

Europe during the 2022 European drought | Spatial distribution of monthly patterns in outgoing longwave

radiation (OLR, W/m2, first column), surface latent heat flux (SLHF, W/m2, second column), surface sensible

heat  flux  (SSHF,  W/m2,  third  column),  and  net  longwave  radiation  (LWR,  W/m2,  fourth  column)  from

January to November 2022. The analysis covers the period from 1994 to 2023. Data from the ERA5 reanalysis.
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Supplementary  Figure  14.  Monthly  anomalies  of  surface  fluxes  and  radiation  in  SE_Europe  (a)  and

NW_Europe (b) during the 2022 European drought | Heat map of monthly anomalies for surface latent heat

flux (SLHF, W/m2), surface sensible heat flux (SSHF, W/m2), outgoing longwave radiation (OLR, W/m2), and

net longwave radiation (LWR, W/m2) averaged over the SE_Europe and NW_Europe domains from January

to November 2022. Positive (negative) anomalies are shown in red (blue), with the framed drought period

(May–August) highlighted by dashed vertical lines. The analysis covers the period from 1994 to 2023. Data

from the ERA5 reanalysis.

Supplementary Methods

Data employed

Moisture and temperature  Lagrangian analysis in this study are based on data outputs from the

global particle dispersion model FLEXPARTv10.4 [2], forced with ERA5 reanalysis data [3]. ERA5

provides 3-hourly fields at 0.5° horizontal resolution and 137 vertical levels from the surface to 1

hPa. FLEXPART simulations tracked the dispersion of 30 million particles globally [4].   

ERA5  data  (1994–2023)  were  also  used  to  compute  anomalies  of  meteorological  variables  for

January–November 2022 at  0.5°  spatial resolution. Variables  include vertical velocity at 500 hPa
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(omega500, Pa s⁻¹),  2 m air temperature (T2,  K),  total precipitation (P, m), vertically integrated

water vapour transport (IVT, kg m⁻¹ s⁻¹), atmospheric evaporative demand (AED, m), soil moisture

(SM, m³ m⁻³), geopotential height at 850 hPa (Z850, km),  surface latent heat flux (SLHF, W/m2),

surface sensible heat flux (SSHF, W/m2), surface net long-wave (thermal) radiation (LWR, W/m2)

and outgoing long-wave radiation (OLR, W/m2). Vertical pressure and air temperature at model

levels were considered for tracking the sources of temperature anomalies (see section below).

Additionally, ERALand data at 0.1° resolution over the Euro-Mediterranean domain (15°W–32°E,

30°N–62°N) were used to calculate SPEI with reference period 1965–2022. Monthly averages of

precipitation, maximum and minimum air temperature, relative humidity, solar radiation, wind

speed, surface run-off, and total soil moisture were considered [5]. 

Identifying the target regions for Lagrangian tracking analysis

The drought-affected area in Europe was defined using the 6-month Standardized Precipitation

Evapotranspiration  Index  (SPEI6)  [6]  from  ERA5-Land  data [7].  Necessary  AED  values  were

inferred  from  the  FAO-56  Penman-Monteith  equation  [8].  Regions  with  SPEI6  ≤  –1.28,

corresponding to moderate drought conditions (return period ≈ 10 years) [9], were selected. The

final study region represents the combined area affected from June to August 2022 (Fig.  1a in

Manuscript). 

As demonstrated  by Gimeno-Sotelo et al.  [10],  droughts  in  northwestern Europe  are  primarily

driven by  North Atlantic Ocean  moisture deficits, while central and eastern Europe are mainly

affected by Mediterranean deficits. Accordingly, the 2022 European drought area was divided into

two  areas  of  influence—NW_Europe  and  SE_Europe  (Fig.  1a  in  Manuscript)—  for  tracking

moisture transport and temperature anomalies.  
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Lagrangian approach for the moisture source and sink patterns

To estimate moisture sources and sinks, a Lagrangian methodology tracked temporal changes in

specific  moisture  content  (q)  along  30  million  atmospheric  particle  trajectories  (see  Data

Employed), and particle properties were recorded every 6 hours. Following Stohl and James [11],

the rate of q change for each particle is: 

                                            (e− p )=m( dqdt ) ,                                            (1)

where m is particle mass, and (e − p) accounts for the increase or decrease in the water vapour ratio

along  its  trajectory.  Total  surface  freshwater  flux  per grid  cell  was  obtained  by  summing  all

particles' contributions through a grid A at a given time: 

                                                        
(E−P )=

∑
k=1

N

(e− p )k

A
,                                        (2)

where E represents evaporation, P precipitation, and N  the total number of particles over the grid

cell.  Particle trajectories  were followed for 10 days,  the average atmospheric  residence time of

water vapour [12]. The resulting E–P fields therefore represent integrated freshwater fluxes along

this period.

Atmospheric particles can be tracked along their trajectories backward or forward in time from a

target region to determine their moisture sources or sinks,  respectively [11]. Backward-tracking

identifies moisture sources (E–P > 0; areas where evaporation exceeds precipitation), indicating net

moisture uptake (MU) by air parcels. This framework provides a comprehensive perspective on

the origins of the moisture reaching drought-affected Europe by evaluating MU anomalies. To this

end,  MU anomalies  were  averaged over  five predefined domains  (Fig.  S5):  the  two European
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subregions  affected  by  the  drought,  the  remaining  continental  North  Atlantic  areas,  the

Mediterranean Sea (MED), and the entire North Atlantic Ocean. Quantifying MU was crucial for

assessing the contributions from each source and capturing the key components of the moisture

transport dynamics that shape the drought conditions.

Forward-tracking identifies  moisture  sinks  (E–P  <  0;  precipitation  exceeds  evaporation),

representing  areas  where  net  moisture  loss  occurs.  Forward  simulations  were  conducted  to

quantify the moisture contributions for precipitation (PC) from Europe’s main known sources—

the  Mediterranean  (MED)  and  North  Atlantic  (NATL),  defined  in  Gimeno  et  al.  [13] and

corroborated by Gimeno-Sotelo et al. [10] —as well as from the two drought-affected subregions. 

Post-processing of E–P fields was carried out using TROVA software [14, 15].

Lagrangian approach for the temperature anomaly source patterns

To identify sources of temperature anomalies, we applied the Lagrangian framework by Papritz

and Röthlisberger [16]. The study focused on months exhibiting positive near-surface temperature

anomalies (Fig. 1h in Manuscript). 

Lagrangian temperature anomalies (T') were defined as deviations of the temperature (T) from the

model-based climatology T , which accounts for daily and seasonal cycles. To calculate T , for each

specific date and time of the year, temperature values were averaged across all time steps from

1994  to  2023   within  a  ±  21-day  window  centred on the  target  date.  Backward  FLEXPART

trajectories calculated every 6 hours traced T' sources. Only trajectories below 120 m altitude (near-

surface level) at 00 UTC each day (initial time over the target region) were considered.  

Variation in  T' along the particle trajectory between the positions  xg at time t g and x at time t is

defined as follows [16]:
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T ' ( x , t )−T ' ( xg ,t g )=−∫
t g
sea

t ∂T
∂ t
d τ −∫

t g
adv

t

v∗∇h (T )dτ+∫
t g
adi

t

[ κTp − ∂T∂ p ]ωd τ+∫
t g
dia

t

( pp0 )
κ Dθ
Dt
d τ         (3)

where v and ω are the horizontal and vertical wind components;  T  is temperature climatology; ∇h

is the horizontal gradient; κ  is the Poisson constant; p0 is 1000 hPa; and θ is potential temperature.

Fields (i.e  T , θ, ∂T∂ p , ∂T∂ t ) to T' decomposition were interpolated to particle positions, and resulting

quantities were evaluated following Papritz and Röthlisberger [16].  The terms, from left to right,

represent T' changes due to climatological variations (seasonality), horizontal advection, adiabatic

processes, and diabatic heating/cooling. The seasonal term is not analysed as negligible. 
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