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Abstract.

The development of atmospheric blocks over the North Atlantic European region can lead to extreme weather events like

heatwaves or cold air outbreaks. Despite their potential severe impact on surface weather, the correct prediction of blocking

lifecycles remains a key challenge in current numerical weather prediction (NWP) models. Increasing evidence suggests that

latent heat release in cyclones, the advection of cold air (cold air outbreaks, CAOs) from the Arctic over the North Atlantic, and5

associated air-sea interactions over the Gulf Stream are key processes responsible for the onset, maintenance, and persistence

of such flow regimes. To better understand the mechanism connecting air-sea interactions over the Gulf Stream with changes

in the large-scale flow, we focus on an episode between 20 and 27 of February 2019, when a quasi-stationary upper-level

ridge was established over western Europe accompanied by an intensified storm track in the Northwestern North Atlantic.

During that time, a record-breaking winter warm spell occurred over Western Europe bringing temperatures above 20°C to10

the United Kingdom, the Netherlands, and Northern France. The event was preceded and accompanied by the development of

several rapidly intensifying cyclones that originated in the Gulf Stream region and traversed the North Atlantic. To explore the

mechanistic linkage between the formation of this block and air-sea interactions over the Gulf Stream, we adopt a Lagrangian

perspective, using kinematic trajectories. This allows us to study the pathways and transformations of air masses that form

the upper-level potential vorticity anomaly and interact with the ocean front. We establish that more than one-fifth of these air15

masses interact with the Gulf Stream in the lower troposphere, experiencing intense heating and moistening over the region,

due to the frequent occurrence of CAOs behind the cold front of the cyclones. Trajectories moistened by the advection of cold

air over warm ocean by one cyclone, later ascend into the upper troposphere with the ascending air stream of a consecutive

cyclone, fueled by the strong surface fluxes. These findings highlight the importance of CAOs in the Gulf Stream region with

their intense coupling between the ocean and atmosphere for blocking development and provide a mechanistic pathway linking20

air-sea interactions in the lower troposphere and the upper-level flow.

1 Introduction

Atmospheric blocks are quasi-stationary anticyclonic circulation anomalies disrupting the eastward propagation of synoptic

weather systems. The associated high-pressure system can dominate the weather over a particular location for an extended
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period of time, from several days to weeks (Wazneh et al., 2021) and lead to the development of extreme weather, like cold25

spells (e.g. de’Donato et al., 2013; Demirtaş, 2017; Pang et al., 2020; Zhuo et al., 2022) and heatwaves (e.g. Grumm, 2011;

Barriopedro et al., 2011; Spensberger et al., 2020; Dae et al., 2022; Kautz et al., 2022) with significant socio-economic im-

pacts. Despite ongoing development and increasing resolution of numerical climate and weather prediction models, the correct

prediction of those quasi-stationary weather patterns still poses a challenge (Matsueda and Palmer, 2018; Ferranti et al., 2018;

Grams et al., 2018; Büeler et al., 2021).30

The dynamics of cyclones and blocking anticyclones are mutually linked with the position and tilt of the upper-tropospheric

jet. The crucial role of cyclones for the formation and maintenance of the blocks has been established by multiple studies (e.g.

Colucci, 1985; Colucci and Alberta, 1996; Lupo and Smith, 1995; Nakamura and Wallace, 1993; Mullen, 1987; Yamazaki and

Itoh, 2009). The development of cyclones results in the cross-isentropic ascent of air from the lower to the upper troposphere, in

the so-called Warm Conveyor Belt (WCB; Wernli and Davies, 1997; Madonna et al., 2014; Pfahl et al., 2014). Condensation and35

resulting latent heat release during the ascent are critical for both cyclone intensification, through the production of potential

vorticity (PV ) below the level of maximum heating (Binder et al., 2016; Reed et al., 1992; Čampa and Wernli, 2012), and

growth of the upper-level ridge, due to the destruction of PV above the level of maximum heating (Methven, 2015; Madonna

et al., 2014; Joos and R.M.Forbes, 2016; Grams et al., 2011). The injection of low PV air into the upper troposphere together

with diabatically enhanced divergent outflow amplifies and reinforces the upper-tropospheric ridge (Grams et al., 2011; Teubler40

and Riemer, 2016; Grams and Archambault, 2016; Steinfeld and Pfahl, 2019). Diabatic processes, as recently quantified by

Pfahl et al. (2015); Steinfeld and Pfahl (2019); Steinfeld et al. (2020); Yamamoto et al. (2021) are in many cases essential for

the development of blocks in the North Atlantic-European region. In fact, recent studies indicate that the duration, strength,

and possibly even formation of the block are influenced by latent heat release in the ascending air streams (Steinfeld et al.,

2020; Pfahl et al., 2015).45

The key role of moist dynamics in blocking formation and development suggests that there exists a relationship between up-

stream, lower-tropospheric processes and the formation of the upper-level, quasi-stationary ridge. The air masses that undergo

latent heat release during the ascent in the warm sector of the cyclone need to first pass through a region of intense surface evap-

oration to pick up a sufficient amount of moisture. Recent studies suggest that during winter the moisture source locations of

cyclone precipitation are fairly local and over the ocean (Pfahl et al., 2014; Papritz et al., 2021). In the North Atlantic, the most50

intense evaporation events are associated with the Gulf Stream (Aemisegger and Papritz, 2018). The propagation of cyclones

across the Gulf Stream region provides conditions for large surface latent and sensible heat fluxes (Tilinina et al., 2018; Moore

and Renfrew, 2002), due to the development of CAOs and the descent of dry air in the cold sector (Vannière et al., 2017b;

Raveh-Rubin, 2017; Aemisegger and Papritz, 2018). The warm waters of the Gulf Stream have been identified by Papritz et al.

(2021) as a primary moisture source for cyclone-related precipitation in the North Atlantic. Papritz et al. (2021) demonstrated55

also that air masses moistened and heated in the cold sector of one cyclone are then brought into the warm sector of the con-

secutive cyclone through a cyclone relative flow, called feeder air stream (Dacre et al., 2019). This type of cyclone-cyclone

interaction has been previously identified by Sodemann and Stohl (2013) and termed a ‘hand-over’ mechanism. Furthermore,

Boutle et al. (2011) supports this understanding, having established that the moisture adjustment timescale in the boundary
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layer is approximately 2.3 days. Moreover, intense turbulent heat fluxes during CAO events also play a crucial role in the60

restoration of baroclinicity in the lower troposphere (Papritz and Spengler, 2015; Vannière et al., 2017b), and precondition

the atmosphere for the development of consecutive low-pressure systems (Tilinina et al., 2018; Papritz et al., 2021; Vannière

et al., 2017a). In consequence, CAOs can regulate cyclone formation and strength and hence potentially affect downstream

large-scale dynamics (Papritz and Grams, 2018).

Previous studies demonstrated that intense heat transfer in the regions of western boundary currents influences the posi-65

tion of the storm tracks (Kwon et al., 2010; Shaw et al., 2016) and plays an important role in the upper-level jet variability

(Nakamura et al., 2008). In fact, Kwon et al. (2010) found in their modeling study that the absence of the Gulf Stream sea

surface temperature (SST) gradient results in a reduced frequency of blocks downstream. Furthermore, O’Reilly et al. (2017)

determined that wintertime poleward displacements of the jet stream are preceded by high eddy heat fluxes over the Gulf

Stream and western North Atlantic. The mechanism behind those displacements is explained by Novak et al. (2015) and Kwon70

et al. (2020), who showed that the shift of the upper-level flow is caused by the northward shift of eddy heat flux in the lower

troposphere. An increasing number of studies also indicate that the Gulf Stream region might serve as a moisture source for air

masses ascending into the blocking regions. Yamamoto et al. (2021), using a 31-year climatology of backward air trajectories

started from the upper-level North Atlantic-European blocks, found that the Atlantic basin provides most of the moisture for

the moist air masses ascending into the block. Moreover, they established that trajectories that gather moisture from the ocean75

follow the path of the Gulf Stream and identified the region of the SST gradient in the western North Atlantic as the region

where trajectories ascent to the upper troposphere. Those results are also in agreement with the findings of Pfahl et al. (2014),

who determined that moisture supplies for WCBs are collocated with the regions of intense ocean evaporation in the western

North Atlantic.

Throughout the literature, researchers have established the importance of ocean-atmosphere coupling over the Gulf Stream80

and its relevance for downstream large-scale dynamics (e.g. Vannière et al., 2017b; Sheldon et al., 2017; Papritz and Spengler,

2015). However, the scientific community has yet to gain a clear understanding of the physical pathway through which signals

from individual processes in the marine boundary layer are conveyed to the large-scale circulation (Czaja et al., 2019). In this

study, we propose a possible explanation for this missing mechanistic link by conducting a case study of European Blocking

from February 2019. This event brought record-breaking winter "heat" to Western Europe and was accompanied by a series85

of upstream, rapidly intensifying cyclones. We investigate the potential connections between air-sea interactions over the Gulf

Stream region and the formation of an upper-level ridge over western Europe using a Lagrangian perspective in a synoptic

analysis. The paper is structured as follows: First, we provide a detailed description of the data and methods, including tra-

jectory calculations (Section 2). Second, we introduce the European Blocking case study of February 2019 (Section 3.1). In

the subsequent section, we provide a detailed description of our analysis results, examining the characteristics of air masses90

that interact with the Gulf Stream and assessing their links to cold air outbreaks and cyclones (Section 3.2). Then, we analyze

the moisture sources and transport paths of the air ascending into the block (Section 3.3). Finally, we discuss our findings and

establish a connection between air-sea interactions over the Gulf Stream, cyclone development, and the potential influence of

these air masses on atmospheric blocking events.
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2 Methodology95

2.1 Data

2.1.1 ERA5 reanalysis

The calculation of kinematic trajectories and the analyses presented in this study are based on the European Center for Medium-

Range Weather Forecasts (ECMWF) reanalysis - ERA5 (Hersbach et al., 2020). For most of the study, we use reanalysis data at

the 3-hourly temporal resolution, interpolated on a 0.5◦x0.5◦ horizontal grid. In addition, we employ ERA5 data with a higher100

temporal resolution of one hour for the investigation of cyclone tracks (Section 3), the vertical and horizontal distribution of

negative potential vorticity, potential temperature, and the cloud liquid water content (Appendix A). We chose the lower 98

sigma-pressure vertical levels out of a total of 137 available levels for our investigation, covering the pressure range from

∼26 hPa to the surface. The analyzed data covers the period from 10 to 28 February 2019.

2.1.2 Cyclone dataset105

The cyclone tracks are obtained using the method of Sprenger (2017) and Wernli and Schwierz (2006), based on the identi-

fication and tracking of the sea level pressure (SLP) minima, defined as the grid points with SLP value lower than at all the

neighboring grid points (eight in our case). In addition, the cyclone extent is determined by the outermost closed SLP con-

tour surrounding the identified SLP minimum. This is limited to areas beyond 25◦ N/S, with a contour circumference cap at

7500 km. This approach ensures the exclusion of SLP minima linked to tropical convection and overly extensive cyclone masks110

that encompass multiple cyclones. The tracking algorithm is applied to hourly fields of SLP from ERA5 reanalysis. Rapidly

intensifying cyclones are identified using the criterion of Sanders and Gyakum (1980) of a central pressure drop of at least

24 hPa within 24 hours. This criterion is further normalized using the factor sin(60◦)/sinϕ, where ϕ represents the average

latitude of the cyclone’s center during the given time span.

2.1.3 Identification of the block and upper-troposphere negative potential vorticity anomalies.115

The European Block in February 2019 is identified using the year-round weather regime definition of Grams et al. (2017) for the

North Atlantic-European region. The block is characterized by a positive geopotential height anomaly over the eastern North

Atlantic and Europe and a negative geopotential height anomaly upstream over Greenland. The methodology for identifying

specific weather regimes is described in detail in Grams et al. (2017) and Hauser et al. (2022).

The formation of the atmospheric block in the Euro-Atlantic region is associated with the poleward advection of low PV air.120

The accumulation of low PV air in the upper troposphere leads to the development of negative potential vorticity anomalies

(NPVA; Teubler and Riemer, 2016), which amplify the upper-level ridge. In our study, we use the method of Hauser et al.

(2022) to identify NPVAs in the ERA5 dataset. First, the deviations of PV from a 30-day running mean climatology (1979-

2019) centered on the day of interest are calculated. Then, vertical averages of obtained values between 500 and 150 hPa are

computed and labeled as NPVA objects if they fall below the threshold of -0.8 PVU. In the next step, a quasi-Lagrangian125
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framework is employed to follow the evolution of NPVAs and assign them to the lifecycle of the European Block in February

2019. PVAs are assigned to an active weather regime (European Block) based on their spatial overlap with a predefined regime

mask. The mask is defined as the area where the vertical average PV anomaly of the composite for the respective weather

regime is below -0.3 PVU. The composite is determined by averaging the PV between 500 and 150 hPa during the active phase

of a weather regime (in our case European Block, as defined by Grams et al. (2017)). If there is at least a 10% overlap between130

a PVA and this mask during an active phase, we associate it with that specific regime’s life cycle. Note that a single regime can

sometimes be influenced by several PVAs.

The formation of the studied block was related to one major NPVA which formed 10 days prior to blocking onset, and

another minor NPVA that appeared on 23 February over Greenland (Fig.2). The major NPVA originated in the North Pacific

and started to strengthen a few days before the block onset when it propagated into the North Atlantic. For the purpose of the135

present study, we neglect the NPVAs lifecycle prior to their arrival into the North Atlantic region.

2.1.4 Identification of cold air outbreaks

Cold air outbreaks (CAO) in the ERA5 dataset are identified using the method of Papritz et al. (2015). First, the air-sea

potential temperature difference between θSST −θ850 is calculated, where θSST denotes sea surface potential temperature and

θ850 air potential temperature at 850 hPa. The reference pressure p0 =1000 hPa is used for the calculation of surface potential140

temperature. In agreement with Papritz et al. (2015), we require the θSST − θ850 over the ocean to exceed 0 K to identify the

CAO events.

To determine if a trajectory (Section 2.2) is a part of a CAO, we consider θSST − θ, where θ is the air parcel potential

temperature (see Papritz and Spengler (2017)). If the potential temperature of an air parcel (at a pressure greater than 850 hPa)

is lower than the SST beneath it, we classify the trajectory as a CAO trajectory.145

2.2 Trajectory datasets

The LAGRANTO analysis tool (LAGRANTO Sprenger and Wernli, 2015) is employed to calculate kinematic trajectories,

using three-dimensional wind on model levels from the ERA5 dataset described above. Output positions of trajectories are

available in 3-hourly intervals and the following variables are traced along the trajectories: pressure height (p), temperature

(T ), specific humidity (Q), potential vorticity (PV ), potential temperature (θ), surface pressure (PS), surface latent heat flux150

(SLHF ), surface sensible heat flux (SSHF ), boundary layer height (BLH) and sea surface temperature (SST ). We have

created a primary trajectory dataset, termed NPVA base trajectories (Tab.1). This dataset is further filtered in order to work out

the relationship between the atmospheric block and air-sea interactions over the Gulf Stream (GS), and to examine the specific

properties of the trajectories (Appendix A). The main trajectory subsets, which are crucial to this manuscript, are outlined in

Tab.1, relative fractions shown in Tab.2, and will be discussed in subsequent sections.155
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Name of the dataset Starting area Duration of the trajectories Characteristics

NPVA base trajectories Upper troposphere NPVA. -10 days Started from the NPVA objects related to the European Blocking event in February 2019.

Subsets (NPVA base trajectories)

NPVA no ascent trajectories Trajectories that do not fulfill the ascent criterium of 500 hPa within 10 days backward.

NPVA trajectories
Upper troposphere NPVA. -10 days

Ascent of 500 hPa within 10 days prior to the arrival in NPVA.

Subsets (NPVA trajectories)

NPVA GS trajectories Interact with the ABL over the Gulf Stream.

NPVA nonGS trajectories
Upper troposphere NPVA. -10 days

Do not interact with the ABL over the Gulf Stream.

Table 1. Overview of the trajectory subsets used in the study. The data sets primarily used in the study are highlighted in bold font.

2.2.1 NPVA Trajectories

The base trajectory dataset comprises 10-day backward trajectories started from the upper-level NPVA objects (Section 2.1.3)

every 3 hours between 20 February 09:00 UTC and 28 February 12:00 UTC (NPVA base trajectories, Tab.1). Those 10-day

kinematic backward trajectories are initiated from equidistant grid points of size 100x100 km. Vertically, the starting points

span from 500 to 150 hPa within both NPVAs, with an interval of ∆p=25 hPa. To avoid the possibility of trajectory double-160

counting, we remove those that remain for two consecutive time steps within the starting grid of the NPVA. This filtering

technique removes approximately 10% of trajectories, ensuring that we do not count the same air mass multiple times.

In the consecutive analysis, the obtained trajectory dataset is refined as we apply additional selection criteria. To select only

the ascending trajectories, we require trajectories to experience a pressure decrease of 500 hPa within 10 days prior to the arrival

in the upper-level NPVA, hence the air parcel can ascend at any time and any rate (NPVA trajectories, Tab.1). The threshold165

of 500 hPa is chosen to ensure that the trajectory has ascended all the way from the lower troposphere and is motivated by

common criteria to identify WCB air streams (e.g. Madonna et al., 2014). However, it is a bit weaker and allows ascending

motion over a longer time span enabling the analysis of ocean influence on the ascending air also independent of WCB activity.

Approximately 43% of the NPVA base trajectories experience such an ascent of 500 hPa before their arrival into the upper-level

NPVA. Those ascending and filtered trajectories will be referred to throughout the following analysis as ‘NPVA trajectories’170

(Tab.1).

For the ascending NPVA trajectories and their subsets (NPVA GS and NPVA nonGS) we further refer to their inflow,

ascent, and outflow stages. Therefore at a given time, we identify the position of air parcels from all trajectories with different

trajectory starting times and group them in an inflow (p >800 hPa), ascent (800≤ p≤400 hPa), and outflow (p <400 hPa)layer.

The boundaries of layers are motivated by similar layers used for classifying WCB air streams (e.g. Binder et al., 2020).175

2.2.2 NPVA GS Trajectories

Taking into account the importance of the Gulf Stream for the selected study, we create an additional subset of trajectories

consisting of only those NPVA trajectories that have passed over the Gulf Stream in the lower troposphere. We define the

boundary for the lower troposphere at 800 hPa, which is commonly used as an upper boundary of the layer in which the

ascending WCB air stream has its inflow and gains moisture (e.g. Binder et al., 2020). The region of the Gulf Stream (GS180
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masks) is defined for every 3-hourly timestep of the ERA5 dataset for February 2019 using the following steps: (i) first, the

horizontal gradient of the SST is identified in both west-east and north-south directions, (ii) a threshold of |∇SST |> 2K is

applied to extract the area of the Gulf Stream SST front, (iii) a buffer of 100 km is added to the identified gradient, creating a

continuous region.

In the following, we refer to those trajectories as ‘NPVA GS trajectories’ (Tab.1). The rest of the trajectories, i.e. those that185

did not interact with the ABL over the Gulf Stream, are labeled as ‘NPVA nonGS trajectories’ (Tab.1).

For each trajectory within the NPVA GS and NPVA nonGS datasets, we pinpoint the onset of ascent. This specific moment

is identified when the trajectory’s pressure first drops below 800 hPa. After this, the trajectory consistently rises until it reaches

the upper troposphere, marked by pressures falling below 500 hPa.

2.3 Moisture source identification190

The method of Sodemann et al. (2008) is applied for the purpose of moisture source identification. In this approach, a specific

humidity change along a trajectory is considered as an uptake if the specific humidity difference between two-time steps

(difference of 3 h) exceeds 0.02 g/kg. Each uptake is given a weight based on all consecutive changes in the specific humidity

along the trajectory. This means that the contribution of each uptake is adjusted by considering precipitation events en route

and subsequent uptakes. This method has been widely recognized as appropriate for the identification of moisture sources and195

used in a number of other studies (e.g. Papritz et al., 2021; Xin et al., 2022; Jullien et al., 2020; Aemisegger and Papritz, 2018).

This method is applied to both the NPVA GS and the NPVA nonGS trajectories to identify the sources of moisture present

at the start of the ascent. The use of the start of the trajectory’s ascent as a reference time for the moisture diagnostic allows us

to identify the sources of moisture contributing to latent heat release during an air parcel’s upward movement. For the purpose

of this analysis, every backward NPVA trajectory (NPVA GS and NPVA nonGS, Tab.1) is extended another 10 days backward200

from the time when the ascent started.

3 Results

3.1 The European Blocking Heatwave 2019

The European Blocking event in February 2019 lasted for about 7 days, from 20 to 27 February. The duration of this event was

below the average for winter block events in the Northern Hemisphere (Wazneh et al., 2021). However, it was accompanied by205

record high temperatures for this month in France, the Netherlands, and the United Kingdom (Young and Galvin, 2020) with

2 m temperature anomalies in western Europe exceeding +10 ◦C (Fig.1). This exceptional, wintertime heatwave was linked to

the formation of a quasi-stationary upper-level ridge, which brought southerly airflow and clear skies to western Europe (Leach

et al., 2021).

Temperature data from weather stations illustrate the extreme nature of this event. The highest temperature anomalies were210

observed on 26 and 27 February (Fig.1d), with the record high temperature in February for the United Kingdom of 21.2◦C
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measured in Kew Gardens, London (Young and Galvin, 2020). Record-breaking observations were also made in Scotland

(18.3◦C), the Netherlands (18.9◦C), and Sweden (16.7◦C), highlighting the spatial extent of the event (Young and Galvin,

2020).

In the following, we discuss the synoptic evolution based on maps of potential vorticity at 315 K and mean sea level pressure215

Fig.2. In addition, the tracks of all cyclones during the study period are shown in p Fig. 3. Europe has already experienced

moderate winter weather prior to the blocking event. In the second part of February, the upper-level flow was repeatedly

interrupted by the formation of upper-tropospheric NPVAs. Two days prior to the analyzed event, on 18 February, the west-

to-east propagation of the jet stream was disrupted by the NPVA in the upper troposphere stretching over western Europe

and another over the central North Atlantic (white, dashed contours in Fig.2a). Over Europe, this was accompanied by south220

and southwesterly flow in the western part of the anticyclone bringing high temperatures to western and central Europe with

anomalies exceeding 10◦C (Fig.1a). On 18 February, the NPVA GS trajectories were found to be in their ascent phase, distinctly

spread over the western North Atlantic, as shown by the red crosses in Fig.2a. Yet, the bulk of air parcels that later ascend into

the blocking region remained in the lower troposphere. These air parcels were predominantly observed in regions influenced

by CAOs in the western and central parts of the North Atlantic (green crosses in Fig.2b). Those CAOs occurred behind the225

very intensive cyclone L0 (Fig.3a) and ahead of another potent cyclone, L1, emerging near the North American coastline (Fig.

3a). Three days later, the upper-level flow was disturbed by another major NPVA, extending from southern Europe to the North

Atlantic and Greenland (magenta shading in Fig.2c). In contrast to the NPVA object from 18 February, this new NPVA became

quasi-stationary and persisted over the region for a week. Air parcels in their outflow stage and initially emerging from the

Gulf Stream, encompass a notable segment of this major NPVA (black crosses, Fig.2c). In addition, a considerable number230

of these parcels are in the ascent stage (red crosses, Fig.2c), progressing towards the upper-level ridge. Both the outflow and

ascent are potentially linked to the ascending air stream of the rapidly intensifying cyclone L1 (Fig.3a), followed by a smaller

cyclogenesis (l1.1, l1.2) in its wake. The transit of this cyclone, characterized by a pressure drop of 39 hPa within 24 h, resulted

in the development of a CAO over the western and central North Atlantic, as seen in Fig.2d. This is where the majority of

trajectories in the inflow stage (green crosses) are positioned at that moment. On 23 February, the upper-level flow was further235

disturbed by another minor NPVA (light green in Fig.2e), which strengthened the block and led to its extension westward. This,

combined with clear skies and the sustained influx of warm air due to the anticyclonic circulation (Leach et al., 2021), amplified

the warm spell across France, the Netherlands, the United Kingdom, and even Scandinavia (Fig.1c). Examining Fig.2e,f, we see

distinct patterns. The green crosses in Fig.2f represent trajectories at the inflow stage, while the red and black crosses in Fig.2e

correspond to the ascent and outflow stages, respectively. These patterns collectively display a WCB-like structure, directly240

associated with cyclone L2. This structure not only suggests the genesis of a minor NPVA but also, as indicated by the presence

of black crosses in the major NPVA, underscores their potential role in sustaining the block. It is important to highlight the

fact that cyclone L2 propagated into the region of high surface fluxes, related to CAOs, left behind by cyclone L1 (Fig.2d).

Furthermore, the advection of cold air behind the cold front of L2 resulted in another strong surface evaporation event over the

Gulf Stream region (Fig.2f). 27 February marks the last day of the blocking event when the NPVA started to shrink in size and245

propagate east (Fig.2g) and temperature anomalies in western Europe reached their peak (Fig.1d). Air parcels originating from
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heightWCB (%) DI(%) CAO (%) DI-CAO-DH (%) DH(%) ∆θK (0-3 days) ∆t of ascent to strongest uptake Fraction of ascending trajectories (%) Fraction of all (%)

NPVA GS trajectories 31.2 11.4 82.0 9.11 98 20.77 86 28 12

NPVA nonGS trajectories 29.7 3.71 40.8 2.1 54.7 13.88 67 72 31

NPVA trajectories 29.8 5.99 52 4.24 63.25 16.51 76 100 43

NPVA non ascent trajectories 0 0.67 2.4 0.01 38 8.36 - 0 57

NPVA base trajectories 11.87 2.8 22.3 1.8 48.17 12.66 76 43 100

Table 2. Fractions of various air streams within the NPVA trajectories and the subsets created for the analysis presented in the article. WCB,

DI, CAO, DI-CAO-DH, and DH, refer to proporation within their own subset. For NPVA GS, NPVA nonGS, and NPVA trajectories ‘Fraction

of ascending trajectories’ refers to the proportion within NPVA trajectories, which are all ascending. ‘Fraction of all’ denotes the proportion

within the entire set of NPVA base trajectories. ∆θK (0-3 days) refers to the change of potential temperature (θ) within 3 days from the

start of the trajectories (Pfahl et al., 2015). ∆t of ascent to strongest uptake refers to the average time delay between the strongest uptake of

trajectories and the time they start ascending later. See Section 3.2 for more details.

trajectories that interacted with the Gulf Stream are predominantly found in the upper troposphere, in the region covered by

the NPVA, or in its vicinity (black crosses, Fig.2g). The ascent of those air parcels was most probably associated with cyclones

L3 and L4 (Fig.3). Unlike cyclones L1 and L2, the tracks of cyclones L3 and L4 are predominantly constrained to the western

North Atlantic. The enhanced outflow from the rising air streams of these cyclones could have played a role in fortifying the250

upper-level NPVA from a westerly direction, as indicated by the magenta shading and black crosses in Fig.2g. Following the

passage of cyclone L3, a subsequent CAO event was observed over the Gulf Stream (Fig.2h). However, unlike earlier events,

this CAO was more spatially confined, largely limited to areas near the Gulf Stream.

It should be emphasized that extreme cyclones of 15, 18, 21, and 26 February were accompanied by weaker low-pressure

systems developing in the central part of the North Atlantic (light blue lines in Fig.3), bringing the overall count to almost 20255

cyclones in the North Atlantic either preceding or concurrent with the blocking event. The evolution of these systems led to the

spread of CAOs deeper into the North Atlantic Ocean, resulting in a pervasive presence of intense upward surface fluxes in the

region (not shown).

Our synoptic analysis points to a combination of factors that led to the formation of the block in February 2019 and the

observed record-high temperatures. The cyclones set the stage for trajectories from the Gulf Stream to move into the upper260

troposphere. These same cyclones also triggered distinct CAOs in the inflow areas of the trajectories, leading to increased

heating and moistening of the atmospheric boundary layer. In the following sections, we will examine the details of NPVA GS

trajectories to better understand the evolution of the air masses that interacted with the Gulf Stream.

3.2 Connection between the Gulf Stream region and the large scale dynamics

To investigate a potential link between the Gulf Stream region and the upper-level circulation during the blocking episode,265

we investigate the characteristics of backward trajectories started in the NPVA objects forming the block in February 2019

(Section 2.2). Given our study’s aim to understand how the Gulf Stream influences the upper troposphere, we mainly focus

on trajectories that show an ascent of 500 hPa within 10 days backward and that traveled over the Gulf Stream in the lower

atmosphere (referred to as NPVA GS trajectories in Tab.1). Out of all the NPVA base trajectories (Tab.1), 43% meet the ascent
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criteria, and 28% of those are classified as NPVA GS trajectories (Tab.2). Although NPVA GS trajectories represent just 12% of270

all trajectories originating from NPVAs (NPVA base trajectories), a focus on these helps to better understand how signals from

air-sea interactions over the Gulf Stream propagate to the upper troposphere. Furthermore, as will be shown in the following,

their distinct properties hint at a disproportional relevance for the formation and maintenance of the atmospheric block.

First, we examine the differences in pressure changes between NPVA GS and nonGS trajectories. NPVA GS trajectories

initially undergo a slight descent from the mid-troposphere towards the atmospheric boundary layer (green shading, Fig.4a).275

Here, on average, they remain for about 48-72 hours. Then, quite swiftly between -72 h to -36 h, they ascend into the upper

troposphere. Conversely, on average NPVA nonGS trajectories start from higher pressure levels, and ascend steadily to the

upper troposphere (blue shading, Fig.4a). The ascent of NPVA GS trajectories closely mirrors the distinctive features of the

warm conveyor belt (WCB), which typically occurs in the warm sector of extratropical cyclones. As defined by Madonna et al.

(2014), a trajectory is denoted as a WCB trajectory if it experiences an ascent of at least 600 hPa within a 48-hour interval. It280

is crucial to note that their criterion focuses only on the most vigorous part of the air stream that ascends in the warm sector of

an extratropical cyclone. Indeed, about 87% of NPVA GS trajectories ascend from pressures greater than 800 hPa to pressures

below 500 hPa within only 48 hours, reflecting their relatively fast ascent. Meanwhile, when applying this criterion to NPVA

nonGS trajectories, only 72% of them meet the condition.

Applying the strict WCB requirement of 600 hPa ascent within a 48, both NPVA GS and nonGS trajectories comprise285

approximately 30% of WCB trajectories (Tab.2). The temporal variations of PV for NPVA GS trajectories, as shown in Fig.4e,

display a typical WCB-like behavior. An initial increase in PV from -72 to -48 h followed by a decrease, suggests the release of

latent heat due to condensation in WCB-like ascent (Madonna et al., 2014). Indeed the average potential temperature increases

from 294 K to 315 K in this time window along with a marked moisture reduction (Fig.4f). Thus the formation of stratiform and

convective clouds, as well as precipitation, leads to the release of latent heat, resulting in diabatic heating of rising air masses.290

The influence of diabatic heating on blocks within the North Atlantic-European region has been underscored by recent research

(e.g. Steinfeld and Pfahl, 2019; Steinfeld et al., 2020; Pfahl et al., 2015). Within a 38-year global study, Steinfeld and Pfahl

(2019) identified that between 30-45% of trajectories initiated in upper-level blocks underwent diabatic heating. This contrasts

slightly with the 51.8% reported by Yamamoto et al. (2021), who suggest that variations in blocking definitions and trajectory

approaches could account for the difference. For a quantitative comparison with these studies, we detect diabatic heating in295

trajectories based on the criterion set by Pfahl et al. (2015), which specifies a change in potential temperature (∆θ) of at least

2 K over a 3-day period from the onset of backward trajectories. Our findings indicate that approximately 48% of all trajectories

started from the NPVA objects (NPVA base trajectories, see DH Tab.2) underwent diabatic heating in the 3 days leading up

to their arrival in the blocking region. This observation aligns with the aforementioned data from previous climatological

investigations (Steinfeld and Pfahl, 2019). As anticipated, a larger proportion of ascending trajectories, 63%, undergo diabatic300

heating compared to just 38% of non-ascending trajectories. This contrast is further amplified when distinguishing between GS

and nonGS trajectories within the ascending category, with rates of 98% and 54.7%, respectively. The dominance of diabatic

heating in the air masses that interacted with the Gulf Stream is further mirrored by an increase in potential temperature visible

in Fig.4b, where NPVA GS trajectories demonstrate on average 21 K rise, which is 7 K more than that in nonGS trajectories
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(Tab.2). Building on the insights of Steinfeld and Pfahl (2019); Pfahl et al. (2015), such pronounced diabatic heating, often305

termed ‘latent heating bursts’, suggests an interplay between the block and preceding cyclones.

Strong heating occurs also at the surface, as indicated by negative values in the sensible and latent heat fluxes (Fig.4c,d). This

heating correlates with the prevalent CAO events across the western and central North Atlantic, as shown in Fig.2. Supporting

this, a considerable portion (82%) of NPVA GS trajectories are identified as CAO (Tab.2, see Section 2.1.4), in agreement with

the findings presented in Section 3.1. The development of multiple cyclones in the western North Atlantic created conditions310

favorable for the advection of cold air of continental origin over warmer waters, particularly south of the Gulf Stream. This

resulted in enhanced heat and moisture exchanges between the ocean and atmosphere, even leading to the emergence of

negative potential vorticity values, signaling an unstable environment (see Appendix A).

Importantly, some CAO events coincided with ‘dry intrusions’ (DIs), defined by Raveh-Rubin (2017) as the descent of

400 hPa within 48 h. DIs are the descending counterpart to WCBs and typically occur in the cold sector of extratropical315

cyclones (Raveh-Rubin, 2017). When DIs reach the lower troposphere they affect the atmospheric boundary layer through

enhanced surface fluxes, heightened wind speeds, and the elevation of the planetary boundary layer (cf. Ilotoviz et al., 2021).

Thus it is worthwhile investigating if NPVA trajectories also feature characteristics of DIs. We find 11.4% of the NPVA GS

trajectories featuring DI characteristics, Tab.2). DIs occurred particularly over the southern part of the Gulf Stream, northeast of

Florida (not shown). The extreme nature of dry intrusions and their role in potentially triggering intense CAO events prompted320

us to analyze trajectories that sequentially experience DI, CAO, and diabatic heating (DH). Notably, a majority of DI trajectories

follow this sequence (∼80%, cf. Tab.2). Thus, in our case study a DI in the vicinity of the GS has a very high likelihood of

later ascent in a WCB-like air stream into the upper troposphere and contribute to blocking. While these trajectories represent

a minor portion of all those originating from NPVAs (∼2%), we find this dynamical relevance of DI air streams interacting

with the Gulf Stream noteworthy and of potential relevance for subsequent research studies.325

Our findings emphasize that while only 28% of all ascending trajectories originate from the block and interact with the Gulf

Stream in the lower troposphere, these trajectories display unique features, suggesting pronounced block-cyclone interactions.

In addition, while it is widely established that diabatic heating in regions of intense surface heat fluxes influences the large-

scale atmospheric circulation (e.g., Pfahl et al., 2015; Yamamoto et al., 2021; Tilinina et al., 2018), the understanding of

the mechanistic link between processes that take place within CAOs in the wake of extratropical cyclones and upper-level330

ridge formation is still missing (Czaja et al., 2019). Our results show that the intense, CAO-induced air-sea interactions in the

western North Atlantic and an episode of European Blocking might be inherently linked. Furthermore, the connection between

the surface fluxes and coherent air streams hints at a dynamical linkage of the Gulf Stream front to the large-scale atmospheric

circulation. In the following section, we aim to further detail this mechanistic link.

3.3 Moisture sources for NPVA GS trajectories335

The rapid, cross-isentropic ascent of air parcels into the upper-level NPVA is driven by the latent heat release during cloud

formation and precipitation (Joos and Wernli, 2012). For clouds and precipitation to form, a sufficient moisture supply is

needed (Eckhardt et al., 2004; Pfahl et al., 2014). Employing the method from (Sodemann et al., 2008), we examined the
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moisture sources for the ascent of both NPVA GS and NPVA nonGS trajectories (Tab.1). However, given our paper’s primary

focus, we primarily concentrate on trajectories that interacted with the Gulf Stream.340

First, we will focus on the timing and spatial distribution of moisture uptakes of the trajectories. NPVA GS trajectories, on

average, accumulate moisture around 3.5 days before their ascent (Tab.3). Roughly 78% of this moisture is gathered within the

seven days leading up to the ascent, with the most significant portion (about 60%) acquired in the first five days. In comparison,

NPVA nonGS trajectories start collecting moisture about 3.8 days prior to ascent (Tab.3), with 67% of uptakes taking place

within the initial week and 48% within the first five days backward. Interestingly, over a span of 10 days, only 44% of NPVA345

nonGS trajectories occur over the ocean, in contrast to 78% for NPVA GS trajectories (Tab.3).

Furthermore, from the start of their ascent, NPVA GS trajectories reach the upper-level NPVA in an average of 2.6 days

(Tab.3). This is notably quicker than the 6.65 days taken by NPVA nonGS trajectories, implying that the ascent regions for

these two trajectories might be distinct.

Figure 5c illustrates the spatial distribution of moisture uptakes for all NPVA GS trajectories. There are two prominent areas350

of moisture uptake: one close to the Gulf Stream and another over the central North Atlantic. Interestingly, these regions seem

to align with the locations of CAOs observed during our study period (Fig.5a). This may suggest that CAOs, and resulting

upward latent heat fluxes (Fig.5b), might play a role in the water cycle of NPVA GS trajectories. Examining the specifics of

these uptake regions further underscores the significance of certain geographic locations in the moisture collection process.

Our moisture source identification methodology indicates that the majority of the moisture originates from regions relatively355

close to the block (Fig.5e). In particular, 80-90% of the uptakes come directly from the Gulf Stream area, supplemented by

uptakes from the eastern Gulf of Mexico. Meanwhile, the central North Atlantic contributes approximately 20% to the total

moisture content before ascent.

Conversely, for NPVA nonGS trajectories, moisture is mainly sourced from the regions characterized by weak or absent

CAOs and notably diminished surface fluxes (Fig.5a,b). Predominant moisture contributions stem from the Gulf of Mexico’s360

subtropical regions and the Caribbean Sea (Fig.5f). A distinct observation for the NPVA nonGS trajectories is that their moisture

uptakes within the Gulf of Mexico are positioned further to the west, compared to those of NPVA GS trajectories (Fig.5e-f).

The primary uptake regions for NPVA GS trajectories not only align with the Gulf Stream SST front but also correspond to

areas of intense CAOs (Fig.5a), which seem to play a significant role in the evolution of NPVA GS trajectories. On average,

62% of all moisture uptakes happen during CAO events over the ocean, when the cold, continental air is advected over warmer365

water surface (green line in Fig. 6b). Some of the moisture uptakes, especially between 19 and 23 February, align with intense

SLHF events (Fig.6a). On the other hand, the NPVA nonGS trajectories tell slightly a different story: only 43% experience

a CAO during moisture uptake, and the surface evaporation events observed during the same time frame in February were

weaker for these trajectories (Fig.6a).

These intense SLHF events are likely tied to pronounced CAOs, potentially triggered by cyclones L1 and L2 (Fig.3). High370

surface heat fluxes, as pointed out by Tilinina et al. (2018), indicate that the cyclones responsible for these pronounced fluxes

usually have greater depth and undergo quicker intensification. Our results support this perspective, as the highest fluxes

experienced by NPVA GS air parcels coincide with the period when cyclones L1 and L2 are present in the North Atlantic
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(Fig.6a). As depicted in Figure 2d and 2f, both cyclones triggered significant CAO events, which affected many of the NPVA

GS air parcels present at the time in the lower troposphere. When focusing specifically on these trajectories, we observe that375

the average uptakes occurring in CAOs are consistently more intense than those outside CAOs, particularly between 19 to 22

February (Fig.6c). This observation is consistent with insights from other studies (e.g. Papritz and Grams, 2018; Aemisegger

and Papritz, 2018; Hawcroft et al., 2012), which highlight the pivotal role of CAOs in moisture-related dynamics. However, it

remains poorly understood how air parcels moistened in the region behind a passing cyclone’s cold front end up in the upper-

level NPVA. One possible explanation is the existence of the so-called ‘hand-over’ mechanism described in detail by Papritz380

et al. (2021). They found that moisture precipitating in deep North Atlantic cyclones originates in the cold sector of a preceding

cyclone and is fed into the ascent regions of the subsequent cyclone via the feeder air stream (Dacre et al., 2015).

In order to explore the ‘hand-over’ mechanism in our case study we now use the surface latent heat flux (SLHF) from ERA5

as a proxy for surface evaporation and relate it to the NPVA trajectories. Following the methods of Yamamoto et al. (2021) and

Tilinina et al. (2018), we identified regions of maximum SLHF beneath the trajectories to locate the areas of the most intense385

surface evaporation. We also examined the locations where the trajectory ascent into the upper troposphere begins (Fig.7).

Figure 7a (red contours) illustrates the analysis for 24 February at 21:00 UTC, revealing that when air parcels of NPVA GS

trajectories experience the most intense evaporation underneath, they are located below 800 hPa near the Gulf Stream and in

areas with the highest CAO index values. The air parcels do not ascend immediately but remain in the atmospheric boundary

layer for at least 24 hours, being advected south and southeast with the cold air in the cyclone’s cold sector (green contours390

in Fig.7a). The ascent occurs approximately 54 hours after the maximum SLHF values (blue contours in Fig.7b), suggesting

that the ascent might not be caused by the cyclone responsible for strong surface evaporation. Instead, our findings suggest that

cyclone L2 (Fig.3a) and subsequent cyclones might have a significant role in lifting the moistened air parcels into the upper

troposphere’s NPVA. This hypothesis aligns with the insights presented by Papritz et al. (2021). Cyclone L2 traverses and

strengthens within the region marked by a strong CAO left in the wake of L1 (Fig.2b and d). This moisture-rich air potentially395

gets channeled into the ascending flow of the L2 cyclone. Moreover, secondary cyclones following L1 could elevate portions

of these air masses into the upper layers (Fig.2c).

To explore whether the process detailed above is dominant in our case study, we conducted the analysis depicted in Figure 7a

for all the NPVA GS trajectories (Fig.7c). Analyzed trajectories experience the most intense moistening along the Gulf Stream

SST front (red contours). One day later, the moistened air moves south or southeast, together with the air in the cyclone’s cold400

sector (green contours). Trajectories begin their ascent into the upper troposphere (blue contours) on average 3.5 days after

reaching maximum SLHF values (Tab.3). This is very much in line with the exemplary trajectory discussed before and in stark

contrast to NPVA nonGS trajectories. The latter primarily experience regions of strongest surface evaporation in the subtropics

near 20◦N, and remain there before making their ascent further north at a later time (Fig.7d). The lingering of NPVA GS

trajectories at low levels suggests that the involvement of multiple cyclones might be necessary to create conditions conducive405

to the moistening of trajectories followed by their ascent.

This notion is further supported by the analysis of the time difference between the time trajectories experienced the strongest

moisture uptake and the time when they start to ascend and their pressure drops below 800 hPa (Fig.8). For NPVA GS trajec-
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tories, longer delays between strongest moisture uptake and time of ascent are typical (green shading, Fig.8). The probability

density function shows a plateau between peaks at 20 hours and 60 hours, Although the density drops thereafter a plateau410

extending from 70 to 150 hours. The 20-hour peak corresponds to trajectories ascending directly from the Gulf Stream region

(blue contours, Fig.7c). The second peak, coupled with the high density of values exceeding 100 hours, implies a significant

temporal gap between moisture uptake and the start of ascent for the majority of NPVA GS trajectories. In contrast, NPVA

nonGS trajectories show a single peak around 40 h and thus a rather immediate ascent after experiencing the strongest moisture

uptake.415

The statistics and results presented thus far hint at the potential presence of a ‘hand-over’ mechanism in our case study.

However, to truly identify its presence and understand how signals from the Gulf Stream air-sea interactions are related to

the upper troposphere, we delve deeper by computing various metrics for each trajectory’s initiation time. These metrics

include average trajectory positions, density of strongest moisture uptakes, and the average times of ascent and strongest

moisture uptake. Next, we plot these metrics alongside cyclone masks during the times of moisture uptake (represented by420

green contours) and the start of ascent (represented by red contours). Visual representations of this analysis are provided in

figures 9 and 10 and in the Supplementary Materials (for each time step of the case study).

Exemplary we show NPVA GS trajectories initialized on 21 February 2019 at 12:00 UTC and for illustrative purposes

distinguish those which initially cross the Gulf Stream on a southeastward track (towards the region south of 30◦ N and east of

50◦ W) from those which approach the Gulf Stream from the South. The former subset amounts to about 25% of the NPVA GS425

dataset for trajectories started on 21 February 2019 at 12:00 UTC. Ten days before their start, these trajectories are positioned

over the Gulf Stream region, where they first begin to accumulate moisture (Fig.9a). They subsequently descend further to the

central North Atlantic, where they gather the majority of their moisture over a span of several days (purple shading in Fig.9a).

On average, this moisture accumulation occurs 192 hours prior to their initialization (green dot, Fig.9a). Following this, their

ascent into the upper troposphere starts roughly 123 hours after the moisture uptake (red dot, Fig.9a). It is important to note the430

presence of cyclones south of Greenland during both the moisture uptake (green contours) and ascent stages (red contours),

with each phase associated with distinct cyclones. A substantial number of the moisture uptakes happen in the CAO region

(Fig.9b), in the wake of cyclone l0, whereas the ascent primarily occurs in the warm sector of cyclone l1 (Fig.9c).

Also for the remaining majority of the NPVA GS trajectories (75%) started on 21 February 2019 at 12:00 UTC, the Gulf

Stream region emerges as the primary moisture source. On average, these trajectories accumulate moisture about 156 hours435

before their initialization (green dot in Fig.10a). At that time (-156 h) cyclone L0 (green contour) is located south of Greenland,

with a CAO event developed in its wake and in the Gulf Stream region (Fig.10b). The ascent of those trajectories takes place

∼102 hours later ahead of cyclone L1 (red dot and contours, Fig.10a,c).

While a sequence of cyclones is pivotal for the moistening and ascent of most trajectories in our study, it is the specific

trajectories that traverse the central North Atlantic that very clearly exhibit the ‘hand-over’ mechanism described by Papritz440

et al. (2021) (Fig.??). These represent about 30% of all NPVA GS trajectories, peaking at 65% for some starting times. They

most closely align with the ‘hand-over’ mechanism, as they seem to be fed into the cyclone moving into the central North

Atlantic. For the other trajectories (Fig.10), there is less evidence for a ‘hand-over’ mechanism, thus it is challenging to discern
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NPVA GS trajectories NPVA nonGS trajectories

Average time of moisture uptake prior to

the start of ascent.
-3.5 days (-84 h) 3.8 days (-92 h)

Fraction of moisture supplied within first 5 days backward. 60% 48%

Fraction of moisture uptakes over the ocean. 78% 44%

Average time of ascent start

in relation to the time of arrival into the NPVA.
-2.6 days (-63 h) -6.65 days (-159 h)

Average time in the ABL prior to ascent. 4 days (96 h) 3.8 days (91.2 h)

Average time of continuous SLHF<0 W/m2 prior to

the start of ascent.
2.5 days (60 h) 23 h

Table 3. Summary of general characteristics and moisture sources for NPVA GS and NPVA nonGS trajectories.

whether this mechanism or the sequential appearance of cyclones is more pivotal for their development. Nevertheless, one

consistent observation stands out when looking at figures 10a, 9a, and the Supplementary Material: the presence of a cyclone445

south of Greenland. Intriguingly, while both moisture uptake and ascent events feature a cyclone in this position, distinct

cyclones are responsible for each of these processes. This suggests that a series of cyclones plays a pivotal role — initially

moistening the NPVA GS trajectories thanks to the passage of one cyclone, and subsequently lifting them into the upper

troposphere with a subsequent cyclone. Moisture uptake can occur directly in the wake of a cyclone, during a CAO event

initiated by the cyclone’s passage, or in the cold sector of secondary cyclones that develop following a strong primary cyclone.450

This observation is consistent with findings from Papritz et al. (2021) and Dacre et al. (2019). They highlighted the localized

origins of moisture sources for North Atlantic cyclones and underscored the significance of consecutive cyclone appearances

in shaping the region’s moisture cycle.

Based on the above findings, we conclude that during our study period, a succession of cyclones was essential for the

evolution of trajectories crossing the Gulf Stream (NPVA GS trajectories). This pathway enabled them to accumulate moisture455

and subsequently rise into the upper troposphere, thereby influencing the block’s dynamics. Our analysis thus sheds light on

the mechanisms through which signals from Gulf Stream air-sea interactions reach the upper layers of the atmosphere. This

understanding might also clarify why changes in SSTs in the western North Atlantic in model simulations lead to alterations

in large-scale dynamics (e.g. Czaja et al., 2019; Athanasiadis et al., 2022; Scaife et al., 2011).

4 Synthesis and Discussion460

Our detailed case study of a European Blocking event in February 2019, offers insights into how air-sea interactions over

the Gulf Stream may be associated with the dynamics of an upper-level ridge. Although air masses identified as interacting

with the Gulf Stream represent roughly 12% of all trajectories originating within the block’s region, we show evidence of

their disproportional role in maintaining or enhancing the block’s persistence. The potential importance of those air masses
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for the development of the block can be established based on the results of Steinfeld et al. (2020), who determined that465

critical features of the block, including extent, strength, and lifetime, are strongly affected by latent heating taking place in the

ascending air streams. Our analysis revealed that almost all of the Gulf Stream trajectories (representing ∼12% of all NPVA

base trajectories and ∼28% of all ascending ones, Tab.1,2) experience diabatic heating during the first three days after starting

from the blocking region. Additionally, trajectories that interact with the Gulf Stream exhibit a significantly higher proportion

of diabatically heated trajectories (98%) than those not traversing the Gulf Stream (54.7%).470

Our findings reveal that air often warmed and moistened in the CAO regions induced by one cyclone, ascends into the up-

per troposphere through the upward air stream of a subsequent cyclone. This observation aligns with studies by Papritz et al.

(2021); Dacre et al. (2019) and Sodemann and Stohl (2013), and the process is graphically illustrated in Fig. 11. When cyclone

L0 traverses the western North Atlantic, it induces a CAO just behind its cold front (Fig.11a). This event sets the stage for

atmospheric boundary layer warming and moistening. The most robust heat fluxes are observed along the Gulf Stream SST475

front, a consequence of the pronounced air-sea temperature gradient. It is also where the majority of trajectories undergo mois-

ture uptake. Intriguingly, a subset, constituting about 15% in the presented case and referred to as ‘recirculating trajectories’

(Fig.11a), travels further into the central North Atlantic. As they traverse, these trajectories are exposed to additional moisture

from the milder CAOs that form in the aftermath of cyclone L0, as well as from secondary cyclones that emerge in its trail (Fig.

3a). 51 hours later, a new cyclone, labeled L1, emerges at the same spot previously occupied by cyclone L0. This new cyclone480

has traveled through and gained strength in the regions marked by CAOs - zones of heightened air-sea interactions - originally

induced by cyclone L0. Consequently, the pre-moistened and warmed air is channeled into the warm sector of cyclone L1,

which provides conditions for its ascent into the upper layers of the troposphere. Overall, in our results, the ‘hand-over’ mecha-

nism is especially pronounced for trajectories labeled as ‘recirculating’ ones (Fig.11). Their behavior closely mirrors the feeder

air stream concept described by Papritz et al. (2021) and Dacre et al. (2019). While a significant portion of the trajectories show485

limited evidence for the existence of a ’hand-over’ mechanism, our analysis emphasizes a key insight: a minimum of two cy-

clones is essential for trajectories, which interact with the Gulf Stream, to undergo both moistening and subsequent ascent into

the upper troposphere. Additionally, our data highlights a potential preconditioning by a preceding cyclone, creating favorable

conditions for the succeeding cyclone. This is evident as cyclones in our study frequently traverse and amplify within CAOs,

caused by preceding cyclones (Fig. 2).490

The Gulf Stream region serves as an important moisture source for those NPVA trajectories that passed over it in the

lower troposphere, in agreement with the results of Yamamoto et al. (2021) and Pfahl et al. (2014). In fact, the Gulf Stream

contributes most of the moisture present in the air prior to its ascent. Those findings imply that the moisture sources for

extratropical cyclones in the North Atlantic have a regional character and are concentrated in areas where there is a strong

ocean-atmosphere temperature contrast. Another area of moistening of the atmospheric boundary layer is found in the central495

North Atlantic, south of the Gulf Stream’s eastward extension. This area is frequently affected by the advection of cold air from

the Labrador Sea or the passage of a cyclone, which provides conditions for strong air-sea interactions. In fact, the cyclones

recognized as rapidly intensifying propagate into this stretch of the ocean, while several of the secondary cyclones originate
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there (Fig.3). The consistent occurrence of cyclones in areas with intense surface evaporation suggests a ‘preconditioning’ for

cyclone development, as described by (Papritz et al., 2021).500

It should be noted that the subtropical regions of the Caribbean Seas and eastern North Pacific are significant moisture sources

for air streams progressing to the block, with the NPVA nonGS trajectories comprising 72% of the trajectories. However,

these air streams predominantly ascend in regions such as the Gulf of Mexico and the Pacific Ocean, which lie outside the

main cyclonic activity in the western North Atlantic. Therefore, for the air masses that ascended into the block during the

extratropical cyclones of February 2019 in the North Atlantic, these distant moisture sources seem less influential.505

A study by Papritz and Grams (2018) suggests that weather regimes modulate the occurrence of CAOs. However, our findings

present a more intricate picture where this relationship appears mutual. During our observed period, CAOs predominantly arose

due to the advection of cold air in the wake of cold fronts from passing cyclones, particularly in the Gulf Stream region and its

extension. Such CAOs not only induce intense surface heat fluxes, which are essential for maintaining baroclinicity (Papritz

and Spengler, 2015), but also play pivotal roles in sustaining the storm track (Aemisegger and Papritz, 2018). Furthermore, they510

promote the formation of rapidly intensifying low-pressure systems, essential for the growth of atmospheric blocks (Colucci,

1985; Colucci and Alberta, 1996). In tandem, these CAOs create conditions favorable for vigorous evaporation events in the

western North Atlantic. This abundant moisture aids the swift intensification of cyclones and the genesis of secondary low-

pressure systems, contributing to the northward expansion of an upper-level ridge. This, in turn, weakens the zonal flow, paving

the way for further CAO development and subsequent intense surface evaporation events (Kautz et al., 2022; Gao et al., 2015).515

It is also worth noting that these pronounced oceanic evaporation events are instrumental for the emergence of WCBs (Pfahl

et al., 2014; Eckhardt et al., 2004), responsible for the emergence of low PV anomalies in the upper troposphere (Pfahl et al.,

2015; Steinfeld and Pfahl, 2019; Methven, 2015).

While our study concentrates on a limited set of trajectories in comparison to all initiated from the NPVA objects, such

a subset, as suggested earlier, might have implications in the reinforcement or sustenance of the block. Consequently, we520

hypothesize that the block’s termination could be linked to a reduced ocean heat content following the passage of several

cyclones. This reduction could diminish air-sea interactions, atmospheric heating, and moistening, which in turn impacts the

storm track (as evidenced by the altered pathways of cyclones L3 and L4, Fig.3) and the intensity of the cyclones.

5 Conclusions

To summarize, our study provides a possible explanation for a mechanistic link between air-sea interactions over the Gulf525

Stream region and the formation of blocks over the North Atlantic and European regions. It also underscores the potential

significance of CAOs and the associated strong air-sea interactions in the formation or preservation of a quasi-stationary,

upper-level ridge. In light of the growing evidence suggesting that biases in North Atlantic SST representation are linked to

model inaccuracies in block prediction (e.g. Athanasiadis et al., 2022; Czaja et al., 2019; Kwon et al., 2020), it is vital to clarify

how the processes taking place in the lower troposphere over the western North Atlantic are connected with the dynamics in the530

upper levels. Additionally, the recurrent influence of SST observed in climatological studies (Michel et al., 2023; Omrani et al.,
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2019; Scaife et al., 2011) implies that the mechanisms linking the Gulf Stream, diabatic processes, and large-scale extratropical

circulation might hold relevance on a climatological scale. Nevertheless, it is essential to note that a single case study cannot

be used to draw any general conclusions. However, considering the fact that singular aspects of our analysis are in agreement

with recent publications focusing on moisture transport in the North Atlantic and the formation of blocks (e.g. Papritz et al.,535

2021; Aemisegger and Papritz, 2018; Hirata et al., 2019; Yamamoto et al., 2021; Steinfeld et al., 2020; Dacre et al., 2019),

it provides a basis for further research. Therefore, in a subsequent study, we are going to analyze those relationships using

a similar trajectory dataset spanning 40 years of ERA5 data. Using the methods applied in this case study, we will aim to

establish whether the air-sea interactions over the Gulf Stream modulate the large-scale dynamics and formation of blocked

weather regimes over Europe and to identify the predominant way by which the signal from the lower troposphere is transferred540

to the upper-level flow.

Appendix A: Negative Potential Vorticity in the lower troposphere

In the course of our study, we consistently observed the presence of negative PV during the inflow stage of trajectories, defined

as the phase preceding ascent when trajectories are confined within the atmospheric boundary layer (pressure exceeding 800

hPa). Upon further examination, we found that 82% of NPVA GS trajectories displayed negative PV values at certain intervals545

prior to their ascent. Given the potential significance of this feature (Methven, 2015), we chose to examine it more closely.

To explore the role of air parcels with negative PV in the formation of upper-level negative PV anomalies (NPVAs) we

divided the NPVA GS trajectories into two subsets: those with negative PV (NPVA GS negPV trajectories, 82% of all NPVA

GS trajectories) and those with continuous positive PV (NPVA GS posPV trajectories, 18% of NPVA GS trajectories) in the

lower troposphere. To investigate the potential influence of negative PV in the lower troposphere on the formation of upper-550

level NPVA, we examined the inflow and outflow stages of ascent. Specifically, we re-centered the time evolution of the

trajectories at the time of maximum heating, which is indicative of the release of latent heat during upward air mass movement.

By comparing the two sets of trajectories, we aim to determine whether the presence of negative PV air in the inflow stage of

the ascending air stream leads to the formation of low PV air in the upper troposphere. Our results show that the NPVA GS

negPV trajectories are located in the lower layers of the troposphere (Fig.A1a) and experience more intensive heating during the555

ascent (Fig.A1b). Without indicating a cause-and-effect connection, greater fluxes in the inflow stage (Fig.A1c-d) and elevated

moisture content during the ascent (Fig.A1f) co-occur with a rise in heating intensity throughout the ascent. Interestingly,

despite experiencing negative values of PV in the atmospheric boundary layer and a strong heating rate, the PV of the NPVA

GS negPV trajectories is not lower than that of the NPVA GS posPV trajectories in the upper troposphere (Fig.A1e) nor do

they reach a higher outflow height (Fig. A1a,b). In fact, the NPVA GS negPV trajectories typically begin at a lower altitude,560

and as a result, more heating is required for these trajectories to achieve a comparable outflow height to that of the NPVA GS

negPV trajectories. Surprisingly, the PV values in the NPVA GS negPV trajectories are even slightly higher when reaching the

upper troposphere. Furthermore, we note that air masses with only positive PV values have limited interactions with CAOs.

This is evident from the temporal variations of latent and sensible heat fluxes observed in the two trajectory types. In fact, our
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analysis reveals that 85% of negative PV values are located within CAO regions. This suggests that the processes during CAOs565

might play a pivotal role in reducing PV in the atmospheric boundary layer.

There are several processes that can result in the destruction of PV in the lower troposphere, including friction, evaporative

cooling, sublimation of snow, snow melting, or turbulent fluxes (Crezee et al., 2017; Attinger et al., 2019, 2021). To establish

what mechanism leads to PV destruction throughout our case study, we examined vertical cross-sections of cloud liquid water

content and potential vorticity over the area of the Gulf Stream. For the purpose of this analysis, we used the ERA5 reanalysis570

dataset with a higher temporal resolution of 1 hour. Obtained results reveal that the air parcels with negative PV in the lower

troposphere are primarily located below liquid water clouds (Fig.A2a), in the cold sectors of the cyclones (Fig.3, Fig.A2c). The

cold sector is evident in Figure A2a around 40◦N latitude, identifiable by the cloud structure. It can also be discerned in Figure

A2b based on the temperature contrast. It should be highlighted that these cross sections represent values averaged between

-50◦ and -60◦ W. Thus, to accurately assess the locations of air parcels, one should refer to Figures a, b, and c collectively.575

Clouds in the warm sector of the cyclone extend deep into the atmospheric boundary layer, while the cold sector is dominated

by low-level stratiform clouds. Low-level clouds forming during the advection of cold air over the ocean due to the cooling

of the surface are classified as stratiform clouds (Painemal et al., 2021). The presence of air parcels with negative PV in those

areas suggests that evaporative cooling is the main cause of PV reduction. This was confirmed by Chagnon et al. (2013), who

discovered that evaporative cooling in the air descending behind the cold front decreases PV. This idea is further reinforced by580

the studies of e.g.,Wood (2005), Jensen et al. (2000) and Paluch and Lenschow (1991), who found that evaporative cooling in

the sub-cloud layer of stratiform clouds is often triggered by the cooling that results from drizzle evaporation.

In most of the analyzed timesteps (e.g. Fig.A1) the PV in the lower troposphere does not go below -1 PVU. However, for

several air parcels, we found values below -2 PVU in the two lowest model layers right behind the cold front. Attinger et al.

(2019) and Vannière et al. (2017a) attribute the prevalence of negative PV along the cold front to unstable conditions and585

high surface fluxes. This applies also to our case, as the high negative PV values are found at low altitudes, in the regions

of very intense surface fluxes, mainly during the intensification stage of the extreme cyclones (Fig.3a). Overall, we presume

that the combination of strong surface fluxes, heating from the surface, and evaporative cooling from low clouds leads to the

development of a highly unstable environment, making the presence of negative PV in our case so widespread.

It is worth highlighting that a significant number of air parcels in Figure A2 have negative PV and are positioned ahead590

of the cold front. Our analysis of consecutive time steps reveals that these parcels are transported to this location due to the

advection of cold air that trails the cold front from a preceding cyclone. Given the sequence of cyclones previously described

as necessary for the moistening and ascent of trajectories, it is plausible to assume that these air parcels, having interacted with

a CAO induced by one cyclone, will subsequently ascend into the upper troposphere with cyclone L1 (Fig.3)

To summarize, in contrast to the hypothesis of Methven (2015), which proposes that the average PV of WCB outflow is nearly595

equal to the PV of its inflow due to an almost negligible net change in models, our study offers a slightly different viewpoint.

In the analyzed case study, trajectories with negative PV in the atmospheric boundary layer (ABL) exhibit a somewhat higher

PV in the upper troposphere when compared to trajectories with positive PV in the ABL. Therefore, we cannot directly link the
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growth of NPVAs to the presence of negative PV in the atmospheric boundary layer. In our case study, negative PV functions

more as a marker for an unstable environment and evaporative cooling associated with low-level stratiform clouds.600

These findings imply that diabatic PV production and destruction may often not exactly balance during ascent as suggested

by Methven (2015). This highlights the potential need for further research on the relationship between diabatic processes and

changes in PV in ascending air streams.
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Figure 1. 2 m temperature anomalies (with respect to a 30d running mean, shading) and upper-level 2 PVU contour at 315 K (green line),

with PV values higher than 2 PVU shaded in green. Panels are for 12:00 UTC on 18 February 2019 (a), 21 February 2019 (b), 23 February

2019 (c), and 27 February 2019 (d).
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Figure 2. Synoptic evolution of European Blocking episode from February 2019. First column: potential vorticity (shading, PVU) at 315 K

and negative potential vorticity anomaly (NPVA) objects (white dashed contours). The major NPVA is shaded in magenta and the minor in

light green (Section 2.1.3). Black crosses represent the location of every 30th NPVA GS air parcel at the outflow stage (p >400 hPa)) at the

valid time of the panel. Red crosses indicate the locations of every 30th NPVA GS air parcel during the ascent stage (400hPa< p <800 hPa)

for the same timestamp. Second column: Cold air outbreak index (shading, K). Green crosses denote the positions of every 30th NPVA GS

air parcel at the inflow stage (p >800 hPa) for the corresponding time. Panels are shown for 12:00 UTC 18 February 2019 (a, b), 12:00 UTC

21 February 2019 (c, d), 18:00 UTC 23 February 2019 (e, f), and 21:00 UTC 27 February 2019 (g, h). Black contours in both columns show

mean sea level pressure (hPa) and labels L0-L4 refer to the mentioned cyclones with their tracks shown in Fig.3.
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Figure 3. Tracks of cyclones with genesis in the North Atlantic between 15-20 February 2019 (a) and 20-28 February 2019 (b) with contours

representing the average sea surface temperature during that period, which serves as an indicator of the Gulf Stream’s gradient position.

The tracks of rapidly intensifying cyclones (L0-L4, (Sanders and Gyakum, 1980)) are shown by colored circles with the interior color

representing minimum sea level pressure. The date near a cyclone’s identifier (L0-L4) refers to the genesis time. The tracks of other, non-

rapidly intensifying cyclones are shown by thin blue lines.
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Figure 4. Temporal evolution of (a) pressure, (b) potential temperature, (c) surface latent heat flux, (d) surface sensible heat flux, (e) potential

vorticity, (f) specific humidity along NPVA GS (green) and NPVA nonGS (blue) trajectories. Time 0 h refers to the start of the backward

trajectory in the NPVA object. The medians are represented as thick lines and the 10th to 90th percentile range is shaded in light green/light

blue.
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Figure 5. (a) Mean of the 3-hourly CAO index (θSST −θ850) during the period from 15 to 28 February 2019 (shading and contours), contours

are plotted every 2 K from 2 to 20 K. (b) Same as (a) but for surface latent heat flux (SLHF, shading). Negative SLHF in the ERA5 dataset

indicates that SLHF is from the ocean to the atmosphere. (c-f) Analysis of moisture sources for NPVA GS (left column) and NPVA nonGS

trajectories (right column; Tab.1). Panels (c, d) show the frequency of moisture uptakes per 3000 km2 and panels (e, f) the moisture sources

contribution to total moisture content present in the trajectory prior to ascent (%/3000 km2).
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Figure 6. Properties of the air parcels during moisture uptakes. (a) Average surface latent heat flux at the locations of moisture uptakes

occurring at the times indicated on the x-axis. The green line represents NPVA GS trajectories, while the blue line denotes NPVA nonGS

trajectories. (b) Fraction of moisture uptakes taking place in the CAO regions (θSST − θ850), colors correspond to those in (a). (c) Average

moisture uptake (∆q = qt − qt+3h) for the time specified on the x-axis. The dark green line represents uptakes for NPVA GS trajectories

within CAO, while the light green line represents uptakes outside of CAO regions. The green dashed line indicates the fraction of moisture

uptakes occurring within CAO regions for NPVA GS trajectories as in (b). Vertical dashed lines refer to cyclogenesis times of cyclones (from

left to right): L0, L1, L2 (Fig.3)
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Figure 7. Kernel Density Estimation (KDE; using Scott’s rule; Scott (2015)) of air parcel locations at the time of maximum upward surface

latent heat flux along trajectories (red contours), 24 h hours later (green contours) and when they start ascending (blue contours) (a) for

NPVA GS trajectories started on 24 February at 21:00 UTC, and (c,d) for all trajectories started between 20-28 February 2019 for (c) all the

NPVA GS trajectories and for (d) all the NPVA nonGS trajectories. Contours represent 10% steps of the density of air parcels. (b) NPVA GS

trajectories started on 24 February at 21:00 UTC colored in pressure height, together with moisture sources’ contribution to total moisture

present at the time of the start of ascent.
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Figure 8. Probability distribution function of the time difference between the strongest moisture uptake and the point at which the pressure

decreases to below 800 hPa during the ascent (start of ascent), for NPVA (orange), NPVA GS (green) and NPVA nonGS (blue) trajectories

(Tab.1). Dots with labels represent mean values for each set of trajectories.
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Figure 9. 10-day backward trajectories initialized on 21 February 2019 at 12:00 UTC. (a) Colored dots represent the mean location and

pressure (hPa) of trajectories crossing the latitude of 30◦N and longitude of 50◦W (to southeast), while light grey lines represent individual

trajectories used for the calculation of the mean. Black labels mark days prior to arrival in the upper-level NPVA. The green dot (with its

corresponding green label) indicates the average moisture uptake time (in hours) for the displayed trajectories, and the green contours outline

cyclones present at that moment. The red dot (with its corresponding red label) indicates the average time of start of ascent (in hours) for the

displayed trajectories, and the red contours outline cyclones present at that moment. Purple shading represents the normalized (0-1) density

of the trajectory positions at the time of most intense moisture uptake. (b) Cold Air Outbreak Index (K) (shading) and mean sea level pressure

at the average time of most intense uptake (-192 h), (c) same as (b) but for the average time of start of ascent (-69 h).
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Figure 10. Same as Fig.9 but for trajectories that do not cross over latitude of 30◦N and longitude of 50◦W.
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Figure 11. Schematic illustrating the link between cyclones and the pathways of NPVA GS trajectories based on the trajectories initiated

from the upper-level NPVA on 24 February at 00:00 UTC. (a) The synoptic situation at the average moisture pick-up time, on 19 February at

18:00 UTC. Black contours depict the mean sea level pressure (hPa), green contours represent cyclone masks, purple shading indicates the

normalized density of moisture uptake locations, and blue contours show the cold air outbreak index (K). (b) same as (a) but corresponding

to the average start time of trajectory ascent on 21 February at 21:00 UTC, with red contours highlighting cyclone masks.
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Figure A1. Temporal evolution of: (a) potential vorticity, (b) pressure, (c) surface latent heat flux, (d) surface sensible heat flux, (e) potential

temperature, (f) specific humidity along NPVA GS trajectories with negative PV in the atmospheric boundary layer (at least one time step)

(red) and with only positive PV (blue). Trajectories are centered on the time step with maximum latent heating (hour 0). The medians are

represented as thick red and blue lines and the 90th and 10th percentiles as light red and blue shading.
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Figure A2. Vertical and horizontal distribution of negative potential vorticity and potential temperature over the area inside the green box in

the plot (a) on 18 February at 00:00 UTC. (a) Vertical distribution of potential vorticity (shading) and liquid water content (green contours)

averaged over the area between 55◦ - 60◦ W and 30◦ - 45◦ N, together with the location of all air parcels from the box that have negative PV

in the atmospheric boundary layer on 18 February 00:00 UTC. (b) Same as (a) but the contours represent the vertical distribution of potential

temperature (shading) averaged over the area between 55◦ - 60◦ W and 30◦ - 45◦ N,(c) Potential vorticity on the lowest model level and

locations of air parcels with negative PV in the atmospheric boundary layer. The plots were created using ERA5 data featuring a 1-hour time

resolution.
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