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Abstract. Extratropical cyclones (ETCs), warm conveyor belts (WCBs), and atmospheric rivers (ARs) are dynamically 10 

connected features key to understand understanding midlatitude weather and hydroclimate. However, the precise spatial and 

temporal coupling between the moisture transport in ARs and the ascent in ETC’s associated WCBs remains poorly 

understood. Therefore, this study employs a composite-based analysis, combining probabilistic footprints of WCB 

identification and Eulerian AR detection for the North Atlantic extended winter (October-March) using ERA5 reanalysis. We 

evaluate composite fields relative to AR centroids, differentiating between events where the WCB ascent phase is present 15 

within the AR plume from those where it is absent. Our results demonstrate that ARs linked tooverlapped with WCBs are 

characterized by stronger integrated vapor transport, a wider AR plume, and, most critically, a shift of precipitation maxima 

northeast of the AR axis, aligning with the region of strongest frontal ascent near the associated ETC. In contrast, ARs with 

WCBs AR-only eventswhere the ascent phase is absent exhibit weaker IVT values and a diffuse precipitation to the northeast 

towards the cyclone. Finally, temporal composites centered on the ETC's maximum deepening point (MDP) reveal a phased 20 

evolution: while peak WCB -inflow precedes the MDP, peak WCB -ascent and AR-related precipitation coincide with the 

MDP, and peak WCB -outflow follows, illustrating a tightly coupled feedback loop. 

1 Introduction 

Extratropical Cyclones (ETCs) are responsible for significant weather hazards such as strong winds, extreme precipitation, 

and strong temperature gradients (Wernli et al., 2002; Fink et al., 2009; Pfahl et al., 2014). Climatologically, these cyclones 25 

develop preferentially along the Gulf Stream and North Atlantic Current, a region of enhanced baroclinicity, before tracking 

northeastward toward Iceland and the Norwegian Sea (Hoskins and Hodges, 2002; Ulbrich et al., 2009). This main storm track 

exhibits a distinct seasonal cycle, with maximum cyclone intensity and frequency during boreal winter due to a stronger 

meridional temperature gradient and an intensified jet stream (Ulbrich et al., 2009; Woollings et al., 2010). The variability of 

the North Atlantic storm track is closely linked to large-scale teleconnection patterns, such as the North Atlantic Oscillation 30 

(NAO), which modulates the latitudinal position and strength of cyclone activity (Trigo et al., 2002; Woollings and Blackburn, 

2012). The classical structure of an extratropical cycloneETC is characterised by a warm front, a cold front, and a warm sector, 

features that were first synthesised in the Norwegian Cyclone Model nearly amore than a century ago (Bjerknes and Solberg, 

1922). As reviewed by Dacre (2020), subsequent observational and modelling studies have refined this conceptual view, 

revealing additional features such as the dry intrusion, the conveyor-belt airflow (warm and cold conveyors), and the occluded 35 

front. More recent research, summarised by Schultz et al. (2019), has emphasised that extratropical cyclonesETCs are 

fundamentally three-dimensional, tropopause-reaching structures. Their evolution is governed by the interaction between 

lower-tropospheric baroclinicity and upper-level potential vorticity anomalies.  

Within these systems, two crucial moisture transport mechanisms are often present: warm conveyor belts (WCBs) and 

atmospheric rivers (ARs). Both WCBs and ARs play pivotal roles in the global hydrological cycle and are often associated 40 
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with extreme weather events (Pfahl et al., 2014; Catto et al., 2015; Ramos et al., 2018a; Ramos et al., 2018b). Nevertheless, 

their precise dynamical relationship remains an active area of research: although the definition of ARs (Ralph et al. 2018) 

states that they align with the low-level jet and warm sector of ETCs, the spatial coincidence between the core of maximum 

integrated vapor transport defining an AR and the region of strongest WCB ascent is often not given. Recently, it has been 

suggested that understanding the intricate interactions between ETCs, WCBs, and ARs is crucial for enhancing weather 45 

forecasting and climate projections (Lopez-Marti et al., 2025).  

Warm Conveyor BeltsWCBs are coherent, rapidly ascending airstreams originating in the lower troposphere within the warm 

sector of an ETC, transporting warm, moist air poleward and upward towards the upper troposphere and lower stratosphere 

(Carlson, 1980; Wernli, 1997; Catto et al., 2010; Wernli and Gray, 2024). This ascent leads to significant latent heat release 

through condensation, which can intensify the cyclone and contribute to the formation of extensive cloud bands and 50 

precipitation (Binder et al., 2016; Wernli and Gray, 2024). The strength of WCBs has been moderately to strongly correlated 

with cyclone intensification, as quantified by the normalized maximum 24-hour central sea level pressure deepening (Binder 

et al., 2016). Recent studies highlight that while classical WCBs are characterized by continuous ascent, embedded convection 

with ascent rates exceeding 50 hPa hr-1 can occur, influencing their moisture transport characteristics and cloud properties 

(Oertel et al., 2019; Schwenk and Miltenberger, 2024). Much of this embedded convection is organized by conditional 55 

symmetric instability (CSI), a slantwise instability common in midlatitude frontal zones that generates uplift and can locally 

intensify latent heat within the WCB ascent phase (Bennetts and Sharp, 1982; Glinton et al., 2017). Moreover, the interaction 

between CSI and WCB ascent thus influences the vertical structure of moisture transport and may help explain spatial offsets 

between maximum ascent and maximum vertically integrated water vapor transport IVT (vertically integrated vapor 

transportIVT). WCBs play a crucial role in redistributing moisture within cyclones, and kinematic analysis reveals how 60 

airflows within a cyclone's warm sector move rear-ward relative to the cyclone precipitation shield (Dacre et al., 2019). The 

ascent timescales within WCBs are critical for understanding moisture transport into the upper troposphere and lower 

stratosphere, impacting cloud radiative forcing (Joos, 2019; Schwenk and Miltenberger, 2024).  

Atmospheric RiversARs are narrow, elongated corridors of concentrated water vapor transport in the troposphere, extending 

from subtropical to extratropical regions (Ralph et al., 2004; Gimeno et al., 2014; Dacre and Clarket al., 2015; Ralph et al., 65 

2018). These systems represent the high transport of moisture, accounting for the majority of poleward water vapor transport 

in the midlatitudes (Gimeno et al., 2014; Dacre and Clarket al., 2015). ARs are frequently associated with extreme precipitation 

events when they are forced upward, for example when they make landfall over mountainous terrain or by the influence of the 

WCB’s ascent phase, leading to flooding and providing crucial water supply (Dacre and Clarket al., 2015; Eiras-Barca et al., 

2016; Ralph et al 2018). They are usually identified using a threshold of IVT and are typically located in regions where their 70 

dynamical and thermodynamical components are relatively large throughout the depth of the lower troposphere (Dacre et al., 

2019).  

ARs can be considered as an integral part of the broader WCB system of ETCs (Dacre et al., 2015). Research indicates a 

strong statistical relationship between ARs and ETCs, with a pronounced cyclone typically located poleward and westward of 

the AR centroid and an anticyclone located equatorward and eastward of the AR (Guo et al., 2020). This creates a strong 75 

horizontal pressure gradient that forces moisture to be transported within the warm sector of the cyclone, where the AR is 

present. While a significant majority (82%) of ARs are associated with an ETC, only about 45% of ETCs are paired with an 

AR, and the spatial relationship between them can vary considerably (Zhang et al., 2019). Stronger ARs are frequently 

associated with explosive ETCs, with nearly 78% of ARs over the Northern Pacific being linked to strong ETCs (Eiras-Barca 

et al., 2018; Peng et al., 2025). This suggests that more intense ARs are more closely related with more intense cyclones, 80 

contributing to extreme weather phenomena such as compound windstorm-flood events (Lopez-Marti et al., 2025). ARs have 

also been analysed in comparison with extratropical fronts by Luis Luís et al. (2025). They found that ARs are more frequently 

located closer to the cold front rather than the warm front. This region, closer to the cold front, is characterized by a higher 
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precipitation occurrence. Despite these advances, critical knowledge gaps persist regarding the precise spatial and temporal 

coupling between ARs and WCBs. While it is well established that ARs are often collocated with the inflow region of WCBs 85 

ahead of cold fronts (Dacre et al., 2019), the exact location of maximum ascent relative to the highest IVT remains ambiguous. 

Some evidence suggests that peak WCB ascent may occur along the flanks or leading edge of ARs rather than coinciding with 

the core of maximum moisture flux, potentially influenced by conditional symmetric instability or frontal forcing (Schwenk 

and Miltenberger, 2024; Dacre and Clark, 2025). Research has traditionally focused on either the dynamical structure of the 

cyclone and its WCB (Madonna et al., 2014; Oertel et al., 2020) or on the thermodynamical characteristics and hydrological 90 

impacts of the AR (Gershunov et al., 2017; Ralph et al., 2018; Ramos et al., 2018a, 2018b; Zavadoff and Kirtman, 2020). To 

our best knowledge, a quantitative analysis that directly maps the Lagrangian analysis of the WCB onto the Eulerian AR 

detection has only been done by Sodemann et al. 2020, but only from an area/occurrence point of view. They found that, in 

winter, about 40% of ARs occur in isolation and that around 23% overlap with WCBs. Therefore, several research gaps persist: 

is the most vigorous WCB ascent co-located with the axis of maximum IVT that defines the AR core? Or does the ascent occur 95 

preferentially along the AR’s flanks or leading edge, perhaps due to frontal dynamics or CSI?  

In recent years, two different events, involving the connection between ARs, WCBs, and ETCs affected Portugal. Both 

resulted in new 24-hour precipitation records, the first in Lisbon, Portugal, in December 2022 (Ferreira et al., 2025a), and the 

second in the Madeira Island in June 2023 (Ferreira et al., 2025b). The authors provided evidence that for both events, the 

WCB’s inflow and ascent phases were present within the AR itself, the convergence of air (WCB -inflow) created suitable 100 

conditions for moisture inflow, as the AR intensified on in both moisture content and spatial extent, and also, the WCB -ascent 

phase might have helped to intensify the precipitation occurrence, leading to both extreme events. Based on the above, and to 

address the research gaps presented above, this study employs a composite analysis using reanalysis data to systematically 

quantify the relationship between the ascent (and inflow) phase of the WCB and the spatial structure of ARs. We move beyond 

a purely Eulerian analysis of IVT and precipitation fields by incorporating a Lagrangian-based identification of WCB 105 

trajectories (based on a probability footprint of the different phases of the WCB). By compositing fields of IVT, mean sea-

level pressure, and precipitation relative to these identified ascent domains, we aim to elucidate the characteristic spatial pattern 

of ascent and its direct contribution to the total precipitation field.  

We address the following research questions: 

(1) How does the presence or absence of the WCB ascent phase influence the intensity and spatial distribution of 110 

precipitation within ARs, i.e., how different are the AR characteristics when the ascent phase is present within the 

AR? 

(2) How does the AR-WCB association evolve during the lifecycle of the associated ETC particularly around the time of 

maximum deepening point (MDP)? 

The structure of this manuscript is as follow: data and methods are presented in section 2; the climatological context and a 115 

case study are shown in section 3; the composite analysis from the AR perspective is detailed in section 4; the temporal 

evolution around the ETC’s MDP is analysed in section 5; followed by discussion in section 6 and conclusions in section 76. 

2 Data and Methodology 

2.1 Reanalysis Data – ERA5 

The data used in this study to describe the large-scale flow is the European Centre for Medium-Range Weather 120 

ForecastsECMWF  (European Centre for Medium-Range Weather ForecastsECMWF) Reanalysis v5 (ERA5; Hersbach et al., 

2020). Several fields are extracted from both the surface and at specific atmospheric levels. The former includes the mean sea 

level pressure (SLP) and total precipitation. The latter include the zonal and meridional components of the vertically integrated 
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water vapor transport (IVT, considering the entire atmospheric column). All these fields are obtained with a 0.25º latitude-

longitude grid spacing and a 6-hourly temporal resolution. The IVT corresponds to the following metrics: 125 

𝐼𝑉𝑇 =  √𝑢𝑞
2 + 𝑣𝑞

2 ,           (1) 
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where g is the gravitational acceleration, q is the specific humidity, ps is the surface pressure, p is maximum pressure (usually 

300 hPa), and u and v are the zonal and meridional wind components (Lavers et al., 2012). This field is internally computed 

by the ECMWF, from the surface to the top of the atmosphere (1hPa), considering all 37 pressure levels available in ERA5. 

While the upper layer of the atmosphere holds very little humidity, using the full column is standard practise and 

computationally efficient, as ERA5 provides IVTu and IVTv as pre-computed, vertically integrated fields: ‘vertical integral of 135 

eastward water vapor flux’ (IVTu) and ‘vertical integral of northward water vapor flux’ (IVTv). 

The analysis is applied to the entire North Atlantic basin and the western and central regions of Europe, ranging from 100ºW 

to 40ºE and 0 to 90 ºN, considering only the extended winter season (from October to March) for the period 1979 to 2023. The 

analysis is applied to the entire North Atlantic basin and the western and central regions of Europe, ranging from 100ºW to 

40ºE and 0 to 90 ºN, considering only the extended winter season (from October to March). 140 

 

2.2 AR Detection method – IPART  

For the detection of AR events, we have implemented and adapted the global AR tracking method developed by Xu et al. 

(2020) and widely used in recent years (e.g., Fernández-Alvarez et al. 2023; Ferreira et al. 2025a, 2025b). The detection 

algorithm is based on thresholds at the spatiotemporal scale of ARs and is independent of the IVT thresholds. Unlike 145 

conventional methods, IPART (image-processing-based atmospheric river tracking method) is less dependent on magnitude 

thresholds, detecting ARs based on their spatial ‘spikiness’ rather than absolute moisture values. This approach is particularly 

advantageous because it identifies ARs as transient moisture anomalies superimposed on the climatological moisture field, 

making the detection less sensitive to regional variations in background moisture – a critical feature when comparing events 

across different seasons and regions. This is achieved by the use of the ‘Top Hat by Reconstruction’ technique (Vincent, 1993), 150 

which involves subtracting a greyscale reconstruction by dilation image from the original image (Figure A1, in the 

supplementary material). This greyscale reconstruction by dilation image is the background IVT content, and the original 

image is the non-negative IVT distribution. The latter refers to the raw/total observed IVT field (Figure A1a), from which the 

smoothed large-scale environmental background (the former, Figure A1b) is subtracted to isolate the transient IVT anomalies 

(Figure A1c), in which the ARs are searched for. A threshold of 200 kg m-1 s-1 is applied to the anomaly field, and for each 155 

region the standard criteria for AR detection (length ≥ 2000 km; width < 1000 km; length/width ratio > 2) are implemented. 

More details on this method can be found in Xu et al. (2020).  

Additionally, in order to exclude tropical cyclones from the analysis, we apply both a circularity criterion with a maximum 

value of 0.5 (following the work of Mahto et al., 2023) and a minimum value of 1000 km to the distance between the first and 

last points of the AR axis, ensuring that the feature is a long, filamentary plume, distinct from the closed circulation typical of 160 

tropical cyclones. Here, an AR object corresponds to an AR detected at a timestep and an AR event as the entire lifecycle 
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tracking. A key advantage of IPART is that it is more robust for detecting ARs in both midlatitude and polar systems, without 

changing settings, and in a warming climate where atmospheric moisture levels are expected to increase (Lu et al., 2025). The 

filtering process is relatively insensitive to the size/shape of the structuring element, providing greater tolerance to varying 

water vapor flux intensities. Also, the new axis identification method (developed by Xu et al., 2020) provides a physically 165 

correspondent axis that follows major flow directions, stays close to the maximum flux values, handles complex shapes, and 

never extends out of the AR boundary. For this, the process starts by identifying the boundary of the AR region (Figure A1d). 

Moisture flux data (from the raw IVT field) is then used to classify boundary points as ‘entry’ or ‘exit’ nodes for moisture 

flow. The optimal path, or axis (light-blue points in the image below), is determined by solving a shortest-path problem (using 

Dijkstra’s algorithm) that connects an entry point to an exit point, selecting the path that maximizes the integral of along-edge 170 

fluxes. For the centroid identification (pink dot in the image below), used as the central point throughout this study, the 

geographic center of the AR object, weighted by its intensity, is calculated. This weighted centroid gives more importance to 

areas with higher moisture transport, providing a center that is influenced by the strength of the feature. 

For the detection of AR events, we have implemented and adapted the global AR tracking method developed by Xu et al. 

(2020) and widely used in recent years (e.g., Fernández-Alvarez et al. 2023; Ferreira et al. 2025a, 2025b). The detection 175 

algorithm is based on thresholds at the spatiotemporal scale of ARs and is independent of the IVT thresholds. IPART (image-

processing-based atmospheric river tracking method) is inspired by the ‘Top Hat by Reconstruction’ technique (Vincent, 

1993), which involves subtracting a greyscale reconstruction by dilation image from the original image. This greyscale 

reconstruction by dilation image is the background IVT content and the original image is the non-negative IVT distribution. 

The difference between these two components is the transient IVT component, which includes AR candidates. The output of 180 

this step is a decomposition of IVT into a reconstruction component and the anomaly component, in which the ARs are 

searched for. A threshold of 200 kg m-1 s-1 is applied to the anomaly field, and for each region the standard criteria for AR 

detection (length ≥ 2000 km; width < 1000 km; length/width ratio > 2) are implemented. More details on this method can be 

found in Xu et al. (2020). Additionally, in order to exclude tropical cyclones from the analysis, we apply both a circularity 

criterion with a maximum value of 0.5 (following the work of Mahto et al. 2023) and a minimum value of 1000 km to the 185 

distance between the first and last points of the AR axis, ensuring that the feature is a long, filamentary plume, distinct from 

the closed circulation typical of tropical cyclones. Here, an AR object corresponds to an AR detected at a timestep and an AR 

event as the entire lifecycle tracking. A key advantage of IPART is that unlike conventional methods, it is less dependent on 

magnitude thresholds, detecting ARs based on their spatial ‘spikiness’ rather than absolute moisture values. This makes it more 

robust for detecting ARs in both midlatitude and polar systems, without changing settings, and in a warming climate where 190 

atmospheric moisture levels are expected to increase (Lu et al. 2025). The filtering process is relatively insensitive to the 

size/shape of the structuring element, providing greater tolerance to varying water vapor flux intensities. Also, the new axis 

identification method provides a physically correspondent axis that follows major flow directions, stays close to the maximum 

flux values, handles complex shapes, and never extends out of the AR boundary. 

 195 

2.3 WCB Identification - ELIAS 

The method ELIAS (EuLerian Identification of Ascending AirStreams), developed by Quinting and Grams (2022), uses 

convolutional neural networks to predict the conditional probabilities of the WCB inflow, ascent, and outflow footprints. The 

model was trained on a labelled dataset where the ‘ground truth’ for each WCB stage was defined using Lagrangian trajectories 

(from Madonna et al. (2014) and extended to 2016 by Sprenger et al. (2017)), computed with the LAGRANTO algorithm 200 

(Wernli and Davies, 1997; Sprenger and Wernli, 2015) on a 1ºx1º horizontal grid, using the ERA-Interim dataset. Trajectories 

are only considered if first, it ascends in 48h by at least 600hPa and, second, are matched with an ETC (Wernli and Schwierz, 

2006) at least once during this 48h period. Based on these criteria, the WCB trajectory is segmented into three phases according 
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to vertical pressure levels: the inflow (below 800 hPa), the ascent (between 800 and 400 hPa), and the outflow (above 400 

hPa). The inflow originates from the boundary layer in the warm sector of ETCs, where warm, moist air converges into the 205 

cyclone. In the ascent phase, air is carried upward across the cyclone’s warm front, while the outflow phase transports it to the 

upper troposphere, where it can influence downstream flow. 

ELIAS employs a convolutional neural network architecture that learns to recognize the spatial patterns associated with each 

WCB stage from two-dimensional atmospheric fields. The model uses, for each WCB stage, four different predictors (see 

Table 1 in Quinting and Grams (2022)) that can be calculated from temperature, geopotential height, specific humidity, 210 

horizontal wind components (u and v) at seven pressure levels (1000, 925, 850, 700, 500, 300, and 200 hPa). Additionally, a 

30-day running mean trajectory-based climatology of WCB occurrence frequency is used as a fifth predictor.  This set of inputs 

allows ELIAS to provide a computationally efficient and consistent Eulerian alternative to traditional Lagrangian trajectory 

calculations, offering a probabilistic footprint of WCB stages that is highly suitable for large-scale composite analysis. 

The inclusion of data beyond 2016 – the final year of the ERA-Interim trajectory dataset based on which the ELIAS model 215 

was trained – justifies the use of the machine learning approach. ELIAS allows us to efficiently extend the WCB identification 

into recent years without the computational burden of recalculating trajectories, providing a consistent and reproducible 

methodology across the full 45-year period. The model has been applied to ERA5 and compared with the WCB footprints 

derived from the Lagrangian ERA-Interim trajectories by Christ et al. (2025), who found the results to be consistent. ELIAS 

outputs a continuous probability field (0-100) for each WCB phase, that creates binary masks using pre-defined thresholds. In 220 

this study, we use a probability threshold consistent with Quinting and Grams (2022) to identify WCB footprints. 

The method ELIAS (EuLerian Identification of Ascending AirStreams), developed by Quinting and Grams (2022), uses 

convolutional neural networks to predict the conditional probabilities of the WCB inflow, ascent, and outflow footprints. The 

model was trained on a labelled dataset where the ‘ground truth’ for each WCB stage was defined using Lagrangian trajectories, 

computed with the LAGRANTO algorithm (LAGRangian ANalysis TOol; Wernli and Davies, 1997; Sprenger and Wernli, 225 

2015) on a 1º x 1º horizontal grid. These trajectories were derived from Madonna et al. (2014) and extended to 2016 by 

Sprenger et al. (2017).  A trajectory was classified as a WCB if it ascended by at least 600 hPa in 48 hours and was matched 

with an extratropical cyclone. Based on this, the WCB inflow is defined as the part of the WCB in the lower-troposphere 

(below 800 hPa), originating from the boundary layer in the warm sector of ETCs (it is the convergence of warm, moist air 

into the ETC), the WCB ascent as the part of the WCB between 800 and 400 hPa, ascending across the cyclone’s warm front, 230 

and the WCB outflow for above 400 hPa, reaching the upper troposphere. ELIAS, which uses these trajectory-derived labels, 

employs five predictors for its deep learning model: (1) four are derived from temperature, geopotential height, specific 

humidity, and the horizontal wind components at 1000, 925, 850, 700, 500, 300, and 200 hPa isobaric surfaces and (2) the fifth 

is a 30-day running mean trajectory-based climatological of WCB occurrence frequency. This set of inputs allows ELIAS to 

provide a computationally efficient and consistent Eulerian alternative to traditional Lagrangian trajectory calculations, 235 

offering a probabilistic footprint of WCB stages that is highly suitable for large-scale composite analysis. The approach has 

been applied to ERA5 and compared with the original data by Christ et al. (2025), who found the results to be consistent. 

 

2.4 ETC tracking method 

The ETC tracks used in this study are based on the algorithm described by Pinto et al. (2005) based on Murray and Simmonds 240 

(1991). The algorithm is applied to the Northern Hemisphere (20 to 90 ºN) and involves a multi-step approach, primarily 

focusing on the Laplacian of mean sea level pressure (∇2SLP). The process begins with the identification of local maxima in 

the laplacian ∇2SLP field across the Northern Hemisphere, . These maximaindicating indicate regions of intense cyclonic 

circulation. Subsequently, the algorithm searches for corresponding minima in the raw SLP field that are in close vicinity to 

these ∇2SLP laplacian maxima. This step is crucial because while the laplacian ∇2SLP efficiently pinpoints the strongest 245 
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cyclonic gradient, the actual center of a low-pressure system, which defines a cyclone’s core, is an its SLP minimum. The 

relationship between ∇2SLP and SLP minimathe two fields is key for associating the mathematical detection with a ‘real’ low-

pressure core, indicative of a closed-system cyclone. If an a SLP minimum is found within a specified vicinity of a ∇2SLP 

maximum laplacian, they are combined to represent a single cyclone track. To ensure that only synoptically significant 

cyclones are analysed, several filtering criteria are applied to the identified tracks (Pinto et al., 2005, 2009): (1). A a minimum 250 

lifetime of 24 hours is imposed, eliminating short-lived systems that typically do not contribute significantly to large-scale 

weather patterns;. Furthermore, a minimum intensity threshold is applied, requiting the lifetime maximum ∇2SLP to be greater 

than or equal to 0.6 hPa/(degree latitude)2, filtering out weak systems(2) at least once in its lifetime, the laplacian must exceed 

a minimum threshold of 0.6 hPa/(degree latitude)2; (3) a minimum deepening rate of 0.3 hPa/(degree latitude)2 over 24h; and 

(4) a minimum travel distance of 1000km. This ensures that only systems with a sustained trajectory are considered, removing 255 

non-synoptic relevant systems (e.g. semi-stationary heat lows). A minimum deepening rate is also considered, specifically a 

maximum 
d

dt
∇2SLP≥0.3 hPa / (degree.latitude)2  over a 24-hour period (Pinto et al. 2009). This  that are unlikely to be 

associated with either ARs or WCBs.criterion captures rapidly intensifying cyclones, often referred to as ‘explosive cyclones’. 

An additional filter requires a minimum travel distance of at least 1000 km. This ensures that only systems with a sustained 

trajectory are considered, excluding stationary lows. Topographic influences are also accounted for by discarding cyclones 260 

located over high orography, specifically above 1500 meters. Only the cyclones that are considered as closed systems at least 

once during its lifetime are used on in this study. For this, the algorithm searches the spline interpolated field for a pressure 

minimum in the vicinity of the Laplacian’s∇2SLP  maximum in order to associate the latter with a ‘real’ low pressure core. If 

such a minimum is found, the cyclone is classified as a closed system, with its core located at the pressure minimum. Finally, 

any cyclones whose strength, measured by by the laplacian value ∇2SLP , does not reach 0.1 hPa / (degree.latitude)2 265 

0.1 hPa / (degree.latitude)2  are also eliminated. This cyclone tracking approach compares well with other methods, 

particularly for strong long living systems during the central part of their lifetime (Neu et al., 2013). 

 

2.5 Assignment of ARs to ETCs 

In order to associate each AR object to an ETC, for every AR object several conditions are assessed: 270 

(1) If there is only 1 ETC at a maximum distance of 2000 km from the AR centroid, the association is straightforward. 

(2) If there is more than 1 ETC, the AR is associated to the one that has the lowest SLP. 

(3) If there is no ETC within a 2000 km radius of the AR, then the maximum distance is increased to 4000 km, and the 

search process is redone. If there is still no ETC, the AR is saved as not associated. 

(4) Then, if an AR event is associated to more than 1 ETC throughout its lifecycle, the AR is associated to the one that 275 

had the most concurrent timesteps. This helps avoiding avoid duplicated data on the composite analysis. 

This procedure successfully associated approximately 99.2% of all ARs events with an ETC. The primary radius of 2000km 

follows the work of Zhang et al. (2019) and Guo et al. (2020), who systematically quantified the distance between AR centroids 

and their associated ETC centers across the northern hemisphere, finding that the distance between the two systems vary from 

~300 to >2000 km (in Zhang et al., 2019) and from 500 to 1500 km (in Guo et al., 2020). Based on this, the former searched 280 

for an ETC around a 2500kmx2500km box from the AR’s centroid, and the latter at a 30º distance. As such, we chose the 

primary radius of 2000km. The secondary radius of 4000km is applied only when no ETC is found within 2000km. This two-

step approach accounts for two specific scenarios: (i) decaying ARs where the associated ETC has weakened or moved rapidly 

poleward, and (ii) very large, occluded cyclones where the AR may be positioned further from the center than in the mature 

phase. This is applied to our analysis by adding the condition that the AR needs to be within 2000km from the ETC at least 285 
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once during its lifecycle. The 2000km radius successfully associated approximately 95% of ARs with an ETC while the 

remaining 5% of ARs require the 4000 km radius (distribution shown in Figure A2).  

Finally, all cyclone tracks are evaluated relative to the time and value of their peak intensitymaximum deepening, which is 

defined as MDP (Maximum Deepening Point) and MDR (Maximum Deepening Rate), respectively, throughout this study. 

The MDP is defined as the time of maximum 6-hourly SLP decrease (i.e., peak intensification rate), which typically precedes 290 

the cyclone’s minimum central pressure by approximately 6-12 hours, while the MDR is defined as the maximum 6-hourly 

SLP decrease value. Timesteps before (after) peak intensitythis MDP are indicated as MDP -xxh (MDP +xxh) to peak intensity. 

2.6 Rotation Methodology 

Following the identification of AR objects, we standardized their geometric orientation for robust composite analysis. This 

procedure was adopted to mitigate the confounding effects of varying AR axis directions on the composite structure, ensuring 295 

that the resulting patterns reflect intrinsic physical relationships rather than geometric aliasing.  

In Dacre et al. (2019), cyclone composites were calculated by considering the direction of movement on the time of maximum 

intensity of each cyclone. As such, the direction applied to the rotation becomes the same for all cyclones. Contrary to them, 

and following the work of Asharaf et al. (2024), the rotation was performed individually for each AR object at its respective 

timestep, for the associated environmental fields (including IVT, SLP, and precipitation) and also for the WCB at the same 300 

time step. The core of this transformation involves a two-stage process: 

1. Each AR object was rotated by an angle of (90º - θ), where θ is the object’s primary directional orientation. This 

calculation effectively reorients all AR objects to a common west-to-east orientation within the composite framework, 

aligning their moisture plumes along a standardized longitudinal axis. (This transformation is illustrated on in Figure 

1. For a given timestep, the original fields (Figure 1a) are rotated such that the AR’s primary axis is aligned zonally 305 

(west-to-east) within the composite framework (Figure 1b)); and 

2. To account for the convergence of meridians in the spherical coordinate system and the resulting reduction in zonal 

grid spacing with increasing latitude, all rotated fields were normalized by the cosine of the latitude (cos(φ)). This 

essential adjustment rectifies the areal distortion inherent in latitude-longitude grids, ensuring that quantitative 

measures of flux and intensity are conserved and comparable across the composite domain. 310 

 

The final output of this preprocessing step is a set of standardized, rotated fields for each AR event, all centered on the AR’s 

centroid and aligned along a uniform directional axis. This object-based, rotated framework provides a consistent coordinate 

system, which is a prerequisite for a meaningful composite analysis. It allows for the precise examination of the spatial co-

location between the axis of maximum IVT and the regions of most vigorous WCB ascent, free from the directional variability 315 

of individual events. 

 

 

2.7 Composite Methodology 

The core of our diagnostic approach involves the construction of Eulerian composites to elucidate the three-dimensional 320 

structure of the coupled AR-WCB system. This technique allows us to statistically synthesize the key atmospheric fields around 

a common reference point, revealing the characteristic spatial patterns that define the interaction. The composite analysis was 

performed separately for two distinct populations to enable a comparative assessment: 

1. Definition of event classes: at each 6-hourly analysis timestep, all identified AR objects were classified into one of 

two categories based on the presence of the WCB’s ascent phase: 325 
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a. Coupled AR-WCB eventsAscent-present ARs: AR objects that are co-located with a diagnosed WCB ascent 

region (inside the green box in Figure 1a and 1b, i.e., an overlap of any WCB ascent grid point with the AR 

object). 

b. AR-only eventsAscent-absent ARs: AR objects where the WCB ascent phase is absent or far from the AR. 

2. Grid extraction and alignment: for each event in both classes, a regional domain of fixed size was extracted from 330 

the global fields. The centroid of the AR object was used as the central point, placed at the geometric origin (0,0) of 

a standardized composite grid. This alignment ensures that the composite mean reflects the typical spatial organization 

of variables relative to the AR’s centroid. 

3. Composite mean calculation: the final composite fields for each event class were generated by computing the 

arithmetic mean of all aligned grids. This process yields a statistically representative model of the atmospheric state 335 

for each class, effectively filtering out the noise of individual case-specific features and highlighting the robust, 

systematic signals of the AR-WCB interaction. For example, the precipitation composite is calculated by 

accumulating the precipitation field of all ARs in each class (section 4) and on each 6-hours (section 5) and then 

dividing by the number of cases presented on each image title.the final composite fields for each event class were 

generated by computing the arithmetic mean of all aligned grids. This process yields a statistically representative 340 

model of the atmospheric state for each class, effectively filtering out the noise of individual case-specific features 

and highlighting the robust, systematic signals of the AR-WCB interaction. 

 

This stratified compositing approach is designed to isolate the unique fingerprint of the WCB’s dynamical forcing on AR 

structure. By comparing the composite fields of coupled AR-WCBascent-present events against those of AR-only 345 

eventsascent-absent, we can quantitatively attribute differences in the patterns of vertical motion, precipitation, and integrated 

vapor transport directly to the influence of the ascending airstream. 

This classification yielded 16852 AR objects in the ascent-present ARs category and 3883 AR objects in the ascent-absent 

category over the 45-year period. This corresponds to approximately 81% of AR objects being coupled with WCB ascent. 

 350 

 

Figure 1: Schematic of the rotational composite methodology. (a) Original fields for a case study on 10 December 2022, 12 UTC, showing 

an atmospheric riverAR (AR, dark-green contour), the warm conveyor beltWCB (WCB) inflow (light blue), ascent (pink), and 

outflow (blue) phases, sea-level pressure (SLP (, black contours), and IVT (shaded in kg m-1 s-1). The ETC center is located 

northwest of the AR. The light-green box denotes the search region for WCB ascent influence. The white point marks the AR 355 
centroid and the green line inside the AR represents its axis. (b) The same fields after application of the rotational and latitude-

correction algorithm, aligning the AR axis zonally (west-to-east, green line inside the AR) for compositing. 



10 

 

3 Climatological context and case study analysis of AR-WCB-ETC interactions 

3.1 Climatological Overview 

The extended winter climatology of ARs, WCB phases, and ETCs are displayed in Figure 2, revealing a coherent, co-located 360 

spatial pattern across the North Atlantic. All features exhibit maximum frequency along a southwest-northeast corridor 

extending from the Gulf Stream region towards Iceland and northwestern Europe. The peak of WCB inflow occurrence (Figure 

2b) at ~37°N, 73°W aligns precisely with the Gulf Stream’s western extension, a well-known region for cyclogenesis (Schemm 

and Sprenger 2015; Coll-Hidalgo et al. 2024; Ma et al. 2024). Eastward of the inflow highest climatology, the AR, WCB-

ascent, and ETC climatologies peak (Figure 2c, 2d, 2a, at ~40°N, 45°W, ~45ºN,43°W, and 50ºN,45°W, respectively), 365 

exhibiting a ~10º latitudinal offset that is dynamically consistent with the structure of a mature ETC. The AR is positioned 

within the cyclone’s warm sector, typically to the south and southwest of the low-pressure centre (Eiras-Barca et al. 2018; 

Zhang et al. 2019) This location places it directly within the path of the WCB’s low-level inflow. The WCB-ascent, in turn, 

occurs just ahead of the surface cold front, embedded within the high IVT corridor of the AR. ERA5-based WCB climatologies 

confirm that this ascent is collocated with zones of strongest IVT convergence, where large-scale uplift is most pronounced 370 

(Heitmann et al 2024). The ETC peak occurs further poleward, completing the spatial alignment between the 3 systems. This 

entire co-occurrence is often situated beneath the upper-level Atlantic jet stream, specifically the left-exit or right entrance 

regions, where upper-level divergence forces low-level convergence and ascent, thereby deepening the surface low (Uccellini 

and Johnson 1979; Winters 2021).  

The variability of the outflow climatology (Figure 2f) stems from both methodological limitations and physical complexity. 375 

ELIAS 2.0, while state-of-the-art in identifying WCB footprints via deep learning, does not resolve the bifurcation into 

cyclonic versus anticyclonic branches, an essential distinction because the anticyclonic outflow contributes disproportionately 

to upper-tropospheric ridge building and blocking anticyclone formation (Heitmann et al. 2024; Vishnipriya et al. 2025). The 

observed outflow maximum southeast of Greenland likely represents the anticyclonic branch, where WCB air, having crossed 

the tropopause, exports mass and momentum into the subtropical jet stream, influencing downstream Rossby wave evolution 380 

(Saffin et al. 2021). This explains why outflow appears more diffuse: it is sensitive to tropopause folding, jet stream position, 

and stratosphere–troposphere exchange, processes less constrained by surface forcing than inflow or ascent. 

Both AR (Figure 2c) and ETC (Figure 2a) climatologies follow the same spatial pattern. While only about 30.5% of all ETCs 

have an associated AR, a remarkable 99.2% of detected ARs are linked to an ETC. This underscores that almost every AR in 

this region is an integral component of a larger synoptic-scale cyclonic system, acting as its primary moisture reservoir. The 385 

subset of ETCs that have an associated AR preferentially forms in the western North Atlantic (Figure 2e), directly over the 

Gulf Stream, where high SSTs (not shown) provide the necessary moisture to develop an AR (Lopez-Marti et al., 

2026).Previous studies have examined AR and WCB climatologies separately (e.g., Sodemann et al. 2020; Madonna et al. 

2014), but direct intercomparison of their spatial co-occurrence has been limited. Our Figure 2 provides the first combined 

climatological view of all three systems (ARs, WCB phases, and ETCs) using a consistent methodological framework.  390 

The extended winter climatology of ARs, WCBs phases, and ETCs reveals a coherent, co-located spatial pattern across the 

North Atlantic. All features exhibit maximum frequency along a southwest-northeast corridor extending from the Gulf Stream 

region towards Iceland and northwestern Europe. The peak of WCB inflow occurrence (Figure 2b) is located at approximately 

37ºN, 73ºW, just off the eastern coast of North America. Eastward of this, the AR (Figure 2c), WCB ascent (Figure 2d), and 

ETC (Figure 2a) frequency maxima are located at approximately 40ºN, 45ºW; 45ºN, 43ºW; and 50ºN, 45ºW, respectively – 395 

exhibiting a progressive ~10º latitudinal northward offset, while the WCB outflow maximum (Figure 2f) is located southeast 

of Greenland. 

While only about 30.5% of all ETCs have an associated AR, a remarkable 99.2% of detected ARs are linked to an ETC. This 

underscores that almost every AR in this region is an integral component of a larger synoptic-scale cyclonic system, acting as 
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its primary moisture reservoir. To isolate the preferential coupling between the systems, Figure 2e displays the ratio of ARs to 400 

total ETCs. The highest ratios are found in the western North Atlantic and just off the northwest coast of Europe (up to 4.5%), 

which aligns with our conclusion that ETCs linked to ARs preferentially form directly over the Gulf Stream. 

 

3.2 Illustrative Case Study: February 2010 

In Figure 3, a case study from 2-6 February 2010 illustrates the typical development/lifecycle of an WCB/ETC/AR coupled 405 

system. On 2 February, 06UTC (Figure 3a), a large-scale inflow region can be observed at low latitudes off the east coast of 

North America. On 3 February, 00UTC (Figure 3b), the vertically coherent organization of the WCB, where parcels rapidly 

transition from boundary layer inflow to significant ascent and ultimately upper-tropospheric outflow, can be observed just off 

the east coast of North America, depicting the cyclogenesis of an ETC. One day after, on 4 February, 00UTC (Figure 3c), the 

cyclone centre emerges at 60ºW, 38ºN (with a minimum value of 980 hPa) with a region of high integrated water vapor 410 

transport to its southeast with values above 700 kg m-1 s-1. This high moisture transport combined with the large convergence 

in the WCB inflow region allows the detection of an AR on 5 February, 00UTC. On that day (Figure 3d), we can clearly see 

the collocation between the ETC, WCB and AR: (1) diabatic heating in the WCB ascent close to the cyclone centre probably 

intensifies the cyclone development (to 949 hPa); (2) the WCB ascent is located in the AR region which is at the typical 

southwestern side of the cyclone; and (3) the inflow phase coinciding coincides with most of the AR area, allowing it to 415 

develop and intensify. The ascent and inflow move eastward with the AR; the AR intensifies on both moisture content and 

spatial extent (on 6 February, 00UTC, Figure 3e) and moves further east from the ETC.The following day (on 6 February, 

00UTC, Figure 3e), the WCB ascent and inflow move east with the AR away from the ETC center while the AR intensifies in 

moisture content and spatial extent. On 7 February, 00UTC (Figure 3f), the AR is no longer influenced by both the inflow nor 

the ascent and begins to lose moisture as it moves closer to the European continent. 420 
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Figure 2: Extended winter (October-March) climatology (1979-2023) of (a) all Extratropical Cyclones (ETC)ETCs frequency, (b) WCB 

inflow frequency, (c) Atmospheric River (AR)AR frequency, (d) WCB ascent frequency, (e) frequency of ETCs associated with an 425 
ARAR/ETC Ratio (AR count per year / ETC count per year), and (f) WCB outflow frequency. Note the coherent spatial pattern from the 

Gulf Stream region northeastward, with AR and WCB inflow maxima positioned downstream of the primary SST gradient and upstream 

of the peak ETC and WCB ascent activity. Grey line represents the axis of the ETC climatology’s distribution showed shown in (a), for 

easier orientation. 
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 430 

Figure 3: Case study of a coupled AR-WCB-ETC event in February 2010. Panels show the evolution from 2 February (06 UTC) to 6 February (00 UTC). Black contours show sea-level pressure (SLP), with 

the bold contour indicating the detected AR boundaryThin black contours indicate SLP data, and the bolder black contour, on the bottom images, represent the detected AR boundary. WCB phases are shown 

as inflow (light blue), ascent (pink), and outflow (blue).  Shading shows IVT. The sequence illustrates cyclogenesis (3 Feb), the emergence of a strong AR coincident with cyclone intensification (4-5 Feb), 

and the subsequent decay phase where the AR detaches and makes landfall.  

 435 
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4 The role of WCB ascent: Composite analysis from the AR perspective 

In this section we compute several rotated composites (from the viewpoint of the AR) of relevant variables for the study of 

ARs, differentiating between ARs that are influenced by the ascent phase of the WCB and ARs where the WCB’s ascent phase 

is absent (see section 2.7). Critically, the distinction between WCB-influencedascent-present  and WCBascent-absent ARs is 

not merely semantic: it reflects fundamentally different thermodynamic and kinematic regimes governing moisture conversion 440 

efficiency, storm-scale feedback, and downstream flow evolution (Heitmann et al., 2024; Federer et al., 2025). To note,  that 

values presented throughout the rotated composites correspond to mean values on each AR object. 

4.1 Composite Structure of key fields 

The rotated SLP composites (Figure 4a and 4b), confirms the synoptic pattern for both AR types: a cyclone situated poleward 

and westward of the AR centroid and an anticyclone to the south and eastof the AR centroid (north, in this rotated coordinate 445 

system) and an anticyclone to the south and east. In the original (non-rotated) geographical coordinates, this corresponds to 

the cyclone being located northwest of the AR centroid, consistent with the classical warm-sector positioning of ARs relative 

to ETCs. According to Guo et al. (2020), this dipole (cyclone located poleward and westward of the AR centroid and 

anticyclone equatorward and eastward) leads to strong horizontal pressure gradient that forces moisture to be transported along 

a narrow corridor within the warm sector of the cyclone (with a W-E direction in this rotated framework). However, the 450 

differences in the cyclone’s proximity and intensity between the two composites suggest that WCB-influencedascent-present  

ARs occur closer to cyclones – a result that is expected, as WCBs are by definition associated with ETCs - , which provides 

the stronger dynamical forcing necessary to sustain the intense WCB ascent. 

The IVT rotated composites (Figure 4c and 4d) highlight a quantitative difference in moisture intensity. In WCB-

influencedascent-present  cases, the core IVT exceeds 1100 kg m-1 s-1, a threshold significantly higher than the sub-1100 kg 455 

m-1 s-1 values observed in WCBascent-absent cases. This enhancement is not just a matter of intensity, as the spatial structure 

is also altered. The relative frequency contours of the AR itself are broader in the influenced cases, suggesting a larger spatial 

footprint. This expansion is likely a direct consequence of the intensified low-level convergence associated with the WCB-

inflow phase (Figure 5a), that draws in and concentrates water vapor over a wider area. The data shows that the inflow phase 

occurs over 40% of the time north of the AR core in influenced cases, compared to a mere 10% in absent cases, providing a 460 

clear kinematic explanation for the observed differences in AR width and intensity. 

 The most profound and operationally significant finding emerges from the precipitation composites (Figure 4e and 4f). In 

WCB-influencedascent-present  ARs, precipitation maxima exceeding 8 mm are not centred on the AR’s IVT maxima (at the 

centroidthe origin point (0,0)) but are instead displaced to the northeast, forming a distinct plume that extends toward the 

surface cyclone centre (located at approximately (350, 1050) km in the rotated frame Figure 4e). This spatial offset is a direct 465 

manifestation of the synoptic-scale dynamics: the heaviest precipitation occurs where the poleward-advected moist air within 

the AR encounters the strongest large-scale ascent (Figure 5c), typically along and just ahead of the cold front of the associated 

ETC. In contrast, WCBascent-absent ARs (Figure 4f) produce a much weaker and more diffuse precipitation signal, with 

values generally below 5 mm within the AR and extending northward, with only 2-3 mm, connecting to the cyclone. This 

weak signal likely arises from less efficient mechanism like broad slantwise ascent or residual frontal uplift, which lack the 470 

focused, enhanced vertical motion characteristics of a WCB.  

From these composites we can observe that while there are large amounts of water vapor on in both AR cases, the presence 

of the ascent phase plays an important role for the occurrence of large precipitation values. Its higher presence on the AR-

influenced cases is probably due to the occurrence of the ETC closer to the AR (Figure 4a and 4b).  
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4.2 Spatial Co-location of WCB Phases 475 

For the three phases of the WCB rotated composite (from the AR point of view), we combined the WCB masks based on the 

spatial alignment between the two systems, i.e., the values shown on in Figure 5 represent the a grid-point relative frequency 

of the WCB per AR object. 

Starting with the inflow phase, for the WCB-influencedascent-present cases (Figure 5a), we can observe that convergence 

occurs above 40% to the northward side of the AR core, between the 70 and 90% of the AR relative frequency isolines, and 480 

spreads westward following a similar spatial extension as the AR relative frequency. As per the WCBascent-absent cases 

(Figure 5b), the inflow is substantially reduced occurring at a maximum of 10%. It should be noted that WCB-

influencedascent-present cases correspond to 16852 AR objects and the WCBascent-absent to 3883 AR objects (an AR object 

corresponds to one time step case detection). For the ascent phase, the WCB-influencedascent-present composite (Figure 5c) 

shows a clear resemblance with the precipitation composite (Figure 4e), with the highest occurrences within the AR contour 485 

but extending northward towards the cyclone. On Figure 5d, the WCB-absent ARs areascent is generally located closer to the 

lowest SLP values of Figure 4d 4b with a percentage of 5-10% of occurrence. For the outflow phase, the WCB-

influencedascent-present composite (Figure 5e) shows a 15% higher occurrence at the leading edge of the AR, than the 

WCBascent-absent cases. On the contrary, the WCBascent-absent cases seem to occur further from the AR. The large 

difference on in the number of AR objects (16852 WCB-influencedascent-present, and 3883 WCBascent-absent) underscores 490 

that the vast majority of impactful ARs are dynamically coupled linked to a WCB. This demonstrates that while an AR provides 

the essential moisture reservoir, it is the WCB’s ascent phase that converts moisture into precipitation. To note that this result 

is valid in the absence of orography. Contrary to the western coast of North America, where topography acts as an uplift 

mechanism for extreme precipitation to occur, on western Europe the dynamical mechanism (the ascent phase) might be more 

important for the occurrence of EPEs. 495 

The composite results demonstrate that the WCB ascent is not merely spatially co-located and correlated with but clearly 

suggests, from its location, that it plays a critical role for transforming an AR moisture into a possible extreme precipitation 

event. The displacement of the heaviest precipitation northeast of the AR's IVT axis underscores that the core of maximum 

moisture flux and the region of most vigorous ascent are frequently misaligned. This has direct forecasting implications: 

assuming precipitation is co-located with the IVT maximum would lead to significant forecast errors. The weak precipitation 500 

in AR-only events likely results from synoptic-scale slantwise ascent or residual frontal lift, which is less efficient at converting 

moisture to rainfall than the focused, convective-enhanced ascent within a WCB (Oertel et al. 2021). 
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Figure 4: Composite fields centered on AR centroids for events with (left column) and without (right column) the WCB ascent phase:. (a, 505 
b) Sea-level pressureSLP (hPa).; (c, d) Vertically integrated water vapor transport (IVT (, kg m⁻¹ s⁻¹).; (e, f) Total precipitation (mm). Grey 

contours show the relative frequency of AR occurrence (10% to 90% intervals). The (0,0) point marks the AR centroid. Purple circle 

represents the location of the low-pressure center from the SLP composite. Grey contours show the relative frequency of AR occurrence 

(drawn at 20% intervals, from 10% to 90%). 
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Figure 5: Composite frequency of occurrence (%) for each WCB phase, aligned with the AR-centered composites in Figure 4. The 

frequency (%) at each grid point represents the percentage of AR objects in each category (Ascent-present or ascent-absent) that have a 

WCB mask present at that specific grid point. (a, b) WCB inflow. (c, d) WCB ascent. (e, f) WCB outflow. Left column: AR events with 

WCB ascent present. Right column: Ascent-absent events. Purple circle represents the location of the low-pressure center from the SLP 515 
composite. Grey contours show the relative frequency of AR occurrence (drawn at 20% intervals, from 10% to 90%).Composite frequency 
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of occurrence (%) for each WCB phase, aligned with the AR-centered composites in Fig. 4. (a, b) WCB inflow. (c, d) WCB ascent. (e, f) 

WCB outflow. Left column: AR events with WCB ascent influence. Right column: AR-only events. 

5 How does do the AR characteristics varies vary throughout the ETC intensification? 

Based on the previous results, we now take a closer look at the variation of the 12-hourly composites at (and around) the 520 

MDP of each ETC that has an associated AR, from -24h to +24h from the MDP, each 12h to better understand how the AR-

WCB coupling evolves dynamically with timetemporally. Only the AR cases that are influenced by the ascent phase are 

analysed in this section. Note that the number of cases varies considerably from -24h to +24h of the MDP: the maximum 

occurs on the MDP, with 1343 cases, and the minimum at MDP +24h, with 266 cases. 

5.1 Evolution of the WCB 525 

The WCB inflow frequency peaks before the MDP (at MDP−24 h and MDP−12 h, Figure 6a, 6b). During this period, moist 

air is drawn into the developing warm sector, leading to an increase in column-integrated water vapor and, consequently, the 

formation and development of the AR. The WCB ascent frequency reaches its peak at the MDP and +12 h (Figure 6h, 6i) 

coinciding precisely with the IVT and precipitation maxima. This confirms the critical role of the WCB ascent in generating 

high precipitation and latent heat release, which in turn amplifies cyclone deepening, highlighting its role on generating high 530 

precipitation. Finally, the WCB outflow frequency increases and shifts downstream from the MDP onwards (Figure 6m, 6n, 

6o).temporal evolution of the WCB phase frequencies around the ETC's MDP reveals a systematic, phased progression (Figure 

6). Each phase of the WCB exhibits a distinct temporal signature relative to the MDP, with the transitions occurring within 

±12-hour windows. 

The WCB inflow frequency (Figures 6a–6e) peaks during the pre-MDP period, with the highest frequencies observed at 535 

MDP−24h and MDP−12h (Figures 6a, 6b). At MDP−24h, the inflow frequencies exceed 20% within the AR's relative 

frequency contours (the 50%–70% interval), with the inflow region extending northeast from the AR centroid. By MDP−12h, 

the inflow is still above 20%, and the AR’s spatial extent has expanded both zonally and meridionally. At the MDP (Figure 

6c), the inflow frequency begins to decrease slightly (to ~15%), though it remains elevated. By MDP+12h (Figure 6d) and 

MDP+24h (Figure 6e), the inflow has weakened substantially, dropping to below 15%, consistent with the transition from the 540 

cyclone's intensification to its mature/decay phase.  

In contrast to the inflow, the WCB ascent frequency (Figures 6f–6j) reaches its maximum at the MDP and MDP−12h (Figures 

6g, 6h). At MDP−12h, the ascent frequency exceeds 20% within the AR's 50%–70% relative frequency contour, with the 

ascent region extending northeastward toward the cyclone center. At the MDP (Figure 6h), the ascent has intensified to over 

25% and has expanded spatially, with the highest frequencies now located at the AR's leading edge, where the precipitation 545 

maximum is also observed (Figure 7i). This simultaneous peak in ascent and precipitation confirms that the WCB ascent is the 

primary mechanism driving the heavy precipitation within the AR. At MDP+12h (Figure 6i), the ascent frequency decreases 

to ~15% and the spatial extent begins to contract, while by MDP+24h (Figure 6j), the ascent has weakened further to below 

10% and is largely confined to a smaller region near the leading edge of the AR. The ascent region's northeastward 

displacement from MDP−12h to MDP+12h follows the typical trajectory of WCB parcels as they ascend along the cyclone's 550 

warm front, consistent with the climatological WCB lifecycle (Madonna et al., 2014; Heitmann et al., 2024). 

The WCB outflow frequency (Figures 6k–6o) increases and shifts downstream from the MDP onwards. Although its 

frequency are within 20-25% to the northeast of the AR centroid before the MDP, its peak intensity occurs after the MDP, 

reaching a frequency of 30% at MDP+24h. 

This phased evolution outlines a feedback loop: intense moisture convergence (inflow) feeds both the AR and the cyclone. 555 

Diabatic release in the WCB ascent intensifies the cyclone (peaking at MDP) and generates intense precipitation within the 

AR. Finally, the cyclone's modification of the upper-level flow (outflow) begins to alter the large-scale environment, 
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contributing to the system's decay. This tight temporal coupling, occurring within ±12-hour windows, underscores that the 

AR, WCB, and ETC should be considered an integrated, co-evolving system rather than independent features. The dynamic 

interactions between these components are critical, as errors in forecasting the jet stream that steers an AR, or inaccuracies in 560 

estimating moisture availability, can lead to significant forecast errors. Understanding these coupled dynamics is essential for 

improving predictions of extreme weather events associated with atmospheric rivers. 

5.2 Evolution of IVT and Precipitation 

Throughout the intensification of an extratropical cycloneETC, the associated AR exhibits a coherent structure, with IVT 

values consistently around 1000 kg m⁻¹ s⁻¹ over a 48-hour period centred on the cyclone's MDP (Figure 7a-7e). This persistence 565 

of high IVT, peaking precisely at the MDP, suggests that the AR reaches a near-saturated intensity state when the cyclone 

undergoes its most rapid intensification. The spatial extent of these ARs remains relatively consistent, spreading approximately 

4200 km zonally (from -2100 km to +2100 km) and 1400 km meridionally (between -700 km and +700 km). The IVT is a 

crucial metric for ARs, quantifying the horizontal flux of water vapor through the atmospheric column, which is distinct from 

precipitable water, the total moisture content. The magnitude of IVT is expected to increase with temperature due to the 570 

Clausius-Clapeyron relation, implying that warmer conditions would lead to more intense ARs. Note that the number of cases 

varies considerably from -24h to +24h of the MDP: the maximum occurs on the MDP, with 1343 cases, and the minimum at 

MDP +24h, with 266 cases. 

The evolution of precipitation within the AR-ETC system (Figure 7f-7j) provides a more detailed view of this coupling. At 

24 hours prior to the MDP (Figure 7f), precipitation is relatively modest, approximately 6 mm/AR, and spatially confined near 575 

the AR axis. As the cyclone intensifies towards the MDP, precipitation significantly increases to over 7 mm/AR and expands 

spatially, mirroring the characteristic shape of the WCB ascent region (Figure 6h). At the MDP (Figure 7h), the precipitation 

reaches its maximum, exceeding 8 mm/AR, and the spatial pattern is distinctly asymmetric: the precipitation extends 

northeastward aligning closely with the WCB ascent footprint (Figure 6h), while the south-westward side of the AR remains 

relatively dry (values below 4 mm/AR). This asymmetry is characteristic of the warm-frontal structure, where the heaviest 580 

precipitation occurs ahead of the surface warm front, displaced poleward of the AR's moisture core.This transition indicates a 

shift from frontal precipitation to precipitation generated within the WCB ascent. The precipitation maximum remains strong 

at MDP+12h before gradually decaying, aligning with the declining WCB ascent frequency and increasing outflow dominance. 

Latent heat release through condensation in the WCB ascent enhances cyclone deepening, creating a positive feedback loop 

where strong ascent leads to more latent heat, which deepens the low, which in turn strengthens the pressure gradient and the 585 

low-level inflow, feeding even more moisture into the system. This explains why the most extreme precipitation events are 

linked to the MDP of the associated ETC (McErlich et al. 2023). 

 

5.3 Precipitation and MDP MDR distribution around AR’s peak intensity 

Synthesizing the findings presented above and in section 4, Figures 8 and 9 illustrate the relationship between AR’s 590 

precipitation, precipitation where the AR and WCB -ascent overlap, and the MDP MDRchange, all considered from the 

perspective of the AR’s maximum IVT occurrence (IVTmax). Note that in this section we change the point of view from the 

MDP to the AR’s IVTmax. Mean precipitation within the AR area (Figure 8, blue) shows a small increase from -24h until the 

IVTmax and then a pronounced decrease until +24h. The mean precipitation on the AR and WCB -ascent overlap region (Figure 

8, red) shows a similar pattern as the AR’s mean precipitation but presenting higher values. This shows the ascent’s influence 595 

on precipitation occurrence within the AR. For the MDR MDP distribution (considering only the associated ETCs, Figure 9, 

purple), we take the associated ETC, calculate where the MDP occurs, and then see where (in the AR lifecycle) it occursthe 

values represent the change in SLP for each 6 hours. As we observe in the mean linedistribution (purple line), the highest 
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decrease in SLP occurs between -6h and +6hmean MDR values remain largely uniform from -24h to +12h of the IVTmax. As 

for the maximum IVT (Figure 9, green), an average of ~1300 kgm-1s-1 occurs at peak intensity, with an increase of moisture 600 

as the AR develops and a pronounced decrease as precipitation occurs within 6 hours of the AR’s peak intensity. Notably, on 

the AR’s peak intensity, the distribution reaches 1800 kgm-1s-1. Consistent with Figure 7, the highest precipitation occurs on 

(and before) the MDP of the ETC, closer to the AR’s axis before the intensification of the ETC, where the ascent phase presents 

a northward extension. 

 605 
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Figure 6: Temporal evolution of WCB phase frequency (%) for WCB-influencedascent-present AR events, centered on the time of the associated ETC’s MDP. Rows show (a-e) WCB inflow, (f-j) WCB 

ascent, and (k-o) WCB outflow frequency. Rows show fields at MDP-24h, MDP-12h, MDP, MDP+12h, and MDP+24h. Grey contours represent AR relative frequency (from 10% to 90%). 
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Figure 7: Temporal evolution of composites for WCB-influencedascent-present AR events, around the ETC’s MDP (same timeline as Fig- 6). Top row (a-e): IVT (kg m⁻¹ s⁻¹/AR). Bottom row (f-j): Total 

precipitation (mm/AR).  

 615 

 



29 

 

 
Figure 8: Precipitation change relative to the time of maximum IVT within the AR (0h). The blue line shows the mean precipitation and 

the blue shading represents the precipitation distribution between the 5th and 95th percentiles over the entire AR area, while the red line 

shows the mean precipitation and the red shading represents the precipitation distribution between the 5th and 95th percentiles over the 620 
region where the AR and the ascent overlap (i.e., the superimposed area). 
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 625 
Figure 9: Evolution of IVT (green) and the associated MDP MDR (purple) around the time of maximum IVT within the AR. The 

maximum IVT is defined as the highest IVT value within the AR area. MDP The MDR is calculated for each ETC that has an associated 

AR. Shading colours represent the distribution of MDP MDR (purple) and Max IVT (green) between the 5th and 95th percentiles. 
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6 ConclusionsDiscussion 

The climatological interplay among ARs, WCBs, and ETCs in the North Atlantic constitutes a tightly coupled, process-

driven system (Dacre et al., 2019; Dacre and Clark, 2025). Their three-phase structure is physically inseparable from ETC 

dynamics: the WCB inflow forces the wind convergence in the boundary layer; the AR is the signature of the organized 

transport of moisture, usually located equatorward of the low's center; and the WCB ascent forces the moisture upward, leading 635 

to precipitation formation and the release of latent heat reinforcing the cyclone's circulation (Sodemann et al., 2020). This trio 

forms a moisture-dynamics-thermodynamics feedback loop, where each component modulates the others' intensity and 

lifecycle. 

The spatial alignment of the three systems is dynamically consistent with the classical structure of mature ETCs, where the 

AR is positioned within the cyclone’s warm sector, typically to the south and southwest of the low-pressure center (Eiras-640 

Barca et al., 2018; Zhang et al., 2019). The collocation of WCB inflow with the AR’s moisture plume confirms that the AR 

provides the moisture reservoir for the WCB, while the WCB ascent (located just ahead of the surface cold front) drives the 

conversion of this moisture into precipitation (Heitmann et al., 2024; Wernli and Gray, 2024). The WCB outflow maximum 

southeast of Greenland is consistent with the anticyclonic branch of WCBs, which contributes to upper-tropospheric ridge 

building (Saffin et al., 2021; Vishnupriya et al., 2025). Our finding that 81% of AR objects in our sample are coupled with 645 

WCB ascent is higher than the ~23% reported by Sodemann et al. (2020). Several methodological differences likely contribute 

to this discrepancy. First, our use of the IPART method, which identifies ARs based on spatial ‘spikiness’ rather than absolute 

IVT thresholds, tends to detect a broader range of AR intensities and shapes, including weaker systems that may be missed by 

magnitude-threshold methods. Second, our analysis specifically requires the WCB ascent phase to overlap with the AR object, 

while Sodemann et al. considered overlap of the WCB trajectory (as on object, instead of the three phases separated) with an 650 

AR. 

The enhancement of IVT and spatial extent in ascent-present ARs is likely a direct consequence of the intensified low-level 

convergence associated with the WCB inflow phase, which draws in and concentrates water vapor over a wider area. The 

displacement of the heaviest precipitation northeast of the AR’s IVT axis underscores that the core of maximum moisture flux 

and the region of most vigorous ascent are frequently misaligned. This weak signal in ascent-absent events likely arises from 655 

less efficient mechanisms like broad slantwise ascent or residual frontal lift, which lack the focused, enhanced vertical motion 

characteristics of a WCB. The composite results demonstrate that the WCB ascent and AR are not merely co-located but the 

former plays a critical role in transforming the AR’s moisture into a possible extreme precipitation event. This has direct 

forecasting implications: assuming precipitation is co-located with the IVT maximum would lead to significant forecast errors. 

The weak precipitation in ascent-absent events likely results from synoptic-scale slantwise ascent or residual frontal lift, which 660 

is less efficient at converting moisture to rainfall than the focused, convective-enhanced ascent within a WCB (Oertel et al., 

2021). 

The region where the highest precipitation matches the highest WCB ascent occurrence coincides with the typical location 

of the cyclone's warm front, where large-scale uplift and conditional symmetric instability can trigger deep convection (Wernli 

and Gray, 2024). This indicates that the WCB's organized ascent is the primary mechanism converting AR moisture into 665 

intense rainfall, a distinction crucial for operational forecasting, as it demonstrates that extreme precipitation is not merely a 

result of high moisture content but also strongly associated with the presence and location of strong ascent. 

The phased evolution outlines a feedback loop: intense convergence (inflow) feeds both the AR and the cyclone. Diabatic 

release in the WCB ascent intensifies the cyclone (peaking at MDP) and generates intense precipitation within the AR. Finally, 

the cyclone’s modification of the upper-level flow (outflow) begins to alter the large-scale environment, contributing to the 670 

system's decay. This tight temporal coupling, occurring within 12-hour windows, underscores that, for ascent-present ARs, the 

AR, WCB, and ETC should be considered an integrated, co-evolving system rather than independent features. This conclusion 

applies specifically to the subset of ARs associated with ETCs and overlapped with the WCB ascent phase. For ascent-absent 
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events, such strong coupling is not evident, as the absence of WCB ascent appears to decouple precipitation generation from 

the cyclone’s intensification. Latent heat release through condensation in the WCB ascent enhances cyclone deepening, 675 

creating a positive feedback loop where strong ascent leads to more latent heat, which deepens the low, which in turn 

strengthens the pressure gradient and the low-level inflow, feeding even more moisture into the system. This explains why the 

most extreme precipitation events are linked to the MDP of the associated ETC (McErlich et al., 2023). The dynamic 

interactions between these components are critical, as errors in forecasting the jet stream that steers an AR, or inaccuracies in 

estimating moisture availability, can lead to significant forecast errors (Lavers et al., 2020; Li et al., 2024). 680 

The temporal evolution throughout the ETC development, with key transitions occurring within narrow ±12‑hour windows, 

highlights the dynamical link, where the frequency of WCB ascent, the magnitude of IVT, and the spatial extent and intensity 

of precipitation all reach their maximum values at the exact time of the cyclone's most rapid deepening. This maximum ascent 

coinciding with the cyclone's strongest intensification is consistent with the climatological WCB lifecycle documented by 

Heitmann et al. (2024) for the North Atlantic, who similarly found that the most rapidly ascending WCBs are associated with 685 

the highest precipitation rates. 

For forecasting, this means that accurately predicting the timing and location of the MDP is of utmost importance, as it serves 

as the point for the entire sequence of high‑impact weather. This coupling explains the forecast errors documented by Lavers 

et al. (2020) and Li et al. (2024), where inaccuracies in the jet stream or initial moisture fields propagate through the system, 

leading to significant errors in the predicted location and intensity of the AR and its associated extreme precipitation. Moreover, 690 

while the magnitude of IVT is expected to increase with temperature due to the Clausius‑Clapeyron relation (Payne et al., 

2020), our results suggest that the dynamic component—specifically the presence and location of the WCB ascent—will 

ultimately determine future flood risk severity, requiring that climate models adequately resolve these process interactions. In 

addition, the sensitivity of WCB ascent characteristics to cloud microphysical parameterizations and inflow environmental 

conditions, as quantified by Oertel et al. (2025), further increases these forecast challenges. Their perturbed parameter 695 

ensemble demonstrates that uncertainties in the representation of microphysical processes locally modify vertical velocity 

along the WCB and determine precipitation efficiency, with distinct impacts on the spatial distribution and intensity of 

precipitation—precisely the features our composite analysis identifies as critical for extreme event outcomes. 

The critical role of the WCB in converting moisture to extreme precipitation is underscored by previous work. For example, 

Catto et al. (2015) demonstrated that the role of the WCB in producing extreme precipitation events (EPEs), when matched 700 

with fronts, was found to be between 2 and 10 times more critical to EPE occurrence than when considering fronts alone. 

Similarly, Pfahl et al. (2014) showed that the percentage of extreme precipitation associated with a WCB is higher than 70%–

80%. This is consistent with our own finding that this result holds in the absence of orography: contrary to the western coast 

of North America, where topography acts as an uplift mechanism for extreme precipitation, in western Europe the dynamical 

mechanism (the ascent phase) may be more important for the occurrence of EPEs.  705 

7 Conclusions 

The aim of this study was to perform a composite-based analysis, to systematically quantify the dynamical linkage between 

atmospheric rivers (ARs), warm conveyor belts (WCBs), and extratropical cyclones (ETCs) over the North Atlantic. This 

integrated methodology addresses a critical gap in understanding the spatial misalignment between the core of maximum IVT, 

which defines the AR, and the region of strongest WCB -ascent which is a driver of precipitation (Pfahl et al., 2014). The main 710 

conclusions are formulated below as answers to our research questions as follows: 

- How does the presence or absence of the WCB ascent phase influence the intensity and spatial distribution of 

precipitation within ARs, i.e., how different are the AR characteristics when the ascent phase is present within the AR? 
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Composite analysis reveals that ARs coupled with WCB ascent exhibit stronger IVT (exceeding 1100 kg m⁻¹ s⁻¹) and 715 

a broader spatial extent compared to AR-only events. This intensification is supported by enhanced low-level 

convergence, observed in the WCB inflow region, located predominantly north of the AR core. WCB ascent phase 

appears to dictate the location and intensity of the precipitation field. While both AR classes transport large moisture 

amounts, only WCB-coupled events generate heavy precipitation maxima (>8 mm/day) shifted northeast of the AR 

centroid. In AR-onlyascent-absent cases, precipitation is substantially weaker (with values lower than 5 mm) and forms 720 

a diffuse northeastward extent towards the cyclone center.  (with values lower than 5 mm), likely linked to synoptic-

scale uplift, the WCB is not strong enough to be detected by the ELIAS model, residual ascent from prior WCB activity 

or frontal related precipitation. 

 

- How does the AR-WCB association evolve during the lifecycle of the associated ETC particularly around the time of 725 

maximum deepening point (MDP)? 

 

Temporal composites around the ETC’s MDP illustrate a dynamic sequence: (i) (-24h to -12h) strong WCB inflow, 

potentially allowing the inflow of moisture into the developing AR. (ii) (MDP) WCB ascent, AR IVT, and precipitation 

all peak simultaneously, with the precipitation pattern resembling the ascent footprint. (iii) (+12h to +24h) ascent 730 

weakens, while WCB outflow peaks, and the number of ARs decreases as moisture is removed through precipitation. 

 

The climatological interplay among ARs, WCBs, and ETCs in the North Atlantic constitutes a tightly coupled, process-

driven system (Dacre et al., 2019; Dacre and Clark 2025). Their three-phase structure is physically inseparable from ETC 

dynamics: the WCB inflow forces the wind convergence in the boundary-layer; the AR is the signature of the organized 735 

transport of moisture, usually located equatorward of the low’s center; and the WCB ascent forces the moisture upward, leading 

to precipitation formation and the release of latent heat reinforcing the cyclone’s circulation (Sodemann et al., 2020). This trio 

forms a moisture-dynamics-thermodynamics feedback loop, where each component modulates the others’ intensity and 

lifecycle.  

The region where the highest precipitation matches with the highest WCB-ascent occurrence coincides with the typical 740 

location of the cyclone’s warm front, where large-scale uplift and conditional symmetric instability can trigger deep convection 

(Wernli and Gray 2024). This indicates that the WCB’s organized ascent is the primary mechanism converting AR moisture 

into intense rainfall, a distinction crucial for operational forecasting, as it demonstrates that extreme precipitation is not merely 

a result of high moisture content but also strongly associated to the presence and location of strong ascent. The temporal 

evolution throughout the ETC development, with key transitions occurring within narrow 12-hour windows, highlights the 745 

dynamical link, where the frequency of WCB ascent, the magnitude of IVT, and the spatial extent and intensity of precipitation 

all reach their maximum values at the exact time of the cyclone’s most rapid deepening. This maximum ascent coinciding with 

the cyclone’s strongest intensification is consistent with the climatological WCB lifecycle documented by Heitmann et al. 

(2024) for the North Atlantic, who similarly found that the most rapidly ascending WCBs are associated with the highest 

precipitation rates. 750 

For forecasting, this means that accurately predicting the timing and location of the MDP is of upmost importance, as it 

serves as the point for the entire sequence of high-impact weather. This coupling explains the forecast errors documented by 

Lavers et al. (2020) and Li et al. (2024), where inaccuracies in the jet stream or initial moisture fields propagate through the 

system, leading to significant errors in the predicted location and intensity of the AR and its associated extreme precipitation. 

Understanding this integrated lifecycle is therefore essential for improving the skill of numerical weather prediction models in 755 

anticipating the most severe midlatitude hydrological extremes. This integrated perspective aligns with the kinematic 

framework proposed by Dacre and Clark (2025), who demonstrated that despite varying methodologies and terminology, the 
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underlying mechanisms driving ARs, WCBs, and ETCs are fundamentally consistent. Their analysis reinforces that these 

features are not merely co-located but represent different manifestations of a unified atmospheric flow pattern, supporting our 

conclusion that forecasting skill requires treating them as a coupled system. In addition, the sensitivity of WCB ascent 760 

characteristics to cloud microphysical parameterizations and inflow environmental conditions, as quantified by Oertel et al. 

(2025), further increase these forecast challenges. Their perturbed parameter ensemble demonstrates that uncertainties in the 

representation of microphysical processes locally modify vertical velocity along the WCB and determine precipitation 

efficiency, with distinct impacts on the spatial distribution and intensity of precipitation, precisely the features our composite 

analysis identifies as critical for extreme event outcomes. 765 

Our new results have significant implications for both weather prediction and climate modelling. Operational models often 

struggle to accurately represent the timing and location of AR-related precipitation extremes, partly because they may not 

adequately resolve the mesoscale dynamics that govern the interaction between the AR’s moisture plume and the WCB’s 

ascent. The finding that precipitation maxima are displaced from the IVT core underscores the need for forecast verification 

metrics that assess not just the AR’s position and intensity but also the model’s ability to correctly simulate the location of 770 

frontal ascent and embedded convection. Moreover, ongoing climate change is expected to change both ETC (Catto et al., 

2019) and AR characteristics (Payne et al., 2020). This reinforces our conclusion that the dynamic component will ultimately 

determine future flood risk severity, requiring that climate models adequately resolve these process interactions.  

Several limitations of this study should be acknowledged. First, the IPART algorithm detects ARs based on spatial 'spikiness' 

rather than absolute IVT thresholds. While this approach is advantageous for detecting ARs across different climate regimes, 775 

it may detect a broader population of moisture plumes than threshold-based methods, potentially including weaker features 

that are less dynamically significant. Second, our analysis is limited to the North Atlantic basin during the extended winter 

season (October–March); the extent to which these findings apply to other ocean basins (e.g., North Pacific, Southern 

Hemisphere) or other seasons remains to be tested. Third, while the secondary 4000 km radius for AR-ETC association was 

applied to only 5% of cases, it introduces the possibility of spurious pairings, though we verified that excluding these cases 780 

does not materially aalater the composite patterns.  

Looking forward, our findings suggest the use of convection‑permitting models to investigate the role of embedded 

convection within WCBs, a process that these studies identified as a key amplifier that our composite analysis could not fully 

resolve. In addition, this composite analysis should be expanded to other ocean basins to assess the universality of these 

dynamics. Addressing this gap is essential for understanding how the dynamic coupling identified here will shape the most 785 

severe midlatitude hydrological extremes in a warming climate. 

Looking forward, this composite analysis should be expanded to other Ocean basins to assess the universality of these 

dynamics. The critical role of the WCB in converting moisture to extreme precipitation is underscored by previous work. For 

example, Catto et al. 2015 has demonstrated the role of the WCB to produce extreme precipitation events (EPEs), when 

matched with fronts. This link was found to be between 2 and 10 times more critical to EPE occurrence than when considering 790 

fronts alone. Another study, by Pfahl et al. 2014, has showed that the percentage of extreme precipitation associated with a 

WCB is higher than 70%-80%. Building on this, our findings suggest that future work must use convection-permitting models 

to investigate the role of embedded convection within WCBs, a process that these studies identified as a key amplifier that our 

composite analysis could not fully resolve. Addressing this gap is essential for understanding how the dynamic coupling 

identified here will shape the most severe midlatitude hydrological extremes in a warming climate. 795 
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