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Abstract. This study presents a systematic investigation of the characteristics and meteorological impacts of warm conveyor

belts (WCBs). For this purpose, we compile a new WCB climatology (1980–2022) of trajectories calculated with the most

recent reanalysis dataset ERA5 from the European Centre for Medium-Range Weather Forecasts (ECMWF). Based on this new

climatology, two-dimensional masks are defined that represent the inflow, ascent and outflow locations of WCBs. These masks

are then used to objectively quantify the key characteristics (intensity, ascent rate, and ascent curvature) and meteorological5

impacts (precipitation and potential vorticity (PV) anomalies) of WCBs in order to (i) attribute them to different stages in the

life cycle of the associated cyclones and to (ii) evaluate differences in the outflow of the cyclonic and anticyclonic branches.

The approach was applied globally, but this study focuses on the North Atlantic, one of the regions where WCBs ascend most

frequently.

The method is first tested and illustrated through three case studies of well-documented cyclones, revealing both the similarities10

and the case-to-case variability in the evolution of the WCB characteristics and impacts. We then extend the analysis to about

5’000 cyclones that occurred in winter between 1980–2022 in the North Atlantic. The case studies and the climatological

analysis both show that WCBs are typically most intense (in terms of air mass transported, ascent rate, precipitation rate and

volume) during the intensification period of the associated cyclone. The northward displacement along the storm track and

diabatic PV production lead to an increase in low-level PV in the region of WCB ascent during the cyclone life cycle. The15

negative PV anomaly at upper levels, associated with the WCB outflow, remains relatively constant. The investigation of the

WCB branches reveals an increasing intensity of the cyclonic WCB branch with time, linked to the increasing strength of the

cyclonic wind field around the cyclone. Due to a lower altitude, the outflow of the cyclonic WCB branch is associated with a

weaker negative PV anomaly than the anticyclonic one, which ascends to higher altitudes. In summary, this study highlights

the distinct evolution of WCB characteristics and impacts during the cyclone life cycle and the marked differences between the20

cyclonic and anticyclonic branches.
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1 Introduction

The warm conveyor belt (WCB) is a coherent airstream that ascends from the warm sector of an extratropical cyclone into the

upper troposphere, transporting moist air over large vertical and horizontal distances. It is one of the three main airstreams in25

an extratropical cyclone (Browning, 1990), which are the descending dry intrusion (Reed and Danielsen, 1958), the cold con-

veyor belt (Carlson, 1980), and the strongly ascending WCB (Harrold, 1973; Browning et al., 1973). The WCB was initially

identified from the Eulerian flow field on isentropic surfaces (Namias, 1939; Carlson, 1980) and, more recently, by utilizing

the Lagrangian perspective. Wernli and Davies (1997) defined the WCB as a "coherent ensemble of trajectories" by identifying

trajectories in the vicinity of an extratropical cyclone (hereafter referred to as cyclone) that are associated with either a large30

decrease in pressure p, reduction in specific humidity q, or increase in potential temperature � integrated along the trajectories.

Suitable thresholds to identify WCBs are about 600 hPa in two days for the ascent, 10 g kg�1 for the decrease in q, and 20 K for

the increase in �. WCBs occur in all seasons and in the mid-latitudes of both hemispheres but ascend most frequently in boreal

winter in the North Atlantic (NA) and North Pacific (NP) storm tracks at around 30-50� N (Eckhardt et al., 2004; Madonna

et al., 2014b). Eckhardt et al. (2004) also showed that most winter cyclones over oceans in the mid-latitudes are associated with35

a WCB. However, there is a broad spectrum of cyclones (Catto, 2016), which is likely also reflected in a large case-to-case

variability of the WCB characteristics and impacts. This study adresses this variability in WCBs for the first time objectively

and systematically.

To quantify this variability, we refer to "characteristics" as properties of WCBs that can be quantified from the number and

paths of the trajectories, whereas with "impacts", we refer to effects of physical and dynamical processes in WCBs that af-40

fect meteorological variables like surface precipitation and potential vorticity (PV). There are different measures to quantify

such WCB characteristics and impacts. Regarding the characteristics of WCBs, previous studies investigated their intensity

and ascent rate and the curvature of the ascending trajectories. The intensity of a WCB can be measured by the mass of air

transported within the WCB, which can be quantified from a Lagrangian perspective as the number of WCB trajectories that

form a coherent bundle and belong to the same cyclone. For instance, Binder et al. (2016) used this measure of WCB inten-45

sity and found a positive correlation with cyclone intensification. Another characteristic is the maximum ascent rate along the

WCB trajectories (e.g., the maximum pressure decrease in 2 h along WCB trajectories, Rasp et al., 2016; Oertel et al., 2019;

Blanchard et al., 2020), which helps to distinguish between more gentle, slantwise ascent and faster updrafts due to embedded

convection. This distinction corresponds to the "escalator-elevator concept" by Neiman et al. (1993). A third characteristic,

the curvature of the WCB ascent, becomes apparent on horizontal maps of WCBs. WCBs, or branches of WCBs, can be cat-50

egorized into anticyclonic (W1) and cyclonic (W2) branches (Browning and Roberts, 1994; Wernli, 1997). The W1 branch

typically enters an upper-level ridge downstream of the cyclone, joins the westerly upper-level jet, and is characterized by an

anticyclonic curvature during the ascent. The W2 branch, on the other hand, ascends near the cyclone center and therefore

turns cyclonically during the ascent. In the case study of Wernli (1997), the W2 branch ascended further poleward and with

lower initial specific humidity than the W1 branch. Martínez-Alvarado et al. (2014) found in a detailed case study that the55

anticyclonic W1 branch starts from lower latitudes and higher initial moisture contents, ascends to higher altitudes and thereby
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causes a stronger negative PV anomaly than the W2 branch. Blanchard et al. (2021) also found a higher �nal altitude and lower

PV values in the W2 branch compared to the W1 branch. The described WCB characteristics co-evolve with the life cycle of

the associated cyclone as described in the detailed case study by Wernli (1997). For instance, the WCB was most intense before

the cyclone reached its minimum central pressure, it ascended most rapidly in the early phase of the cyclone, and its curvature60

transitioned from anticyclonically to cyclonically as the cyclone intensi�ed.

Important impacts of WCBs are related to surface precipitation and the diabatic production of PV anomalies in the lower and

upper troposphere, which both result from the ascent of moist air with subsequent cloud formation and latent heat release in

the WCB. Traditionally, the WCB is regarded as the main precipitation-producing airstream in cyclones (Browning, 1990),

and Pfahl et al. (2014) quanti�ed that 70-80% of extreme precipitation events (six-hourly precipitation exceeding the 99th65

percentile) are linked to WCBs. This also holds speci�cally for the Mediterranean, where heavy precipitation in cyclones is

predominantly associated with WCBs (Flaounas et al., 2018). Case study investigations of WCB ascent rates and surface pre-

cipitation (Binder, 2017; Oertel et al., 2019, 2020) revealed that intense local precipitation often occurs in regions of convection

embedded in an ascending WCB. In contrast, more slowly slantwise ascending WCBs are typically linked to weaker precipita-

tion rates. Another important impact of the WCB is the modi�cation of PV at lower and upper levels, induced primarily by the70

wide range of cloud microphysical processes along the WCB ascent (Joos and Wernli, 2012; Joos and Forbes, 2016). To �rst

order, PV is produced below the level of maximum latent heating and destroyed above, and vice versa for processes that con-

sume latent heat (e.g., Stoelinga, 1996; Wernli and Davies, 1997). This led to the general understanding that PV �rst increases

along the ascent of the WCB in the lower troposphere until the level of maximum diabatic heating and then decreases again to

similar values as at the start of the ascent (Wernli, 1997; Joos and Wernli, 2012; Madonna et al., 2014b; Methven, 2015). At75

the end of the ascent, in the so-called WCB out�ow, the low PV values correspond to strongly negative PV anomalies because

of the anomalously strong poleward and upward transport within the WCB and subsequent PV destruction (e.g., Grams et al.,

2011; Chagnon et al., 2013; Madonna et al., 2014b). The diabatic PV anomaly produced at low levels sometimes contributes to

the rapid intensi�cation of the associated cyclone (Binder et al., 2016). Accordingly, Booth et al. (2012) showed in a sensitivity

experiment that enhanced latent heat release in the WCB due to higher surface temperatures leads to more intense cyclones. At80

higher levels, on the other hand, the diabatically produced negative PV anomalies potentially affect the �ow evolution down-

stream of the cyclone. For instance, by supporting the negative PV anomaly of atmospheric blocks, WCBs likely enhance their

lifespan and intensity and support associated extreme weather events such as heat waves or cold air outbreaks (Pfahl et al.,

2015; Steinfeld and Pfahl, 2019). When WCBs impinge on straight jets or less ampli�ed Rossby wave patterns, they can either

trigger the formation of Rossby waves (Röthlisberger et al., 2018) or contribute to wave ampli�cation (Grams et al., 2011) or85

strengthening of the jet (Blanchard et al., 2021). Consistently, the diabatic processes in the WCB ascent were found to increase

the forecast uncertainty in the region of the WCB out�ow and further downstream (Grams et al., 2018; Rodwell et al., 2018).

This brief summary emphasizes the key characteristics of WCBs and their impacts on surface weather, the evolution of the as-

sociated cyclone, and the downstream �ow. Because most of the studies so far focused on either one particular WCB impact or

discussed the linkage between WCB characteristics and impacts in case studies, a systematic climatological analysis of WCB90

characteristics and impacts is currently missing. This study aims at closing this gap by using an established WCB identi�cation
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method applied to state-of-the-art ERA5 reanalyses and then developing objective measures to obtain a climatology of WCB

characteristics and impacts. In combination with the tracking of cyclones, our approach enables the systematic investigation of

how WCB characteristics and impacts evolve along the life cycle of cyclones. Based on this approach, we aim to answer the

following research questions �rst using case studies and later from a climatological perspective:95

1. How can we quantify the main characteristics and meteorological impacts of WCBs?

2. How do the characteristics and impacts of WCBs change along the life cycle of the associated cyclone?

3. How do the cyclonic and anticyclonic WCB branches differ in terms of their characteristics and impacts?

The methodology devised to address the �rst research question will be applied in case studies and a climatology to answer the100

second and third research questions.

The approach of systematically attributing speci�c properties to individual weather systems is very common for cyclones.

Many studies described the properties of a cyclone in terms of a set of values that quantify, e.g., its lifetime, size, depth, inten-

sity, intensi�cation rate, and propagation speed (e.g., Neu et al., 2013). This study adds a next dimension to this feature-based

climatological approach by attributing an additional set of values, which quantify the characteristics and impacts of WCBs, to105

individual cyclone life cycles. In a subsequent study, we will use this methodology to attribute WCBs to cyclones in climate

model simulations and investigate how the WCB characteristics and impacts might change in a future, warmer climate.

This study, focusing on cyclones and their WCBs in ERA5 data, �rst introduces the data and methods to quantify the charac-

teristics and impacts of a WCB in Sect. 2. In Sect. 3 and in the supplementary material, three case studies of cyclone life cycles

and their WCB characteristics and impacts are presented in detail, and in Sect. 4, the case study results are put into perspective110

by presenting a climatology of the temporal evolution of the characteristics and impacts of all WCBs in the North Atlantic in

the winter seasons between 1980–2022. The main results are discussed and concluded in Sect. 5.

2 Data and methods

2.1 ERA5

For the scope of this study, we use the most recent reanalysis dataset ERA5 from the European Centre for Medium-Range115

Weather Forecasts (ECMWF) that represents the �fth generation of atmospheric reanalysis data (Hersbach et al., 2020). This

dataset is characterized by 31 km spatial resolution (spectral resolution T369) on 137 model levels and hourly temporal res-

olution. We interpolate the output from ERA5 for the period 1980–2022 to a 0.5� � 0.5� longitude-latitude grid to calculate

trajectories, identify WCBs and calculate different metrics to describe them.

120
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Figure 1. To quantify the WCB characteristics and impacts, we �rst identify WCB trajectories, then de�ne WCB masks describing the

regions of WCB in�ow, ascent and out�ow, and �nally attribute each WCB mask with a set of metrics describing its characteristics and

impacts.

2.2 Outline of the approach

The �rst research question addresses the development of an objective method to quantify the characteristics and impacts of

WCBs. In the following, we describe the outline of the three main steps of the approach, visualized in Fig. 1. First, we calculate

48-h forward trajectories and then select those trajectories that ful�ll a set of WCB criteria. In the second step, two-dimensional

masks are derived that describe the region of the in�ow, ascent and out�ow of each WCB, de�ned by the previously identi�ed125

WCB trajectories. Lastly, we describe each WCB mask with a set of metrics that quantify the WCB's characteristics and

impacts. These three steps are applied globally and for the period 1980–2022. However, this study focuses speci�cally on

WCBs in the North Atlantic.

2.2.1 Cyclones and WCB trajectories

Cyclone masks are calculated according to the cyclone identi�cation and tracking algorithm by Wernli and Schwierz (2006)130

that was further re�ned by Sprenger et al. (2017). The algorithm de�nes the cyclone mask by the outermost sea-level pressure

(SLP) contour surrounding an SLP minimum, poleward of 25� N/S and with a maximum contour circumference of 7500 km.

Thereby, SLP minima associated with tropical convection or very large cyclone masks consisting of multiple cyclone centers

are avoided. Cyclone centers at consecutive times are combined into distinct cyclone tracks, which must last at least 24 h.

Cyclone tracks shorter than 24 h are neglected to omit transient and weak systems (see Sprenger et al., 2017, for details).135

To identify WCBs, we use the Lagrangian analysis tool LAGRANTO (Wernli and Davies, 1997; Sprenger and Wernli, 2015).

Every six hours, 96 h forward trajectories are started. The trajectories are then calculated based on the three-dimensional wind

�eld with an hourly resolution. The starting positions are set globally on an 80 km equidistant grid in the lower troposphere

(790–1050 hPa every 20 hPa). The temporal and spatial resolution of the starting positions of trajectories in ERA5 is consistent

with the approach of previous WCB-related studies (Madonna et al., 2014a; Binder et al., 2016, 2023; Joos et al., 2023). To140

select WCB trajectories, we apply criteria adapted from the ones used by Madonna et al. (2014b). First, WCB trajectories are
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de�ned as trajectories that ascend at least 600 hPa within 48 h. Then, a WCB bundle is de�ned as a set of WCB trajectories that

start within a 250 km distance to at least one other WCB trajectory, and a minimum of one trajectory per WCB bundle must at

least once coincide with a cyclone mask during its 48-hour ascent. Finally, a double-count �lter deletes trajectories that ful�ll

the previous WCB criteria at multiple time steps and would thus be counted several times (see Madonna et al., 2014b, for de-145

tails). The WCB trajectory identi�cation by Madonna et al. (2014b) was adapted in two central aspects. A detailed description

and comparison of the two sets of WCB trajectories can be found in Heitmann (2023). First, the required threshold of 600 hPa

for the decrease in pressure can be exceeded at any time during the 48-hour ascent and not only strictly between the start and

end of the ascent, 48 h later. The difference between these two de�nitions lies in the fact that the adapted de�nition also takes

trajectories into account that ascend rapidly and descend again within 48 h, which were not considered in the climatology by150

Madonna et al. (2014b). Secondly, Madonna et al. (2014b) only took WCB trajectories into account that were collocated with

a cyclone mask at least once during the ascent. In contrast, the adapted de�nition considers every trajectory in a bundle of

trajectories if at least one of them coincides with a cyclone mask at least once during the ascent (as described above). Hence,

the bundle of WCB trajectories also includes the eastern part of the WCB that potentially does not coincide with the cyclone

mask at any point in time and therefore is excluded in the climatology by Madonna et al. (2014b). The adapted WCB criteria155

are also described by Binder et al. (2020), who used them to investigate the vertical cloud structure associated with a WCB. A

climatology of the WCB trajectories in ERA5 based on this adapted de�nition can be found in Fig. S7 in the supplementary

material. In the comparison of the WCB climatology by Madonna et al. (2014b) with the present one (Fig. S8), we found very

similar starting regions of WCB trajectories and an eastward shift of the ascent and out�ow location in the new ERA5 clima-

tology. A more in-depth investigation of the impact of the changes in the WCB trajectory de�nition showed that, in contrast to160

the trajectories considered by Madonna et al. (2014b), the new set of WCB trajectories ful�lling the adapted WCB de�nition

reaches higher altitudes and higher zonal wind speeds at an earlier moment in their lifetime (illustrated in Fig. 3.3 by Heitmann,

2023), thereby explaining the eastward shift in the ascent and out�ow locations. The ERA5 WCB climatology provides the

basis for the calculation of the WCB masks, which is described in the following section.

165

2.2.2 WCB masks

The WCB trajectories are used to de�ne two-dimensional Eulerian WCB masks, representing different altitude ranges of the

WCB. More speci�cally, the 48-hour WCB can be divided into different altitude ranges depending on the pressure of the air

masses at a speci�c time. These altitude ranges are the WCB in�ow (> 800 hPa), ascent (500–800 hPa), and out�ow (< 400 hPa).

To avoid very large WCB out�ow masks, we limit the maximum residence time in the WCB out�ow region to 12 h after the170

trajectories have crossed the lower limit of 400 hPa. These altitude ranges are used to analyze the impacts and characteristics

of WCBs at different phases during the ascent. For instance, we assume the ascent phase to be most important for forming

precipitation and modifying the low-level PV �eld. On the other hand, the out�ow of the WCB likely coincides with negative

upper-level PV anomalies. Thus, by de�ning two-dimensional Eulerian masks for the different altitude ranges of WCBs, it is

possible to determine the impacts of WCBs separately for the different ascent phases of WCBs.175
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The WCB trajectories that de�ne a WCB mask at timet � can start between 0-48 h beforet � , as schematically shown in Fig.

3a. The positions of air parcels att � located in a speci�c pressure range (here WCB ascent, 500–800 hPa) are projected on a

latitude/longitude grid and then in�ated to a circle with a 100 km radius (Fig. 3b). The envelope of these circles denotes the

outer border of all WCB air parcels in the respective ascent phase and therefore de�nes the two-dimensional Eulerian WCB

ascent mask att � (red line in Fig. 3b). By in�ating the WCB air parcel position, arti�cial gaps in the masks in areas where only180

a few WCB trajectories ascend are avoided. The selection of the radius value of 100 km is motivated by the grid spacing of the

trajectory starting position (80 km). We only consider WCB trajectories for the mask calculation until the time step when they

have reached their minimum pressure in the 48-h ascent window. This approach is consistent with previous studies that also

used two-dimensional masks to de�ne the area of WCB ascent or out�ow in order to study the relationship between WCBs

and PV streamers (Madonna et al., 2014a) or the co-occurrence of WCB masks, fronts, and intense precipitation (Catto et al.,185

2015). WCB masks are de�ned every six hours for the entire ERA5 period for the in�ow, ascent and out�ow pressure range.

Additionally, we divide each WCB out�ow mask into sub-regions depending on the curvature of the trajectories inside the

mask. For this purpose, we determine the curvature of each WCB trajectory (see Sect. 2.2.3 for details of ascent curvature

calculation) and separately calculate WCB out�ow masks for cyclonically, anticyclonically and noncurved WCB trajectories.

Based on the concept of de�ning WCBs in speci�c ascent phases as two-dimensional objects, we can now compile a new190

WCB climatology that accounts for the variability of the ascent behavior of WCB trajectories. Figure 2 shows the frequency

of occurrence of WCB in�ow (> 800 hPa), ascent (500–800 hPa) and out�ow (< 400 hPa) masks. Key features of the new

climatology are consistent with previous WCB climatologies that are based on the location of WCB trajectories at different

time steps (Fig. S7; Stohl, 2001; Eckhardt et al., 2004; Madonna et al., 2014b), such as the enhanced frequency of WCB

in�ow (Fig. 2a,b) in the region of the storm tracks and on the respective winter hemisphere (linked to the previously mentioned195

condition that each WCB trajectory bundle must coincide with a cyclone mask at least once). Directly comparing the absolute

values of WCB frequency derived from WCB trajectories or WCB masks poses challenges due to inherent differences in their

de�nition. The in�ation of each WCB trajectory position to a 100 km circle leads to maximum frequency values of WCB

in�ow masks of more than 25% (Fig. 2a) compared to a frequency of 5–7% of WCB trajectory starting positions (Fig. S7a).

Another difference to the climatology by Madonna et al. (2014b) is the reduced frequency during the ascent phase compared200

to the in�ow and out�ow phase. Typically, a bundle of WCB trajectories is less coherent (in terms of trajectories per area) in

the in�ow and out�ow region compared to the ascent region. Thus, WCB ascent masks tend to be smaller and spread over

fewer grid points, thereby causing a reduced frequency. One of the main advantages of a climatology based on WCB masks is

the focus on the different ascent phases of the WCB. The approach of previous WCB climatologies, which took the position

of a WCB trajectory at a �xed time instance, disregards any information about the vertical position and is strongly dependent205

on the ascent behavior of a trajectory. For example, att = 24 h, WCB trajectories can be located at 700 hPa in the ascent

phase or already at 300 hPa, thus, in the WCB out�ow. While these two WCB trajectory positions would be added to the same

climatology (t = 24 h) in the previous method, the new WCB climatology takes the different vertical positions into account

and adds them to different climatologies (WCB ascent and out�ow).

Finally, each Eulerian WCB mask is linked to a cyclone by �rst attributing each bundle of WCB trajectories to the cyclone210
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Figure 2. 42-year (1980–2022) climatology of the frequency of occurrence (%) of (a, b) WCB in�ow, (c, d) ascent and (e, f) out�ow masks

in (left column) DJF and (right column) JJA. For each grid point, the number of time steps with a WCB mask present divided by the total

number of time steps in the respective time period equals the frequency of occurrence.
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Figure 3. Schematic of WCB mask calculation. (a) 48-hour forward trajectories starting at different times and their location at timet �

(colored stars). (b) The horizontal position of trajectories that are located between 500–800 hPa att � (colored starts), 100 km radius around

each position (grey circles) and �nal circumferent mask (red contour), de�ning the ascent region of a WCB. Schematic adapted from Catto

et al. (2015).

with which they coincide most often. We only consider trajectory positions between 600–800 hPa when the WCB starts to

ascend distinctively and is located closest to the associated cyclone. In the second step, the cyclone linked to a WCB bundle is

transferred to the resulting Eulerian WCB masks. Since different WCB bundles associated with different cyclones may de�ne

one WCB mask, we select the cyclone with which the largest number of trajectories is linked. The allocation of WCB masks

to cyclones allows for analyzing the WCB characteristics and impacts during the cyclone life cycle.215

2.2.3 WCB characteristics and impacts

To each WCB mask, we attribute metrics that describe the WCB's characteristics and impacts at a speci�c time instance. In

general, WCB characteristics are Lagrangian properties, calculated based on the WCB trajectories de�ning a WCB mask.

In contrast, WCB impact metrics are Eulerian properties, derived from the statistical value of a variable (e.g., precipitation220

rate or low-level PV) over all grid points inside the two-dimensional Eulerian WCB mask. To clearly distinguish between a

meteorological �eld (e.g., precipitation rate) and the resulting WCB impact metric, we use different abbreviations (e.g., PQ90)

for the latter.

Three measures ofWCB characteristicsare calculated as follows:

– Intensity The number of WCB trajectories inside a WCB ascent mask de�nes the WCB intensity. As trajectories start225

from an equidistant grid (� x=80 km) and equally-spaced pressure levels (� p=20 hPa), each trajectory represents a con-

stant mass. Thus, the total number of trajectories in a WCB trajectory bundle represents the air mass that is transported
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by the WCB. This concept was also applied by Binder et al. (2016), who quanti�ed the WCB intensity accordingly and

found a positive correlation with the cyclone deepening rate.

– Ascent rateWe de�ne the WCB ascent rate as the mean pressure change of the trajectories that de�ne the WCB ascent230

mask at a speci�c time step. For each trajectory, we calculate the pressure change during the last three hours prior to the

arrival in the WCB ascent mask and then take the average over all trajectories. Short episodes of enhanced ascent rates

are also captured by taking a three-hour window.

– Ascent curvature So far, the WCB curvature has never been investigated systematically. In a case study, Martínez-

Alvarado et al. (2014) used the potential temperature at the end of the WCB ascent (48 h after the start of the trajectories)235

to identify the cyclonic and anticyclonic branches. However, this approach is unsuitable for a global and climatological

study due to the decreasing tropopause height towards the poles, potentially creating a bias at high/low latitudes. Thus,

in the present study, we �rst classify each WCB trajectory based on its change in direction during the ascent and sub-

sequently calculate the share of cyclonically or anticyclonically ascending trajectories in the WCB ascent mask. More

speci�cally, the curvature of each individual trajectory is calculated as the mean change of direction (in degrees) between240

two time instances. The �rst time instance is de�ned as the time step the trajectory is �rst located at a pressure below

600 hPa (tp600). The second time instance is de�ned at the time step 12 h aftertp600, however, it must not exceed 48 h

after the starting time of the trajectory. The hourly change in direction between these two time instances is then averaged.

By limiting the time span to a maximum of 12 h, we avoid the anticyclonic curvature that most WCB trajectories expe-

rience towards the end of the ascent and focus on the actual ascent direction. A mean change in direction of more than245

4� h� 1 is de�ned as a cyclonic ascent, and a change in the direction of less than� 2� h� 1 is de�ned as an anticyclonic

ascent. The asymmetry in threshold values arises from the observation that the trajectories of the anticyclonic branch

frequently exhibit an initial cyclonic ascent. Thus, only trajectories that are characterized by a distinct cyclonic curvature

are considered for the cyclonic WCB branch. Ascent curvature values in between are de�ned as a straight or weakly

curved ascent. The thresholds were chosen based on multiple case studies. To quantify the ascent curvature of the WCB250

mask, we de�ne it as the ratio of cyclonically or anticyclonically curved trajectories to the total number of trajectories

that de�ne a WCB mask. Figure 4 illustrates the WCB case described by Martínez-Alvarado et al. (2014) and how the

different WCB branches are well identi�ed with the presented method except for a few trajectories that are classi�ed

as cyclonically ascending (green) although turning eastward, likely due to an initial strong cyclonic curvature. Further-

more, a clear separation between the non-curved and anticyclonically curved branches is often dif�cult and arti�cial as255

the eastward direction of the large-scale �ow leads to an anticyclonic curvature of both branches. However, we found in

several case studies that this objective method results in a reasonable identi�cation of WCB branches. In this case and at

this moment in time, cyclonic/anticyclonic/non-curved trajectories account for 25%/7%/68% of the WCB.

– Out�ow pressure level To characterize where the WCB out�ow masks are located vertically, we calculate the median

pressure of all trajectories located in a WCB out�ow mask at each time instance. This metric will be used to study260

differences in the out�ow of the different WCB branches.
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The fourWCB impacts, related to precipitation and PV, are quanti�ed as follows:

– Precipitation rate and volume (PQ90, PVOL)We quantify the precipitation rate associated with each WCB at a spe-

ci�c time by calculating the 90th percentile of total precipitation rates (convective + large-scale precipitation rate, PQ90)

of all grid points inside the WCB ascent mask. This metric thereby also captures small-scale areas of locally intense265

precipitation. Additionally, for each grid cell inside the WCB ascent mask, we calculate the volume of precipitation (grid

cell area times precipitation rate). The sum of these precipitation volumes over all grid cells inside a WCB ascent mask

equals the total precipitation volume (PVOL) of the WCB at a speci�c time over one hour.

– Low-level PV (LLPV) The precipitation formation along the WCB leads to the release of latent heat. The vertical

gradient in the diabatic heating rates leads to PV production below the heating maximum. To quantify the impact of270

WCBs on the PV distribution at low levels, we �rst calculate vertically averaged PV between 750–950 hPa at each grid

point inside the WCB ascent mask. Since the background PV at lower altitudes is relatively small (approx.0:5pvu) and

exhibits only a weak seasonal cycle, we take the in situ values instead of the anomaly. We calculate the low-level PV

metric (LLPV) of a WCB mask as the 90th percentile of the vertically averaged PV values of the grid points inside the

mask. The 90th percentile was chosen because the area of enhanced PV values often accounts only for a small part of275

the whole WCB ascent mask.

– Upper-level PV anomaly (ULPVA)Diabatic PV destruction above the level of maximum latent heat release and upward

advection of low-PV air masses in a WCB leads to a region of anomalously low PV values in the area of WCB out�ows.

To quantify this impact, we �rst vertically average PV at all grid points inside a WCB out�ow mask between 200–

375 hPa. The monthly 42-year climatology of vertically averaged PV over the same pressure range is then subtracted to280

get a PV anomaly. The subsequent upper-level PV anomaly (ULPVA) is de�ned as the median of the anomaly values

of all grid points inside the WCB out�ow mask. As the negative upper-level PV anomaly often accounts for a majority

of the region of WCB out�ow, the median is a reasonable measure to quantify it. Furthermore, taking the median of all

grid values proves resilient to outliers, e.g. very large PV values close to a strong PV gradient. Note that this approach

quanti�es the total negative PV anomaly in the region of WCB out�ow and therefore does not allow assessing the285

importance of diabatic PV destruction. However, we are con�dent that the chosen approach can provide valuable insight

into the impacts of WCBs at upper levels.

In addition to the WCB's characteristics and impacts, we also quantify the evolution of the cyclone that is linked to each WCB

mask (see last paragraph in Sect. 2.2.2) using the central pressure and its deepening rate. Sanders and Gyakum (1980) de�ned

the deepening rate� SLPB in units of Bergeron as the change in minimum SLP over 24 h, normalized bysin (60 � )
sin ( � ) , where�290

refers to the mean latitude of the cyclone center during this time interval. A deepening rate of 1 Bergeron corresponds to a

deepening of 24 hPa in 24 hours at 60� N. The calculation implies a minimum cyclone lifetime of 24 h. Rapidly intensifying

cyclones with a maximum� SLPB > 1Bergeron are referred to as “bombs” (Sanders and Gyakum, 1980). The evolution of

the deepening rate along the life cycle of each cyclone allows for de�ning the time step of the most intense deepening as the
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Figure 4.48-h WCB trajectories for the dichotomous WCB case described by Martinez-Alvarado et al. (2014), located between 500–800 hPa

at 00 UTC on 25 November 2009 (black dots) and ascending cyclonically (green), anticyclonically (blue), or without a distinct curvature

(orange). The letter 'C' marks the position of the cyclone center, and grey contours show SLP (every 4 hPa) at 00 UTC on 25 November

2009.

center of the 24-h period that results in the largest� SLPB . The WCB masks are attributed not only with metrics describing295

their characteristics and impacts but also their position in time relative to the time step of the most intense deepening of the

associated cyclone.

To summarize, the resulting data set consists of 42 years (1980–2022) of two-dimensional Eulerian WCB mask objects that

de�ne the WCB in�ow, ascent and out�ow region every six hours and globally. A set of metrics describes the characteristics

and impacts of each WCB mask. Attributing each WCB mask to a speci�c cyclone allows for an investigation of the WCB300

metrics along the cyclone life cycle. Additionally, we calculated individual out�ow masks and their characteristics and impacts

speci�cally for the cyclonic and anticyclonic WCB branches.

3 Case studies

We �rst utilize the developed method to assess the characteristics and impacts of WCBs in three case studies of North Atlantic

cyclones. Starting with case studies serves two purposes: it enables a detailed analysis of how WCB characteristics and impacts305

relate to the overall synoptic-scale setting and evolution of the cyclones, and it helps to identify the strengths and limitations of

the method. A generalised climatological analysis is presented in Sect. 4. After performing about 10 detailed case studies, three

cyclones were selected to be presented here and in the supplementary material, which (i) are well-documented in the literature

and therefore known to the community, and (ii) reveal interesting similarities and differences. The �rst case in November 2009

featured a clear separation of the cyclonic and anticyclonic WCB branches and will be discussed in the following. The second310

case was an extremely strong cyclone that occurred in January 1989 and that was associated with intense precipitation. The

third case in November 1992 revisits the �rst WCB that was investigated in detail based on trajectory calculations (Wernli,

1997). In the following, the cyclone and WCB occurring in Novemebr 2009 is discussed in detail. For the discussion of the
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second and third case studies, the reader is refered to the supplementary material.

Due to the complex synoptic situations associated with the 2009 and 1992 cases, we manually attributed WCB trajectories to315

the respective cyclones. The limitations of an objective attribution of WCBs and cyclones are discussed in Sect. 5. For all cases,

we start with a qualitative discussion of WCB characteristics and impacts at selected time steps before discussing quantitatively

the evolution of the WCB metrics along the life cycle of the cyclones.

3.1 Case 1: November 2009, North Atlantic

In November 2009, UK scientists performed a research �ight into a North Atlantic cyclone with a prominent WCB to test their320

experimental setup for the North Atlantic waveguide and downstream impact experiment in 2016 (NAWDEX, Schä�er et al.,

2018). Knippertz et al. (2010) analyzed a vertical pro�le along the �ight and found an enhanced moisture content between

770–900 hPa, linked to the ascent of the WCB from the moist planetary boundary layer. Numerical simulations of this WCB

were investigated in detail by Martínez-Alvarado et al. (2014) as it featured a distinct split at its northern end into an anticy-

clonic (W1) and a cyclonic (W2) branch. The W1 branch initially had higher values ofq, ascended along the cold front south325

of the cyclone, and arrived at higher out�ow altitudes than the cyclonically curved W2 branch. The split of the WCB into these

two branches was reported to occur early in the WCB's evolution. We selected this well-documented WCB case to assess how

well our method identi�es the different WCB branches and their respective characteristics. In addition to the analysis of the

WCB branches, we investigate the characteristics and impacts of the WCB at individual time steps as well as along the cyclone

life cycle.330

3.1.1 WCB characteristics

The cyclone and its associated WCB are shown at two different time steps in Fig. 5. Thirteen hours after genesis, at 12 UTC

on 23 November 2009 (Fig. 5a), the developing cyclone is located at about 30� W and 50� N, southwest of a mature cyclone. At

upper levels, a high-PV trough is located upstream of the cyclone, indicated by the 2-pvu line on 320 K. The WCB trajectories335

that de�ne the ascent mask at this moment start at the southern tip of the PV trough and ascend in an elongated region ahead

of it (indicated by black dots in Fig. 5a). The bundle of trajectories remains coherent during the ascent and without a distinct

curvature. At upper levels, the trajectories reach into the developing ridge downstream of the cyclone and thereby turn anticy-

clonically. The WCB becomes less coherent over the following 36 h and can be divided into three branches at 00 UTC on 25

November (Fig. 5b), about a day after the time of strongest intensity of the associated cyclone. WCB trajectories ascending340

along the northern part of the cold front turn anticyclonically (W1), while trajectories ascending close to the cyclone center

turn cyclonically (W2). WCB trajectories starting from the southern end of the cold front ascend without a distinct curvature

(non-curved) and are located at315hPa 48 h later,30hPa above the rest of the WCB trajectory bundle. The classi�cation of

the trajectories into three branches depending on their change in direction during the ascent was also illustrated in Fig. 3 (see

Sect. 2.4). In contrast, Martínez-Alvarado et al. (2014) investigated the same WCB case and distinguished two WCB branches345

based on the potential temperature at the end of the ascent of WCB trajectories that were calculated with different limited-area
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Figure 5. 48-hour WCB trajectories (colored by pressure; hPa) associated with Case 1. Trajectories are shown that contribute to the WCB

ascent mask (500–800 hPa) at (a) 12 UTC on 23 November and (b) 00 UTC on 25 November 2009. Black dots mark the position of the WCB

air parcels at the respective time step, grey contours show SLP (every 4 hPa), and the black dashed line is the 2-pvu contour at320K at the

respective time.

models (COSMO, Met Of�ce Uni�ed Model) and started at 18 UTC on 23 November. However, the pathway of the trajectories

of Martínez-Alvarado et al. (2014) is very similar to the trajectories shown in Fig. 5b. Intriguingly, the branch classi�cation

based on the change in direction results in very similar conclusions regarding the characteristics of the WCB branches as in

Martínez-Alvarado et al. (2014). Compared to W2, W1 has higher initial values ofq (about9 vs. 8g kg� 1) and experiences350

stronger latent heating such that its out�ow occurs on a higher isentrope (about310 vs. 305K), consistent with Martínez-

Alvarado et al. (2014).

3.1.2 WCB impacts

Figure 6 shows the precipitation rate, low-level PV, and upper-level PV anomaly in the region of the WCB ascent and out�ow355

at three selected time steps. The WCB ascent mask at 12 UTC on 23 November (de�ned by the trajectories shown in Fig. 5a)

and the precipitation rate are shown in Fig. 6a. The band of WCB ascent aligns well with an elongated band of precipitation,

with the most intense precipitation located in its center (> 4mm h� 1). No signi�cant precipitation occurs at this moment in

the emerging cyclone center. Twelve hours later (Fig. 6b), the region of WCB ascent has moved eastward, and the cyclone

has intensi�ed. The WCB ascends along the elongated cold front as well as close to the cyclone center. The most intense360

precipitation still occurs along the cold front, but weak precipitation also forms near the cyclone center. Weak precipitation

along the cyclone's warm front, south of Ireland, is not associated with the WCB ascent. A day later (Fig. 6c), the cyclone has

intensi�ed noticeably while moving northeastwards. The WCB ascent mask (de�ned by trajectories shown in Fig. 5b) reaches

from around 40� N to 65� N and coincides with the cyclone's cold front. The northwestward extension of the WCB ascent mask

at high latitudes indicates the split of the WCB as illustrated in Fig. 5b. The majority of precipitation is still formed along the365
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