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Abstract. Warm conveyor belts (WCBs) are coherent airstreams in extratropical cyclones, characterized by rapid ascent, in-
tense latent heating, and cross-isentropic flow, reaching upper-tropospheric levels in their outflow. The divergent outflow of the
WCB with low potential vorticity (PV) influences the upper-level PV distribution, thereby modifying the Rossby waveguide
and amplifying the non-linear flow evolution. For instance, the interactions of WCB outflows with the waveguide can initiate
block formation and Rossby wave breaking, potentially leading to high-impact weather events in the regions of the interaction
and downstream.

This study introduces a diagnostic approach to classify the combined WCB-waveguide flow patterns and the associated
waveguide disturbance into four distinct types: (i) weak/no interaction, (ii) ridge, (iii) block, and (iv) tropospheric cutoff
interactions. Using ERAS reanalysis data, we present the first systematic climatology (1980-2022) of these interaction types,
quantifying their frequency and environmental conditions. The Lagrangian method is based on five-day backward trajectories
from the upper tropospheric waveguide region, which fulfill typical WCB criteria. They are classified into four types based on
the presence of ridges, blocks, and cutoffs at their starting points. The method is applied globally and in all seasons, but this
paper focuses mainly on the Northern Hemisphere winter (DJF).

The WCB identification and interaction classification method is illustrated first for previously documented cases of WCB
outflows associated with waveguide disturbances. The climatological analysis in DJF shows that tropospheric WCB outflows
most frequently lead to ridge interaction (58.7%), followed by no interaction (27.7%), and rarely proceed to block and cutoff
interactions (9.7% and 3.9%, respectively), with each interaction type occurring in preferred regions. The climatology high-
lights that the latitude of the WCB outflow clearly differs between the interaction types, whereas the latitudinal distribution of
the WCB inflow is fairly similar across the four types. As the amplitude of the waveguide disturbance increases from type (i)
to (iv), the associated WCB outflows occur further poleward and westward, have a stronger negative PV anomaly, and reach
lower pressure levels. The preceding and prevailing ambient large-scale flow conditions also significantly differ between the
interaction types, indicating the large influence of the synoptic flow situation on how WCBs and the upper-level waveguide in-
teract with each other. Weak/no interactions occur in situations with weak synoptic activity and an undisturbed zonally oriented

waveguide, while the other interaction types are typically preceded by upper-level ridges and strong synoptic activity.
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1 Introduction

The evolution of midlatitude weather is regulated predominantly by Rossby waves, the jet stream, and the life cycles of cyclones
and anticyclones. Rossby waves propagate along typically zonal bands of strong meridional potential vorticity (PV) gradients,
known as waveguides that co-align with the jet streams (Hoskins and Ambrizzi, 1993; Schwierz et al., 2004b). The evolution of
Rossby waves along the waveguides and the associated PV anomalies interact with the surface baroclinicity and modulate the
genesis and evolution of low and high-pressure systems (Hovmoller, 1949; Hoskins et al., 1985) and extreme weather events
in the extratropics (Wirth and Eichhorn, 2014; Rothlisberger et al., 2016a; Fragkoulidis et al., 2018; Rothlisberger et al., 2019).

The upper-level flow is substantially modified by strong diabatically induced divergent outflows, potentially leading to
strongly amplified and persistent wave perturbations that favor surface weather extremes (Screen and Simmonds, 2014; Galfi
and Messori, 2023). Research in the last decades has placed considerable focus on understanding the influence of diabatic
processes in shaping the dynamics of upper-level flows and extratropical cyclones, as reviewed in detail by Wernli and Gray
(2024, in particular their Sect. 4.1.6 and 5.5). Early foundational studies (e.g., Atlas, 1987; Hoskins and Berrisford, 1988;
Davis et al., 1993) discussed the potential influence of latent heat release on the intensity of upper-level ridges downstream of
cyclones. Later studies built on these findings and analyzed the initiation and modulation of midlatitude Rossby wave patterns
by diabatic outflows of warm conveyor belts (WCBs, Massacand et al. 2001; Rothlisberger et al. 2018) and transitioning
tropical cyclones (Grams and Archambault, 2016; Riboldi et al., 2018). Other studies emphasized the contributions of WCBs
to midlatitude forecast uncertainty (Rodwell et al., 2013; Gray et al., 2014; Martinez-Alvarado et al., 2016; Grams et al., 2018;
Sanchez et al., 2020; Pickl et al., 2022). The interaction of WCB outflows with upper-level Rossby waves constitutes the theme
of this study, which, for the first time, aims to systematically identify the different types of WCB-waveguide interactions, i.e.,
the co-occurrence of WCB outflows with various waveguide disturbances, and quantify their characteristics.

WCBs are coherent moist airstreams in extratropical cyclones, characterized by intense cross-isentropic ascent from the
boundary layer to the upper troposphere and the subsequent divergent outflow in the region of the waveguide (Browning and
Roberts, 1994; Wernli, 1997; Eckhardt et al., 2004). Along their ascent, they experience a substantial increase in potential
temperature and decrease in specific humidity, leading to cloud formation and often intense surface precipitation (Wernli and
Davies, 1997; Joos and Wernli, 2012; Madonna et al., 2014). From a potential vorticity (PV) perspective (Hoskins et al., 1985),
the latent heat release leads to diabatic PV generation in the lower troposphere and PV destruction in the upper troposphere,
respectively. Consequently, the net change in PV along WCB trajectories is nearly zero, with the average PV of the outflow
essentially equal to that of the inflow (Wernli and Davies, 1997; Madonna et al., 2014; Methven, 2015). However, the cross-
isentropic mass transport allows the outflow to reach high isentropic levels, resulting in anomalously low PV in WCB outflows
in the upper troposphere, relative to their surroundings. WCB outflows, therefore, often signify intense negative upper-level
PV anomalies, with a strong potential to influence the downstream flow (Schemm et al., 2013; Madonna et al., 2014).

An essential motivation for this study is the fact that past studies reported different synoptic-scale flow structures for WCB
outflows and their interaction with the upper-level waveguide. These structures include ridges, blocks, and tropospheric cutoffs,

as summarized in the following. The low-PV WCB outflow often enters and expands a pre-existing downstream ridge (Pom-
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roy and Thorpe, 2000; Schemm et al., 2013). Through ridge ampli cation or ridge building, the diabatic WCB out ow also
de ects the waveguide poleward and elevates the tropopause (Methven, 2015; Saf n et al., 2021). These synoptic ow condi-
tions, induced by the diabatic divergent out ow, can serve as dynamical precursors of high-impact weather events downstream
(Massacand et al., 2001; Martius et al., 2008) and initiate the downstream development of baroclinic Rossby wave packets
(Grams and Archambault, 2016; Réthlisberger et al., 2018). WCB out ows can also play a crucial role in the formation, ampli-
cation, or maintenance of atmospheric blocks, in uencing their intensity and lifespan (Pfahl et al., 2015; Steinfeld and Pfahl,
2019; Steinfeld et al., 2020; Kautz et al., 2022). The study by Steinfeld and Pfahl (2019) highlighted the signi cance of latent
heating during the onset of blocking events and found that over 50% of the air parcels that contribute to a block experienced
median heating of 12.5K in the preceding seven days. Persistent ow features like blocks can contribute to extreme weather,
such as heat waves (Pfahl et al., 2015; Zschenderlein et al., 2020) and cold spells (Sillmann et al., 2011). In addition to WCB
interactions with ridges and blocks, it was reported that WCB out ows can also play a role in the formation of Arctic polar
anticyclones (tropospheric PV cutoffs), which in turn affect sea-ice variability over the Arctic (Wernli and Papritz, 2018). And
nally, it is important to note that strong diabatic out ow does not always lead to strong ridge building and, in cases with a
particularly strong jet, can be rapidly advected downstream without disturbing the waveguide (Riboldi et al., 2018). This brief
summary signi es that the co-evolution of WCBs and Rossby wave dynamics varies greatly, and the nature of their interaction
signi cantly in uences local and downstream weather conditions. Nevertheless, a comprehensive climatological analysis that
systematically examines all dimensions of WCB-waveguide interactions is still missing.

To address the aforementioned open aspects regarding the WCB-waveguide interactions, the present study develops a methc
to systematically identify these interactions to establish a global climatology and investigate their dynamics. From the above
summary, it can be inferred that it is meaningful to consider four types of interactions between the WCB out ow and the upper-
level waveguide: (a) weak or no interaction, where the waveguide remains fairly unperturbed, (b) formation or ampli cation
of an upper-level ridge, (c) formation or ampli cation of an atmospheric block, or (d) formation of a tropospheric PV cutoff.
This study objectively identi es and characterizes these four interaction types, and addresses the following research questions:

(i) What is the relative frequency of the four interaction types, and where do they occur relative to the climatological

waveguide?
(i) How do the WCB characteristics differ between the interaction types?
(iif) How do ambient ow structures and WCB out ow characteristics together shape the type of waveguide interaction?
(iv) Is there seasonal and/or hemispheric variability in WCB-waveguide interaction types?

Accordingly, this paper is organized as follows. Section 2 discusses data and methods used to identify the ow features and
categorize the WCB-waveguide interactions. The approach is then applied to four cases from the literature to illustrate the use-
fulness of the developed method. Section 3 presents the climatological frequencies of these interaction types, also considerin
their variations across seasons and hemispheres. The properties of WCB trajectories involved in the distinct interactions are
analyzed in Sect. 4. The characteristics of ambient synoptic ow conditions for various interactions that occurred during boreal
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Figure 1. The climatological frequency of occurrence of weather features in RJFidges,(b) blocks, (c) tropospheric cutoffs, anft)
WCBs at end-of-ascent. The black contours illustrate in (a-c) the climatological mean waveguide (i.e. the 2 PVU contour averaged for the
four isentropes selected for DJF) and in (d) the 95th percentile of the WCB start-of-ascent frequency. Note the different contour intervals.

winter are systematically considered in a composite analysis in Sect. 5. Finally, a summary of the key results and an outlook
for future study are given in Sect. 6.

2 Data and methods

The study is based on 43 years (1980-2022) of ERAS reanalysis data (Hersbach et al., 2020) developed by the European Cente
for Medium-Range Weather Forecasts (ECMWF). The hourly model-level data is interpolated from the original T639 spectral
resolution to a 0.5x 0.5 horizontal grid. The ERA5 dataset is used to compute various features and variables that represent

the ambient upper-level ow situation and synoptic-scale features, as explained in the following subsections.
2.1 Weather system identi cation and calculation of other variables

The proposed classi cation of WCB-waveguide interactions into the four types (i) no or weak interaction, (ii) ridge, (iii)
block, and (iv) tropospheric cutoff interactions, requires the identi cation of WCBs and of the potentially involved upper-level
weather systems (ridges, blocks, and tropospheric cutoffs). These weather systems are computed as two-dimensional feature
based on isentropic or vertically averaged elds of absolute PV or PV anomalies (Sprenger et al., 2017).
For the identi cation of ridges, PV anomalies are calculated on isentropic levels, from 305 to 350K (at 5K intervals), as
deviations from the 15-day running mean. Subsequently, the regions with PV anomalies les$ Bddd (potential vorticity
unit, 1PVU =10 ®m?s 1Kkg !) in the Northern Hemisphere (NH) and with absolute PV values less than 2PVU are
classi ed as upper-level tropospheric ridges on the considered isentropes. Upper-level blocks are identi ed as regions with a
vertically averaged negative PV anomaly (between 150 and 500 hPa, anomalies relative to 30-day running mean) that exceed
1:3PVU in the NH and persists for a minimum of 5 days (Schwierz et al., 2004a; Croci-Maspoli et al., 2007). Even though
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identi ed from a two-dimensional eld, the blocking region is considered valid on all isentropes from 305 to 350K. Lastly,
tropospheric PV cutoffs are detected on isentropic levels as isolated regions of PV values less than 2 PVU enclosed within the
stratosphere (PV > 2 PVU) in the NH (Wernli and Sprenger, 2007; Sprenger et al., 2017). The same logic is applied in the
Southern Hemisphere (SH) with suitably adapted PV threshold conditions.

With the approach described above, the weather features are available on isentropes from 305 to 350K, every 5 K. However,
the algorithm used for the WCB-waveguide interaction classi cation uses four speci c levels that vary by month, as explained
in the following subsection. It is important to mention that even on a given isentrope, the weather features may overlap; for
instance, the region identi ed as a tropospheric cutoff can also be part of a block and/or a ridge (Fig. 2b below). This will have
implications for classifying and attributing interaction types (see Sect. 2.3).

For calculating the climatological frequency of the three weather features, a feature is considered to exist at a specic
location and time if it is present at any of the considered isentropes. In DJF, ridges are primarily identi ed near the mid-latitude
waveguide (around 35-6Hl), with a gradual frequency decrease towards the pole and a steep decrease on the equatorward
side of the waveguide (Fig. 1a). Frequency maxima exceeding 50% span from the eastern North Paci ¢ to western Europe.
In Fig. 1, the climatological mean waveguide is shown as the climatological mean 2 PVU contour of the PV averaged over
the selected isentropic levels. The climatological frequency of blocks (Fig. 1b) agrees well with previous studies that used the
same identi cation method but other reanalyses (Croci-Maspoli et al., 2007; Sprenger et al., 2017), with two maxima exceeding
10% over the western North Paci ¢, south of Alaska, and over the North Atlantic, south of Greenland, 50th&@ N. The
tropospheric cutoff climatology (Fig. 1c) exhibits two maxima (again exceeding values of 10%): one over the western Arctic
ocean and the Chukotka peninsula6@t 80 N and the other over Central Asia at ab@@ N. The cutoff climatology is
comparable to the superposition of the tropospheric cutoff climatologies at 300—330 K by Wernli and Sprenger (2007, their
Fig. 5). Blocks and tropospheric cutoffs occur almost exclusively poleward of the climatological waveguide. The primary
occurrence regions of these features change considerably across seasons in the NH (Fig. S1) and comparably less in the S
(Fig. S2).

Another variable, which we will use in the last part of this study to quantify synoptic-scale activity, is the eddy kinetic
energy (EKE), calculated &8KE =1 =2(u® + v®), whereu® andvC are the 10-day high-pass ltered zonal and meridional

wind components at 250 hPa.
2.2 WCB identi cation

The Lagrangian analysis of air parcels in the upper troposphere, which are associated with the different ow features, can pro-
vide comprehensive information about their origin and evolution. In this study, we focus on the air parcels near the waveguide,
which ascended to the upper troposphere as part of a WCB in the previous ve days. To identify WCB out ow air parcels in
the upper troposphere, ve-day backward trajectories are computed from the vicinity of the waveguide, using the Lagrangian
analysis tool LAGRANTO (Wernli and Davies, 1997; Sprenger and Wernli, 2015) and ERAS5 three-dimensional wind elds.
Aside from the trajectory position (longitude, latitude, pressure), variables such as potential temperature, PV, and specic

humidity are also traced along the trajectories. The starting regions for the backward trajectories are chosen such that they



Figure 2. Example illustrating the Lagrangian analysis method to identify the four types of WCB-waveguide interactions at 00 UTC on 03
January 2016. The red and yellow contours represent the instantaneous and 30-day running mean waveguides (2 PVU isolines on 315K)
respectively. Green dots ifa) show the selected starting points on this isentrope for the ve-day backward trajectory calculatfoh. In

regions identi ed as ridges, blocks, and tropospheric cutoffs are indicated with orange, light green, and blue shading, respectively. Dots
in (b) show starting points of backward trajectories that satisfy the WCB ascent criterion, with the color indicating the interaction type:
no-interaction (purple), ridge (orange), block (green), and cutoff (blue). Grey dots indicate stratospheric WCB air parcels, which are not

included in the analysis.

capture the regions where the WCB out ows are close to the Rossby waveguide, de ned as the 2 PVU isoline on isentropes
145 (Martinez-Alvarado et al., 2016; Réthlisberger et al., 2016b; Wirth et al., 2018). Therefore, the vertical levels of the starting
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points depend on the climatologically preferred out ow levels reached by WCB trajectories. More speci cally, the following
criteria served to de ne the 6-hourly varying starting region (horizontal and vertical) for calculating the backward trajectories.

For the vertical re nement of the starting points, the monthly distribution of the isentropic level of the WCB out ows
is analyzed separately for both hemispheres. For every WCB trajectory identi ed in the ERA5-based WCB climatology of
Heitmann et al. (2024), the out ow isentropic level where the minimum pressure is attained along the WCB ascent is identi ed.
As inferred from these climatological monthly distributions (Fig. S3), the WCB out ow varies seasonally in both hemispheres,
with out ows reaching higher isentropes in summer (on average 335 K) than in winter (315 K). For our analysis, the vertical
levels for starting the backward trajectories in each month and hemisphere are determined by the median isentropjc level (
Table S1) reached by the WCB out ows, and two isentropes below and one above this lev&lK, 5K,and +5K.

Using these four isentropic starting levels enables us to capture most of the WCBs along the ve-day backward trajectories.

For the horizontal re nement of the starting points, we use an approach that can cope with the complex geographical
variability of the waveguide and Rossby wave patterns. First, the mean waveguide, de ned as the 30-day running mean 2 PVU
isoline on the level, is identi ed (Fig. 2a, yellow contour). This waveguide retains variability on scales larger than the
synoptic scale and is, due to the time averaging, much smoother than the instantaneous waveguide, de ned as the instantaneol
2PVU isoline on the same isentrope (Fig. 2a, red contour). The instantaneous waveguide exhibits large deviations from the
mean waveguide, associated with troughs and ridges, and stratospheric and tropospheric PV streamers and cutoffs (Wernli an
Sprenger, 2007). Regions where the instantaneous waveguide is poleward of the mean waveguide have negative PV anomalie
and these regions are primary candidates for being associated with WCB out ows. Consequently, we chose the starting points
of the backward trajectories poleward of the mean waveguide on the four selected isentropes, watfuatdrward buffer
(dark green dots in Fig. 2a). The buffer serves to also capture the WCB out ow that does not strongly perturb the waveguide and
is mainly advected downstream. The ve-day backward trajectories are started every six hours during the period 1980-2022
on an equidistant grid (x =30 km) in the horizontal region and on the monthly varying isentropes as described above.

To identify the WCB trajectories, the criterion of a 600 hPa ascent within a period of 48 h (Wernli and Davies, 1997; Madonna
et al., 2014) is applied to any 48-h segment along the ve-day backward trajectories. The colored dots in Fig. 2b mark the
starting points of the ve-day backward trajectories that ful Il the WCB criterion. These trajectories are referred to in the
following as WCB trajectories. Note that they extend over ve days, and the WCB ascent can occur during any two-day time
window during this ve-day period. All other trajectories, i.e., those that do not meet the WCB criterion, are disregarded for
further analysis in this study. For each WCB trajectory, we identify four distinct time instances (Fig. 3) as follows:

i) Point-of-interaction: the starting point of the WCB backward trajectory is referred to as the “point-of-interaction' of that
trajectory (green dot in Fig. 3). This corresponds to the colored dots in Fig. 2b.

i) End-of-ascent: the rsttime (orange dot in Fig. 3), looking backward in time, that satis es the WCB ascent criterion in
the previous 48-h time window (red box). This marks the time when the WCB ends its ascent, and we consider this to be

time zero for the WCB out ow.
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iii) Mid-ascent: the rst time (red dot), again looking backward in time, when the trajectory's pressure is equal to or less
than 600 hPa.

iv) Start-of-ascent: the rsttime (blue dot), again looking backward in time, within the 48-h window from the end-of-ascent,

when the pressure difference relative to end-of-ascent exceeds 600 hPa.

By design, the point-of-interaction and the end-of-ascent can be identical. We refer to the time difference between the
interaction point and the end-of-ascent as the age of the WCB out ow at the interaction point, with a smaller age representing
a fresh out ow and a larger age representing an old out ow. As shown later, the age of the out ow can vary strongly between
different WCB-waveguide interaction events. In our study, the point-of-interaction is de ned to capture not only the immediate
forcing (e.g., via its divergent out ow) near the end-of-ascent but also the subsequent co-evolution of WCB-induced PV
anomalies within the waveguide ow. While the end-of-ascent marks the peak of diabatic forcing, the interaction continues as
the negative PV anomalies of the WCB out ow evolve while being advected by the ambient ow, modifying the larger-scale
circulation. Thus, the point-of-interaction re ects the stage of co-evolved WCB out ow-waveguide structures such as ridges,
blocks, and cutoffs. By focusing on this later phase, we aim to characterize the full scope of WCB—waveguide interactions,
beyond the initial forcing. It should be noted that, at this stage, direct diabatic forcing may have ceased and the WCB parcels
may be largely passively advected; thus, the interactions examined in this study do not imply a one-directional causality.

The de nitions of start-of-ascent, mid-ascent, and end-of-ascent in this study are in qualitative agreement with the concepts
of WCB in ow, ascent, and out ow in previous climatological studies (Stohl, 2001; Eckhardt et al., 2004; Madonna et al.,
2014; Heitmann et al., 2024). The main regions of end-of-ascent in our climatology (Fig. 1d) are very similar to those of
the WCB out ows in Heitmann et al. (2024, their Fig. 2e) and of the WCB trajectory positions after 48 h in Madonna et al.
(2014, their Fig. 4f), with maxima over the central and eastern parts of the North Paci ¢ and North Atlantic, respectively. The
mid-ascent regions are comparable to the ascent climatology by Heitmann et al. (2024, their Fig. 2c). And the start-of-ascent
regions (Fig. 1d, black contours) correspond with the in ow regions in Heitmann et al. (2024, their Fig. 2a) and the starting
regions of forward WCB trajectories in the climatology by Madonna et al. (2014, their Fig. 4d). These favorable comparisons
reveal the robustness of our method, which is based on backward trajectory calculations from near the waveguide, in effectively
identifying the majority of WCBs.

2.3 Attribution of WCB-waveguide interaction type

As the essential last step of our algorithm, for each WCB trajectory, the category of interaction is determined according to the
upper-level weather features (if any) that occur at the geographical location and on the isentropic level of the trajectory's starting
point (see colored dots in Fig. 2b and green dot in the schematic Fig. 3). If the starting point, i.e., the point-of-interaction, does
not intersect with any feature, the WCB trajectory is classi ed as a "no interaction' type. A hierarchy from “no interaction' to
‘ridge' to “block' to “cutoff' is followed when classifying the trajectories. For instance, if the starting point of a WCB trajectory

is collocated with both a ridge and a cutoff (i.e., if these features overlap), then, following the hierarchy, this trajectory will

be classi ed as a cutoff interaction type. The hierarchical framework can be interpreted as a progression in ridge ampli cation
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Figure 3. Schematic to introduce distinct WCB trajectory phases for a single ve-day backward trajectory that ful lls the WCB criterion
during the 48-hour time window indicated by the red box. The green dot denotes the starting point of the backward trajectory, which is also
referred to as the “point-of-interaction' (POI) of the WCB with the waveguide. The other dots denote the end-of-ascent (EOA, orange), the

mid-ascent (MidA, red), which is when the trajectory crosses the 600-hPa level, and the start-of-ascent (SOA, blue).

and wave-breaking intensity (cutoff interactions are considered the most “intense' as they involve non-linear Rossby wave
breaking), and such an approach allows for a consistent categorization of each WCB trajectory and ensures mutual exclusivity
of the types. The term “interaction intensity' is used hereafter, as a conceptual term capturing this hierarchy.

In few cases, WCB trajectories occur with starting points in the stratosphere, i.e., with PV values greater than 2 PVU in
the NH (grey dots in Fig. 2b), indicating instances of troposphere-to-stratosphere transport within the WCB out ow (Wernli
and Bourqui, 2002). These trajectories are explicitly excluded from the analysis, even if previously attributed to one of the
interaction categories, since they fall outside the scope of this study. Nevertheless, the interested readers can nd an overview
of these events in the supplementary Fig. S4.

2.4 Interaction examples

Before the method introduced above is applied climatologically, we revisit four well-documented WCB case studies from the
literature and visualize the classi cation of the WCB-waveguide interaction for these examples.

Figure 4a shows an event of rapid frontal wave cyclogenesis in the North Atlantic with an intense WCB and the formation
of a coherent PV tower in the mature stage of the cyclone (Wernli, 1997; Rossa et al., 2000; Heitmann et al., 2024). At the
time shown, the mature cyclone is located near Iceland, and the WCB out ow lIs part of the large downstream ridge over
northern Europe, in particular its westward extension towards Greenland. These WCB air parcels are classi ed as having ridge
interaction (orange dots), with most of the air parcels very close to the cyclone center, consistent with the previous ndings of
a prominent cyclonic WCB branch associated with this cyclone (Heitmann et al., 2024). The WCB contribution to the ridge
ampli cation is consistent with the previous studies that emphasized the strong negative PV anomaly in its out ow. Further






