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Abstract. Warm conveyor belts (WCBs) are strongly ascend-
ing, cloud- and precipitation-forming airstreams in extratrop-
ical cyclones. The intense cloud-diabatic processes produce
low-level cyclonic potential vorticity (PV) along the ascend-
ing airstreams, which often contribute to the intensification
of the associated cyclone. This study investigates how cli-
mate change affects the cyclones’ WCB strength and the im-
portance of WCB-related diabatic PV production for cyclone
intensification, based on present-day (1990–1999) and future
(2091–2100) climate simulations of the Community Earth
System Model Large Ensemble (CESM-LE). In each period,
a large number of cyclones and their associated WCB tra-
jectories have been identified in both hemispheres during the
winter season. WCB trajectories are identified as strongly as-
cending air parcels that rise at least 600 hPa in 48 h. Com-
pared to ERA-Interim reanalyses, the present-day climate
simulations are able to capture the cyclone structure and the
associated WCBs reasonably well, which gives confidence in
future projections with CESM-LE. However, the amplitude
of the diabatically produced low-level PV anomaly in the
cyclone centre is underestimated in the climate simulations,
most likely because of reduced vertical resolution compared
to ERA-Interim. The comparison of the simulations for the
two climates reveals an increase in the WCB strength and
the cyclone intensification rate in the Southern Hemisphere
(SH) in the future climate. The WCB strength also increases
in the Northern Hemisphere (NH) but to a smaller degree,
and the cyclone intensification rate is not projected to change
considerably. Hence, in the two hemispheres cyclone intensi-
fication responds differently to an increase in WCB strength.
Cyclone deepening correlates positively with the intensity of
the associated WCB, with a Spearman correlation coefficient

of 0.68 (0.66) in the NH in the present-day (future) simula-
tions and a coefficient of 0.51 (0.55) in the SH. The num-
ber of explosive cyclones with strong WCBs, referred to as
C1 cyclones, is projected to increase in both hemispheres,
while the number of explosive cyclones with weak WCBs
(C3 cyclones) is projected to decrease. A composite analysis
reveals that in the future climate C1 cyclones will be associ-
ated with even stronger WCBs, more WCB-related diabatic
PV production, the formation of a more intense PV tower,
and an increase in precipitation. They will become warmer,
moister, and slightly more intense. The findings indicate that
(i) latent heating associated with WCBs (as identified with
our method) will increase, (ii) WCB-related PV production
will be even more important for explosive cyclone intensifi-
cation than in the present-day climate, and (iii) the interplay
between dry and moist dynamics is crucial to understand how
climate change affects cyclone intensification.

1 Introduction

In extratropical cyclones, most of the cloud and precipitation
formation occurs in so-called warm conveyor belts (WCBs;
e.g. Harrold, 1973; Browning, 1990; Wernli and Davies,
1997). WCBs are coherent airstreams that originate in the
cyclone’s warm sector and rapidly move poleward while as-
cending to the upper troposphere. They form elongated cloud
bands with warm clouds in their inflow, mixed-phase clouds
at mid-levels, and ice clouds in the upper troposphere (Joos
and Wernli, 2012; Wernli et al., 2016; Binder et al., 2020).
The intense cloud-diabatic processes within the ascending

Published by Copernicus Publications on behalf of the European Geosciences Union.



20 H. Binder et al.: Role of warm conveyor belts for cyclone intensification in climate simulations

airstreams modify potential vorticity (PV) in the atmosphere
(Wernli and Davies, 1997; Madonna et al., 2014). In the
WCB outflow in the upper troposphere, diabatic PV reduc-
tion results in negative PV anomalies, which can influence
the synoptic- and large-scale flow (Wernli, 1997; Pomroy and
Thorpe, 2000; Grams et al., 2011) and contribute to the for-
mation and amplification of forecast errors (e.g. Madonna
et al., 2015; Martínez-Alvarado et al., 2016; Grams et al.,
2018; Binder et al., 2021). In the lower troposphere, diabatic
PV production generates positive PV anomalies that can con-
tribute to the intensification of the associated cyclone (Davis
and Emanuel, 1991; Stoelinga, 1996; Binder et al., 2016).
In particular, diabatic PV production within the WCB is cru-
cial for many explosively intensifying cyclones (Binder et al.,
2016). So far, it is unclear how global warming affects the cy-
clones’ WCB strength and the importance of WCB-related
diabatic PV production for cyclone intensification.

The response of extratropical cyclones to global warming
is uncertain and a topic of ongoing research (see, for exam-
ple, the reviews by Ulbrich et al., 2009; Shaw et al., 2016;
Catto et al., 2019). Multiple partly opposing mechanisms are
considered to affect the intensity, frequency, and geographi-
cal distribution of cyclones in a future climate: (i) the atmo-
spheric moisture content is expected to increase in a warmer
climate as a consequence of the Clausius–Clapeyron relation
(Held and Soden, 2006); (ii) the lower-troposphere baroclin-
icity is expected to decrease in the Northern Hemisphere
(NH) because of the enhanced Arctic warming compared
to lower latitudes, in particular during the winter season,
whereas in the Southern Hemisphere (SH) it is expected to
increase (Harvey et al., 2014); and (iii) the upper-troposphere
baroclinicity is expected to increase in both hemispheres in
response to a warming of the tropical upper troposphere and
a cooling of the polar stratosphere (Collins et al., 2013).
These different mechanisms can interact with and counteract
each other in a complex way and make predictions of future
changes in the characteristics of extratropical cyclones chal-
lenging. For instance, the increase in the atmospheric mois-
ture content leads to an increase in the latent heating rate,
which may produce more intense cyclones via an enhance-
ment of the low-level cyclonic PV. However, the increased
latent heating is also expected to lead to enhanced poleward
and upward energy transport, which could in turn decrease
the horizontal baroclinicity and the vertical stability of the
atmosphere and thereby have a dampening effect on cyclone
strength (Catto et al., 2019).

Projections of changes in cyclone properties in a warmer
and moister climate depend on the choice of the model,
the region, the season, and the variables examined (Ulbrich
et al., 2009; Catto et al., 2019). Also, when considering cli-
mate change effects on simulated cyclones, it is important
to first assess the reliability of the simulated cyclone struc-
ture and associated precipitation by comparison with clima-
tological results based on reanalyses (e.g. Catto et al., 2010;
Hawcroft et al., 2016; Booth et al., 2018). Regarding ef-

fects of global warming, idealized baroclinic lifecycle exper-
iments by Booth et al. (2013) showed that increased atmo-
spheric moisture enhances the cyclone’s intensification rate,
minimum central pressure, surface winds, and precipitation
if the background baroclinicity is not changed. However, in
the idealized simulations by Tierney et al. (2018), the cyclone
intensities only increased up to a certain temperature thresh-
old beyond which they decreased again. This response to in-
creased temperature and moisture was also found when the
baroclinicity was reduced or increased at the same time. Also
Pfahl et al. (2015) and Büeler and Pfahl (2019) documented
a non-monotonic response of the median cyclone intensity –
measured in terms of minimum central pressure and relative
vorticity – to temperature and moisture increases in idealized
aquaplanet simulations, with the maximum values at temper-
atures slightly above the current climate. They explained this
non-monotonic behaviour with partly compensating changes
in diabatic PV generation, baroclinicity, vertical stability, and
the tropopause height. In contrast to the moderately intense
cyclones, the low-level relative vorticity of the most extreme
ones continued to intensify with increasing temperature and
moisture. These cyclones were associated with a consider-
ably stronger enhancement of the latent heating and of the
diabatically produced low-level PV anomaly than the mod-
erate cyclones, which overcompensated for the reduction in
baroclinicity. In the intense cyclones, both studies also re-
ported an increase in cyclone-related precipitation in warmer
climates and, in Büeler and Pfahl (2019), an increase in the
near-surface wind speeds that could be related to the in-
crease in the latent heating. Also based on aquaplanet sim-
ulations, Sinclair et al. (2020) found no future changes in
the median intensity of the cyclones, as measured in terms
of low-level vorticity, and a decrease in their number. The
most intense cyclones, on the other hand, increased in num-
ber, and they were associated with stronger ascent, low-level
PV production and precipitation, and a downstream shift in
the diabatic PV anomaly relative to the cyclone centre. Sim-
ilarly, Kirshbaum et al. (2018) and Rantanen et al. (2019)
did not find any increases in cyclone intensity, measured in
terms of eddy kinetic energy, with increasing temperature
and enhanced diabatic heating. As in Sinclair et al. (2020),
the diabatically produced warm-front PV anomaly shifted
further downstream in a warmer climate, which led to an
unfavourable phasing with the dry upper-level PV anomaly.
Thus, in these simulations latent heating rather had a damp-
ening effect on the cyclone evolution. The different studies
show that even in idealized settings, the response of the cy-
clones to rising temperatures is not unambiguous and de-
pends on the background state, the exact changes in tempera-
ture and moisture, and the complex interactions between dry
and moist dynamics. It is therefore not surprising that an ad-
equate prediction of future changes in cyclone dynamics is
even more challenging in fully coupled climate models.

Climate models typically project a small reduction in the
total number of cyclones in a future climate in both hemi-
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spheres (e.g. Bengtsson et al., 2009; Mizuta et al., 2011;
Zappa et al., 2013; Grieger et al., 2014; Dolores-Tesillos
et al., 2022; Priestley and Catto, 2022). The deepest cy-
clones, on the other hand, are projected to increase in num-
ber in the SH (Grieger et al., 2014; Chang, 2017; Priestley
and Catto, 2022). In the NH, there is less consensus on how
their number will change, with some studies indicating a de-
crease (Zappa et al., 2013; Seiler and Zwiers, 2016; Chang,
2018) and others an increase (Mizuta et al., 2011; Priest-
ley and Catto, 2022). In terms of intensity, a recent analy-
sis of Coupled Intercomparison Project 6 (CMIP6) models
projects an increase for the cyclones with peak low-level vor-
ticity in both hemispheres during the winter season (Priest-
ley and Catto, 2022), in agreement with the findings from
aquaplanet simulations (Pfahl et al., 2015; Büeler and Pfahl,
2019; Sinclair et al., 2020; Schemm et al., 2022). In extreme
winter cyclones, climate models also project an increase in
the wind speeds and in the area of strong winds in the cy-
clone’s warm sector (Dolores-Tesillos et al., 2022; Priestley
and Catto, 2022) and an amplification of the diabatically pro-
duced low-level PV anomaly (Dolores-Tesillos et al., 2022).
Furthermore, it is widely agreed that cyclone-related precip-
itation will increase with global warming both in moderate
and in intense cyclones as a result of the increased atmo-
spheric water vapour (Bengtsson et al., 2009; Hawcroft et al.,
2018; Raible et al., 2018). Finally, the storm track is expected
to shift poleward in the North Pacific during winter and in the
SH during both winter and summer (e.g. Yin, 2005; Bengts-
son et al., 2009; Priestley and Catto, 2022), which can largely
be explained by the increased latent heating and diabatic PV
production (Tamarin-Brodsky and Kaspi, 2017).

The idealized simulations as well as the climate model
studies demonstrate that the role of enhanced diabatic heat-
ing for cyclone development in a warming climate is not yet
fully understood. As the strongest diabatic heating in extrat-
ropical cyclones occurs in WCBs, the question arises of how
WCB-related diabatic PV production changes with global
warming. In an accompanying study by Joos et al. (2022),
a climatology of WCB trajectories has been calculated for
the first time in climate model simulations with the Commu-
nity Earth System Model Large Ensemble (CESM-LE; Kay
et al., 2015), and their geographical distribution, seasonal
frequency, and characteristics have been investigated in the
present-day and end-of-century climate. It was shown that
the present-day simulations are able to realistically capture
the geographical distribution and frequency of occurrence of
the WCBs in many regions. In the future simulations, overall
the WCB frequency maxima are located in similar regions to
in the present climate, but there are also some geographical
shifts, and the total number of WCB trajectories increases.
In regional WCB hotspots like the North and South Atlantic,
North Pacific, and Mediterranean, there is an increase in the
WCB inflow moisture and in the precipitation and the dia-
batic heating rate along the ascending trajectories, and the
maximum in the diabatic heating rate shifts upward.

The projected overall increase in the number of WCB tra-
jectories and in the diabatic heating rate along the trajectories
in a warmer climate potentially influences the development
of the associated cyclones. In this study, we use the same
WCB climatology as in Joos et al. (2022) and combine it
with a cyclone climatology to evaluate how WCBs and their
associated diabatic PV production affect cyclone intensifica-
tion in present-day and future CESM-LE simulations during
NH and SH winter. In addition to a climatological analysis
of all cyclones, we investigate potential future changes in
the characteristics of a subset of cyclones with particularly
strong WCBs and explosive deepening, referred to as C1 cy-
clones (see Binder et al., 2016). Specifically, the following
research questions are addressed:

1. Is CESM-LE able to capture the properties and structure
of extratropical cyclones and their associated WCBs
when compared to reanalysis data?

2. How will the WCB strength and the cyclone-deepening
rate change in a future climate according to the Repre-
sentative Concentration Pathway 8.5 (RCP8.5) emission
scenario, and how will the number of explosive cyclones
in general and those with strong WCBs change in the
two hemispheres?

3. How will climate change affect the importance of
WCB-related diabatic PV production for cyclone inten-
sification, and how will it affect the properties, structure,
and intensity of C1 cyclones?

Section 2 describes the climate model and reanalyses used
in the study, along with the methods to identify WCBs and
cyclones and to combine the two data sets. In Sect. 3, CESM-
LE is evaluated by comparing the present-day simulations
with reanalysis data. Section 4 presents results of future
changes in the WCB strength, cyclone-deepening rate, and
cyclone number and of future changes in the characteristics
of C1 cyclones. A summary and conclusions are provided in
Sect. 5.

2 Data and methods

2.1 Climate simulations and reanalysis data

The study is based on output from an initial condition ensem-
ble of the Community Earth System Model (CESM), version
1 (Hurrell et al., 2013). The ensemble data were created by
rerunning the CESM Large Ensemble (CESM-LE; Kay et al.,
2015) with restart files from the original simulations (see
Röthlisberger et al., 2020, for a detailed description). The re-
simulations were produced to obtain high-resolution three-
dimensional model-level output, such as wind fields, which
is required for the computation of WCB trajectories. The data
are available every 6 h at a horizontal resolution of 1.25◦ lon-
gitude by ∼ 0.9◦ latitude and on 30 vertical levels. Two time
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periods are simulated, 1990–1999 for the present-day climate
(hereafter referred to as CESM-HIST), which is based on his-
torical forcing (Lamarque et al., 2010), and 2091–2100 for
the future climate (hereafter referred to as CESM-RCP85),
based on the RCP8.5 emission scenario (Lamarque et al.,
2011; Meinshausen et al., 2011). Both time periods are simu-
lated with five ensemble members, which only differ by small
perturbations in the initial atmospheric temperature field. In
total, this yields 50 simulated years for each time period. The
data of this 50 years are analysed collectively; i.e. the ensem-
ble is used to enlarge the data sets for the considered 10-year
periods. The analysis is confined to the winter season in both
hemispheres, i.e. December–February for the NH and June–
August for the SH.

To validate the ability of CESM-LE to represent extra-
tropical cyclones and their associated WCBs, the present-
day simulations are compared to the corresponding fields
in ERA-Interim reanalyses of the European Centre for
Medium-Range Weather Forecasts (Dee et al., 2011) for the
period 1979-2014. The ERA-Interim data set is the same as
in Binder et al. (2016). The variables are available every 6 h
on 60 levels in the vertical, and they have been interpolated
from a spectral resolution of T255 to a 1◦ by 1◦ horizontal
grid. As for the CESM simulations, we restrict the analy-
sis to the winter season in both hemispheres. We note that
with our pragmatic approach of comparing several realiza-
tions of a 10-year period simulated with a coupled ocean–
atmosphere model, which produces for instance its own El
Niño–Southern Oscillation variability, with a longer time pe-
riod in the reanalyses, we cannot expect a perfect agreement.

2.2 Cyclone and WCB identification

Extratropical cyclones are identified based on the algo-
rithm of Wernli and Schwierz (2006) that has been refined
in Sprenger et al. (2017). Cyclones are defined as two-
dimensional features delimited by the outermost closed iso-
bar that encompasses a local sea level pressure (SLP) min-
imum or several minima. In addition, a tracking algorithm
determines for each SLP minimum the most probable contin-
uation among the minima identified 6 h later and thereby fol-
lows the cyclones from genesis to maturity to lysis. The anal-
ysis is restricted to cyclones with a lifetime of at least 48 h,
and to exclude tracks with unrealistic lifecycles, the pressure
difference between the outermost closed SLP contour and the
SLP minimum at the beginning of the track needs to be less
than 5 hPa (see Binder et al., 2016, for details). Furthermore,
we only consider cyclones located poleward of 25◦ N and S
during at least a 24 h interval to exclude tropical cyclones.

The identification of WCB trajectories is the same in ERA-
Interim and the CESM simulations and is described in detail
in Madonna et al. (2014) and Joos et al. (2022), respectively.
Using the Lagrangian analysis tool (LAGRANTO; Wernli
and Davies, 1997; Sprenger and Wernli, 2015), 48 h forward
trajectories are started every 6 h from a horizontally equidis-

tant grid with 1x = 80 km resolution and from vertically
equidistant (1p = 20 hPa) levels in the lower troposphere
(1050–790 hPa). To be selected as WCB air parcels, the tra-
jectories must undergo an ascent of at least 600 hPa within
48 h. In addition, their horizontal position must coincide with
the surface field of an extratropical cyclone at least once dur-
ing the 48 h. Note that we decided to use the same threshold
for ascent to identify WCB trajectories in both climate pe-
riods, despite the fact that the extratropical tropopause rises
slightly in the warmer climate (Joos et al., 2022).

A technical problem occurs at the end of the years: in
CESM, we treat each simulated year separately, such that the
trajectories are not able to cross the year end. This implies
that the last 4 d of each year is not included in the WCB cli-
matology. However, we expect that this only has a negligible
impact on the results.

2.3 Link between cyclone deepening and WCB
strength

To study the link between cyclone deepening and WCB
strength (as defined below), the WCB trajectories are as-
signed to cyclones. In ERA-Interim, each WCB trajectory
is assigned to the first cyclone with which it overlaps dur-
ing the 48 h ascent, as in Binder et al. (2016). In CESM-LE,
WCB trajectories located close to each other are first clus-
tered with a clustering algorithm similar to the one described
in Catto et al. (2015b). All trajectories in the cluster are at-
tributed to the same cyclone, namely the cyclone with which
the highest number of WCB trajectories overlap when they
are located between 850 and 500 hPa. Both in ERA-Interim
and in CESM-LE this yields for every cyclone during the
entire lifecycle the number of associated WCB trajectories
and their properties. As has been tested, the slightly different
procedures to link WCB trajectories with cyclones has only
a negligible influence on the results (not shown). Indeed, the
number of WCB trajectories per cyclone is very similar in
ERA-Interim and the present-day simulations of CESM-LE,
as will be discussed in Sect. 3.

Cyclone deepening is measured in bergeron units (Sanders
and Gyakum, 1980). Over each 24 h interval during a cyclone
lifecycle, the latitude-adjusted SLP deepening within 24 h is
calculated as follows:

1SLPB [bergeron] =
1SLP [hPa]

24h
·

sin(60◦)
sin(φ)

, (1)

where 1SLP is the change in the minimum SLP and φ rep-
resents the cyclone’s average latitude during the 24 h time
period. For each cyclone, 1SLPB over the next 24 h is cal-
culated every 6 h, and the deepening rate 1SLPB,max is then
determined as the largest value in1SLPB during the cyclone
lifecycle. Sanders and Gyakum (1980) defined explosively
intensifying cyclones (so-called “bombs”) as cyclones with a
deepening rate of more than 1 bergeron, which corresponds
to an SLP drop of more than 24 hPa in 24 h at 60◦ latitude.
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As in Binder et al. (2016), the cyclone’s WCB strength
is quantified by the number of WCB trajectories assigned
to that cyclone and located in the lower troposphere (p >
500 hPa) at any time during the 24 h of strongest deepen-
ing. We regard this as a useful measure of WCB strength, as
the number of trajectories is directly proportional to the La-
grangian mass transport that exceeds the 600 hPa threshold.
The trajectories do not necessarily need to be located within
the cyclone area during these 24 h, as they (or, for CESM-
LE, part of their cluster) can overlap with the cyclone area at
any time during their 2 d ascent. Since the WCB trajectories
were started from an equidistant grid (see Sect. 2.2), each
trajectory is associated with the same air mass; i.e. 1m≈
1
g
(1x)21p ≈ 1.3×1012 kg, with g = 9.81 m s−2. Thus, mul-

tiplication of the number of WCB trajectories with 1m

yields the WCB air mass.

3 Climate model evaluation

To have confidence in CESM-LE’s projections of extrat-
ropical cyclones and their associated WCBs in a warming
climate, the model needs to be able to correctly represent
them in the current climate. Joos et al. (2022) compared the
WCB climatology in CESM-HIST with ERA-Interim. They
showed that in most regions CESM-HIST is able to realis-
tically simulate WCBs in terms of their geographical distri-
bution, frequency of occurrence, and ascent behaviour. For
the North Atlantic, Raible et al. (2018) and Dolores-Tesillos
et al. (2022) showed that the model captures cyclone frequen-
cies and lifetimes relatively well. In this section, we evaluate
some further characteristics of WCBs, cyclones, and the link
between them in CESM-HIST and ERA-Interim. In CESM-
HIST, the results are based on the years 1990–1999. In ERA-
Interim, they are based on the years 1979–2014 as in Binder
et al. (2016), but the results are very similar when only con-
sidering the years 1990–1999 (not shown). Note that we do
not expect an exact agreement between ERA-Interim and
the climate simulations. The two data sets are based on two
different models, with, for instance, different spatial resolu-
tion and different parameterization schemes for subgrid-scale
processes. In addition, ERA-Interim only represents one pos-
sible realization of the present-day climate, whereas CESM-
HIST represents an ensemble with equally likely realizations
of the same decade.

CESM-HIST slightly underestimates the number of extra-
tropical cyclones per winter in the NH (132 cyclones per
winter in CESM-HIST vs. 141 cyclones in ERA-Interim) but
performs very well in the SH (136 cyclones in both data sets;
Table 1). Figure 1a shows, for NH winter, percentile curves
of the intensification rates of all cyclones (1SLPB,max), sep-
arately for CESM-HIST and ERA-Interim. Hereby, the curve
indicates the percentage of cyclones (with respect to the to-
tal number as indicated in Table 1) with a specific inten-
sification rate or lower. For instance, 90 % of the cyclones

Table 1. Number of wintertime extratropical cyclones in ERA-
Interim, CESM-HIST, and CESM-RCP85.

Number of cyclones NH SH
(total / per winter)

ERA-Interim (36 winter) 5069/141 4890/136
CESM-HIST (50 winter) 6578/132 6807/136
CESM-RCP85 (50 winter) 6424/128 6294/126

have a deepening rate ≤ 1.35 bergerons in CESM-HIST and
≤ 1.5 bergerons in ERA-Interim, while the remaining 10 %,
i.e. the 10 % most strongly deepening cyclones, have berg-
eron values above this threshold. The agreement between
CESM-HIST and ERA-Interim is very good up to approx-
imately the 70th percentile; for higher percentiles CESM-
HIST underestimates the intensification rates by about 0.1
to 0.3 bergerons. In the SH, the agreement is good for all
percentiles, with discrepancies around 0.05 bergerons or less
(Fig. 1b).

In Fig. 1c and d, percentile curves of the WCB strength
associated with the cyclones are displayed for NH and SH
winter, respectively. In both hemispheres, about half of the
cyclones do not have a WCB in ERA-Interim and CESM-
HIST, according to the criteria used in this study. For cy-
clones with WCB trajectories, CESM-HIST slightly over-
estimates the WCB strength for the highest percentiles, but
overall it performs remarkably well in reproducing the statis-
tical distribution of WCB strength.

Figure 2a shows for all NH winter cyclones in ERA-
Interim a two-dimensional phase space of the link between
WCB strength and the cyclone intensification rate, equiva-
lent to Fig. 1 in Binder et al. (2016). In Fig. 2c, the same is
shown for CESM-HIST. Consistently with Fig. 1, the deep-
ening rates of the most explosive cyclones are higher in
ERA-Interim. Otherwise, the cyclones are distributed fairly
similarly in the phase spaces in the reanalyses and the cli-
mate model. In both plots, the red and light green colours
reveal that most of the cyclones with no or few WCB tra-
jectories also experience a weak deepening. Dark green and
blue colours indicate that cyclones with a more intense WCB
typically deepen more strongly. The Spearman rank correla-
tion coefficient has the same value of 0.68 in ERA-Interim
and CESM-HIST, which corresponds to a moderate to strong
positive correlation between WCB strength and the cyclone
intensification rate. In the SH, the Spearman correlation co-
efficients are lower (0.46 in ERA-Interim and 0.51 in CESM-
HIST), but the distribution of the cyclones in the phase space
is also well captured by the climate model (Fig. 2b, d).

To assess whether CESM-HIST is able to adequately rep-
resent the structure and properties of extratropical cyclones
and the associated WCBs, we investigate the average fields of
a subset of cyclones with a compositing method. We restrict
our analysis to cyclones with particularly strong deepening
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Figure 1. Percentile curves of the (a, b) cyclone-deepening rates 1SLPB,max (bergeron) and (c, d) WCB strength associated with the
cyclones (measured by the WCB air mass at p > 500 hPa during the cyclone’s 24 h of strongest intensification, in 1015 kg) for all cyclones
in (a, c) NH winter and (b, d) SH winter. The curves are shown in solid lines for CESM-HIST and dashed lines for ERA-Interim.

and intense WCBs, referred to as C1 cyclones. The category
borders of the C1 cyclones are displayed in Fig. 2. They are
identical to those defined in Binder et al. (2016), i.e. explo-
sively deepening cyclones (> 1 bergeron) with a WCB inten-
sity of at least 2.78× 1015 kg (corresponding to 2130 WCB
trajectories). In ERA-Interim, this yields 500 C1 cyclones in
the NH, which corresponds to 9.9 % of the total cyclone num-
ber, and 330 C1 cyclones in the SH, corresponding to 6.7 %.
In CESM-HIST, the larger number of simulated years results
in more C1 cyclones (616 in the NH and 509 in the SH), but
the fraction from the total cyclone number is with 9.4 % and
7.5 %, respectively, very similar to the one in ERA-Interim.
The composites are created in the middle of the 24 h inter-
val of strongest cyclone intensification and centred at the lo-
cation of the SLP minimum.1 Note that here we are mainly
interested in the differences between CESM-HIST and ERA-
Interim; a detailed description of the structure and evolution
of the C1 composite cyclone in ERA-Interim for NH winter
can be found in Binder et al. (2016). Here we only show C1
composites for NH winter, but the findings are very similar
for SH winter.

Figure 3a and b show SLP, PV at 250 hPa, and the WCB
frequency of the composite cyclones for ERA-Interim and

1To ensure that all grid points are associated with a similar area,
prior to the compositing a coordinate transformation is performed,
whereby the cyclone centres are shifted to the Equator and 0◦ lon-
gitude and then the mean fields are calculated at these positions.

CESM-HIST, respectively. For ERA-Interim, the figure is al-
most identical to Fig. 7c in Binder et al. (2016). The min-
imum SLP has a value of about 988 hPa in ERA-Interim
and 987 hPa in CESM-HIST. In both the reanalysis and the
climate model, a cyclonically breaking upper-level distur-
bance is located to the west of the surface cyclone, with a
PV gradient of very similar magnitude. Low-level (upper-
level) WCB frequencies indicate the fraction of C1 cyclones
that have at least one WCB trajectory located at p > 500 hPa
(p < 500 hPa) at a specific position. The spatial distribution
of the frequencies agrees well between the reanalysis and the
climate model. In both cases, high low-level WCB frequen-
cies occur in the warm sector and above the warm front of the
composite cyclone, with maximum values of more than 80 %
close to the cyclone centre. The highest upper-level WCB
frequencies amount to about 60 % and are located slightly to
the north of the peak low-level values. Additionally shown
is the frequency of low-level WCB air parcels located be-
tween 900 and 700 hPa that reach high PV values above 1 pvu
(HLPV WCB frequencies, green contours), which highlights
the regions with the most pronounced WCB-related diabatic
PV production. The HLPV trajectories are co-located with
the cyclone centre, and their maximum frequencies amount
to approximately 65 % in ERA-Interim and 55 % in CESM-
HIST.

The potential temperature structure and the horizontal
temperature gradient at 850 hPa are very similar in ERA-
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Figure 2. Two-dimensional histograms showing for all (a, c, e) NH
and (b, d, f) SH winter cyclones in (a, b) ERA-Interim, (c,
d) CESM-HIST, and (e, f) CESM-RCP85 the cyclone intensifica-
tion rate 1SLPB,max (bin width= 0.1 bergerons) and the WCB
strength (bin width≈ 0.33× 1015 kg, corresponding to 250 WCB
trajectories). The colours specify the number of cyclones per bin.
The black lines mark the borders of categories C1, C2, and C3.

Interim and CESM-HIST (Fig. 3c, d). At upper levels in
both data sets, a jet streak is located southwest of the cy-
clone centre. Also the precipitation pattern agrees well be-
tween ERA-Interim and CESM-HIST, with non-zero values
in the entire warm sector (Fig. 3c, d). Maximum values near
the cyclone centre amount to 17 mm (6 h)−1 in ERA-Interim
and 16 mm (6 h)−1 in CESM-HIST. In both cases, they coin-
cide with the region of the strongest WCB-related PV pro-
duction (green contours in Fig. 3a, b). The higher maximum
precipitation values and HLPV WCB frequencies in ERA-
Interim are reflected in a deeper and more pronounced dia-
batically produced low-level PV anomaly, as evident in the
cross section across the cyclone centre (Fig. 3e, f). The max-

imum PV values in the cyclone centre reach about 1.5 pvu
in ERA-Interim and 1 pvu in CESM-HIST. This relatively
strong underestimation in the climate model, which also oc-
curs in the SH (not shown), could be associated with the
lower spatial resolution, in particular in the vertical (30 ver-
tical levels in CESM-LE compared to 60 in ERA-Interim),
as well as differences in the representation of moist pro-
cesses in the two parameterization schemes. At upper levels,
CESM-HIST represents the PV structure well, with a deep
trough upstream of the cyclone centre and a ridge down-
stream (Fig. 3e, f). During the subsequent hours, in both data
sets continuous WCB-related PV formation and a cyclonic
wrap-up of the disturbance at the tropopause contribute to
the further intensification of the composite cyclone, until 12 h
later, at the end of the strongest intensification phase, the
positive low- and upper-level PV anomalies align vertically
and form a troposphere-spanning PV tower (Hoskins, 1990;
Rossa et al., 2000; Badger and Hoskins, 2001), which is asso-
ciated with an intense cyclonic wind field (for ERA-Interim,
see Fig. 7f in Binder et al., 2016). Still, the diabatically pro-
duced PV anomaly within the PV tower is about 0.5 pvu
lower in CESM-HIST than in ERA-Interim (not shown).

In summary, this comparison between ERA-Interim and
CESM-HIST showed that CESM-HIST is able to capture the
properties and structure of extratropical cyclones and their
associated WCBs reasonably well. However, there are also
differences between climate model and reanalysis, like, for
instance, a weaker deepening rate of the most explosive cy-
clones in CESM-HIST in the NH and a weaker intensity of
the diabatically produced positive PV anomaly in the cen-
tre of the C1 cyclones. The overall very good representation
of extratropical cyclones and WCBs in the climate model
gives confidence in the model’s ability to predict potential
changes in a warming climate. In the following, we com-
pare CESM-LE simulations of the present-day and the future
climate to assess how climate change affects the cyclones’
WCB strength and the importance of WCB-related diabatic
PV production for cyclone intensification.

4 WCBs and cyclones in a warming climate

4.1 Future changes in cyclone number, cyclone
intensification rate, and WCB strength

The number of cyclones per winter is projected to decrease
in the future climate by 3 % in NH winter (from 132 to 128
cyclones) and 7 % in SH winter (from 136 to 126 cyclones;
Table 1). (According to a t test, this reduction is statisti-
cally significant (with a p value< 0.01) in the SH but not
in the NH.) This general decrease is consistent with the find-
ings from many previous studies (e.g. Bengtsson et al., 2009;
Grieger et al., 2014; Priestley and Catto, 2022). To evalu-
ate potential changes in cyclone-deepening rates and WCB
strengths in the future climate, we look at the differences
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Figure 3. Composites of C1 cyclones in NH winter in (a, c, e) ERA-Interim and (b, d, f) CESM-HIST in the middle of the 24 h period
of strongest deepening. (a, b) Frequency of WCB air parcels with p > 500 hPa (%; shading) and p < 500 hPa (blue contours at 5 %, 10 %,
20 %, 30 %, . . ., 80 %) and WCB air parcels with PV> 1 pvu and 900> p > 700 hPa (green contours at 10 %, 50 %, and 60 %), SLP (thin
black contours every 3 hPa), and PV at 250 hPa (thick black contours at 2, 3, 4, and 6 pvu). (c, d) The 6 h accumulated precipitation (mm;
shading), potential temperature at 850 hPa (black contours every 3 K), and wind speed at 250 hPa (green contours at 50 and 60 m s−1). (e,
f) West–east-oriented cross section across the centre of the composite cyclone, showing PV (pvu; shading) and potential temperature (black
contours every 5 K).

in the percentile curves between the future and the present-
day climate simulations (CESM-RCP85 minus CESM-HIST;
Fig. 4). Positive differences for specific percentiles indicate
an increase and negative differences a decrease in the deep-
ening rates (Fig. 4a, b) and WCB strengths (Fig. 4c, d) in the
future climate. To detect statistically significant differences,
a confidence interval has been constructed by performing a
bootstrap resampling. Hereby, our null hypothesis was that
the cyclone intensification rates and the WCB strengths per
cyclone, respectively, do not differ between the present-day
and future climate simulations, i.e. that they belong to a com-
mon distribution. From this common distribution, 100 000
resamples have been created by randomly attributing half of
the values to CESM-HIST and half of the values to CESM-
RCP85 and then calculating the difference in the percentile
curves. The 2.5th and the 97.5th percentiles of the ranked
differences in the resampling distribution correspond to the
lower and upper limits of the 95 % confidence interval. If the
actual difference lies outside this interval, it is statistically
significant with a probability of 95 %.

In NH winter, the cyclone intensification rate is projected
to increase slightly in the future climate for the weakest
as well as the most rapidly intensifying cyclones and to
decrease for the 50th–90th percentile, but the changes are
smaller than 0.05 bergerons and not statistically significant
for almost all percentiles (Fig. 4a). In SH winter, there
is a statistically significant increase in the intensification
rates by about 0.03–0.05 bergerons for medium–strong cy-
clones (70th–90th percentile) and by about 0.05–0.1 berg-
erons for strongly intensifying cyclones above the 90th per-
centile (Fig. 4b). Intensification rates typically range from
about −0.5 to 3 bergerons (Fig. 2), such that an increase
by 0.05–0.1 bergerons for the most strongly intensifying cy-
clones corresponds to a future change by about 1.5 %–3 %.
The small changes in the intensification rates in the NH and
the increase for the most extreme cyclones in the SH are in
line with previous studies that have assessed future changes
in cyclone strength based on different measures (e.g. Catto
et al., 2019; Priestley and Catto, 2022).

Weather Clim. Dynam., 4, 19–37, 2023 https://doi.org/10.5194/wcd-4-19-2023



H. Binder et al.: Role of warm conveyor belts for cyclone intensification in climate simulations 27

Figure 4. The black line shows the difference in the percentile curves between the future and the present-day climate simulations (CESM-
RCP85 minus CESM-HIST) of (a, b) cyclone-deepening rates1SLPB,max (bergeron) and (c, d) WCB strength associated with the cyclones
(1015 kg) in (a, c) NH winter and (b, d) SH winter. The grey shading corresponds to the 95 % confidence interval of the differences under
the null hypothesis that the values in CESM-HIST and CESM-RCP85 belong to a common distribution. It has been obtained by calculating
100 000 resamples of the difference in the percentile distribution from two randomly drawn equally sized samples (see text for details).

In both hemispheres, in cyclones that are associated with
WCBs, the WCBs become stronger in the future climate
(Fig. 4c, d), which is consistent with the findings from Joos
et al. (2022) (their Table 1). In the SH, the changes are sta-
tistically significant for almost all percentiles (Fig. 4d). The
largest increases amount to about 2× 1015 kg, which corre-
sponds to 1500 WCB trajectories per cyclone or 11 %. In
the NH, the changes are much smaller and only statistically
significant for the 80th–95th percentile (Fig. 4c). There, the
increases amount to about 0.4–0.6× 1015 kg, i.e. 300–460
WCB trajectories per cyclone or 2 %–3 %.

The significant increase in the cyclone intensification rate
in the SH but not in the NH could in part be due to the
much stronger increase in the WCB strength and accord-
ingly the WCB-related latent heating in the SH. In addition,
the differences in the intensification rates between the two
hemispheres are consistent with the opposite changes in low-

level baroclinicity expected with global warming (e.g. Har-
vey et al., 2014; Catto et al., 2019; see also Introduction):
in the SH, low-level baroclinicity is expected to increase,
which favourably interacts with the increased WCB strength
and leads to stronger cyclones, whereas in the NH it is ex-
pected to decrease, which counteracts the effects of the in-
creased WCB strength such that the cyclone intensity does
not change considerably or even decreases.

The statistical correlation between the cyclone-deepening
rate and the WCB strength is shown in the two-dimensional
histograms in Fig. 2c–f. In both hemispheres, cyclone deep-
ening correlates positively with the intensity of the associated
WCB in the present-day and future climate simulations, in-
dicating that WCBs continue to play an important role for
cyclone intensification in a warming climate. In the NH,
the Spearman correlation coefficient has a value of 0.68 in
CESM-HIST (Fig. 2c) and 0.66 in CESM-RCP85 (Fig. 2e).
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In the SH, it increases from 0.51 in CESM-HIST (Fig. 2d) to
0.55 in CESM-RCP85 (Fig. 2f).

Despite the overall decrease in the number of cyclones
per winter in both hemispheres (Table 1), the number of
C1 cyclones, i.e. explosively deepening cyclones with strong
WCBs, is projected to increase (Fig. 5). In the NH, it in-
creases by 11 % from 12.3 to 13.7 C1 cyclones per win-
ter (Fig. 5a) and in the SH by 23 % from 10.2 to 12.5 cy-
clones (Fig. 5b). In both hemispheres, there is also a ∼ 25 %
increase in the percentage of so-called C2 cyclones, which
are defined as in Binder et al. (2016) to have a similar WCB
strength to C1 cyclones (at least 2.78× 1015 kg) but a weak
deepening rate of less than 0.8 bergerons (see Fig. 2 for the
category boundaries). At the same time, the percentage of
C3 cyclones, i.e. explosively intensifying cyclones with weak
WCBs of less than 0.33× 1015 kg, decreases by 11 % in the
NH and 21 % in the SH. The total number of explosive cy-
clones irrespective of the associated WCB strength (so-called
bombs) decreases by 6 % in the NH and increases by 2 % in
the SH. The changes in the phase-space diagram in Fig. 2,
i.e. the increase in the number of C1 and C2 cyclones and
the decrease in C3, are in line with the overall increase in
the cyclone-related WCB strength observed in Fig. 4c and d
and indicate that cyclones experience stronger latent heating
associated with WCBs (as identified with our method) in a
future climate.

To sum up, in the SH CESM-LE projects an increase in
the WCB strength, the cyclone intensification rate, and the
correlation between the two in the future climate winter. An
increase is also projected in the total number of explosive cy-
clones and those with strong WCBs (C1) and in the number
of weak cyclones with strong WCBs (C2), whereas the num-
ber of “dry bombs” with weak WCBs (C3) decreases. In the
NH, the WCB strength is also projected to increase, albeit to
a smaller extent than in the SH, and there are no significant
changes in the cyclone intensification rates. While the num-
ber of C1 and C2 cyclones increases, there is a decrease in
the total number of explosive cyclones and in the number of
C3 cyclones. In the following, we investigate whether the C1
cyclones themselves will change with regard to spatial distri-
bution, structure, and temporal evolution, in addition to their
increase in number.

4.2 Future changes in the characteristics of C1 cyclones

At the beginning of their strongest intensification, both in the
present-day and in the future climate simulations, most C1
cyclones are located in the western and central parts of the
NH and SH oceans, where WCBs are particularly frequent
(not shown). However, in the future simulations, the intensi-
fication starts about 1.5◦ farther poleward in the NH and 2◦

farther poleward in the SH (Table 2). In both hemispheres,
the poleward shift is relatively small in the Atlantic and larger
in the Pacific basin. The shift is in agreement with previous

studies (e.g. Yin, 2005; Bengtsson et al., 2009; Priestley and
Catto, 2022).

The time evolution of minimum SLP and the WCB air
mass in the lower troposphere shows for both simulations
the explosive deepening of the C1 cyclones and, concomi-
tantly, a rapid increase in the WCB strength, which peaks
during the strongest deepening phase (Fig. 6a, b). Consis-
tent with Fig. 4c and d, in both hemispheres but especially
in the SH the peak WCB intensity is larger in the future than
in the present-day simulations. At the same time, in the fu-
ture simulations the deepening rate of the C1 cyclones in-
creases slightly and the minimum SLP at the time of the
cyclone’s strongest intensity is 2 hPa deeper in the NH and
4 hPa deeper in the SH. Thus, in addition to their increase
in number (Fig. 5), C1 cyclones also become slightly more
intense in a warmer climate.

Figures 7 and 8 show the composite structure of the C1
cyclones in the NH and SH, respectively, in the middle of
the 24 h period of strongest intensification, in the present-
day and future climate simulations. The fields in Fig. 7c, e,
and g for CESM-HIST are the same as those in the previ-
ously discussed Fig. 3. Comparison of the cyclones in the two
hemispheres in the present-day simulations shows that they
have a quite similar structure during the deepening phase.
Both in the NH and in the SH, the composite cyclone is sit-
uated ahead of an intense upper-level trough in the left exit
region of a jet maximum (Figs. 7c, e, g and 8c, e, g). How-
ever, in the NH the PV gradient along the trough is stronger
and the jet more intense. Also the Equator-to-pole potential
temperature gradient at 850 hPa is stronger than in the SH
(cf. Figs. 7e and 8e). On the other hand, C1 cyclones in the
SH are associated with higher low-level humidity, a larger
WCB frequency, higher diabatically produced low-level PV,
and deeper SLP (cf. Figs. 7a, c, g and 8a, c, g).

The composite cyclones’ surroundings become signifi-
cantly warmer and moister in the future climate. In the cy-
clone centre, potential temperature, equivalent potential tem-
perature, and specific humidity at 850 hPa increase by about
3 K, 6 K, and 1.5–2 g kg−1 in both hemispheres (Figs. 7a, b,
e, f and 8a, b, e, f). The relative humidity at 850 hPa, on the
other hand, does not change considerably near the cyclone
centre, as it is already close to saturation in CESM-HIST
(Figs. 7a, b and 8a, b). The Equator-to-pole potential tem-
perature gradient at 850 hPa in the environment of the C1 cy-
clones decreases slightly in the NH (Fig. 7e, f) and increases
slightly in the SH (Fig. 8e, f).

The low- and upper-level WCB frequencies have very sim-
ilar magnitudes in CESM-HIST and CESM-RCP85 (Fig. 7c,
d and 8c, d). This is in apparent contradiction to the previ-
ously discussed increase in the WCB strength in the future
climate (Figs. 4c, d and 6). However, the low- and upper-level
frequencies in these composites only indicate the fraction of
C1 cyclones with at least one WCB air parcel at a specific
grid point in the lower or upper troposphere – if a cyclone is
associated with many WCB air parcels at a grid point, it does
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Figure 5. Number of C1, C2, C3, and bomb cyclones per winter in CESM-HIST and CESM-RCP85 in the (a) NH and (b) SH. The red
circles denote the mean number over the 50 simulated years, and the lower and upper ends of the red vertical lines denote the 10th and 90th
percentiles, respectively.

Table 2. Mean latitude of C1 cyclones at the beginning of their strongest deepening in the Northern Hemisphere (NH), Southern Hemisphere
(SH), North Atlantic (NATL), North Pacific (NPAC), South Atlantic (SATL), and South Pacific (SPAC).

Mean latitude NH SH NATL NPAC SATL SPAC

CESM-HIST 37.0◦ N 36.9◦ S 40.2◦ N 35.4◦ N 39.8◦ S 32.8◦ S
CESM-RCP85 38.5◦ N 39.0◦ S 40.9◦ N 37.2◦ N 40.3◦ S 33.8◦ S

not contribute to higher frequencies in the composite com-
pared to if the cyclone only has one WCB air parcel at this
grid point. In CESM-RCP85, close to the cyclone centre the
number of low- and upper-level WCB air parcels is typically
higher, particularly in the SH (not shown). The percentage of
C1 cyclones with trajectories producing high values of low-
level PV increases around the cyclone centre by about 5 %
in the NH (Fig. 7c, d) and 10 % in the SH (Fig. 8c, d) in
the future simulations, pointing to an increase in the WCB-
related cyclonic PV formation. In the same area, the maxi-
mum precipitation increases by 3 mm (6 h)−1 in both hemi-
spheres (Figs. 7e, f and 8e, f), and the diabatically produced
low-level PV intensifies by 0.3 pvu in the NH and 0.2 pvu
in the SH and extends toward higher levels (Figs. 7g, h and
8g, h). The intensification of the PV anomaly and the exten-
sion toward higher levels are consistent with the enhanced
diabatic heating rate along the WCB trajectories and the in-
crease in the altitude of the maximum diabatic heating found
in Joos et al. (2022). At upper levels, the cyclonically break-
ing Rossby wave and the jet have similar intensities in the
present-day and future climate simulations (Figs. 7c–f and
8c–f).

Figure 9 shows the PV anomalies in a west–east vertical
cross section through the centre of the composite cyclone.
For each cyclone before the compositing, the PV anomalies
have been calculated by subtracting the 50-year climatolog-
ical mean PV value of the specific climate simulations from
the actual PV value at this position. Consistently with the PV
cross sections (Figs. 7g, h and 8g, h), in both hemispheres
the diabatically produced cyclonic low-level PV anomaly is
amplified in the future climate; i.e. it becomes more positive

in the NH (Fig. 9a, b) and more negative in the SH (Fig. 9c,
d). The upper-level disturbance to the west of the cyclone
centre also corresponds to a cyclonic PV anomaly, and it in-
tensifies as well in the future climate. However, the relative
increase in the peak values is much larger for the cyclonic
low-level PV anomaly than for the cyclonic upper-level PV
anomaly (25.5 % vs. 11.1 % in the NH and 14 % vs. 7.2 %
in the SH, Tables 3 and 4). This suggests that the enhanced
deepening and stronger intensity of the C1 cyclones in the
future simulations observed in Fig. 6 are mainly associated
with the enhanced WCB-related diabatic PV production and
in the SH additionally with the increased low-level baroclin-
icity in the cyclones’ surroundings. Downstream of the cy-
clone centre, the elevated tropopause is associated with anti-
cyclonic upper-level PV anomalies, which are also amplified
in the future climate (Fig. 9 and Tables 3, 4). This amplifi-
cation is consistent with the intensification of the WCB and
the WCB-related latent heating, which results in a stronger
transport of anticyclonic PV into the tropopause region (see
Introduction).

We also investigated the composite structure of the C1 cy-
clones 12 h later, at the end of the 24 h interval of explosive
deepening (not shown). Also at this time step, the WCB-
related diabatic PV production intensifies in the future cli-
mate (Fig. 6) and contributes to the formation of a stronger
PV tower (not shown) and 1.7 hPa deeper minimum SLP in
the NH and 2.5 hPa deeper minimum SLP in the SH, respec-
tively (Fig. 6). The maximum values of the cyclonic low-
level PV anomalies increase by almost 50 % in the NH and
19 % in the SH in the future climate, whereas the peak val-
ues of the cyclonic upper-level PV anomaly only increase by
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Figure 6. Mean time evolution of minimum SLP (hPa; blue) and the WCB air mass at p > 500 hPa (red; 1015 kg) along C1 cyclones in
CESM-HIST (solid) and CESM-RCP85 (dashed) in the (a) NH and (b) SH. Times t = 0 h and t = 24 h correspond to the beginning and end
of the 24 h period of the strongest cyclone deepening.

Table 3. Maximum values of the cyclonic low-level, cyclonic upper-level, and anticyclonic upper-level PV anomaly in C1 cyclones in NH
winter in the middle (t = 12 h) and at the end (t = 24 h) of the 24 h period of strongest deepening in CESM-HIST and CESM-RCP85 and
the relative change between the two simulation periods.

NH CESM-HIST CESM-RCP85 Relative
change

Cyclonic low-level PV anomaly at t = 12 h 1.06 pvu 1.33 pvu +25.5 %
Cyclonic low-level PV anomaly at t = 24 h 1.31 pvu 1.96 pvu +49.6 %

Cyclonic upper-level PV anomaly at t = 12 h 2.17 pvu 2.41 pvu +11.1 %
Cyclonic upper-level PV anomaly at t = 24 h 2.36 pvu 2.64 pvu +11.9 %

Anticyclonic upper-level PV anomaly at t = 12 h −2.10 pvu −2.39 pvu −13.8 %
Anticyclonic upper-level PV anomaly at t = 24 h −2.90 pvu −3.17 pvu −9.3 %

about 12 % and 5 %, respectively (Tables 3, 4). The anticy-
clonic upper-level PV anomalies downstream of the cyclone
centre also increase (Tables 3, 4) and push the tropopause
slightly further upward and toward the poles (not shown).

In summary, in both hemispheres it is projected that C1 cy-
clones will have even stronger WCBs, stronger WCB-related
diabatic PV production, an extension of the diabatically pro-
duced PV toward higher levels, and an increased precipita-
tion rate in the future climate. They will become warmer,
moister, and slightly more intense.

5 Summary and conclusions

In this study, we quantified the role of WCBs and their di-
abatically produced PV anomalies for cyclone intensifica-
tion in present-day (1990–1999) and future (2091–2100) cli-
mate simulations of the Community Earth System Model
Large Ensemble (CESM-LE). The present-day simulations
(CESM-HIST) were based on historical climate forcing
(Lamarque et al., 2010) and the future simulations (CESM-
RCP85) on the Representative Concentration Pathway 8.5

(RCP8.5) emission scenario (Lamarque et al., 2011; Mein-
shausen et al., 2011). The aims were to (i) assess whether
the climate model is able to adequately represent the cy-
clone properties and the associated WCBs by comparing the
present-day simulations with ERA-Interim reanalyses and
(ii) evaluate how climate change affects the importance of
WCB-induced diabatic PV production for cyclone intensifi-
cation in the winter season in both hemispheres. Such a de-
tailed investigation of the role of WCBs for cyclone inten-
sification in climate models is not straightforward and was
only possible because CESM-LE has been rerun to obtain
6-hourly three-dimensional output of the wind fields. To ad-
dress the aims, a large number of cyclones and their asso-
ciated WCB trajectories have been identified in the climate
simulations and in ERA-Interim during NH and SH winter.
Cyclone deepening has been measured by the maximum 24 h
SLP change during the cyclone lifecycle, adjusted by latitude
(Sanders and Gyakum, 1980), and the WCB intensity has
been measured by the WCB air mass located in the lower tro-
posphere (p > 500 hPa) during the 24 h interval of strongest
intensification of the associated cyclone. Based on the ques-
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Table 4. Same as Table 3 but for SH winter.

SH CESM-HIST CESM-RCP85 Relative
change

Cyclonic low-level PV anomaly at t = 12 h −1.29 pvu −1.47 pvu −14.0 %
Cyclonic low-level PV anomaly at t = 24 h −1.42 pvu −1.69 pvu −19.0 %

Cyclonic upper-level PV anomaly at t = 12 h −2.92 pvu −3.13 pvu −7.2 %
Cyclonic upper-level PV anomaly at t = 24 h −3.06 pvu −3.20 pvu −4.6 %

Anticyclonic upper-level PV anomaly at t = 12 h 2.40 pvu 2.74 pvu +14.1 %
Anticyclonic upper-level PV anomaly at t = 24 h 3.11 pvu 3.38 pvu +8.7 %

tions posed in the Introduction, the key findings of the study
can be summarized as follows:

1. Compared to ERA-Interim, the climate model is able
to represent the properties and three-dimensional struc-
ture of extratropical cyclones, as well as the associ-
ated WCBs, reasonably well. Particularly in SH winter,
there are very small differences between the present-day
simulations and the reanalyses in terms of the cyclone-
deepening rates, the WCB strength, and the statistical
relationship between the two. In NH winter, the present-
day simulations capture the deepening rates of the weak
and medium–strong cyclones, but they underestimate
them for the most explosive cyclones by 0.1–0.3 berg-
erons. The WCB strength and the link between WCB
strength and the cyclone-deepening rate is also well cap-
tured in the NH. In the subgroup of explosive cyclones
with intense WCBs (C1), in both hemispheres the model
is able to reproduce the composite fields of the cyclones
during the deepening phase in terms of upper-level PV
and jet structure, low-level potential temperature, SLP,
the precipitation pattern, and the position of the WCB
trajectories, but it underestimates the diabatically pro-
duced low-level PV anomaly by about 0.5 pvu.

2. In the SH, comparison of the simulations reveals an
increase in the WCB strength and – for the medium–
strong and strongly intensifying cyclones – the cyclone
intensification rate in the future climate. In the NH, the
WCB strength is also projected to increase, albeit to a
smaller extent than in the SH, and overall there are no
significant changes in the cyclone-deepening rates. The
enhanced cyclone-deepening rate of the medium–strong
and strongly deepening cyclones in the SH but not in the
NH could partly be associated with the stronger increase
in the WCB strength and accordingly the WCB-related
diabatic heating in the SH. Further analyses are required
to quantify this effect of increased WCB strength on cy-
clone deepening compared to the role of a potentially
modified baroclinicity or Eady growth rate in the two
hemispheres.

3. In both hemispheres, the cyclone-deepening rate cor-
relates positively with the strength of the associated
WCB, with a Spearman rank correlation coefficient in
the present-day simulation of 0.68 in the NH and 0.51
in the SH and in the future simulation of 0.66 in the
NH and 0.55 in the SH. Thus, both in the present-day
and in the future simulations, there is a distinct statisti-
cal signal that cyclones with a more intense WCB typ-
ically experience stronger deepening. While many cy-
clones do not have any WCB, the majority of the ex-
plosive cyclones have strong WCBs. The number of ex-
plosive cyclones with a strong WCB (C1) increases in
the future simulations, whereas the number of explosive
cyclones with a weak WCB (C3) decreases. In addition
to the increase in number, the C1 cyclones themselves
are projected to be associated with even stronger WCBs,
more WCB-related diabatic PV production in the cy-
clone centre, an extension of the diabatically produced
PV toward higher levels, the formation of a stronger
PV tower at the end of the explosive deepening phase,
higher precipitation rates, and becoming warmer and
moister. Their deepening intensifies slightly, with an en-
hanced decrease in the minimum SLP by 2 hPa in the
NH and 4 hPa in the SH at the time of the strongest
intensity. Low-level baroclinicity in the cyclones’ sur-
roundings decreases slightly in the NH and increases
slightly in the SH. The relative increase in the diabat-
ically produced PV anomaly is much stronger than the
relative increase in the cyclonic upper-level PV anomaly
upstream of the cyclone centre. This indicates that the
stronger diabatic PV production in the WCBs and, in
the SH additionally, the increased baroclinicity in the
cyclones’ surroundings are essential for the enhanced
deepening and stronger intensity of C1 cyclones in a
warmer climate. As a note of caution we recall that di-
abatic PV production is underestimated in the climate
model compared to reanalyses, and therefore the diag-
nosed link between WCB strength, diabatic PV produc-
tion, and cyclone intensification might be affected by
model uncertainties.
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Figure 7. Composites of C1 cyclones in NH winter in (a, c, e,
g) CESM-HIST and (b, d, f, h) CESM-RCP85 in the middle of
the 24 h period of strongest deepening. (a, b) Equivalent potential
temperature (K; shading), specific humidity (black contours every
g kg−1), and relative humidity (dashed white contours every 10 %)
at 850 hPa. Fields in (c) and (d) are as in Fig. 3a and b; fields in (e)
and (f) are as in Fig. 3c and d; fields in (g) and (h) are as in Fig. 3e
and f.

The overall good representation of the cyclone structure
and key properties in CESM-HIST in comparison to ERA-

Figure 8. Same as Fig. 7 but for SH winter.

Interim is in line with the findings from Bengtsson et al.
(2009) and Catto et al. (2010) for other climate models. How-
ever, the underestimation of the diabatically produced low-
level PV anomaly by 0.5 pvu is relatively strong. A possi-
ble reason for this underestimation could be the lower spatial
resolution (30 vertical levels in CESM-LE vs. 60 in ERA-
Interim and about 1.25◦ vs. 1◦ horizontal resolution). Fur-
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Figure 9. West–east-oriented cross section across the centre of the
composite cyclone, in the middle of the 24 h period of strongest
deepening, showing the PV anomaly (pvu; shading), the 2 pvu con-
tour (thick black contour), and potential temperature (thin black
contours every 5 K). The fields are shown for (a, b) NH winter and
(c, d) SH winter in (a, c) CESM-HIST and (b, d) CESM-RCP85.

thermore, the two models are based on different parameteri-
zation schemes for subgrid-scale processes, and in particular
a different treatment of cloud microphysical and convective
processes could contribute to the discrepancies in the inten-
sity of the diabatically produced PV anomaly. Problems in
the representation of cloud-diabatic processes in extratropi-
cal cyclones have also been reported for other climate models
(e.g. Govekar et al., 2014; Catto et al., 2015a; Hawcroft et al.,
2016, 2017). However, ERA-Interim is also associated with
biases in the representation of moist processes when com-
pared to satellite data (Binder, 2017; Hawcroft et al., 2017).
Aside from the fact that the two data sets are based on differ-
ent models, an exact agreement cannot be expected because
ERA-Interim only represents one possible realization of the
present-day climate, whereas CESM-HIST comprises an en-
semble with equally likely realizations of the same decade.
Altogether, the similar structure and properties of the extra-
tropical cyclones and WCBs in the climate model and the
reanalyses give confidence in CESM-LE’s projections for a
warmer climate.

The increase in the WCB strength and in the number of
C1 cyclones, as well as – for the C1 cyclones – the amplifica-
tion of the WCB-related diabatic PV production; the increase
in the precipitation rate; and the slightly stronger deepen-
ing all indicate that cyclones will become more diabatic in a
warmer climate and that WCBs will be even more important
for explosive cyclone intensification. The enhancement of the
cyclone-related precipitation and the strengthening of the di-
abatically produced PV anomaly are in agreement with previ-
ous results based on climate models (Bengtsson et al., 2009;
Hawcroft et al., 2018; Dolores-Tesillos et al., 2022) and ide-
alized simulations (Pfahl et al., 2015; Büeler and Pfahl, 2019;
Sinclair et al., 2020).

Another important question, which has not been addressed
in this study, is whether future changes in convection will
also have an impact on WCBs and cyclone intensification.
Tierney et al. (2019) showed that stronger latent heating in
a warmer climate leads to more intense updrafts and con-
vection. According to Oertel et al. (2020), convective WCB
ascent results in significantly stronger diabatically produced
low-level PV anomalies compared to slantwise ascent. Thus,
a potential future shift toward more frequent embedded con-
vection in WCBs could further intensify the associated cy-
clone if the convection and associated PV production occur
close to the cyclone centre. This should be investigated in
future studies. However, models with parameterized convec-
tion strongly underestimate the ascent rates within the WCBs
(see Fig. 5a in Oertel et al., 2019), which thus renders such
an analysis difficult with currently available climate simula-
tions.

In CMIP6 models, Priestley and Catto (2022) reported for
both hemispheres a future increase in the intensity of the
most extreme wintertime extratropical cyclones, as measured
in terms of peak low-level vorticity. In our simulations, in
the SH strongly deepening cyclones in general and in the NH
those with intense WCBs also become slightly deeper. How-
ever, in the NH this enhancement of the deepening in C1 cy-
clones is relatively small, despite the concomitant increase in
the WCB-related diabatic heating. This confirms the findings
from previous studies (see, for example, the reviews by Shaw
et al., 2016; Catto et al., 2019) that the impact of rising tem-
peratures and enhanced cloud-diabatic processes on cyclone
intensity is not straightforward, as the increase in the dia-
batic heating is embedded in various other partly compensat-
ing processes like changes in baroclinicity, vertical stability,
and the tropopause height.

A limitation of this study is that the results are based on
one single climate model and that the model has relatively
coarse horizontal resolution (∼ 1◦). Chemke et al. (2022)
have shown that current climate models underestimate the re-
cent intensification of extratropical cyclones in the SH (mea-
sured in terms of eddy kinetic energy), and they questioned
the ability of these models to accurately predict the impacts
of global warming on the SH storm track. This clearly calls
for more model intercomparison and validation studies. Nev-
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ertheless, the availability of three-dimensional model-level
output at high temporal resolution from CESM-LE enabled
unprecedented insight into the Lagrangian evolution of cy-
clones and their three-dimensional PV structure in a climate
model and thereby provided a better process understanding
of cyclone intensification in future climate simulations.
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