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Abstract. Warm conveyor belts are important features of ex-
tratropical cyclones and are characterized by active diabatic
processes. Previous studies reported that simulations of ex-
tratropical cyclones can be strongly impacted by the horizon-
tal grid spacing. Here, we study to what extent and in which
manner simulations of warm conveyor belts are impacted by
the grid spacing. To this end, we investigate the warm con-
veyor belt (WCB) of the North Atlantic cyclone Vladiana
that occurred around 23 September 2016 and was observed
as part of the North Atlantic Waveguide and Downstream Im-
pact Experiment. We analyze a total of 18 limited-area simu-
lations with the ICOsahedral Nonhydrostatic (ICON) model
run over the North Atlantic that cover grid spacings from 80
to 2.5 km, including those of current coarse-resolution global
climate models with parameterized convection, as well as
those of future storm-resolving climate models with explicit
convection. The simulations also test the sensitivity with re-
spect to the representation of convection and cloud micro-
physics. As the grid spacing is decreased, the number of
WCB trajectories increases systematically, WCB trajectories
ascend faster and higher, and a new class of anticyclonic tra-
jectories emerges that is absent at 80 km. We also diagnose
the impact of grid spacing on the ascent velocity and vorticity
of WCB air parcels and the diabatic heating that these parcels
experience. Ascent velocity increases at all pressure levels by
a factor of 3 between the 80 and 2.5 km simulations, and vor-
ticity increases by a factor of 2 in the lower and middle tropo-
sphere. We find a corresponding increase in diabatic heating
as the grid spacing is decreased, arising mainly from cloud-
associated phase changes in water. The treatment of convec-
tion has a much stronger impact than the treatment of cloud

microphysics. When convection is resolved for grid spacings
of 10, 5 and 2.5 km, the above changes to the WCB are am-
plified but become largely independent of the grid spacing.
We find no clear connection across the different grid spac-
ings between the strength of diabatic heating within the WCB
and the deepening of cyclone Vladiana measured by its cen-
tral pressure. An analysis of the pressure tendency equation
shows that this is because diabatic heating plays a minor role
in the deepening of Vladiana, which is dominated by temper-
ature advection.

1 Introduction

A typical feature of extratropical cyclones are warm con-
veyor belts (WCBs; Wernli and Davies, 1997; Binder et al.,
2016), which are coherent streams of ascending air. WCBs
originate in the boundary layer of the cyclones’ warm sec-
tor and ascend poleward, moving ahead of the cold front
(Carlson, 1980; Joos and Wernli, 2012). During their cross-
isentropic ascent to the upper troposphere, they are asso-
ciated with cloud formation and precipitation generation
(Browning, 1990; Madonna et al., 2014; Pfahl et al., 2014).
The diabatic processes occurring within WCBs can play an
important role in cyclone intensification (Binder et al., 2016).
WCBs also play a key role in the vertical transport of heat,
moisture and atmospheric tracers (Stohl, 2001), as well as
the evolution of the large-scale circulation, including block-
ing events (e.g., Grams et al., 2011; Pfahl et al., 2015; Joos
and Forbes, 2016). Recent studies found convective activity
embedded within WCBs, leading to the rapid vertical ascent
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of air parcels and intensified localized diabatic heating that
further modifies potential vorticity, cyclone strength and the
jet stream (Martinez-Alvarado et al., 2014; Rasp et al., 2016;
Oertel et al., 2019, 2020; Blanchard et al., 2020, 2021; Ma-
zoyer et al., 2021). Finally, WCBs modulate cloud-radiative
effects and the extratropical radiation budget (Joos, 2019).

An adequate representation of WCBs in models and the
diabatic processes within them is crucial for accurate predic-
tions of extratropical cyclones at the weather timescale and
might also be needed in climate models for adequate sim-
ulations of extratropical cyclones and their response to cli-
mate change (Flack et al., 2021). However, at the current res-
olutions of weather and climate models, diabatic processes
within WCBs occur below the grid scale and need to be pa-
rameterized. This in particular includes convection and cloud
processes that despite decades of model development have
remained a primary source of model biases and model uncer-
tainty in projections of climate change (Randall et al., 2003;
Jakob, 2010; Palmer and Stevens, 2019), hindering the de-
velopment of regional adaptation strategies to global climate
change.

Acknowledging the limitations of coarse-resolution global
models and given the long history of unsuccessful attempts
to solve the convection parameterization challenge, model-
ing centers around the world have started to develop storm-
resolving models at the global scale in which horizontal grid
spacing is reduced to a few kilometers so that the most rigor-
ous aspects of deep convective motions in the atmosphere can
be simulated directly and the parameterization for deep con-
vection can be turned off (Satoh et al., 2019; Stevens et al.,
2019, 2020). By refining the grid spacing and treating deep
convection in an explicit manner, it is hoped and in fact of-
ten reported that simulations of climate improve. For exam-
ple, Senf et al. (2020) found that in the ICOsahedral Nonhy-
drostatic (ICON) model, refining the grid spacing to storm-
resolving scales of 2.5 km and representing deep convection
explicitly leads to marked improvements in simulated top-of-
atmosphere cloud-radiative effects over the North Atlantic.
Vergara-Temprado et al. (2020) found notable improvements
in precipitation and the diurnal cycle for year-long simula-
tions of European climate in fine-resolution models with ex-
plicit deep convection.

There is hence reason to hope that the extratropical circu-
lation improves in a similar manner in storm-resolving mod-
els. Model simulations of extratropical cyclones have often
reported a strong sensitivity with respect to horizontal grid
spacing (Champion et al., 2011; Jung et al., 2006; Willison
et al., 2015). In particular, a finer grid spacing tends to lead
to more intense cyclones (e.g., Chang and Fu, 2003; Jung et
al., 2006; Colle et al., 2013; Eichler et al., 2013). Willison
et al. (2013) suggested that the resolution sensitivity arises
from a positive feedback between latent heating and cyclone
strength, indicating that an inaccurate representation of moist
processes and their associated latent heating can significantly
affect simulations of storm tracks and the larger-scale cir-

culation of the extratropics. These findings are of concern
when simulating the future climate, as in a warmer atmo-
sphere the combined effects of altered meridional tempera-
ture gradients and mesoscale latent heating complicate the
warming response of extratropical storm tracks (Ulbrich et
al., 2008, 2009).

With global storm-resolving models coming into applica-
tion, we find it important to understand how the grid spac-
ing and the representation of convection and microphysical
processes affect simulations of extratropical cyclones, their
WCBs and the diabatic processes associated with them. A
number of recent studies have started to look into this ques-
tion. Flack et al. (2021) investigated how a decrease in the
grid spacing from 150 to 50 km affects diabatic processes and
the intensification of extratropical cyclones and concluded
that the relative importance of diabatic heating remains un-
changed, and model improvement equally results from a bet-
ter representation of dynamics. Wimmer et al. (2022) and
Rivière et al. (2021) found that the representation of deep
convection substantially affects diabatic processes, the WCB
activity and the vertical structure of the jet stream. In par-
ticular, Rivière et al. (2021) showed that WCB ascents are
quick and abrupt with explicit deep convection but slow and
long-lived for parameterized deep convection. Mazoyer et
al. (2021) highlighted the impact of cloud microphysics on
WCB and associated upper-level dynamics.

However, we are not aware of a study that systematically
addresses how the simulation of WCBs changes as the grid
spacing is decreased from current coarse values of around
100 km to storm-resolving values of a few kilometers. We
here address this question by means of a cyclone case study
from the NAWDEX field campaign (Schäfler et al., 2018).
We study the NAWDEX cyclone named Vladiana that oc-
curred during 22–25 September 2016, over the North At-
lantic and whose WCB was well developed (Oertel et al.,
2019, 2020). We analyze a suite of simulations of Vladiana
with the ICON model (Zängl et al., 2015) in a limited-area
setup over a large North Atlantic domain at six horizontal
grid spacings ranging from 80 to 2.5 km. The simulations
are performed with one-moment and two-moment bulk cloud
microphysics, and the simulations at 10, 5 and 2.5 km are per-
formed with parameterized and explicit convection. As such,
we also study the impacts of the representation of convection
and cloud microphysics and how these impacts might change
with the grid spacing.

We address the following questions:

1. How do horizontal grid spacing, the treatment of con-
vection and the treatment of cloud microphysics affect
the simulation of the WCB associated with cyclone Vla-
diana?

2. How sensitive is diabatic heating within the WCB to
these modeling choices?
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3. Do the sensitivities of the WCB diabatic processes af-
fect the deepening of cyclone Vladiana?

The paper is organized in the following order. Section 2
describes the model simulation and analysis methods. This is
followed by an analysis of the WCB and diabatic processes
in Sect. 3 and an analysis of the impact of diabatic processes
on the deepening of the cyclone by means of the pressure ten-
dency equation in Sect. 4. The paper concludes with a sum-
mary of the main findings in Sect. 5.

2 Method

2.1 Model simulations

We analyze simulations of the North Atlantic extratropical
cyclone Vladiana. Vladiana occurred during the NAWDEX
field campaign in fall 2016 (Schäfler et al., 2018) and exhib-
ited a pronounced WCB. Oertel et al. (2019, 2020) studied
this case using the COSMO model to understand the con-
vective processes embedded within the WCB and their im-
pact on the large-scale circulation. Here, we use the atmo-
spheric component of the ICON modeling system to study in
detail the diabatic processes within the WCB as represented
by ICON.

We apply ICON version 2.1.00 in limited-area setup with
the physics package for numerical weather prediction (Zängl
et al., 2015). The simulations are run for 4 d in September
2016, starting on 22 September 2016 at 00:00 and ending
on 26 September 2016 at 00:00 (all times given in UTC).
The simulation domain covers the North Atlantic, as well
as much of Europe and northern Africa (23–80◦ N, 78◦W–
40◦ E; see Fig. 3 of Stevens et al., 2020). This ensures that
the simulations include the entire temporal and spatial ex-
tent of Vladiana. The simulations are initialized with analysis
data from the ECMWF IFS (Integrated Forecasting System)
at around 9 km horizontal grid spacing, which is the highest
available resolution. Lateral boundary data are updated ev-
ery 3 h and again taken from ECMWF IFS at 9 km grid spac-
ing. At 00:00 and 12:00 UTC, ECMWF IFS analysis data are
available and used as lateral boundary data. In between the
analysis steps, ECMWF IFS forecast data at 3, 6 and 9 h lead
times are used. Therefore the model stays close to the actual
large-scale meteorology over the simulation period. The sim-
ulations analyzed here are a subset of those analyzed by Senf
et al. (2020). For further details regarding the model setup,
readers are referred to Senf et al. (2020), who evaluated the
simulation in terms of clouds and top-of-atmosphere cloud-
radiative effects.

Six horizontal grid spacings are considered: 80, 40, 20,
10, 5 and 2.5 km. For all simulations, 75 model levels are
used. For the 80, 40 and 20 km simulations, convection is pa-
rameterized based on the mass flux schemes for shallow and
deep convection of Tiedtke (1989) and Bechtold et al. (2008).
For the three finest grid spacings of 10, 5 and 2.5 km we an-

alyze simulations in which convection is parameterized, as
well as simulations in which convection is represented ex-
plicitly; i.e., the deep and shallow convection schemes are
disabled. The simulations with explicit convection are distin-
guished by “EC” in the following.

All simulations are available for both one- and two-
moment cloud microphysics, which are based on Doms et
al. (2005) and Seifert and Beheng (2006), respectively. The
one-moment scheme includes the specific mass of water va-
por, cloud liquid, cloud ice, rain, snow and graupel, with
graupel being relevant for the explicit simulation of deep
convection (Baldauf et al., 2011). The two-moment scheme
in addition includes the number concentration of the afore-
mentioned hydrometeor species and includes hail. The one-
moment scheme is used in operational forecasts of the Ger-
man weather service (DWD). The two-moment scheme has
been developed for simulations with grid spacings of a few
kilometers and explicit convection. We here apply the two-
moment scheme also for simulations with coarser grid spac-
ings and parameterized convection. Although this is not rec-
ommended (Prill et al., 2020), these simulations corroborate
our finding that the treatment of cloud microphysics has a
minor effect on our results.

In total, we analyze a suite of 18 simulations. For each
of the two microphysics schemes, nine simulations are avail-
able: six for the different grid spacings from 80 to 2.5 km and
parameterized convection, as well as three additional simula-
tions with explicit convection run at 10, 5 and 2.5 km.

2.2 Synoptic development of cyclone Vladiana

Figure 1 provides an overview of the simulated synoptic evo-
lution of cyclone Vladiana based on the 2.5 km EC simula-
tion with one-moment cloud microphysics. Vladiana intensi-
fied during 22 and 23 September 2016. In the beginning, on
22 September 2016 at 12:00, an upper-level positive poten-
tial vorticity (PV) anomaly occurred around 60◦ N in a strong
baroclinic zone. On 23 September 2016 at 12:00, 24 h later,
the cyclone had intensified and deepened to a minimum sea
level pressure of below 980 hPa (exact values depend on the
model setup; see Fig. 9). At this time, the upper-level PV
distribution formed a strong elongated ridge that was aligned
with the warm front of the cyclone, with low PV values in
a broad region over the British Isles and west of it. Distinct
surface cold and warm fronts during this time were evident in
the 850 hPa equivalent potential temperature field (Fig. 1b).
In the next 24 h, the cyclone moved further northwards while
keeping its strength.

The simulated evolution agrees well with the synoptic evo-
lution described by Oertel et al. (2019) based on ECMWF
data (their Fig. 2) and the PV evolution described in Oertel
et al. (2020) based on simulations with the COSMO model
(their Fig. 2). Moreover, Senf et al. (2020) showed that the
ICON simulations are in good agreement with the spatial
pattern of the WCB cloud band derived from satellites (their
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Figure 1. Synoptic evolution of cyclone Vladiana from 22 September 2016 at 12:00 to 24 September 2016 at 12:00. (a–c) Equivalent potential
temperature (THE) at 850 hPa (color shading) and mean sea level pressure (contour lines, units of hPa). The cyclone position as given by
the minimum sea level pressure is shown by the blue cross. (d–f) Potential vorticity (PV) on the 320 K isentrope. The figure is based on the
2.5 km EC simulation with one-moment cloud microphysics. For PV the same color scale is used as in Fig. 2 of Oertel et al. (2020) for easier
comparison.

Fig. 2). In summary, the simulations analyzed here capture
the overall evolution of cyclone Vladiana and the associated
cloud fields.

2.3 Computation of WCB trajectories

To investigate the diabatic processes occurring within the
WCB, we perform Lagrangian trajectory analyses for all 18
simulations using LAGRANTO (Sprenger and Wernli, 2015)
and hourly model output. LAGRANTO requires input data
on a regular latitude–longitude grid. We therefore remap the
model output from the ICON triangular grid to a regular
latitude–longitude grid using conservative remapping imple-
mented in the Climate Data Operators (Schulzweida, 2019).
The regular grid corresponds to the grid spacing of the as-
sociated ICON grid. For the 80, 40, 20, 10, 5 and 2.5 km
simulations, the model output is remapped to regular grids
with a longitudinal and latitudinal spacing of 0.8, 0.4, 0.2,
0.1, 0.05 and 0.025◦, respectively. Based on remapped fields
of wind and pressure, 48 h forward-running trajectories be-
ginning on 22 September 2016 at 00:00 are calculated. The
trajectories are started at 14 equally spaced pressure levels
between 1050 and 790 hPa in a seeding region near the warm
sector of the cyclone (35–60◦ N, 45–0◦W), where the seed-
ing region is defined based on the WCB starting positions
identified from ECMWF offline trajectories by Oertel et al.
(2019) (their Fig. 1). The seeding points are based on the
20 km grid; their total number is 395 825. All simulations use
the same seeding points, allowing us to compare the number
of trajectories across grid spacings and model physics. The
approach provides good sampling of the WCB while limit-
ing the number of trajectories to a practicable amount, es-
pecially for the 2.5 km simulations. After the trajectories are

calculated, the WCB trajectories are selected as those with
an ascent larger than 600 hPa within 48 h (Wernli and Davies,
1997), and the variables of interest are traced along them.

Two methodological choices should be pointed out. First,
trajectories are seeded only once at the starting time step;
therefore there is only one trajectory starting from each seed-
ing point. We found this to be sufficient to sample the evo-
lution of the WCB in time and space, as some trajectories
ascend earlier and some trajectories ascend later in the con-
sidered 48 h period. This is illustrated Fig. S1 in the Supple-
ment. Second, we use offline trajectories. This was necessary
as ICON NWP (numerical weather prediction) in version
2.1.00 does not include the capacity for online trajectories.
Because the offline trajectories are calculated by hourly in-
stantaneous wind fields and the convective updrafts are short-
lived and sparse, our analysis emphasizes the slantwise as-
cent of the WCB trajectories, similar to the offline trajecto-
ries calculated by Oertel et al. (2019) from ECMWF IFS data
(their Fig. 2). The slantwise character is illustrated in Fig. S2,
which shows that the region of strong updrafts is unpopulated
except for a few trajectories for the finest grid spacings and
explicit convection. However, because slantwise-ascending
trajectories represent the majority for Vladiana (Oertel et al.,
2019), we expect our analysis to sample the mean diabatic
processes within the WCB in an adequate manner.

2.4 Diabatic heating

The atmospheric physics package of ICON contains various
schemes to represent subgrid-scale diabatic processes and
their impact on the resolved circulation. A detailed descrip-
tion of the formulation of diabatic processes is provided in
the ICON tutorial (Prill et al., 2020). For the purpose of our
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Figure 2. WCB trajectories identified from 48 h forward trajectories depending on horizontal grid spacing. The lower row (g–i) shows
simulations for explicit convection (indicated by EC). The number in the brackets gives the number of WCB trajectories. Trajectories are
colored according to their pressure level. The thick colored lines represent the mean path of different subclasses of trajectory, namely
Trajectory 1 (blue), Trajectory 2 (green), Trajectory 3 (yellow) and Trajectory 4 (magenta). The mean of all trajectories is shown in black.
All simulations use the one-moment cloud microphysics.

study, the temperature tendencies due to diabatic processes
are most important, i.e., the diabatic heating rates (DHRs).
In ICON, DHRs result from microphysical processes (in-
cluding saturation adjustment), radiation interaction, turbu-
lence, parameterized convection, horizontal diffusion, and
drag from subgrid-scale orography and non-orographic grav-
ity waves. In our simulations total DHR and its individual
components are diagnosed online during the model run. DHR
from horizontal diffusion and subgrid-scale orography and
non-orographic gravity waves is found to be small and thus
not shown separately. DHR from water phase changes, i.e.,
latent heating, can occur as part of the microphysics scheme,
most notably via the saturation adjustment, as well as in the
convection scheme (where it leads to convective precipita-
tion). Total DHR and its components are written out every
1 h as instantaneous values. Joos and Wernli (2012) showed
that instantaneous values provide a good approximation of
DHR accumulated over 1 h.

Motivated by the work of Schäfer and Voigt (2018) on
the cloud-radiative impact on an idealized extratropical cy-
clone, we also diagnose DHR from cloud–radiation interac-
tion. Cloud-radiative heating is computed by means of all-
sky and clear-sky radiative fluxes as

DHR|crh =
1
ρcv

∂(F all
−F clr)

∂z
, (1)

where ρ is air density, cv is the specific heat capacity of air
at constant volume, and F is the net radiative flux in all-sky
(with clouds) and clear-sky (without clouds) conditions, re-
spectively. Clear-sky fluxes are diagnosed by an additional

diagnostic radiative transfer calculation with the cloud frac-
tion set to zero. Radiative flux divergence is converted to ra-
diative heating using cv instead of cp because ICON uses iso-
choric coupling between its physics parameterizations and its
dynamical core (Prill et al., 2020).

3 WCB trajectories

We first study WCB trajectories across model setups in terms
of their number, subclasses and mean ascent characteristics
in Sect. 3.1. We then study the evolution of diabatic heating
along the trajectories in more detail in Sect. 3.2.

3.1 Number, subclasses and mean ascent properties

As described by Oertel et al. (2019), the ascending region of
the WCB was located around 40–50◦ N and 40–10◦W in the
warm sector of the cyclone. This can be inferred from the
maps of potential temperature shown in Fig. 1a–c and WCB
trajectories calculated for our ICON simulations shown in
Figs. 2 and 3. Our simulations capture the multiple outflow
branches of the WCB, i.e., its dichotomous nature (Martinez-
Alvarado et al., 2014). About three-quarters of the WCB
trajectories turn anticyclonically into the downstream upper-
level ridge. A smaller fraction, about one-quarter, of the tra-
jectories form a cyclonic branch that wraps around the center
of the cyclone. The split into different classes of trajectories
will be analyzed further below by means of Figs. 4 and 5.
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Figure 3. Same as Fig. 2 but for the simulations with two-moment cloud microphysics.

Figure 4. Separation of WCB trajectories into four subclasses. An example is shown here for the 2.5 km EC simulation with one-moment
cloud microphysics. The trajectories are clustered based on their final location. The regions are defined as latitude–longitude boxes shown
in the top figure. Their spatial extent is as follows. Trajectory 1: 60–80◦ N, 35–6◦W; Trajectory 2: 58–80◦ N, 6◦W–30◦ E; Trajectory 3:
47–56◦ N, 5–30◦ E; Trajectory 4: 30–50◦ N, 20◦W–0◦ E.

Weather Clim. Dynam., 3, 1199–1214, 2022 https://doi.org/10.5194/wcd-3-1199-2022
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Figure 5. (a) Number of WCB trajectories as a function of horizontal grid spacing. The total number of trajectories is shown in black, with
values given by the left y axis. The number of trajectories in the four subclasses is shown in colors, with values given by the right y axis.
Filled and open markers correspond to parameterized and explicit convection, respectively. Panel (a) is for one-moment microphysics and
panel (b) for two-moment microphysics.

Figures 2 and 3 also illustrate how the WCB trajectories
change depending on grid spacing and the treatment of con-
vection and microphysics. The WCB strength – measured by
the number of identified WCB trajectories – differs consid-
erably across grid spacings. The number of trajectories in-
creases substantially as the grid spacing is decreased. In fact,
around 10 times more trajectories are identified at 2.5 km
than at 80 km (Figs. 2a–f and 3a–f). When convection is
treated explicitly, the number of trajectories increases fur-
ther and is 50 % higher compared to simulations that use the
same grid spacing but parameterized convection (Figs. 2g–
i and 3g–i). When convection is explicit at grid spacings of
10, 5 and 2.5 km, the number of trajectories becomes largely
independent of the grid spacing and varies by only 5 %, indi-
cating convergence with respect to grid spacing. This conver-
gence is not found when convection is parameterized. Com-
paring Figs. 2 and 3 shows that the treatment of microphysics
has no substantial impact. Overall, we find that the WCB be-
comes more pronounced as the grid is refined and convection
is treated explicitly, while microphysics has no marked im-
pact.

Another finding from Figs. 2 and 3 is that the WCB con-
sists of several subclasses of trajectories that differ in terms
of their direction and ascent pattern. To investigate this fur-
ther, we separate the WCB trajectories into four subclasses
based on their final location. We refer to these subclasses as
Trajectory 1, Trajectory 2, Trajectory 3 and Trajectory 4. Fig-
ure 4 presents an example of the separation for the 2.5 km EC
simulation with one-moment cloud microphysics. In Figs. 2
and 3, the mean trajectory of each subclass is included as a
colored line. Trajectory 1 corresponds to the cyclonic branch
of the WCB, whereas trajectories 2, 3 and 4 belong to the
anticyclonic branch.

Figure 5 depicts the number of trajectories in each sub-
class, as well as the total number of trajectories as a function
of grid spacing. The largest contribution stems from the anti-
cyclonically turning subclass Trajectory 2, which contributes
about 50 % to the total number of trajectories. The subclasses
Trajectory 3 and Trajectory 1 contribute about equally. The
subclass Trajectory 4 contributes relatively little and is absent
for the 80 km grid spacing. For parameterized convection, the
number of trajectories for each subclass increases as the grid
spacing is decreased from 80 to 10 km. For finer grids, how-
ever, the number of trajectories in the subclasses 1, 3 and 4
has in fact converged, and only the number of trajectories in
subclass 2 increases further. The increase results from trajec-
tories that start their ascent during the mature stage of cy-
clone Vladiana on 23 September 2016 at around 18:00 (see
Fig. S2). Consistent with Figs. 2 and 3 the impact of micro-
physics is weak.

We quantify the impact of grid spacing on the ascent dy-
namics of the WCB air parcels by analyzing the main as-
cent period (MAP) in Fig. 6. MAP is defined as the period
during which the actual ascent occurs, i.e., the time period
between the minimum and maximum pressure level of the
parcel (Oertel et al., 2019). Figure 6a shows the mean MAP,
while Fig. 6b shows the minimum MAP. We note that for all
grid spacings, the maximum MAP is 48 h, as there always ex-
ists at least one trajectory that takes the whole 48 h period to
complete its ascent. Figure 6c shows the mean ascent, which
is defined as the mean pressure level difference between the
beginning and the end of the ascent. This quantity is equiva-
lent to that described in Table 1 of Oertel et al. (2019). Fig-
ure 6d shows the mean ascent rate, which is the ratio of mean
ascent and mean MAP.

As the grid is refined, parcels on average ascend faster and
higher. For parameterized convection, the effect is nearly lin-
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Figure 6. Statistics of the main ascent period (MAP) as a func-
tion of horizontal grid spacing. The filled and empty markers repre-
sent parameterized and explicit convection, respectively, while cir-
cle and square markers represent one- and two-moment cloud mi-
crophysics.

ear: each grid refinement by a factor of 2 leads to roughly
the same decrease in mean MAP and increase in mean as-
cent and rate. When comparing the finest and coarsest grids,
we find that the 2.5 km grid results in an ascent that is 6 h
faster and 60 hPa higher compared to the 80 km grid. When
convection is treated explicitly, the ascent occurs even faster
and over a larger vertical distance. This finding is consis-
tent with Rivière et al. (2021), who showed that WCB as-
cents are quicker and more abrupt for explicit convection but
more moderate and steadier for parameterized convection.
The impact of treating convection explicitly is largest for the
10 km grid and smallest for the 2.5 km grid. This finding is
consistent with the expectation that the resolved circulation
gradually replaces the convection scheme as the grid spacing
is decreased, because of which the effect of the convection
scheme should decrease with the grid spacing. In contrast to
the marked impact of model resolution and treatment of con-
vection, we again find no substantial impact of the treatment
of microphysics. This can be seen by the close overlap of the
circle and square symbols that distinguish the one- and two-
moment cloud microphysics in Fig. 6. In summary, for finer
grids and explicit convection, the model simulates a quicker
and higher ascent of WCB parcels.

Oertel et al. (2019) (their Table 1) considered online tra-
jectories from COSMO simulations and offline trajectories
from ECMWF IFS data. The COSMO simulations were run
with explicit deep but parameterized shallow convection and
a grid spacing of 2.2 km. Our ICON simulations at 2.5 km
show slower ascent that reaches somewhat higher for ex-

plicit convection compared to the COSMO results of Oer-
tel et al. (2019). We believe the slower ascent is a result of
our use of offline trajectories calculated with 1-hourly model
output. Our trajectories are unable to properly sample the
short-lived events of embedded convection (see Sect. 2.3),
leading to a bias in MAP. The ECMWF IFS data were ob-
tained from simulations with parameterized convection and
a grid spacing of 9 km. Our ICON simulation with parame-
terized convection and 10 km grid spacing agrees well with
the ECMWF IFS results of Oertel et al. (2019), with very
similar values for mean and minimum MAP (39 vs. 40 h; 13
vs. 13 h), mean ascent (653 vs. 669 hPa), and mean ascent
rate (17 vs. 16.8 hPah−1). Overall, this indicates that the dif-
ferences between the ECMWF IFS and COSMO trajectories
analyzed by Oertel et al. (2019) result both from differences
in the grid spacing and treatment of convection and from dif-
ferences in the use of online versus offline trajectories.

3.2 Dynamics of parcel ascent and diabatic heating
within the WCB

In this section, we study the dynamics of the WCB air parcels
and the diabatic heating that they experience as a function of
their vertical position. Figure 7a depicts the parcels’ pres-
sure level as a function of time for the 80 and 2.5 km grid
spacings. While both grid spacings exhibit a broadly similar
evolution of air parcels, the spread between the trajectories
is distinctively larger at 2.5 km. The increased spread results
from the fact that as the grid spacing is reduced, the WCB
trajectories become more diverse. This effect is illustrated in
Figs. S1 and S2, which also show that treating convection
explicitly further increases the diversity between WCB tra-
jectories and that the ascent occurs in two main time periods
on 23 September 2016 at around 00:00 (the intensification
phase of cyclone Vladiana) and 23 September 2016 at 18:00
(the cyclone’s mature phase). The latter is consistent with the
results of Oertel et al. (2019).

Figure 7b–d illustrate the parcel dynamics as a function
of their vertical location in terms of ascent velocity, as well
as absolute and potential vorticity. Consistent with the mean
ascent rate shown in Fig. 6, the parcel ascent systematically
strengthens as the grid spacing is reduced, with the maxi-
mum ascent velocity shifting to lower levels (Fig. 7b). Ab-
solute and potential vorticity displays the expected vertical
profile within a WCB with maximum values in the lower tro-
posphere (cf. Fig. 4 of Joos and Wernli, 2012, and Fig. 7 of
Madonna et al., 2014). Similar to ascent velocity, decreasing
the grid spacing leads to a systematic increase in absolute and
potential vorticity. For all three quantities, the simulations
with explicit convection display the strongest ascent and vor-
ticity. As a result, the maximum values for ascent and vor-
ticity are about 3 times higher for the 2.5 km resolution with
explicit convection than for the 80 km resolution with param-
eterized convection. Consistent with our results in Sect. 3.1,
the treatment of microphysics has a minor impact.
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Figure 7. (a) Vertical location of WCB air parcels (measured by their pressure level) as a function of time for simulations with 80 and
2.5 km grid spacings, parameterized convection and one-moment cloud microphysics. The shading illustrates the spread between trajectories
and is given by the 25th and 75th percentiles. (b) Ascent velocity, (c) absolute vorticity and (d) potential vorticity as a function of grid
spacing and pressure level averaged over all trajectories. Lines with filled and empty markers represent simulations with parameterized and
explicit convection, respectively. All simulations shown here use one-moment cloud microphysics.

Figure 8a characterizes the diabatic heating along WCB
trajectories. Total diabatic heating systematically increases
as the grid is refined. In fact, between the 80 and the 2.5 km
grids the peak diabatic heating increases by almost a factor of
3. To quantify to what extent the increase in diabatic heating
results from small-scale ascent and its correlation with dia-
batic heating or reflects changes in the large-scale flow, we
recalculated the trajectories with all simulations remapped
conservatively onto the same 40 km grid by means of the
Climate Data Operators (see Sect. 2). Although the impact
of the grid spacing is reduced to a factor of 2 between the
80 and 2.5 km simulations, the systematic increase in DHR
for smaller grid spacings remains (Fig. S3). This shows that
changes in parcel dynamics at smaller scales due to the de-
creased grid spacing indeed propagate to larger scales.

Total diabatic heating is dominated by microphysical pro-
cesses, which exhibit almost the same vertical pattern as to-
tal diabatic heating (Fig. 8b). The increase in microphysi-
cal heating likely reflects the stronger ascent and thus larger
condensation when the grid spacing is reduced. Convection
contributes in the lower troposphere, where it in fact dom-
inates total diabatic heating for the coarse-resolution simu-
lations (Fig. 8e). The contribution of convection decreases
as resolution gets finer, as is expected because an increasing

fraction of vertical transport can be achieved by the resolved
grid-scale circulation. The contribution by turbulence is rela-
tively small and limited to the lower and middle troposphere
(Fig. 8f). The contribution by cloud-radiative and clear-sky
radiative heating is negligible (Fig. 8c and d). This is be-
cause within the WCB the air parcels are typically within
clouds and not at the boundary between clear-sky and cloudy
regions.

Overall, we find that the diabatic heating strongly intensi-
fies for finer grids. The increase in diabatic heating occurs in
a gradual manner, with no indication of significant structural
changes. Diabatic heating and its dependence on grid spacing
are dominated by heating from cloud microphysics.

4 Pressure evolution of cyclone Vladiana and missing
link to WCB diabatic processes

Previous work has shown that the diabatic processes occur-
ring within WCBs can have a strong influence on the dis-
tribution of potential vorticity in the lower and upper tropo-
sphere and hence on the evolution of midlatitude cyclones
(e.g., Wernli and Davies, 1997; Grams et al., 2011; Madonna
et al., 2014; Binder et al., 2016; Joos and Forbes, 2016). In
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Figure 8. (a) Total diabatic heating rate (in units of Kh−1) along pressure levels for different grid spacings calculated as the mean over all
WCB trajectories. The lines with filled and empty markers represent simulations with parameterized and explicit convection, respectively.
All simulations shown here use one-moment cloud microphysics. (b–f) Same as (a) but for heating from individual processes.

this section, we study to what extent the sensitivity of the
WCB diabatic heating found in Sect. 3 imprints on the pres-
sure evolution of cyclone Vladiana across the different model
setups.

We characterize the evolution of cyclone Vladiana by
means of its central pressure at mean sea level, which is
shown in Fig. 9. To remove possible spin-up effects, the
first 12 h are not considered, and the time series starts on
22 September 2016 at 12:00. The cyclone deepens and
reaches its minimum central pressure on 23 September 2016
at around 12:00. Although the deepening for the 80 km grid
is less pronounced than for the finer grids, overall there is no
systematic impact of the grid spacing and the treatment of
convection on the pressure evolution.

Because the cyclone does not systematically strengthen as
the grid spacing is reduced, the cyclone strength and the mag-
nitude of WCB diabatic heating are not linked to each other.
For example, although the WCB diabatic heating is strongest
for the 10, 5 and 2.5 km simulations with explicit convec-
tion, the cyclone is not strongest in these simulations. This
indicates that cyclone Vladiana is not strongly impacted by
the diabatic processes occurring in its associated WCB. We
investigate this further in the next subsection by means of the
surface pressure tendency equation.

4.1 Surface pressure tendency equation (PTE)

The surface pressure tendency equation (PTE) quantifies the
impact of advection and diabatic heating on the surface pres-
sure evolution (Knippertz and Fink, 2008; Knippertz et al.,
2009). The PTE approach can be applied to understand the
processes driving the deepening of midlatitude cyclones. Fol-
lowing the work of Fink et al. (2012), we here use it to un-
derstand to what extent the strengthening of cyclone Vladi-
ana results from diabatic heating. For a detailed description
of PTE analysis and its implementation, please refer to Fink
et al. (2012) and Papavasileiou et al. (2020).

The PTE approach is based on the equation for the local
derivative of surface pressure,

∂psfc

∂t︸ ︷︷ ︸
Dp

= ρsfc
∂φ100 hPa

∂t︸ ︷︷ ︸
Dφ

+ ρsfcRd

100 hPa∫
sfc

∂Tv

∂t
d(lnp)

︸ ︷︷ ︸
ITT

+ g(E-P)︸ ︷︷ ︸
E-P

+RESPTE, (2)

where psfc and p are surface pressure and atmospheric pres-
sure, respectively, ρsfc is surface air density, Rd is the dry air
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Figure 9. Central pressure of cyclone Vladiana from 22 September 2016 at 12:00 for (a) one- and (b) two-moment cloud microphysics. Filled
and empty markers distinguish simulations with parameterized and explicit convection. In panel (a), the blue line with crossed markers shows
the 2.5 km simulation regridded to 80 km. The central pressure derived from ERA5 is shown as the thin black line.

Figure 10. Illustration of the PTE terms in the 2.5 km EC simulation with one-moment cloud microphysics. The figure is for 23 September
2016 at 12:00. The cyclone position as given by the minimum mean sea level pressure is marked by the blue cross.

gas constant, φ100 hPa is the geopotential at 100 hPa, and Tv
is the virtual temperature. g is the constant of gravitational
acceleration. E and P are surface evaporation and precipita-
tion. RESPTE represents any residual in the analysis that can
arise, for example, due to the spatiotemporal discretization.

Equation (2) decomposes the surface pressure ten-
dency (Dp) into stratospheric changes that manifest in the
geopotential at the upper boundary of the vertical integral
(chosen here as 100 hPa; Dφ), changes in the tropospheric
virtual temperature (ITT), and changes in column mass due
to evaporation and precipitation (E-P ). Because the E-P
term is very small, we do not calculate it explicitly but ab-
sorb it into the residual term RESPTE.

Tropospheric heating leads to a drop in surface pressure.
We are mostly interested in tropospheric heating and there-

fore decompose the ITT term further:

ITT=

+ ρsfcRd

100 hPa∫
sfc

−v ·∇pTvd(lnp) (TADV)

+ ρsfcRd

100 hPa∫
sfc

(
RdTv

cpp
−
∂Tv

∂p

)
ωd(lnp) (VMT)

+ ρsfcRd

100 hPa∫
sfc

TvQ

cpT
d(lnp) (DIAB)

+RESITT. (3)
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T is the temperature, v and ω are the horizontal and vertical
wind components, cp is the specific heat capacity at constant
pressure, andQ is the diabatic heating rate. On the right-hand
side of Eq. (3), the first two terms represent the impact of hor-
izontal temperature advection (TADV) and vertical motions
(VMTs). DIAB represents the influence of diabatic heating.
The term RESITT represent errors caused by temporal and
spatial discretizations, similar to RESPTE. Following Fink et
al. (2012) and Pohle (2010) we measure the impact of dia-
batic heating as the residuum of ITT and the horizontal and
advective terms:

DIABres = DIAB+RESITT = ITT− (TADV+VMT). (4)

Fink et al. (2012) and Pohle (2010) showed that the
DIABres provides a good approximation to DIAB.

We calculate Eqs. (2)–(4) using hourly model output inter-
polated from the 75 model levels onto pressure levels with
a vertical spacing of 10 hPa. For illustration, Fig. 10 shows
maps of the PTE terms for the 2.5 km EC simulation on
23 September 2016 at 12:00. The overall pattern is similar
across the model setups. Near the cyclone center, a dipole
pattern of negative and positive Dp is visible, which mainly
results from the ITT term. The ITT term itself is character-
ized by large and opposing impacts from horizontal advec-
tion (TADV) and vertical motion (VMT), as well as negative
surface pressure tendencies from diabatic heating (DIABres)
in the region of the WCB. However, near the cyclone center
the impact of diabatic heating is weak and in fact leads to a
small surface pressure increase.

To assess the role of dynamic and diabatic processes for
the pressure evolution of cyclone Vladiana, Fig. 11 depicts
the time series of the PTE terms averaged over a 3◦× 3◦

latitude–longitude box centered around the cyclone location.
The evolution of the cyclone central pressure is most strongly
affected by tropospheric heating (ITT; Fig. 11a), which itself
is dominated by horizontal temperature advection (TADV;
Fig. 11b). Diabatic heating plays a smaller role and does not
contribute to the cyclone deepening but works against it.

The dominant role of horizontal advection and the minor
impact of diabatic heating is robust across model setups. To
show this, Fig. 12 depicts the PTE terms averaged over the
main deepening period of the cyclone. The somewhat less
intense cyclone for the 80 and 40 km grids arises from a
smaller contribution of temperature advection. In contrast,
diabatic heating works against the cyclone deepening for all
grid spacings. Thus, unlike in earlier studies (e.g., Willison et
al., 2013; Trzeciak et al., 2016), decreasing the grid spacing
does not enhance the relative contribution of diabatic heating
to the cyclone’s primary deepening. This is consistent with
the fact that the WCB of cyclone Vladiana is strong but far
away from the cyclone center (Binder et al., 2016).

In summary, the PTE analysis shows that the deepening
of cyclone Vladiana is not due to diabatic processes. This
explains why the systematic enhancement of diabatic pro-
cesses in the warm conveyor belt that we have documented

Figure 11. Time series of the PTE analysis during the cyclone de-
velopment from 22 September 2016 at 12:00 for the 2.5 km EC sim-
ulation with one-moment cloud microphysics. The PTE terms are
averaged over a 3◦× 3◦ latitude–longitude box centered around the
cyclone location. (a) Surface pressure tendency and its decomposi-
tion. (b) Decomposition of the ITT term. (c) Central pressure of the
cyclone.

in Sect. 3 is not reflected in the evolution of the cyclone’s
central pressure.

5 Conclusions

We have characterized how the simulation of a warm con-
veyor belt (WCB) of a midlatitude cyclone is affected by
horizontal grid spacing and the treatment of convection and
microphysics. Our study is motivated by the development of
global and regional storm-resolving models that aim to rep-
resent the atmosphere with grid spacings of a few kilometers
and with the deep convection scheme switched off. It is fur-
ther motivated by previous results that midlatitude cyclones
intensify as the grid spacing is decreased.
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Figure 12. PTE terms as a function of grid spacing for simulations
with one-moment cloud microphysics. The terms are averaged over
the intensification period of cyclone Vladiana from 22 September
2016 at 22:00 to 23 September 2016 at 09:00 (between 10 and 21 h
after 22 September 2016 at 12:00). Filled and empty markers rep-
resent simulations with parameterized and explicit convection, re-
spectively.

We have analyzed a set of 18 simulations with the ICON
model in limited-area setup over the North Atlantic and with
the atmospheric physics package developed for numerical
weather prediction. The simulations were run for grid spac-
ings ranging from 80 to 2.5 km, with and without a convec-
tion scheme, and with one-moment and two-moment cloud
microphysics. The simulations were a case study of the North
Atlantic cyclone Vladiana, which occurred in September
2016 and exhibited a well-developed WCB. Our analysis has
used offline trajectories and the surface pressure tendency
equation (PTE).

Based on the analysis we answer three research questions
given in the introduction as follows:

1. How do the grid spacing, the treatment of convection
and the treatment of cloud microphysics affect the WCB
associated with cyclone Vladiana?

As the grid spacing is decreased, the number of WCB
trajectories increases by up to a factor of 10. When con-
vection is represented explicitly, the number of WCB
trajectories increases further. For the 10, 5 and 2.5 km
grids and with explicit convection, the number of WCB
trajectories becomes independent of the grid spacing,
signaling convergence. We find analogous impacts of
the grid spacing and the treatment of convection on the
WCB ascent and vorticity, which strengthen both as the
grid is refined and as convection is made explicit. Cloud
microphysics have a minor impact.

2. How sensitive is diabatic heating within the WCB to
these modeling choices?

As the grid is refined, diabatic heating systematically
increases. The increase arises from stronger diabatic

heating by cloud microphysics and is consistent with
stronger WCB ascent and hence stronger latent heating.
For parameterized convection, each halving of the grid
spacing leads to an increase in diabatic heating. When
convection is treated explicitly in the 10, 5 and 2.5 km
simulations, diabatic heating is largely insensitive to the
grid spacing. The impact of the treatment of cloud mi-
crophysics is again minor.

3. Do the sensitivities of the WCB diabatic processes af-
fect the deepening of cyclone Vladiana?

We do not find a clear and systematic impact of the grid
spacing and the treatment of convection on the evolution
of the central pressure of cyclone Vladiana. This is in
contrast to the above sensitivities of the diabatic heating.
The difference is explained by the PTE analysis, which
shows that the deepening of cyclone Vladiana is driven
by temperature advection and not by diabatic processes.

A limitation of our study is that we have not compared
the simulations to observational data. This prevents us from
quantifying a possible added value that might be obtained
from refining the grid and disabling the convection scheme.
Nevertheless, a few points can be made. For the coarse grids
with grid spacings of 80 and 40 km, the WCB is much weaker
and much less pronounced compared to the finer grids. In
fact, for the 80 km grid only three of the four trajectory sub-
classes are simulated, hinting at a possible systematic short-
coming of coarse-resolution models in simulating WCBs that
might further impact the jet stream and the downstream flow
evolution (Oertel et al., 2020; Blanchard et al., 2020, 2021).
In this context, it is also worth noting that while we have
found a minor impact of the cloud microphysics scheme on
the WCB, Mazoyer et al. (2021) found that ice cloud micro-
physics within the WCB can play an important role in upper-
level dynamics.

Our results further indicate that when the convection
scheme is switched off, a grid spacing of 5 km or maybe even
10 km is sufficient. The results from these resolutions are in
close agreement with the results from the 2.5 km simulation
with explicit convection in terms of the WCB characteristics,
the WCB diabatic heating and the deepening of the cyclone.
This finding is broadly consistent with Vergara-Temprado et
al. (2020), who reported that at a resolution of 20 km and
finer the representation of deep convection plays a larger role
than a further refinement in resolution. It is also consistent
with Jung et al. (2006), Champion et al. (2011), and Jung et
al. (2012), who argued that a resolution of 20 km is sufficient
to capture the synoptic evolution of midlatitude cyclones.

For future work we would find it interesting to investigate
simulations in a Transpose-AMIP (Atmosphere Model In-
tercomparison Project) framework in which climate models
are used to predict weather over the course of around 10 d
(Williams et al., 2013). Because Transpose-AMIP simula-
tions start from a known state of the atmosphere, the im-
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pact of modeling choices on midlatitude cyclones could be
studied across a large number of cyclones, and the results
could be evaluated by means of reanalysis and observational
data. Flack et al. (2021) recently performed a Transpose-
AMIP analysis for an explosive deepening cyclone during
the NAWDEX campaign with climate models run at 150 and
50 km grid spacings, and more such analyses are warranted
in our view.
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https://doi.org/10.5281/zenodo.5921126 (Choudhary, 2022b). The
Zenodo data set includes a copy of the analysis scripts.

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/wcd-3-1199-2022-supplement.

Author contributions. The ICON simulations were carried out by
AV. AC and AV designed the study. AC did the analysis with in-
puts from AV. Both authors discussed and interpreted the results
and wrote the paper.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Acknowledgements. Anubhav Choudhary and Aiko Voigt acknowl-
edge financial support by the German Ministry of Education and
Research (BMBF) and FONA: Research for Sustainable Develop-
ment (http://www.fona.de, last access: 31 January 2022). The pri-
mary data of the ICON simulations (run scripts, namelists, scripts
for lateral boundary data) are published at KITopen of the Karlsruhe
Institute of Technology, https://doi.org/10.5445/IR/1000123695.
Note that the KITopen data set includes all simulations of Senf et
al. (2020), from which a subset is analyzed here. This work used re-
sources of the Deutsches Klimarechenzentrum (DKRZ) granted by
its Scientific Steering Committee (WLA) under project ID bb1018.
The ICON simulations were carried out by Aiko Voigt at the Mistral
High Performance Computing system of DKRZ. This work con-
tributes to the WCRP’s Grand Challenge on Clouds, Circulation,
and Climate Sensitivity and the BMBF-funded project “HD(CP)2:
High Definition Clouds and Precipitation for Advancing Climate
Prediction”. We are very thankful to Georgios Papavasileiou of the

National Observatory of Athens, Greece, for his help with the PTE
analysis. We thank Annika Oertel of IMK-TRO, KIT, Germany, and
Gwendal Rivière of LMD, France, for feedback and discussions
and the two reviewers whose comments have helped improve the
manuscript.

Financial support. This research has been supported by the Bun-
desministerium für Bildung und Forschung (grant no. 01LK1509A).

Review statement. This paper was edited by Juerg Schmidli and re-
viewed by Ambrogio Volonté and one anonymous referee.

References

Baldauf, M., Seifert, A., Förstner, J., Majewski, D., Raschendor-
fer, M., and Reinhardt, T.: Operational convective-scale nu-
merical weather prediction with the COSMO model: Descrip-
tion and sensitivities, Mon. Weather Rev., 139, 3887–3905,
https://doi.org/10.1175/MWR-D-10-05013.1, 2011.

Bechtold, P., Koehler, M., Jung, T., Doblas-Reyes, F., Leutbecher,
M., Rodwell, M., Vitart, F., and Balsamo, G.: Advances in sim-
ulating atmospheric variability with the ECMWF model: From
synoptic to decadal time-scales, Q. J. Roy. Meteor. Soc., 134,
1337–1351, https://doi.org/10.1002/qj.289, 2008.

Binder, H., Boettcher, M., Joos, H., and Wernli, H.: The role of
warm conveyor belts for the intensification of extratropical cy-
clones in Northern Hemisphere winter, J. Atmos. Sci., 73, 3997–
4020, https://doi.org/10.1175/JAS-D-15-0302.1, 2016.

Blanchard, N., Pantillon, F., Chaboureau, J.-P., and De-
lanoë, J.: Organization of convective ascents in a warm
conveyor belt, Weather Clim. Dynam., 1, 617–634,
https://doi.org/10.5194/wcd-1-617-2020, 2020.

Blanchard, N., Pantillon, F., Chaboureau, J.-P., and Delanoë,
J.: Mid-level convection in a warm conveyor belt accel-
erates the jet stream, Weather Clim. Dynam., 2, 37–53,
https://doi.org/10.5194/wcd-2-37-2021, 2021.

Browning, K. A.: Organization of clouds and precipitation in ex-
tratropical cyclones, in: Extratropical cyclones, edited by: New-
ton, C. W., Holopainen, E. O., American Meteorological Society,
Boston, MA, 129–153, https://doi.org/10.1007/978-1-944970-
33-8_8, 1990.

Carlson, T. N.: Airflow through midlatitude cy-
clones and the comma cloud pattern, Mon. Weather
Rev., 108, 1270–1282, https://doi.org/10.1175/1520-
0493(1980)108<1498:ATMCAT>2.0.CO;2, 1980.

Champion, A. J., Hodges, K. I., Bengtsson, L. O., Keenly-
side, N. S., and Esch, M.: Impact of increasing resolution
and a warmer climate on extreme weather from Northern
Hemisphere extratropical cyclones, Tellus A, 63, 893–906,
https://doi.org/10.1111/j.1600-0870.2011.00538.x, 2011.

Chang, E. K. and Fu, Y.: Using mean flow change as a proxy to infer
interdecadal storm track variability, J. Climate, 16, 2178–2196,
https://doi.org/10.1175/2773.1, 2003.

Choudhary, A.: Analysis scripts for “Impact of grid spacing, con-
vective parameterization and cloud microphysics in ICON sim-
ulations of a warm conveyor belt”, Gitlab [code], https://gitlab.

Weather Clim. Dynam., 3, 1199–1214, 2022 https://doi.org/10.5194/wcd-3-1199-2022

https://gitlab.phaidra.org/climate/choudhary-vladiana-wcd-2022
https://gitlab.phaidra.org/climate/choudhary-vladiana-wcd-2022
https://doi.org/10.5281/zenodo.5921126
https://doi.org/10.5194/wcd-3-1199-2022-supplement
http://www.fona.de
https://doi.org/10.5445/IR/1000123695
https://doi.org/10.1175/MWR-D-10-05013.1
https://doi.org/10.1002/qj.289
https://doi.org/10.1175/JAS-D-15-0302.1
https://doi.org/10.5194/wcd-1-617-2020
https://doi.org/10.5194/wcd-2-37-2021
https://doi.org/10.1007/978-1-944970-33-8_8
https://doi.org/10.1007/978-1-944970-33-8_8
https://doi.org/10.1175/1520-0493(1980)108<1498:ATMCAT>2.0.CO;2
https://doi.org/10.1175/1520-0493(1980)108<1498:ATMCAT>2.0.CO;2
https://doi.org/10.1111/j.1600-0870.2011.00538.x
https://doi.org/10.1175/2773.1
https://gitlab.phaidra.org/climate/choudhary-vladiana-wcd-2022


A. Choudhary and A. Voigt: Cloud diabatic processes in warm conveyor belt 1213

phaidra.org/climate/choudhary-vladiana-wcd-2022, last access:
24 October 2022a.

Choudhary, A.: Data and analysis scripts for “Impact of grid
spacing, convective parameterization and cloud microphysics in
ICON simulations of a warm conveyor belt”, Zenodo [data set],
https://doi.org/10.5281/zenodo.5921126, 2022b.

Colle, B. A., Zhang, Z., Lombardo, K. A., Chang, E., Liu, P., and
Zhang, M.: Historical evaluation and future prediction of eastern
North American and western Atlantic extratropical cyclones in
the CMIP5 models during the cool season, J. Climate, 26, 6882–
6903, https://doi.org/10.1175/JCLI-D-12-00498.1, 2013.

Doms, G., Förstner, J., Heise, E., Herzog, H., Mironov, D., Raschen-
dorfer, M., and Vogel, G.: A description of the nonhydrostatic
regional model LM Part II: Physical parameterization, Scientific
documentation, Deutscher Wetterdienst, Offenbach, Germany,
2005.

Eichler, T. P., Natalie, G., and Zaitao, P.: Impacts of global
warming on Northern Hemisphere winter storm tracks in the
CMIP5 model suite, J. Geophys. Res.-Atmos., 118, 3919–3932,
https://doi.org/10.1002/jgrd.50286, 2013.

Fink, A. H., Pohle, S., Pinto, J. G., and Knippertz, P.: Diagnos-
ing the influence of diabatic processes on the explosive deepen-
ing of extratropical cyclones, Geophys. Res. Lett., 39, L07803,
https://doi.org/10.1029/2012GL051025, 2012.

Flack, D. L. A., Rivière, G., Musat, I., Roehrig, R., Bony, S.,
Delanoë, J., Cazenave, Q., and Pelon, J.: Representation by
two climate models of the dynamical and diabatic processes
involved in the development of an explosively deepening cy-
clone during NAWDEX, Weather Clim. Dynam., 2, 233–253,
https://doi.org/10.5194/wcd-2-233-2021, 2021.

Grams, C. M., Wernli, H., Böttcher, M., Čampa, J., Corsmeier, U.,
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