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Abstract. Warm conveyor belts are important features of extratropical cyclones and are characterized by active diabatic pro-
cesses. Previous studies reported that simulations of extratropical cyclones can be strongly impacted by the horizontal grid
spacing. Here, we study to what extent and in which manner simulations of warm conveyor belts are impacted by the grid spac-
ing. To this end, we investigate the warm conveyor 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 Impact Experiment. We analyze a
total of 18 limited-area simulations with the ICOsahedral Nonhydrostatic (ICON) model run over the North Atlantic that cover
grid spacings from 80 to 2.5 km, including that of current coarse-resolution global climate models with parametrized convec-
tion as well as that of future storm-resolving climate models with explicit convection. The simulations also test the sensitivity
with respect to the representation of convection and cloud microphysics. 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 trajectories
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 km and 2.5 km simulations, and vorticity increases by a factor of 2 in the lower and middle troposphere.
We find a corresponding increase in diabatic heating as the grid spacing is decreased, arising mainly from cloud-associated
phase changes of water. The treatment of convection 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 amplified but become
largely independent of the grid spacing. We find no clear connection across the different grid spacings between the strength of
diabatic heating within the WCB and the deepening of cyclone Vladiana measured by its central pressure. An analysis of the
pressure tendency equation shows that this is because diabatic heating plays a minor role for the deepening of Vladiana, which

is dominated by temperature advection.

1 Introduction

A typical feature of extratropical cyclones are warm conveyor belts (WCB; 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 sector and ascend

poleward, moving ahead of the cold front (Carlson, 1980; Joos and Wernli, 2012). During their cross-isentropic ascent to the
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upper troposphere, they are associated 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 for cyclone intensification
(Binder et al., 2016). WCBs also play a key role for the vertical transport of heat, moisture and atmospheric tracers (Stohl,
2001) and the evolution of the large-scale circulation, including blocking 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 rapid vertical ascent 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; Mazoyer 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 predictions
of extratropical cyclones at the weather time scale, and might also be needed in climate models for adequate simulations of
extratropical cyclones and their response to climate change (Flack et al., 2021). However, at current resolutions of weather and
climate models, diabatic processes within WCBs occur below the grid scale and need to be parameterized. This in particular
includes convection and cloud processes that despite decades of model development have remained a primary source of model
biases and model uncertainty in projections of climate change (Randall et al., 2003; Jakob, 2010; Palmer and Stevens, 2019),
hindering the development 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 parametrization challenge, modeling 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 rigorous aspects
of deep convective motions in the atmosphere can be simulated directly and the parametrization for deep convection 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 often reported that simulations of climate improve. For example, Senf et al. (2020) found that in
the 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 simulations of European climate
in fine-resolution models with explicit deep convection.

There is hence reason to hope that the extratropical circulation improves in a similar manner in storm-resolving models.
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 circulation of the extratropics. These findings are of concern when simulating the future climate,
as in a warmer atmosphere the combined effects of altered meridional temperature gradients and mesoscale latent heating

complicate the warming response of extratropical storm tracks (Ulbrich et al., 2008, 2009).
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With global storm-resolving models coming into application, we nd it important to understand how the grid spacing 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 question. Flack et al. (2021
investigated how a decrease of the grid spacing from 150 to 50 km affects diabatic processes and the intensi cation of extra-
tropical cyclones, and concluded that the relative importance of diabatic heating remains unchanged and model improvement
equally results from a better representation of dynamics. Wimmer et al. (2021) and Riviére et al. (2021) found that the repre-
sentation of deep convection substantially affects diabatic processes, the WCB activity and the vertical structure of jet stream.
In particular, Riviére 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 km. We here address this questior
by means of a cyclone case study from the NAWDEX eld campaign (Sché er et al., 2018). We study the NAWDEX cyclone
named Vladiana that occurred during 22-25 September, 2016, over the North Atlantic and whose WCB was well developed
(Oertel et al., 2019, 2020). We analyze a suite of simulations of Vladiana with the ICOsahedral Nonhydrostatic model (ICON;
Zangl 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 1-moment and 2-moment bulk cloud microphysics, and the simulations at
10, 5 and 2.5km are performed with parametrized as well as 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 convection and the treatment of cloud microphysics affect the simulation
of the WCB associated with cyclone Vladiana?

2. How sensitive is diabatic heating within the WCB to these modeling choices?
3. Do the sensitivities of the WCB diabatic processes affect 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 Section 3, and an analysis of the impact of diabatic processes or
the deepening of the cyclone by means of the pressure tendency equation in Section 4. The paper concludes with a summar
of the main ndings in Section 5.
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2 Method
2.1 Model simulations

We analyze simulations of the North Atlantic extratropical cyclone Vladiana. Vladiana occurred during the NAWDEX eld
campaign in fall 2016 (Sché er et al., 2018) and exhibited a pronounced WCB. Oertel et al. (2019) and Oertel et al. (2020)
studied this case using the COSMO model to understand the convective processes embedded within the WCB and their impac
on the large-scale circulation. Here, we use the atmospheric 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 (Zangl et al.,
2015). The simulations are run for 4 days in September 2016, starting at 2016-09-22T00 and ending at 2016-09-26T00 (all
times given in UTC). The simulation domain covers the North Atlantic as well as much of Europe and Northern Africa (78W-
40E and 23N-80N; see Fig. 3 of Stevens et al., 2020). This ensures that the simulations include the entire temporal and spatia
extent 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 is updated every 3 hours
and again taken from ECMWEF-IFS at 9 km grid spacing. At 0 and 12 UTC, ECMWEF-IFS analysis data are available and used
as lateral boundary data. In between the analysis steps, ECMWEF-IFS forecast data at 3-, 6-, and 9-hour lead time are usec
Therefore the model stays close to the actual large-scale meteorology over the simulation period. The simulations analyzed
here are a subset of those analyzed by Senf et al. (2020). For further details regarding the model setup, readers are referred 1
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 2.5km. For all simulations, 75 model levels are used. For
the 80, 40 and 20 km simulations, convection is parametrized based on the mass ux schemes for shallow and deep convectior
of Tiedtke (1989) and Bechtold et al. (2008). For the three nest grid spacings of 10, 5 and 2.5 km we analyze simulations in
which convection is parametrized as well as simulations in which convection is represented explicitly, i.e., the deep and shallow
convection schemes are disabled. The simulations with explicit convection are distinguished by “EC” in the following.

All simulations are available for both 1- and 2-moment cloud microphysics, which are based on Doms et al. (2005) and
Seifert and Beheng (2006), respectively. The 1-moment scheme includes the speci ¢ mass of water vapor, cloud liquid, cloud
ice, rain, snow and graupel, with graupel being relevant for the explicit simulation of deep convection (Baldauf et al., 2011).
The 2-moment scheme in addition includes the number concentration of the aforementioned hydrometeor species and include:
hail. The 1-moment scheme is used in operational forecasts of the German weather service DWD. The 2-moment scheme ha
been developed for simulations with grid spacings of a few kilometer and explicit convection. We here apply the 2-moment
scheme also for simulations with coarser grid spacings and parametrized convection. Although this is not recommended (Prill
et al., 2020), these simulations corroborate our nding that the treatment of cloud microphysics has a minor effect on our
results.






