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Abstract. Upper-tropospheric deep convective outflows during an event on 10th-11th of June 2019 over Central Europe are
analysed in ensembles of the operational numerical weather prediction model ICON. Both a parameterised and an explicit
representation of deep convective systems are studied. Near-linear response of deep convective outflow strength to net la-
tent heating is found for parameterised convection, while a different but physically coherent patterns of outflow variability is
found in convection-permitting simulations at 1 km horizontal grid spacing. We investigate if the conceptual model for outflow
strength proposed in our previous idealised LES-study is able to explain the variation in outflow strength in real-case scenario.
Convective organisation and aggregation induce a non-linear increase in the magnitude of deep convective outflows with in-
creasing net latent heating in convection-permitting simulations, consistent with the conceptual model. However, in contrast to
expectations from the conceptual model, a dependence of the outflow strength on the dimensionality of convective overturning
(2D versus 3D) cannot be fully corroborated from the real-case simulations.

Our results strongly suggest that the interactions between gravity waves emitted by heating in individual deep convective ele-
ments within larger organised convective systems are of prime importance for the representation of divergent outflow strength

from organised convection in numerical models.

1 Introduction

It is well known that the process of (deep) convective organisation and clustering is an important actor in physics and dynamics
of the Earth’s atmosphere (e.g. Houze, 2004, 2018; Schumacher et al., 2004). Local heating by clusters of convective clouds
can drive a flow that diverges away from the convective heat source in the upper troposphere. The divergent upper-tropospheric
flow is accompanied by convergence at low levels. In recent work, Groot and Tost (2023b) have shown that on the one hand
geometry and on the other hand clustering, organisation and aggregation of clouds within a convective system strongly affect
the intensity of the induced divergent flow in the upper troposphere (when expressed per equivalent unit heating in a column).
Idealised Large eddy simulations (LES) show that the amount of divergence differs between infinitely long squall lines and for
instance regular multicells at fixed latent heating rates. Differences in strength of mesoscale divergent winds at a fixed (area
average) column integrated heating rate as shown in the results of Groot and Tost (2023b) can be explained by variability in

storm morphology and convective aggregation and these findings can be synthesised in a conceptual model (Figure 1), which
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is introduced later in this introduction. In this work, we aim to identify if convection-permitting and convection parameterised
simulations of a real-case scenario display patterns of variability of outflow divergence with storm morphology, convective
clustering and aggregation that are consistent with the conceptual model.

Comparing different representations of deep convection (i.e., LES, convection-permitting simulations and deep convection
parameterisations) is important as forecast products are increasingly based on high-resolution simulations, while global en-
sembles of weather and climate simulations are currently treating deep convection as a parameterised process (e.g. Bechtold
et al., 2014; Ollinaho et al., 2017; Palmer, 2019). Moreover, one could assume that convective aggregation and organisation
is less thoroughly represented in convection-parameterised simulations than in convection-permitting simulations (e.g. Done
et al., 2006; Keane et al., 2014; Satoh et al., 2019; Lawrence and Salzmann, 2008).

In this work, a state-of-the-art numerical weather prediction (NWP) model is analyzed, with a focus on two ensembles with dif-
ferent spatial resolution and therefore representation of convection that cover a single convective event. An extensive methodol-
ogy will be presented to investigate if the conceptual understanding (Figure 1; Groot and Tost (2023b)) can explain the coupling
between dynamics and latent heating in ICON. If successful, the methodology could be useful for applications in further cases
and regions around the world. In the following the conceptual model that links storm morphology, convective clustering and
convective aggregation to different outflow geometries (accompanied by relative differences in the upper tropospheric diver-
gence) is explained, based on Groot and Tost (2023b). After the explanation, the relation of the associated processes of gravity

waves and convective organisation is shortly reviewed.

Conceptual model

Divergent and convergent flows can be interpreted as results of gravity wave emissions at the location of convective heating
(e.g. Pandya and Durran, 1996; Houze, 2004).

Work fundamental for the interpretation of the conceptual model has been done in the late 1980s and 1990s (Bretherton and
Smolarkiewicz, 1989; Nicholls et al., 1991; Mapes, 1993; Pandya et al., 1993; Pandya and Durran, 1996), with some further
studies appearing recently (e.g. Bierdel et al., 2017, 2018; Adams-Selin, 2020a, b; Weyn and Durran, 2017). The basic concept
is that a warming tendency, representing the latent heating by cumulonimbus clouds as a localised heat source, continuously
creates temperature and pressure, hence density, perturbations. The thereby modified atmospheric states often do not return to
a background state immediately, but are maintained for some time: the perturbed state persists because updrafts can last for
hours in a well-organised convective system. The outflow pattern is maintained, until the convective heating source ceases.
The role of fluctuations in the intensity of a convective system has recently been documented and explained in Adams-Selin
(20204, b).

A continuous stream of upward moving parcels in a convective system results in continuously generated perturbations, leading
to gravity wave adjustment within the convective system and in the surrounding atmosphere. The upper branch of the flow
following such an adjustment mechanism in the plane perpendicular to a quasi-2D convective system (e.g. a squall line) is
the divergent outflow from deep convection, which has been investigated in Nicholls et al. (1991); Pandya and Durran (1996).

In (?) explicit expressions for the linear component of the gravity wave response to basic localised heating geometries are
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Figure 1. Top view of ow resulting from latent heating in convective updrafts (orange shading), as occurring in the upper troposphere. Left:

a point source of heating with radially diverging ow. Center: line source of heating associated with squall lines leads to laterally diverging
ow (blue arrows), but in the longitudinal direction, individual heating patterns along the squall line compensate: the diverging winds away
from individual cells converge (red arrows) and neutralise divergent winds along the convective line. Right (top): complex situation with
several updrafts in irregular positions relative to another, (bottom) which leads to a more complex pattern of divergence and convergence
zones as out ows collide, simpli ed in the schematic with an oval orientation of those zones. Reality will be even more complicated. The
conceptual understanding is based on Nicholls et al. (1991); Groot and Tost (2023b).

derived: "point" sources (Figure 1a) and "line" sources (Figure 1b) of latent heating have different out ow intensities. Work
by Pandya and Durran (1996) using a more advanced numerical simulation technique shows that the linear model by Nicholls
et al. (1991) contains the dominant contributions to the resulting ow (linear approximation) and that the omitted non-linear
terms are comparatively less important. Furthermore, Pandya and Durran (1996) argue based on the superposition principle the
if a prototype heating pattern is inserted in a model of the atmosphere, the model contains a ow response closely resembling
the ow expected from the linear model. Conceptually, this implies that local heat sources associated with updrafts behave as
sketched in Figure 1.

From the perspective of Pandya and Durran (1996) any geometric pattern of heating can be seen as a superposition of a pattel
of point sources (Figure 1). The most important notion is that radial divergence away from a small updraft ("point source™)
leads to more divergence at a given latent heating rate than lateral divergence, as associated with idealised line sources (an
therefore very elongated squall lines), consistently with ndings of Morrison (2016a, b). Nicholls et al. (1991) derived sepa-
rate expressions for the two geometric ow patterns. In recent work, Groot and Tost (2023b) identi ed the signi cance of the
differences in idealised LES of different convective systems. In essence, this results in a variability in the amount of upper
tropospheric divergence away from a convective system at the cloud top.
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The divergence variability is governed by the combination of either quasi-two-dimensional or quasi-three-dimensional vertical
overturning (or a mixture of those) and, herewith connected, the morphology of organized convective systems. In the current
study, we examine whether variability in out ow strength from realistic convective systems in NWP may be explained by the
same concepts.

Convective organisation
One of the mechanisms that can organise convection is actively driven by gravity wave dynamics (e.g. Mapes, 1993; Lane and
Reeder, 2001; Stechmann and Majda, 2009; Grant et al., 2018; Adams-Selin, 2020a, b). The propagation velocity of gravity
waves is inversely proportional to their vertical wavelength (e.g. Grant et al., 2018). A metric for the vertical wavelength is the
countn of wave crests over twice the vertical depth of the troposphere. In this metric waves withn =2 andn =3 are
nearly always or usually fast enough to propagate away from the convective system, in the presence of a typical background
ow. These rst few vertical modes of propagating gravity waves create regions of preferred upward motion and of preferred
positive / negative temperature perturbations in the lower and upper troposphere. The perturbations from the background state
thereby increase / reduce the tendency of deceleration of upward moving parcels in certain layers (i.e. convective inhibition
(CIN)) and modifying the convective available potential energy (CAPE); see for instance Adams-Selin (2020a), Figure 6). As
the gravity waves propagate (also) horizontally, conditions can alternate between more and less favourable conditions for the
initiation of deep convection (compared to the background state). Consequently, moving spatial patterns of locations favourable
and unfavourable for convective initiation occur around pre-existing convective systems.
As gravity waves simultaneously impact the spatial distribution of convective updrafts and downdrafts and are generated by
heating (cooling) signals produced in updrafts and downdrafts, complicated mutual interactions can occur (e.g. Groot and Tost,
2023a, b; Houze, 2004; Adams-Selin, 2020a, b; Grant et al., 2018). These interactions may disturb the simple but typical point
sources of divergence and convergence resulting from gravity waves emitted by a local latent heating maximum. The concep-
tual model proposed by Groot and Tost (2023b) provides an explanation: as divergent winds of convective clouds appear in
the form of wave signals, the waves may collide in the upper troposphere. Therefore, convergence may occur locally upon
collisions of the wave signals at cloud top levels (Figure 1), which presumably closes the upper tropospheric divergence budget
over larger scales (Groot and Tost, 2023b; Nicholls et al., 1991). It is thought that this interaction causes a non-linear response
of divergence to increasing latent heating.
Other mechanisms, like vertical wind shear, cold pool propagation and (related) moisture convergence also impact the organisa:
tion and clustering of convective systems. These mechanisms may interact with the gravity wave dynamics that (co-)organises
the convection. In this work it is not of relevance which mechanisms cause convective organisation and aggregation, but it is
important to be aware that those factors interact. A comprehensive review of convective organisation and relevant mechanisms
is provided by Muller et al. (2022).
Furthermore, convective momentum transport (CMT) may modify upper-tropospheric ow perturbations induced by deep
convection (Rodwell et al., 2013). Rodwell et al. (2013) found that mesoscale convective systems over the North-American

continent could affect European weather predictability. CMT may not only play a crucial role in the organisation of convective
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systems, but also in downstream perturbation development. Groot and Tost (2023b) noted that the effect of CMT could be
separated into a direct and an indirect effect: rstly, CMT affects divergent ow and associated horizontal acceleration directly,
resulting in ow perturbations around convective systems. Secondly, as CMT affects the convective organisation and precip-
itation rates, this results in an indirect modi cation of upper-tropospheric ow. A direct effect on divergent out ows was not
identi ed in LES (Groot and Tost, 2023b), possibly due to too weak upper-tropospheric shear.

Analysis and hypotheses
The following hypotheses are investigated here:

— Geometry of a convective system is statistically related to divergent out ow strength, where updrafts approximately in
line produce comparatively less divergent out ow than those that resemble a point source of heating at given heating
rates (as in Figure 1a versus b)

— While convective systems aggregate, grow upscale and organise, the precipitation rate tends to increase, but the ratic

between mass divergence and precipitation rate decreases on average (compare Figure 1ato 1c)

— Variability in CMT does not alter the typical (i.e. mean) ratio between mass divergence and precipitation rate, as found
by Groot and Tost (2023b).

Furthermore, it will be investigated whether comparable effects on mass divergence variability are represented in ensembles
with parameterised moist deep convection. Nevertheless, representation of such effects would not be expected in the rst place
since convective organisation is represented in a much more simpli ed way in convection parameterised simulations than in
convection-permitting setups. The methodology will be detailed in Section 3.2.1.

Therefore, we rstly investigate if sub-linear increases of mass divergence occur at increasing precipitation rates (corresponding
to latent heating rates) in convection-permitting and convection parameterised ICON ensembles of a single event. The event
is exemplary and will demonstrate whether the methodology is useful, as well as indicate rst conclusions on whether the
conceptual understanding is likely correct and represents dynamical feedbacks of convective aggregation in state-of-the-art
NWP at mid-latitudes. Another aim is to investigate whether patterns resembling line and point sources may be separated
using our proposed methodology. If both of the leading aspects of storm morphology, resulting from line and point sources
of heating on the one hand and convective organisation and clustering on the other hand, are connected to the divergenc
variability, simulation setups are able to represent gravity wave interactions and the impact of storm morphology on upper-
level divergence patterns. Supposedly this is possible at 1 km grid spacing, but not at 13 km resolution, when convection is
parameterised.

In Section 2, the investigated event is characterised in terms of synoptic conditions. In Section 3, the simulations and the data-
analysis methods are described. Subsequently, Section 4 illustrates the key parameters derived from the simulations output b
discussing their evolution in an exemplary convective system. Then, the deep convective out ow strength is compared between
convection-parameterised and convection-permitting ICON in Section 5.2. In Section 6, we analyze the convection-permitting
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ICON by characterizing the relation between key parameters and the strength of divergent deep-convective out ows. Thereby,
the representation of deep convection during the event is investigated following the hypotheses formulated in this introduction.
Afterwards, we re ect on the results and their coherence in the discussion of Section 7, as well as their implications. This is

followed by the main conclusions (Section 8).

2 Synoptic conditions of the case study

The organised convection over Central Europe on June 10th and 11th is notorious for the Munich Hail Storm (Wilhelm et al.,
2021). An upper-tropospheric low pressure system was located over Western France on June 10th 2019 (Figure 2; grey isoline:
with geopotential height patterns), with a southerly ow advecting warm, moist air northward over Central-Europe.(high

red). The associated pattern with cold air west of the upper low pressure system led to strong baroclinicity over France, the
Alps and (later) Germany. Cold surface air creeping northeastward directly ahead of the collocated cold front supported the
initiation of strong convective systems. These systems are present in nearly all simulations, albeit at slightly different locations
than in reality, including east of the front in the region of warm near-surface air. Storms generally appeared further to the west
in the convection-permitting ensemble and even more so in the parameterised set-up than in reality.

After all, several systems with mesoscale convective activity developed over Germany and the Alps during the afternoon and
evening, which were co-located within the parameterised deep convection ensemble. Similarly, convection was relatively ac-
tive in convection-permitting simulations over Southern-Germany in the (late) afternoon of the 10th of June (e.g. Figure 7a;
observed convective systems are also shown there). Well organised convection occurred over regions with strong relief in the
southwest. In the east initially surface-based convection occurred in the late afternoon to early evening. The strong south to
southwesterly upper-level ow helped to organise convection in convection-permitting simulations to a varying degree: a few
convective systems in the east of Southern-Germany developed squall line-like structures. On the contrary, other structures
only organised into smaller multicells. This mixture may be very suitable for assessments of divergent out ows from deep
convection, since idealised LES simulations suggest that convective organisation, geometry and aggregation may be crucia
aspects for the out ow. These aspects determine the normalised out ow strength with respect to net latent heating (Groot and
Tost, 2023b). A more detailed discussion of the synoptic con guration and actual convective evolution around this event is
provided in Wilhelm et al. (2021).
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Figure 2. Equivalent potential temperature at 600 hPa (blue-white-red), isotachs at 250 hPa (30 to 60+ m/s at 5 m/s intervals, transparent
colors) and geometric height of the 250 hPa surface at ca. 11 km height and with 50 m intervals forecasted for 22 UTC on June 10th over

Western Europe.

3 Methods
3.1 Model set-up
3.1.1 Domains, grids and parameterisations

This study investigates numerical simulations with ICON 2.6 (Zangl et al., 2015; Giorgetta et al., 2018), which is developed
and operated by the German Weather Service and Max Planck Institute for Meteorology. Simulations have been conducted anc

analysed in the following con gurations:
— Global simulations, with a nest over Europe ("PAR")

— Convection-permitting simulations over Southern-Germany ("PER") using the local area mode (LAM)



The PAR-simulations have been initiated at 12 UTC on June 10th 2019, whereas PER-simulations over Southern Germany
have been initiated at 03 UTC on the same day (Figure S1 in the Supplement). For details on simulation settings, see Table 1

We refer to Prill et al. (2020) for the mostly similar default parameterisation settings.

Table 1. Simulation settings within the three domains.

Time step deep convection (s)
and subgrid orography

Time step gravity wave drag (S)

1200 600

1200

Domain Global domain European Nest LAM, Southern Germany
Model version 2.6.0 2.6.2.2
Grid spacing (km) 26 (R0O3B06) 13 (RO3B0O7) 1 (R0O5B09)
Time step (s) 100 50 10
Domain top altitude (km) 75 225
Number of vertical levels (-) 20 920
Deep convection parameterisation Tiedtke (1989), Bechtold et al. (2014) None

Microphysics parameterisation

1M (Seifert, 2008)

2M (Seifert and Beheng, 2006)

Initial condition set

Ensemble perturbations

Deterministic
Surface dataseh(= 6 ; 2015-2018)

Radiation parameterisation Ritter-Geleyn RRTMG

Time step radiation (s) 1800 600
Grid spacing radiation (km) 52 26 1
Rayleigh damping height (km) 22 12.5
. - . KENDA, provided by
Initial conditions DWD analysis
Matsunobu et al. (2022)
Initial condition time 12 UTC 03 UTC

20 member ensemble

Initial conditions

Boundary conditions

None (two-way nested)

ICON EU ensemble forecasts (20

Additional perturbed

Rescaled:
- Latent heating 5%, 10%, 20%(6)
- CMT tendencies (none, 50%) (3)

None
simulations (number) Deep convection scheme:
- No parameterisation (6, ensemble perturbations)
- Adjusted calling frequency (2)
Output time step (min) None 10 5
Total integration time (hours) 33 16

m)
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3.1.2 Ensemble and perturbation settings

Ensembles have been used with the aim to sample an unspeci c form of background convective variability within a similar
large-scale ow con guration. To further sample the variability of the PAR-set-up, additional experiments with adjustments
following Groot and Tost (2023b) have been done (Table 1). Global nested simulations have been perturbed with alternative
surface tile datasets (outdated, spanning various dates over 2015-2019), whereas the 20 member ICON-PER initial conditior
ensemble closely resembles the operational ICON D2-ensemble of DWD.
The combined variability imposed by selecting various convective systems over a time range and through the dimension of
ensemble members allows us to study the characteristics of convective variability in a precipitation-conditional framework.
The results presented will mostly be focused on the comparison of the PAR and PER ensemble and on the PER ensemble

itself.
3.2 Extracting convective system properties in ICON simulations

For a fair comparison, the divergence in convection-permitting simulations are low-pass lItered, whereby the variability in
the wind eld at scales up to 45 km is removed using a discrete cosine transform. Thereby, the convection-permitting and
convection-parameterised simulations obtain roughly the same effective resolution in the divergence eld. Therefore the di-
vergent out ows are well intercomparable and there is no problem of small-scale divergence patterns in convection-permitting
simulations (lacking in the parameterised con guration).

Extraction of properties of individual convective systems (shape, area, etc) can be achieved in the PER-simulations. On the
contrary, parameterised treatment does not lend itself very well to such an extraction procedure, because it assumes that .
statistically averaged effect of convection over larger scales exists and is represented (e.g. Done et al., 2006). Therefore, an
description of (sub-grid) variability induced by convective cells and convective organisation is represented less accurately than
in convection-permitting simulations with ner grid (if at all represented). The extraction procedure of organised convective
systems and associated metrics from the PER-simulations is described in section 3.2.1, followed by discussion of metrics from
PAR in 3.2.2.

3.2.1 Convection-permitting simulations “PER”

In order to single out the expected out ow regime (2D-like or 3D-like), the dataset with properties of convective systems must
be able to describe the degree of convective clustering, orientation and the relative state of elongation of convective systems
in time and space. These factors have been found to determine the relative magnitude of out ow from deep convection (Groot
and Tost, 2023b, and Figure 1). Parameters describing the elongation and state of aggregation for any convective system ar
estimated with an ellipse tting algorithm which has been designed for this purpose (Figure 3, blue boxes on the left). In
parallel, a moving box is initiated to track a convective system (Figure 3, red arrows towards the red box). The box conserves a

moving integration volume, relative to the convective system's main updraft, over which divergence and precipitation rate are
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integrated. After the independent boxes have been determined, the following steps lead to a dataset of convective systems an
ellipse parameters:

1. A moving box is initiated to track each convective system in a simulation
2. Ellipse tting (blue boxes no. 1-4 in Figure 3)
3. Validation and ordering of obtained ellipse parameters (blue boxes no. 5-6 of Figure 3)

4. Matching between ellipse parameters and moving box diagnostics, as obtained from a speci ¢ convective system and

that speci ¢ simulation (brown arrow and rst brown box at the bottom of Figure 3)
5. Final check of the matched records (second brown arrow at the bottom of Figure 3)

Before the ellipse tting and validation procedure is detailed, the following two paragraphs describe the procedure to derive
box diagnostics.

Box volumes

The box is used for integration of precipitation and divergence over a horizontal subspace that is constant in time (with respect
to the moving box centre). The convective systems propagate with relatively constant velocity north- or northeastward and only
1-3 systems have been tracked in each simulation (see also Figure 7a). Manually de ned boxes moving at a constant velocity
could therefore be used to de ne integration outlines.

For each box and time step the following variables are calculated: Firstly, the strength of convective momentum transport
(CMT) is computed to determine whether and how this acceleration (deceleration) affects the upper-tropospheric divergence.
The estimate of CMT is based on the cross-correlation products of ow deviation veafo¥rsu(  Umean , V%, W9 from the

domain mean. Separate estimates of the meridional and zonal correlations with vertical velocity representing convective mo-
mentum transport uxes are vertically integrated up to model level 25 (located at 315 hPa or about 9 km altitude). This level is
selected, because the eddy ux in the troposphere has a maximum at or near this level during the studied event. The box mear
values ofudw®andvin®represent the vertical integral of CMT acceleration over all levels below the selected level. Both CMT
and divergence are normalised with respect to mean surface precipitation, i.e., proxies of box mean latent heating (from here
on calledC for normalization of CMT and for normalization of mass divergence), to investigate the connection between
anomalies in both quantities (conditioned on precipitation rate) in a more robust way. Secondly, the mean precipitation intensity
and the Itered mean divergence (wavelengthd5km in both horizontal directions; top parts of Figure 3) is computed. These
three quantities can only be computed if the box is fully contained within the simulation domain.

The moving boxes are initiated and then track the systems independently from the ellipse tting procedure, because merging
of ellipses occurs frequently in the ellipse dataset. In case of a merging event, ellipse parameters will weakly vary in time, but
the spatial integration mask of the moving box should not change accordingly. If ellipse parameters vary strongly, the ellipses

cannot be validated. The signal of divergence and precipitation within a box should predominantly be affected by the main,
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central convective system within the box and only be weakly affected by small/shallower neighbouring cells that develop from
time to time around some of the systems.

Ellipse tting and constraining the nal PER-dataset

Ellipse tting and veri cation are used to quantity geometry of convective systems, in line with Grant et al. (2020). However,

a new methodology tailored at our hypotheses is developed. The ellipse tting is applied to any area larger than abotit 400 km
with an average precipitation rate over ve minutes exceeding 10 mm/h in PER-simulations (blue box no. 1). Before tting
the ellipses, a binary representation of convective precipitation is smoothed spgtﬁlt;ependence) over a 20 km radius

(blue boxes no. 2-3 in Figure 3). A module named CV2 (as part of OpenCV, utilized in 2022) is used for the ellipse tting
procedure, and for the technical details, we refer to the code (Groot and Kuntze, 2023). Subsequently, after tting ellipses,
an initial validation procedure assesses the stability of the ellipse parameters over an one hour window (next boxes, no. 4-5,
Fig. 3). Short lasting very strong uctuations are ltered out. Only uctuations that match any prior and successive record
within one hour are kept (Groot and Kuntze, 2023). The result is a track of each convective system, which may contain one or
more gaps of one or several time steps (blue box 6, Figure 3).

Subsequently, after integrating the precipitation rate, divergence and convective momentum transport spatially (red arrows and
boxes), additional validation measures check the distance between an ellipse center (se2@kb® and the corresponding

box center ( rst brown arrow at the bottom Figure 3). A list of ellipse parameters extracted in the procedure is provided Table
Al (Appendix).

Finally, the ellipse characteristics of the ellipses contained within each box (elondatiength ratio between two ellipse

axes;O orientation; area of the ellipses) are matched with the integrated divergence, CMT and precipitation rate as computed
over the moving box volume. It should be noted that the ellipse parameters and the corresponding box-integrated diagnostics
are matched within one simulation and for one speci ¢ convective system within that simulation. An example of the path of

a moving box and (contained) ellipses with corresponding ellipse parameters for one convective system is provided in Section 4.

Dataset

The ellipse dataset ful lling all conditions of quality control contains 456 records, in which the time evolution of 22 of a total

of 28 convective systems is represented (following the validation procedure). This dataset is the basic dataset for the assessmel
in Sections 5.2 and 6. With a slightly weaker box-center-to-ellipse-center distance criterion, a second dataset of 866 records is
obtained. For this larger dataset, the distance criterion was set individually for each convective system (based on characteristic:
such as box size) or replaced with an ellipse area criterion. In the larger dataset, all 28 convective systems are present. In ¢
few cases, duplicates ful Il all validation criteria based on area and centre location of the ellipse at one speci c time stamp.
Duplicates have manually been selected before nalising both datasets: ve additional duplicates were in the dataset of 866
(+5); two occurred in the dataset of 456 (+2) records.

11
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Figure 3. Processing of the raw ICON PER simulation data to obtain the dataset used in the analysis of section 4 and onward. The input elds
displayed in the four blue boxes at the top. The pre-processing steps, numbered 2-6, are also displayed in blue boxes. They consist of thre
parallel streams of data, derived from precipitation rate, eddy ux of CMT and ltered divergence and serve as inputs to the box area/volume
integration (which itself is displayed in red). These streams merge into a dataset of the precipitation rate, divergence and momentum transpor
(CMT) and ellipse parameters. A match occurs based on center distance between ellipse centre and box centre at a given time. The ellips
records and box records can merge in the rst brown arrow's step if the distance is under a threshold (main processing step 2), followed
by another nal veri cation step of post-processing before a dataset is xed for nal use in this work. These steps are further detailed in
section 3.2.1.

The work ow as documented here is carried out by scripts published in Groot and Kuntze (2023).

3.2.2 Convection parameterising simulations "PAR"

Computationally feasible NWP resolutions require the application of a parameterisation to represent deep convection, although
mostly just in current global models. Only recently, global convection-permitting simulations have been utilised for research
purposes (e.g. Judt, 2020) (and even in such a setup, shallow convection is often parameterised). .

The philosophy behind the representation of deep convection is and has been generally different between parameterised cor
vection and convection-permitting simulations approaches - for simulations with parameterised deep convection:

12
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— Convective cells are not advected with the background ow, but have their full life cycle within a cell: there is a split
between larger-scale, explicitly represented dynamics and the parameterisations of subgrid-scale motion (including deep
convection) in each grid cell (Lawrence and Salzmann, 2008; Prill et al., 2020)

— An equilibrium assumption is done (e.g. Done et al., 2006; Becker et al., 2021) , where (deep) convection represents the
adjustment mechanism of the atmosphere to the presence of static instability. Adjustment occurs under the condition that
convection can be triggered. However, grid cells in numerical models are often so small nowadays that the equilibrium,
between convective forcing and the adjustment on a separate scale, is questionable.

— The temporal resolution of the full life cycle of convection within an individual cell is either represented within a full time
step (typically in climate models), or the adjustment process and reduction of CAPE takes place over several consecutive
time steps.

As a consequence, the representation of deep convection by parameterisation does not only tend to smoothen precipitatio
through its coarser resolution, but also through underestimated spatial and temporal variability (Keane et al., 2014) .

Even though there are small differences between the assumptions applicable to different convection schemes (Arakawa, 2004)
the assumptions outlined above and the comparatively large grid size imply that convective organisation is not directly repre-
sented in simulation con gurations with parameterised deep convection. Therefore, categorisation by convective organisation
is hardly justi able (see also Satoh et al., 2019). Consequently, an application of a complex tracking algorithm following pa-
rameterised deep convective systems is not suitable. A statistical sample of convective cells technically regenerates anyway
while corresponding precipitation moves together with conditionally unstable or lifted air masses.

Furthermore, the LAM-domain is small (400 by 500 km), whereas the parameterised convection simulations cover most parts
of Europe with a grid spacing of 13 km. A typical (mesoscale) convective system is easily contained within a box of several
to tens of grid cells in each horizontal direction for ICON-PAR. Therefore, three static boxes are chosen and compared among
the PAR-simulations. These boxes are designed such that the dominant precipitation and divergence signals associated wit
convective systems fall within the boxes. Three very different deep convective systems are systematically compared across si»
ensemble members.

4 Example of a track in ICON-PER

The track of one of the two convective systems in ensemble member 14 of the PER simulations is illustrated in Figure 4a. The
box centre is indicated as a red line, with bi-hourly markers along the way. The rst snapshot at 12:30 UTC shows that the
ellipse algorithm detects an aggregated convective system at the edge of the box. This large system does not fully fall into the
box. The validation procedure automatically reports a failure (represented by an X) because of a too large distance between the
box centre and the ellipse centre (which is surrounded by the convective system).

During the next hours, small convective cells develop near the center of the box (14:30 UTC). The easternmost system obtains

a surrounding ellipse located within close range of the box centre. Another one to the west also obtains an ellipse, but the
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distance to the box centre is larger. Therefore the latter match is rejected.

Two hours later, again two matches are found: one very near the box centre and one to the north of the centre, but within the
box. The larger central one matches through the distance rule, but the northern one gets rejected.

At 18:30 UTC, an elongated convective system develops in association with the earlier central system (14:30, 16:30 UTC).
Still sitting close to the box centre, it is the only ellipse within the box.

In Figure 4b the evolution of the ellipses over short time intervals is illustrated. The differently colored precipitation and
box features move to the northeast slowly. However, the ellipses undergo various changes, which is associated with a slight
convective reorganisation. The reorganisation is induced by new cell formation in a close proximity of the older system. The
northeastern feature is detected throughout, but blue crosses demonstrate that the match is initially rejected. The box is slowly
closing in on the system, as revealed by the possible match (square marker) at the sixth and last time step. For the southwestelr
system, the initial system (larger purple ellipse associated with it) breaks up into smaller pieces for two successive time steps
and eventually disappears. One of the ellipses of the southwestern system (blue circle) matches with the box at one instance
(green), when the ellipse is closest to the box centre.

However, the northeastern system matches at just one instance: the last time step. This match is only valid for the larger
dataset with relaxed conditions. This illustrates how convective (re-)initiation and small displacements can affect the ellipse
parameters. Corresponding jumps in evolution of ellipse parameters are ltered out. The wobbly interval is indicated by the
dark purple rectangle at 17:30-18:00 UTC. Most ellipses in this interval are rejected due to wobbly ellipse parameters, but
some are retained during the interval. A temporary shrinking in the axes lengths is seen (without consequent rejection in the
validation), due to the stability criteria and interpolation from any prior and successive records within an hour. Another jump
within the time window is seen in the offset parameters (Figure 5). Nonetheless, the evolution of ellipse parameters is mostly
smooth over the ve hours. This evolution illustrates that the regenerating systems can successfully be detected, covering their
temporal evolution.

The evolution of upper-tropospheric divergence, CMT and precipitation rate over the moving box is found in the supplement
(Figure S3). Around 13 UTC no records of the system are validated: the validation criteria haven not been ful lled (green solid
outline in Figure 5).

Between 14 and 15 UTC two convective systems have been matched with the box (Figure 4). One is travelling at a distance of
about 20 grid cells from the box centre and the other at about 4-9 cells (10-20 km).

The distance between the centre of an ellipse and the associated convective box centre is maximum 9 grid cell distances (2(
km) for the strict dataset of 456 records (purple line versus pink solid rectangle in Figure 5).

5 Intercomparison of divergent convective out ows in ICON-PER and ICON-PAR

The representation and variability of convective out ows in ICON-PER and ICON-PAR ensembles is compared here. In par-
ticular, the mean mass divergence over moving boxes and in corresponding areas of persistent thunderstorm activity is inves.

tigated. First, the spatial-temporal characteristics of divergent out ows are broadly assessed for the selected systems in both
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