
Atmos. Chem. Phys., 26, 7105–7126, 2026
https://doi.org/10.5194/acp-26-7105-2026
© Author(s) 2026. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Convective controls on anvil cloud evolution in the ICON
km-scale global climate model

Mathilde Ritman1, William Jones1,2, and Philip Stier1

1Department of Physics, University of Oxford, Oxford, United Kingdom
2European Space Agency, Harwell, United Kingdom

Correspondence: Mathilde Ritman (mathilde.ritman@physics.ox.ac.uk)

Received: 30 January 2026 – Discussion started: 4 February 2026
Revised: 28 April 2026 – Accepted: 11 May 2026 – Published: 22 May 2026

Abstract. Deep convective clouds substantially modify the balance of shortwave and longwave radiative energy
at the top of the atmosphere. Although in the present-day these effects approximately balance out, projected
changes in deep convective clouds could alter the future top-of-atmosphere energy balance. Past studies have
found relationships between convection and anvil clouds, but our understanding of how convection typically
controls the properties and evolution of anvil clouds that determine anvil radiative effects remains incomplete,
limiting our ability to explain or justify projected changes in cloud optical properties. This manuscript presents
a new method to track the lifecycle of deep convective clouds and their convective cores in three-dimensional
space in km-scale global climate models. An analysis of how convective organisation, intensity and area relate
to anvil properties in the ICOsahedral Non-hydrostatic (ICON) model is then presented. Approximately 1000
deep convective clouds are tracked over one simulation week in the tropical Amazon region. We find that while
both updraft intensity and area correspond to larger anvils, the correlation between convective area and anvil
size is stronger than that between anvil size and updraft intensity. Updraft intensity was associated with a 4-fold
increase in anvil extent when convective cores were larger, compared to when they were in the bottom 50th size
percentile. This result could not be explained by associated changes in peak convective mass flux or organisation.
These results indicate how changes in the frequency or typical size of convective updrafts may link to changes
in anvil development, extent and, ultimately, radiative effects.

1 Introduction

Deep convective clouds (DCCs) are inarguably the most
striking result of the atmosphere’s constant mission to re-
distribute the energy surplus that characterises the tropics to
high latitudes. They form as warm, moist air rises and under-
goes buoyant accelerations as water vapour condenses, re-
leasing latent heat. The partition of “deep” from other con-
vective clouds typically refers to those clouds that predom-
inantly detrain at and above the freezing level, or at the
tropopause itself. The detrainment of mass results in large
anvil clouds that can span many hundreds of kilometres
and substantially modify the long- and short-wave top-of-
atmosphere radiative energy budgets (Wild et al., 2019).

The size, location, temperature, timing, and microphysi-
cal properties of deep convective anvil clouds collectively
determine whether a cloud will increase or decrease the to-
tal radiative energy at the top of the atmosphere (Gasparini
et al., 2023). Changes in many of these properties, and in the
processes that control them, are anticipated in response to
warming, but the overall response of deep convective clouds
to warming and their consequent feedbacks remains poorly
understood (Sherwood et al., 2020).

Anvil cloud area is projected to decrease with warming
(Tompkins and Craig, 1999). Well-developed theory with
model and observational support has shown that a reduction
in anvil expansion can result from increased tropospheric
stability and reduced clear-sky convergence at upper levels
(Bony et al., 2016). However, recent work has constrained
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this feedback, showing that unphysically large reductions in
anvil area would be required to sufficiently explain the ex-
pected anvil cloud area feedback (McKim et al., 2024). In-
stead, attention has turned to assessments that additionally
consider shifts in the distribution of anvil ice water path, and
therefore approximate optical thickness and radiative effects
(Sokol et al., 2024; Raghuraman et al., 2024; Deutloff et al.,
2025). These works project a reduction in the amount of
thick anvil cloud, the production and maintenance of which
is dominated by convective, rather than stability–divergence,
processes.

Many observational assessments have noted a positive cor-
relation between anvil cloud area and proxies for convective
intensity or convective depth (e.g., Machado and Rossow,
1993; Genio and Kovari, 2002; Gupta et al., 2024). The inten-
sity of convection has also been shown to have some depen-
dence on the size of the convective area, through the interac-
tion of entrainment with the convective environment (Jensen
and Genio, 2006; Varble et al., 2024; Jo et al., 2025). Ob-
servations have also found that convective or precipitating
area is positively correlated to anvil extent (Yuan and Houze,
2010; Li and Schumacher, 2011). But nuance persists and
challenges a unified theory of convective anvil evolution as
these studies have found that, in spite of their physical inter-
dependence, anvil extent correlates more strongly with con-
vective area than convective intensity.

Until recent years, it has been infeasible to directly simu-
late convection in global-scale models or observe convective
motions from space, which has meant that a unified, global
view of how convection typically determines anvil clouds has
remained obscure (Prein et al., 2015; Morrison et al., 2020).
The latest generation of km-scale climate models has over-
come the simulation component of this challenge. Instead of
parameterising convective motions, higher resolution mod-
els such as the ICOsahedral Non-hydrostatic (ICON) model
explicitly resolve non-hydrostatic vertical motions, allow-
ing convection to arise as part of the large-scale dynamics
(Hohenegger et al., 2020, 2023). As a result, convection-
permitting models have demonstrated substantial advances
in skill compared to global climate models with convec-
tive parameterisations. ICON has been shown to reproduce
key characteristics of precipitation, clouds, and mesoscale
cloud systems from observations including the diurnal cy-
cle, spatial distribution, size, propagation speed, and lifetime
(e.g., Feng et al., 2023b; Respati et al., 2024; Feng et al.,
2025), and to reproduce the trimodal structure of convective
clouds (Roh et al., 2021). However, the strength of vertical
motions and intensity of precipitation in ICON and other
convection-permitting models are overestimated compared
to observations (Senf et al., 2018; Crook et al., 2019; Feng
et al., 2023b), and the tropics tends to be characterised by
more smaller and fewer larger clouds, and by less convec-
tive organisation, compared to reality (Becker et al., 2021;
Feng et al., 2025). Additionally, differences in the relative
frequency of shallow and deep convective modes, and liquid

and ice hydrometeors, can be large between models, even ex-
ceeding regional differences (Nugent et al., 2022; Turbeville
et al., 2022). In summary, although the magnitude and fre-
quency of convective and cloud quantities may be subject
to large biases, these models offer a useful and new means
of studying the relationship between convective updrafts and
cloud development according to our best approximation of
the relevant physics at the global scale, an important comple-
ment to the higher resolution but idealised investigations at
the scale of large-eddy simulations.

While much can be learnt about convective clouds from
an Eulerian perspective, such insights are fundamentally lim-
ited by the simple fact that clouds move and change substan-
tially throughout their lifetime. Instead, Lagrangian frame-
works offer a powerful tool to analyse the lifecycle of cloud
processes and development. To achieve this, many methods
have been developed to track clouds in space and time. Com-
mon techniques include: checks for sufficient, or any, over-
lap of detected objects between time steps (Machado et al.,
1998; Crook et al., 2019; Feng et al., 2023a); predictive
motion algorithms that use wind fields (Stein et al., 2014;
Lochbihler et al., 2017; Ocasio et al., 2020); derived ob-
ject advection rates from preceding scenes (Heikenfeld et al.,
2019a; Sokolowsky et al., 2023); and more (e.g., Fiolleau and
Roca, 2013). Studies comparing multiple tracking methods
report consistent qualitative results and small differences in
the magnitude of bulk cloud characteristics, but that substan-
tial differences can arise in reported cloud frequency (Müller
et al., 2023; Prein et al., 2024; Feng et al., 2025).

To date, regional scale cloud tracking has largely been per-
formed in two-dimensional space (see Feng et al., 2023b;
Jones et al., 2024; Fiolleau and Roca, 2024; Freeman et al.,
2024; Feng et al., 2025). In observations, this restriction is
set by the nature of our observing systems, but km-scale
models facilitate tracking of convective clouds in the true
dimensionality in which they evolve. Obtaining regional-
scale vertically-resolved information on the properties and
evolution of clouds and convection offers substantial re-
sources to challenge our understanding of these processes,
and past works have demonstrated this utility (e.g., Heiken-
feld et al., 2019b). Past studies using regional and global
km-scale model simulations have also often been limited to
hourly temporal resolution, limiting the scope of past works
to larger, longer-lived systems, such as organised mesoscale
convective systems (Feng et al., 2025). Tracking at sub-
hourly resolution extends analyses to isolated deep convec-
tion and precursors of organised systems and presents oppor-
tunities for direct comparison between results derived from
geostationary satellites and convection-permitting models.

The objective of this paper is to (i) advance the capa-
bility of existing cloud tracking algorithms to better han-
dle the complex anvil morphologies and constituent struc-
tures (i.e., updrafts) associated with deep convective clouds
in three-dimensional space, and (ii) use the resulting dataset
to understand how convection controls anvil cloud extent
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and characteristics. We address the former by developing a
method to test for cloud overlap that is less sensitive to cloud
shape and motion (Sect. 2.2). We then use the resulting al-
gorithm to track approximately 1000 deep convective clouds
and their convective cores over 1 week of 15 min, 0.1° res-
olution ICON km-scale climate model data in the Amazon.
The latter, we address by contrasting the effect of convec-
tive area, intensity, and organisation on the bulk properties of
anvil clouds in the tracked systems (Sect. 3).

2 Data and methods

2.1 Data

We use global ICON simulation data taken from the
NextGEMs project production run (also called development
cycle 4) (Wieners et al., 2024; Segura et al., 2025). Within
the 30-year production run, the NextGEMs project released
two weeks of simulation output which provided instanta-
neous cloud and dynamic fields in three-dimensional space
at 15 min resolution (called development cycle 4008a). The
first of these two weeks of simulation output was used in this
study. The data were subset to the tropical Amazon region,
defined as from −15 to 15° N and −43 to −83° E (Fig. 1).
The Amazon region was chosen because of the high fre-
quency of deep convection. Future assessments may explore
larger or multiple domains, but for the purposes of this study
a single domain was used to reduce the computational bur-
den.

The data are resolved to 0.1° (approximately 10 km) in
horizontal space and 91 vertical levels. The vertical coor-
dinates use the Smooth Level Vertical (SLEVE) coordinate
system (Schär et al., 2002; Leuenberger et al., 2010), which
uses terrain-following geometric altitude rather than pres-
sure, as in a non-hydrostatic model pressure cannot be as-
sumed to monotonically decrease with height. The atmo-
sphere is simulated using the 3D Navier-Stokes equations
(Zängl et al., 2015) and parameterisations for radiation, mi-
crophysics, and turbulence, namely, the Radiative Transfer
for Energetics for General circulation model applications–
Parallel (RTE-RRTMGP) scheme (Pincus et al., 2019), a
one-moment microphysics scheme (Baldauf et al., 2011), and
a modified Smagorinsky scheme (Smagorinsky, 1963; Lilly,
1962). Convection in the simulation thus arises directly as a
result of local buoyancy from the interaction of the simulated
fluid flow with the radiation, microphysics, and turbulence
schemes, rather than being represented for each grid box us-
ing a convective parameterisation scheme.

2.2 Tracking algorithm

This section details the method used to track deep convective
clouds in the four-dimensional ICON model data, and the
algorithm is conceptually summarised in Fig. 2. The objec-
tive was to develop an algorithm that tracks deep convective

Figure 1. Study domain (red) and a snapshot of the ICON simulated
vertically integrated cloud (a) water and (b) ice at 20:00 UTC on 4
July 2021.

cloud systems from their initiation to decay and, within each
system, follows the lifecycle of the feeder updraft core(s)
and resulting anvil clouds. To do this, we made use of the
open-source Python library, tobac, (Heikenfeld et al., 2019a;
Sokolowsky et al., 2023) to identify updrafts and ice clouds
and to track their displacements (steps 1 and 2 in Fig. 2). We
then developed new algorithms to better handle object split-
ting and merging in three-dimensional space (step 3) and to
define the resulting deep convective system (step 4) and anvil
cloud (step 5).

2.2.1 Determining appropriate thresholds

A standard and intuitive approach to tracking convective
clouds in model simulations is to identify regions of high
upward vertical velocity and determine the extent of the con-
nected region of non-zero water or ice. But what exactly con-
stitutes a “high” upward velocity or a “non-zero” amount of
water or ice?

Typically, studies that adopt vertical velocity thresholds
for distinguishing convective from non-convective cloud use
a threshold of 1 m s−1 (Giangrande et al., 2016; Wang et al.,
2019, 2020; Freeman et al., 2024). This threshold choice
seems to originate from the partition used in analysis of
the 1980s Global Atmospheric Research Program’s Atlantic
Tropical Experiment (GATE) observation campaign (Zipser
and LeMone, 1980). However, while parcel theory implies
a scale break between vertical velocities in the background
atmosphere and those within convective updrafts (due to
acceleration by latent heat release), no general threshold
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Figure 2. Overview of the algorithm used to track deep convective clouds and their updrafts and anvils in the four-dimensional ICON climate
model data. Steps 1 (Sect. 2.2.2) and 2 (Sect. 2.2.3) make use of the tobac cloud tracking algorithm (Heikenfeld et al., 2019a; Sokolowsky
et al., 2023), while the remaining steps use new developments detailed the following sections (Sect. 2.2.4 and 2.2.5).

emerges that distinguishes background from convective mo-
tions. The range of observed updraft velocities varies greatly
between observational campaigns (e.g., Klingebiel et al.,
2021; Savazzi et al., 2021) and the magnitudes of global-
scale convective intensities, using proxies, differ across re-
gions, even within tropical environments of comparable
CAPE (Takahashi et al., 2023).

To determine if and at what value a scale-break occurs in
our dataset, we assessed the distribution of modelled verti-
cal velocities. We sampled 100 random times in the model
week over the study domain. Results show that there was
no suggestion of bi-modality in the distribution of verti-
cal velocity at 500 hPa (Fig. 3). Further, we found no obvi-
ous change in the distribution of 500 hPa vertical velocities
when sampling pixels that were very cloudy and occurred
over land during the time of peak convection (total col-
umn qice+ qliquid > 1× 10−3 kg kg−1 at 14:00–18:00 Ama-
zon Mean Time (AMT)). That means that no clear thresh-
old emerged from the data to support a less arbitrary parti-
tioning of convective and non-convective clouds. Instead, dy-
namic, rather than static, partitions of such phenomena may
be more appropriate. For our purposes, we therefore resolve
the lack of a data-informed velocity threshold by choosing a
semi-arbitrary value. Instead of the commonly used 1 m s−1,
we relax this threshold to 0.75 m s−1, to capture transport

in weaker motions, and assess the sensitivity of results to
changing the threshold used.

To determine exactly which near-zero numerical value to
set as the lower bound for identifying ice, we assessed the
distribution of specific ice water in the model data (Fig. 3a).
Based on the peak mass mixing ratio (below which we
assume dry pixels), we used thresholds of 5× 10−6 and
5× 10−5 kg kg−1.

2.2.2 Identifying updrafts and ice clouds

The centre and spatial extent of updrafts and ice clouds were
identified using tobac. To define the ice cloud centres and ex-
tents, the input field was smoothed by the tobac algorithm.
This was done because the arrangement of cloud ice was
highly variable between timesteps, resulting in centroid loca-
tions that sometimes misrepresented the centre of the object
when the fields were unsmoothed. No smoothing was applied
to the updraft features.

The exact algorithm specifications are detailed in Table 1.
Ice cloud features required 27 contiguous pixels, whereas the
requirement was relaxed to 6 pixels for updraft features to re-
tain narrow updrafts in the 10 km grid. If two features were
separated by less than 2.5 horizontal pixels, the smaller fea-
ture was ignored.

Atmos. Chem. Phys., 26, 7105–7126, 2026 https://doi.org/10.5194/acp-26-7105-2026



M. Ritman et al.: Convective controls on anvil cloud evolution in the ICON km-scale GCM 7109

Figure 3. Distributions of (a) cloud ice concentrations and 500 hPa vertical velocities for (b) all cases and (c) afternoon very cloudy (dark
blue) vs clear (grey). Where very cloudy is defined as qice+qliquid > 1×10−3 and times are sampled between 12:00–18:00 local time only.
Computed from a random sample of 100 time snapshots in the ICON model week, 1–8 July 2021, in the Amazon.

Table 1. Parameters passed to the tobac detection, segmentation, and tracking algorithms to identify and track updrafts and ice clouds in the
ICON model data.

Parameter Variable

Vertical velocity Specific ice

Centroid detection thresholds 0.75, 3, 5, and 10 m s−1 5× 10−6 and 5× 10−5 kg kg−1

Boundary threshold 0.75 m s−1 5× 10−6 kg kg−1

Minimum contiguous pixels (count) 6 27
Gaussian smoothing parameter (σ ) none 1
Minimum tracking duration (number of time steps) 1 3

How to determine centroid location weighted difference
Minimum distance between features 2.5× horizontal resolution
Vertical grid spacing (m) 300
Whether to use erosion when detecting features False
Watershed seeding type box
Maximum search range (m) 100 000

2.2.3 Tracking objects using their centroids

Centroid-based tracking was performed using tobac linking,
an implementation of the trackpy library (Allan et al., 2024).
Our exact algorithm specifications are provided in Table 1.

2.2.4 Tracking objects using erosion and contiguity

Here, we extend the functionality of tobac with two new de-
velopments. The main limitation of tobac in this study arose
from its reliance on centroid-based tracking. The modelled
ice clouds were often fed by pulses of convection in individ-
ual cores, resulting in vertically inhomogeneous condensate.
In the case of organised convection, multiple cores at dif-
ferent locations fed one cloud, resulting in horizontal inho-
mogeneities. At the decay stage, processes other than hor-
izontal advection influence where the greatest condensate
loading persists, reducing the predictability of centroid dis-
placements. The result was that multiple centroids frequently
described one ice cloud, and the associated cloud segments
were tracked as individual features. This behaviour was not
rectified with the use of tobac feature merging, whose func-

tionality is optimised for splitting and merging of convective
cores based on proximity, not more complex anvil morpholo-
gies which organise over larger distances.

Checking for sufficient (threshold-based) object overlap
between adjacent times is a simple, effective, and well
utilised tracking method that is suitable when an object can-
not substantially displace itself within the temporal resolu-
tion of its dataset (Machado and Rossow, 1993; Crook et al.,
2019; Feng et al., 2023a). However, when objects can sub-
stantially displace themselves, only a small required overlap
threshold would enable continued tracking (Fig. 4a), increas-
ing the likelihood of merging nearby features of distinct con-
vective origin. To avoid this sensitivity, we adopted a similar,
but not equivalent, method to test for sufficient overlap be-
tween time steps that is less sensitive to the shape and direc-
tion of motion of the object.

Our method shrinks (or “erodes”) each cloud by an amount
that is proportional to the size of the cloud itself, rather than
by a fixed number of pixels. This means that the erosion is
weighted by the size of each object in question. After the
cloud has been shrunk appropriately, we test whether the
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Figure 4. Comparisons between using a minimum overlap threshold to link objects and using an eroded-contiguity check, for a threshold
choice of x̂i,j > 0.5 in (a), (b), and (c). For calculation of the erosion by 0.5 in (c), see Fig. 5.

cloud overlaps or touches any adjacent objects at the current
or next time step. If the shrunken cloud is contiguous with
a future object or neighbour, the two are said to be the same
cloud and are tracked through time. The exact fraction (α) by
which to erode each cloud is at the user’s discretion. Here, we
erode our clouds by 50 %, as this amount was experimentally
determined to best balance accounting for the propagation of
the ice clouds while limiting the amount of non-convective-
origin ice cloud that is collected at more relaxed thresholds
and sensitivity tests showed that the exact threshold used had
little impact on resulting statistics (Fig. A1). In one dimen-
sion, this method is exactly equivalent to a minimum-overlap
method when the minimum required overlap is exactly the
allowed fractional erosion, α (Fig. 4b). But in two or more
dimensions, sensitivity to the object shape and direction of
motion is reduced (Fig. 4c).

The exact procedure used to erode the objects is de-
scribed as follows. The object erosion is performed in 2-
dimensional horizontal space, each vertical level treated in-
dependently. The 2-dimensional object is represented as an
array of non-zero integer values in a background zero-valued
array (Fig. 5a), Ai,j = ai,j . The erosion algorithm is then as
follows.

1 Perform a distance transformation of the input matrix
(Fig. 5b) using the Python scipy package for multi-
dimensional image processing (Virtanen et al., 2020).
Each entry in the new array contains the shortest Eu-
clidean distance from the current element to the back-
ground (any zero-valued element). Yields Ai,j = xi,j .

2 Normalise the distance array by the maximum Eu-
clidean distance it contains (Fig. 5c). In a perfect cir-

cle, this would be the radius of the circle and the result
would be invariant to rotation. Yields Ai,j =

xi,j
max{A} =

x̂i,j .

3 Apply the erosion threshold, e.g. α = 0.5. All array el-
ements with a normalised distance below the threshold
are set to zero (Fig. 5d). Yields Ai,j = ai,j , x̂i,j > α or
Ai,j = 0, x̂i,j ≤ α.

Thus, we can retain the advantages of an aggressive min-
imum overlap threshold while avoiding merging features
of distinct convective origin. Note also that more irregular
shapes are eroded less by this method compared to those that
eroded objects by a fixed number of pixels rather than Eu-
clidean distance.

After erosion, a three-dimensional spatial contiguity check
between adjacent times was performed to track the result-
ing objects. The computational time required to perform this
method was comparable to that required to first detect and
segment the objects using tobac (Fig. C1). No erosion was
applied to the updraft features. Instead, a three-dimensional
spatial contiguity check was applied to the updraft features
to complement the centroid tracking.

2.2.5 Putting it all together

At this stage, two separate tracking operations have been
described, centroid-based and contiguity-based. These have
been performed on both the vertical velocity and cloud ice
fields. Next, the results of the two operations must be com-
bined. This was achieved by identifying tracked objects from
each method that co-occurred in space at any, but at least one,
time. For example, if a cloud at some time, t , was tracked
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Figure 5. Illustration of the spatial object erosion calculation.

by both methods, then the trajectories of each method, which
contain cloud detections from preceding or subsequent times,
are combined. That means that the total lifetime of the cloud
tracked is derived from the union of the two input tracks. By
combining the results of both tracking operations, we addi-
tionally ensure that objects that may have been “shredded”
vertically by the erosion are reconstituted.

Finally, the same method was used to determine the overall
deep convective cloud system. To do this, the updraft tracks
were compared to the ice cloud tracks, and, as described
above, if one co-occurred in space with the other at any time,
t, their trajectories were combined and designated to a single
overall system. The result is that updrafts can precede the de-
velopment of the anvil, and the anvil can be tracked beyond
the cessation of convection. This method is likely generalis-
able to shallow convection and broader geographic regions,
but may not be helpful in cases where link between the source
of hydrometeors and the cloud deck are more complex or in-
separable, such as frontal cloud in the mid latitudes or stra-
tocumulus decks.

Updrafts not associated with an ice cloud were ignored, as
were ice clouds with no connected updrafts. The final dataset
was created by filtering out systems that initiated above the
freezing level, persisted for less than one hour, or intersected
the domain boundary. An example of a deep convective cloud
system tracked by this method is shown in Fig. 6, illustrat-
ing multiple developing convective cores, a deep convective
tower forming in the mid-to-late afternoon, and the result-
ing anvil cloud decaying and subsiding after the cessation of
convection.

A large majority of updrafts and ice clouds initially de-
tected by the algorithm were associated with a final tracked
deep convective cloud system (Fig. 7). A small portion of
the identified ice clouds were not tracked (Fig. 7c), as a
minimum lifetime of three timesteps was applied (Table 1).
No minimum lifetime requirement was applied for updraft
tracking, meaning that all identified updrafts were retained.
However, not all updrafts were associated with an ice cloud
(Fig. 7e). The amount of non-convective ice cloud was great-
est at high altitudes and in the late afternoon and evening. At
lower levels between 14:00 and 16:00 local time, the area
covered by non-ice-producing updrafts was approximately

equal to that covered by deep convective cloud updraft cores.
These must correspond to cases where the updraft plumes ei-
ther did not reach the freezing level to produce substantial ice
condensate or produced no condensate at all.

2.3 Definition of anvil base height

The anvil base height was defined as the average height of
the highest local minimum in the vertical condensate profile.
This height agreed well with the height above which vertical
velocity was decelerating (this concept is visualised in panel
5 of Fig. 2).

2.4 Definition of isolated and complex deep convective
clouds

Tracked DCCs were classified as isolated or complex using
the number and arrangement of their convective cores. DCCs
with one core, or with multiple subsequent cores at the same
location, were deemed “isolated”. DCCs with multiple cores
that did not all occur at the same location were deemed “com-
plex”. The term “complex” is used rather than “organised”
to acknowledge the possibility that isolated DCCs may have
occurred within scenes characterised by large-scale organi-
sation.

3 Results

3.1 Tracked deep convective clouds in the Amazon

A total of 984 deep convective clouds were tracked over
seven days in ICON’s Amazon. Tracked DCCs were most
commonly found north of the equator, as expected during the
northern-hemisphere summertime (Fig. 8a, b). The number
of DCCs peaked daily in the late afternoon and early evening,
between 16:00 and 18:00 local time (Fig. 8c). Systems that
persisted overnight had larger anvils and more cores on aver-
age. The smallest mean anvil sizes occurred around the time
of convective initiation, near midday.

The distribution of cloud and convective core bulk prop-
erties broadly agreed with those reported from past obser-
vational studies (Fig. 9). The sizes of the tracked clouds
were within the range of typical reports of DCC size, from
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Figure 6. Example of a tracked deep convective cloud and its convective cores. (a)–(e) specific cloud ice content (kg kg−1) within the system
and (pink) projections of the associated cloud mask. (f)–(j) The convective updraft cores and their vertical velocities (m s−1), two-dimension
core mask projections are coloured differently for different tracked cores.

Figure 7. (left) Total area covered by tracked deep convective cloud constituent (a) ice clouds, and (d) updraft cores. The area covered by
ice clouds tracked but not associated with a convective core is shown in (b) and area covered by updraft cores tracked but not associated with
an ice cloud is shown in (e). (c) Shows identified but untracked ice clouds. All identified updrafts were tracked.

O(1000) to O(10 000) km2 for isolated DCCs and O(10 000)
to O(100 000) km2 for mesoscale systems (Futyan and Ge-
nio, 2007; Feng et al., 2021; Gasparini et al., 2021; Wilcox
et al., 2023; Jones et al., 2024). In contrast to these satellite-
derived size-distributions, more small and fewer large DCCs
were observed. This is as expected, as the observational stud-
ies were tailored to mesoscale systems, and biases towards
isolated DCCs have been noted in the ICON simulations (see

discussion in Sect. 1). The lifetime of the tracked clouds also
agreed with observational expectations (Futyan and Genio,
2007; Jones et al., 2024). Isolated systems had shorted life-
times, most commonly living for about 5 h. Whereas com-
plex DCCs typically persisted for more than 5 h, compara-
ble to the minimum lifetime typically reported for mesoscale
systems (Feng et al., 2021; Gasparini et al., 2021). Com-
plex systems were also more likely to have larger anvils and
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Figure 8. Afternoon (a) and early-morning (b) snapshots of liquid (blue) and ice (pink) water path in the ICON model Amazon, with the
tracked deep convective cloud extents overlain in red (darker reds correspond to more updraft cores). (c) shows the number of tracked clouds
(black), average cloud area (blue), and average number of updrafts per DCC throughout the model week (July 1–8 2021).

greater anvil thicknesses than isolated cases. The properties
of the constituent convective cores were similarly distributed
in both isolated and complex systems.

All tracked anvils detrained at or above the typical tropo-
spheric freezing level (6–9 km) and below the temperature
inversion (16 km) (Fig. 10). Anvils with higher top heights
tended to belong to complex, rather than isolated, DCCs.
The peak in anvil top heights in complex systems was about
1 km higher than that observed for isolated cases. The derived
base height of the anvil clouds ranged from less than 6 km
to approximately 9 km, at freezing. The constituent convec-
tive cores predominantly arose at heights between 1–2 km
above the surface. However, 11 % of the tracked cores had
base heights above the freezing level, at about 8 km. These
upper level cores predominately occurred in complex DCCs
and were more likely to be associated with the most complex
systems that had the highest number of cores, largest maxi-
mum extents and longest lifetimes. While most cores pene-
trated the detrainment level, some saw top heights at lower
levels and may have been inhibited around the freezing level.

Past tracking studies have reported that peak areal extent
for DCCs and mesoscale systems typically arises at 50 %–
70 % of the cloud lifetime (Roca et al., 2017; Wall et al.,
2018; Gupta et al., 2024). In this study, cloud extent peaked
at approximately 80 % of the cloud lifetime (Fig. 11). This
tells us that a larger portion of the cloud decay stage went
untracked in our dataset than those used in previous works.
This explanation is supported by the relatively large cloud
areas reported at the end of the normalised cloud lifetimes.
This reflects the compromises made between sensitivity to

ice and robust tracking across time in the four-dimensional
dataset, which meant fewer objects tracked but ensured the
tracks obtained were more robust.

3.2 Convective controls on anvil cloud properties

Isolated DCCs were the most common type tracked
(Fig. 12a). Those with two convective cores were equally
likely to be either isolated or complex. Convective core max-
imum velocity was strongly related to convective core thick-
ness (Fig. 12b). At core thicknesses of 8–10 km or less, the
relationship between thickness and velocity was approxi-
mately linear. However, the overall relationship between core
velocity and thickness was logarithmic, with a subdued re-
sponse at high values, corresponding to the point at which
convective towers reach the tropopause stable layer. The
Pearson correlation coefficient (R2) between convective ve-
locity and thickness was 0.88. Convective core velocity and
area were also positively correlated (Fig. 12c), with a lower
R2 score of 0.67. Weaker updrafts were associated with
smaller cores, and stronger updrafts tended to occur within
larger cores. However, the range of observed updraft veloci-
ties in larger cores was broad. For example, cores larger than
2000 km2 saw maximum velocities ranging from between 3–
12 ms−1.

Figure 13 presents phase-space diagrams of five anvil
cloud properties. The results show how each anvil prop-
erty varied with the mean properties (maximum velocity and
area) of its convective cores. Wider cores and faster velocities
were associated with increased anvil top heights. The highest
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Figure 9. Distribution of DCC bulk properties for all (grey), isolated (black) and complex (red) clouds. (a) DCC area, (b) DCC anvil
thickness, (c) DCC lifetime, (d) convective core area, (e) convective core thickness, and (f) convective core maximum velocity. Calculated
from 984 DCCs tracked between 1–8 July 2021 in the ICON model Amazon.

Figure 10. (a) Mean (black) and range (grey) of the background atmospheric temperature profile in the study domain, and (b) symmetric
probability density functions of anvil base height, anvil top height, core base height, and core top height. Calculated from 984 DCCs tracked
between 1–8 July 2021 in the ICON model Amazon.

anvil base heights were associated with the weakest and most
narrow cores as well as the strongest and largest ones. Fig-
ure 10 showed that higher anvil base heights were more likely
to be associated with complex systems, so this result may in-
dicate that while stronger more widespread convection can
be associated with more organised systems, these cases can
also support weaker, smaller convective contributions. Anvil
geometric thickness increased with increases in both con-

vective core velocity and area. This dependence must result
from increases in anvil top height, as no consistent change in
anvil base height was found as updraft intensity and area in-
creased. The longest DCC lifetimes were associated with the
largest convective cores and the shortest lifetimes occurred
with the smallest and weakest cores. However, when con-
vective area was unchanged (a single row in Fig. 13e), DCC
lifetime tended to decrease with increased updraft intensity.
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Figure 11. Composited DCC area (black) and thickness (blue) evolution over cloud lifetime. Shading indicates the percentage of DCC
within each value rage at each lifestage. Calculated from 984 DCCs tracked between 1–8 July 2021 in the ICON model Amazon.

Figure 12. (a) The number of DCCs with a given number of convective updraft cores. A DCC was isolated if all constituent cores occurred
in the same location, otherwise, it was complex. Two-dimensional histograms of (b) core velocity and thickness, and (c) core velocity and
area. Calculated from 984 DCCs tracked between 1–8 July 2021 in the ICON model Amazon.

Increases in both core velocity and size were associated
with larger anvil areas (Fig. 13a). However, despite these
two convective parameters being closely related (Fig. 12),
Fig. 13a shows that that increases in convective area were
more consistently associated with larger anvils than faster
updrafts. Convective area was also more strongly correlated
to anvil extent than convective velocity, with R2 scores of
0.43 and 0.26, respectively. This result is further explored by
contrasting the response of the anvil extent to the updraft in-
tensity and area over the full DCC lifecycle.

Composites of the mean evolution of tracked DCCs are
presented in Fig. 14. The results are partitioned by the 50th
percentiles of core size and velocity. In systems with nar-
row cores (those in the bottom 50th percentile of core size),
stronger updrafts increased maximum anvil area by 10 %. In
contrast, stronger updrafts increased maximum anvil area by
42 % in wide cores. In both cases, the pickup in anvil area
occurred slightly later in the typical lifecycle when updraft
intensity was greater, and the rate of anvil expansion during
development was greater. The bottom row of Fig. 14 flips this
analysis. In systems with weak updrafts (those in the bottom

50th percentile of core maximum velocity), larger convective
areas were associated with an 86 % increase in anvil maxi-
mum extent. In those with strong updrafts, larger convective
areas corresponded to a 106 % increase in anvil maximum
extent. In summary, the response of anvil extent to convective
area was greater than the response to updraft intensity. Fur-
ther, the response of anvil extent to updraft intensity was 4
times greater when the convective area was in the upper 50th
percentile. Sensitivity tests found that the greater response of
anvil extent to convective intensity in wide cores was robust
to changing measure of convective intensity and the velocity
threshold used to define the convective core (Fig. B1).

Additional statistics were assessed to provide an indication
of the associated changes in related convective and anvil pro-
cesses under systems with narrower or wider cores. The in-
crease in the estimated peak convective mass transport (max-
imum core velocity times area) due to faster updrafts was
similar in narrow and wide cores, 89 % and 100 %, respec-
tively. The degree of DCC organisation (the partition as iso-
lated or complex and the number of constituent convective
cores) was largely unchanged between the narrow and wide
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Figure 13. Convective core velocity-area phase space diagrams. For multicore systems, the average of the maximum core area and velocity
in each core were used. Each velocity-area bin is shaded by the average anvil property of all DCCs within that bin. Results are presented for
DCC anvil (a) maximum area, (b) maximum top height, (c) minimum base height, (d) maximumm thickness, and (e) lifetime. Calculated
from 984 DCCs tracked between 1–8 July 2021 in the ICON model Amazon.

cases. There was no substantial change in the total amount of
convective and stratiform precipitation with intensity in ei-
ther the narrow or wide partitions. However, convective pre-
cipitation increased by 113 % in narrow cores and by 70 % in
wide cores.

4 Discussion

The total area covered by anvil clouds in the tropics is pro-
jected to decrease under future warming scenarios (Sher-
wood et al., 2020) and changes in clear-sky divergence can-
not alone explain the expected changes to anvil coverage
(Bony et al., 2016; McKim et al., 2024). Observational as-
sessments have shown that anvil extent is positively cor-
related to proxies for convective intensity (Machado and
Rossow, 1993). Greater convective intensity is associated
with greater vertical mass transport and deeper penetration
into the troposphere (Emanuel, 1994), and observational and
cloud-resolving modelling studies have found that the depth
of convection is well correlated to the initial spreading rate
of anvil clouds (Futyan and Genio, 2007; Senf et al., 2018).
However, the correlation between convective intensity prox-
ies and maximal or instantaneous anvil size has been ob-
served to be weaker when sampling the full lifecycle, and
stronger correlations have been recorded between anvil size
and the convective or precipitating area (Yuan and Houze,

2010; Li and Schumacher, 2011). We explore this nuance in
Sect. 3.2, by contrasting the impact of these two interdepen-
dent convective parameters on anvil evolution in the ICON
convection-permitting simulations.

We find anvil extent was more highly correlated to convec-
tive area than to updraft intensity, with Pearson correlation
coefficients of 0.43 and 0.26, respectively. This is consistent
with past results from regional-scale observational assess-
ments that use proxies for convective intensity, while here
we use the average of the maximum vertical velocity within
each three-dimensional convective core. A probable contrib-
utor to this result is that larger convective areas more greatly
increase the convective mass transport than faster velocities,
meaning greater vertical mass displacement and more anvil
spreading. However, our results indicate additional nuance
in the convective contribution to anvil extent, as the relative
response of anvil extent to convective intensity was stronger
in cores in the upper 50th size percentile than those in the
bottom 50th (Figs. 14 and B1). Further, this difference was
not explained by a comparable relative change in the convec-
tive mass transport between the two samples, as the relative
change in peak convective mass transport with stronger ve-
locities was approximately 90 %–100 % in both narrow and
wide cases (Fig. 14).

Several physically plausible mechanisms may account for
the weaker response of anvil extent to convective intensity
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Figure 14. Mean evolution of DCC area by normalised cloud lifetime. (top) Results are partitioned by core size: (a) narrow and (b) wide,
showing results for stronger and weaker vertical velocities within each partition. Conversely, (bottom) results are partitioned by core velocity:
(c) weak and (d) strong, showing larger and smaller cores within each partition. Calculated from 984 DCCs tracked between 1–8 July 2021
in the ICON model’s tropical Amazon.

in narrow cores, although the analyses conducted cannot
elucidate which process or processes were responsible. In-
creased fractional entrainment in narrow cores can reduce
in-cloud buoyancy due to mixing with surrounding dry air
(Hernandez-Deckers and Sherwood, 2016), potentially short-
ening the duration of convection by more quickly dampen-
ing vertical accelerations. Entrainment rates are typically un-
derestimated in km-scale simulations (Jeevanjee and Zhou,
2022), however this does not imply that the relative influence
of mixing on cloud development for different convective ar-
eas is inconsistent. The development of downdrafts and cold
pools can suppress or completely cut-off regions of uplift,
particularly under low wind shear (Byers and Braham, 1949),
but while these features have been demonstrated in higher
resolution ICON runs (Weiss et al., 2025), at the 10 km reso-
lution presented here their presence and interaction with the
simulated clouds may be underestimated. Increased precipi-
tation efficiency is another mechanism that may weaken the
link between intense convection and anvil extent, by reduc-
ing the mass transported to the anvil. Increased precipitation
is associated with more intense convection (Ge et al., 2024),
and we found a greater relative increase in precipitation with
intensity in narrow cores than in wide ones. However the ef-

ficiency of this compared to the moisture and hydrometeors
that are candidates for fall-out depends on both environmen-
tal and in-cloud processes, which may or may not depend
on the size of the convective area. Further analysis would
be required to indicate whether these or other mechanisms
predominantly drive the weaker response of anvil extent to
convective intensity in narrow cores.

More generally, the relationship between convection and
anvil evolution is not one-to-one (Zipser, 2003); the mapping
between convective uplift and the size, structure and radiative
effects of the resulting anvil outflow depends on the collec-
tive influence of many thermodynamic processes from the
micro- to meso-scale (Gasparini et al., 2023). For example,
Ge et al. (2024) found that oceanic anvils grew more relative
to their convective area than those found over land, highlight-
ing the importance of the near-surface and the environment
in which convection arises. Additionally, the timing of con-
vection in the diurnal cycle has been shown to modify anvil
radiative heating profiles, thereby influencing anvil lofting
and, as a result, anvil lifetime and extent (Sokol and Hart-
mann, 2020; Gasparini et al., 2022). Local relative humid-
ity at mid-levels modifies the impact of entrainment-driven
buoyancy dilution in convective cores (Varble et al., 2024)
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and wind shear is associated with increased convective or-
ganisation and larger cloud shields (Feng et al., 2012; Igel
and van den Heever, 2015). The extent to which the coin-
cident influence of these process contributes to the different
evolution of strong and weak anvil clouds in narrow and wide
convective cores in this study could be preliminarily assessed
by further partitioning of the simulated cases. However, a ro-
bust effort would require a larger simulation domain to sam-
ple more cases in more convective environments, which is
relegated to future work or the motivated reader. Instead, we
re-emphasise that the results presented in Fig. 14 were con-
sistent across samples of both isolated and complex convec-
tive systems, suggesting that convective organisation, which
is correlated to increased shear and environmental moisture,
did not explain the observed response in the dataset analysed.

Further, these results have not accounted for the influ-
ence of in-cloud processes that can also modify anvil evo-
lution and structure. Regional observational and modelling
has shown aerosol loading can modify cloud microphysical
processes and precipitation rates, resulting in large changes
to convective development and anvil cloud evolution and ra-
diative properties (Koren et al., 2010; Herbert et al., 2021;
Herbert and Stier, 2023). The relative importance of these
effects is difficult to disentangle, however. For example,
cloud-resolving model inter-comparison experiments modi-
fying aerosol loading have found the response of anvil ice
loading to be highly varied between models, even disagree-
ing on the sign of the change (Saleeby et al., 2025). The
microphysical processes themselves additionally depend on
in-cloud heating profiles, excitation by gravity waves and
upper-level humidity, all of which can alter ice sedimenta-
tion and sublimation rates, new ice production, and spread-
ing (Gasparini et al., 2019). Addressing the contribution of
these processes may be progressed using microphysical and
aerosol perturbation experiments with higher resolution sim-
ulations than the ICON version employed here. Such efforts
may help elucidated the relative importance of these small-
scale changes in determining when and why basic relation-
ships between convection and anvil spreading hold true and
fall short.

5 Conclusions

The objectives of this study were to improve our understand-
ing of how convective processes determine the characteris-
tics of deep convective anvil clouds and to advance existing
tracking algorithms to reliably follow deep convective clouds
in three-dimensional space from initiation to decay. The main
outcomes are highlighted as follows:

– We have introduced an advancement to existing cloud
tracking methods that allows cloud overlap to be as-
sessed in a manner that is less sensitive to the shape and
direction of motion of each object.

– Using this development together with the tobac cloud
tracking algorithm, we present a robust means of track-
ing deep convective clouds, as well as their convective
cores and anvil outflows, in the full dimensionality in
which they evolve.

– The size of the convective core was more strongly re-
lated to increased anvil extent than the intensity of the
convection itself, and wider cores saw greater increases
in anvil area in response to stronger vertical velocities
than narrow cores. This finding, discussed in Sect. 4,
is consistent with the premise that larger convective
areas support the development of large deep convec-
tive clouds through mechanisms beyond associated in-
creases in convective mass transport alone.

Also assessed, were relationships between convective pa-
rameters and the bulk properties of deep convective clouds in
ICON. Consistent with existing observational literature (e.g.,
Jones et al., 2024), multicore DCCs were more likely to have
larger, higher, and longer-lived anvils. More intense con-
vection was associated with deeper convective cores, higher
anvil top heights, larger, and thicker anvils. Convective core
size was similarly associated with increased anvil top height,
and larger, thicker anvils, and longer-lived systems. These re-
sults add to the existing literature by linking convection and
anvils as measured by the simulated cloud dynamic and moist
fields themselves rather than observational proxies and using
information throughout the full vertical column. Past studies
that have evidenced direct relationships between convective
intensity or area and anvil characteristics are built upon by
contrasting the response of anvil characteristics to the joint
influence of intensity and area, revealing that increases in
both parameters were associated with higher cloud tops but
that faster updrafts tended to be associated with decreased
DCC lifetime among cores of comparable size.

While convective processes are clearly linked to the prop-
erties of the anvil clouds they produce, the evolution of anvil
clouds is determined by the collective interaction of these
and many other environmental, dynamic, and microphysi-
cal processes (Gasparini et al., 2023). Thus, the relationships
presented here may change in strength or may not be uni-
versal under differing large-scale environments, and this is
discussed in more detail in Sect. 4.

Additionally, the model representation of these processes
may result in an over or underestimation of the realistic re-
sponse of anvil evolution to convective transport. For ex-
ample Jeevanjee and Zhou (2022), show total anvil amount
decreases with increasing model resolution, suggesting that
anvil production here may be overestimated compared to
simulations in which turbulence is more highly resolved.
In contrast, adopting a two-moment microphysical scheme
instead of the single-moment scheme employed in the
NextGEMs simulation assessed may imply that anvil pro-
duction is underestimated, as studies have shown an increase
in total ice under two-moment microphysics (Igel et al.,
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2015), including in the ICON model (Sela et al., 2025). Ad-
ditionally, differences in the lifecycle of cloud ice from La-
grangian, rather than domain-mean, perspectives in response
to different overall model configurations and aerosol load-
ings are highly variable, even disagreeing on the sign of the
change (e.g., Saleeby et al., 2025). Overall, these uncertain-
ties (i) emphasise the continued need to constrain the sensi-
tivity of large-scale cloud properties to small-scale processes
and (ii) indicate that the exact scalings reported between con-
vection and anvil properties are likely inexact. However, the
universality of these biases within the model suggests that the
relative scaling between narrow and wide cores is qualita-
tively robust, and this claim is further supported by sensitiv-
ity tests performed to methodological choices and different
measures of convective intensity.

Thus, the greater dependence of anvil expansion on con-
vective area demonstrated in this study provides an important
basis for future process-level investigations into how convec-
tion controls the characteristics of anvil clouds most relevant
for radiation and climate. This result implies that a reduction
in the typical size of convective cores or in the intensity of
convection in a future climate would see a reduction in high
cloud area, and that changes in the frequency of larger con-
vective cores may cause a greater reduction. We also found
that both convective area and velocity were associated with
greater anvil thickness, which then implies that a decrease
in either convective property would reduce both anvil ex-
tent and anvil thickness. These results suggest that changes in
tropical convection are a plausible mechanism for anvil cloud
thinning, meaning that if the frequency of larger, stronger
convective clouds reduces (e.g., Bolot et al., 2025), the net
radiative effect of tropical deep convection may shift to more
positive values and result in a more positive feedback on the
rate of warming than previously supposed (Sokol et al., 2024;
Raghuraman et al., 2024; Deutloff et al., 2025).

Convection-permitting climate models are a new and
promising tool in challenging our understanding of how
cloud processes interact with global climate. Experiments
using convection-permitting models to simulate warmer cli-
mates offer an important test of whether the relationships
assessed in this manuscript hold under a warmer global at-
mosphere, or whether other changes, such as changes in the
microphysical evolution or diurnal cycle of convection, dom-
inate changes in the radiative effect of tropical deep convec-
tion. In such efforts, Lagrangian methods that capture cloud
development and lifecycle in the dimensionality in which it
is simulated will help maximise the insights possible. Ulti-
mately, we argue that studies and methods linking convec-
tion to anvil clouds are crucial to ensure that the processes
that control anvil structure and spreading are understood and
that projected changes can be physically justified.

Appendix A: Sensitivity of cloud properties to the
fractional erosion threshold

We tested three erosion thresholds on the first simulation day
over the study domain, 0.25, 0.5, and 0.75. Statistics were
then derived from the tracking metadata dataframes, which
record the lifetime, extent, and thresholds met for each DCC
and convective core tracked. While the allocation of con-
densate and updraft fields to different DCC labels changes,
the fields included in the final tracks are not substantially
changed.

At smaller erosion thresholds (indicating less change from
a standard overlap check), the number of uniquely labelled
DCCs decreased and the typical DCC size and lifetime in-
creased. Despite this, the probability distributions of cloud
lifetime and number of cores were not greatly changed. Nor
were the joint densities of the core maximum velocity and
the DCC size and mean ice water concentration.

Here we test the sensitivity of bulk DCC properties in re-
sponse to changes in the fractional erosion threshold, α. This
assessment was performed on the first simulation day over
the study domain, using three thresholds, 0.25, 0.5, and 0.75.
The resulting statistics were then derived from the tracking
metadata, which records the lifetime and volume of each
tracked DCC, along with the velocity threshold each DCC
core reached during tracking, which we use as a proxy for
the core maximum velocity. The sensitivity tests show min-
imal change in either the bulk properties (lifetime, number
of convective cores) of the tracked DCCs or the relationships
between updraft velocity and cloud amount. Instead the im-
pact of different thresholds pertained to the degree of cloud
object merging. The number of unique DCCs tracked under
each threshold was 1096, 1528, and 2328 for the 0.25, 0.5,
and 0.75 erosion thresholds, respectively. This indicates that
while the tracking is sensitivity to the threshold used, the sta-
tistical relationships between the associated cloud properties
are not.
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Figure A1. Comparison of DCC statistics derived from tracking using a fractional erosion of α = 0.25 (blue), α = 0.5 (black), and α = 0.75
(green). (a)–(b) show histograms of (a) DCC lifetime and (b) the number of cores per DCC. (c)–(e) show joint distributions using scatter
points of observed points and the kernel density estimation (KDE) of their distribution, for (c) number of cores against DCC lifetime; (d) the
DCC maximum updraft against the maximum volume of the DCC; and (e) the maximum updraft of each core, averaged across each core in
the DCC against the maximum volume of the DCC.

Appendix B: Sensitivity of results to methodological
choices, including the measure of convective
intensity

How does the relationship between anvil area and convective
intensity change depending on the definition of the convec-
tive core and the choice of the convective intensity metric?

To perform this sensitivity test, we defined five intensity
metrics and used three vertical velocity thresholds to redefine
the convective cores. To redefine the convective cores, we ap-
plied each vertical velocity threshold (0.75, 1, and 2 ms−1)
to the column-maximum velocities derived from the convec-
tive cores in the original dataset (which were created using
a threshold of 0.75 ms−1, called “true 0.75 ms−1”). This ap-
proach avoids repeating the tracking and subsequent analy-
ses from scratch for each vertical velocity threshold, thereby
avoiding high computational costs. Some differences are ex-
pected in the results for the 0.75 ms−1 and true 0.75 ms−1

cases due to tilted cores.
In all cases, stronger convective intensity was associated

with a greater increase in anvil extent when convective cores
were wide, compared to when they were narrow. The magni-
tude of that difference between strong and weak convection
in wide and narrow cores did depend on the metric used; it
was comparable when using the maximum or mean vertical

velocity (a–b and c–d) but was subdued by roughly 50 %–
75 % when using the maximum CMF (e–f) or maximum
convective core depth (g–e). The inter-metric differences re-
sulted almost entirely from changes in the response to con-
vection in wide cores. In narrow cores, changes in the anvil
area evolution were small for all metrics and velocity thresh-
olds assessed.

The threshold used to define updrafts was generally asso-
ciated with smaller changes in anvil extent than those asso-
ciated with using different metrics to define convective in-
tensity. In wide cores, having a lower threshold meant there
were smaller differences in maximum anvil extent due to
stronger and weaker convection. This suggests that the re-
lationships presented in this study (where updrafts were de-
fined as vertical velocity > 0.75 m s−1) may be conservative
compared to those reported in existing literature (which typi-
cally defines updrafts as vertical velocity> 1 m s−1). Further,
this indicates that convective core structure is an important
contributor to anvil extent, as cases in which the region of
rapid (> 2 m s−1) ascent were more intense saw the largest
increase in anvil area for all intensity metrics.
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Figure B1. Reproduction of the results presented in the top panel of Fig. 14 for five different intensity metrics (each row) and four vertical
velocity thresholds (each line colour). Narrow (left) and wide (right) DCCs were partitioned for each metric and velocity threshold according
to the 50th percentile of the convective core area. Next, DCCs within each size category were partitioned into weak (dotted lines) and strong
(solid lines) convective intensity using the 50th percentile for each metric assessed.
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Appendix C: Time required to compute the tracking
algorithm

The newly developed (light blue) eroded-contiguity tracked
had the largest time cost of the tracking operations assessed,
but was comparable to the cost required to perform the initial
(light grey) detection of objects using tobac. Taking the com-
bined (dark green) tobac plus eroded-contiguity approach
presented in this manuscript is approximately twice as costly
as performing the (black) tobac tracking alone. In both cases,
the cost per GiB of data was roughly one 1 minute and scaled
linearly with increasing dataset size. Thus, it is feasible to
perform the tracking over large, even global, domains at the
km-scale.

Figure C1. Computational scaling times of the tracking algorithm. The time taken (seconds) to complete key algorithm steps (a) for different
dataset sizes using a Computation Processing Unit (CPU) on the Levante computing infrastructure. In (b) the CPU time of three options for
a complete tracking algorithm was then compared.

Code and data availability. The deep convective
clouds statistics assessed in this study are published at
https://doi.org/10.5281/zenodo.18413874 (Ritman, 2026a), as
are additional derived data used to produce the figures in this
manuscript. The Python library developed to conduct the cloud
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