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Abstract. This sequence of papers examines spatio-temporal patterns of convective cloud activity and organisation. In response
to the limitations of current remote sensing sensors, our analysis employs a machine learning (ML)-based contiguous 3D
extrapolation of 2D satellite data. In Part 2, we investigate spatio-temporal patterns of convective organisation over West Africa
and assess their connection to 3D convective cloud and core properties. We employ three organisation indices (COP, SCAI,
ROME) to statistically quantify convective organisation. Our results show that convective organisation increases for long-
lasting mesoscale cloud systems with numerous deep convective cores. It is likely connected to the Inter-Tropical Convergence
Zone (ITCZ) and its northward shift in summer. In spring (March—May), strong convective organisation appears around the
Gulf of Guinea and the remote Atlantic Ocean between 15-30° S. The seasonality of convective cloud development induces an
increase of the indices between 5-20 % in summer. For instance, the landmass distribution and the influence of extra-tropical
dynamics may cause a considerably higher variability in the southern hemisphere. Over the ocean, the organisation indices
(COP, SCAI) are about 5-10 % higher than over land. However, derived statistics may be affected by overlapping effects
of isolated and clustered convection occurring in the same region. To disentangle their impact calls for an adaptive index.
To summarise, combining the information of multiple remote sensing instruments may deliver more profound insights into

convective organisation. For future research, we emphasise a further need for a robust quantification of convective organisation.

1 Introduction

Through its contribution to weather and climate variability, atmospheric convection plays an essential role in the climate system
(Brune et al., 2020). In the tropics, we observe convective clouds forming as spatially connected structures of extensive size
(Houze, 1977). These mesoscale convective systems (MCSs) are one of the main drivers for the transport of heat and moisture
through the atmosphere. Furthermore, they enhance the hydrological and radiative variability (Hartmann et al., 1984). MCSs

frequently induce severe weather events such as hail and floods (Jin et al., 2022). Recent changes in the large-scale behaviour
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of convective clouds, notably the degree of spatial clustering (or convective organisation), emphasise MCSs may promote
a future increase in precipitation extremes (Becker et al., 2021). However, results for the connection between convective
organisation and weather extremes are ambiguous. Tan et al. (2015) express the need for further research on how spatial
patterns of convection might change under global warming.

While convective organisation (or aggregation) of deep convection is ubiquitous in the tropics, the underlying mechanisms
remain insufficiently understood and may not be well represented in current climate models (Muller and Bony, 2015). An
organised state occurs at multiple scales between 100—1000 km and describes how deep convective cells merge into coherent
structures such as squall lines, mesoscale convective complexes, or tropical cyclones (Tan et al., 2015; Blédckberg and Singh,
2022). The spatial distribution of convective clouds is not arbitrary. Instead, it is driven by either internal dynamics, like cold
pools and radiative feedback, or external forces, such as the land-sea-breeze and other large-scale flows (e.g., Haerter et al.
(2019); Coppin and Bony (2015); Dauhut et al. (2016)). Furthermore, aggregation affects the radiative feedback, large-scale
circulation, and moisture distribution in the vicinity of a cloud cluster (Hartmann et al., 1984). In an idealised model setup, an
aggregated state shows a single region of convective activity surrounded by a drier atmosphere. The feedback between convec-
tion, surface fluxes, and radiation further drives aggregation. Former studies agree that the degree of convective aggregation
increases with the size and proximity of contiguous convective regions (Tobin et al., 2012). Therefore, an extensive MCS with
several regions of convective activity is often associated with stronger convective organisation than isolated convective cells.

Overall, convective organisation is complex to define, in particular when using observational data (Brune et al., 2020). There
has yet to be a consensus on quantifying the organisational behaviour of convective clouds (Biagioli and Tompkins, 2023).
In response, previous studies have developed various metrics to characterise convective organisation and to provide a deeper
understanding about the underlying physical mechanisms (Pscheidt et al., 2019). These indices analyse the spatial distribution
of the clouds within a defined area to assess the organisational state. They help differentiate a regularly distributed, randomly
distributed, or organised cloud field by using morphological attributes such as the number of clouds, their nearest-neighbour
distances, size, shape, pattern, and timing (Pendergrass, 2020; Retsch et al., 2020). So far, the models show convective organi-
sation increases with a warming climate (Wing and Emanuel, 2014). However, there is a lack of evidence about the relationship
between aggregation and precipitation extremes (Bldckberg and Singh, 2022). Unlike simulation data, detecting trends of con-
vective aggregation in observational data remains challenging due to the limited extent and quality of historical records and the
large variability and low frequency of events most relevant for aggregation (Pendergrass, 2020). In the future, ensuring timely
forecasts and a robust climate risk assessment requires even more a correct representation of convective organisation.

Although convective organisation has been the subject of studies using simulation (e.g., Wing et al. (2017); Tompkins and
Semie (2017); Rempel et al. (2017)) or observation data (e.g., Tobin et al. (2012); Tan et al. (2015)), we lack an assessment
of convective organisation on a regional level. So far, it has been shown that organisation within the tropics can be associated
with extreme precipitation (Semie and Bony, 2020). In this study, we aim to provide a deeper understanding of the relationship
between cloud properties and convective organisation on a regional scale, comparable to the work of Bao et al. (2024). The area
of interest (AOI) covers West Africa and the tropical Atlantic Ocean between 30°N-30° S and 30° W-30° E and lies within the

Inter-Tropical Convergence Zone (ITCZ). Here, the environmental conditions favour the development of large clusters of deep



60

65

70

75

80

85

https://doi.org/10.5194/egusphere-2025-376
Preprint. Discussion started: 5 February 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

convective storm cells (Takahashi et al., 2023). These cells, such as MCSs, affect local weather and contribute 50-90 % of
extreme rainfall over continental West Africa (Klein et al., 2021; Atiah et al., 2023; Fink et al., 2006). At the same time, food
security and a high climate risk expose West Africa to multiple threats (Berthou et al., 2019). Changing atmospheric conditions
could intensify those hazards. Achieving an advanced understanding of convective organisation is crucial to assess the impact
of climate change. In the AOI, we find a heterogeneous landmass distribution in the northern and southern hemispheres that
controls the development of convection (Brune et al., 2020). Moreover, convective processes differ over land and sea (Zipser
et al., 2006). Over the tropical Atlantic Ocean, the large-scale forcing is weaker. As a result, we observe lower cloud tops and
less intense rain rates than over continental Africa (Futyan and Genio, 2007). The rainfall variability between the individual
regions of the AOI substantially depends on the moisture availability and thermal gradients (Berthou et al., 2019). Overall, the
West African monsoon (WAM) dominates the West African climate. A strong temperature gradient between the warm Sahara
and the colder waters of the Gulf of Guinea drives the WAM (Fontaine and Philippon, 2000). Stronger convection generally
leads to an increase in heavy rain, a larger detrainment, and a slightly smaller thick anvil emissivity. For instance, Stubenrauch
et al. (2023) found a distinct annual cycle of convective organisation connected to seasonal shifts of the convective cloud
properties.

In Part 1 of this sequence of papers, we derived trajectories of convective clouds and their deep convective core (DCC)
regions (Briining and Tost, 2025). We examined the seasonality of tropical convection and the life-cycle of clustered and iso-
lated convective clouds. In this paper, we aim to complement the findings by including an in-depth analysis of spatio-temporal
patterns of convective organisation. We focus on regional and seasonal differences over land and sea within the AOI. In con-
trast to our former results, we approximate the organisational state not only by the number of DCCs within a cluster (Jones
et al., 2024), but we employ organisation indices to quantify convective organisation (Biagioli and Tompkins, 2023). Our study
is based on a 4D time series of contiguous 3D radar reflectivities from a machine learning (ML)- based extrapolation of 2D
satellite data (Briining et al., 2024). This novel perspective allows a simultaneous coverage of the horizontal and vertical cloud
development over large and remote regions. The results may provide detailed insights on the connection between convective
organisation and 3D cloud properties. For the analysis, we employ an object-based algorithm to detect and track convective
clouds in the predicted radar reflectivity field. Our aim is to identify how regional patterns of organisation change between sea-
sons, particularly regarding the connection between convective organisation and the spatio-temporal variability of convective
cloud development.

We have divided this article into five further sections. In Sect. 2, we describe the data set used in this study. Section 3
presents an overview of metrics employed to quantify convective organisation. Section 4 contains an overview of the results
comprising the spatio-temporal variability of organisation indices and cloud microphysical properties. Section 5 discusses the
role of the ITCZ and other environmental drivers for the development of large-scale patterns of tropical organisation. Finally,

Sect. 6 contains a summary and the main conclusions.
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2 Data

For this study, we employ contiguous 3D radar reflectivities derived from a ML-based extrapolation of 2D satellite data (Figure
1). In the following section, we provide a brief description of the approach. A more detailed explanation can be found in
Briining et al. (2024). The input data for the ML framework originate from the Spinning Enhanced Visible and Infrared Imager
(SEVIRI) sensor onboard the Meteosat-11 (MSG) satellite (Schmetz et al., 2002). We use eight satellite channels and exclude
information within the visible spectrum to enable predictions at night (Jones et al., 2023). The ML model is a Res-UNet
(Ronneberger et al., 2015) which is primarily trained to reconstruct the 2D vertical cross sections of the radar reflectivity from
the Cloud Profiling Radar (CPR) onboard the CloudSat polar-orbiting satellite (Stephens et al., 2008). We apply a spatio-
temporal matching algorithm to the MSG SEVIRI channels and the CPR cross sections to extract training samples for our
model. The output of the Res-UNet contains not only a reconstruction of the CloudSat cross section, but also an extrapolation
of the radar reflectivity to a 3D image, enabling seamless predictions along the whole AOI. We predict the contiguous 3D cloud
tomography for each MSG SEVIRI time step of 15 minutes. Based on the native resolution of the MSG SEVIRI images, the
data has a spatial resolution of 3 km in the horizontal and 240 m in the vertical dimension.

The 3D radar reflectivities are combined into a 4D time series. Using these data, we track convective clouds and their
associated DCCs at each point in time. We define a DCC as a region of high convective activity compared to the cloud anvil.
It is characterised by lower temperatures and a strong vertical ascent, which we identify by an extensive vertically contiguous
layer and a high radar reflectivity (e.g., Igel et al. (2014); Takahashi et al. (2017)). The workflow for detecting and tracking
convective clouds and DCCs follows three steps. At first, we detect convective cloud features by their centroid’s position,
applying a fixed threshold of -15 dBZ. Then, we use a watershed segmentation algorithm to delineate the associated cloud
field for each centroid and split elongated clouds (Sokolowsky et al., 2024). We assign each identified object a unique label to
link their movements through time. Then, we apply a second detection framework for each time step to identify DCCs. Our
study employs the ML-based radar reflectivity to approximate the convective updraft (Igel et al., 2014). To detect DCCs, we
identify a combined local maxima of the radar reflectivity and cloud vertical depth in the 3D cloud field (Feng et al., 2022).
Here, the cloud vertical depth describes the difference between the cloud top height (CTH) and cloud base height (CBH) for
a vertically contiguous cloud layer (Takahashi et al., 2017). We classify a trajectory as convective when we find at least one
DCC, a minimum CTH of 10 km, a maximum CBH of 5 km, and a minimum radar reflectivity of 0 dBZ at 10 km height at
least for 15 minutes within the cloud (Chen et al., 2021). A more detailed description of the analysis framework is found in the
accompanying paper (Briining and Tost, 2025).

The AOI is located close to the nadir position of MSG SEVIRI at 0° longitude. Our analysis comprises 6 months of data
from March to August 2019, reflecting the northward shift of the ITCZ in West Africa and the onset of the WAM (Kniffka
et al., 2019). The detection framework identifies 375,000 trajectories for the period. After filtering the data to exclude clouds
with a lifetime of < 1 h, we obtain 300,000 trajectories for analysing the seasonality of convective organisation between spring

(March-May, MAM) and summer (June—August, JJA).
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Figure 1. Overview of the workflow to investigate convective organisation using observational data. The study employs 4D radar reflectivities
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originating a ML-based extrapolation of 2D satellite data. In Part 1 of this sequence of papers, we detect convective clouds within the
predicted radar reflectivities and link them through time to create continuous cloud trajectories. In Part 2, these trajectories are used to

quantify convective organisation by calculating organisation indices.

3 Method
3.1 Quantifying convective organisation

Convective organisation describes the contrast between convective cells randomly distributed in space and time from those
clustering together in an organised state (Pendergrass, 2020). While there exist various organisation indices to quantify the
degree of clustering (Biagioli and Tompkins, 2023), each index alone cannot sufficiently characterise convective organisation
(Stubenrauch et al., 2023). Instead, all indices have specific limitations, such as a sensitivity to the mean cloud area or to the
number of individual objects. In response, we chose a combination of three organisation indices (Mandorli and Stubenrauch,
2024). The input for all indices is a binary field representing the location of labelled convective objects (Semie and Bony,
2020). These cloud labels originate from the convective trajectories described in Sect. 2.

The first index is the simple-to-compute and straightforward Simple Convective Aggregation Index (SCAI). SCAI describes
the ratio of the degree of convective disaggregation to a potential maximal disaggregation within a domain (Tobin et al., 2012).
The index is unitless and inversely proportional to the number of grid boxes. SCAI compares the number of objects in the
domain (N) and the geometric mean distance (Dy) between the centroid positions of all possible object pairs to the possible
maximum number of objects that can exist in the domain (N,,,,) and the characteristic domain size (L).

SCAI = M1000. (1)
maz L

SCALI is a unitless index between 0 and infinity whereas lower values point towards a stronger convective organisation. By

design, calculating SCAI requires the presence of multiple cloud clusters (Semie and Bony, 2020). It is insensitive to the size

of the objects and mainly dominated by the variability in N (White et al., 2018). However, it is less affected by shifts in time

and space compared to other indices (Mandorli and Stubenrauch, 2024).
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The Convective Organization Potential (COP) was developed by White et al. (2018) to overcome some limitations of SCAL
It assumes objects that are larger and closer together are more likely to interact with each other. In contrast to SCAI, the index
takes the cloud size into account. COP uses the number of objects (N), the area of the i-th object (A;), and the distance between
the centroids of the i-th and the j-th object (dj;). It adds the characteristic domain size (L) and the total image size (L;). The
index is defined by

COP— )ZZ \/Ai/7T+ Aj/m @)
i=1j=i+1

which is the mean over all the possible pairs of the interaction potential. COP is a positive and unitless index between 0-1

whereas higher values indicate a stronger convective organisation. Larger and closer objects have a higher increase in COP

than small and widespread objects (Pscheidt et al., 2019). While the index correctly increases with the proximity and size, it is

sensitive to noise caused in a domain with only a few objects (Mandorli and Stubenrauch, 2024).

SCAI and COP can only be computed when multiple objects are present. In response, we add the Radar Organisation MEtric
(ROME) to our analysis. The index considers the average size, proximity, and size distribution of contiguous convective regions
(Retsch et al., 2020). Initially, it was designed to analyse radar observations. However, it also worked well with other data
(Blackberg and Singh, 2022). The index assesses connections between pairs of continuous convective regions and assigns a
weight to each pair that increases with their respective areas and decreases with their separation distance. The weight is equal
to the area of the larger contiguous convective region plus a contribution from the smaller contiguous convective region that
depends on the separation distance (Retsch et al., 2020). It employs the smallest distance between the edges of the i-th and the
j-th object in the domain (Jij) to define

A(mzn)
ROME = — Z Z {AW“’”HA“’””) mm(l 32 ﬂ 3)

’L 1j=i+1 iJ

where A;™*) = max(A;,A;) and A;™" = min(A;,A;). ROME is a positive index measured in units of area. Its value consists
of a contribution from the mean area of contiguous convective regions and the distribution of sizes and interaction between
different contiguous convective regions. The index is positive, with an increasing ROME value corresponding to a higher
degree of aggregation. While ROME is noise-safe and independent of the dataset resolution, it strongly connects to the object
size (Biagioli and Tompkins, 2023).

3.2 Grid-based calculation of organisation indices

Convective organisation occurs on a wide range of scales which are generally larger than 100 km (Bldckberg and Singh,
2022). We can calculate the indices for a whole domain to assess the overall strength of convective organisation. However,
investigating regional variability demands a further partitioning of the AOI (Figure 2). For this purpose, we use a grid-based
approach and divide the AOI into grid cells with a size of 3° (Semie and Bony, 2020). For instance, further studies applied
a varying grid cell size between 1° (Jin et al., 2022) and 10° (Tobin et al., 2012) to account for the organisational behaviour

of convective clouds. As stated before by Mandorli and Stubenrauch (2024), the number and size of convective clouds highly
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Objects cut off at grid cell borders Cloud mask Average along adjacent cells

(a) Static grid cells @ZZ Input data @ (b) Moving-window

Figure 2. Visualisation of the moving-window approach used to calculate the organisation indices for the labelled cloud mask. For static grid
cells (a), clouds may be split at the grid cell borders leading to an enhanced small-scale value variability between grid cells. In this study, we
employ a moving-window which iterates along the grid cells (b). In contrast to (a), the indices are less influenced by a single grid cell and

rather represent the average composed of all window locations.

affect the organisation indices. Choosing an arbitrary grid cell size and location may cut off contiguous clouds, thus affecting
the index. That is why we employ a moving window with a kernel size of 1° x 1° to improve the robustness of our results (Jin

et al., 2022). Afterwards, we calculate the three organisation indices (SCAI, COP, and ROME) for every time step.

4 Results
4.1 Characteristics of organisation indices in the tropics

In the following section, we analyse the distribution of the three organisation indices (COP, SCAI, ROME) to derive spatio-
temporal patterns of convective organisation over the AOIL. By design, COP and ROME behave anti-proportionally to the values
of SCAI (White et al., 2018). However, the frequency distribution shows an overlap of lower index values for all indices (Figure
3). In Part 1 of this study (Briining and Tost, 2025), we found clouds develop about 10 % more frequently over the ocean. This
land-sea imbalance is reflected within the frequency distribution of the organisation indices. Most values lie within the lower
half of the index scale, either between 0—0.4 for COP and SCAI or between 0—10 000 for ROM. Over land, values are higher in
relative terms, in particular for ROME. The results are partly ambiguous as COP and ROME emphasise, on average, a weaker
organisation than SCAIL

In Fig. 4, we analyse the distribution of the organisation indices grouped by the surface type. We focus on the diurnal cycle
(a—c), zonal changes between 30° S and 30° N (d-f), and the relation between each index and the number of DCCs (g—i).
Although we observe differences over land and sea, they account for only up to 10 % of the respective index scale. The diurnal
cycle for SCAI is opposed to COP and ROME. All indices indicate the strongest convective organisation in the late evening
and early morning hours and the weakest organisation in the afternoon (Figure 4, a—c). The behaviour contradicts the diurnal
cycle of cloud formation processes, which show a maximum in the afternoon (land) or late evening (sea) (Cui et al., 2021). In

accordance to convective cloud properties, the diurnal differences are lower over the sea than land. The zonal statistics show
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Figure 3. Distribution of convective organisation indices grouped by the surface type. We see the frequencies of (a) the COP, (b) the SCAI,
and (c) the ROME on a logarithmic scale.

the weakest convective organisation near the equator and an increase towards the tropics of Cancer and Capricorn (Figure 4,
d-f). The highest values of COP and ROME can be found between 10-25° N and S. The value variability is higher over the
ocean of the southern hemisphere and land in the northern hemisphere. For SCAI, we observe the lowest values over land
between 20-30° N and the ocean between 15-25° S. All three indices point towards a stronger convective organisation with
an increasing number of DCCs (Figure 4, g-h). COP and SCAI show a higher organisation over the ocean, whereas ROME is
higher over land. The indices’ calculation may induce this deviation. In contrast to COP, we can compute ROME when only
one labelled cloud is present (Retsch et al., 2020). As a result, a domain with one extensive MCS may have a high ROME but
no value for COP and SCAI (Biagioli and Tompkins, 2023).

4.2 Assessing the relation between cloud properties and convective organisation
4.2.1 Patterns of convective cloud development

In Fig. 5, we compute a spatial density distribution for the number of DCCs associated with a convective cloud and plot the
locations in spring (MAM) and summer (JJA). In spring (MAM), we observe the highest proportion of isolated convective
cells primarily over the Guinea-Congo rainforest and secondarily over the West African coastline (Figure 5, a). Clouds with
2-9 DCCs have a peak occurrence between coastal West Africa and the Gulf of Guinea, whereas highly clustered systems
predominantly develop over the Atlantic Ocean between 15-30° W and parts of the tropical rainforest (Figure 5, b—c). In
summer (JJA), the ITCZ shifts to its most northward extent (Kniffka et al., 2019). It induces extensive heating in the Sahel,
leading to increased land surface temperature anomalies and a higher frequency of deeper convection (Taylor et al., 2022). The
hotspot location of isolated convective clouds shifts towards the West African plains and the rainforest north of Congo (Figure

5, d). Custered systems occur more frequently further away from the Atlantic Ocean and up to the Sahel region (Figure 5, e).



https://doi.org/10.5194/egusphere-2025-376
Preprint. Discussion started: 5 February 2025
(© Author(s) 2025. CC BY 4.0 License.

EGUsphere\

(a) (b) (),
1.55
| 0.38 ;
035, (/?\\ A ; ! 1.50
B o A o | - ‘
AR Rl U A NP B 145 3 &
0.34 (ittt} — A . A N A w PN 1
5 N <L .34 fob e S140]: . - &
i ! ! i ' i i O : H i : i ] : ! o ] ] 1 {
© Pl A 1 @ HE T R A - BB .
0.33 | F L 032 oL LR I
; S N A S i N N S
| 030] " AL / b 1.30 '\LJ/ N
0.32 v 1.25
0 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21
Daytime [h] Daytime [h] Daytime [h]
(d) (e) (f
0.5 0.5 5
0.4 ,A\\ 0.4 4
b\ )
‘ ﬁ/& e\ ? - w3
& { ) {f < s
0 0.3 |1 i So3
O i & ‘ 2 5
0.2 i 0.2 / \
i b \ ! !
o e w\ ;
0.1 0.1 - :
30 20 -10 0 10 20 30 30 20 -10 0 10 20 30 30 20 -10 0 10 20 30
Latitude [°] Latitude [°] Latitude [°]
(9) (h) @ .
0.38
2 3 .
0.37 // 036 R 1.8 |
0.36 = | 034ri b4 ),
& e < A T T R A A ST /
So3s / o 032 .\ A A '/
; ‘ : | | : | | ‘ | i/
! | i | i | | | ‘ ; i | P
0341t | 0.30 \4,., N 14 T
H ~— i i ] i | i —
0.33 ; e i : ! % //‘7_ _—
' 0.28 —~— s
1 2 3 4 5 69 10+ 1 2 3 4 5 69 10+ ' 1 2 3 4 5 69 10+
Number of DCCs Number of DCCs Number of DCCs
—— Sea Land

Figure 4. Comparison of the organisation indices behaviour depending on the surface type for (a)—(c) the diurnal cycle, (d)—(f) the zonal

mean, and (g)—(i) the number of DCCs for the COP, SCAI, and ROME. Line plots show the mean value with a confidence interval of 95%,

black dashed lines refer to the differences over land and sea.
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Figure 5. Spatial distribution of clouds grouped by the number of associated cores for spring (MAM, upper row) and summer (JJA, lower
row). Clouds are grouped as having (a) & (d) a single core, (b) & (e) 2-9 cores, and (¢) & (f) 10 and more cores. The values represent the

normalized density for each distribution.

The most highly clustered clouds are confined to two peak regions over the Atlantic Ocean close to the coast of Liberia and
between the Jos Plateau and the Cameroon mountains (Figure 5, f).

In a second step, we group the convective clouds by their anvil size to visualise their spatial distribution. We differ three
classes for clouds with an anvil smaller than the population’s mean size (> 1 000 km?), anvils between the mean and 10 times
the mean (> 10 000 km?), and a third, larger, class. Again, the seasonal variations resemble the northward shift of the ITCZ
(Figure 5). In spring (MAM), small and medium-sized clouds have a peak occurrence around the equator with a higher spread
towards the Gulf of Guinea for medium-sized clouds (Figure 6, a—b). Large clouds show higher seasonal variations. We observe
a peak in the southern hemisphere over continental Africa (MAM) (Figure 6, c). In summer (JJA), these former peak regions
vanish. The development of MCSs may be affected by alterations of the soil moisture-precipitation feedback or the advection
of moist air masses through strong wind shear and convective instability (Nicholson, 2018). Due to the influence of the ITCZ,
we see two peaks in the northern hemisphere around the Senegal River and Lake Chad (Figure 6, f). The primary occurrence
for small and medium-sized clouds shifts from 5° S—10° N to 5°-20° N (Figure 6, d—e). We generally find highly clustered

clouds to be accompanied by a larger cloud anvil size and vice versa (Figure 5,6).
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Figure 6. Spatial distribution of clouds grouped by their anvil area for spring (MAM, upper row) and summer (JJA, lower row). Clouds are
grouped as (a) & (d) small with an anvil area < 1 000 km?, (b) & (e) medium with an anvil area between 1 000-10 000 km?, and (c) & (f)

large with an anvil area > 10 000 km?. The values represent the normalized density for each distribution.

The spatial distribution of the cloud and core properties provides information on regional patterns of convective activity in
the AOI (Figure 7). Near the equator, we find smaller cloud anvils, higher cloud tops, a reduced cloud lifetime, an enhanced
area ratio, and slightly fewer and smaller DCCs. These properties are typical for fast-evolving, isolated convective cells, which
frequently occur between 15° S—15° N (Feng et al., 2022). In contrast, clouds with a large anvil come along a lower CTH,
higher cloud lifetime, and a higher number of cores. They appear particularly north of 25° N and south of 15° S. We observe
extensive patches of large and long-lived convective cells over the Atlantic Ocean (5-20° S) and the Sahel region (Futyan and
Genio, 2007). In the same region, we detect a diverging convective activity regarding the number and size of DCCs. South
of 20° S, we find the largest DCCs. However, these convective systems are connected to fewer DCCs, smaller anvils, a lower
CTH, and a lower cloud lifetime. In the southern hemisphere, the oceanic circulation and adjacent landmasses may contribute
to the development of long-lasting clouds in the Atlantic Ocean (Atiah et al., 2023). Our analysis shows a higher variability
between the hemisphere and latitude than for the surface type. Moreover, we detect distinct differences between regions closer

to the equator and the tropics.
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(c) the cloud lifetime, (d) the number of DCCs, (e) the convective core size, and (f) the area ratio between core and anvil.
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We extend the analysis by investigating seasonal differences of cloud and core statistics in spring (MAM) and summer
(JJA). Figure 8 emphasises that the seasonality of the convective activity depends on the hemisphere. The cloud area is larger
in spring over northern Africa (> 15° N) and in summer over West Africa and the Atlantic Ocean (< 15° N). We observe
an extensive patch of large cloud anvils in the southern hemisphere that grows in summer. At the same time, the cloud anvil
area increases in regions near the equator. Compared to regions near the tropics, equator-near regions show a lower average
and variability in the seasonal cycle (Figure 8, a). The CTH in summer is higher over the Atlantic Ocean and the Sahel and
lower over coastal West Africa. During this season, we see more DCCs, a larger core size, and a reduced area ratio. With some
small-scale deviations, convective activity near the equator increases in summer. We find more clustered clouds and intense
convection in spring near the tropic of Cancer. In contrast, convective activity near the tropic of Capricorn is higher in summer.
Overall, a higher convective activity comes with a lower area ratio, a higher number of DCCs, a larger cloud and core area, and
a longer cloud lifetime. However, local circulations and the landmass distribution may considerably alter the development of

convective cells (Atiah et al., 2023).
4.2.2 Identifying regional hotspots of convective organisation

In this section, we analyse the spread of the distribution for each organisation index to identify geographical hotspots of
convective organisation. For each index, we calculate the 10th (P10, n = 30 243) and 90th (P90, n = 29 365) percentile as
well as the inter-quartile range (IQR) between the 25th and 75th percentile. A hotspot is classified by using the highest (COP,
ROME) or lowest (SCAI) 10 % of the data (Semie and Bony, 2020). The IQR of the indices’ distribution corresponds to a
more random organisation of the clouds.

Section 4.1 shows that the convective organisation is overall weaker around the equator. In this region, we find a high
proportion of isolated and short-lived clouds (Section 4.2.1). Their impact on large-scale patterns of organisation is limited
compared to MCSs (Takahashi et al., 2023). In our study, the locations of clustered clouds (Figure 5) indicate that clouds
with multiple regions of convective activity can be found over land and sea, especially during the summer. At that time, the
number and size of DCCs increases, in particular around the equator (Section 4.2.1). The percentiles of the organisation indices
correspond predominately to locations around the equator and over the Atlantic Ocean in the southern hemisphere. Around the
tropics, we find extensive MCSs and high values for COP and ROME. However, the percentiles show that these locations
are considerably affected by outliers. The location of the IQR comprises a band spanning between 10° N-10° S (Figure 9,
10). Within that region, we find more randomly distributed convective cells. The band covers the Atlantic Ocean up to the
coastal regions between the Senegal and Ivory Coast (Figure 9, a-b,g-h,i-j). In spring (MAM), this area reaches up to the
Congo rainforest at around 12° S, whereas it shifts northward in summer (JJA) (Figure 7). The least organised clouds (P10
COP/ROME, P90 SCAI) appear over the Atlantic Ocean (5° S-5° N) and the rainforest (15°-30° E). In contrast, most organised
clouds (P90 COP/ROME, P10 SCAI) occur around the Gulf of Guinea, coastal West Africa and the Atlantic Ocean (> 15° S)
(Figure 9). In summer, we see a maximum around the Cameroon mountains and the coastal regions around Senegal up to the

Nigerian Planes (Figure 10).
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We combine the percentile locations of the indices (P90, P10) to assess the aggregated distribution of organisation in spring
(MAM) and summer (JJA). Averaged over the AOI, a high degree of convective organisation occurs most frequently between
15° S and 15° N. Over the ocean, convective organisation is higher during spring in the southern hemisphere and summer in the
northern hemisphere. Over land, it is stronger over the northern hemisphere in summer. Our findings suggest that convective
organisation is connected to vertical and horizontal cloud and core properties. A higher degree of organisation comes along
an intense convective activity, a larger anvil area, a longer lifetime, and a lower area ratio (Section 4.2.1). In spring, organised
cloud systems primarily appear over the Atlantic Ocean and coastal Africa in the southern hemisphere. A second peak reflects
the occurrence of oceanic MCSs between 15-30° S (Figure 11, a). We find the weakest organisation over the rainforest and the
Atlantic Ocean near the equator (Figure 11, b). In summer, the hotspot locations shift northward. Then, we observe the highest
number of organised clouds over the tropical Atlantic Ocean between 0°-15° N. A second peak persists over continental West
Africa, the Jos Plateau, and the Congo River.

Along the AOI, the concurrent existence of weakly organised or isolated clouds and highly clustered cloud systems induces
hotspots of weak and strong convective organisation that occur in the same area (Figure 5, a—d). They may balance each other
out, blurring derived spatio-temporal statistics. The location of this superimposition changes with the season. As shown in
Sect. 4.2.1, convective activity is marked by a high variability, especially over oceanic regions. Moreover, we find ambiguous
results regarding convective organisation for different hemispheres, surface types, and seasons. These variations may be due to
seasonal effects such as the northward shift of the ITCZ (Futyan and Genio, 2007; Atiah et al., 2023). As shown in Part 1 of this
study (Briining and Tost, 2025), regional effects may alter the convective life-cycle. Although we observe a slightly stronger
average organisation over the sea (Figure 4), the analysis points out the complexity of deriving distinct patterns of convective

organisation.
4.3 Seasonal effects on convective organisation

The seasonal analysis of the organisation indices emphasises a connection between a pronounced convective organisation,
the hemisphere, and the surface type (Figure 12). Between March and August, COP and ROME increase in the northern
hemisphere. At the same time, we observe ambiguous results for SCAI, with a slight increase over land and a decrease over
the ocean (Figure 12, a—). Differences between the surface types comprise up to 5 % (COP, ROME) and 10 % (SCAI) of the
index scale. Over the southern hemisphere, the indices show a higher variability (Figure 12, d—f). We detect a tendency for
stronger organisation in the southern hemisphere accompanied by a higher cloud anvil area, cloud lifetime and enhanced core
size but reduced CTH (Figure 7). For COP and ROME, we find an increase between March and May, followed by a minimum
in June and a renewed increase between July and August. The values of SCAI show a linear decrease from spring to summer.
There is a weak to moderate trend towards higher (COP, ROME) or lower (SCAI) index values during summer in the northern
hemisphere. In the southern hemisphere, we see an increase in convective organisation over the ocean and a decrease over land.

In Sect. 4.2, we have detected a high spatial variability that modifies regional convective cloud development and organisa-
tion patterns. Further, we investigate seasonal differences for cloud and core properties for strongly (P90) and weakly (P10)

organised cloud clusters. Following an overall slight increase of convective organisation in summer (Figure 12), we also see a
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Figure 13. Seasonal changes of the convective cloud and core properties between March and August 2019 grouped by the hemisphere. We
see the monthly mean for the 90th (P90, n = 29 365) and 10th (P10, n = 30 243) percentile of (a) the cloud anvil area, (b) the CTH, (c) the
cloud lifetime, (d) the number of DCCs, (e) the convective core area, and (f) the area ratio between cloud anvil and core area on the northern

(NH) and southern (SH) hemisphere.

weak trend towards more and larger DCCs (Figure 13). Overall, organised clouds (P90) come along a larger cloud anvil area, a
longer cloud lifetime, a lower CTH, a lower area ratio, and more and larger DCCs. This pattern appears mainly in the northern
hemisphere during summer. However, there is a high spatial variability (Section 4.2). For example, in summer, we observe ex-
tensive, long-lasting, and more clustered clouds north of the equator (< 15° N). At the same time, convective activity decreases
over the Sahel (> 15° N) (Figure 7). Strong and weak convective organisation is more similar in the southern hemisphere than
in the northern hemisphere. Here, we see a weak trend towards smaller and less clustered clouds in the 90th percentile. For
weakly organised clouds (P10), we detect more ambiguous results in both hemispheres. These clouds come with a decrease in
the cloud lifetime and the number of associated DCCs in summer, whereas the DCC size and CTH increase.

In the following section, we examine the statistical significance of the seasonal differences for organised cloud clusters (P90).

For this purpose, we divide the 29 365 cloud clusters into four groups based on the surface type (Sea, Land) and the season
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(MAM, JJA). The group sizes in our study are imbalanced since more clouds occur over the ocean (Briining and Tost, 2025).
To detect statistically significant differences between the group mean values, we apply Welch’s t-test for independent samples.
In contrast to the Student’s t-test, the results remain robust for skewed distributions and large or uneven sample sizes (Derrick
and White, 2016). Moreover, we calculate Cohen’s D to complement the t-test results. It measures the difference between two
means based on standard deviation units (effect size). Large values of Cohen’s D indicate the difference between the means
is higher than the variability (Cohen, 2013). The effect size is positive and ranges between 0 and infinity, with a classification
indicating small (< 0.2), medium (0.2-0.5), or large (> 0.8) differences.

We see an overall shift of the indices’ distribution towards a stronger organisation during summer (JJA) (Figure 12, 14 a—c).
For COP, we find the highest effect size between oceanic and continental surfaces in summer and the lowest in spring. The
seasonal differences are generally higher over land than the ocean. Although the p-values point out statistically significant
differences between the means of the distribution, we detect a predominately small effect size. For SCAI, we find higher values
and a larger effect size in summer (JJA) (Figure 12). Although the arithmetic mean of SCAI is similar over both surface types,
the IQR shows a broader value range over land (Figure 14, a—). The effect size for ROME is, on average, higher than for
COP and SCALI. Again, the distribution shifts towards higher averages in summer. Our analysis emphasises the importance of
seasonal and spatial effects on cloud organisation. For instance, we detect statistically significant differences between organised
convection in spring (MAM) and summer (JJA) over land and sea (p < 0.05). The distributions of COP and ROME show a
noticeable narrowing in summer (JJA). However, the effect size suggests the differences are relatively small, except for ROME
and SCAI over land.

The distribution of the cloud area, the cloud lifetime, and the core size slightly shift in summer. We observe a broadening
over the ocean and a narrowing over land, whereas the median remains similar (Figure 14, d, f, h). Following, we observe only
a small effect size. The seasonal variability of the CTH is weaker, particularly over the ocean. Contrasting, we observe higher
values of the CTH in summer (JJA). Accordingly, the effect size between the groups over land and sea is enhanced. We find a
similar seasonal pattern for the number of DCCs and the area ratio (Figure 14, g, i). However, the effect sizes remain small and
suggest only a weaker seasonality for the number of DCCs and the area ratio.

To summarise, the frequency of convective activity and, for instance, the strength of convective organisation increases in
the northern hemisphere from spring to summer. In contrast, convective organisation in the southern hemisphere is more pro-
nounced in spring. Compared to the northern hemisphere, the properties of convective clouds and cores are more similar for
strong and weak convective organisation. Overall, the southern hemisphere has a higher variability concerning the organisa-
tion indices and the frequency of intense convective activity. Regions with different degrees of convective organisation show
partly ambiguous results for the associated cloud properties, especially for the core size and CTH. While we find statistically
significant differences between organised convection based on spatial and temporal factors, the strength of these effects is pre-
dominately small. The derived differences in the distributions may not be sufficient to explain the spatio-temporal variability
of the patterns we detected in Sect. 4.2. However, the total of detected uncertainties and limitations reflect the complexity in

quantifying convective organisation.
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the convective core area, and (i) the area ratio between cloud anvil and core area. The boxplot contains the median (bold black lines) and the

arithmetic mean (black diamonds). Annotations depict the effect size measured by Cohen’s D and the p-value derived from Welch’s t-test

(not significant (ns): p > 0.1, significant with *: p < 0.1, **: p < 0.05, ***: p < 0.01).
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5 Discussion

According to results by Stubenrauch et al. (2023), strong convective organisation is associated with larger, more clustered
convective systems (Section 4.1). We find a connection between the spatio-temporal variability of convective organisation and
the microphysical cloud properties such as the cloud anvil area, the CTH, or the cloud lifetime (Bldckberg and Singh, 2022).
In our study, organisation indices vary with the cluster size, cloud lifetime, and the ratio between the DCCs and the anvil
area (Section 4.1, 4.2.1). MCSs with a lower area ratio appear as more organised (Section 4.2.2). Within clustered clouds
like MCSs, interactions between DCCs may enhance the convective activity and prolong the cloud lifetime, anvil growth, and
vertical updraft strength (Tompkins and Semie, 2017). In contrast to previous results (Takahashi et al., 2017; Stubenrauch et al.,
2023), we detect a slightly stronger organisation over the ocean, which may be due to the dominance of oceanic clouds in our
study (Section 4.1). Moreover, the results may reflect an extensive transport of continental convective clusters towards the ocean
(Vondou, 2012). The differences over land and sea account for about 10 %, which is lower than the seasonal difference of about
15-20 %. A higher seasonal variability of convective activity in the southern hemisphere is associated to a more fluctuating
strength of organisation. However, the microphysical properties of weakly and strongly organised clouds are more similar than
in the northern hemisphere. For continental cloud clusters in the northern hemisphere, we find more distinct results regarding
the relationship between DCCs and the degree of organisation (Section 4.2.2). Our results show that grouping organised cloud
clusters by temporal and spatial factors like the season or surface type reveals statistically significant differences (p < 0.05)
between the means of their distribution (Section 4.2.2). Nevertheless, the absolute difference for the convective cloud properties
between these groups remains predominately small. Contrasting, we find a higher variability and a medium to high effect size
for the organisation indices (Section 4.3). While the analysis helps to assess spatio-temporal patterns of convective organisation,
further advancing the understanding of underlying processes may require the integration of additional properties. Moreover,
a less skewed distribution for clouds over land and ocean may reduce the imbalance between group sizes and improve the
robustness of statistics.

Our results emphasise that changes on multiple scales influence convective cloud organisation. When comparing spatial
patterns, we see ambiguous results for organisation indices in the southern and northern hemispheres and between regions near
the equator and the tropics (Section 4.2). Convective organisation may be driven by the interplay of processes induced by,
e.g., local surface characteristics (Vondou, 2012), the monsoon circulation (Futyan and Genio, 2007), or the katabatic flow in
mountainous regions (Nicholson, 2018). Narrowing down their effect on convective organisation requires further clarification.
Moreover, we detect overlapping effects of weak and strong organisation that blur the statistical analysis (Section 4.2.2). The
currently employed indices allow us to identify geographical patterns of large-scale cloud clustering. Nevertheless, further
uncertainties persist. These comprise the impact of the terrain on cloud organisation and its connection to severe weather (Bia-
gioli and Tompkins, 2023). A metric built simultaneously using more indices or integrating spatial and temporal factors in the
calculation may enhance the results (Pscheidt et al., 2019). This study employs a grid-based approach with a moving window
(Section 3.2). Before, numerous studies applied the idea of partitioning the AOI into subsets of an equal area (e.g., Tobin et al.

(2012); Stubenrauch et al. (2023); Retsch et al. (2020)). While a moving window may prevent small-scale fluctuations between
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grid cells, it is still based on a somewhat arbitrary, human-induced split. In contrast, unsupervised clustering algorithms like
DBSCAN or the improved HDBSCAN may provide a more data-driven approach. Zuo et al. (2022) used the DBSCAN algo-
rithm to identify cloud clusters within 3D radar data. Furthermore, Kim et al. (2023) derived precipitation probabilities from
geostationary satellite data with an unsupervised clustering technique. In our following work, we will investigate whether these

algorithms are suitable to identify robust patterns of convective cloud organisation through space and time.
5.1 Spatio-temporal drivers of organisation

Referring to our findings from Part 1 of this paper sequence (Briining and Tost, 2025), convective cloud development is subject
to spatial and temporal changes. These effects come into play regionally and on a larger scale. We see a link between intense
convective cores, extensive MCSs and the occurrence of convective organisation. In spring, we observe a weaker convective
activity represented by smaller cloud anvils and fewer and smaller convective cores. In summer, increasing core sizes emphasise
that convective activity is enhanced over land and sea (Takahashi et al., 2023). Strong organisation occurs in spring (southern
hemisphere) and summer (northern hemisphere), especially during the afternoon over land and at night over the ocean. The
diurnal cycle of the organisation indices implies a shift compared to a maximum of convective development (Li et al., 2021).
We see a regional peak in organisation over the Atlantic Ocean and coastal West Africa. Organised clouds with larger cores and
a prolonged life-cycle appear primarily in the vicinity of the Gulf of Guinea and secondarily in coastal and rainforest regions
of continental Africa (Section 4.2). Over the tropical Atlantic Ocean, we find lower cloud tops and warmer MCSs, but also
high values of ROME and COP. We emphasise that organisation is not only affected by convective intensity (Takahashi et al.,
2017). Instead, extra-tropical MCSs may act as additional drivers for convective organisation (Futyan and Genio, 2007). In the
southern hemisphere, we find a high variability for convective development and spatio-temporal patterns of organisation. Here,
regional circulations and the continental landmass distribution may alter the annual cycle of cloud development, affecting our

results (Brune et al., 2020).
5.2 The role of the ITCZ on large-scale organisation

We observe a connection between DCCs and spatial patterns of convective organisation following the northward propagation
of the ITCZ in summer (Figure 10, 11). The WAM links to the Hadley circulation. As a result, the tropical rain belt over West
Africa and the Sahel rainfall are subject to seasonal changes (Jackson et al., 2022). The ITCZ drives the tropospheric circulation
(Vondou, 2012). Its seasonal shift affects the microphysical cloud properties through its influence on surface characteristics,
solar radiation and the local circulation (Kniffka et al., 2019). The ITCZ brings greater humidity in the northern Sahel and the
Sahara in summer. Following, we observe a weaker subtropical subsidence rate over the Sahara and a deeper ascent within the
tropical rain belt (Fontaine and Philippon, 2000). The seasonal meridional pressure gradients strengthen the low-level moisture
transport across adjacent regions (Lavaysse et al., 2009) and may lead to the observed promotion of convective activity in the
northern hemisphere (Section 4.3). This seasonality is reflected in our results by an increase of more intense, larger DCCs,
larger cloud anvils, and an enhanced degree of convective organisation between June and August (Section 4.2.2). Although the

role of the ITCZ as a prolific producer of rainfall has been studied before, the correlation between organisation and heavy rain
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requires further investigation (Bao et al., 2024). Analysing an extended time series may offer a more detailed perspective on
the annual cycle of convective organisation (Takahashi et al., 2017). Furthermore, it may benefit the accuracy and timeliness

of operational forecasts and early-warning systems (Pendergrass, 2020).

6 Conclusions

This study investigates spatio-temporal patterns of convective organisation in tropical West Africa using ML-based 3D radar
reflectivities. For this purpose, we employ three organisation indices to identify and statistically analyse regional hotspots of
convective organisation. Along the AOI, we find the strongest convective organisation in the Atlantic Ocean of the southern
hemisphere and the coastal regions of West Africa. The convective activity diverges in regions near the tropics and the equator.
Around the equator, we observe concurrent hotspots of weak and strong convective organisation in the same region. They
superimpose each other, blurring spatial statistics. Overall, the strength of organisation is connected not only to the cluster
size and lifetime but also to the number and size of DCCs within a cluster. We detect an increase in convective organisation
especially for systems with more than 10 DCCs. While our results agree with previous research, we observe that convective
organisation is about 5-10 % stronger over the ocean. However, seasonal and zonal effects account for 10-20 % of the organi-
sation index scale. The seasonal analysis of the percentile locations emphasises a connection between convective clustering and
large-scale forcings, such as the shift of the ITCZ. The employed indices show partly ambiguous results. These uncertainties
reflect the specific limitations of each index. Current indices cannot sufficiently characterise the degree of convective organisa-
tion. Here, ROME shows the highest agreement to previous findings suggesting a a stronger convective organisation over land.
Nevertheless, all indices are subject to spatio-temporal variations. Including this variability in an adapted index may benefit
the accuracy of the results. In summary, our study emphasises the need to quantify the mechanisms that control convective
organisation on a regional level. An in-depth understanding is necessary to improve the representation of convective clouds

and enhance a future climate risk assessment.

Appendix A: Impact of the hemisphere on seasonal differences of organised convection

We complement our findings from Sect. 4.2 and Sect. 4.3 by evaluating whether seasonal differences of organised convection
along the hemispheres are statistically significant (Figure A1). The differences between the northern (NH) and southern (SH)
hemispheres generally agree with the results described in Sect. 4.3. We observe statistically significant differences between the
groups regarding the organisation indices and parts of the cloud properties (p < 0.05). However, the effect sizes are predom-
inantly small, particularly for the cloud properties (Figure A1, d—i). The results emphasise convective organisation increases
in summer (JJA) (Figure A1, a—c). For instance, the effect size is higher between the two hemispheres than the seasons (COP,
SCAI). Except for the CTH, the distributions of all cloud parameters shift towards a higher mean in NH summer. In the south-
ern hemisphere, the seasonal differences are minor or even reversed. This finding reinforces the assumption of a seasonally

opposed pattern for organised convection in the southern and northern hemispheres.
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Figure A1. Boxplot for organised cloud clusters (P90, n = 29 365) grouped by the hemisphere (NH, SH) and season (MAM, JJA). We show
(a) the COP, (b) the SCAI (c) the ROME, (d) the cloud anvil area, (e) the CTH, (f) the cloud lifetime, (g) the number of DCCs, (h) the
convective core area, and (i) the area ratio between cloud anvil and core area. The boxplot contains the median (bold black lines) and the
arithmetic mean (black diamonds). Annotations depict the effect size measured by Cohen’s D and the p-value derived from Welch’s t-test

(not significant (ns): p > 0.1, significant with *: p < 0.1, **: p < 0.05, ***: p < 0.01).
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