
Mesoscale Organisation of Shallow Cumulus Convection : An Overview
Pier Siebesma  ( TU Delft & KNMI, The Netherlands) 

With :  Fredrik Jansson, Louise Nuijens, Franziska Glassmeier, Allessandro Savazzi, Puriya Alignani (TU 
Delft) , Martin Janssen ( WUR) , Sandrine Bony (LMD), Hauke Schulz, Geet George, Bjorn Stevens (MPI) , 
Thibaut Dauhut , Florent Beucher (Meteo France) , Christoph Schär, Abraham Torres, Roman Brogli (ETH) 



2Climate modeling

1.
A Bit of History



Previous GCSS/GASS Studies on Shallow Cumulus Convection
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FIG. 13. Diagram comparing the BOMEX and ATEX boundary layer.

while to compare and contrast our results with those
from subsequent studies.
• The fifth GCSS WG1 intercomparison was based on
the Atlantic Tradewind Experiment (ATEX; Stevens
et al. 2001). It was motivated by a desire to investigate
whether the various results obtained for the present
BOMEX intercomparison are still valid under con-
ditions of higher cloud cover, such as that observed
during ATEX. The main difference in the initial pro-
files between the ATEX case with the present BOMEX
case is a higher relative humidity in the cloud layer,
which is increasing with height and reaches a maxi-
mum at the top of the cloud layer near the inversion
close to 100%. In this case a substantial total cloud
cover of around 50% was obtained by most of the
LES models. The lower part of the cloud layer was
remarkably similar to the present BOMEX case: a
cloud cover that peaks at 6% near cloud base and then
decreases with height. However, at the top of the cloud
layer near the inversion, the cloud cover increases
dramatically. This is due to detrained cloud filaments
that (contrary to what was found for BOMEX) do not
evaporate but instead form a stratocumulus deck on
top of the cumulus layer. A simple cartoon of both
cases (see Fig. 13) illustrates the differences between
the two cases. In some sense this case forms a su-
perposition of the present BOMEX case with a stra-
tocumulus case. Not surprisingly the spread between
the various LES codes for the ATEX case was much
larger since it seems close to the dividing line between
the cumulus regime and the stratocumulus regime.

• The sixth GCSS WG1 intercomparison studied the
development of shallow cumulus over land. This case
has been based on an idealization of observations
made at the Southern Great Plains Atmospheric Ra-

diation Measurement (ARM) program site on 21 June
1997 (Brown et al. 2002). On this day, cumulus clouds
developed at the top of an initially clear layer. In gen-
eral, there was good agreement with the participating
LES codes and the observations on the timing of the
onset of the cumulus and also on the cloud fractions.
Moreover, similar characteristics as in the BOMEX
case were found for entrainment rates, cloud cover
and mass flux profiles. This case is particularly chal-
lenging for testing single column models because the
transitions from a stable boundary layer via a dry
convective dry boundary layer to a cumulus topped
boundary layer and back again to a stable nocturnal
layer are all encountered.
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APPENDIX A

Description of the LES Codes

Ten groups submitted statistics from their simula-
tions. The names of the scientists, the acronyms of the
used models, references to full model descriptions and
the main characteristics of the used algorithms are listed
in Table A1. This table is not comprehensive, for in-
stance models also differ in terms of their basic equation
sets (Boussinesq or the anelastic), pressure solvers, tem-
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Well observed large scale forcings….

Providing a simple but critical test for Large Eddy Simulations……
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…. And  to new campaigns:  RICO : (van Zanten et al. JAMES 2011)……..



Wind-parallel bands Clusters Outflow bands

Different Modes of Organization Observed during RICO

Zuidema, Girolamo, Snodgrass ……

But Initially  ignored by the modelers …



Proposed Mechanism : 
Cold Pools Dynamics promote scale growth of humidity fluctuations

Seifert & Heus ACP  (2013)

A. Seifert and T. Heus: Large-eddy simulation of organized trade wind cumulus clouds 5633

where ⌧ = 0.19 CWP5/6N1/3
c is an estimate of optical depth

(Zhang et al., 2005), Nc the (prescribed) cloud droplet num-
ber mixing ratio and CWP the cloud liquid water path. Qual-
itatively these simulated cloud fields compare very well with
satellite images, e.g. Fig. 16c of Snodgrass et al. (2009).
A movie of the synthetic cloud albedo which is provided as
Supplement3 provides additional evidence that the simula-
tion is able to reproduce many typical features of organized
trade wind cumulus cloud fields, e.g. the mesoscale arcs ori-
ented perpendicular to the mean wind, small clouds which
are organized in along-wind rolls and convective outflow-
forming stratiform cloud areas.
In the following sections the main features and possible

causes of the organization are discussed in more detail.

3 Diagnostics of cloud organization

One difficulty in studying organization of cloud fields (or any
other objects) is the quantification of organization itself. Al-
though the human eye is very efficient in recognizing spatial
structures and patterns it can also easily be fooled to see or-
ganization in random fields. It is therefore crucial to objec-
tively quantify the mode and evolution of organization. In the
following we will present some standard diagnostics of the
simulations together with more sophisticated techniques that
measure the degree of organization. In this section we focus
on three simulations, the benchmark simulation of the moist
RICO case and two simulations of the standard and the moist
case on a slightly smaller domain of 1024⇥ 1024⇥ 160 grid
points, i.e. 25 km⇥ 25 km⇥ 4 km.

3.1 Time series, profiles and Hovmöller diagrams

The RICO simulations are a representation of trade wind cu-
mulus clouds as they develop in sub-tropical regions domi-
nated by large-scale subsidence. After a short spin-up of 2 h
simulation time, the cloud cover reaches about 15% with
a corresponding domain-averaged cloud liquid water path
of 10 gm�2 (see Fig. 2). In the standard setup the cloud
layer grows slowly with time, reaching 20% cloud cover
and a domain-averaged liquid water path of 30 gm�2 after
40 h. Precipitation in the standard case is marginal in the first
20 h and increases slowly thereafter. The two simulations of
the moist RICO case show a more rapid increase in cloud
cover and cloud liquid water path, especially between 10 h
and 16 h of the simulations. The domain-averaged cloud liq-
uid water path reaches peak values of about 60 gm�2 dur-
ing that time. Precipitation starts much earlier than in the
standard RICO case and increases strongly in the first 20 h,
reaching values of 50–100Wm�2 or 2–3mmd�1. An inter-
esting feature of the simulations of the moist case is the sig-

3Due to the file size limitations for the Supplement the movies
have a reduced time span and reduced video quality. The full movies
in high quality are available from the authors.
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arcs oriented perpendicular to the mean wind, small clouds
which are organized in along-wind rolls and convective out-
flow forming stratiform cloud areas.

In the following sections the main features and possible
causes of the organization are discussed in more detail.

3 Diagnostics of cloud organization

One difficulty in studying organization of cloud fields (or any
other objects) is the quantification of organization itself. Al-
though the human eye is very efficient in recognizing spatial
structures and patterns it can also easily be fooled to see or-
ganization in random fields. It is therefore crucial to objec-
tively quantify the mode and evolution of organization. In the
following we will present some standard diagnostics of the
simulations together with more sophisticated techniques that
measure the degree of organization. In this section we focus
on three simulations, the benchmark simulation of the moist
RICO case and two simulations of the standard and the moist
case on a slightly smaller domain of 1024� 1024� 160 grid
points, i.e. 25 km� 25 km� 4 km.

3.1 Time series, profiles and Hovmöller diagrams

The RICO simulations are a representation of trade wind cu-
mulus clouds as they develop in sub-tropical regions dom-
inated by large-scale subsidence. After a short spin-up of
2 h simulation time, the cloud cover reaches about 15 % with
a corresponding domain-averaged cloud liquid water path of
10 gm�2 (see Fig. 2). In the standard setup the cloud layer
grows slowly with time reaching 20 % cloud cover and a do-
main averaged liquid water path of 30 gm�2 after 40 h. Pre-
cipitation in the standard case is marginal in the first 20 h
and increases slowly thereafter. The two simulations of the
moist RICO case show a more rapid increase in cloud cover
and cloud liquid water path, especially between 10 h and 16 h
of the simulations. The domain averaged cloud liquid water
path reaches peak values of about 60 gm�2 during that time.
Precipitation starts much earlier than in the standard RICO
case and increases strongly in the first 20 h reaching values
of 50–100 Wm�2 or 2–3 mmd�1. An interesting feature of
the simulations of the moist case is the significant decrease
in cloud cover and LWP after 14 h for the large domain (17 h
on the smaller domain), reaching a quasi-stationary state af-
ter 24 h. An inspection of the evolution of the cloud fields
(e.g. the albedo movie) reveals that around 14 h one big cloud
cluster develops in the domain and later this cluster breaks
up into smaller lines and arcs. In this sense the first 20 h
of the simulation can be seen as an extended spin-up period
which is necessary for the formation of the fully developed
mesoscale cloud structures. This behavior is similar on the
smaller domain, but this simulation can later support only
one single line of clouds. Hence, the time series of LWP
and rain rate do still show strong temporal variability for the

Fig. 1. Synthetic cloud albedo as calculated from simulated cloud
liquid water path. Shown are three snapshots with a 30 min time
interval.

Fig. 1. Synthetic cloud albedo as calculated from simulated cloud
liquid water path. Shown are three snapshots with a 30min time
interval.

www.atmos-chem-phys.net/13/5631/2013/ Atmos. Chem. Phys., 13, 5631–5645, 2013

50 km domain 25m resolution

Tompkins                          JAS 2001
Khairoutdinov&Randall  JAS 2006
Boing et al JAS 2012

Mechanism “borrowed”  from deep convection :



8Climate modeling

2.
Observing Mesoscale Organization 
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Figure 3. Fish: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 30 January 2009, 16 January 2009 and 1 February 2013.

Figure 4. Flowers: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 7 January 2010, 14 February 2010 and 9 February 2017.

2.2. Assigning labels

Based on these perceived patterns the subgroup developed a
labelling protocol which was used to train the rest of the group
of twelve labellers. Here we define labelling as the act of an
individual, a labeller, attaching a label to an image. Classification
is what emerges out of the labelling activity, for instance as a result
of independent labellers attaching the same label to an image.
Because of the way the images were set up it was only possible to
label an image as a whole, and having a large (20� ⇥ 10�) domain
increased the chances that different patterns of shallow-cloud
organisation would appear in different parts of the domain. This
is already evident, for instance in Fig. 2b, where in the western
portion of the image, near and north of Barbados, clouds have a
more Sugar-like texture, or in Fig. 1a where a Fish is visible in the
bottom right quadrant. In the group classification that followed,
it was therefore decided to work with smaller 10� ⇥ 10� images.
For these the south-western corner of the domain was placed at
58 �W and 10�N, upwind of Barbados. In adjusting the size of the
scene we may have inadvertently made it less likely for Bands to
be identified.

The five perceived patterns (including ‘Bands’) were presented
to the full group of twelve labellers (the authors) by the subgroup.
Each pattern was described and presented in the form of a few
examples, similar to those shown in Figs 1- 4. Then, together, the
group scrolled through a season (December, January, February;
DJF) of Worldview images. As if learning how to play a card
game with an open hand, individuals were asked in turn to label
an image and when the other participants did not agree, reasons
for differences were discussed. After the training each person was
asked to label five years of images, for the specified study region,
during the months of December, January and February, within
a period of ten seasons starting in 2007/2008 and concluding in
2016/2017. These years were chosen as they were the only ones

available on Worldview at the time of the labelling activity. Each
season ran from 1 December until 28 February, thus excluding Feb
29 in 2008, 2012 and 2016, and totalling ten seasons (900 days).
Each person assigned labels to five seasons of images, so that each
image was independently assigned a label by six different people.
The classification was performed only on daytime MODIS-Aqua
images (corresponding to roughly 1330 local time at the centre
of the image) using the ’Corrected reflectance’ product, which
corresponds to the MODIS Level 1B data (a combination of data
at different wavelengths, derived from sensors having a 250m or
500m resolution), corrected for gross atmospheric effects. When
either of Sugar, Gravel, Fish, or Flowers covered half or more of
the image, the image was classified as such.

3. Results

3.1. Label Statistics

N 3 4 5 6

Actual 0.58 0.37 0.20 0.08
Random (p = 1/6) 0.37 0.052 0.004 0.00013
Random (p = 1/4) 0.68 0.15 0.019 0.00098

Table 1. Fraction of 815 ’classifiable’ images for which k or more labellers
were in agreement, and the probability p, of this happening if labels were
randomly assigned with equal likelihood. Two limiting cases are considered:
when a classifier randomly assigns one of six (p = 1/6) or one of four
(p = 1/4) possible labels.

Of the 900 images, 815 were classified by at least one person as
being dominated by one of the four patterns: Sugar, Gravel, Fish,
or Flowers. Thus we consider these 815 days as classifiable days.
Of the 85 images that were not classified by any person, many
of these were the result of conditions overcast by high clouds, or

c� 2019 Royal Meteorological Society Prepared using qjrms4.cls
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Figure 3. Fish: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 30 January 2009, 16 January 2009 and 1 February 2013.

Figure 4. Flowers: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 7 January 2010, 14 February 2010 and 9 February 2017.
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Figure 1. Sugar: MODIS-Aqua scenes from Worldview. The images cover the area from 60 �W to 48 �W and 10 �N to 20 �N. For these images the scenes have been
extended to the west to include Barbados, coloured in artificial green, on the far left. For a sense of scale Barbados fits in a rectangle of east-west dimension of 25 km and
north-south dimension of 30 km. Depending on the quality of the reproduction, some features distinguishing these from other patterns may be difficult to discern from
printed (rather than electronic) renditions of this manuscript. From left to right the images correspond to 31 December 2014, 5 December 2015, and 20 January 2016.

Figure 2. Gravel: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 2 December 2009, 14 January 2009 and 12 December 2015.

cores, and appearing in quasi-regular spaced bunches
(hence the plural) with individual features well separated
from one another by regions devoid of clouds.

These are illustrated by images (Fig. 1-4) from scenes that,
through the broader classification activity described below (§2.2),
were unanimously identified with a particular pattern.‡

Sugar was so named because when it occurred the clouds
looked like a sprinkling of powder sugar. In Fig. 1 this is
exemplified by the cloud patterns the upper-left quadrant (partly
masked by the gap in satellite coverage) of the left (31 Dec 2014)
panel, and in the right half of the right (20 Jan 2016) panel.
The granulation in the reflectivity field of Sugar is quite fine,
with relatively little clumping, other than what one might expect
to occur randomly. Hence the clouds were not too reflective (or
bright) which was interpreted as them lacking vertical extent.
Another notable feature of Sugar was the absence of large-
scale areas completely devoid of clouds. Ideally Sugar had no
organisation, but often what we would call Sugar might be
patterned by the large-scale flow into streets or even feather-like
forms.

Gravel differed from Sugar through a larger granularity
of the patterns defined by the clouds as well as a greater
brightness contrast (Fig. 2). More notably, Gravel clouds
organised along lines or arcs thought to be associated with
gust-fronts accompanying cold pools (i.e., precipitation sourced
density currents Zuidema et al. 2012). New cells often could be
seen to form at the points where gust-fronts collided, with brighter,
presumably deeper, clouds demarcating these regions. In some

‡For print, rather than electronic, versions of images some features may be difficult
to discern.

cases Gravel exhibited structures reminiscent of open mesoscale
cellular convection, for instance in the lower third of the image
from 14 Jan 2009 (central panel, Fig. 2). Gravel and Sugar
are identified with some degree of preconception: Gravel with
cold pools (Zuidema et al. 2012); Sugar with non-precipitating
shallow convection. Past modelling (e.g., Siebesma et al. 2003)
and observational campaigns (BOMEX Nitta and Esbensen 1974)
studies have helped establish Sugar as the canonical Tradewind
cloud in the mind of many researchers.

Fish also appears to be built up from open-cells or convective
cells organised around apparent gust-fronts in ways that outline
a skeletal structure similar to that of a fish. But compared to
Gravel the clouds are yet brighter, and encapsulated in a larger
meso-↵ scale envelope (200 km to 2000 km), often with some
amount of associated stratiform cloud cover. In Fig. 3 one such
structure stretches across the 12� of longitude on the bottom of
the left panel; another stretches across the full image of the right
panel, from the north-west to the south-east corner. This meso-↵
scale patterning of the cell-complexes is brought into relief by the
degree to which the areas between the ’Fish’ is devoid of clouds –
in marked contrast to Gravel.

Flowers were the most surprising and most distinct pattern
of organisation. They are comprised of meso-� scale patches
of stratiform clouds, often with evidence of central clusters
embedded and supporting the stratiform cloud patches (Fig. 4).
The scale of an individual Flower (or stratiform patch) in the
pattern ‘Flowers’ varies from a few tens to a few hundred of
kilometres. Our classification focused on situations where they
appeared in bunches, i.e., with a quasi-regular distribution wherein
individual Flowers were separated from one another by similarly
scaled regions devoid of clouds.

c� 2019 Royal Meteorological Society Prepared using qjrms4.cls
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printed (rather than electronic) renditions of this manuscript. From left to right the images correspond to 31 December 2014, 5 December 2015, and 20 January 2016.
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• Subjective eyeball-analysis of satellite images
(Stevens et al QJRMS 2019)

Classification of Shallow Mesoscale Organised Clouds (SMOCs)

• Supervised Neural Networks
(Rasp et al BAMS 2020 ; Schulz ESSD 2022)

• Applying Organization Metrics on satellite images
(Bony  et al GRLS 2020 ; Jansen et al 2021)
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Figure 1. (a) Illustration of the four prominent cloud patterns of shallow convective organization pointed out by
Stevens et al. (2019) over the tropical western Atlantic near Barbados. The four satellite images (48–58◦ W, 10–20◦ N)
are derived from MODIS imagery. (b) Characterization of the shallow convective organization using infrared
geostationary satellite data through two metrics: a convective organization index (Iorg) and the mean object size (S).
The lower and upper terciles of Iorg and S define four classes of mesoscale organization (Quadrants A, B, C, and D). (c)
Relative occurrence of the four cloud patterns defined by Stevens et al. (2019) in each quadrant of the (S, Iorg)
distribution.
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Figure 3. Fish: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 30 January 2009, 16 January 2009 and 1 February 2013.

Figure 4. Flowers: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 7 January 2010, 14 February 2010 and 9 February 2017.
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bottom right quadrant. In the group classification that followed,
it was therefore decided to work with smaller 10� ⇥ 10� images.
For these the south-western corner of the domain was placed at
58 �W and 10�N, upwind of Barbados. In adjusting the size of the
scene we may have inadvertently made it less likely for Bands to
be identified.

The five perceived patterns (including ‘Bands’) were presented
to the full group of twelve labellers (the authors) by the subgroup.
Each pattern was described and presented in the form of a few
examples, similar to those shown in Figs 1- 4. Then, together, the
group scrolled through a season (December, January, February;
DJF) of Worldview images. As if learning how to play a card
game with an open hand, individuals were asked in turn to label
an image and when the other participants did not agree, reasons
for differences were discussed. After the training each person was
asked to label five years of images, for the specified study region,
during the months of December, January and February, within
a period of ten seasons starting in 2007/2008 and concluding in
2016/2017. These years were chosen as they were the only ones

available on Worldview at the time of the labelling activity. Each
season ran from 1 December until 28 February, thus excluding Feb
29 in 2008, 2012 and 2016, and totalling ten seasons (900 days).
Each person assigned labels to five seasons of images, so that each
image was independently assigned a label by six different people.
The classification was performed only on daytime MODIS-Aqua
images (corresponding to roughly 1330 local time at the centre
of the image) using the ’Corrected reflectance’ product, which
corresponds to the MODIS Level 1B data (a combination of data
at different wavelengths, derived from sensors having a 250m or
500m resolution), corrected for gross atmospheric effects. When
either of Sugar, Gravel, Fish, or Flowers covered half or more of
the image, the image was classified as such.

3. Results

3.1. Label Statistics

N 3 4 5 6

Actual 0.58 0.37 0.20 0.08
Random (p = 1/6) 0.37 0.052 0.004 0.00013
Random (p = 1/4) 0.68 0.15 0.019 0.00098

Table 1. Fraction of 815 ’classifiable’ images for which k or more labellers
were in agreement, and the probability p, of this happening if labels were
randomly assigned with equal likelihood. Two limiting cases are considered:
when a classifier randomly assigns one of six (p = 1/6) or one of four
(p = 1/4) possible labels.

Of the 900 images, 815 were classified by at least one person as
being dominated by one of the four patterns: Sugar, Gravel, Fish,
or Flowers. Thus we consider these 815 days as classifiable days.
Of the 85 images that were not classified by any person, many
of these were the result of conditions overcast by high clouds, or
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Figure 3. Fish: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 30 January 2009, 16 January 2009 and 1 February 2013.

Figure 4. Flowers: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 7 January 2010, 14 February 2010 and 9 February 2017.
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it was therefore decided to work with smaller 10� ⇥ 10� images.
For these the south-western corner of the domain was placed at
58 �W and 10�N, upwind of Barbados. In adjusting the size of the
scene we may have inadvertently made it less likely for Bands to
be identified.

The five perceived patterns (including ‘Bands’) were presented
to the full group of twelve labellers (the authors) by the subgroup.
Each pattern was described and presented in the form of a few
examples, similar to those shown in Figs 1- 4. Then, together, the
group scrolled through a season (December, January, February;
DJF) of Worldview images. As if learning how to play a card
game with an open hand, individuals were asked in turn to label
an image and when the other participants did not agree, reasons
for differences were discussed. After the training each person was
asked to label five years of images, for the specified study region,
during the months of December, January and February, within
a period of ten seasons starting in 2007/2008 and concluding in
2016/2017. These years were chosen as they were the only ones

available on Worldview at the time of the labelling activity. Each
season ran from 1 December until 28 February, thus excluding Feb
29 in 2008, 2012 and 2016, and totalling ten seasons (900 days).
Each person assigned labels to five seasons of images, so that each
image was independently assigned a label by six different people.
The classification was performed only on daytime MODIS-Aqua
images (corresponding to roughly 1330 local time at the centre
of the image) using the ’Corrected reflectance’ product, which
corresponds to the MODIS Level 1B data (a combination of data
at different wavelengths, derived from sensors having a 250m or
500m resolution), corrected for gross atmospheric effects. When
either of Sugar, Gravel, Fish, or Flowers covered half or more of
the image, the image was classified as such.

3. Results

3.1. Label Statistics

N 3 4 5 6

Actual 0.58 0.37 0.20 0.08
Random (p = 1/6) 0.37 0.052 0.004 0.00013
Random (p = 1/4) 0.68 0.15 0.019 0.00098

Table 1. Fraction of 815 ’classifiable’ images for which k or more labellers
were in agreement, and the probability p, of this happening if labels were
randomly assigned with equal likelihood. Two limiting cases are considered:
when a classifier randomly assigns one of six (p = 1/6) or one of four
(p = 1/4) possible labels.

Of the 900 images, 815 were classified by at least one person as
being dominated by one of the four patterns: Sugar, Gravel, Fish,
or Flowers. Thus we consider these 815 days as classifiable days.
Of the 85 images that were not classified by any person, many
of these were the result of conditions overcast by high clouds, or
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Figure 1. Sugar: MODIS-Aqua scenes from Worldview. The images cover the area from 60 �W to 48 �W and 10 �N to 20 �N. For these images the scenes have been
extended to the west to include Barbados, coloured in artificial green, on the far left. For a sense of scale Barbados fits in a rectangle of east-west dimension of 25 km and
north-south dimension of 30 km. Depending on the quality of the reproduction, some features distinguishing these from other patterns may be difficult to discern from
printed (rather than electronic) renditions of this manuscript. From left to right the images correspond to 31 December 2014, 5 December 2015, and 20 January 2016.

Figure 2. Gravel: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 2 December 2009, 14 January 2009 and 12 December 2015.

cores, and appearing in quasi-regular spaced bunches
(hence the plural) with individual features well separated
from one another by regions devoid of clouds.

These are illustrated by images (Fig. 1-4) from scenes that,
through the broader classification activity described below (§2.2),
were unanimously identified with a particular pattern.‡

Sugar was so named because when it occurred the clouds
looked like a sprinkling of powder sugar. In Fig. 1 this is
exemplified by the cloud patterns the upper-left quadrant (partly
masked by the gap in satellite coverage) of the left (31 Dec 2014)
panel, and in the right half of the right (20 Jan 2016) panel.
The granulation in the reflectivity field of Sugar is quite fine,
with relatively little clumping, other than what one might expect
to occur randomly. Hence the clouds were not too reflective (or
bright) which was interpreted as them lacking vertical extent.
Another notable feature of Sugar was the absence of large-
scale areas completely devoid of clouds. Ideally Sugar had no
organisation, but often what we would call Sugar might be
patterned by the large-scale flow into streets or even feather-like
forms.

Gravel differed from Sugar through a larger granularity
of the patterns defined by the clouds as well as a greater
brightness contrast (Fig. 2). More notably, Gravel clouds
organised along lines or arcs thought to be associated with
gust-fronts accompanying cold pools (i.e., precipitation sourced
density currents Zuidema et al. 2012). New cells often could be
seen to form at the points where gust-fronts collided, with brighter,
presumably deeper, clouds demarcating these regions. In some

‡For print, rather than electronic, versions of images some features may be difficult
to discern.

cases Gravel exhibited structures reminiscent of open mesoscale
cellular convection, for instance in the lower third of the image
from 14 Jan 2009 (central panel, Fig. 2). Gravel and Sugar
are identified with some degree of preconception: Gravel with
cold pools (Zuidema et al. 2012); Sugar with non-precipitating
shallow convection. Past modelling (e.g., Siebesma et al. 2003)
and observational campaigns (BOMEX Nitta and Esbensen 1974)
studies have helped establish Sugar as the canonical Tradewind
cloud in the mind of many researchers.

Fish also appears to be built up from open-cells or convective
cells organised around apparent gust-fronts in ways that outline
a skeletal structure similar to that of a fish. But compared to
Gravel the clouds are yet brighter, and encapsulated in a larger
meso-↵ scale envelope (200 km to 2000 km), often with some
amount of associated stratiform cloud cover. In Fig. 3 one such
structure stretches across the 12� of longitude on the bottom of
the left panel; another stretches across the full image of the right
panel, from the north-west to the south-east corner. This meso-↵
scale patterning of the cell-complexes is brought into relief by the
degree to which the areas between the ’Fish’ is devoid of clouds –
in marked contrast to Gravel.

Flowers were the most surprising and most distinct pattern
of organisation. They are comprised of meso-� scale patches
of stratiform clouds, often with evidence of central clusters
embedded and supporting the stratiform cloud patches (Fig. 4).
The scale of an individual Flower (or stratiform patch) in the
pattern ‘Flowers’ varies from a few tens to a few hundred of
kilometres. Our classification focused on situations where they
appeared in bunches, i.e., with a quasi-regular distribution wherein
individual Flowers were separated from one another by similarly
scaled regions devoid of clouds.
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Figure 1. Sugar: MODIS-Aqua scenes from Worldview. The images cover the area from 60 �W to 48 �W and 10 �N to 20 �N. For these images the scenes have been
extended to the west to include Barbados, coloured in artificial green, on the far left. For a sense of scale Barbados fits in a rectangle of east-west dimension of 25 km and
north-south dimension of 30 km. Depending on the quality of the reproduction, some features distinguishing these from other patterns may be difficult to discern from
printed (rather than electronic) renditions of this manuscript. From left to right the images correspond to 31 December 2014, 5 December 2015, and 20 January 2016.

Figure 2. Gravel: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 2 December 2009, 14 January 2009 and 12 December 2015.

cores, and appearing in quasi-regular spaced bunches
(hence the plural) with individual features well separated
from one another by regions devoid of clouds.

These are illustrated by images (Fig. 1-4) from scenes that,
through the broader classification activity described below (§2.2),
were unanimously identified with a particular pattern.‡

Sugar was so named because when it occurred the clouds
looked like a sprinkling of powder sugar. In Fig. 1 this is
exemplified by the cloud patterns the upper-left quadrant (partly
masked by the gap in satellite coverage) of the left (31 Dec 2014)
panel, and in the right half of the right (20 Jan 2016) panel.
The granulation in the reflectivity field of Sugar is quite fine,
with relatively little clumping, other than what one might expect
to occur randomly. Hence the clouds were not too reflective (or
bright) which was interpreted as them lacking vertical extent.
Another notable feature of Sugar was the absence of large-
scale areas completely devoid of clouds. Ideally Sugar had no
organisation, but often what we would call Sugar might be
patterned by the large-scale flow into streets or even feather-like
forms.

Gravel differed from Sugar through a larger granularity
of the patterns defined by the clouds as well as a greater
brightness contrast (Fig. 2). More notably, Gravel clouds
organised along lines or arcs thought to be associated with
gust-fronts accompanying cold pools (i.e., precipitation sourced
density currents Zuidema et al. 2012). New cells often could be
seen to form at the points where gust-fronts collided, with brighter,
presumably deeper, clouds demarcating these regions. In some
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cases Gravel exhibited structures reminiscent of open mesoscale
cellular convection, for instance in the lower third of the image
from 14 Jan 2009 (central panel, Fig. 2). Gravel and Sugar
are identified with some degree of preconception: Gravel with
cold pools (Zuidema et al. 2012); Sugar with non-precipitating
shallow convection. Past modelling (e.g., Siebesma et al. 2003)
and observational campaigns (BOMEX Nitta and Esbensen 1974)
studies have helped establish Sugar as the canonical Tradewind
cloud in the mind of many researchers.

Fish also appears to be built up from open-cells or convective
cells organised around apparent gust-fronts in ways that outline
a skeletal structure similar to that of a fish. But compared to
Gravel the clouds are yet brighter, and encapsulated in a larger
meso-↵ scale envelope (200 km to 2000 km), often with some
amount of associated stratiform cloud cover. In Fig. 3 one such
structure stretches across the 12� of longitude on the bottom of
the left panel; another stretches across the full image of the right
panel, from the north-west to the south-east corner. This meso-↵
scale patterning of the cell-complexes is brought into relief by the
degree to which the areas between the ’Fish’ is devoid of clouds –
in marked contrast to Gravel.

Flowers were the most surprising and most distinct pattern
of organisation. They are comprised of meso-� scale patches
of stratiform clouds, often with evidence of central clusters
embedded and supporting the stratiform cloud patches (Fig. 4).
The scale of an individual Flower (or stratiform patch) in the
pattern ‘Flowers’ varies from a few tens to a few hundred of
kilometres. Our classification focused on situations where they
appeared in bunches, i.e., with a quasi-regular distribution wherein
individual Flowers were separated from one another by similarly
scaled regions devoid of clouds.
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Figure 1. Sugar: MODIS-Aqua scenes from Worldview. The images cover the area from 60 �W to 48 �W and 10 �N to 20 �N. For these images the scenes have been
extended to the west to include Barbados, coloured in artificial green, on the far left. For a sense of scale Barbados fits in a rectangle of east-west dimension of 25 km and
north-south dimension of 30 km. Depending on the quality of the reproduction, some features distinguishing these from other patterns may be difficult to discern from
printed (rather than electronic) renditions of this manuscript. From left to right the images correspond to 31 December 2014, 5 December 2015, and 20 January 2016.

Figure 2. Gravel: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 2 December 2009, 14 January 2009 and 12 December 2015.

cores, and appearing in quasi-regular spaced bunches
(hence the plural) with individual features well separated
from one another by regions devoid of clouds.

These are illustrated by images (Fig. 1-4) from scenes that,
through the broader classification activity described below (§2.2),
were unanimously identified with a particular pattern.‡

Sugar was so named because when it occurred the clouds
looked like a sprinkling of powder sugar. In Fig. 1 this is
exemplified by the cloud patterns the upper-left quadrant (partly
masked by the gap in satellite coverage) of the left (31 Dec 2014)
panel, and in the right half of the right (20 Jan 2016) panel.
The granulation in the reflectivity field of Sugar is quite fine,
with relatively little clumping, other than what one might expect
to occur randomly. Hence the clouds were not too reflective (or
bright) which was interpreted as them lacking vertical extent.
Another notable feature of Sugar was the absence of large-
scale areas completely devoid of clouds. Ideally Sugar had no
organisation, but often what we would call Sugar might be
patterned by the large-scale flow into streets or even feather-like
forms.

Gravel differed from Sugar through a larger granularity
of the patterns defined by the clouds as well as a greater
brightness contrast (Fig. 2). More notably, Gravel clouds
organised along lines or arcs thought to be associated with
gust-fronts accompanying cold pools (i.e., precipitation sourced
density currents Zuidema et al. 2012). New cells often could be
seen to form at the points where gust-fronts collided, with brighter,
presumably deeper, clouds demarcating these regions. In some
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cases Gravel exhibited structures reminiscent of open mesoscale
cellular convection, for instance in the lower third of the image
from 14 Jan 2009 (central panel, Fig. 2). Gravel and Sugar
are identified with some degree of preconception: Gravel with
cold pools (Zuidema et al. 2012); Sugar with non-precipitating
shallow convection. Past modelling (e.g., Siebesma et al. 2003)
and observational campaigns (BOMEX Nitta and Esbensen 1974)
studies have helped establish Sugar as the canonical Tradewind
cloud in the mind of many researchers.

Fish also appears to be built up from open-cells or convective
cells organised around apparent gust-fronts in ways that outline
a skeletal structure similar to that of a fish. But compared to
Gravel the clouds are yet brighter, and encapsulated in a larger
meso-↵ scale envelope (200 km to 2000 km), often with some
amount of associated stratiform cloud cover. In Fig. 3 one such
structure stretches across the 12� of longitude on the bottom of
the left panel; another stretches across the full image of the right
panel, from the north-west to the south-east corner. This meso-↵
scale patterning of the cell-complexes is brought into relief by the
degree to which the areas between the ’Fish’ is devoid of clouds –
in marked contrast to Gravel.

Flowers were the most surprising and most distinct pattern
of organisation. They are comprised of meso-� scale patches
of stratiform clouds, often with evidence of central clusters
embedded and supporting the stratiform cloud patches (Fig. 4).
The scale of an individual Flower (or stratiform patch) in the
pattern ‘Flowers’ varies from a few tens to a few hundred of
kilometres. Our classification focused on situations where they
appeared in bunches, i.e., with a quasi-regular distribution wherein
individual Flowers were separated from one another by similarly
scaled regions devoid of clouds.
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also notice on December 29 cloud structures north of the front similar to Flowers (more pronounced to the 
west) or perhaps Gravel.

We repeat our composite analyses done to create Figure 8 with surface convergence to test, whether the 
frontal character is typical for Fish and whether other patterns can be related to the fronts as well. We find 
a signal of strong convergence ( 1  10−6 s−1) connected with Fish about 60% of the identified cases (Fig-
ure 13). A clear signature for the other patterns is less pronounced, although the absence of convergence 
for Sugar is consistent with it being more locally suppressed. For Fish, the pattern of convergence extends 
zonally in a way that supports the hypothesis of Fish arising in association with disturbances associated 
with trailing cold-fronts or shear-lines from extra-tropical intrusions.

6. Discussion and Conclusion
Cloud- and environmental properties associated with four patterns of 
meso-scale organization in the lower trades (50°W to 60°W) of the North 
Atlantic are examined. The four patterns follow the Sugar, Gravel, Fish, 
Flowers taxonomy of Stevens et al. (2020) and are identified using a neu-
ral-network applied to high-resolution infra-red imagery from the GOES-
16 and AQUA satellites.

We conditioned surface observations, back-trajectories, and reanalysis 
data on the identification of different patterns to answer three questions: 
One, do the four patterns show physical differences in the cloud geome-
try as seen by surface-based remote sensing? Two, can differences in the 
large-scale environment associated with different patterns be discerned? 
And, three can we identify the origins of discernible environmental dif-
ferences among the patterns.

Figure 14 summarizes these results and illustrates that the four patterns 
differ in more than just their satellite presentation. Cloud coverage and 
its vertical distribution differ and differences in the environment of dif-
ferent patterns are discernible. The thermodynamic profiles in Figure 14 
show inter-pattern differences, but also intra-pattern differences as meas-
ured by radiosondes at points whose position relative to other features 
within a pattern is schematized.

Many preconceptions from earlier studies, either inferred from snap-
shots (Stevens et al., 2020) or from compositing reanalysis data on values 
of a cloud-clustering index that correlate with different patterns (Bony 
et al., 2020), are supported by our analysis. As an example, Flowers, and 
to some extent Fish, have a stratiform component detectable from sur-
face-based remote sensing. In the latter this is less distinctly a capping 
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Figure 13. Distribution of divergence at 950 hPa relative to identified pattern centers composited by 20 × 20° domains around each identified pattern. 
Contours indicate frequency of events with convergence larger 1  10−6 s−1 (30%: dotted, 45%: dashed, 60%: solid). Pattern centers are marked with a cross.

Figure 14. Illustration of the cloud field during the four patterns of 
meso-scale organization and the associated large-scale forcing (right) 
including the thermodynamic profiles (left). The anomaly in forcing to 
the pattern mean is indicated by gray sliders. Vertical lines indicate the 
contrasting positions of the thermodynamic profiles, purple being in the 
moist part and orange in the dry area. Thermodynamic profiles are based 
on soundings during the  field campaign (Stephan et al., 2020).
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Figure 1. Sugar: MODIS-Aqua scenes from Worldview. The images cover the area from 60 �W to 48 �W and 10 �N to 20 �N. For these images the scenes have been
extended to the west to include Barbados, coloured in artificial green, on the far left. For a sense of scale Barbados fits in a rectangle of east-west dimension of 25 km and
north-south dimension of 30 km. Depending on the quality of the reproduction, some features distinguishing these from other patterns may be difficult to discern from
printed (rather than electronic) renditions of this manuscript. From left to right the images correspond to 31 December 2014, 5 December 2015, and 20 January 2016.

Figure 2. Gravel: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 2 December 2009, 14 January 2009 and 12 December 2015.

cores, and appearing in quasi-regular spaced bunches
(hence the plural) with individual features well separated
from one another by regions devoid of clouds.

These are illustrated by images (Fig. 1-4) from scenes that,
through the broader classification activity described below (§2.2),
were unanimously identified with a particular pattern.‡

Sugar was so named because when it occurred the clouds
looked like a sprinkling of powder sugar. In Fig. 1 this is
exemplified by the cloud patterns the upper-left quadrant (partly
masked by the gap in satellite coverage) of the left (31 Dec 2014)
panel, and in the right half of the right (20 Jan 2016) panel.
The granulation in the reflectivity field of Sugar is quite fine,
with relatively little clumping, other than what one might expect
to occur randomly. Hence the clouds were not too reflective (or
bright) which was interpreted as them lacking vertical extent.
Another notable feature of Sugar was the absence of large-
scale areas completely devoid of clouds. Ideally Sugar had no
organisation, but often what we would call Sugar might be
patterned by the large-scale flow into streets or even feather-like
forms.

Gravel differed from Sugar through a larger granularity
of the patterns defined by the clouds as well as a greater
brightness contrast (Fig. 2). More notably, Gravel clouds
organised along lines or arcs thought to be associated with
gust-fronts accompanying cold pools (i.e., precipitation sourced
density currents Zuidema et al. 2012). New cells often could be
seen to form at the points where gust-fronts collided, with brighter,
presumably deeper, clouds demarcating these regions. In some

‡For print, rather than electronic, versions of images some features may be difficult
to discern.

cases Gravel exhibited structures reminiscent of open mesoscale
cellular convection, for instance in the lower third of the image
from 14 Jan 2009 (central panel, Fig. 2). Gravel and Sugar
are identified with some degree of preconception: Gravel with
cold pools (Zuidema et al. 2012); Sugar with non-precipitating
shallow convection. Past modelling (e.g., Siebesma et al. 2003)
and observational campaigns (BOMEX Nitta and Esbensen 1974)
studies have helped establish Sugar as the canonical Tradewind
cloud in the mind of many researchers.

Fish also appears to be built up from open-cells or convective
cells organised around apparent gust-fronts in ways that outline
a skeletal structure similar to that of a fish. But compared to
Gravel the clouds are yet brighter, and encapsulated in a larger
meso-↵ scale envelope (200 km to 2000 km), often with some
amount of associated stratiform cloud cover. In Fig. 3 one such
structure stretches across the 12� of longitude on the bottom of
the left panel; another stretches across the full image of the right
panel, from the north-west to the south-east corner. This meso-↵
scale patterning of the cell-complexes is brought into relief by the
degree to which the areas between the ’Fish’ is devoid of clouds –
in marked contrast to Gravel.

Flowers were the most surprising and most distinct pattern
of organisation. They are comprised of meso-� scale patches
of stratiform clouds, often with evidence of central clusters
embedded and supporting the stratiform cloud patches (Fig. 4).
The scale of an individual Flower (or stratiform patch) in the
pattern ‘Flowers’ varies from a few tens to a few hundred of
kilometres. Our classification focused on situations where they
appeared in bunches, i.e., with a quasi-regular distribution wherein
individual Flowers were separated from one another by similarly
scaled regions devoid of clouds.
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also notice on December 29 cloud structures north of the front similar to Flowers (more pronounced to the 
west) or perhaps Gravel.

We repeat our composite analyses done to create Figure 8 with surface convergence to test, whether the 
frontal character is typical for Fish and whether other patterns can be related to the fronts as well. We find 
a signal of strong convergence ( 1  10−6 s−1) connected with Fish about 60% of the identified cases (Fig-
ure 13). A clear signature for the other patterns is less pronounced, although the absence of convergence 
for Sugar is consistent with it being more locally suppressed. For Fish, the pattern of convergence extends 
zonally in a way that supports the hypothesis of Fish arising in association with disturbances associated 
with trailing cold-fronts or shear-lines from extra-tropical intrusions.

6. Discussion and Conclusion
Cloud- and environmental properties associated with four patterns of 
meso-scale organization in the lower trades (50°W to 60°W) of the North 
Atlantic are examined. The four patterns follow the Sugar, Gravel, Fish, 
Flowers taxonomy of Stevens et al. (2020) and are identified using a neu-
ral-network applied to high-resolution infra-red imagery from the GOES-
16 and AQUA satellites.

We conditioned surface observations, back-trajectories, and reanalysis 
data on the identification of different patterns to answer three questions: 
One, do the four patterns show physical differences in the cloud geome-
try as seen by surface-based remote sensing? Two, can differences in the 
large-scale environment associated with different patterns be discerned? 
And, three can we identify the origins of discernible environmental dif-
ferences among the patterns.

Figure 14 summarizes these results and illustrates that the four patterns 
differ in more than just their satellite presentation. Cloud coverage and 
its vertical distribution differ and differences in the environment of dif-
ferent patterns are discernible. The thermodynamic profiles in Figure 14 
show inter-pattern differences, but also intra-pattern differences as meas-
ured by radiosondes at points whose position relative to other features 
within a pattern is schematized.

Many preconceptions from earlier studies, either inferred from snap-
shots (Stevens et al., 2020) or from compositing reanalysis data on values 
of a cloud-clustering index that correlate with different patterns (Bony 
et al., 2020), are supported by our analysis. As an example, Flowers, and 
to some extent Fish, have a stratiform component detectable from sur-
face-based remote sensing. In the latter this is less distinctly a capping 
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Figure 13. Distribution of divergence at 950 hPa relative to identified pattern centers composited by 20 × 20° domains around each identified pattern. 
Contours indicate frequency of events with convergence larger 1  10−6 s−1 (30%: dotted, 45%: dashed, 60%: solid). Pattern centers are marked with a cross.

Figure 14. Illustration of the cloud field during the four patterns of 
meso-scale organization and the associated large-scale forcing (right) 
including the thermodynamic profiles (left). The anomaly in forcing to 
the pattern mean is indicated by gray sliders. Vertical lines indicate the 
contrasting positions of the thermodynamic profiles, purple being in the 
moist part and orange in the dry area. Thermodynamic profiles are based 
on soundings during the  field campaign (Stephan et al., 2020).
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Figure 3. Fish: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 30 January 2009, 16 January 2009 and 1 February 2013.

Figure 4. Flowers: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 7 January 2010, 14 February 2010 and 9 February 2017.

2.2. Assigning labels

Based on these perceived patterns the subgroup developed a
labelling protocol which was used to train the rest of the group
of twelve labellers. Here we define labelling as the act of an
individual, a labeller, attaching a label to an image. Classification
is what emerges out of the labelling activity, for instance as a result
of independent labellers attaching the same label to an image.
Because of the way the images were set up it was only possible to
label an image as a whole, and having a large (20� ⇥ 10�) domain
increased the chances that different patterns of shallow-cloud
organisation would appear in different parts of the domain. This
is already evident, for instance in Fig. 2b, where in the western
portion of the image, near and north of Barbados, clouds have a
more Sugar-like texture, or in Fig. 1a where a Fish is visible in the
bottom right quadrant. In the group classification that followed,
it was therefore decided to work with smaller 10� ⇥ 10� images.
For these the south-western corner of the domain was placed at
58 �W and 10�N, upwind of Barbados. In adjusting the size of the
scene we may have inadvertently made it less likely for Bands to
be identified.

The five perceived patterns (including ‘Bands’) were presented
to the full group of twelve labellers (the authors) by the subgroup.
Each pattern was described and presented in the form of a few
examples, similar to those shown in Figs 1- 4. Then, together, the
group scrolled through a season (December, January, February;
DJF) of Worldview images. As if learning how to play a card
game with an open hand, individuals were asked in turn to label
an image and when the other participants did not agree, reasons
for differences were discussed. After the training each person was
asked to label five years of images, for the specified study region,
during the months of December, January and February, within
a period of ten seasons starting in 2007/2008 and concluding in
2016/2017. These years were chosen as they were the only ones

available on Worldview at the time of the labelling activity. Each
season ran from 1 December until 28 February, thus excluding Feb
29 in 2008, 2012 and 2016, and totalling ten seasons (900 days).
Each person assigned labels to five seasons of images, so that each
image was independently assigned a label by six different people.
The classification was performed only on daytime MODIS-Aqua
images (corresponding to roughly 1330 local time at the centre
of the image) using the ’Corrected reflectance’ product, which
corresponds to the MODIS Level 1B data (a combination of data
at different wavelengths, derived from sensors having a 250m or
500m resolution), corrected for gross atmospheric effects. When
either of Sugar, Gravel, Fish, or Flowers covered half or more of
the image, the image was classified as such.

3. Results

3.1. Label Statistics

N 3 4 5 6

Actual 0.58 0.37 0.20 0.08
Random (p = 1/6) 0.37 0.052 0.004 0.00013
Random (p = 1/4) 0.68 0.15 0.019 0.00098

Table 1. Fraction of 815 ’classifiable’ images for which k or more labellers
were in agreement, and the probability p, of this happening if labels were
randomly assigned with equal likelihood. Two limiting cases are considered:
when a classifier randomly assigns one of six (p = 1/6) or one of four
(p = 1/4) possible labels.

Of the 900 images, 815 were classified by at least one person as
being dominated by one of the four patterns: Sugar, Gravel, Fish,
or Flowers. Thus we consider these 815 days as classifiable days.
Of the 85 images that were not classified by any person, many
of these were the result of conditions overcast by high clouds, or

c� 2019 Royal Meteorological Society Prepared using qjrms4.cls

Journal of Geophysical Research: Atmospheres

also notice on December 29 cloud structures north of the front similar to Flowers (more pronounced to the 
west) or perhaps Gravel.

We repeat our composite analyses done to create Figure 8 with surface convergence to test, whether the 
frontal character is typical for Fish and whether other patterns can be related to the fronts as well. We find 
a signal of strong convergence ( 1  10−6 s−1) connected with Fish about 60% of the identified cases (Fig-
ure 13). A clear signature for the other patterns is less pronounced, although the absence of convergence 
for Sugar is consistent with it being more locally suppressed. For Fish, the pattern of convergence extends 
zonally in a way that supports the hypothesis of Fish arising in association with disturbances associated 
with trailing cold-fronts or shear-lines from extra-tropical intrusions.

6. Discussion and Conclusion
Cloud- and environmental properties associated with four patterns of 
meso-scale organization in the lower trades (50°W to 60°W) of the North 
Atlantic are examined. The four patterns follow the Sugar, Gravel, Fish, 
Flowers taxonomy of Stevens et al. (2020) and are identified using a neu-
ral-network applied to high-resolution infra-red imagery from the GOES-
16 and AQUA satellites.

We conditioned surface observations, back-trajectories, and reanalysis 
data on the identification of different patterns to answer three questions: 
One, do the four patterns show physical differences in the cloud geome-
try as seen by surface-based remote sensing? Two, can differences in the 
large-scale environment associated with different patterns be discerned? 
And, three can we identify the origins of discernible environmental dif-
ferences among the patterns.

Figure 14 summarizes these results and illustrates that the four patterns 
differ in more than just their satellite presentation. Cloud coverage and 
its vertical distribution differ and differences in the environment of dif-
ferent patterns are discernible. The thermodynamic profiles in Figure 14 
show inter-pattern differences, but also intra-pattern differences as meas-
ured by radiosondes at points whose position relative to other features 
within a pattern is schematized.

Many preconceptions from earlier studies, either inferred from snap-
shots (Stevens et al., 2020) or from compositing reanalysis data on values 
of a cloud-clustering index that correlate with different patterns (Bony 
et al., 2020), are supported by our analysis. As an example, Flowers, and 
to some extent Fish, have a stratiform component detectable from sur-
face-based remote sensing. In the latter this is less distinctly a capping 
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Figure 13. Distribution of divergence at 950 hPa relative to identified pattern centers composited by 20 × 20° domains around each identified pattern. 
Contours indicate frequency of events with convergence larger 1  10−6 s−1 (30%: dotted, 45%: dashed, 60%: solid). Pattern centers are marked with a cross.

Figure 14. Illustration of the cloud field during the four patterns of 
meso-scale organization and the associated large-scale forcing (right) 
including the thermodynamic profiles (left). The anomaly in forcing to 
the pattern mean is indicated by gray sliders. Vertical lines indicate the 
contrasting positions of the thermodynamic profiles, purple being in the 
moist part and orange in the dry area. Thermodynamic profiles are based 
on soundings during the  field campaign (Stephan et al., 2020).
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Figure 3. Fish: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 30 January 2009, 16 January 2009 and 1 February 2013.

Figure 4. Flowers: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 7 January 2010, 14 February 2010 and 9 February 2017.

2.2. Assigning labels

Based on these perceived patterns the subgroup developed a
labelling protocol which was used to train the rest of the group
of twelve labellers. Here we define labelling as the act of an
individual, a labeller, attaching a label to an image. Classification
is what emerges out of the labelling activity, for instance as a result
of independent labellers attaching the same label to an image.
Because of the way the images were set up it was only possible to
label an image as a whole, and having a large (20� ⇥ 10�) domain
increased the chances that different patterns of shallow-cloud
organisation would appear in different parts of the domain. This
is already evident, for instance in Fig. 2b, where in the western
portion of the image, near and north of Barbados, clouds have a
more Sugar-like texture, or in Fig. 1a where a Fish is visible in the
bottom right quadrant. In the group classification that followed,
it was therefore decided to work with smaller 10� ⇥ 10� images.
For these the south-western corner of the domain was placed at
58 �W and 10�N, upwind of Barbados. In adjusting the size of the
scene we may have inadvertently made it less likely for Bands to
be identified.

The five perceived patterns (including ‘Bands’) were presented
to the full group of twelve labellers (the authors) by the subgroup.
Each pattern was described and presented in the form of a few
examples, similar to those shown in Figs 1- 4. Then, together, the
group scrolled through a season (December, January, February;
DJF) of Worldview images. As if learning how to play a card
game with an open hand, individuals were asked in turn to label
an image and when the other participants did not agree, reasons
for differences were discussed. After the training each person was
asked to label five years of images, for the specified study region,
during the months of December, January and February, within
a period of ten seasons starting in 2007/2008 and concluding in
2016/2017. These years were chosen as they were the only ones

available on Worldview at the time of the labelling activity. Each
season ran from 1 December until 28 February, thus excluding Feb
29 in 2008, 2012 and 2016, and totalling ten seasons (900 days).
Each person assigned labels to five seasons of images, so that each
image was independently assigned a label by six different people.
The classification was performed only on daytime MODIS-Aqua
images (corresponding to roughly 1330 local time at the centre
of the image) using the ’Corrected reflectance’ product, which
corresponds to the MODIS Level 1B data (a combination of data
at different wavelengths, derived from sensors having a 250m or
500m resolution), corrected for gross atmospheric effects. When
either of Sugar, Gravel, Fish, or Flowers covered half or more of
the image, the image was classified as such.

3. Results

3.1. Label Statistics

N 3 4 5 6

Actual 0.58 0.37 0.20 0.08
Random (p = 1/6) 0.37 0.052 0.004 0.00013
Random (p = 1/4) 0.68 0.15 0.019 0.00098

Table 1. Fraction of 815 ’classifiable’ images for which k or more labellers
were in agreement, and the probability p, of this happening if labels were
randomly assigned with equal likelihood. Two limiting cases are considered:
when a classifier randomly assigns one of six (p = 1/6) or one of four
(p = 1/4) possible labels.

Of the 900 images, 815 were classified by at least one person as
being dominated by one of the four patterns: Sugar, Gravel, Fish,
or Flowers. Thus we consider these 815 days as classifiable days.
Of the 85 images that were not classified by any person, many
of these were the result of conditions overcast by high clouds, or
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also notice on December 29 cloud structures north of the front similar to Flowers (more pronounced to the 
west) or perhaps Gravel.

We repeat our composite analyses done to create Figure 8 with surface convergence to test, whether the 
frontal character is typical for Fish and whether other patterns can be related to the fronts as well. We find 
a signal of strong convergence ( 1  10−6 s−1) connected with Fish about 60% of the identified cases (Fig-
ure 13). A clear signature for the other patterns is less pronounced, although the absence of convergence 
for Sugar is consistent with it being more locally suppressed. For Fish, the pattern of convergence extends 
zonally in a way that supports the hypothesis of Fish arising in association with disturbances associated 
with trailing cold-fronts or shear-lines from extra-tropical intrusions.

6. Discussion and Conclusion
Cloud- and environmental properties associated with four patterns of 
meso-scale organization in the lower trades (50°W to 60°W) of the North 
Atlantic are examined. The four patterns follow the Sugar, Gravel, Fish, 
Flowers taxonomy of Stevens et al. (2020) and are identified using a neu-
ral-network applied to high-resolution infra-red imagery from the GOES-
16 and AQUA satellites.

We conditioned surface observations, back-trajectories, and reanalysis 
data on the identification of different patterns to answer three questions: 
One, do the four patterns show physical differences in the cloud geome-
try as seen by surface-based remote sensing? Two, can differences in the 
large-scale environment associated with different patterns be discerned? 
And, three can we identify the origins of discernible environmental dif-
ferences among the patterns.

Figure 14 summarizes these results and illustrates that the four patterns 
differ in more than just their satellite presentation. Cloud coverage and 
its vertical distribution differ and differences in the environment of dif-
ferent patterns are discernible. The thermodynamic profiles in Figure 14 
show inter-pattern differences, but also intra-pattern differences as meas-
ured by radiosondes at points whose position relative to other features 
within a pattern is schematized.

Many preconceptions from earlier studies, either inferred from snap-
shots (Stevens et al., 2020) or from compositing reanalysis data on values 
of a cloud-clustering index that correlate with different patterns (Bony 
et al., 2020), are supported by our analysis. As an example, Flowers, and 
to some extent Fish, have a stratiform component detectable from sur-
face-based remote sensing. In the latter this is less distinctly a capping 
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Figure 13. Distribution of divergence at 950 hPa relative to identified pattern centers composited by 20 × 20° domains around each identified pattern. 
Contours indicate frequency of events with convergence larger 1  10−6 s−1 (30%: dotted, 45%: dashed, 60%: solid). Pattern centers are marked with a cross.

Figure 14. Illustration of the cloud field during the four patterns of 
meso-scale organization and the associated large-scale forcing (right) 
including the thermodynamic profiles (left). The anomaly in forcing to 
the pattern mean is indicated by gray sliders. Vertical lines indicate the 
contrasting positions of the thermodynamic profiles, purple being in the 
moist part and orange in the dry area. Thermodynamic profiles are based 
on soundings during the  field campaign (Stephan et al., 2020).



• Trade-wind low clouds tend to organise.

• The unorganised (sugar) popcorn shallow cumulus convection more the exception than the rule.

• Many parameterizations of shallow cumulus convection have been based on Large-Eddy-Simulations ( LES) of this 
unorganised ”sugar”-mode.

• Estimates of (low but positive) cloud feedback strength of subtropical cumulus clouds are based on LES of this 
unorganised “sugar”-mode (i.e the CGILS intercomparison study)

• Have we been betting on the wrong horse?

• Can we even ride the other horses?
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block-mean mesoscale anomaly wm. Near the top of the cumulus layer, the latter grows to 2 cm/s averaged
over the moist quartile of blocks, dominating the domain-mean subsidence. At all times, the mesoscale ver-
tical motions have a dipole structure, with ascent in moist regions through most of the boundary layer in
the moistest quartile, but descent in the inversion layer. According to WTG, these vertical motions are
driven by anomalous heating of the lower part of the boundary layer and cooling of the inversion layer in
moister columns, induced by small-scale turbulence and convective processes and their effects on latent,
radiative and surface-driven heating. Like the profiles of liquid water, the wm profiles quickly become asym-
metric between moist and dry regions.

4.4. Conceptual Model of Aggregating Shallow Cumulus
Figure 10 presents a schematic of the aggregating boundary layer based on the results so far. This sche-
matic will be useful for visualizing the mesoscale heat and moisture budgets, quantified in sections 5.1 and
5.2, respectively.

The blue dashed lines show the base and top of the inversion layer. They are flat because virtual tempera-
ture is approximately horizontally homogeneous (WTG). In the moist patch at the center of the diagram,
cumulus updrafts lose less buoyancy to entrainment-induced evaporative cooling, so they deepen into the
inversion layer and may detrain horizontally extensive patches of inversion cloud at its base. Air rising
through the lower parts of these cumulus clouds condenses liquid water and releases latent heat within the
mesoscale moist patch, inducing mesoscale upward motion (realized as increased updraft mass flux within
the cumuli) within the moist patch. These cumuli also penetratively entrain drier air from within the inver-
sion layer, evaporating and cooling their tops and inducing mesoscale subsidence there.

Associated with these vertical motions, there must be horizontal convergence into the moist patch through-
out the lower part of the boundary layer and near the inversion top, and divergence at the inversion base.
The associated net column-integrated moisture convergence helps determine whether moist patches tend
to further moisten, promoting self-aggregation.

4.5. Mesoscale Cumulus Heating and Moistening
A key ingredient in our schematic is how vertical transports of heat and moisture by shallow cumulus and
turbulence depend on the humidity of a mesoscale patch. Here we diagnose this dependence in the LES.

Each variable f ðx; tÞ is described in terms of its domain-mean f , and its deviation f 0 from that mean. In each
block, that deviation is partitioned into the block-horizontal-mean deviation fm and a ‘‘cumulus-scale’’ devia-
tion fc, which is the local difference of f from its block mean:

f ðx; tÞ5f ðtÞ1f 0ðx; tÞ; f 05fmðx; tÞ1fcðx; tÞ: (10)

With this definition, the mesoscale deviation is horizontally uniform across each block, and its horizontal
average over all blocks is zero. The cumulus-scale deviation has a zero horizontal average across each block
but captures the horizontal variability within that block.

Figure 10. Schematic of processes accompanying shallow convective aggregation. On mesoscales, the virtual tempera-
ture remains flat on mesoscales but moist and dry patches develop. The moist patches support deeper and more vigorous
cumulus convection, driving condensational heating and mesoscale ascent in the conditionally unstable layer and pene-
trative entrainment-induced evaporative cooling and mesoscale subsidence in the overlying inversion layer. The moist
patches become moister via low-level humidity convergence but dry from penetrative entrainment and precipitation.
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Figure 1. Overview over the circulation-driven self-aggregation mechanism in simulation D1

after 16 hours. Central panel: Example x-z cross-section depicting clouds (small, jagged black

contours), which form favourably on a moist, mesoscale region (coloured contours; large, smooth,

black contour), in turn driven by a mesoscale circulation (streamlines). Horizontal lines indicate

the cloud and inversion bases. a) Vertical profiles of q0tm and w
0
m, averaged over moist (blue) and

dry (red) regions, evolving in time (increasing opacity). b) WTG approximation eq. 16 (maroon)

of w0
m compared to LES-diagnosed ground-truth (black). c) Mesoscale heat flux anomaly F

0
✓lvm

(maroon, using eq. 12) and its liquid water flux approximation (blue, using eq. 19). d) As in cen-

tral panel, but coloured by relative humidity and overlaid by contours of 7✓l (w
0
q
0
l)m.

–8–
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Weak Temperature Gradient (WTG) Assumption:

Minimum Model Of Scale Growth of Moisture (1)



Minimum Model Of Scale Growth of Moisture (2)

F��. 6. Time evolution of mesoscale fluctuations, averaged over moist and dry mesoscale regions, for total

specific humidity @C (a), liquid-water specific humidity @; (b), vertical velocity F (c), liquid-water potential

temperature \; (d), virtual potential temperature \E (e) and liquid-water virtual potential temperature \;E (f).

Upper axes indicate the maximum of these fluctuations relative to the maximum root-mean-square fluctuation in

each quantity at the last, plotted time.
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F��. 7. Vertical profiles of the terms in the @0C< budget averaged over moist and dry mesoscale regions (eq. 20),

and over 10-16 hr.
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feedback: Mesoscale fluctuations in condensation and evaporation in cumulus clouds give rise to325
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While illustrative, it is prudent to ask if eq. 29, upon which this time scale estimate rests, is535

reliable. Since it depends heavily on F
⇤, which is not well-constrained by any argument we536

have made, but is energetically supported by in-cloud turbulence at the very smallest scales our537

numerical model resolves, this is in fact quite questionable. BB17, who estimate the time scale538

without reference to a model for it, obtain a significantly larger number (15 hours) than we do,539

suggesting that the mechanism may exhibit a strong numerical dependence, as is observed for540
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C ~ 0.3

Janssens et al 2022
Also:
Bretherton & Blossey 2017
Narenpitak et al 2021



Minimum Model Of Scale Growth of Moisture (3)

F��. 6. Time evolution of mesoscale fluctuations, averaged over moist and dry mesoscale regions, for total

specific humidity @C (a), liquid-water specific humidity @; (b), vertical velocity F (c), liquid-water potential

temperature \; (d), virtual potential temperature \E (e) and liquid-water virtual potential temperature \;E (f).

Upper axes indicate the maximum of these fluctuations relative to the maximum root-mean-square fluctuation in

each quantity at the last, plotted time.
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Linear Instability Model

Conclusions

• BOMEX : t ~ 4 hrs  (but depends 
strongly on numerics )

• Instability if t > 0 

• Such instabilities allways develop 
spontaneously in shallow cumulus.

• Models show no scale growth in 
subcloud layer. Observations do ( see 
presentation Geet George?)

• Shallow cumulus is inherently 
unstable to length scale growth

C ~ 0.3

Janssens et al 2022
Also:
Bretherton & Blossey 2017
Narenpitak et al 2021



What about other internal scale growth mechanisms?

• Heterogeneous radiative cooling (Klinger et al 2017, Naumann et al 2019)

Could potentially reinforce the instability growth mechanism. 
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Figure 1. Overview over the circulation-driven self-aggregation mechanism in simulation D1

after 16 hours. Central panel: Example x-z cross-section depicting clouds (small, jagged black

contours), which form favourably on a moist, mesoscale region (coloured contours; large, smooth,

black contour), in turn driven by a mesoscale circulation (streamlines). Horizontal lines indicate

the cloud and inversion bases. a) Vertical profiles of q0tm and w
0
m, averaged over moist (blue) and

dry (red) regions, evolving in time (increasing opacity). b) WTG approximation eq. 16 (maroon)

of w0
m compared to LES-diagnosed ground-truth (black). c) Mesoscale heat flux anomaly F

0
✓lvm

(maroon, using eq. 12) and its liquid water flux approximation (blue, using eq. 19). d) As in cen-

tral panel, but coloured by relative humidity and overlaid by contours of 7✓l (w
0
q
0
l)m.
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• Evaporation of precipitation ( cold pools)  ( Seifert & Heus 2013 , Zuidema et 
al 2017))

Could destroy the mesoscale patterns by the instability growth 
mechanism, but introduces scale growth of cloud free areas through the 
cold pool generation and support cloud clustering at colliding gust fronts.

And what about external scale growth mechanisms………



External Mechanisms:  Correlations with “External” Cloud Controlling Factors

Bony et al (2020) GRL 

Geophysical Research Letters 10.1029/2019GL085988

Figure 2. Large-scale environmental conditions (daily-mean SST, Vs, and EIS) composited over the 2000–2019 period
as a function of the mesoscale cloud patterns (FL = flowers; FI = fish; GR = gravel; SU = sugar) inferred from GridSat
data. Black markers indicate the mean of the distribution, thin vertical bars the range between the 25th and 75th
percentile values, and thick lines ± the standard error on the mean.

season from 2000 to 2019 and for several environmental variables: the SST, the near-surface wind speed
Vs, the zonal and meridional components of the surface wind us and vs, the zonal wind shear between
700 hPa and the surface, the large-scale vertical velocity at 700 hPa, the lower-tropospheric stability (LTS,
defined as !700 − !1,000, where ! is the potential temperature, Klein & Hartmann, 1993), and the estimated
inversion strength (EIS, Wood & Bretherton, 2006), defined as EIS = LTS − Γ850

m (z700 − LCL) where Γ850
m is

the moist-adiabatic potential temperature gradient at 850 hPa, z700 is the height of the 700 hPa level, and
LCL is the height of the lifting condensation level assuming a surface relative humidity of 80%. We also
use layered free tropospheric relative humidity data from the Megha-Tropiques satellite (Sivira et al., 2015).
Each of these variables is computed as a daily-mean average over the domain.

3.1. Day-to-Day Variability
To test whether different environmental conditions are associated with different patterns, a quadrant com-
posite of each daily-mean environmental variable is constructed. Most of the environmental variables
considered do not differ significantly, or differ only marginaly, from one pattern to another (Figure S5). How-
ever a few variables, namely Vs and EIS (equivalently LTS which correlates nearly perfectly [0.99] with EIS,
but we adopt EIS because it generalizes to warmer climates more readily), were discriminating (Figure 2).

The analysis shows that “flowers” are associated with relatively cold SSTs, strong surface winds, and greater
stability. “Fish” pattern were found over more moderate SSTs, weaker winds, and strong stability. “Gravel”
was likewise associated with moderate SSTs but strong surface winds and low stability. “Sugar” prevailed
over the warmest SSTs, when surface winds were weak and stability was low. It thus appears that EIS (or

Figure 3. Scatter plot of daily-mean values of EIS and near-surface wind Vs over 2000–2019. The mesoscale cloud
patterns classified as flowers, fish, gravel, or sugar using (left) GridSat or (right) MODIS observations are indicated in
colors. Also reported is the mean (EIS and Vs) value computed over the whole period for each cloud pattern. Thin bars
indicate the 25th and 75th percentiles of the distributions, and thick bars indicate ± the standard error on the mean.
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Figure 3. Fish: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 30 January 2009, 16 January 2009 and 1 February 2013.

Figure 4. Flowers: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 7 January 2010, 14 February 2010 and 9 February 2017.

2.2. Assigning labels

Based on these perceived patterns the subgroup developed a
labelling protocol which was used to train the rest of the group
of twelve labellers. Here we define labelling as the act of an
individual, a labeller, attaching a label to an image. Classification
is what emerges out of the labelling activity, for instance as a result
of independent labellers attaching the same label to an image.
Because of the way the images were set up it was only possible to
label an image as a whole, and having a large (20� ⇥ 10�) domain
increased the chances that different patterns of shallow-cloud
organisation would appear in different parts of the domain. This
is already evident, for instance in Fig. 2b, where in the western
portion of the image, near and north of Barbados, clouds have a
more Sugar-like texture, or in Fig. 1a where a Fish is visible in the
bottom right quadrant. In the group classification that followed,
it was therefore decided to work with smaller 10� ⇥ 10� images.
For these the south-western corner of the domain was placed at
58 �W and 10�N, upwind of Barbados. In adjusting the size of the
scene we may have inadvertently made it less likely for Bands to
be identified.

The five perceived patterns (including ‘Bands’) were presented
to the full group of twelve labellers (the authors) by the subgroup.
Each pattern was described and presented in the form of a few
examples, similar to those shown in Figs 1- 4. Then, together, the
group scrolled through a season (December, January, February;
DJF) of Worldview images. As if learning how to play a card
game with an open hand, individuals were asked in turn to label
an image and when the other participants did not agree, reasons
for differences were discussed. After the training each person was
asked to label five years of images, for the specified study region,
during the months of December, January and February, within
a period of ten seasons starting in 2007/2008 and concluding in
2016/2017. These years were chosen as they were the only ones

available on Worldview at the time of the labelling activity. Each
season ran from 1 December until 28 February, thus excluding Feb
29 in 2008, 2012 and 2016, and totalling ten seasons (900 days).
Each person assigned labels to five seasons of images, so that each
image was independently assigned a label by six different people.
The classification was performed only on daytime MODIS-Aqua
images (corresponding to roughly 1330 local time at the centre
of the image) using the ’Corrected reflectance’ product, which
corresponds to the MODIS Level 1B data (a combination of data
at different wavelengths, derived from sensors having a 250m or
500m resolution), corrected for gross atmospheric effects. When
either of Sugar, Gravel, Fish, or Flowers covered half or more of
the image, the image was classified as such.

3. Results

3.1. Label Statistics

N 3 4 5 6

Actual 0.58 0.37 0.20 0.08
Random (p = 1/6) 0.37 0.052 0.004 0.00013
Random (p = 1/4) 0.68 0.15 0.019 0.00098

Table 1. Fraction of 815 ’classifiable’ images for which k or more labellers
were in agreement, and the probability p, of this happening if labels were
randomly assigned with equal likelihood. Two limiting cases are considered:
when a classifier randomly assigns one of six (p = 1/6) or one of four
(p = 1/4) possible labels.

Of the 900 images, 815 were classified by at least one person as
being dominated by one of the four patterns: Sugar, Gravel, Fish,
or Flowers. Thus we consider these 815 days as classifiable days.
Of the 85 images that were not classified by any person, many
of these were the result of conditions overcast by high clouds, or
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Figure 4. Flowers: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 7 January 2010, 14 February 2010 and 9 February 2017.
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of twelve labellers. Here we define labelling as the act of an
individual, a labeller, attaching a label to an image. Classification
is what emerges out of the labelling activity, for instance as a result
of independent labellers attaching the same label to an image.
Because of the way the images were set up it was only possible to
label an image as a whole, and having a large (20� ⇥ 10�) domain
increased the chances that different patterns of shallow-cloud
organisation would appear in different parts of the domain. This
is already evident, for instance in Fig. 2b, where in the western
portion of the image, near and north of Barbados, clouds have a
more Sugar-like texture, or in Fig. 1a where a Fish is visible in the
bottom right quadrant. In the group classification that followed,
it was therefore decided to work with smaller 10� ⇥ 10� images.
For these the south-western corner of the domain was placed at
58 �W and 10�N, upwind of Barbados. In adjusting the size of the
scene we may have inadvertently made it less likely for Bands to
be identified.

The five perceived patterns (including ‘Bands’) were presented
to the full group of twelve labellers (the authors) by the subgroup.
Each pattern was described and presented in the form of a few
examples, similar to those shown in Figs 1- 4. Then, together, the
group scrolled through a season (December, January, February;
DJF) of Worldview images. As if learning how to play a card
game with an open hand, individuals were asked in turn to label
an image and when the other participants did not agree, reasons
for differences were discussed. After the training each person was
asked to label five years of images, for the specified study region,
during the months of December, January and February, within
a period of ten seasons starting in 2007/2008 and concluding in
2016/2017. These years were chosen as they were the only ones

available on Worldview at the time of the labelling activity. Each
season ran from 1 December until 28 February, thus excluding Feb
29 in 2008, 2012 and 2016, and totalling ten seasons (900 days).
Each person assigned labels to five seasons of images, so that each
image was independently assigned a label by six different people.
The classification was performed only on daytime MODIS-Aqua
images (corresponding to roughly 1330 local time at the centre
of the image) using the ’Corrected reflectance’ product, which
corresponds to the MODIS Level 1B data (a combination of data
at different wavelengths, derived from sensors having a 250m or
500m resolution), corrected for gross atmospheric effects. When
either of Sugar, Gravel, Fish, or Flowers covered half or more of
the image, the image was classified as such.

3. Results

3.1. Label Statistics

N 3 4 5 6

Actual 0.58 0.37 0.20 0.08
Random (p = 1/6) 0.37 0.052 0.004 0.00013
Random (p = 1/4) 0.68 0.15 0.019 0.00098

Table 1. Fraction of 815 ’classifiable’ images for which k or more labellers
were in agreement, and the probability p, of this happening if labels were
randomly assigned with equal likelihood. Two limiting cases are considered:
when a classifier randomly assigns one of six (p = 1/6) or one of four
(p = 1/4) possible labels.

Of the 900 images, 815 were classified by at least one person as
being dominated by one of the four patterns: Sugar, Gravel, Fish,
or Flowers. Thus we consider these 815 days as classifiable days.
Of the 85 images that were not classified by any person, many
of these were the result of conditions overcast by high clouds, or
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Figure 1. Sugar: MODIS-Aqua scenes from Worldview. The images cover the area from 60 �W to 48 �W and 10 �N to 20 �N. For these images the scenes have been
extended to the west to include Barbados, coloured in artificial green, on the far left. For a sense of scale Barbados fits in a rectangle of east-west dimension of 25 km and
north-south dimension of 30 km. Depending on the quality of the reproduction, some features distinguishing these from other patterns may be difficult to discern from
printed (rather than electronic) renditions of this manuscript. From left to right the images correspond to 31 December 2014, 5 December 2015, and 20 January 2016.

Figure 2. Gravel: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 2 December 2009, 14 January 2009 and 12 December 2015.

cores, and appearing in quasi-regular spaced bunches
(hence the plural) with individual features well separated
from one another by regions devoid of clouds.

These are illustrated by images (Fig. 1-4) from scenes that,
through the broader classification activity described below (§2.2),
were unanimously identified with a particular pattern.‡

Sugar was so named because when it occurred the clouds
looked like a sprinkling of powder sugar. In Fig. 1 this is
exemplified by the cloud patterns the upper-left quadrant (partly
masked by the gap in satellite coverage) of the left (31 Dec 2014)
panel, and in the right half of the right (20 Jan 2016) panel.
The granulation in the reflectivity field of Sugar is quite fine,
with relatively little clumping, other than what one might expect
to occur randomly. Hence the clouds were not too reflective (or
bright) which was interpreted as them lacking vertical extent.
Another notable feature of Sugar was the absence of large-
scale areas completely devoid of clouds. Ideally Sugar had no
organisation, but often what we would call Sugar might be
patterned by the large-scale flow into streets or even feather-like
forms.

Gravel differed from Sugar through a larger granularity
of the patterns defined by the clouds as well as a greater
brightness contrast (Fig. 2). More notably, Gravel clouds
organised along lines or arcs thought to be associated with
gust-fronts accompanying cold pools (i.e., precipitation sourced
density currents Zuidema et al. 2012). New cells often could be
seen to form at the points where gust-fronts collided, with brighter,
presumably deeper, clouds demarcating these regions. In some

‡For print, rather than electronic, versions of images some features may be difficult
to discern.

cases Gravel exhibited structures reminiscent of open mesoscale
cellular convection, for instance in the lower third of the image
from 14 Jan 2009 (central panel, Fig. 2). Gravel and Sugar
are identified with some degree of preconception: Gravel with
cold pools (Zuidema et al. 2012); Sugar with non-precipitating
shallow convection. Past modelling (e.g., Siebesma et al. 2003)
and observational campaigns (BOMEX Nitta and Esbensen 1974)
studies have helped establish Sugar as the canonical Tradewind
cloud in the mind of many researchers.

Fish also appears to be built up from open-cells or convective
cells organised around apparent gust-fronts in ways that outline
a skeletal structure similar to that of a fish. But compared to
Gravel the clouds are yet brighter, and encapsulated in a larger
meso-↵ scale envelope (200 km to 2000 km), often with some
amount of associated stratiform cloud cover. In Fig. 3 one such
structure stretches across the 12� of longitude on the bottom of
the left panel; another stretches across the full image of the right
panel, from the north-west to the south-east corner. This meso-↵
scale patterning of the cell-complexes is brought into relief by the
degree to which the areas between the ’Fish’ is devoid of clouds –
in marked contrast to Gravel.

Flowers were the most surprising and most distinct pattern
of organisation. They are comprised of meso-� scale patches
of stratiform clouds, often with evidence of central clusters
embedded and supporting the stratiform cloud patches (Fig. 4).
The scale of an individual Flower (or stratiform patch) in the
pattern ‘Flowers’ varies from a few tens to a few hundred of
kilometres. Our classification focused on situations where they
appeared in bunches, i.e., with a quasi-regular distribution wherein
individual Flowers were separated from one another by similarly
scaled regions devoid of clouds.
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Figure 1. Sugar: MODIS-Aqua scenes from Worldview. The images cover the area from 60 �W to 48 �W and 10 �N to 20 �N. For these images the scenes have been
extended to the west to include Barbados, coloured in artificial green, on the far left. For a sense of scale Barbados fits in a rectangle of east-west dimension of 25 km and
north-south dimension of 30 km. Depending on the quality of the reproduction, some features distinguishing these from other patterns may be difficult to discern from
printed (rather than electronic) renditions of this manuscript. From left to right the images correspond to 31 December 2014, 5 December 2015, and 20 January 2016.

Figure 2. Gravel: MODIS-Aqua scenes as in Fig. 1. From left to right the images correspond to 2 December 2009, 14 January 2009 and 12 December 2015.
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from one another by regions devoid of clouds.

These are illustrated by images (Fig. 1-4) from scenes that,
through the broader classification activity described below (§2.2),
were unanimously identified with a particular pattern.‡

Sugar was so named because when it occurred the clouds
looked like a sprinkling of powder sugar. In Fig. 1 this is
exemplified by the cloud patterns the upper-left quadrant (partly
masked by the gap in satellite coverage) of the left (31 Dec 2014)
panel, and in the right half of the right (20 Jan 2016) panel.
The granulation in the reflectivity field of Sugar is quite fine,
with relatively little clumping, other than what one might expect
to occur randomly. Hence the clouds were not too reflective (or
bright) which was interpreted as them lacking vertical extent.
Another notable feature of Sugar was the absence of large-
scale areas completely devoid of clouds. Ideally Sugar had no
organisation, but often what we would call Sugar might be
patterned by the large-scale flow into streets or even feather-like
forms.

Gravel differed from Sugar through a larger granularity
of the patterns defined by the clouds as well as a greater
brightness contrast (Fig. 2). More notably, Gravel clouds
organised along lines or arcs thought to be associated with
gust-fronts accompanying cold pools (i.e., precipitation sourced
density currents Zuidema et al. 2012). New cells often could be
seen to form at the points where gust-fronts collided, with brighter,
presumably deeper, clouds demarcating these regions. In some
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cases Gravel exhibited structures reminiscent of open mesoscale
cellular convection, for instance in the lower third of the image
from 14 Jan 2009 (central panel, Fig. 2). Gravel and Sugar
are identified with some degree of preconception: Gravel with
cold pools (Zuidema et al. 2012); Sugar with non-precipitating
shallow convection. Past modelling (e.g., Siebesma et al. 2003)
and observational campaigns (BOMEX Nitta and Esbensen 1974)
studies have helped establish Sugar as the canonical Tradewind
cloud in the mind of many researchers.

Fish also appears to be built up from open-cells or convective
cells organised around apparent gust-fronts in ways that outline
a skeletal structure similar to that of a fish. But compared to
Gravel the clouds are yet brighter, and encapsulated in a larger
meso-↵ scale envelope (200 km to 2000 km), often with some
amount of associated stratiform cloud cover. In Fig. 3 one such
structure stretches across the 12� of longitude on the bottom of
the left panel; another stretches across the full image of the right
panel, from the north-west to the south-east corner. This meso-↵
scale patterning of the cell-complexes is brought into relief by the
degree to which the areas between the ’Fish’ is devoid of clouds –
in marked contrast to Gravel.

Flowers were the most surprising and most distinct pattern
of organisation. They are comprised of meso-� scale patches
of stratiform clouds, often with evidence of central clusters
embedded and supporting the stratiform cloud patches (Fig. 4).
The scale of an individual Flower (or stratiform patch) in the
pattern ‘Flowers’ varies from a few tens to a few hundred of
kilometres. Our classification focused on situations where they
appeared in bunches, i.e., with a quasi-regular distribution wherein
individual Flowers were separated from one another by similarly
scaled regions devoid of clouds.
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• Flower: strong winds , 
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• Gravel: strong winds , 
unstable env 

• Fish: weak winds, 
stable env.



External Mechanisms:  Correlations with External Dynamical Conditions
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5.1. Seasonality
Considering just the region of the downstream trades, taken to be the tropical North Atlantic west of 45
W, most patterns predominate in the boreal winter trades as shown by Figure 9. Fish and Gravel seem only 
to occur in this region in conditions (DJF) when the trades are well developed. Flowers are also present in 
boreal spring and early summer (AMJ). Sugar shows very little seasonality. Rather, and consistent with the 
analysis by Rasp et al. (2020), it appears associated with suppressed conditions bordering the ITCZ whose 
seasonal migration it follows. Based on this we hesitate to call Sugar a trade-wind cloud pattern.

Flowers are even more common in the “upper” trades (east of 45°W), even more so in the April-June period, 
(e.g., Figure 9). Such a distribution is consistent with an affinity for conditions that favor stratocumulus. 
This distribution is in agreement with the analysis in the previous section, which showed that Flowers favor 
conditions of higher lower tropospheric stability, and lower surface temperatures, as compared to the other 
patterns. This supports the idea that Flowers are the downstream manifestation of the familiar, but much 
smaller, closed cellular stratocumulus (Stevens et al., 2020); alternatively, it may be indicative of a failing 
of the neural network in the upper trades because it has not been trained to distinguish between the very 
similar looking Flowers and closed-cells.

5.2. Lagrangian Evolution of Air Masses by Meso-Scale Organization

Here we use the back-trajectories, initialized at the center of the MODIS AQUA classifications following the 
boundary layer winds at 925 hPa for 84 h, to investigate possible reasons for the environmental differences 
associated with each pattern as described in Section 2.

Figure 10 shows that the back-trajectories are consistent with the steadiness that characterizes the winter 
trades, with the trajectories aligning well along the general flow of the trades as they come to their point 
of initialization. They do however differentiate themselves as one follows their history back in time. Most 

SCHULZ ET AL.

10.1029/2021JD034575

12 of 18

Figure 9. Seasonal distribution of patterns in the North Atlantic in the dry- (December-January-February [DJF]), transitional- (April-May-June [AMJ]) and 
wet- (August-September-October [ASO]) season (top to bottom) detected in infrared imagery (AQUA Moderate Resolution Imaging Spectroradiometer (MODIS) 
2010–2020).

Frequency of occurrence:
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notably Fish which originates far to the west of the other trajectories. A more tropical influence on Sugar is 
also consistent with its back-trajectories which start furthest south.

Compositing the large-scale conditions on the trajectories shows that many of the environmental differenc-
es previously documented are apparent well in advance (and upstream) of where the pattern was eventually 
identified (Figure 11). Sugar has warmer sea-surface temperatures, weaker winds and a relatively moist 
free-troposphere along its entire back-trajectory, consistent with a more tropical influence. Flowers evolve 
over cold ocean temperatures throughout the trajectory paired with persistently high LTS (despite rising 
SSTs), a dry free troposphere and stronger low-level winds. And differences in LTS among the patterns are 
robust and in place already 48 h earlier.

The time-evolution of different fields is also indicative of dynamic influences. For instance, for Flowers 
an acceleration of the low-level winds between −24 and −84 h may be driving the strong subsidence at 
700 hPa, which in turn would support the already anomalously dry free-troposphere to dry further and in-
crease the LTS. This pattern preceding process may drive the differences between Flowers from Gravel with 
the slight slackening of the winds and the decrease of the subsidence nearer the time and place where the 
pattern is identified, playing less of a role. In contrast, for Fish a strong temporal evolution within the last 
24 h, as manifest through a moistening of the lower troposphere, might be indicative of a dynamic distur-

SCHULZ ET AL.

10.1029/2021JD034575

13 of 18

Figure 10. Mean back-trajectories for the different patterns initialized at the center of individual classifications within 
the indicated black box at 925 hPa and calculated for 84 h.

Figure 11. Environmental conditions along the back-trajectory of air-masses before time of pattern detection. All values are ERA5 reanalysis properties, except 
the cloud top height estimate where the cloud top temperature (CTT) is sourced from Moderate Resolution Imaging Spectroradiometer AQUA observations. 
Shading indicates standard error.

Back Trajectories

• Fish : Remnant of an extratropical disturbances? 

• Flowers :  Manifestation of closed cell structures from the 
Stratocumulus regions of the Eastern part of the Atlantic Ocean?

Schulz et al 2021

Schulz et al 2021



Take home messages

• Shallow Cumulus is fundamentally unstable for scale growth ( of humidity)

• But there are also other (scale growth) mechanisms 

• Internal : heterogeneous radiative cooling, Cold pool formation through precipitation

• External: correlations of mesoscale cloud structures with large scale factors ( SST, EIS, surface wind) or 
large dynamics.

• At present it is unclear which are the dominant processes and how/if they interact.
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4.
Does mesoscale organization 

matter for
cloud feedback?
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Figure 5. (a) and (b) same as Figure 2 but for the low-cloud amount derived from MODIS cloud products and the NET
cloud-radiative effect derived from CERES observations. (c) Same as Figure 3 but for daily-mean values of NET CRE
and low-level cloud amount.

change experiments run with the IPSL climate model (Dufresne et al., 2013), EIS always increases with
global warming over the tropical western Atlantic (by 0.1 to 0.7 K K−1 depending on the type of experiment
and model version), whereas Vs does not change in a robust fashion. Assuming that Vs and EIS remain
the main controlling factors of the mesoscale organization of shallow clouds in a perturbed climate, these
projections would suggest a more frequent occurrence of fish or flower at the expense of sugar or gravel with
global warming and thus a larger cloud fraction. This is in conflict with the prevailing idea, based on models
which do not account for mesoscale organization, that low-cloud amount will reduce in response to rising
SST (Klein et al., 2017). In our analysis, SST does not appear to be a strong controlling factor of the cloud
mesoscale organization on daily and interannual timescales (Table S2), but it remains an open question
whether it could play a bigger role in climate change. In either case, better understanding the extent to
which the mesoscale patterning of clouds affects their response to warming appears relevant to establishing
confidence in how clouds respond to warming as a whole.

Future investigations of this issue using numerical models that predict explicitly these different cloud pat-
terns and are able to reproduce the relationships discussed in this paper should help determine how much
the cloud organization is sensitive to SST, and how much it could affect the magnitude and even maybe the
sign of the change in low-cloud amount. This should fill an important gap in our understanding and our
assessment of low-cloud feedbacks under climate change.
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Figure 2. Large-scale environmental conditions (daily-mean SST, Vs, and EIS) composited over the 2000–2019 period
as a function of the mesoscale cloud patterns (FL = flowers; FI = fish; GR = gravel; SU = sugar) inferred from GridSat
data. Black markers indicate the mean of the distribution, thin vertical bars the range between the 25th and 75th
percentile values, and thick lines ± the standard error on the mean.

season from 2000 to 2019 and for several environmental variables: the SST, the near-surface wind speed
Vs, the zonal and meridional components of the surface wind us and vs, the zonal wind shear between
700 hPa and the surface, the large-scale vertical velocity at 700 hPa, the lower-tropospheric stability (LTS,
defined as !700 − !1,000, where ! is the potential temperature, Klein & Hartmann, 1993), and the estimated
inversion strength (EIS, Wood & Bretherton, 2006), defined as EIS = LTS − Γ850

m (z700 − LCL) where Γ850
m is

the moist-adiabatic potential temperature gradient at 850 hPa, z700 is the height of the 700 hPa level, and
LCL is the height of the lifting condensation level assuming a surface relative humidity of 80%. We also
use layered free tropospheric relative humidity data from the Megha-Tropiques satellite (Sivira et al., 2015).
Each of these variables is computed as a daily-mean average over the domain.

3.1. Day-to-Day Variability
To test whether different environmental conditions are associated with different patterns, a quadrant com-
posite of each daily-mean environmental variable is constructed. Most of the environmental variables
considered do not differ significantly, or differ only marginaly, from one pattern to another (Figure S5). How-
ever a few variables, namely Vs and EIS (equivalently LTS which correlates nearly perfectly [0.99] with EIS,
but we adopt EIS because it generalizes to warmer climates more readily), were discriminating (Figure 2).

The analysis shows that “flowers” are associated with relatively cold SSTs, strong surface winds, and greater
stability. “Fish” pattern were found over more moderate SSTs, weaker winds, and strong stability. “Gravel”
was likewise associated with moderate SSTs but strong surface winds and low stability. “Sugar” prevailed
over the warmest SSTs, when surface winds were weak and stability was low. It thus appears that EIS (or

Figure 3. Scatter plot of daily-mean values of EIS and near-surface wind Vs over 2000–2019. The mesoscale cloud
patterns classified as flowers, fish, gravel, or sugar using (left) GridSat or (right) MODIS observations are indicated in
colors. Also reported is the mean (EIS and Vs) value computed over the whole period for each cloud pattern. Thin bars
indicate the 25th and 75th percentiles of the distributions, and thick bars indicate ± the standard error on the mean.
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• Flower and Fish have the largest cloud 
cover and the strongest CRE .

• Flower and Fish correlate with stronger EIS than Sugar and Fish.

• Most Climate models predict increasing EIS over the subtropical 
oceans with global warming

• Would suggest an increase in frequency of occurrence for Fish and 
flower => negative cloud feedback?

Bony et al GRL 2020



Cloud Feedback and Internal Scale Growth

Self-aggregation of  BOMEX

F��. 4. Time evolution (left to right) of fluctuations in Total Water Path (top row) and cloud top height (bottom

row), overlaid by contours that separate moist and dry mesoscale regions at 12 and 15 hours, and annotated with

cloud fraction (cf).

294

295

296

b. A sketch of the instability286

The top row of fig. 4 shows how small disturbances in ),%
0 grow into significant mesoscale287

fluctuations over an eight hour time window. The figure’s bottom row identifies growing clusters of288

shallow cumulus clouds that develop on top of these mesoscale regions, becoming more vigorous289

and reaching deeper into the inversion as they grow. Fig. 6 a) and b) quantifies this in the form of290

vertical profiles. Since the fluctuations in the temperature variables discussed above remain small291

with respect to their root-mean-square (see fig. 6 d-f), this suggests that to understand the length292

scale growth of our clouds, we must understand what drives the formation of ),%
0
<

.293

Fig. 5 o�ers a sketch of the explanation. Over the vertical dimension, clouds (black contour297

lines) develop favourably on top of a patch of @0
C<

> 0 (black, dashed contour) in the upper cloud298

layer. The @
0
C<

structure is produced by a mesoscale circulation of approximately 1 cm/s (overlaid299

streamlines), which converges in the sub-cloud layer beneath the structure, transports moisture300

upwards along the negative, slab-mean vertical moisture gradient, and detrains it laterally near the301

inversion base around 1500m, where the mesoscale vertical velocity F
0
<

becomes negative. Fig. 6,302

which shows the temporal development of mesoscale flucutations in @C , @; and F
0
<

, averaged over303

15

Janssens et al 2022

More general : Is cloud fraction determined by external cloud-controlling factors or is cloud fraction also (partially) controlled 
internally by the self-aggregation process?

cf = 0.17                       cf = 0.17                                cf = 0.17                     cf = 0.16

• Cloud Fraction remarkably robust during the self-aggregation process.

• But this specific case does not show inversion-layer outflows ( i.e. flowers,  fish)  which might  show a stronger 
relation between self-aggregation and cloud fraction 
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5.
Simulation Capabilities of  

Mesoscale Cloud Patterns and their 
response to climate perturbations



  

● How do clouds and their environment
differ for the different patterns ?

● Imprint of the underlying processes ?

Bony et al. (Surv. Geophys., 2017), Stevens et al. (ESSD, 2021), ESSD special issue : https://essd.copernicus.org/articles/special_issue1122.html

● EUREC4A (Elucidating the role of couplings between clouds, convection and climate) was 
designed to study the interplay between trade-wind clouds and their environment

● Jan-Feb 2020 near Barbados
● A wealth of observations to address a myriad of science questions

EUREC4A Field Campaign
Jan-feb 2020. Goal : to study the interplay between trade-wind clouds and their environment.

Unique opportunity to test model capability to represent the observed mesoscale cloud patterns and to explore the underlying mechanisms 



128 meso-scale patterns of shallow convection in realistically forced les

e.3.2 Observations

e.3.2.1 Barbados Cloud Observatory

Besides the tremendous amount of observation platforms that were present in the
simulated area during the EUREC4A time period, the Barbados Cloud Observatory
is taking long-term measurements at the most windward tip of the Caribbean island,
Barbados (Stevens et al., 2016). We used the measurements from the vertically pointing
Ka-band radar to detect the vertical distribution of hydrometeors. Averaging these
measurements in time results in echo fractions which are a combined measure of cloud
fraction and precipitation fraction. A threshold of �50 dBZ has been applied to exclude
backscatter from sea-spray that is otherwise frequently detected in the lower range gates
(Klingebiel et al., 2019).

e.3.3 Classifications of meso-scale patterns

This study uses two approaches to identify the meso-scale patterns of shallow convection.
First, for identifying the days with observed canonical meso-scale patterns we rely on the
manual classifications done by the scientific community of the EUREC4A field campaign
(Schulz, in preparation). The scientists inspected satellite images captured during the
EUREC4A time period and labeled regions containing Sugar, Gravel, Flowers or Fish. The
canonical days shown in Fig. E.4 are used to separate the simulation days by pattern and
study them individually. Second, to understand how well the patterns are replicated in
terms of area fraction and occurrence, the simulations themselves needed to be classified.
Here we make use of the satellite forward operator and the same neural network that has
been successfully used to identify the patterns in observations (Schulz et al., 2021). With
the forward operator the simulation output is converted into synthetic satellite images
using the sensor characteristics of the ABI instrument onboard GOES-16 to retrieve
synthetic infrared images at 10.35 µm (channel 13), the same wavelength as used in
Schulz et al. (2021). The neural network is run on both the simulation output and the
GOES-16 ABI images. Cropped to the domain size of the simulations, this allow a fair
comparison.

Figure E.4: Meso-scale patterns identified by the EUREC4A community in GOES-16 ABI infrared
satellite images. (Schulz, in preparation)

All 4 cloud patterns were observed during EUREC4A



Conclusions

1. Part of the CMT might be resolved 
in HARMONIE
• Convection can organize the wind field 

at scales larger than 10 km.
• HARMONIE resolution (2.5 km) is in the 

grey-zone of momentum transport.

2. CMT parameterization should 
consider organization
• When the field is organized the larger 

fraction of the momentum flux is carried 
at scales larger than 2.5 km.

Feb 3th 14:00 UTC

Different Models see different aspects of these patterns

• Storm Resolving Models: 
• resolution:       500m ~ 5km
• Domain size :   500km ~ 5000km
• Resolving the larger mesoscale structures (fish, flowers)
• Individual clouds remain unresolved 
• Turbulence needs to be parameterized

• Large Eddy Models: 
• resolution:       50m ~ 500m
• Domain size :   50km ~ 500km
• Resolving the smaller mesoscale structures (sugar, gravel)
• Individual clouds resolved 
• Turbulence (partially) resolved

Allesandro Savazzi ( TU Delft) 

LEM (DALES) embedded in SRM (HARMONIE) So we need the whole model hierarchy 
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ICON-LEM

Res : 624m
Domain: 60W-45W ; 7.5N– 17N
Period: 9-1-2020 / 14-2-2020

Overall mesoscale structures well 
represented

Fish and Flowers are underrepresented, 
possibly due to the misrepresentation of 
the inversion structure

Gravel and Sugar are overrepresented

Opposite behaviour for Storm Resolving 
Models ( flowers and fish over 
represented at the cost of gravel and 
sugar

Simulating the whole 2 Months period……..



GOES-E AROME ( 1.3 km) MESO-NH ( 100m)

100 km500 km

Or Zooming in ……..

Meso-NH:
• Domain 12.5N-13.5N ; 57.9W-56.1W
• Res: 100m
• Period : 02-02-2020
• Dauhut et al submitted QJRMS

AROME:
• Domain 9.7N-22.9N ; 75.3W-51.7W
• Res: 1.3 km
• Period : jan-feb 2020
• Beucher et al. et al submitted QJRMS

Eulerian:
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trajectory was run backward to February 1 and forward to February 3. The ERA5 data, which contains 137 
vertical levels, are interpolated to the latitudes and longitudes of the trajectory, making use of ERA5's full 
vertical resolution, especially for the vertical velocity forcings. The horizontal winds are nudged toward 
ERA5 with Newtonian relaxation, with a 30 min time scale. Since the trajectory moves approximately with 
the boundary layer, large-scale horizontal advection of the temperature and humidity is not included. In-
stead, to account for horizontal advection in the free troposphere, the temperature and humidity profiles of 
the simulation are nudged toward ERA5 with a 30 min relaxation time scale. The temperature and humidity 
nudging begins 100 m above the inversion, defined as the height of maximum vertical gradient of liquid 
water static energy in SAM (or of liquid water potential temperature in ERA5, whichever is higher). From 
this nudging base level, the nudging tendencies increase smoothly over a height interval of 500 m from a 
value of zero to a value corresponding to the nudging. The surface fluxes are calculated by SAM based on 
the horizontal wind speeds nudged toward ERA5, and the temperature and humidity profiles calculated by 
SAM in the boundary layer. Figures 1b–1e show that at the times when the trajectory is within 1° distance 
from the RHB, the outputs from SAM are consistent with the RHB radiosondes.

2.1. Simulations

The control simulation (CTL) is configured with 100 m horizontal grid spacing and a horizontal domain 
extent of 192  192  . The vertical grid spacing is 50 m, increasing geometrically from 5 km to the domain 
top at 8 km (total of 120 levels). Above that, the atmospheric profiles from ERA5 are used up to the top 
of the atmosphere for the radiation calculation. The simulation uses a bulk two-moment (bin-emulating) 

Figure 1. (a) A satellite image from the Geostationary Operational Environmental Satellite-16 (GOES-16) on February 
2, 2020. The yellow dots represent hourly coordinates of the airmass-following trajectory on which the Lagrangian 
simulations are based. The red box indicates the simulation's 192  192  domain extent, centered on the Research 
Vessel Ronald H. Brown (RHB, green “  ”) at 17 UTC. (b)–(e) The comparisons between radiosondes from the RHB 
(gray) and domain-mean profiles from the System for Atmospheric Modeling (SAM) control simulation (blue) of the 
following variables: water vapor mixing ratio (QV), temperature (T), zonal wind (U) and meridional wind (V). The 
RHB radiosondes are taken at 14:44 UTC (dashed) and 18:44 UTC (solid), during which time the RHB is within SAM's 
domain.

Langrangian:  SAM : sugar-flower transition

Narenpitak et al 2021 (JAMES)

But what about radiative response of these mesoscale cloud patterns to global warming ?

Evaluation and Process Understanding………



Concept:
1. Run LES and SRM on large domains with realistic boundary conditions ( ERA5)   :                       HIST

2.   Repeat the simulations with an added perturbation field from climate simulations  :      PGW =  HIST + D

HIST PGW =  HIST + D

D =  SCEN - CTR

Objectives

• Assess model capability of 
reproducing observed model 
structures

• Process Understanding

• Assess sensitivity of the radiative 
response of mesoscale cloud 
patterns to warming

EUREC4A-MIP: Pseudo-Global Warming (PGW) Approach   (2)



Applying PGW for the EUREC4A period for :

• SRM’s  : Jan-Feb 2020 over a large domain at 
resolutions 1-5 km

• LEM’s :  Feb 1-10 2020 over a smaller domain 
(300x150km2) at resolutions 100-500m

• Climate Perturbation Fields D derived from +4K 
SST global GCM runs ( 30yr) minus CTRL (30yr)

• Climate Perturbation fields  D available from GFDL 
model ( medium ECS), HADGEM (high ECS) and 
low ECS (NorESM)

• For more details see the webpage :   
https://eurec4a.eu

• Join the break out session today…

EUREC4A-MIP: Pseudo-Global Warming (PGW) Approach   (3)

SRM-domain

LEM-domain

PGW boundary fields available

https://eurec4a.eu/


Thank You 

Barbados

https://eurec4a.eu

https://eurec4a.eu/

