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Abstract Four previously identified patterns of meso-scale cloud organization in the trades — called
Sugar, Gravel, Flowers, and Fish — are studied using long-term records of ground-based measurements,
satellite observations and reanalyzes. A deep neural network trained to detect these patterns is applied

to satellite imagery to identify periods during which a particular pattern is observed over the Barbados
Cloud Observatory. Surface-based remote sensing at the observatory is composited and shows that the
patterns can be distinguished by differences in cloud geometry. Variations in total cloudiness among the
patterns are dominated by variations in cloud-top cloudiness. Cloud amount near cloud base varies little.
Each pattern is associated with a distinct atmospheric environment whose characteristics are traced back
to origins that are not solely within the trades. Sugar air-masses are characterized by weak winds and of
tropical origin. Fish are driven by convergence lines originating from synoptical disturbances. Gravel and
Flowers are most native to the trades, but distinguish themselves with slightly stronger winds and stronger
subsidence in the first case and greater stability in the latter. The patterns with the higher cloud amounts
and more negative cloud-radiative effects, Flowers and Fish, are selected by conditions expected to occur
less frequently with greenhouse warming.

1. Introduction

The organization of deep convection has long been recognized to influence the global distribution of mois-
ture and, as a consequence, the climate. Shallow convection, as is common in the trades, is usually not
thought of as being organized. Rather, in the mind's eye of many researchers, trade-wind clouds are ran-
domly distributed, have little vertical development and have generally been assumed to play little role in
the climate system. Over the past twenty years however, the out-sized role of maritime shallow clouds on
Earth's radiation budget — and discrepancies in how models predict their changes with warming (Bony &
Dufresne, 2005) — have made a determination of processes controlling their coverage a central focus of
climate science. During this period, observational studies such as RICO (Rauber et al., 2007) and the emer-
gence of satellite imagery with spatial resolution on the hectometer scale began emphasizing how shallow
clouds in the trades adopt different forms of organization, often in association with precipitation devel-
opment and the formation of cold pools (Seifert & Heus, 2013; Seifert et al., 2015; Zuidema et al., 2012).
More recently, several approaches to characterize these forms of organizations have been developed (Den-
by, 2020; Janssens et al., 2021; Stevens et al., 2020). Stevens et al. (2020) identified that most of the large-
scale patterns of shallow convection can be categorized into four categories, which they called Sugar, Grav-
el, Flowers, and Fish. Although based solely on the subjective visual inspection of visible satellite imagery in
the vicinity of the Barbados Cloud Observatory (BCO), these patterns have varied net cloud radiative effects
and thus may influence Earth's climate sensitivity (Bony et al., 2020).

In contrast to Denby (2020) and Janssens et al. (2021) who retrieve a continuum of classes, the limitation to
the few categories of Stevens et al. (2020) helps to break down natures' complexity into manageable pieces,
arguably the building blocks of shallow convection in the downstream trades. Understanding what factors
help select these patterns may help understand factors controlling cloudiness as a whole.

Motivated by the potential impact on climate sensitivity and the striking differences in the visual appear-
ance of the four patterns identified by Stevens et al. (2020), we are interested in better understanding the
basic features of these four patterns, and the factors that influence their emergence. Specifically:

1. How do the four patterns differ in terms of the observed cloud geometry for example, cloud fraction,
cloud size, and cloud base height?
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Table 1
Primary Data

Platform

Instrument Variables Location Sampling

GOES-16

AQUA

ERA5

BCO

Grandley Adams Airport

ABI

brightness temperature (channel 13) 10°N - 24°N; 61°W - 40°W 2 km; 30 min

MODIS - brightness temperature (ch. 31) 10°S - 55°N;100°W - 10°E daily (daytime

n/a

- corrected reflectance (ch. 1,3,4) Be

w, div, T, u, v, SST 0°N - 60°N; 70°W - 10°E 0.25°x 0.25% 3 h

- Ka-Band radar - reflectivity profile 13.16°N; 59.43°W -10s;30 m

- Raman lidar - mixing ratio profile (only Figure 2 -120s; 60 m

- MRR

- rain rate -60s

- weather sensor - surface p, T, RH, u, v -10s

- microwave radiometer - LWP, IWV -1s

- soundings -p,T,RH,u,v 13.07°N; 59.50°W 12-24 h

2. Are the different patterns associated with different large-scale environments?
3. To what extent are these large-scale differences reflective of different air mass origins?

To answer these questions we collocate the four cloud patterns of meso-scale organization as automat-
ically detected in satellite measurements with observations made at the BCO. This contextualization of
the high-resolution ground-based cloud measurements within the meso-scale patterning enables deeper
insights about their characteristics than possible using satellite measurements alone.

The methods adopted and the data used are described in Section 2. A characterization of the cloud patterns,
with a focus on the cloud-geometric properties and how they fit with our preconceptions as derived from
the satellite images is given in Section 3. In Section 4 we analyze the meteorological conditions under which
the patterns occur and the extent to which they can be distinguished. The effects of air-mass origin are ana-
lyzed with the aid of back-trajectories in Section 5. We conclude with Section 6.

2. Data and Methods

This study uses several data sources as shown in Table 1.

2.1. Pattern Detection of Shallow Convection

To detect the four patterns of shallow convection, we use the Keras RetinaNet (Gaiser et al., 2018). We
trained this deep neural network (in the following just neural network), as described in Rasp et al. (2020)
with only a difference in the input datas’ radiance. While we used the same 49,000 manually created labels
that were performed based on 10 years of visible imagery captured by the Moderate Resolution Imaging
Spectroradiometer (MODIS) instruments aboard the satellites AQUA and TERRA, here we use the simulta-
neously captured brightness temperatures.

To capture the inter-pattern variability at a fixed site, like the BCO, it needs to be assumed, that the patterns
persist for at least the time it takes to advect over the site. In case of the patterns studied here, the char-
acteristic length scale of a typical pattern can easily exceed 90 km, or about 3 h, for an advection speed of
8 m s~'. However, 3 h is about the time between AQUA and TERRA overpasses, where we have noticed
differences in the distribution of pattern types. Using infrared data allows us to overcome this issue by also
retrieving useful classifications at night and increasing the number of classifications per day, even more so
by applying the neural network to infrared satellite imagery taken by the Advanced Baseline Imager (ABI)
aboard GOES-16. Although the training of a separate neural network directly on the ABI data would have
been preferred, it was not possible due to missing overlap with the manual classifications. Nevertheless,
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the channels of MODIS (channel 31; 10.78-11.28 wm) and ABI (chan-

Table 2
Number of Time Windows That Contain Robustly Identified Patterns nel 13; 10.18-10.48 um) used here are relatively close to each other and
in the Boreal Winters of 2017/2018 (JFM), 2018/2019 (NDJFM), and in a wavelength range where absorption due to water vapor is relatively
2019/2020 (NDJFM) constant and overall minor. Differences are therefore expected to be mini-
pattern # of 6 h windows % of total % of robust patterns ~ mal. A comparison of the overall performance of the visual classifications
S e 9 o used in Rasp et al. (2020) to the infrared classifications used in this study
is given in the Supporting Information.
Gravel 305 19 46
. 77 5 12 While the GOES-16 ABI can capture images every minute for pre-select-
Fish e . o ed regions, here we extract the region of interest (10°N, 24°N; —61°E,
—40°E) from the full-disk scenes and restrict ourselves to a temporal res-
Others 846 58 N/A . . . . .
olution of 30 min and the nominal spatial resolution of 2 km. Because
mixed 567 36 the GOES-16 satellite only recently started its operation, we restrict our
no pattern 337 21 analysis to the three boreal winter seasons 2017/2018 (JFM), 2018/2019

(NDJFM), and 2019/2020 (NDJFM).

To attribute one of the four patterns to the observations made at the BCO,

each classification of the neural network is evaluated at the location of
the observatory. Because the RetinaNet is an object-detection algorithm, classifications can overlap or con-
tain cloud formations that are less characteristic of the main identified pattern. As we wish to include only
clear and long-lasting patterns, while still keeping a statistically robust sample size, the complete time-se-
ries is split into 6 h time windows which are associated with a specific pattern in cases where a pattern
dominates this time window for example, is detected for at least half of the time (3 h). This results in 42% of
the 6 h windows being associated with one of the four patterns, while another 37% could not be attributed
clearly to any category, only in 21% of the cases was no pattern detected for 3 h. Because the patterns are not
equally likely to occur, the number of detected cases differs as indicated in Table 2. Time windows that do
not contain a long-lasting pattern were grouped together as Others.

For the detection of the seasonal cycle of the patterns and the trajectory analysis we do not need to have
high temporal sampling. Hence, we use the daytime MODIS AQUA overpass to identify patterns which
allows us to extend the record to 11 years (2010-2020).

2.2. Back-Trajectories

To analyze the origin of the patterns and the evolution of the air mass in which they are found, we calculate
back-trajectories following the framework of Eastman and Wood (2016). Vertical winds are assumed to be
negligible compared to the horizontal components, such that the trajectories are followed near the top of
the sub-cloud (boundary) layer and kept constant at the initial height of 925 hPa. These boundary-layer
trajectories are calculated using winds from the fifth European Center Reanalysis of meteorological obser-
vations (ERA5) (Hersbach et al., 2020) on a 6-hourly time step.

The back-trajectories are initialized at the center of each classification within the domain 10°N-24°N and
61°W-40°W and most closely to the AQUA overpass time. The analysis covers the winter months (Novem-
ber through March) of 2010-2020. Trajectories are calculated for an 84 h period and atmospheric properties
along the trajectory are extracted at each 12 h time-step coinciding with an AQUA overpass. Reanalysis
variables are taken from a 1 X 1 degree latitude-longitude grid, with averages produced for all boxes with
centers that fall within 100 km of trajectory sampling points.

2.3. Ground-Based Measurements
We use surface observations from the BCO. The only long-term cloud observatory in the broader trades.
2.3.1. Instrumentation

The BCO uses advanced remote sensing instrumentation to measure the undisturbed marine subtropical at-
mosphere (Medeiros & Nuijens, 2016; Stevens et al., 2016). In this study, we use simultaneous measurements
from the CORAL Ka-band cloud radar and Raman lidar to characterize clouds and their thermodynamic
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environment, especially the surrounding humidity structure of the clouds. These advanced remote-sensing
measurements are complemented by 752 soundings of the nearby Grantley-Adams airport to improve the
statistics above clouds, which can quickly attenuate the lidar signal and make a retrieval inside and above
clouds impossible. Radiosondes are launched once or twice a day, usually an hour or so before their 0
UTC and 12 UTC report times. The closest of these soundings has been attributed to each of the 6 h time
windows.

To detect only hydro-meteors with the cloud radar and no sea-salt aerosols, we apply a threshold of —50 dBZ
as used in Klingebiel et al. (2019).

Integral measurements of liquid water path (LWP) and total integrated water vapor (IWV) are retrieved
from microwave radiometer measurements following Lohnert and Crewell (2003) and Steinke et al. (2015).

In addition to the standard surface meteorological measurements from a Vaisala WXT-520, we use the rain
rate measurements from a micro-rain radar (MRR). Due to its larger sampling area compared to the also
available acoustic rain sensor, it detects more reliable light (00.01 mm h™" (Peters et al., 2002)) and/or short
rain events. However, this comes at the cost of measuring the rain rate above the surface (325 m) rather than
at the surface — which will be larger than at the surface, disproportionately so for light rain.

These datasets are available for 90% of the 6 h time windows and are equally distributed among the patterns.
The only exception is the radiometer data with only about 60% availability.

2.3.2. Cloud Entity Classification

The identifications of meso-scale patterns of shallow convection are supplemented with cloud-type classifi-
cations derived from the BCO measurements.

Cloud-geometric properties of single cloud entities are retrieved based on the segmentation of the radar
reflectivity. Individual clouds are identified by testing the connectivity of radar retrievals in height and time.
Since a main part of this study focuses on stratiform layers, we use a running window of 100 s in time and
only direct connections in the vertical to account for the fact that the stratiform layers can be so thin that
they are not continuously detected by the radar.

Similar to Lamer et al. (2015) we classify individual clouds by their cloud-base heights (CBH). Stratiform
layers are defined as clouds that have a frequent CBH above 1 km up to 2.5 km. As shall be seen later (Fig-
ure 3) the echo fraction minimizes at 1 km and therefore a threshold of 1 km separates best the stratiform
cloudiness from the cloud layer below. This layer of clouds with CBHs below 1 km we classified as originat-
ing from the cumulus gene. An example of the radar reflectivity and the derived cloud-type classifications is
shown in Figure 1. It illustrates that also a mixture of cumulus with an attached stratiform layer may exist.
These cases are actually classified as “StSc + Cu” in the case the stratiform layer lasts for at least 20% of the
time it takes for the cumulus cloud-entity to pass over the observatory.

Based on the single cloud entities, geometric properties like stratiform extent and mean thickness of strati-
form layers are calculated and associated with each entity.

3. Surface Based Characterization of Cloudiness and Precipitation

The four patterns identified by Stevens et al. (2020) — Sugar, Gravel, Flowers, Fish — are purely defined by
their visual impression from space, predominantly the spatial distribution of cloudiness. The cloudiness is
therefore the physical quantity closest to the definition of these patterns. Among the physical differences
that may accompany these patterns, aspects of cloudiness that go beyond the spatial arrangement of re-
flectivity as seen from above will be important to characterize, especially in so far as it influences the cloud
radiative effect.

An overview of these patterns and the ground-based observations linked to them is shown in Figure 2. Dif-
ferences in cloudiness are readily apparent, and conform to what has been previously noted in the literature.
Sugar is identified with a fine dusting of clouds, Gravel with cloud features arranged around arc-like struc-
tures. Flowers and Fish are composed of elements that are yet larger in scale and show a clearer separation
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Figure 1. Example of cloud-type classification based on radar reflectivity.

between cloudy and clear-sky areas. For Flowers the clouds show a more isotropic distribution, while they
are usually elongated-roughly West to East-in the case of Fish.

From these illustrations, which add to the examples shown in Stevens et al. (2020), it is natural to develop
preconceptions about differences in the three-dimensional structure of the boundary layer associated with
the patterns. For example, Gravel is generally thought to be associated with precipitation due to the visible
cold-pool signature in the cloud field, and Flowers are thought to be composed of stratiform clouds with
suppressed convection around them. Assessing whether such preconceptions are supported by the data, is
one of the goals of this section.

We first focus on the characteristics of the cloudiness in terms of their geometric properties. Thereafter we
analyze the precipitation signatures of the patterns, as they might help to gain a process understanding on
how these different patterns form.

3.1. Cloudiness

The cloud cover at the BCO is shaped by the ubiquitous appearance of cumulus humilis — that is, cumulus
clouds of very limited vertical extent. Cumulus humilis are not the only cloud type measured at the site.
Even in the northern hemispheric winter, when the Intertropical Convergence Zone is furthest away from
Barbados and the region experiences strong subsidence, the measured cloud fraction is not solely caused
by non-precipitating camulus humilis (Riehl, 1954). This is demonstrated by an analysis of the mean radar
echo fraction profile (a combination of cloud- and rain-fraction) shown in Figure 3. Echoes are detected
extending to depths above 3 km.

Looking at the mean echo fraction profiles of Sugar, Gravel, Flowers, and Fish and also the overall winter-
time mean echo fraction, suggests that all but Fish are some form of shallow convection, with very small
echo fractions (less than 3% at 4 km) extending much above 2.5 km.
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Figure 2. Time-series of each cloud pattern as identified by scientists participating in the EUREC*A campaign (top
to bottom: Sugar, Gravel, Flowers, and Fish). Water vapor measurements from the Raman lidar overlayed by radar
reflectivity shown in upper panels, while rain rates measured at 325 m are shown in the lower panels. The according
Moderate Resolution Imaging Spectroradiometer images from the TERRA satellite overpass are shown on the right.
Missing values are colored gray.

The largest inter-pattern variability in echo fraction is found in the layer between 1.5 km and 2.5 km. At
1.7 km echo fractions vary between 5% and 20% and explain a large part of the differences that give rise to
the differences seen in the satellite imagery (e.g., Figure 2). For instance Flowers, with its cloudy patches of
high reflectivity paired with the sheet-like structure anticipate a strong stratiform component in the cloud
fraction compared to Sugar and Gravel, as is evident in the echo-fraction profiles. The overall echo fraction
of Flowers (0.47) is therefore much more influenced by the stratiform cloud component as compared to Sug-
ar (0.24) and Gravel (0.34). Fish has high echo-fractions throughout the cloud layer, but are less obviously
dominated by a stratiform component as compared to simply more cloudiness, which often extends much
more deeply through the lower troposphere.
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Figure 3. Echo-fraction measured at the Barbados Cloud Observatory
(BCO) and grouped by detected pattern indicating the combination of
cloud- and rain-fraction (upper panel). The height integral, total echo
fraction, is shown in the bottom panel. The overall mean of the analyzed
winter seasons is shown in gray with the height of maximum echo fraction
shown as horizontal line. Shading and whiskers indicate standard error of
mean.

Common to all patterns is the similarity in difference between the echo
fraction at the surface and 700 m, which we interpret as the cloud base
cloud fraction. The inter-pattern variations in echo-fraction at 700 m that
do exist in Figure 3 can largely be attributed to rain events, that is, dif-
ferences below 500 m — which are a signature of precipitation — are
similar to those at 700 m. The lack of variability of cloud amount at the
CBH was emphasized by Nuijens et al. (2014). That Flowers would have
a similar echo fraction at cloud-base as Sugar when neglecting the rain
contribution to the echo fraction was not something we would have
guessed from the satellite imagery. It shows that an abundance of clouds
near cloud-base under the cloud shield compensates for an absence of
shallow-cloudiness in the cloud-free part of the Flowers pattern.

Looking at the cloudiness of the patterns as a whole, we recognize that
the echo fraction of Gravel has the strongest similarity to the seasonal
mean echo fraction, which is the average of all 6 h windows independent
of any pattern. This is consistent with Gravel being the most common pat-
tern detected in this study (about 19% of all regarded time windows and
45% of the windows with any dominant pattern). Furthermore, it also
suggests that a large portion of the more uncertain and mixed time-win-
dows contains cloudiness similar to the Gravel pattern. Sugar, in con-
trast, occurs rather seldom with 9%. This might seem to contradict Rasp
et al. (2020) who found that Sugar is actually more often identified than
Gravel. However, similar to Stevens et al. (2020), who were looking for
dominating patterns on a fixed domain, we look for dominating patterns
within a fixed time-period. Both methods register only patterns that are
persistent for a long time or cover a large area, both of which de-empha-
size Sugar. The cloud pattern with randomly distributed clouds of little
vertical extent occurs frequently, but is often not dominant and thus not
picked out by our analysis.

Figure 4 confirms that the differences in echo fraction at the lifting con-
densation level and below are indeed caused by different contributions

at the higher end of the reflectivity spectrum (>0 dBZ) which is indicative of precipitating hydro-meteors.
Much more similar across patterns is that the vast majority of hydro-meteors are found at the lower end
of the reflectivity spectrum. While the reflectivities below —50 dBZ close to the surface are characteristic
for hygroscopically grown sea-salt particles (Klingebiel et al., 2019), with increasing height and reflectivity
(toward —15 dBZ at about 2 km) the imprint of non-precipitating cumulus humilis (Lonitz et al., 2015) is

found.

Despite a similar cloud cover for both Flowers and Fish of about 0.5, Figure 4 indicates different relation-
ships between the cumulus and the stratiform cloud layer. Whereas Flowers show a second distinct reflectiv-
ity maximum at about 2.2 km and near —5 dBZ, the distribution is more monomodal for Fish. This two-layer

Sugar Gravel Flowers Fish Others

]
A

frequency / %

height / km
O N WD

=50 0

-50 0 -50 0 -50 0
reflectivity / dBZ

Figure 4. Contoured frequency by altitude diagram (CFAD) for the four patterns of shallow convection and less clear
patterns gathered in the group Others. The colors indicate the frequency of occurrence of a reflectivity-height tuple
within a specific pattern. The tuples explaining 50% of all values are contoured in black. Hydrometeor-free profiles are

excluded.
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cumulus convection influences the geometric properties of these layers.
Figure 5. Rain statistics of each pattern averaged over a 6 h period. The Independent of the meso-scale organization, cumulus coupled stratiform
average rain amount (left) and the average maximum rain rate of each layers (StSc + Cu) have a CBH between 980 and 1050 m and a cloud top

window (right) are shown with their standard error.

height between 1240 m and 1370 m. More broadly, any of the individual
cloud components differentiated here: stratus (StSc), cumulus (Cu) and
the connection of both/stratocumulus cumulogenitus (StSc + Cu) show
similar geometric properties independent of the pattern.

The CBH of cumulus, which to a first approximation is the same as the lifting condensation level of near
surface air, is at about 650-700 m with cloud tops about 160 m higher. Stratus are about 130 m thick on
average, with an average CBH between 1600 m and 1850 m, which is somewhat higher than for stratiform
layers that are connected to a convective core during the time of observation.

The only differences that do exist, are the lack of stratiform layers in case of Sugar and the increase in size
of the stratiform components (StSc; StSc + Cu) from Sugar (3 km; 10 km) via Gravel (5 km; 27 km) to Fish
(7 km; 63 km) and Flowers (11 km; 55 km). The 95th percentile is given in brackets as this can be assumed
to better capture the characteristic length of the stratiform cloud decks by excluding very small entities and
entities whose path length is much smaller than the actual characteristic length as the observatory rarely
samples the clouds at their characteristic cross section. The translation from cloud entity length in time to
space has been done by using the wind speed at cloud height measured by the nearest sounding.

3.2. Rainfall

To assess, how important precipitation might be for different patterns, we characterize its frequency and
strength in the following. From the example time-series shown in Figure 2 and the results from the previous
section, we expect a clear separation of the precipitation characteristics among the patterns: from the lack
of rain during the occurrence of Sugar, to frequent showers in the case of Gravel, to yet stronger rain events
for Fish.

To test this expectation, we analyze at the precipitation measurements from the BCO within the same 6-h
time windows used in the section above. First, we quantify how many analysis windows contain any rain
event. With the exception of Sugar, in more than 50% of the identified cases, rain is present. For Sugar pre-
cipitation can be detected in only 35% of the cases.

This absence of rain events in case of Sugar is even more evident in the quantification of the mean near-sur-
face rainfall (Figure 5a). Rain amounts are similar for Flowers and Gravel, consistent with the frequency of
near surface echoes evident in Figures 3 and 4, nearly twice as large for Fish. We also quantify rain intensity
by averaging the maximum rain-rates within each analysis window for each of the patterns. Among the
precipitating patterns rain intensities do not differ as substantially. In all of these cases the precipitation is
intense (approach 10 cm a day), and well above the threshold (1 mm h™" to 2 mm h™") that past studies have
associated with the formation of cold-pools (Barnes & Garstang, 1982; Drager & van den Heever, 2017).

By applying the threshold of 1 mm h™" to the maximum rain events, the number of cases with significant
rainfall decreases to 12% in case of Sugar and about 35% for the other patterns. 35% might not seem to
be a lot, but it has to be kept in mind that these patterns are of meso-scale extent and even a 6 h-period
cannot capture the complete variability. This is especially the case for the Fish pattern, where a 6 h-period

SCHULZ ET AL.

8 of 18



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2021JD034575

26.88 1 661 ¢ .

- 97 73.3 1

o T o °

(] wn 'E i __ o\

O S £ € 85.9 1 >

g 3 91 2 5

2 § ... 5 84.6 - E f----

© - » 5 2716

526'32 ¢ B 5.41 * o L WELE )

2 26.17 1 * 2 S = o]

26.08 A 5.0 - 81.5 1 * :

1013.3 1 o] 230 4" *-

© 32.4 A + g
a . ~ ugar
< ) )

g 5 TTETTTT 230,99 —— Gravel
= | ~ =

g 1012.3 4 % g Flowers
S 101219 ¢ 64 1 = .

1011.8 1 ¢ 40 28.3 1

Figure 6. Surface meteorology measured at the Barbados Cloud Observatory during the observation of the four
patterns. The seasonal mean of the observed time-period independent of any pattern is drawn as gray line.

might only capture the clear-sky part of the Fish and therefore the importance of precipitation may be
underestimated.

Our data do not contain sufficient samples to evaluate to what extent the spatio-temporal characteristics
of precipitation differs among the patterns. However, by analyzing the precipitation signature in all 138
6-hourly windows of Fish, there is evidence of a bimodal distribution of rain events, with a second mode
consisting of extended periods of precipitation (like the one shown in Figure 2) that is, not evident for either
the case of Flowers or Gravel.

Overall, precipitation events of significant strength occur during Gravel, Flowers and Fish periods and sug-
gest that precipitation plays a role in the patterning process, or at least in the persistence of these patterns.
There is no hint that precipitation is important for Sugar.

4. Meteorological Environment

In the previous section we characterized similarities and differences in cloud- and precipitation-signatures
among the four patterns. To the extent the patterns are forced, this forcing might be evident in the local me-
teorological setting. In this section, we address this possibility and investigate the meteorological settings,
first at the surface and then within the free troposphere, for the different patterns.

4.1. Surface Measurements

Near surface (5 and 25 m above mean sea level) meteorological measurements at the BCO are composited by
pattern in Figure 6. Common to all variables shown is a distinguished value for at least one of the patterns.

Sugar distinguishes itself from other patterns by virtue of its mean temperature and low wind-speed. Giv-
en that annual cycle of surface temperatures is just over 2 K this 0.6 K difference is large. While Sugar is
associated with unseasonably warm conditions, the contrast with the other patterns is due in equal part to
them being unseasonally cool, which is consistent with Sugar arising during periods with little northerly
contribution to the mean flow. Gravel is distinguished by the surface winds being unseasonally strong and
northerly. Flowers are found on the days that are coolest, when surface winds are strong, but not so strong
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Figure 7. Average profiles of equivalent potential temperature, potential temperature difference to the overall pattern
mean, relative humidity and wind speed from soundings at the Grantley Adams Airport (standard error is shaded).

as for Gravel, and when the surface pressure is unseasonally high (1,013.3 hPa). In contrast Fish which are
also associated with extensive cloud coverage (Figure 3) are found on days with unseasonally low pressure
(1,011.8 hPa), high humidity and relatively low but quite variable (in terms of direction) winds, consistent
with more disturbed conditions and extended periods of precipitation.

Amongst all analyzed surface observations, wind speed is the best proxy for a specific pattern. The lowest
mean wind is measured during Sugar situations with 5 m s™. For the other patterns the mean wind speed
increases by an increment of 0.5 m s™* from Fish to Flowers to Gravel. The finding that Flowers and Gravel
occur in conditions of higher winds is consistent with what was found by Bony et al. (2020), but further dis-
criminates among all patterns rather than two groupings (e.g., Flowers and Gravel as high wind-speed and
Sugar and Fish as low wind-speed patterns). This suggests that there may be processes that are not captured
by the reanalysis, especially so as we gain similar results to Bony et al. (2020) when compositing the ERA5
surface data (Figure S4).

4.2. Vertical Structure

The previous analysis is extended in the vertical through a composite analysis of the Grantley Adams ra-
diosonde data. The pattern mean-soundings, and their associated uncertainty estimates, are presented in
Figure 7. Composites are made of the equivalent potential temperature, potential temperature difference
(® — ©, where © is the mean sounding across all patterns), relative humidity and wind speed.

Surface temperature differences measured at the BCO are also evident in the soundings, and extend through
the depth of the moist (lower 3 km) layer. Flowers distinguish themselves not only by lower surface tem-
peratures, but also by a much stronger stratification atop the humid layer, showing a strong inversion at
about 2.5 km. Sugar appears associated with a much shallower cloud layer, also capped by an inversion.
The apparent instability (decrease in ® — © with height) for the other patterns simply indicates that they
are less stable on average. The lower-tropospheric stability (LTS) is 16.2 £ 0.3K in case of Flowers and nearly
2K lower for Fish (14.7 £ 0.2K), Sugar (14.4 £ 0.2K) and Gravel (14.1 £+ 0.1K). However, in case of Sugar, the
value of ® at 700 hPa (which is used to construct LTS) may miss the shallow stable layer that appears to cap
the convective development of this pattern.

The relative humidity profile is strongly coupled to the convective activity and hence the echo fraction (e.g.,
Figure 3) As we have shown in the last section, Sugar is mostly characterized by cloudiness at CBH with
few clouds reaching up to 1.8 km. In agreement, the according moisture profile shows a shallower layer
compared to the other patterns that more regularly reach the inversion height and distribute moisture.
Likewise Fish, with echos reaching more deeply through the lower troposphere is also considerably moister
than the other patterns above 3 km. These humidity profiles also help explain differences in 8., particularly
in the upper cloud layer and lower free-troposphere. For example, as seen by contrasting Fish and Gravel.
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Figure 8. Distribution of subsidence strength «j, relative to identified pattern centers composited by 20 X 20° domains around each identified pattern. Pattern

centers are marked with a cross.

Table 3

Large-Scale Forcing Averaged by Pattern From Fixed-Location Sounding
Data (Snd) and ERA5 Data From Pattern Center

Based on measurements made during RICO, Nuijens et al. (2009) analyzed differences in 6, similar to those
shown in Figure 7. Consistent with their findings these profiles seem to co-vary consistently with surface
wind speeds. Stronger surface winds for Gravel and Flowers are mostly confined to the moist layer for Grav-
el, but extend through the lower troposphere for Flowers. These winds are one component of what is often
thought of as an externally imposed large-scale forcing, to which the boundary layer thermodynamic pro-
files relatively quickly equilibrate.

4.3. Large-Scale Forcing

We use ERA5 data in a 20° x 20° domain centered around each ABI classification to examine how the
large-scale subsidence (ws,) varies as a function of pattern. Those domains are afterward averaged to one
composite that shows the strength of subsidence at the center of each pattern, but also in its surrounding.

Figure 8 reveals that all patterns occur during times of subsidence and that this subsidence is in most cases
also similar to the typical subsidence rate of 0.05 hPa s in the Atlantic trade-wind regime (Holland &
Rasmusson, 1973). However, it also shows that some variability in the large-scale forcing exists and strong-
er subsidence is, contrary to expectation, not occurring during Sugar and Flowers cases, but rather during
Gravel cases (Table 3).

In the subtropics, particularly in association with stratocumulus, subsidence co-varies positively with LTS.
On shorter time scales and deeper in the tropics, other factors may play a role. In particular the tempera-
tures above the cloud layer are tightly coupled to moisture, so as to homogenize the density temperature
on isobaric surfaces. This partly explains the stronger temperature inversion for Flowers. It also means that
boundary layer variability may play a more important role in determining the LTS, consistent with near-sur-
face temperature differences as illustrated in Figure 6.

5. Are the Four Patterns Indicative of Specific Air
Masses?

Rasp et al. (2020) showed that globally, the four patterns predominate
in the dry tropics, regions often associated with the trade winds. The
analysis in the previous section identified subtle differences in the envi-

Pattern  LTSqq(K) LTSgras(K)

ronments in which the four patterns form. This raises the question as to

Sugar 14.3 14.8
Gravel 14.0 14.4
Flowers 16.2 16.6
Fish 14.6 16.0

@s00,ERAS freq. of the origin of these environmental differences, that is, to what extent they
(Pas™) convergence (%)  arise from subtle variations within the trades, or what one might alter-
0.046 28 natively think of as disturbances to or departures from canonical trade-
0.072 23 wind conditions. We explore this question by analyzing the seasonal cycle
0.046 2 of the four patterns within our North Atlantic study region as well as the
air-mass histories of the different patterns by compositing reanalysis data

0.048 59

along back-trajectories constructed from that same data.
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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).

5.1. Seasonality

Considering just the region of the downstream trades, taken to be the tropical North Atlantic west of 454
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
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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.

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-
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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.
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Figure 12. Cold air outbreak betweenDecember 25, 2018 and December 31, 2018. Surface analysis charts from the
National Hurricane Center are adapted and overlaid on Terra Moderate Resolution Imaging Spectroradiometer images.

bance. Sugar seems less representative of a sudden stilling in the winds in association with local suppres-
sion, if anything recovering from more suppressed conditions and weaker winds upstream.

The time-evolution of cloud top height, estimated as the difference between the ERAS5 sea surface tem-
perature and the mean cloud top temperature sourced from MODIS within 100 km around the trajectory
sampling point, can further be an indication of different lifetimes of the patterns. Sugar and Gravel seem to
set up only shortly before the detection (—36 h) when the cloud top height dropped quickly, which would be
indicative of a shorter lifetime. In contrast, Flowers and Fish might have persisted longer because the cloud
top height evolves only little. It has to be kept in mind that this estimation of cloud depth is sensitive to high
clouds that are filtered by the nature of the classification at the time of detection, but likely influence the
CTTs further upstream. The changes of cloud depth might therefore appear magnified.

The diurnality that is, pronounced in a number of fields (wind speed, @, SST-CTT) is explored in more
depth by Vial et al. (2021).

5.3. Extra-Tropical Disturbances

Although we focus on the northern hemispheric winter season where the trades are well formed, distur-
bances to the trade-wind mean flow are well documented (Bunker et al., 1949; Riehl, 1945). The earlier lit-
erature identifies two types of disturbances, one associated with anomalously deep easterlies (which might
be associated with active deep convection), the other associated with extra-tropical intrusions in the form of
trailing cold-fronts from extra-tropical cyclones.

The older literature conceptualized the later (extra-tropical intrusions) as tropical incursions of the “polar
front.” Especially in the boreal winter, when the Intertropical Convergence Zone is further south and the
Azores high is less well established, frontal disturbances can extend equator-ward. By the time they reach
the subtropics, their temperature signature is muted and they become most pronounced in the form of a
shear line that separates the light easterlies from the stronger north-easterlies (Riehl, 1945).

Such a frontal passage can be seen in the surface analysis charts for example, in association with a deepen-
ing cyclone over the mid-Atlantic (near 45°N and 45°W) on December 25, 2018. Through the course of six
days the cold front, initially supported by the outflow of cold-continental air (a cold air outbreak) from the
east-coast of North-America, occludes upon reaching the tropics as far south as Barbados (see Figure 12).

By comparing the surface analysis chart with the satellite image, we recognize that the front is visible as a
band of convection that we would classify as Fish. In the former cold sector, just north of the front, one can
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Figure 13. Distribution of divergence at 950 hPa relative to identified pattern centers composited by 20 x 20° domains around each identified pattern.
Contours indicate frequency of events with convergence larger 1 x 107 s™* (30%: dotted, 45%: dashed, 60%: solid). Pattern centers are marked with a cross.

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 x 107° s™) 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.
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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 EUREC“A field campaign (Stephan et al., 2020).

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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stratiform, or stratocumulus layer, as it is associated with more cloudiness throughout the cloud layer.
Compared to the mean conditions, or the other patterns, LTS is higher (0.5-1.0 K) for Fish and (2 K) for
Flowers.

Non-precipitating cloud coverage at the lifting condensation level, as emphasized by Nuijens et al. (2014)
for the entirety of trade-wind cloudiness, also holds across the four patterns. This came as a surprise given
that Flowers and Fish are characterized in part by their cloud free areas. Differences in cloud-base echo frac-
tion largely reflect differences in precipitation, suggesting that to the extent environmental conditions de-
mand an increase in the mass flux out of the sub-cloud layer, for instance as shown by George et al. (2020),
this is largely associated with the development of deeper clouds and precipitation.

Similar to what was found by Bony et al. (2020), near surface winds identify Flowers and Gravel with strong
near-surface winds, and Fish and Sugar with light winds. Our analysis, further discriminates within these
two groups, with Sugar, Fish, Flowers, and Gravel each being separated by a roughly 0.5 m s™" increase in
surface wind speeds. Precipitation increases with near surface winds, as previously noted for measurements
during RICO (Nuijens et al., 2009), with Fish being an outlier whose large rain rates are associated with
extra-tropical disturbances and anomalous low-level convergence.

Seasonal variations and back-trajectories provide further insight into the origin of differences in the
environments of the different patterns. The view of trade-wind clouds as cumulus humilis, and hence
non-precipitating with little vertical extent, as popularized by studies based on data from BOMEX (Sie-
besma & Cuijpers, 1995) and most closely associated with Sugar suggests that these are at least in the
form of large-scale homogeneous areas rather uncharacteristic of the trades. Sugar is found to favor more
suppressed conditions, uncharacteristically (for the trades) weak winds, and proximity to deeper convec-
tion in the ITCZ.

As a historical note, the third author recalls that when the large-eddy simulation community began focusing
on shallow trade-wind convection through simulations of conditions derived from BOMEX data (Siebesma
et al., 2003), Bruce Albrecht admonished us that less suppressed and more stratiform capped conditions
— as for instance seen and simulated in association with the Atlantic Trade-Wind Experiment (Stevens
et al., 2001, ATEX) and which we might today call Flowers — were more characteristic of the trades. We find
confirmation for his point of view, twenty years later, in our data. Given the association of Fish with shear
lines from remnant extra-tropical cold fronts intruding deep into the sub-tropics, only Gravel is left to add to
Flowers as an archetypical form of trade-wind convection. Fish and Sugar are intruders.

Gravel and Flowers differ substantially in their cloud amounts (as seen here) and their cloud radiative ef-
fects, as shown by Bony et al. (2020). We attribute this to Flowers forming in conditions of weaker winds,
and a drier and warmer free troposphere. These differences to Gravel would support a more pronounced
capping inversion, and stronger boundary layer cooling. Based on back-trajectories we hypothesize that
these conditions arise from an acceleration of the trades and stronger subsidence in the upstream flow along
Flowers back-trajectories. This hypothesis lends itself well to tests with LES, and may even be evident at the
somewhat coarser resolution now being simulated by a new generation of global storm-resolving models
(Satoh et al., 2019).

Independent of the formation mechanism, understanding of the conditions favoring one or the other pat-
tern may help anticipate to what extent climate change, by virtue of changes in wind-speeds, or the fre-
quency of extra-tropical disturbances, or changes in the opacity and stability of the free troposphere, will
affect the frequency of occurrence for different patterns, and thus cloud-radiative effects in the lower trades.
The widening of the tropics (Seidel et al., 2008) and the poleward shift of the extra-tropical storm-tracks
(Ulbrich et al., 2008; Yin, 2005) would, following our analysis, disfavor Fish and Flowers patterns in favor of
Sugar with a much smaller cloud fraction, and less pronounced cloud radiative effects.

Data Availability Statement
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