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On the Abundance and Common Properties of
Continental, Organized Shallow (Green) Clouds

Tom Dror*, Ilan Koren

Abstract— Warm convective clouds play a significant role in
the earth’s energy and water budgets. However, they still pose a
challenge in climate research as their feedback to predicted ther-
modynamic changes is highly uncertain and considered critical
to the overall climate system’s response. The focus of this study
is continental, organized shallow convective clouds that, although
they are spread globally and form in a variety of environments,
seem to have common properties. One of these properties seems
to be their preferred formation over vegetated areas, thus
referred hereafter as green Cu. In this article, we present new
observations of emerging universality and explore them using
a method that combines fine- and coarse-resolution remote-
sensing data sets. First, we use Moderate Resolution Imaging
Spectroradiometer (MODIS) true-color images to visually classify
cloud fields into different classes and identify green Cu fields. We
show that the level and type of organization and the properties
of these fields (e.g., cloud size distribution and cloud fraction) are
similar throughout the world, regardless of their location. Second,
we match the corresponding MODIS level-3 cloud properties to
the identified cloud classes, and based on this data sets statistics,
we develop a detection method for green Cu along ten years
of measurements (2003-2012). We examine the geographical
distribution and seasonality of this class and show that these fields
are highly abundant over many continental areas and indeed
mostly in the vicinity of vegetated regions.

Index Terms— Cloud classification, cloud remote sensing, conti-
nental clouds, fair weather cumulus, Moderate Resolution Imag-
ing Spectroradiometer (MODIS), satellite applications, shallow
cumulus.

I. INTRODUCTION

LOUDS play a key role in the earth’s energy balance
C and water cycle [1]. However, despite extensive research,
clouds still prevent confident predictions of climate [2]-[4].
More specifically, shallow warm cumulus clouds (shallow
Cu) pose one of the toughest challenges in climate research
since they constitute a major source of uncertainty in tropical
cloud feedback in climate models [5], [6], and their properties
often cannot be obtained from space [7]. Those clouds, often
called ‘fair weather cumulus’ (FWC; which is a traditional
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morphological classification, equivalent to cumulus humilis or
mediocris, World Meteorological Organization (WMO), 1969),
increase the planetary albedo and decrease the shortwave radi-
ation at the surface while having little influence on the long-
wave radiation budget [8]-[10]. Shallow Cu affect the trans-
port of mass, momentum, moisture, and pollutants from the
boundary layer to the free troposphere [11]. Thus, an accurate
representation of their processes and properties in atmospheric
models is essential for adequately simulating the fluxes in the
current and in predicted changing climates. Moreover, shallow
Cu plays an important role in preconditioning the atmosphere
for deep clouds development [12]. A better understanding of
the warm processes controlling the development of shallow Cu
is important for an understanding of deep convective clouds
[13] because the former essentially serve as the boundary
conditions for the development of deep mixed-phase clouds.
Nevertheless, being on the order of ~1 km in size [11], [14],
shallow Cu are a subgrid-scale phenomenon in most of the
atmospheric models and therefore are not explicitly resolved,
but are represented via parameterizations [9]. Recent studies
have shown that those parameterizations are one of the key
problems in both numerical weather prediction and climate
models simulations [5], [15], [16]. As a result, general circula-
tion models (GCMs) suffer from errors in the location, timing,
and extent of both shallow and deep convective clouds [17].

Compared to marine shallow Cu (i.e., the well-known trade
cumulus), continental shallow Cu have received less scientific
attention [18]. The forcing behind continental shallow Cu
formation is both stronger and time variant compared with the
relatively statistically steady convection over the ocean [12],
[13], [19]. This variability makes these clouds more difficult
to study.

Over land, shallow Cu usually form during the warm (or
dry) season [20]. Since continental shallow Cu are closely
linked to thermal convection, their properties are tightly cou-
pled with the diurnal cycle of surface fluxes, boundary layer
stability, and relative humidity. They usually form around mid
or late morning when the boundary layer depth (controlled
by the interplay between the surface fluxes, the static stability
of the atmosphere above the boundary layer, and large-scale
subsidence or lifting) grows above the altitude of the lifting
condensation level (LCL; quantifying the amount of moisture
in the lower part of the boundary layer) [9] and dissipate
after sunset [11], [21], [22] if they do not transition to deep
convective clouds in the late afternoon (a case which requires
supportive meteorology [23], [24]).
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Previous work has examined continental shallow Cu in
different regions throughout the world, focusing mainly on
the Southern Great Plains (SGP) [9], [11], [12], [14], [25],
[26] and the Amazon basin [27]-[29]. Specifically, toward
improving the representation of shallow Cu in GCMs and
numerical weather prediction models, factors such as their
cloud size distribution (CSD) and diurnal cycle, are being
extensively studied. A number of studies have examined the
size distributions of shallow Cu over land. Some of them have
reported an exponential CSD shape [9], [30]-[32], and others a
power-law behavior [33]-[37]. However, none of these studies
performed a systematic analysis of the clouds on a global
scale. Here, we examine the properties of shallow continental
Cu. Our analysis reveals that these clouds, observed from low-
to mid- and high-latitudes in a variety of climatic regions,
share universal behavior and appearance. Namely, in many
cases, continental shallow convective clouds exhibit similar
properties, such as cloud cover, CSD, organization pattern,
and preferred formation in the vicinity of vegetated area, thus
referred to hereafter as green Cu. This can be clearly seen for
the three different regions shown in Fig. 1(a)-(c). We explore
the universal properties and prevalence of green Cu fields.
Using a combination of coarse- and high-resolution remote-
sensing data, we globally identify these cloud fields, examine
the similarities between them across the world’s continents,
and quantify their abundance, with a special focus on cloud
fields that form over and near forests and vegetated areas.

II. METHODOLOGY
A. Regions of Interest

To study the abundance and properties of green Cu,
we chose three vast (14° x 14°) regions of interest (ROIs) that
are known to exhibit shallow convection during the northern
hemisphere (NH) summer (dry season in the tropics; June—
July—August [JJA]). The first ROI is located in the Amazon
basin and spans the area between 3°S — 17°S and 63°W —
49°W, the second is located in the central USA, spanning
the area between 30°N — 44°N and 96°W — 82°W, and the
third ROI is located in Eastern Europe and spans the area
between 46°N — 60°N and 27°E —41°E. Fig. 1(a)—(c) shows
a 1° x 1° area from each region, and the locations of the
ROIs superimposed on a global topography map are shown
in Fig. 1(d) (see black boxes). The three examined ROIs
exhibit different climates and different large-scale circulations.
The Amazon, USA, and Eastern Europe are categorized by
the Koppen climate classification as tropical savanna climate,
humid subtropical/continental climate, and humid continental
mild/hot summer, respectively [38]. During the NH summer,
as the pole-to-equator temperature gradient is reduced, the
Intertropical Convergence Zone (ITCZ) reaches its northward
displacement (~10°N) and the Amazon region is dominated
by the South Atlantic Subtropical High [39]. At the same time,
the extratropical storm track over midlatitudes weakens and
migrates poleward [40], resulting in periods of anticyclonic
conditions [41], [42] in the USA and Eastern Europe ROIs.
These large-scale patterns can drive periods during the NH
summer, for which there is subsidence at middle atmosphere
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accompanied by a humid boundary layer and moderate surface
winds that support the formation of green Cu fields in the
three ROIs [43]. As is evident from Fig. 1(d), the three
ROIs, Amazon, USA, and Eastern Europe, have low-altitude
topography (271.64+152.2,208.74+123.9, and 142.64+54.5 m,
respectively); moreover, they all share moderate gradients in
the topography, with mean slopes (6) of =0.0378°,0.0351°,
and 0.0212°, respectively.

B. Remote-Sensing Data

We used measurements from the Moderate Resolution
Imaging Spectroradiometer (MODIS) [7], [44], [45] onboard
the Aqua satellite for the years 2003-2012. Aqua’s orbit
architecture is timed to cross the equator from south to north
(ascending mode) at approximately 13:30 local solar time.
At this time, the surface fluxes are maximal, which enables
Aqua to capture the cloud fields around their daily peak of
development in terms of many of the clouds’ properties (e.g.,
cloud fraction [CF], cloud top height [CTH], cloud depth, and
liquid water path) [11]-[13].

For the first stage, visual classification of the cloud fields
(and their morphological analysis), we used high-resolution
(500 m) true-color images, while cloud properties (CF and
CTH) used for the second stage of globally identifying green
Cu fields, were derived from MODIS daily level-3 data (L3;
with a spatial resolution of 1° x 1°). Each 14° x 14° ROI
was divided into smaller 1° x 1° subsets, each composed of
228 x 228 pixels (representing the scale of the cloud field,
hereafter cloud fields). This was done while excluding the
regions located up to 300 km from the granule edges, to avoid
averaging cloud properties over two MODIS overpasses, and
pixel distortion issues (i.e., “bow-tie-effect” [46]). The green
Cu fields’ data set, obtained by the visual classification, is
comprised of a total number of 58, 47, and 43 MODIS
overpasses (i.e., days) for the Amazon, USA, and Eastern
Europe ROIs, respectively. The cloud fields were centered
around half of a degree to match the MODIS L3 grid.

Land cover data were taken from the European Space
Agency (ESA) Climate Change Initiative Land Cover
(CCI-LC) project [47]. Here, we used the 2007 CCI-LC map.
We chose 2007 as a representative year for the time span of the
analysis (2003-2012) because comparison of the land cover
maps for 2003 and 2012 showed only minor modifications,
which were explained by the coarse resolution at which
we inspected the changes (1° x 1°). The map depicts the
geographical distribution of global land cover at a resolution
of 300 m. We aggregated the map into 1° x 1° resolution
using the CCI-LC user tool to match it to the cloud fields and
MODIS L3 resolution.

C. Morphological Analysis

We used high-resolution (500 m) satellite data in the visible
for calculating morphological properties of 1° x 1° cloud
fields (228 x 228 pixels). First, we constructed a cloud mask
based on the one developed by [29]. While there are many
cloud detection algorithms (see [48]-[50] and others), here,
we used the one based on [29] since it was constructed
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Fig. 1. Example of a 1° x 1° green Cu field over (a) Amazon basin, (b) central USA, and (c) Eastern Europe. (d) Global topography (height above mean

sea level) map. Black boxes represent the three different ROIs.

specifically for investigating continental shallow clouds over
the Amazon, using MODIS RGB channels. A threshold of
>0.39 was applied to the reflectance of the RGB channels
(bands 1, 3, and 4, respectively). Bright pixels that are not
clouds (e.g., deforested areas and bright roads) are not white,
and they therefore have spectral dependence in the visible
spectrum. This was accounted for by applying a second filter
(<0.06) to the absolute differences in reflectance between the
red and blue bands. After applying the cloud mask to all
cloud fields, we defined cloud objects by setting the pixel
connectivity to four, i.e., pixels belong to the same object
if their edges touch, but not if their corners touch. Clouds’
morphological properties were calculated, including CSD, CF
(CF:ac), the number of clouds in the field (N), and the
distance of each cloud centroid from its nearest neighbor (NN)
(see Fig. 3).

III. RESULTS

A. Visual Classification of Cloud Fields

To characterize and examine green Cu fields over the
world’s continents, first, we had to distinguish the relevant
fields from other cloud field types. Since the human eye is
exceptional at detecting patterns, for this stage, we used visual
classification. The three ROIs that often exhibit organized shal-
low Cu fields (as described in Section II-A) in the warm (dry)
season (JJA) were chosen and investigated. Each ROI was

divided into 1° x 1° cloud fields, which were then categorized
into four different classes: 1) sparse (no clouds to a few
shallow Cu); 2) organized shallow Cu (green Cu); 3) transition
from shallow to deep convection (deeper clouds that appear
as “puffy” organized shallow Cu and/or clustered organized
shallow Cu, hereafter transition); and 4) deep convective (big
clouds that cover most or even all of the cloud field, hereafter
deep). We note that over the selected ROIs, other classes of
clouds, such as shallow stratiform or cirrus, were not common.
Classic examples for the four classes of cloud fields are shown
in Fig. 2. Cloud fields that were not clearly associated with one
of the four classes for reasons such as cirrus contamination,
fires, and highly nonuniform fields, were excluded from the
analysis.

The visual classification was performed for the period
of July—August 2008 for the three ROIs. The classification
resulted in a data set containing a total of 12 146 cloud fields,
of which 2762 were classified as sparse, 2142 as green Cu,
2446 as transition, and 4796 as deep convective. Focusing
on the green Cu class, Fig. 3 shows some key organization
parameters—CSD, CF.,., N, and NN, as calculated from
the high-resolution images (see Fig. 3(a)—(d), respectively).
As suspected by observing Fig. 1, Fig. 3 reveals that indeed,
green Cu fields exhibit similar values in all of the inspected
regions. When examining the CSD [see Fig. 3(a)], all of
the curves showed almost identical behavior, with a peak at
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Fig. 2. 1° x 1° RGB images of the four different classes into which the cloud
fields were visually classified. (a) Sparse. (b) Organized shallow cumulus
(green Cu). (c) Transition from shallow to deep convection (transition).
(d) Deep convection (deep).

the cloud size of 1 km, in agreement with previous studies
[11], [14]. We note that the CSD most likely underestimates
the counts of the small clouds (<500 m) due to restrictions
resulting from the image resolution. CF.y. was practically
the same for all ROIs [ranging between 0.186 and 0.202,
Fig. 3(b)], whereas N varied between ~450 deg~ in Eastern
Europe to ~550 deg™2 in the Amazon, and ~755 deg~? in the
USA [see Fig. 3(c)]. The more numerous clouds in the USA
ROI are also evident in the CSD, which shows more of the
smaller clouds and less of the bigger ones. In terms of mean
NN, again, the values presented by the three ROIs converge to
~2.5 km. The parameters examined in Fig. 3 suggest similar
organization patterns shared by the cloud fields in the different
ROIs. However, they do not give direct evidence of the level
or type of organization. We further inspected the organization
exhibited by the cloud fields by calculating the NN cumulative
density functions (NNCDFs) of the observed cloud fields and
plotting them against the Poisson NNCDF, which represents a
randomly distributed cloud field (with NNCDF given by the
Weibull distribution; [51]). As evident from Fig. 4(a), the mean
NNCDF curve for each ROI (each in a different color) deviates
from randomness toward a more regular, grid-like pattern (i.e.,
all curves are below the diagonal, indicating that the number of
clouds within a certain distance are less than that predicted by
the theoretical random distribution). The organization index
(org; [52]) for each ROI was then derived by integrating
the area under each of the NNCDF graphs. While random
convection yields oz = 0.5, the mean values of the different
ROIs are all smaller: I, = 0.4540.09, 0.41£0.07, 0.4440.08
for the Amazon, USA, and Eastern Europe ROIs, respectively.
Fig. 4(b) lays out the phase space spanned by I, and the
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Fig. 3. Cloud field morphological parameters for the different ROIs
(Amazon, black; USA, blue; Eastern [E.] Europe, red) as calculated from
the high-resolution images. (a) CSD. (b) Calculated CF (CF,c). (c) Number
of clouds in a field (N). (d) Distance from the NN. Errors bars are STDs.

mean cloud object size, S = (CF./N) x 10* [53], to
show the diversity of patterns exhibited by the different cloud
fields. Although there is some natural variability between the
different ROIs, as well as between different fields in the same
region, most cases (>75%) fall in the lower left quadrant,
suggesting the predominance of small clouds with a regular
organization. Some of the cloud fields are located in the upper
left quadrant of the phase space, indicating small clouds which
are more clustered. Integrating the organization parameters
shown in Fig. 3, with the analysis from the upper panels of
Fig. 4, gives in consistent grid-like organization of the cloud
fields in the different ROIs. A regular organization can be
regarded as a private case of a linear organization pattern (also
known as cloud streets), which is the case for many of the
examined cloud fields. An example of such a case (from the
Amazon region) is shown in Fig. 4(c) and marked by a star
on the phase space in Fig. 4(b). The clouds are aligned along
a preferred angle, which can be found using a Radon-like
analysis by rotating the cloud-field image and summing the
cloudy pixels (equivalent to intensity) over the image’s rows
[see Fig. 4(d)]. While the signal is noisy, and there might be a
few preferred angles that correspond to different spatial scales
in the field, it is evident that there is a distinct angle for which
the summation of cloudy pixels is maximal. For this case, the
preferred angle (§ = 26°) deviates by more than two standard
deviation (STD) units from the mean [light gray shaded area
in Fig. 4(d)]. The binary cloud mask image rotated at 8 = 26°
is shown in Fig. 4(e).

B. Global Identification of Green Cu Fields

Post-classification, each 1° x 1° cloud field was assigned
to the matching Aqua MODIS L3 cloud products (resolution
of 1° x 1°): CF, CTH, and the associated STDs (see Fig. 5).
The minimal number of cloud properties enabling successfully
distinguishing between the different classes was chosen from
the many cloud products offered by MODIS L3. Specifically,
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(a) Observed NNCDF against Poisson NNCDF for the Amazon (black), USA (blue), and Eastern (E.) Europe (red) ROIs. The diagonal dashed line

represents a perfectly randomly distributed cloud field, while deviations above (below) the diagonal indicate a tendency toward clustering (regularity). The
mean organization index (/org [52]) of each ROI is given in the top-left corner. (b) /org against mean object size (S [53]). Different ROIs are represented by
the colors specified in (a). Star marks specific case study that is examined in the lower panels. (c) True-color (RGB) image from the Amazon region that
exhibits linear patterns. (d) Intensity (maximum number of cloudy pixels summed over the rows for different rotation angles). Black dotted line is the mean
values; gray shaded area marks one unit of standard divination. (e) Binary image of the field’s cloud mask rotated to the angle of the maximal sum of cloudy

pixels (6 = 26°).

CF and its STD were chosen because CF (sometimes referred
to as cloud cover) is among the most basic, but also one of
the most important properties of a cloud field. CTH and its
STD were selected to ensure that we are indeed tackling warm
clouds. Other cloud properties were examined as well (e.g.,
cloud top pressure, cloud top temperature, liquid water path,
and cloud optical thickness) and were found to behave in a
fashion that was consistent with the chosen parameters. Thus,
these cloud properties were excluded from this analysis to
avoid redundancy. As shown in Fig. 5, the three regions exhibit
similar cloud field characteristics, confirming that the cloud
fields identified for the different ROIs are also consistent in
terms of cloud properties. As expected, L3 cloud properties
(CF and CTH) increase as a function of the cloud field type
(going from sparse to deep). The STDs of CF and CTH are
standard MODIS L3 products that are derived from the higher
resolution level-2 data (resolution of 1 km) and therefore can
be used as a measure of the cloud’s organization in the field.
A low STD value indicates that the cloud field is uniform,
for example, in the case of no clouds (such as some of the
sparse cloud fields) or a large cloud that covers the whole field
(such as some of the deep cloud fields). On the other hand, a
high STD suggests that the cloud field is nonuniform. This can
happen when the cloud field contains clouds of many different
sizes (transition) or for a large cloud that covers a big portion
of the field, but not all of it (as in some of the deep cloud field
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Fig. 5. Boxplot of MODIS L3 cloud properties assigned to the different

classes of the visually classified cloud fields: sparse, green Cu, transition
(from shallow to deep convection), and deep convection (deep). (a) CF and
(¢) CTH and (b) and (d) corresponding STDs, respectively. The Amazon,
USA, and Eastern (E.) Europe ROIs are represented in black, blue, and red,
respectively.

cases). For the case of green Cu, we expect a low-to-moderate
STD for CF and CTH, as shown in Fig. 5(b) and (d).

Next, the MODIS L3 cloud properties (shown in Fig. 5)
were used to detect green Cu fields on a global data set
covering ten years (2003-2012). We applied the 10th and 90th
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Fig. 6. Probability (%) of observing a green Cu field over land (60° N — 60°S) during (a) December—January—February (DJF), (b) March-April-May (MAM),
(c) JJA, and (d) September—October—-November (SON) for the years 2003-2012. White boxes represent the three ROIs. Note that the ROIs cover an area of
14° x 14° [see Fig. 1(d)] but appear rectangular here due to vertical exaggeration. White areas are either oceans or pixels with not enough data due to failure

of the MODIS L3 retrieval.

TABLE I

MEAN 10TH AND 90TH PERCENTILE VALUES USED AS LOWER AND UPPER
THRESHOLDS TO IDENTIFY GREEN CU FIELDS OVER TEN YEARS
(2003-2012) oF THE MODIS L3 DATA SET

Cloud Property 10 Percentile 90 Percentile
CF 0.093 0.446
CF-STD 0.125 0.242
CTH (m) 534.2 2088.0
CTH-STD (m) 170.0 1591.4

percentiles of CF, CTH, and their STDs (as presented in Table
I) as the lower and upper thresholds to automatically identify
green Cu fields and calculate their probability of occurrence.

Fig. 6 shows the global (60°N-60°S) spread of the occur-
rence probability of green Cu fields throughout the different
seasons (along ten years). The highest probabilities for green
Cu fields can be found mostly during JJA [see Fig. 6(c)]
around the three ROIs but also in south-east Africa and
Australia. The region where green Cu are most abundant
is the Amazon basin, with values of up to ~31% in JJA.
Green Cu fields peak during JJA (NH summer; dry season in
the Amazon) due to the stable meteorological conditions that
support shallow convection over deeper clouds [20]. Green
Cu are still evident in other seasons and other regions but to a
lesser extent. The shift from one class of cloud field to another
is not abrupt, but more of a smooth transition. For this reason,
approaching the lower and upper limits of the distribution of
the cloud properties used to identify green Cu (CF, CTH, and
their STDs, see Fig. 5), there may be some overlap between
the different classes. To minimize false detection of other
cloud field classes as green Cu (i.e., false-positive errors),

we applied a conservative approach that missed some of the
green Cu cases (false-negative errors). We used restricted
thresholds to identify green Cu (see narrow ranges in Table I).
Other sources for false-negative errors stem from the coarse
resolution and from MODIS retrieval errors and biases as, e.g.,
suggested by [54] and also from the presence of cirrus clouds
that exhibit extremely high CTH values, even though they
might be completely transparent in the high-resolution RGB
images (i.e., cirrus contamination). We, therefore, note that
the maps shown in Fig. 6 constitute a lower bound estimate
for green Cu probabilities. Moreover, detailed examination of
the high-resolution images of the cloud fields classified as
sparse and transition showed that these fields are essentially
derivatives of green Cu fields. For example, a sparse field
can be thought of as a forming or dissipating green Cu
field, and a transition field might simply be the deepening
and/or clustering of a green Cu field. For this study, since
we are interested in the unique organization pattern of green
Cu fields, we restricted the classification to identify only
the classical green Cu fields. Nonetheless, for other purposes
(e.g., climatological analysis), the selected thresholds can be
relaxed to better represent the probability of occurrence of
green Cu. When relaxing the thresholds and applying, e.g.,
the 1st and 99th percentiles of CF, CTH, and their STDs, thus
allowing for more false-positive, but less false-negative errors,
the probabilities increase in all regions, and reach ~69% in
the Amazon in JJA (not shown).

When examining the JJA green Cu probability map
[see Fig. 6(c)] against the ESA CCI-LC project [47], it is
evident that these cloud fields are indeed associated with
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Fig. 7. Pie chart showing the frequency of occurrence of green Cu with the
probability of >5% over different land cover types.

vegetated areas, therefore supporting the initial observation
and affirming their label as green Cu; 42.2% of green Cu (with
the probability of >5%) occur above forests, 27.8% above
shrublands, 12.7% above croplands, 11.0% above grasslands,
and 4.0% above sparsely vegetated areas (see Fig. 7). Green
Cu fields are not likely to occur above bare, flood, snow,
or urban areas (<1.2% each).

IV. SUMMARY AND CONCLUSION

We show that a significant portion of the shallow continental
convective cloud fields shares common properties, although
they are distributed globally and form under a variety of
climatic conditions [see Fig. 1(a)-(c)]. We used different
remote-sensing data sets to explore this novel observation of
emerging universality on a global scale. We examined three
ROIs located over the tropics, and mid and high latitudes
(see Fig. 1(d); Amazon basin, central USA, and Eastern
Europe, respectively) and visually classified two months of
high-resolution Aqua MODIS RGB images into four different
classes of cloud fields: sparse, green Cu, transition, and deep
(see Fig. 2). Analysis of the visually classified green Cu fields
showed similar organizational patterns, as expressed by prop-
erties such as CSD, CF_,, N, and NN (see Fig. 3). Moreover,
by examining the NNCDF of those cloud fields and comparing
it to a theoretical random distribution (Poisson NNCDF),
we found that the cloud fields deviate from randomness and
exhibit a similar regular organizational pattern [see Fig. 4(a)],
with I, < 0.5 in all ROIs. We showed that over 75% of
the green Cu fields are located in the lower left quadrant of
the phase space spanned by the /,,, and the mean object size
(S) [see Fig. 4(b)], indicating small shallow clouds that are
organized in a grid-like manner. A regular field is a private
case of a linearly organized shallow cloud field (cloud streets),
which is a prevalent pattern in many of the green Cu cases.
We used an example of such a field to show that the clouds
exhibit a preferred alignment direction [see Fig. 4(c)—(e)].

Next, by assigning each classified cloud field class with
the matching coarser resolution (1° x 1°) MODIS L3 data,
we showed that green Cu share similar cloud properties on
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this scale as well (CF, CTH, and their STDs, see Fig. 5). This
allowed us to tune specific thresholds (see Table I) and use the
coarser resolution MODIS L3 data set to globally detect green
Cu fields for a period of ten years. By exploring the global
(60°N—60°S) probability maps (see Fig. 6), we show that green
Cu are most abundant in the Amazon during the dry season
(JJA), with values reaching as high as ~31%. Furthermore,
we suggest that this value is a lower limit for green Cu
occurrence since we used coarse resolution cloud properties
and conservative thresholds (to minimize false-positive errors).
In fact, green Cu are probably more ubiquitous both in space
and time. When relaxing the thresholds and capturing more of
the green Cu fields (but also more of the sparse and transition
fields), probability values can reach ~69% in the Amazon
(depending on the specific thresholds used). In future work,
we plan to zoom-in to specific areas and examine green Cu in
additional regions, such as Africa, Australia, and China.

Finally, by examining the land cover above which we found
a high probability of green Cu occurrence, it could be con-
cluded that these clouds preferably form over vegetated areas.
Specifically, it seems that they form over forests, shrublands,
croplands, and grasslands (see Fig. 7). In forests and other
vegetated regions, the soil and vegetation are moist enough
to provide a source of water for the atmosphere through
evapotranspiration, consisting mainly of plant transpiration and
bare soil evaporation [55]. The land cover properties (e.g.,
vegetation cover, soil moisture, surface roughness, and soil
type) mediate the surface fluxes, and therefore the exchange of
energy and moisture, and the partitioning between sensible and
latent heat (i.e., the Bowen ratio) [56], [57]; this affects cloud
formation and properties [29], [58]-[61] and creates conditions
that favor the formation of green Cu.

Here, we show that a subset of the continental warm Cu
fields, defined as green Cu because of their strong association
to vegetated areas, shows robust universal characteristics. The
links of the reported properties to dynamic and microphysical
processes should be further explored in future work, but
such information on formation conditions and cloud fields
properties can serve to better parameterize subgrid cloud fields
in GCMs. Therefore, future GCMs will be able to consider not
only bulk properties of clouds but also subgrid morphological
information, such as clouds’ organization patterns. This will
advance and improve cloud representations in GCMs in terms
of radiative and thermodynamic effects.
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