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Shallow cloud fields exhibit different patterns, such as closed or open hexagonal cells and cloud streets.
These patterns play a key role in determining the cloud fields’ radiative effects, thereby affecting the
climate. Here, we show that a large subset of shallow cloud fields forms organized, mesoscale-sized,
regular patterns that persist for extended times. It emanates from the steady state of the underlying rigid
configuration of convection cells. From a climate perspective, in a sea of cloud complexity, the convective
steady-state provides an “island of simplicity.” The convective steady state can be parametrized in climate
models to better capture the feedback of such cloud fields in a warming climate.
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Shallow cloud fields cover large areas over the world’s
oceans and lands. They reflect part of the shortwave
radiation while emitting in the long wave at a temperature
close to that of Earth’s surface, thus contributing to a net
cooling effect on the planet [1]. We still lack a full
understanding of the interplay between the governing
processes that control shallow cloud fields’ properties
and their feedback to changes in environmental conditions.
Consequently, the representation of such fields in climate
models leads to large uncertainties in climate predic-
tions [1,2].
Shallow cloud fields were shown to exhibit a variety of

patterns, such as closed or open hexagonal cells [3–5],
cloud streets [6], clusters [7,8], skeletal networks, or
mesoscale arcs [9]. Such patterns are often referred to as
the cloud field’s organization. The organization derives
from the interaction of numerous processes related to the
internal dynamical and microphysical cloud processes and
the large-scale external forcing dictated by meteorological
conditions. The field’s organization affects and is affected
by environmental conditions and plays a key role in
determining its properties. It can affect the clouds’ sizes,
lifetimes, and precipitation patterns and, hence, the overall
radiative effects [10].
A conceptual model describing the interplay between

cloud formation by condensation and depletion by rain
based on the properties of marine stratocumulus clouds
(MSCs) demonstrated a solution space with two nonchaotic
states: steady state and nonharmonic oscillations [11]. A
simplified version of the model expressed as a first-order
nonlinear delay differential equation describes how the
time-dependent cloud depth (H) is controlled by the aerosol
concentration (N), which regulates the strength of the sink
term (rain) [12]:

dH
dt

¼ H0 −H
τ

−
α
ffiffiffiffi

N
p H2ðt −DÞ; ð1Þ

Here H0 is the cloud carrying capacity representing
the thermodynamic conditions (instability) by means of
the system’s maximal potential for cloud depth, τ is the
characteristic time for reaching the carrying capacity
(i.e., the cloud recovery time), α is a scaling constant
(∼100 day−1m−2.5) determined by theoretical considera-
tions and measurements [13–15], D is the time delay of the
sink term, representing the time of conversion of droplets
to rain by stochastic microphysical collection processes,
and t is time.
The steady-state solution ðdH=dtÞ ¼ 0 reflects a balance

between cloud-forming and cloud-depleting processes; i.e.,
light rain consumes the cloud at the exact rate of cloud
replenishment. A Hopf bifurcation separates the steady
state from an oscillating state, which describes processes of
cloud formation by environmental instability and conden-
sation and cloud depletion [12,16]. Observations show that
the oscillatory solution is captured in the morphology of
open cells [17]. Open cells precipitate and oscillate; their
patterns change over time as the clouds form, rain, and
deplete [11,18,19]. The steady-state solution represents
closed cells in MSCs. It results in a rigid cloud field
structure, composed of many such closed cells, which lasts
for several days, creating cloud decks that extend to
thousands of kilometers over the eastern subtropical oceans
[4]. However rigid, convective steady state (CSS) does not
imply stagnation. It suggests a dynamical, Rayleigh-
Bénard-convection-like balance for which the Rayleigh
number exceeds the critical threshold to initiate organized
convection. Still, it is small enough to dictate steady
convective cells that occupy the entire field [20,21]. The
CSS is reflected both in the spatial and temporal domains. It
manifests as uniformly organized patterns with a strong
tendency toward regularity (cellular, grid, or linear) [7,22].
Many works were dedicated to studying the oscillations

in open cells, e.g., [12,18,19], while less attention was
given to the steady-state regime. In this work, we expand
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the concept of CSS to other boundary-layer clouds that
exhibit high regularity in their organization, such as cloud
streets over ocean and land (Fig. 1). Cloud streets appear
over both water and land as individual shallow cumulus
clouds are organized by horizontal roll vortices during cold
air outbreaks over the sea or in the daytime planetary
boundary layer (PBL) over land [6,23]. Continental cloud
streets consist of shallow cumuli that line up as pearls on a
string. These continental clouds, recently termed green
cumulus due to their tendency to form over forested and
vegetated regions [24], are distinguished by their strict
regular organization [24,25], forming either grid or cloud
street mesoscale patterns that may persist over the course of
a day [26].
To examine the morphological evolution of shallow

cloud fields, we use the high spatiotemporal resolution
of the GOES satellite dataset [28], and the Weather
Research and Forecasting (WRF) modeling data [29].
The satellite dataset consists of images of visible

reflectance (0.64 μm) obtained every 5 minutes at a fine
resolution of 0.5 km from the Advanced Baseline Imager
onboard GOES-17 and GOES-16. The simulations data-
set includes the mean vertical velocity of the lower PBL
(w̄-field). The w̄-field’s resolution depends on the simu-
lation (between 222 and 600 m and 1–2 sec; see Fig. S1 and
Table S1 in Supplemental Material [30]). We use a
Lagrangian framework, relying on a tracking approach
first introduced by [17], to track patterns of corrected
reflectance (R) and w̄, representing the clouds and the
underlying convective cells as indicators of the field’s
organization. The Lagrangian framework corrects for the
mean flow (i.e., advection) and allows a detailed view of
the secondary flow, reflecting the organization’s nature [6].
For further information on datasets and Lagrangian
tracking, refer to the Supplemental Material [30] and
Appendix A, respectively.
Following the same cloud element provides insights

regarding the convective cells’ local morphology and time

FIG. 1. Gallery of patterns formed by shallow cloud fields. Corrected reflectance (R) images of (a) closed cells and pockets of open
cells in MSCs captured over the northeastern Pacific Ocean on April 10, 2020. (b) Cloud streets along the east coast of the United States
on December 1, 2020. (c) Cloud streets formed by green cumulus clouds over the continental United States on August 22, 2018. Images
obtained by NOAA’s GOES-16 and GOES-17 satellites [27]. The areas where Lagrangian tracking was initiated are marked by the
dashed boxes.
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evolution. Thus, if the patterns last for a significant part of
the day, the corresponding Lagrangian corrected dataset
will maintain a similar structure [17,19,31]. This is clearly
demonstrated in Video S1 in Ref. [32], showing that the
patterns of the Lagrangian-corrected w̄-fields are quasista-
tionary in time.
Following the Lagrangian correction, we form the

Lagrangian-Hovmöller space (LHS), which indicates
how close the system is to a CSS. The LHS is obtained
by extracting a cross section from each Lagrangian-
corrected snapshot and stacking them into a matrix. In
the LHS matrix, the axis parallel to the extracted cross
sections reflects the spatial dimension, while the orthogonal
axis is the time. If the Lagrangian tracking successfully
corrects for the mean flow and the system is in a CSS,
the corresponding LHS will map convective elements as
straight lines parallel to the time axis. Apart from theo-
retical cases unlikely to occur in nature, such mapping is
unique; i.e., the long parallel lines will appear only if the

two conditions are satisfied (more details regarding the
formulation of the LHS are found in Appendix B and in the
Supplemental Material [31]).
Starting with observations, we track 125 km2 represen-

tative boxes for 11 h in the case of open and closed cells and
∼7∶45 h in the case of marine and continental cloud streets
(see the boxes in Fig. 1 and snapshots of the boxes
in Fig. 2).
For each box, we extract a Lagrangian cross section of

R [17,19], form the LHS, and evaluate the CSS. As
expected, the closed cells maintain an approximately fixed
spatial structure, and the diurnal cycle of R contains almost
all the variability. The straight ridges in Fig. 2(e) elucidate
that the closed cells do not exhibit significant structural
changes during the analysis. Analogous to the closed cells,
the LHS of the marine cloud streets exhibits horizontal
patterns [Fig. 2(g)]. The patterns are perfectly horizontal in
the center of the matrix but diverge above (tilt upward) and
below (tilt downward) the center. The divergence of the

FIG. 2. Lagrangian analysis observations. Snapshots of tracked R boxes of (a) closed and (b) open cells, (c) marine cloud streets, and
(d) continental cloud streets (green cumulus). The dashed magenta lines mark the cross section used to form the LHS. Below each
snapshot, the corresponding LHS is shown (e)–(h). Dashed yellow polygons in (f) mark areas of cloud segments splitting due to rain.
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patterns indicates the mean flow is not uniform within the
selected box, such that the upper and lower parts of the box
are likely subjected to a slightly different advection.
The elongated stripes in the green cumulus LHS

[Fig. 2(h)] are less coherent than in the closed cells.
Unlike the ocean, the land surface is heterogeneous,
exhibiting variations in land cover, terrain roughness,
and topography. These irregularities act as perturbations
to the CSS, resulting in changes and meandering of the
continental cloud street patterns. Nonetheless, the green
cumulus LHS exhibits straight patterns parallel to the time
axis that persist for periods of up to five hours.
The LHS of the open cells shows a different pattern. The

segments are short and often discontinuous. That is, many
segments end in a triple-junction structure in which they
split into two parts, above and below it [see yellow dashed
boxes in Fig. 2(f)].
The top-down nature of satellite observations is limited

in its ability to inform us regarding the flow in PBL. In
that respect, clouds serve as markers for convection

organization. We argue that the CSS is a quantity related
to the essence of convection and refer to the convection cells
as the preserved entity. Note that in Eq. (1) the term ðdH=dtÞ
(the change of cloud depth with time) essentially corre-
sponds to the vertical velocity (w). Thus, and to further
explore the CSS assumption, we employ a cloud-resolving
model able to produce the otherwise invisible pattern
of updrafts and downdrafts shaping the cloud field’s
organization.
We have simulated fields of closed and open cells and

marine and continental cloud streets using the WRF
model (see Supplemental Material and Fig. S1 [30]). The
simulations were able to capture the cloud field patterns
with a remarkable similarity to observations (Fig. 5), which
strengthens our confidence in the ability of the model to
capture the governing processes determining the fields’
organization. We follow the w̄-field, which explicitly
represents the structure of convection cells.
Consistently with the analysis of the observational

dataset, we track the boxes of different cloud fields, now

FIG. 3. Lagrangian analysis modeling. Snapshots of the tracked w̄ boxes of (a) closed and (b) open cells and (c) marine and
(d) continental cloud streets. The dashed magenta lines mark the cross sections used to form the LHS. Below each snapshot, the
corresponding LHS are shown (d)–(f). In panels (e), (g), and (h), thick black contours delineate the horizontal extent of positive updraft
objects, while the yellow contour in (f) marks areas with substantial rain below the cloud base (rainwater path > 6 gm−2).
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in the w̄ domain. We subsequently follow their evolution
during ∼10 h for the closed cells and ∼8 h for the open
cells and the cloud street fields. See characteristic snapshots
of the boxes in the upper row of Fig. 3 and the boxes’ time
evolution in video S1 [30].
Starting with the nonprecipitating or lightly precipita-

ting cloud fields, the w̄-LHS of the simulated closed cells
[Fig. 3(e)] and of both marine and continental streets
[Figs. 3(g) and 3(h)] exhibit mostly an uninterrupted hori-
zontal linear pattern. The marine cloud fields show updraft
segments that remain remarkably steady throughout the
simulations’ time. The LHS of the continental cloud streets
exhibits a noisier manifestation of the aforementioned hori-
zontal patterns. Recall that the green cumulus field is subject
to larger environmental variations, such as surface hetero-
geneity and a strong diurnal cycle. For example, the green
cumulus box passes over different topographies throughout
the day (Fig. S2 [30]). These variations induce a slow drift
of the green cumulus patterns during the day, observed in
the simulation. Nonetheless, continuous nearly horizontal
updraft segments persist for several hours, and some even
remain for the entire simulation duration (∼8 h).
The w̄-LHS of the simulated open cells shows the

recharge-discharge patterns associated with the oscillatory
solution of Eq. (1); updraft segments abruptly break when
significant rain falls [Fig. 3(f); see also Fig. S3 [30] ].
Induced downdrafts, fueled by rain evaporation below the
cloud base, counteract the updrafts, often reversing the flow
such that the updrafts at the core of the convective cells
are shifted to the sides. Such an effect is manifested by a
triple-junction pattern, similar to that obtained by the
observations. The yellow contour in Fig. 3(f) (marking
rainwater path > 6 gm−2) lies perfectly on the triple
junctions, where convection cells perish and split to form
the new generation of clouds.
For the theoretical steady state, obtained when the right-

hand side of Eq. (1) equals zero ðdH=dtÞ ¼ 0, convection
cells are expected to last forever. In nature, however, the
averaged spatial scale (L) of an atmospheric phenomenon
is typically proportional to its averaged timescale (T), such
that T ∝ L2=3 [33–36]. The emergence of a CSS breaks this
time-space scaling. An Oð10 kmÞ closed cell in MSC, and
an Oð1 kmÞ shallow cumulus over the ocean, and green
cumulus over land, form highly organized mesoscale-sized
patterns that last longer than predicted. Using the LHS we
estimate a characteristic lifetime for convective cells in the
different simulated cloud fields. We define positive updraft
objects and examine their horizontal extent; see, e.g.,
highlighted objects in Figs. 3(e), 3(g), and 3(h). In the
absence of significant rain, the characteristic lifetime of
many of the convective cells over the ocean spans the whole
simulation time. In the case of the continental cloud streets,
surface fluxes inhomogeneities driven by changes in the
topography and surface properties (such as vegetation type
and water bodies) perturb the flow, causing the convective

cells to meander or even break. Nevertheless, the lifetime of
many of the continental convective segments spans a few
hours (more than half of the simulation time). Considering
the typical spatial scale of the convective cells, as deter-
mined from both observation and model data, we use the
ratio between the observed and the expected lifetime to
estimate the CSS signature on the field:

σ ¼ Tobserved

Texpected
ð2Þ

We estimate σ > 75 for the closed cells, σ > 280 for
marine cloud streets, and σ > 144 for continental cloud
streets. Note that the σ values of the marine cloud fields are
lower-bound estimations. The cells might endure even
longer. However, our analysis is limited to visible wave-
lengths during the daytime. Moreover, cloud fields are
advected throughout different environmental and aerosol
conditions that together with the diurnal cycle break the
symmetry and act as perturbations to the CSS. Thus,
Tobserved is limited to temporal scales of a few days over
the ocean and several hours over the continents, where the
stronger diurnal cycle dictates faster thermodynamic
changes. Still, for all cases shown here σ ≫ 1, suggesting
that self-organization processes act to prolong the lifetime
of convection cells toward the cloud field’s characteristic
scales (L ∼ 1000 km, T ∼ 24 h).
Shallow convective cloud fields form mesoscale patterns

that are largely ignored in climate models. This can be
traced back to the insufficient understanding of mesoscale
organizing processes and their impacts on larger scales.
Specifically, the radiative impact of such cloud patterns is
not completely understood. By combining observations and
simulations, this work bridges the gap between theory and
practice and between the convection cell scale to the
mesoscale and enhances our understanding of cloud pattern
formation and the patterns’ stability over time. The CSS can
be used as a first approximation when parametrizing
shallow cloud fields. Perturbations driven by the onset
of rain or by changes in the surface properties could then be
introduced to push the fields away from equilibrium. The
CSS provides an “island of simplicity” in highly complex
cloudy systems and is likely to better capture their lifetimes
and extents, and therefore their radiative properties.
Moreover, such an understanding will yield a better
comprehension of shallow cloud feedback to global warm-
ing. The question of how the CSS will respond to changes
in the meteorological conditions within a warming climate
remains, however, open.

All satellite data used in this study are publicly available
from NOAA [37] (GOES-R data) and NASA [38] (NASA
true-color images). All the Lagrangian-corrected data used
in this study, including a video showing the time evolution
of the w̄-field patterns associated with the different cloud
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fields, as well as the code used to form the LHS, are
available in an online repository Ref. [32].
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Appendix A: Lagrangian analysis—The high spatio-
temporal resolution of both the satellite and the model
simulation datasets enables us to accurately track the
different boxes as they are advected by the wind and
examine their time evolution using a Lagrangian
framework, as introduced by [17]. The high resolution is
critical for the success of the Lagrangian tracking since
we target fine convective elements and determine their
optimal displacement based on the fact that the
characteristic time of the patterns’ morphological
changes is much longer than the sampling rate. In short,
the tracking algorithm detects shifting caused by
advection by utilizing the fact that local patterns in the
cloud field evolve slower than the sampling rate (15 min
in [17], 5 min in this study). Thus, the mean flow
(advection) can be determined by optimizing the
similarity between two consecutive images. In the case
of the satellite dataset, we track the evolution of clouds
by tracking the corrected-reflectance (R) signal, and in
the modeling simulation dataset, we track the mean
vertical wind in the PBL w̄-field, obtained by averaging
the vertical velocity (w) between the second vertical level
to that corresponding to the averaged cloud base height.
See examples of the time evolution of the Lagrangian-
corrected w̄-fields in Video S1 [32]. The video shows that
the convection cells’ pattern associated with the different
simulated cloud fields is quasistationary in time, illustra-
ting successful advection correction. We note that the
changing topography and land cover (over land), winds,
and different surface temperatures affect cloud fields dri-
fted by winds. Therefore, the steady-state fields’ manifold
could undergo affine transformations, exhibiting stretching,
rotations, and local deformations. The deformations are
seen in the video as the slight movements and drifting of
the tracked patterns.

Appendix B: Synthetic data analysis and LHS map-
ping—We demonstrate the convective steady-state mani-
festation and the mapping to the Lagrangian-Hovmöller
space using synthetic data that reflect the cloud or
vertical velocity patterns associated with different cloud
fields, namely closed cells, open cells, and cloud streets
[Figs. 4(a)–4(c)]. In this synthetic scenario, a successful
Lagrangian correction of a field in CSS results in an

unchanging frame seen at all times. By selecting a
vertical trace from the same location in each Lagrangian-
corrected frame [e.g., the nth vertical trace, as indicated
by the yellow vertical line in Figs. 4(a)–4(c)] and
stacking them to create the LHS, a repetitive trace along
the (horizontal) time axis emerges. If the trace holds a
structural pattern (e.g., it crosses several convective cells),
this structure becomes frozen and displayed as straight
lines parallel to the time axis [Figs. 4(d) and 4(f)].
However, consider a synthetic oscillating case where the
first frame consists of convective cells forming over the
nodes of a square grid, while the grid centers remain
empty. As time progresses, the cells dissipate while new
ones form in the grid centers, and then they dissipate and
new cells form in the nodes, completing an oscillation
cycle with a period τ. Defining the satellite sampling rate
as t, when τ ≫ t, the Lagrangian tracking method
effectively corrects for advection. Thus, a sequence of
Lagrangian-corrected frames will display stationary
oscillating cells, transitioning between nodes and centers.
Assuming the initial frame’s nth vertical trace crosses
nodes and surrounding cells, after half a period, it will
encounter no convective cells, ultimately aligning with
the first trace after another half period. Consequently, the
LHS showcases steady oscillations of tracers mirroring
the cells’ temporal evolution [Fig. 4(e)]. Further insights
into the generation of synthetic patterns and the
mathematical framework of the LHS are provided in the
Supplemental Material [30].

Appendix C: Cloud pattern comparison: Observations
versus simulations—We conducted a comparison between
observed and simulated cloud patterns to validate the
accuracy of the model. Figure 5 clearly shows that the

FIG. 4. Synthetic data. Artificially produced (491 × 491 pixels)
patterns of (a) closed cells, (b) open cells, and (c) linear streets. The
resulting Lagrangian-Hovmöller space (LHS), generated by trac-
ing along the yellow line within each Lagrangian-corrected frame,
is depicted below each pattern (d)–(f).
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simulated cloud patterns closely resemble the observed
ones, reinforcing our confidence in the model’s capa-
bility to accurately capture the underlying processes
governing the organization of the fields.
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