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Abstract A novel methodology is proposed to characterize coherent structures in large eddy
simulations. Based on two passive tracers emitted respectively at the surface and at cloud top, the
object-oriented framework allows individual characterization of coherent tridimensional plumes within
the flow. Applying this method in a simulation of the diurnal cycle of a marine stratocumulus-topped
boundary layer shows that coherent updraft and downdraft structures contribute to most of the total
transport of heat and moisture, although covering a small part of the domain volume. On average, down-
drafts contribute equally compared to updrafts for moisture fluxes and more than updrafts for heat fluxes.
The relative contribution of updraft and downdraft objects to heat transport exhibits a large diurnal
cycle, which suggests cloud-turbulence-radiation interaction. Our results suggest that subgrid downdraft
properties within stratocumulus-topped boundary layers should be represented through nonlocal
mass-flux parameterization in climate models.

Plain Language Summary The representation of marine stratocumulus remains significantly
biased in climate models, which lead to important uncertainties in the simulation of the present-day
climate and in projections of future climate change. These errors are related to the way boundary-layer
clouds are represented through empirically defined parameterizations. To improve cloud representation,
we need better understanding of boundary layer processes. Here we use a novel methodology that use
passive tracers to define as objects individual coherent structures. One advantage of this framework is
that it does not have a priori assumption of flow characteristics for defining them. Although occupying
a small part of the volume, those structures carry most of heat and moisture within a diurnal cycle
of a stratocumulus-topped boundary layer. We found that downdrafts plumes contribute as much as
updrafts to these transports. Contrary to what is used in most of boundary layer parameterizations,
the object-oriented analysis suggests that nonlocal mass-flux assumptions are more appropriate for
representing downdrafts in climate models.

1. Introduction
Marine stratocumulus clouds prevail over the eastern parts of oceans, covering a large area and reflect-
ing a large part of the incoming solar radiation back to space. This makes stratocumulus a major actor in
Earth's radiation budget (Hartmann et al., 1992; Chen et al., 2000). Climate models have difficulties in repre-
senting these low clouds, mostly because of uncertainties associated with subgrid parameterized processes
(Nam et al., 2012; Mechoso et al., 2014; Dal Gesso et al., 2015). Errors in low clouds then drive a part of sur-
face biases (De Szoeke et al., 2012; Hourdin et al., 2015), uncertainties in climate feedbacks (Ceppi et al.,
2017) or circulation biases (Adam et al., 2017) in climate models. Improving physical assumptions on cloud
representation remains a difficult yet essential challenge for the climate science.

The marine stratocumulus-topped boundary layer consists in a relatively thin cloud deck above a well-mixed
layer. The strong and thin inversion layer atop the boundary layer maintains saturation below by avoid-
ing mixing with the warmer and drier free troposphere (Wood, 2012). Convective instability is mostly
driven by cloud top radiative cooling that influences downward turbulent motions (Lilly, 1968). Conversely,
surface-driven turbulent fluxes mostly influence upward motions (Nicholls, 1984, 1989; Caldwell et al.,
2005). The life cycle of clouds is also influenced by small-scale processes such as cloud top entrainment that
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modifies boundary layer buoyancy transport through either mixing, wind shear, or evaporative and radia-
tive cooling (Yamaguchi & Randall, 2012; Mellado, 2017). The difficulty in representing stratocumulus in
climate models is related to the small vertical extent over which these processes occur and to the complexity
of the condensation-radiation-turbulence interactions.

Unified approaches have been developed for representing the boundary layer mixing by both turbulent
eddies and convective cells and its coupling with cloud and condensation processes (e.g., Hourdin et al.,
2002; Siebesma et al., 2007; Rio & Hourdin, 2008; Neggers et al., 2009; Pergaud et al., 2009; Gentine et al.,
2013; Sušelj et al., 2013; Tan et al., 2018). These studies are based on the assumption that convective motions
are organized as coherent turbulent structures (e.g., updrafts) that carry most of the heat and moisture within
the boundary layer (Nicholls, 1989; Williams & Hacker, 1992). However, parameterizations rarely repre-
sent explicitly the impact of downdrafts on the nonlocal turbulent mixing, and it remains an open question
whether local diffusion is accurate enough for representing subgrid downdraft transport.

A preliminary step for investigating this question consists in identifying coherent structures in the bound-
ary layer. Large eddy simulations (LESs) have often been used to provide insight into convective structures
and understand the main physical mechanisms involved in them. Coherent structures are usually defined as
parts of the flow that have logical interconnections and form a unified whole (Fiedler, 1988). However, iden-
tifying these structures is often case specific and based on statistical clustering (Raupach, 1981) related to
vertical velocity (e.g., Nicholls, 1989; Schumann & Moeng, 1991), conservative variables (e.g., Berg & Stull,
2004), and/or passive tracers (e.g., Couvreux et al., 2010; Park et al., 2016). Recently, some studies analyzed
these structures in stratocumulus simulations using various classifications (e.g., Yamaguchi & Randall, 2012;
Chinita et al., 2018). Specifically, the octant classification used in Davini et al. (2017) highlights that updrafts,
downdrafts, and cloud top entrainment contribute significantly to the stratocumulus-topped boundary layer
turbulent transport of mass, heat, and moisture. Yet those methods present certain limitations: (1) Coher-
ent structures are usually defined from, and thus depend on, flow characteristics such as vertical velocity;
(2) the coherence of identified structures is not necessarily established; and (3) some underlying assump-
tions reduce the efficiency of the identification, for example, removing the incoherent part of the flow or
distinguishing downdrafts from entrainment structures.

In this paper, we analyze coherent boundary layer structures using an object-oriented identification applied
on a marine stratocumulus LES (section 2). Objects made of contiguous grid cells with positive anomalies of
passive tracer concentrations allow the characterization of updraft and downdraft properties and the quan-
tification of their contribution to fluxes (section 3). The potential of this framework for building boundary
layer parameterizations is then discussed (section 4) and conclusions are summarized in section 5.

2. Object-Oriented Coherent Structures
2.1. Stratocumulus Simulation
We use the Meso-NH model version 5.3.1 (Lac et al., 2018) to reproduce the diurnal cycle of marine stra-
tocumulus. Initial conditions and forcing are provided by the First International Satellite Cloud Climatology
Project (ISCCP) Regional Experiment (FIRE) model intercomparison study (Duynkerke et al., 2004). The
domain size is 25.6 × 25.6 × 1.2 km3 with 50-m horizontal resolution and 10-m vertical resolution, large
enough for the generation of mesoscale cloud cells (de Roode et al., 2004; Duynkerke et al., 2004). The sim-
ulation is run for 24 hr, and outputs are saved every 3 hr. Two passive tracers emitted respectively at the
surface (s1) and at one grid layer above the domain-averaged cloud top height (s2) have been added to the
simulation, in which the latter aims to follow air parcels that were entrained from the free troposphere. Both
tracers decay with a time scale of 30 min as in Couvreux et al. (2010). Model description, simulation setup
and details on tracer emission are described in the supporting information.

The cloud pattern shows evolving mesoscale organization with time (Figures 1a and 1b): from circular clouds
at noon to large elongated cloud bands at midnight. Overall, these cloud patterns are very similar to observed
closed cell organization (e.g., Wood & Hartmann, 2006). Despite areas of weaker-than-average cloud liquid
water content, the simulation remains overcast in time (i.e., no cloud holes are present in this simulation).

The daytime cloud thickness along a vertical cross section ranges from 100 to 300 m, while the nighttime
cloud thickness is almost uniformly 300 m (Figures 1c and 1d). Positive anomalies of surface-emitted tracer
s1 concentrations (relative to the domain average at each level) are organized into plumes with upward
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Figure 1. Snapshots of (a, b) liquid water path (g/m2) and vertical cross sections along the horizontal red line (x = 12.5–20 km, y = 11 km) for (c, d) liquid
water mixing ratio (g/kg) and for anomalies of (e, f) surface-emitted tracers and of (g, h) cloud top emitted tracers relatively to horizontal average. Objects
representing updrafts and downdrafts are shown as dotted and hatched patterns, respectively. Contours representing liquid water contents of 0.0 and 0.2 g/kg
are overlaid on e–h. Left and right columns are snapshots at t = 12 hr and t = 24 hr respectively.

vertical velocity that sometimes penetrate the cloud layer and reach the cloud top (Figures 1e and 1f). These
updrafts are associated with thicker cloud layers. Free-troposphere tracers penetrate the cloud layer along
downward plumes, which end at the cloud base at noon but reach the surface at nighttime (Figure 1g and
1h). These air intrusions are associated with weaker-than-average liquid water content.

2.2. Object Identification
In order to identify coherent structures, we construct objects from anomalies of passive tracer s1 and s2
concentrations. First, the “conditional sampling” (CS) selects grid boxes that contain sufficiently large
anomalies of tracer concentrations (see below). Second, objects are defined as ensembles of contiguous
selected grid boxes built in a three-dimensional space. Here “contiguous” means sharing either a face, an
edge, or a corner. Third, identified objects with a smaller volume than Vmin are filtered out.

The selection of grid cells (x, y, z) included in the CS is based on Couvreux et al. (2010):{
(x, 𝑦, z) ∈ CS | s′(x, 𝑦, z) > 𝜎(z)

}
(1)
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Figure 2. Visualization of updraft and downdraft objects at t = 12 hr and t = 24 hr for (a, c) the entire domain and (b, d) a focus on a small subdomain
(orange square, x = 4–9 km; y = 8–13 km). Objects are sampled using m = 1 and Vmin = 0.25km3.

with s′ the tracer anomaly concentration relative to the horizontal mean (s̄) and 𝜎(z) the horizontal mean
threshold at altitude z, defined as

𝜎(z) = m × max(𝜎s(z), 𝜎min(z)) (2)

with 𝜎min(z) = L · 0.05
z − z1 ∫

z

z1

𝜎s(z)dz (3)

and 𝜎s(z) being the standard deviation of the tracer concentration s at altitude z and with L = 1 for s1 and
L = −1 for s2. The minimal threshold 𝜎min is used to underrepresent layers with low tracer concentra-
tions and thus weak standard deviation (i.e., filtering out the nonturbulent free troposphere for s1 and the
lowest layers for s2). For s1, we choose z1 the surface for the bottom-up integration to the domain top. For
s2, z1 is the altitude of tracer emission (plus half a layer) for the top-down integration to the surface. Unlike
a majority of CSs (e.g., Siebesma & Cuijpers, 1995; Couvreux et al., 2010; Park et al., 2016; Davini et al.,
2017), the identification of coherent structures is not related to any flow characteristic (e.g., vertical velocity
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Figure 3. Domain-averaged vertical profiles of (a–i) object relative coverage, (b–j) liquid water potential temperature resolved fluxes and (c–k) total humidity
resolved fluxes, (d–l) vertical velocities, anomalies of (e–m) liquid water potential temperature, (f–n) total humidity and (g–o) virtual potential temperature, and
average liquid water content at (top) t = 12 hr and (bottom) t = 24 hr. Red and blue profiles correspond to average characteristics of the updraft and downdraft
objects, respectively. Object contributions to fluxes are weighted by their relative coverage. Average profiles (green) correspond to grid boxes satisfying either
the downdraft or the updraft conditional sampling. Domain-mean resolved fluxes and liquid water contents are shown as dashed black lines. Individual object
characteristics are represented as gray lines and horizontal color lines are the interobject standard deviation. Domain-mean lifting condensation level (LCL),
level of free convection (LFC), cloud base (zb), and cloud height (zi) are also shown. Objects are sampled using m = 1 and Vmin = 0.25 km3.

and liquid water). Even though the sign of vertical velocity is not imposed, we call updraft objects (down-
draft objects) coherent structures defined through surface-emitted tracers (s′1) (cloud top-emitted tracers, s′2)
as they consist of upward (downward) flow as shown later. Applying criteria on vertical velocity does not
significantly influence our results (supporting information). The “total object” grid boxes belong either to
updraft or downdraft objects. Finally, the scaling factor m (equation (2)) is a tunable parameter that quan-
tifies the strength of the CS. In the following, we show results using m = 1 and Vmin = 0.25 km3 (i.e., 104

cells), values that maximize the object contribution to the boundary layer transport with minimum volume.
We discuss the sensitivity of our results to these values in the supporting information.

The cross sections seen in Figures 1e–1h show that the majority of objects are spread out between the sur-
face and cloud top. However, some of them end at the cloud base especially during daytime. Overall, objects
rarely overlap each other. Figure 2 better highlights the mesoscale organization of objects. Areas associated
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with thicker/thinner cloud areas are associated with a denser concentration of updraft/downdraft objects
(see Figures 1a and 1b for liquid water path). Mesoscale organization of downdrafts mostly forms a net-
work during daytime whereas updrafts are more gathered together. Nighttime organization is more random.
Individually, updrafts and downdrafts consist in vertically developed narrow plumes, with larger sizes at
nighttime. This confirms that the object-oriented framework well identifies coherent structures within the
mesoscale organization.

3. Object Characteristics and Contribution to Boundary Layer Fluxes
3.1. Updraft and Downdraft Properties
Domain-averaged object characteristics are shown in Figure 3. Daytime and nighttime objects cover around
18% and 23% of the boundary layer volume respectively. Updrafts cover around 7% of the domain volume at
t = 12 hr with local minimum coverage at the cloud base, which suggests that only some updrafts penetrate
the cloud layer (Figure 3a). Downdrafts cover around 9% of the domain volume at t = 12 hr with maximum
coverage at cloud top (17%), a more or less constant fraction further in the cloud layer (12%) and a mini-
mum coverage below the level of free convection. This suggests that penetrative free tropospheric air parcels
mix within the cloud layer then dissipate below cloud base. The vertical profiles of object relative coverage
highlight boundary layer decoupling at noon, consistent with the different altitudes of the domain-averaged
cloud base and the lifting condensation level (LCL; Jones et al., 2011). At t = 24 hr, decoupling vanishes and
both updraft and downdraft objects cover a larger part of the domain almost uniformly with height (around
12% and 13% coverage, respectively, Figure 3i).

Despite the fact that sampled parcels are not constrained by the sign of vertical velocity, updraft and down-
draft objects have positive and negative velocities, respectively (Figures 3d and 3l). At t = 12 hr, unsaturated
parcels are entrained, become saturated, and undergo downward acceleration within 100 m below the cloud
top with maximum speed of −0.5 m/s then decelerate slowly until reaching the cloud base. Each downdraft
object is positively buoyant at the cloud top and negatively buoyant within the first 20 m below (Figures 3g
and 3o). This sharp transition likely triggers downward motion. Buoyancy remains negative until about 20 m
above cloud base and stays positive below. Downdrafts are also associated with negative anomalies of total
water mixing ratio and positive anomalies of liquid potential temperature, tracing back their origins from
the free troposphere (Figures 3e–3f and 3m–3n). While daytime downdrafts are mostly constrained within
the cloud layer, nighttime entrained parcels sink deeper and accelerate more strongly (around −0.7 m/s),
which allows a majority of them to reach the surface. This is related to a coupled boundary layer at nighttime.
Nighttime downdrafts share similar features than daytime downdrafts (e.g., cloud top buoyancy reversal
and wet and warm anomalies) but with weaker intensities.

Daytime updraft objects display two vertical velocity maxima, one in the middle of the subcloud layer and
one around the domain-averaged cloud base (Figure 3d). Penetrative updrafts thus undergo two acceler-
ations: the first, induced by surface fluxes and the second, related to latent heat release by condensation.
Buoyancy is generally positive yet with a negative anomaly around the LCL, which is a signature of a
cumulus-coupled boundary layer (Bretherton, 1997; Wood, 2012). Finally, the buoyancy anomaly becomes
negative around cloud top probably in relation to warm parcels overshooting in colder layers. At t = 24 hr,
updrafts only show a unique vertical velocity maximum in the middle of the cloud layer (Figure 3l). As for
downdrafts, nighttime updraft characteristics are consistent with daytime updrafts yet with weaker anoma-
lies. Finally, daytime individual object properties are very consistent with one another. This is slightly less
true at nighttime.

3.2. Contribution to Turbulent Fluxes
The relative contributions of updrafts and downdrafts to the vertical turbulent transport of heat (𝜔′𝜃′l ) and
moisture (𝜔′q′

t) are now investigated, focusing only on the resolved fluxes. At altitude z, the vertical transport
can be decomposed into a sum of different object contributions Fi such as

𝜔′𝜙′(z) =
∑

i∈{u,d,e}
Fi(𝜙, z) (4)

with Fi(𝜙, z) = 1
N

∑
(x,𝑦)∈i

(𝜔(x, 𝑦, z) − 𝜔(z)) · (𝜙(x, 𝑦, z) − 𝜙(z)); (5)
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Figure 4. Diurnal cycle of (a) the object volume ratio Ri (%) and of the vertically averaged object contribution to the
domain-mean resolved flux (%) of (b) heat < Fud(𝜃l) > and (c) moisture < Fud(qt) >. Signs represent computations
using m = 1 and Vmin = 0.25 km3. Black signs on the right are time-averaged values with standard deviations.
Updrafts and downdrafts are represented as cross and square signs, respectively. Full circles refer to objects satisfying
either updraft or downdraft conditional sampling, while empty circles represent the sum of updrafts and downdrafts.
Gray shades represent uncertainties related to Vmin.
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𝜙 is a conservative variable (𝜃l or qt); N is the number of horizontal cells; bars and primes represent the
horizontal mean and anomalies relative to this average. Fi, which quantifies the relative contribution of each
component to the boundary layer turbulent transport, is the sum of the top-hat contribution to fluxes and
the covariance within structures (Siebesma & Cuijpers, 1995; Wang & Stevens, 2000; Chinita et al., 2018).
Figure 3 shows the updraft (Fu), downdraft (Fd), and total (Fud) object contributions to domain-mean heat
(b, j) and moisture (c, k) fluxes. Despite covering a relative small fraction of the full domain (≈20%), objects
contribute to most of the vertical transport of heat and moisture. The remaining contribution is probably
related to local transport by small-scale eddies. The negative cloud top heat flux is slightly underestimated by
objects both at daytime and nighttime. Objects also do not represent the weak positive daytime heat flux just
below the cloud top and underestimate the subcloud heat transport, which is partly carried by small-scale
objects (filtered out by our choice in Vmin). Nighttime object heat fluxes better reproduce the total flux,
mostly through the downdraft contribution. The object contribution to domain-averaged moisture vertical
fluxes is important at both daytime and nighttime, and the relative updraft/downdraft contributions are
maximum below/above 350 m, respectively. Nighttime vertical relative coverage of coherent structures and
its flux partitioning between updraft and downdraft are in agreement with Chinita et al. (2018).

3.3. The Diurnal Cycle of Object Characteristics
The variability of object characteristics is now analyzed throughout an entire diurnal cycle. First, the ratio Ri
of the volume filled by objects to the domain volume below 620 m (i.e., just above the cloud top) is defined as

Ri =
∫z𝛼i(z) · S · dz

∫zS · dz
(6)

with S the surface of the domain (S = 25.6 × 25.6 km2), dz the vertical resolution (dz = 10 m); 𝛼i is
the fractional coverage of either updraft (u) or downdraft (d) objects, as seen in Figures 3a and 3i, or the
remaining area being called the environment (e) with

𝛼u(z) + 𝛼d(z) + 𝛼e(z) = 1. (7)

Using aforementioned thresholds for object detection, the volume ratio Ri has a significant diurnal cycle
with minimum amplitude at noon (15%) and maximum during nighttime (around 23%), with updraft objects
contributing slightly more than downdrafts to the diurnal variability (Figure 4a). On average, objects cover
21 ± 3% of the domain volume with updraft and downdraft objects contributing almost equally to this ratio
(10 ± 2% and 11 ± 1%, respectively).

We then quantify the vertically averaged object contribution to domain-averaged resolved fluxes < Fi(𝜙) >
defined as

< Fi(𝜙) >=
∫z|Fi(𝜙, z)|
∫z|𝜔′𝜙′(z)| (8)

with Fi(𝜙, z) defined in equation (5). Figure 4 shows the diurnal evolution of heat and moisture fluxes.
Objects carry out most of the heat inside the boundary layer (79 ± 4%), with no significant diurnal vari-
ability. However, contributions of either updrafts or downdrafts do have large diurnal cycles, with updrafts
carrying most of the heat at daytime (≈45%) and downdrafts at nighttime (≈65%). This difference is related
to daytime heating, which reduces cloud top cooling and favors upward motions (Figures 3b and 3j). On
average, downdrafts carry more heat than updrafts (52 ± 15% and 34 ± 8%, respectively). Figure 4c shows
that selected objects are also responsible for most of the moisture transport in the boundary layer (74 ± 4%),
with no significant diurnal cycles. Both downdrafts and updrafts contribute equally to the total flux contri-
bution (39 ± 5% and 36 ± 2%, respectively). Finally, Figures 4b and 4c show that the total object contribution
is equal to the sum of updraft and downdraft contributions taken independently, except at nighttime where
difference between them can reach 10–20% (Figure 4b). This suggests that updraft and downdraft heat flux
contributions are slightly overestimated at nighttime due to overlapping effects. Uncertainties related to the
choice Vmin do not significantly influence these results (Figure 4).
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4. Implication for Parameterization Development
Our results suggest that downdrafts significantly contribute to the transport of heat and moisture within a
stratocumulus-topped boundary layer. Downward motions are usually represented through local eddy dif-
fusion (that can be related to the radiative cooling, e.g., Lock et al., 2000) or compensating subsidence in
climate models. It is not clear, however, to what extent these assumptions remain trustworthy. Our anal-
ysis of coherent structures suggests several implications for boundary layer parameterizations aiming to
represent marine stratocumulus:

1. Given their importance in transporting heat and moisture, both updrafts and downdrafts should be repre-
sented in climate models. Downward structures expand vertically in the entire cloud layer and may reach
the surface, which suggests that they are associated with nonlocal transport. This supports the need for a
mass-flux parameterization dedicated to the representation of downdrafts.

2. The properties of downdrafts do not vary much from one object to the other. The object-oriented frame-
work provides individual statistics of each plume (size, shape, buoyancy, energy, etc.) that can be useful
to validate a multiplume parameterization (e.g., Neggers et al., 2009; Sušelj et al., 2013) or justify the use
of a bulk parameterization.

3. The use of passive tracers above the cloud top helps tracking the onset of downdraft coherent structures by
informing about processes of buoyancy reversal instability. Several mechanisms have been highlighted to
explain this triggering such as radiative cooling (Lilly, 1968), evaporative cooling (Kuo & Schubert, 1988),
wind shear (Mellado, 2017) or turbulent mixing (Yamaguchi & Randall, 2012). Statistics of downdrafts
provided by this framework could be used to infer a parameterization of downdraft initiation.

4. The diurnal cycle of updraft and downdraft contributions to boundary layer fluxes suggests that future
parameterization development needs to include source and sinks of heat linked to cloud-radiation
interactions.

5. Conclusions
In the present work, we analyze updraft and downdraft properties using a methodology identifying coher-
ent structures in LESs based on two passive tracers emitted respectively at the surface and just above cloud
top. Based on Couvreux et al. (2010) CS, this framework goes a step further by identifying objects as ensem-
bles of contiguous grid boxes rich in concentration of such tracers that correspond to updraft and downdraft
structures. Contrary to previous methodologies, our sampling framework does not have a priori assump-
tions, neither on vertical velocity nor on thermodynamical variables (e.g., potential temperature and liquid
water), making that the identified objects only depend on spatial heterogeneity led by coherent internal
motions but not on any flow characteristics.

This study focuses on the diurnal cycle of marine stratocumulus using the FIRE framework (Duynkerke
et al., 2004) in an LES run by the Meso-NH model. At nighttime, we confirm the importance of downdrafts in
carrying heat and moisture within the boundary layer (Davini et al., 2017; Chinita et al., 2018). At daytime,
solar heating and boundary layer decoupling strengthen updraft transport and weaken cloud top entrain-
ment. The object-oriented identification highlights the main thermodynamical and dynamical features of
updrafts and downdrafts:

• Updrafts are characterized by relatively weak upward vertical velocity, moist, warm, and positively buoy-
ant air. At nighttime, updrafts undergo acceleration from the surface to the middle of the cloudy boundary
layer (around 400 m). Daytime decoupling weakens vertical velocity around the LCL, which is associated
with a reduced number of parcels penetrating the cloud layer. This decoupling strengthens vertical gradi-
ents of moisture and temperature, leading to an increase of updraft heat transport at daytime. On average,
updraft objects contribute to 34 ± 8% and 36 ± 2% of the boundary layer transport of heat and moisture,
respectively, while covering only 10 ± 2% of the domain.

• Downdrafts are characterized by a downward vertical velocity, dry, cool, and negatively buoyant air. How-
ever, downdraft tops are positively buoyant, which suggest buoyancy reversal whose instability likely
triggers downward plumes. Downdrafts undergo acceleration from the cloud top to around 450 m and
decelerate to the cloud base at noon and until the surface at nighttime. Downdrafts maximize transport
of heat and moisture atop the boundary layer and largely contribute to the total transport (52 ± 15% and
39 ± 5%) while occupying only 11 ± 1% of the domain volume. Downdrafts carry more heat than updrafts
especially at night in this stratocumulus simulation.
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• Overall, structurally coherent objects carry 79 ± 4% and 75 ± 4% of the transport of heat and moisture,
respectively, in the boundary layer while occupying 21 ± 3% of the domain volume. The remaining part
of the domain (79%) only slightly contributes to the boundary layer transport (≈25%). This partitioning is
slightly sensitive to the minimum volume threshold (≈5–10%).

Further investigation is needed to quantify the relative role of the downdraft structures in different bound-
ary layer situations such as clear-sky conditions (Ayotte et al., 1996; Couvreux et al., 2005), marine cumulus
clouds (Brown et al., 2002; Siebesma et al., 2003), and St-to-Cu transition (De Roode et al., 2016). Given
that Couvreux et al. (2007) highlighted the existence of downdrafts in clear sky conditions, confirming
the existence of such coherent structures in both clear-sky and cloudy conditions would emphasize the
need for a parameterization representing the nonlocal downward transport. Furthermore, investigating how
clouds change from closed-cell stratocumulus to organized cumulus would likely give insight into the evolv-
ing partitioning of flux contribution from updrafts and downdrafts. Finally, the parameterization of cloud
top triggering for downdrafts will need further work that could be addressed through the object-oriented
framework.
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