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ABSTRACT

Coherent structures, such as updrafts, downdrafts/shells, and environmental subsidence in the boundary
and cloud layers of shallow convection, are investigated using a new classification method. Using large-eddy
simulation data, the new method first filters out background turbulence and small-scale gravity waves from
the coherent part of the flow, composed of turbulent coherent structures and large-scale transporting gravity
waves. Then the algorithm divides this coherent flow into ‘“‘updrafts,” “downdrafts/shells,” ‘“‘subsidence,”
“ascendance,” and four other flow structures using an octant analysis. The novel method can systematically
track structures from the cloud-free boundary layer to the cloud layer, thus allowing systematic analysis of the
fate of updrafts and downdrafts. The frequency and contribution of the coherent structures to the vertical
mass flux and transport of heat and moisture can then be investigated for the first time. Updrafts, subsidence,
and downdrafts/subsiding shells—to a lesser extent—are shown to be the most frequent and dominant con-
tributors to the vertical transport of heat and moisture in the boundary layer. Contrary to previous perspective,
environmental subsidence transport is shown to be weak in the cloud layer. Instead, downdrafts/shells are the
main downward transport contributors, especially in the trade inversion layer. The newly developed method
in this study can be used to better evaluate the entrainment and detrainment of individual—or an ensemble
of—coherent structures from the unsaturated boundary layer to the cloud layer.

1. Introduction Hourdin 2008; Neggers 2009; Gentine et al. 2013a,b;
Suselj et al. 2013; D’ Andrea et al. 2014) and by refining
plume characteristics (e.g., lateral entrainment) (Kim
et al. 2012). Despite the progress, convective parame-
terization remains one of the main challenges of current
GCMs, and it requires more systematic studies on the
interaction (i.e., entrainment and detrainment) between
convective structures (defined as organized turbulent
motion; e.g., updrafts and downdrafts) and the envi-
ronment (de Rooy et al. 2013).

The basic coherent structures in moist convection
have been studied for a long time (Bretherton 1987;
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West 120th Street, 842H S. W. Mudd, New York, NY 10027. that heating from below and stable stratification be-
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Clouds are one of the biggest uncertainties in climate
prediction using general circulation models (GCMs),
and these uncertainties are partly attributed to the in-
complete parameterization of convection (Bony et al.
2006). Many efforts have been made to improve con-
vective parameterizations in GCMs, and continuous
progress has been made by considering a unified repre-
sentation of turbulence in the boundary layer and cloud
layer (Soares et al. 2004; Siebesma et al. 2007; Rio and
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to Hill’s vortex (Hill 1894) with vertical motion in the
condensed region of updrafts and descending motion
around it. Similar internal circulation appears in up-
drafts in shallow convection (Heus and Jonker 2008) and
deep convection (Sherwood et al. 2013; Glenn and
Krueger 2014). The downward branch of the internal
circulation is typically called the “‘subsiding shell,” and
this shell is known to change the properties of entrained
and detrained air, affecting calculations of the rate of
entrainment and detrainment (exchange of air) between
the updraft and the environment (Heus and Jonker
2008; Abma et al. 2013). However, most entrainment
and detrainment parameterizations are based on bulk
mass flux approaches, which assume a top-hat distribu-
tion of velocity and scalars with one uniform value given
to the updraft and one uniform value given to the en-
vironment (Gregory 2001; de Rooy et al. 2013). By
definition, those approaches do not consider subsiding
shells or other surrounding vertical motions (Tiedtke
1989; Bechtold et al. 2008) and could be misleading
(Heus and Jonker 2008; Abma et al. 2013). For instance,
Dawe and Austin (2011) confirmed that the larger en-
trainment and detrainment found in direct measure-
ments of entrainment (Romps 2010) could be related to
the presence of subsiding shells.

Despite their achievements, previous studies have
limitations in their investigation of convective struc-
tures. Indeed, the definition of convective structures is
typically unclear or case specific; the complexity of tur-
bulent flow is often overlooked; and, except for very few
studies, (Couvreux et al. 2010; Rio et al. 2010) the en-
trainment and detrainment analysis can only be per-
formed in the cloudy state when coherent structures are
assumed to be condensed and in the upward part of the
flow. Nonetheless, coherent structures can be complex
and can exhibit both upward and downward motions
[such as Hill’s vortices (Bretherton 1987; Bretherton and
Smolarkiewicz 1989; Heus and Jonker 2008; Sherwood
et al. 2013; Glenn and Krueger 2014)]. As a result, there
is no consensus yet on defining convective coherent
structures. The widely used “‘updraft cores,” defined as
cloudy updrafts that are buoyant or whose vertical ve-
locity is faster than a threshold value, is typically used to
illustrate the central part of moist convection, yet, like
most methods, it relies on a threshold.

Background—incoherent, mostly random—turbulence
and small-scale gravity waves, which are omnipresent
in the boundary and cloud layers, make it even
more difficult to clarify boundaries between the aggre-
gated convective structures and the environment (Pauluis
and Mrowiec 2013; Mrowiec et al. 2015). In addition,
most of the previously used methods cannot detect
convective structures evolving from the boundary layer
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FIG. 1. Schematic of classified coherent flow patterns.

to the cloud layer because they rely on a threshold
for the condensed moisture, except for the method in
Couvreux et al. (2010) and Rio et al. (2010), which is
based on an additional scalar threshold. To overcome
these limitations, a new method should be introduced to
systematically classify “‘coherent’ convective structures,
including updraft, subsiding shell, environmental sub-
sidence, and others.

“Coherent structures’ are widely used to represent a
distinct and dominant turbulent flow structure in engi-
neering and geoscience communities (Robinson 1991;
Haller and Yuan 2000; Farge et al. 2001, 2006; Finnigan
et al. 2009; Beron-Vera et al. 2015; Richter and Sullivan
2014). In this study, we call coherent structures the part
of the flow that explains most of the vertical transport in
the boundary and cloud layers using a coherent structure
extraction method developed for the study of diverse
turbulent flows (Farge et al. 2001, 2006; Schneider et al.
2005; Bos et al. 2008; Kadoch et al. 2011; Wilczek et al.
2012; Okamoto et al. 2011a). We note that this method
can also extract larger-scale (transporting) gravity waves
(Kershaw 1995). The method is developed to determine
an objective and universal tracking of coherent struc-
tures in the unsaturated boundary layer and track their
evolution through the cloud layer.

The main idea behind the incoherent versus coherent
flow decomposition dates back to Tollmien and Prandtl,
who suggested that ““turbulent fluctuations might consist
of two components, a diffusive and a nondiffusive com-
ponent .... Considerable masses of fluid move as more or
less coherent units. The process cannot be smoothed by
averaging over a small volume because it is not possi-
ble to choose dimensions small compared with the
boundary layer thickness and at the same time large
compared with a single fluid element” (Dryden 1948,
pp- 35, 38). Asillustrated in Fig. 1, our new method first
filters this incoherent (random) part of the flow from
the coherent (organized) part of the flow computed by a
large-eddy simulation (LES) model. The incoherent part
of the flow increases with the LES resolution (Farge et al.
2001) as the subgrid-scale high-pass filtering becomes
smaller and more of the high-wavelength flow is re-
solved. Indeed the subgrid-scale model effectively filters
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out the high-frequency part of the flow. On the other
hand in cloud-resolving models, the horizontal grid sizes
of which are typically larger than 500 m, the flow ex-
hibits few turbulent fluctuations so that coherent versus
incoherent filtering is not needed (see later discussion).
In our high-resolution LES data, it is essential to first
filter out the coherent part of the flow to avoid back-
ground turbulent “‘noise” pollution of the structure
decomposition (see section 2b). The filtered coherent
part is then divided into coherent structures, such as
updraft, downdraft/shell, ascendance, and subsidence,
and their contribution to the transport is analyzed.
The manuscript is divided as follows. The filtering and
classifying methods and simulation setup are described in
section 2. The coherent flow structures are analyzed in
section 3. A summary and conclusions are given in section 4.

2. Methodology
a. Large-eddy simulation

The University of California, Los Angeles, large-eddy
simulation (UCLA-LES) model (Stevens et al. 1999,
2005; Stevens and Seifert 2008) is used to simulate
shallow cumulus convection. The UCLA-LES model
solves the implicitly filtered prognostic equations of
velocity components, liquid water potential temperature
0;, and total water mixing ratio qy. In addition, we
added two passive scalars s; and s, for coherent structure
decomposition (see the details in section 2c). Passive
scalars are useful for updraft and downdraft tracking in
both the boundary and cloud layers (Couvreux et al.
2010; Rio et al. 2010). The prognostic equations on a
three-dimensional grid are integrated using the third-
order Runge—Kutta scheme. The Smagorinsky model is
used to parameterize subgrid-scale (SGS) fluxes of
momentum, heat, and other scalars. Both the eddy
Prandtl number and eddy Schmidt number are 1/3. Only
the reversible conversion between water vapor and lig-
uid water is considered in this nonprecipitating con-
vection case, and the liquid water mixing ratio is
diagnostically calculated using a saturation adjustment
scheme. The trade wind cumuli in the Barbados Ocean-
ographic and Meteorological Experiment (BOMEX;
Holland and Rasmusson 1973; Siebesma et al. 2003)
are simulated using the initial sounding and external
forcing described in Siebesma et al. (2003). The grid size
in both the x (west—east) and y (south-north) direc-
tions is 25m; the vertical (z) grid size Az is 20m below
z = 2570m, and it increases to 54.4 m above that level. The
computational domain size is 12.8 X 12.8 X ~3km? with
512 X 512 X 144 grid points. The trade wind cumuli are
simulated for 6 h, and 1-min-interval data are stored and
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analyzed in the last 30 min of the simulation, when steady
state is reached.

Shallow cumuli over land are also simulated using the
initial sounding, surface fluxes, and external forcing
from observations at the Southern Great Plains (SGP)
site on 21 June 1997, part of the Atmospheric Radiation
Measurement (ARM) Program (Brown et al. 2002). The
computational domain covers 12.8 X 12.8 X ~5km?
with 512 X 512 X 180 grid points. The grid size in the
horizontal direction is 25m, and the vertical grid size
increases from 20 to 186.3 m. The cumuli over the ARM
SGP site are simulated for 9.5h, and the fields at three
instants (3, 6, and 9h) are analyzed and presented in
section 3d.

b. Filtering

The coherent vorticity extraction method (CVE;
Farge et al. 1999, 2001) is used to filter out incoherent
(noise) contribution from coherent flow in the LES data.
The method is based on a wavelet decomposition, which
has been tested and validated across a wide range of
applications and has demonstrated very good de-
composition of isotropic turbulent flows (Farge et al.
2001; Kadoch et al. 2011; Okamoto et al. 2011b; Wilczek
et al. 2012), turbulent edge plasma (Farge et al. 2006),
resistive drift-wave turbulence (Bos et al. 2008), turbu-
lent mixing layers (Schneider et al. 2005), and turbulent
boundary layers (Khujadze et al. 2011). The original
CVE extracts coherent vorticity by backward trans-
forming wavelet coefficients above a theoretically de-
rived adaptive threshold, which corresponds to
denoising. This technique has been applied to both
simulation data (Farge et al. 1999, 2003) and turbulence
measurements (Farge et al. 2006). First, it decomposes
the data into orthogonal wavelets [Coiflet 30 wavelets
are used in this study as in Kadoch et al. (2011) and
Wilczek et al. (2012)], and then it estimates the level of
Gaussian white noise based on an adaptive threshold
value. The wavelet coefficients larger than the threshold
value & = (2In No?)"?, where N is the data size and o2 is
the noise’s variance, are considered to be nonGaussian
based on statistical signal theory (Donoho and
Johnstone 1994; Farge et al. 2006) and the coherent
signal is then computed by backward transforming the
nonGaussian wavelet coefficients. A first estimate of
the a priori unknown noise variance is the variance of
the variable itself (enstrophy for vorticity), and the noise
variance is updated by successive iterative processes
(Farge et al. 2006) so that the final decomposition of the
incoherent flow is independent of the initial threshold
selected.

CVE has been applied to two- or three-dimensional
data in homogenous turbulence (Farge et al. 1999, 2003,
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(d) compression rate of coherent velocity, coherent liquid water potential temperature, total water mixing ratio, and decaying and

nondecaying scalars at t = 21 600s.

2006). As turbulence in our case is nonhomogeneous in
the vertical direction, CVE is applied to two-dimensional
horizontal data at 128 x—y planes and 30 time instants. It
extracts coherent parts of velocity components (u€, v°,
and w°) and scalars 65, g, s, and s5, separately. Here,
the superscript c indicates coherent parts. While the noise
variance for direct numerical simulation data converges
within a few iterations (Okamoto et al. 2007), the noise’s
variance for LES data decreases with iteration because of
the smoothing induced by the subgrid-scale turbulence
LES filter. Thus, excessive iterations do not remove the
noise but recover the original signal. Unlike previous
CVE studies, the optimal iteration number is thus de-
termined by the ratio of coherent to original (total) ver-
tical turbulent momentum fluxes in this study. At each
iteration, we check whether the ratio of coherent to total
vertical turbulent momentum fluxes is larger than a
threshold ratio (assumed to be 95% in this study, but the
choice of the threshold is robust and does not alter any
of the conclusions). If the ratio is larger than the
threshold value, the iteration ends and the denoised
data are saved as coherent parts. The iteration number
and compression rate (the ratio of coherent to total
wavelet coefficients) at the last time step (¢ = 21 600s)
are presented in section 3e. The compression rate is
typically on the order of 7% (Fig. 2). Therefore, even if
the coherent part is represented by only 7% of the total
number of wavelet coefficients, it contributes to most of
the vertical transport and mass flux (Fig. 2). Implications

of this efficient compression rate are discussed in the
conclusion section.

c. Two passive scalars

Scalars have been used to differentiate between up-
draft and downdraft convective motions. For instance,
entropic analyses have been performed to understand
the convective flow characteristics (Pauluis and
Mrowiec 2013; Mrowiec et al. 2015). Paluch mixing di-
agrams have also been used with two scalars, such as
liquid water potential temperature and total water
mixing ratio (Betts 1985; Kuang and Bretherton 2006;
Santanello et al. 2009, 2011). One issue with liquid water
potential temperature and total water mixing ratio is
that they are highly correlated so that defining the types
of coherent structures using these tracers can be mis-
leading. Similarly, entropy in the surface layer has sim-
ilar values to the values in the cloud layer so that clearly
defining source and sink regions is difficult.

To overcome this issue, two near-decorrelated passive
scalars are introduced in the LES to better classify co-
herent flow structures and to illustrate their character-
istics. The unitless passive scalar s; is emitted at the
surface, and its kinematic surface flux is set to 1ms™ .
Following Couvreux et al. (2010), s is designed to decay
with a 30-min time scale at every grid point to avoid
oversaturation. Thus, this bottom-up scalar can illus-
trate uprising convective structures and nearby diffusive
structures well. The other unitless passive scalar s, is set
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TABLE 1. Definition of octants based on the signs of w*, ¢, and s .
Octant
1 2 (Updraft) 3 (Ascendance) 4 5 6 (Downdraft/shell) 7 (Subsidence) 8
we + + + + - - - -
s¢ + + - - + + - -
s¢ + - + - + - + -

to increase with height initially [s;0(z) = 0.001z], re-
sembling a stably stratified atmospheric layer. Without
turbulent mixing, s, would thus directly define the height
of origin of the coherent structure. Perturbations of s,
from the initial distribution are relaxed toward the ini-
tial profile with a 10-min time scale at every grid point to
recover the initial state. This short time scale prevents
downward accumulation of s, and the formation of a
well-mixed region in the boundary layer, while captur-
ing top-down motions and maintaining a quasi-steady
mean state (similar to the initial profile). A sensitivity
test is performed on the decay and relaxation time scales
for s; and s,, respectively, and presented in appendix B
and shows that the two chosen times scales are appro-
priate. These two passive scalars with the vertical ve-
locity enable a detailed classification of ascending or
descending coherent flow structures.

d. Octant analysis

The octant analysis, an extended version of the quad-
rant analysis (Raupach 1981), divides a time series or
spatial field of three variables into eight parts based on
the signs of flux perturbations of the three variables
(Volino and Simon 1994; Gheisi et al. 2006). This type
of classification technique is widely used in surface-
layer turbulence to decompose the covariance and to
investigate their characteristics (Sullivan et al. 1998; Li
and Bou-Zeid 2011; Wallace 2016). With the help of
CVE and two passive scalars, eight coherent flow
structures can be defined based on the signs of w¢, s¢,
and s§, where prime indicates perturbation from hori-
zontal (slab) average (Table 1). Four of the octants are
especially studied here: the “‘updraft” (octant 2), ““as-
cendance” (octant 3), ‘“‘downdraft/shell” (octant 6),
and “‘subsidence” (octant 7) (Fig. 1). A combination of
positive s and negative s§ defines the region where air
from below has been transported upward, and its up-
ward w¢ > 0 (downward w® < 0) velocity component
represents the updraft (downdraft/shell). In contrast, a
combination of negative s{ and positive s5 defines the
environment or the region where air from above has
been transported, and its upward w¢ > 0 (downward
w¢ < 0) velocity component represents the ascendance
region (subsidence). Large-scale gravity waves in the
cloud layer exhibit both ascending and descending

regions (see next section). The other combinations are
weak and reflect mostly short-time fluctuations such as
dissipating clouds. These other four octants are not
negligible in horizontal coverage but do not contribute
to the vertical transport of momentum, heat, and
moisture, whereas the first four octants do (see the
details in section 3). The octant analysis can be directly
applied to the nonfiltered variables, but the classifica-
tion becomes noisy because of a lot of small-scale tur-
bulent fluctuations, especially in the wind speed
components, as illustrated in appendix A. It is thus an
essential part of the analysis to first filter out the in-
coherent part of the flow for accurate tracking of the
coherent structures. This method enables clear and
continuous classification of flow patterns across the
interface between the boundary and cloud layers and
does not depend on a threshold. The different pertur-
bations also have a direct translation into the contri-
bution to the overall vertical transport, the main role of
dry and moist convection.

3. Results
a. Coherent and incoherent decomposition

Figure 3 shows the vertical profiles of horizontally (x—
y plane) and temporally (30 min) averaged liquid water
potential temperature (6;); total water mixing ratio
(giot); normalized decaying passive scalar @ and nor-
malized nondecaying passive scalar (s,); and coherent
turbulent kinetic energy (TKE), sum of incoherent and
SGS TKE, and total TKE (sum of coherent, incoherent,
and SGS TKE). Here, angle brackets and overbars in-
dicate horizontal and temporal averages, respectively. A
well-mixed boundary layer of (6;) and (g, extends up
to z = ~0.6km, and a cloud layer appears from the top
of the boundary layer up to z = ~1.44km (Figs. 3a,b)
and is capped by the “trade inversion” layer, which
extends up to z = ~2km. The vertical profiles of two
passive scalars illustrate the decaying and nondecaying
characteristics of the two scalars, respectively. The
concentration (s;) abruptly decreases in the lower
boundary layer (including the surface layer) and then
decreases more slowly above, indicating intense turbu-
lent mixing in the boundary layer and reduced turbu-

lence in the cloud layer. In contrast to (s;), (s,) increases
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monotonically with height and maintains the initial
distribution as we intended with the short relaxation
time scale. The coherent TKE (defined as half the sum of
squared coherent velocity horizontal perturbations) re-
tains most of the total TKE (76.7%-98.7%), while the
sum of incoherent and SGS TKE is nonnegligible (more
than ~10% of total TKE) in the lower boundary layer.

Figure 4 shows the horizontal cross section of total,
coherent, and incoherent vertical velocity at = 21 600s
and z = 350, 850, and 1450 m. Contours of 0.01 gkg !
liquid water mixing ratio are added in Fig. 4 to show
horizontal distribution of condensed water clouds.
Strong updrafts and weak downdrafts appear in the
middle of the boundary layer (Fig. 4a). The updrafts are
arranged in near-parallel lines following mean hori-
zontal wind direction (82.1° at z = 350 m). These types of
aligned updrafts are known as streaks or ascending parts
of convective rolls (LeMone 1973; Moeng and Sullivan
1994), and they appear as low-speed regions in the
horizontal velocity components (not shown).

Cloudy updrafts, born from subcloud horizontal
streaks, grow up into the cloud layer (Fig. 4d), and some
of them reach the upper cloud layer (Fig. 4g). Circular
convective updrafts in the lower cloud layer (at z =
850m) spread over the subcloud convective rolls and
carry most of the water that condenses above the con-
densation level (Fig. 4d). While the cloudy updrafts in
the lower cloud layer still present a horizontally elon-
gated structure, in the upper cloud layer (at z = 1450 m)

the updrafts tend to exhibit a thermal-like structure and
their spatial and temporal distribution tend to be more
intermittent and more patchy (Fig. 4g).

Coherent vertical velocity fields (i.e., obtained with
CVE filtering) are smoother than the original total
fields. This smoothing, which corresponds to denoising,
makes the octant classification efficient (see also ap-
pendix A). In contrast, the incoherent vertical velocity
fields are mostly due to random perturbations, which are
spatially decorrelated in the boundary layer (Fig. 4c),
and limit the detection of coherent structures. In the
cloud layer, most of the incoherent turbulence is present
around cloudy regions since the air far away from clouds
is nearly nonturbulent (Figs. 4f,i) and clouds are the
main source of TKE.

As updrafts rise in the free-tropospheric stable strat-
ification, they generate gravity waves. Vertical mo-
mentum transport by gravity waves is determined by
their scales, and small-scale gravity waves do not trans-
port momentum in the vertical direction (Kershaw
1995). As seen in Fig. 4, gravity waves are also decom-
posed into coherent and incoherent parts. The large-
scale (transporting) gravity waves are classified as the
coherent part while the small-scale (nontransporting)
gravity waves are classified in the incoherent vertical
velocity fields and are thus conveniently filtered out in
the coherent part. In the cloud layer, large ascendance
or subsidence regions can be observed, corresponding to
those larger gravity waves (Fig. 4). On average, in the
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FIG. 4. Fields of (a) total, (b) coherent, and (c) incoherent vertical velocity at ¢ = 21 600s and z = 350 m and the same fields at z =
(d)—(f) 850 and (g)—(i) 1450 m. The contours of 0.01 gkg ! liquid water mixing ratio are added in (d)—(i). The northwestern quarter of

the horizontal domain is shown for clarity.

horizontal there is not much contribution to the mo-
mentum and temperature transport from the gravity
wave, as is discussed below, as the ascending and de-
scending motions nearly compensate each other.
Figure 5 shows the horizontal cross section of co-
herent liquid water potential temperature, coherent to-
tal water mixing ratio, and coherent decaying scalar at
t = 21600s and z = 350, 850, and 1450 m. The adiabat-
ically conserved liquid water potential temperature also
displays convective structures well. In the boundary
layer, low and high 6; correspond to updraft (indicated
by red contours) and downdraft, respectively, each
bringing cooler air from below and warmer air from
the cloud layer (Fig. 5a). Cloudy updrafts are distinct at

z = 850 and 1450 m (Figs. 5b,c) and exhibit strong neg-
ative anomalies of 6.

The moisture field in the boundary layer shows the
line-arranged updrafts with high humidity anomalies
(Fig. 5d). Those high-mixing ratio streak regions in the
boundary layer are generally connected to the cloudy
updrafts at z = 850 m in the lower cloud layer (Fig. 6b).
The cloudy updrafts are surrounded by high-g¢ , regions,
which decay slowly in time and increase the moisture in
the environment as time goes on (Figs. Se,f).

The distribution of coherent decaying scalar s
(Figs. 5g—i) is quite similar to that of total water mixing
ratio (Figs. 5d-f), except that the fields of decaying
scalar are less oversaturated and less diffused in the
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FI1G. 5. Fields of coherent liquid water potential temperature at f = 21 600 s and at z = (a) 350, (b) 850, and (c) 1450 m. (d)—(f) Fields of
coherent total water mixing ratio and (g)—(i) fields of the coherent decaying scalar. The black contours of 0.01 gkg ™' liquid water mixing
ratio and red contours of 0.4 ms ™! vertical velocity are added. The northwestern quarter of the horizontal domain is shown for clarity.

environment, allowing better tracking of the updraft and
subsiding shell structures. The scalar decay clearly de-
lineates the convective updrafts from the environment
(Couvreux et al. 2010; Rio et al. 2010). The other passive
scalar s§ shows a distribution opposite to that of s{
(not shown).

Figure 6 shows a vertical cross section in the x—z plane
(at y = 3337.5m) of the coherent vertical velocity, co-
herent total water mixing ratio, coherent decaying scalar
s{, and coherent nondecaying scalar s§. Convective
structures composed of updrafts and subsiding shells are
seen in the field of vertical velocity (Fig. 6a). Two cloudy
updrafts, centered atx = —5.4 and x = —4.5 km, develop
upward into the inversion layer and several weaker up-
drafts, centered at x = —3.7, 0, and 0.6 km, appear in the

cloud layer. Moisture and decaying scalar tend to con-
centrate in the boundary layer, streaklike, updrafts. A
small fraction of those updrafts goes up into the cloud
layer as thermal structures (Figs. 6b,c). The field of
nondecaying scalar s clearly illustrates the upward
transport of scalar by updrafts, as a strong negative
anomaly in the s field (Fig. 6d). The initial profile of the
nondecaying scalar is set to the corresponding height;
thus, in the absence of lateral entrainment, the value of
the nondecaying scalar directly reflects the initial posi-
tion of the air. The entrainment into the clouds, across
lateral boundaries, especially around the two strong
updrafts, is nicely observable in Fig. 6d, as air from lower
levels penetrates into the cloud layer but is diluted
around the edges of the clouds (Heus et al. 2008).
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FIG. 6. Fields of (a) coherent vertical velocity, (b) coherent total water mixing ratio, (c) coherent decaying scalar, and (d) coherent
nondecaying scalar in the x—z plane at y = 3337.5m. The contours of 0.01 gkg ™' liquid water mixing ratio are added.

Figure 7 shows the one-dimensional k, spectra of
vertical velocity and total water mixing ratio at ¢t =
21600s and z = 350, 850, and 1450 m. The x-directional
spectra of total, coherent, and incoherent components of
each variable are calculated at every y position, and all
calculated spectra are averaged in the y direction. The
spectra of the coherent parts cover most of the total
spectral variance, especially at low wavenumber [i.e., at
large scales (=100m)], while the spectra of the in-
coherent part retain most of total spectral variance at

the small scales (<100 m). This behavior is observed in
the boundary layer at z = 350 m (Figs. 7a,d), in the lower
cloud layer at z = 850m (Figs. 7b,e), and in the upper
cloud layer at z = 1450 m. The spectra of liquid water
potential temperature and the two passive scalars are
similar to those of total water mixing ratio (not shown).
This indicates that coherent (incoherent) parts are dom-
inant at large (small) scales, but both are multiscale in
nature as they spread over a wide range of wavenumbers.
The coherent part contains most of the larger-scale
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FIG. 7. Spectra of total, coherent, and incoherent vertical velocity at z = (a) 350, (b) 850, and (c) 1450 m, and those of total water mixing
ratio at z = (d) 350, (e) 850, and (f) 1450 m. Black lines of —5/3 slope are added.

energy-containing and inertial-subrange eddies (Fig. 7),
as has been found for homogeneous isotropic turbulence
(Farge et al. 2001; Kadoch et al. 2011; Okamoto et al.
2011b). The incoherent part, on the other hand, exhibits a
flat spectrum, characteristic of white noise, except close
to the subgrid-scale filtering wavenumber, because of
inherent spectral limitation wavelength cutoff due to the
subgrid-scale length scale imposed by the Nyquist fre-
quency. This flat spectrum of the incoherent part corre-
sponds to energy equipartition between the different
scales, and in physical space this indicates that the field is
indeed uncorrelated. As small scales are mostly in-
coherent, the LES subgrid-scale model acts as a filter of
the incoherent part of the flow. High-resolution turbulent
models, such as direct numerical simulations, thus
exhibit a large incoherent spectrum (Farge et al. 2001),
and the coherent decomposition is essential as the LES
resolution increases.

b. Coherent spatial structures

An example of the octant analysis of the coherent part
of the vertical velocity, decaying scalar, and non-
decaying scalar at t = 21600s and z = 350, 850, and
1450 m is shown in Fig. 8. The second octant reflects the
updraft, the third octant reflects the ascendance, the
sixth octant reflects the downdraft/shell, and the seventh
octant reflects the subsidence. The distribution of those

four octants illustrates the boundary layer streaks
composed of line-arranged updrafts, surrounded by
downdrafts/subsiding shells. Between those structures,
subsidence dominates (McNaughton and Brunet 2002),
and this alternating pattern of updraft versus subsidence
reflects the typical ejection—sweep mechanism observed
in the surface layer (Katul et al. 1997; Lin 1999;
McNaughton and Brunet 2002; Kim and Park 2003;
Watanabe 2004; Foster et al. 2006; Katul et al. 2006;
Guingo and Minier 2008; Zeri and de Abreu Sa 2011).
We note that the downdrafts/subsiding shells around the
streaks cannot be due to buoyancy sorting, which is
typically used as the explanation of the subsiding shells
for updrafts (Heus and Jonker 2008; Abma et al. 2013),
as there is no phase change in the boundary layer. In-
stead, the buoyancy of the downdrafts/subsiding shells is
very similar to that of the updrafts (Fig. 13) and the
downdrafts/subsiding shells in the boundary layer are
mostly the returning part of a vortex-like structure
(similar to Hill’s vortex). We note that the updraft—
subsidence organization in the boundary layer reflects
the perspective of Bjerkness (1938) of shallow convec-
tion with narrow updrafts surrounded by widespread
slow subsidence between them.

Above the boundary layer, we observe more-
circular, thermal-like, updrafts surrounded by downdrafts/
subsiding shells, as previously noticed in isolated clouds
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FIG. 8. Fields of octants at + = 21600s and at z = (a) 1450,
(b) 850, and (c) 350 m. The contours of 0.01 gkg ' liquid water
mixing ratio are added in (a) and (b).

(Heus and Jonker 2008; Abma et al. 2013). Most of the
strong updrafts have condensed water, and the down-
drafts/subsiding shells are mostly cloud-free (outside of
black contour lines), as earlier realized with a linear
theoretical analysis by Bretherton (1987) and further
confirmed by high-resolution turbulent simulations
looking at individual clouds (Heus and Jonker 2008;
Abma et al. 2013). Downdrafts/subsiding shells in
the boundary and cloud layers can be quite extensive
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spatially, especially in regions with multiple updrafts
(see below). The downdrafts/subsiding shells are much
denser than the updrafts (Fig. 13), and the buoyancy
anomaly increases as the updrafts rise into the cloud
layer and the anomaly peaks at the bottom of the in-
version layer. This means, as previously noted (Heus
and Jonker 2008; Abma et al. 2013), that decreased
buoyancy in subsiding shells induced by evaporative
cooling is substantial and accelerates the subsiding shells
downward.

In the cloud and inversion layers, the ascendance oc-
tant becomes more prevalent than in the boundary layer
yet does not contribute much to the total transport (see
section 3c). This ascendance is induced by gravity waves,
and the overall coverage of the ascendance is equivalent
to the subsidence region (see section 3c). In the upper
cloud layer (z = 1450m), strong updrafts with con-
densed water rise from below and are surrounded by
downdrafts or subsiding shells (Fig. 8a). The up-
drafts and downdrafts are connected as large structure
(several-kilometer scale). The structures are composed
of active updrafts and dissipating flow structures.
Gravity waves (as detected by the ascendance and sub-
sidence octants), which are transporting momentum, are
detected around the large convective structures. The
environmental ascendance and environmental subsi-
dence are frequent outside the connected convective
structures at z = 850 and 1450 m. The connected updraft
structures are larger higher in the inversion layer (e.g., at
z = 1450 m compared to z = 850m), because of the en-
trainment or aggregation of smaller structures. It is also
notable that several downdrafts appear quite separated
from convective structures at z = 1450m. This can be
attributed to the dissipating updrafts and top-down
(penetrative) downdrafts, which are longer lived than
the active updrafts.

Figure 9 shows a vertical cross section in the x—z plane
(at y = 4412.5m) of the octants (Fig. 9a), coherent
vertical velocity (Fig. 9b), perturbation of coherent lig-
uid water potential temperature (Fig. 9c), and pertur-
bation of coherent total water mixing ratio (Fig. 9d). The
strength of the eight flow patterns and their roles can be
illustrated by comparing the fields of octants and the
magnitudes of vertical velocity, temperature perturba-
tion, and moisture perturbation in Figs. 9b—d. Updrafts
and downdrafts/shells are distinct, and environmental
subsidence is weak but frequent. Updrafts and sub-
sidence in the boundary layer are associated with larger-
scale upward and downward convective structures,
comprising convective rolls tilted in the mean-wind di-
rection (Fig. 4). The boundary layer updrafts/streaks are
directly connected to cloudy updrafts, transporting
moisture from the boundary layer to the cloud layer
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are added.

(Fig. 9d). The connection between the updrafts in the
boundary layer and those in the cloud layer is, however,
sporadic, and the entire streak does not become a cloudy
updraft; only a smaller subregion with the highest water
content, and therefore lower level of free convection, is
extracted from the streaks and becomes a cloudy up-
draft. Strong updrafts in the cloud layer are typically
associated with downdrafts/subsiding shells (Fig. 9a),
and the downdrafts/subsiding shells can be sometimes
cloudy, as seen for instance at x = —1.6km and z
1.2km, confirming the vortex ring structure of cloudy
updrafts (Sherwood et al. 2013).

The cloudy updrafts carry most of the moisture, and
moisture inside the cloudy updrafts concentrates in the
center of the updrafts (Fig. 9d), indicating again internal
circulation similar to Hill’s vortex (Bretherton 1987;
Sherwood et al. 2013). It is also notable that cloudy
updrafts and downdrafts, such as the ones appearing at
x = ~0.8km and z = ~1.5 km can be part of a dissipating
flow structure similar to “‘passive clouds” (Stull 1988).
The weak updraft in the inversion layer at x = ~—5km
and z = 2km is another example of the dissipating flow
structures in the inversion layer. This passive flow
structure can be clearly seen in the field of moisture
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F1G. 10. Fields of (a) octants, (b) coherent vertical velocity, (c) perturbation of coherent liquid water potential temperature, and
(d) perturbation of coherent total water mixing ratio in the y—z plane at x = —5512.5 m. The contours of 0.01 gkg ! liquid water mixing

ratio are added.

(Fig. 9d), as it has a strong positive moisture anomaly
yet a very weak velocity. Those passive clouds would
typically not be detected by other methodologies yet
would have an impact on the radiation field if they were
to be interactive. The moisture field shows weak but
streamwise-elongated structures in the cloud and in-
version layer. This is related to turbulent mixing around
the strong cloudy updrafts and advection of slowly dis-
sipating convective structures, as described in appendix
C. Nonetheless, updrafts are more clearly associated
with localized perturbations in liquid potential tem-
perature and moisture, contrary to virtual potential

temperature, which is smoothed out by gravity waves
transporting buoyancy but not moisture.

A vertical cross section in the y-z plane (at
x = —5512.5m) of the octants, coherent vertical veloc-
ity, perturbation of coherent liquid water potential
temperature, and perturbation of coherent total water
mixing ratio is plotted in Fig. 10. The updrafts, com-
prising the horizontal streaks and convective rolls in the
boundary layer (Fig. 4), appear side by side, and some of
them extend through the cloud layer, while others are
suppressed by environmental subsidence in the surface
layer or by stability in the cloud layer. The spanwise
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spacing between the convective structures depends on
the vertical size of corresponding convective struc-
tures. For instance, the spacing is about several hun-
dreds of meters between horizontal streaks, and the
distance between the ascending branches of convec-
tive rolls is more than twice the boundary layer height.
The vertical transport of heat and moisture by cloudy
updrafts is illustrated in Figs. 10c and 10d. One in-
teresting point is that the strongest updraft at y =
3.2km and z = 1.5km is located beside the northern
(right-hand side of the figure) dissipating flow struc-
ture, which corresponds to the dissipating flow struc-
ture shown in Fig. 9. Convective structures develop
vertically, and several of them dissipate together,
inducing a subtle mixture of updrafts and downdrafts.
This kind of development—dissipation process is sus-
pected to be the essential mechanism of entrainment
and detrainment of plumes and will be investigated by
tracking individual convective structures in future
studies.

c. Contribution of coherent structures to transport

The scatterplots of the eight octants in the w—6] plane
and w—q;, plane at z = 350, 850, and 1450m in Fig. 11
illustrate the frequency and magnitude of the octants.
The updrafts are the strongest octant in terms of vertical
velocity and scalar anomalies, contributing the most to
vertical transport of heat and moisture in the cloud layer
(Figs. 11a—d). The next strongest octant is the downdraft/
shell that acts in the opposite vertical direction to the
updrafts. The other octants are not clearly distinct in
magnitude in the cloud layer. In the boundary layer, the
magnitudes of perturbations are much smaller than
those in the cloud layer as could be expected in a neutral
stratification compared to a conditionally unstable
stratification, where cloudy updrafts can substantially
deviate from the environmental values because of latent
heating. Updrafts and environmental subsidence are
frequent, and they are comparable in terms of flux con-
tribution (Figs. 11e,f) in the boundary layer. Downdrafts/
subsiding shells and ascendance are also relatively fre-
quent in the boundary layer but do not transport much.
In the boundary layer (e.g., z = 350m), the main con-
tribution of the updrafts to the transport is due to the
anomalies of vertical velocity but not to the scalar
anomalies, which are fairly close to the environmental
values. This reflects the acceleration and entrainment
of the updrafts as they rise from the surface into the
boundary layer. The updrafts accelerate but tend to
reduce their scalar anomalies with the environment
through entrainment as they rise. Subsidence con-
versely is typically slow but exhibits relatively higher
scalar anomalies.
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Using CVE together with the octant analysis method,
we can, for the first time, evaluate the (horizontally and
temporally averaged) profiles of frequency (horizontal
coverage), vertical velocity (mass flux divided by den-
sity), and contribution of the different structures to the
vertical fluxes of heat and moisture (Fig. 12). The same
profiles conditionally sampled on “‘cloud core,” defined
as the positive buoyant region where liquid water mixing
ratio is higher than 0.01 gkg ' (Siebesma and Cuijpers
1995), are added in Fig. 12 for comparison. The updraft,
downdraft/shell, and environmental subsidence are fre-
quent in the boundary layer while ascendance induced
by gravity waves is also frequent in the cloud layer
(Fig. 12a). The updrafts and environmental subsidence
are the dominant contributors to the mass flux and
transport in the boundary layer. In the cloud and in-
version layers, downdraft/shell and ascendance are also
comparable in magnitude to the updrafts and sub-
sidence. In the upper inversion layer and above it, the
updrafts and downdrafts/subsiding shells are nearly ab-
sent, but ascendance and discordance generated by
gravity waves are the most frequent structures.

The contribution of each structure to the vertical
turbulent fluxes of heat and moisture is shown in
Figs. 12c and 12d. The updrafts are the most dominant
contributor to the transport of heat above the surface
layer. Even if they are infrequent in the upper inversion
layer, their contribution to the transport is large because
they carry large scalar anomalies (Figs. 5, 11). The sec-
ond most important contributor in the cloud layer is the
downdraft/shell octant, which transports heat and
moisture in the opposite direction to the updrafts. There
is a clear difference between the cloud layer and the
boundary layer, as in the latter subsidence covers a large
fraction of the domain (as previously thought for moist
convection) and strongly contributes to the transport. In
the cloud and inversion layers, the subsidence and as-
cendance contribution to the transport nearly cancel
each other, and most of the downward motion contri-
bution is due to the subsiding shell, not to the environ-
mental subsidence. The weak role of environmental
subsidence in the cloud layer of trade wind shallow
convection had been reported earlier (Heus and Jonker
2008; Jonker et al. 2008) but is here refined by system-
atically investigating its transport contribution. In fact,
the subsidence transport is not negligible in the cloud
and inversion layer, but the transport and mass flux is
almost entirely compensated by the environmental
ascendance, which is of the same amplitude, as both
are induced by the same gravity waves. A clear differ-
entiation between penetrative/overturning downdrafts
and shells depends on height, but a clear separation is
difficult because of three-dimensional complex flow
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FI1G. 12. Vertical profiles of horizontally and temporally (30 min) averaged (a) frequency, (b) vertical velocity, (c) vertical turbulent flux of
liquid water potential temperature, and (d) vertical turbulent flux of total water mixing ratio of octants.

around updrafts. However, the buoyancy anomaly of
the downdrafts is similar to that of the updrafts at the
top of the inversion layer, suggesting that penetrative/
overturning downdrafts are prevalent at the top of the
inversion layer, whereas subsiding shells with evapo-
ratively cooled buoyancy anomalies dominate in the
lower inversion layer and the cloud layer (Fig. 13).
This will be investigated further in a future study
to understand the interaction between downdrafts
and shells.

The role of the downdraft/shell is again illustrated in
the profiles of we-weighted virtual potential temperature
sampled in the updraft and the downdraft/shell, re-
spectively (Fig. 13). To minimize the impact of dissi-
pating weak updrafts, the sampled virtual potential
temperature is weighted by coherent vertical velocity.
The virtual potential temperature difference between
the downdrafts/subsiding shells and the updrafts is small
and of the same order in the boundary layer, this seems
more plausible that the downdrafts/subsiding shells can
be induced by the vortex-like circulation, a la Hill’s
vortex (Sherwood et al. 2013) at least in the boundary
layer. It is also notable that the virtual potential tem-
perature anomaly of downdrafts/subsiding shells is
positive in the boundary layer (Fig. 13¢c). In the cloud
layer, the virtual potential temperature anomaly of the
updrafts (downdrafts) is positive (negative) compared to
the environment. Downdrafts/subsiding shells exhibit
strong negative buoyancy anomalies in the cloud layer,

which illustrates the importance of evaporative cooling
in the subsiding shells, as shown in the study of shallow
convection (Heus and Jonker 2008; Jonker et al. 2008)
and also deep convection (Glenn and Krueger 2014).
We speculate that subsiding shells are generated by
overturning circulations and that they are strengthened
by evaporative cooling in the cloud layer.

Those results have important implications for the
parameterization of dry and moist convection. In the
boundary layer, updrafts and subsidence are the domi-
nant contributors. Subsidence is an important trans-
porter of moisture anomalies in the boundary layer, as it
brings dry air from the cloud layer into the boundary
layer. Thus, the concept of descending dry air through a
wide environment (Bjerkness 1938) is more valid in the
boundary layer than in the cloud layer. In the cloud
layer, subsidence is not uniform around updrafts, does
not transport much, and the transport is compensated by
ascendance induced by the same gravity waves. Instead,
downdrafts/subsiding shells are important contributors
to the downward transport of scalars, especially in the
inversion layer, where their transport contribution is
comparable in magnitude to that of the updrafts. This
means that downdrafts/subsiding shells have to be
modeled in convective schemes and that the top-hat
assumption is incorrect, because subsidence is not uni-
form and because subsiding shells are present around
updrafts, altering the entrainment into updrafts (Heus
and Jonker 2008; Jonker et al. 2008). In the boundary
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respectively.

layer, subsidence is an important contributor to the
overall transport of heat and moisture but is not pro-
portional to the updraft mass flux. This means that
typical mass flux approaches should fail in the boundary
layer and that subsidence [usually related to the entrain-
ment process at the top of the boundary layer (Sullivan
et al. 1998; McNaughton and Brunet 2002)] should be
included in the parameterization of boundary layer
transport (Gentine et al. 2013a,b).

d. Coherent convective structures over land

Cumuli over the ARM SGPsite are simulated for 9.5 h
using the initial sounding, surface fluxes, and external
forcing described in Brown et al. (2002). Octant fields at
one x—z plane (y = 12.5m) and three instants (3, 6, and
9h) are presented in Fig. 14. Without spinup time, the
octant fields can be calculated below the highest level
reached by s; following updrafts. Thus, the vertical
range of octants increases with time (e.g., from ~1.4km
att =3hto ~2.3kmat¢ = 6h). The octant fields show a
complex and time-varying distribution of coherent
structures from the boundary layer to the cloud layer.
Boundary layer convective rolls appear at 3h (0830 LT),
shallow cumuli are seen at 6h (1130 LT), and deeper
cumuli develop far above the boundary layer at 9h

(1430 LT). The aggregated convective structures, mainly
composed of updrafts and shells, appear again at 9h, as
seen in Fig. 10. The contribution of the octants to the
vertical turbulent flux of moisture is also investigated
(not shown). For example, updrafts, downdrafts/shells,
and subsidence contribute 71%, —6.4%, and 37 % of the
vertical turbulent flux, respectively, at z = 250m and ¢ =
3h. In the boundary layer this relative contribution is
similar later in the simulation (6 and 9h). In the cloud
layer, updrafts, downdrafts/shells, and subsidence con-
tribute 113%, —19%, and 15% of the vertical turbulent
flux, respectively, at z = 1550 m and ¢ = 9 h. Downdrafts/
shells contribute more to the total flux in the cloud layer
than in the boundary layer, and its contribution becomes
larger in the inversion layer, similar to the BOMEX case
(Fig. 12d). The contribution of the octants to the vertical
turbulent flux of heat shows similar vertical distribution
as in the BOMEX case (Fig. 12c). Overall, the results
over this continental case are very similar to the BOMEX
trade wind case, and the coherent structure extraction
also performs very well in this case. Further study, fo-
cusing on continuous tracking of individual coherent
structures, will help us understand the role of individual
coherent structures in convection deepening and
entrainment.
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FIG. 14. Octant fields of (w°, 5§, s5) aty = 12.5m and ¢t = (a) 3, (b) 6, and (c) 9 h in the simulation of the ARM case. The contours of
0.01 gkg ! liquid water mixing ratio are added.

e. A note on compression rate

The efficiency of CVE filtering at ¢ = 21600s is illus-
trated in Fig. 2. Iteration number decreases from 7 near
the surface to 3 above the surface layer. This indicates
that the noise level also decreases with height in the
lower boundary layer (and thus the turbulence level).
The iteration number decreases again across the cloud
layer and trade inversion, but the flow is weak, especially
outside the narrow convective structures. The denoised
coherent flow conserves most of the original vertical
turbulent momentum flux (Fig. 2b) in all layers. How-
ever, it should be noted that the magnitude of the mo-
mentum flux above the cloud layer is much weaker than
below. The denoised coherent flow and coherent total
water mixing ratio also conserve most of the original
vertical turbulent moisture flux (Fig. 2c). The ratio of
coherent to total (resolved) vertical turbulent fluxes of

other variables are checked, and the ratios of the energy
contained are always above 95% (not shown). CVE and
wavelet decomposition has the advantage that it can
explain coherent flow and the total transport using
only a very small number of wavelet coefficients, as
Yano et al. (2004) reproduced more than 90% of vari-
ance in deep convection by retaining only the top 10% of
the wavelet coefficients. The compression rate of the
velocity components, defined as the ratio of the number
of coherent wavelet coefficients to that of total wavelet
coefficients, is shown in Fig. 2d. Above the surface layer,
less than 10% (typically 5%-7%) of the wavelet co-
efficients represent the coherent flow and retain most of
the flow structure and most of the transport. The four
scalars 67, g5, s, and s have likewise good compression
rates, less than 10% (typically 5%—7%) in the wavelet
domain above the surface layer (where the subgrid-scale
LES contribution to the total flux is large) (Fig. 2d).
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FIG. Al. Octant fields of (w, s1, s;) at t =21 600s and at z = (a) 350, (b) 850, and (c) 1450 m; (d)—(f) octant fields of (w, s, s5); and
(g)-(i) octant fields of (w*, 51, 5,). The contours of 0.01 gkg™' liquid water mixing ratio are added at z = 850 and 1450 m.

Thus, the CVE filtering method based on the ratio of
momentum flux is well adapted and efficient to describe
shallow convection transport.

In cumulus parameterization a form of compression to
represent convective transport is the so-called super-
parameterization method. Superparameterization is a
method that explicitly resolves moist convections in a
small sample of the GCM grid using an embedded

cloud-resolving model (Khairoutdinov and Randall
2001; Khairoutdinov et al. 2005; Arakawa et al. 2011).
Although its explicit calculation demands much more
computing resources than the standard convective pa-
rameterization, such as the bulk mass flux approach, it
has shown great potential because of its improved pre-
dictability of local and global climate that are closely
related to convection-scale phenomena (Li et al. 2012).
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Instead of a cloud-resolving model, a denoised
wavelet-based LES model could potentially be used to
resolve subgrid moist convection in the wavelet do-
main instead of the spatial domain. Multiresolution
methods have already been implemented in several
engineering problems (Schneider and Vasilyev 2010;
Okamoto et al. 2011b; De Stefano and Vasilyev 2013).
Indeed, the coherent part of the flow represents only
~T7% of the total wavelet coefficients of the full flow so
that most of the transport can be represented with
very few wavelet coefficients. In addition, the wavelet
coefficients become sparser at small scales. In other
words, improved convective parameterization repre-
sentation could potentially be achieved with a com-
pression algorithm that would represent and evaluate
the evolution of the coherent flow only, which only
represents a small fraction of the total field yet de-
scribes most of the transport. This wavelet-based ex-
traction for parameterization will be evaluated in
further studies.

4. Summary and conclusions

A new method, classifying updrafts, downdrafts/shells,
(environmental) subsidence, and other flow structures
in the LES-simulated boundary and cloud layers, has

been introduced. Denoised parts of the vertical ve-
locity, decaying passive scalar, and nondecaying pas-
sive scalar are obtained using the CVE filtering
technique, and the coherent part is divided into eight
flow structures based on the signs of perturbations of
the three coherent variables. The method can, for the
first time, evaluate the frequency and flux contribution
of each of the different coherent structures both in the
boundary layer and cloud layer. Updrafts and sub-
sidence are the most frequent and dominant trans-
porters of heat and moisture in the boundary layer.
The two flow patterns with downdrafts/shells clearly
show the detailed structure of horizontal convective
rolls in the boundary layer. In the cloud layer, the
frequency of ascendance is comparable to that of
subsidence and its contribution to the vertical turbu-
lent fluxes of heat and moisture balances that of sub-
sidence. The downdraft/shell does not occur as frequently
as subsidence, but it contributes significantly to the ver-
tical transport of heat and moisture in both the boundary
and cloud layers. The role of the downdraft/shell is dis-
tinct, especially in the upper cloud layer, where only it
and updraft regions are significant transporters of heat
and moisture.

The new classification method in this study extracts
coherent structures in the unsaturated boundary layer
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F1G. B2. Octant fields of (w*, 5§, s5) att = 21 600 s and z = 850 m with (decay time scale, relaxation time scale) of (a) (100, 100), (b) (1800,
100), (c) (3600, 100), (d) (100, 600), (e) (1800, 600), (f) (3600, 600), (g) (100, 3600), (h) (1800, 3600), and (i) (3600, 3600) s. The contours of
0.01 gkg ™! liquid water mixing ratio are added.

3 (ascendance) 4

and cloud layer. This method is expected to help track
continuous evolution of individual convective updrafts
and their aggregation across the boundary between
different atmospheric layers. With the help of tracking
algorithm, this method can also help us understand
the entrainment and detrainment of individual coherent

5 6 (downdraft/shell) 7 (subsidence) 8

structures. Further study focusing on the entrainment
and detrainment of coherent structures in shallow and
deep convections is being prepared.

It also should be stressed that the method efficiently
tracks essential flow structures of shallow convec-
tion. Above the surface layer, less than 10% of wavelet
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FIG. C1. Fields of perturbation of coherent total water mixing ratio in the x—z plane at y = 4412.5m at ¢ = (a) 20 880, (b) 21 120, (c) 21 360,
and (d) 21 600s. The contours of 0.01 gkg ™! liquid water mixing ratio are added.

coefficients are used to reconstruct coherent structures
that retain more than 95% of momentum transport in
the vertical direction. In the future, adaptive wavelet
discretizations could potentially be used for simula-
tions, which benefit from the compression properties
to reduce CPU and memory requirements of the
computations.
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APPENDIX A

Octant Analysis of Nonfiltered LES Data

Octant analysis of nonfiltered (w, s1, 5), that of (w, s,
s5), and that of (w*, s1,s,) att = 21600s and z = 350, 850,
and 1450 m are compared in Fig. Al. The octant fields of
the filtered vertical velocity and the nonfiltered scalars
in Figs. Alg-i are very similar to the octant fields of
filtered variables in Fig. 8. CVE filtering of the two
scalars slightly changes the results. In contrast, the
octant fields of the nonfiltered vertical velocity and
the filtered and nonfiltered scalars show small-scale
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fluctuations between ascendance and subsidence and
between fourth and eighth octants in the cloud layer
(Figs. Alb,c,e,f). These small fluctuations are mainly
due to the small-scale gravity waves, and they interrupt a
clear identification of coherent structures in the envi-
ronmental region.

APPENDIX B

Sensitivity to the Decay Time Scale of s5; and
Relaxation Time Scale of s,

Four additional 1-h LES experiments, starting from
the LES data at t+ = 5h, are performed to check the
sensitivity to the time scales of the two passive scalars.
The initial (at = 5h) concentrations of the two scalars
are set to zero and the linear profile, respectively, and
both the time scales are set to 100, 600, 1800, and 3600 s
in the four numerical experiments, respectively. Figure B1
shows the vertical profiles of slab-averaged decaying and
nondecaying scalars, respectively. The concentration of
decaying scalar decreases with decreasing decay time scale
and that of nondecaying scalar relaxes more toward the
initial profile with decreasing relaxation time scale. Thus, a
short decay time scale helps us avoid oversaturation of the
decaying scalar, and a short relaxation time scale enables
maintaining a quasi-steady state of the nondecaying scalar.

Figure B2 shows the fields of octants at z = 850 m and
t = 21600s with several combinations of decay and re-
laxation time scales. As seen in Fig. B2, interchange
between nearby octants (e.g., fifth and sixth octants)
depending on time scales is inevitable. Despite the in-
terchange, the change of flux contribution of individual
octants is negligible (not shown) except for the shortest
time scales because changeable parts are actually weak.
Too-rapid decay (relaxation), however, suppresses weak
but effective structures surrounding cloudy updrafts
(Fig. B2a) and also change flux contribution of individ-
ual octants. Thus, we also avoid too-short decay and
relaxation time scales.

APPENDIX C

Dissipating Structures of Moisture in the Upper
Cloud Layer

Figure C1 shows a vertical cross sections in the x—z
plane (at y = 4412.5m) of the perturbation of coherent
total water mixing ratio at ¢ = 20880, 21 120, 21 360, and
21600s. The 240-s spaced series of moisture perturba-
tion fields illustrate dissipation of cloudy updrafts, for
instance at x = Okm and z = 1-1.5km, and advection of
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dissipating structures following the mean wind (easterly
in the cloud layer). Floating moisture in the upper cloud
and inversion layers tends to decay slowly while mois-
ture in the boundary layer is transported quickly
through the strong cloudy updrafts (Figs. 6, 9, 10). After
dissipation of the updrafts, detrained moisture remains
in nonturbulent regions, being advected by the easterly
mean wind (Figs. Clb-d). The elongated structures
might be attributed to the vertical gradient of mean wind
(weakening easterly with height) and the relatively long
time scale of moisture dissipation in the nonturbulent
regions. It is not clear that these kinds of structures
can be directly related to the passive clouds in Stull
(1988), and their role is unclear. However, the amount
of moisture in the upper cloud and inversion layers
must affect the condensation of newly uprising con-
vections, and thus the dissipating flow structures de-
serve further study.
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