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ABSTRACT

This study investigates to what extent the convective fluxes formulated within the mass-flux framework can

represent the total vertical transport of heat andmoisture in the cloud layer andwhether the same approach can be

extended to represent the vertical momentum transport using large-eddy simulations (LESs) of six well-

documented cloud cases, including both deep and shallow convection. Two methods are used to decompose the

LES-resolved vertical fluxes: decompositions basedon the coherent convective features using themass-flux top-hat

profile and by two-dimensional fast Fourier transform (2D-FFT) in terms ofwavenumbers. The analyses show that

the convective fluxes computed using themass-flux formula can account formost of the total fluxes of conservative

thermodynamic variables in the cloud layer of both deep and shallow convection for an appropriately defined

convective updraft fraction, a result consistent with the mass-flux dynamic view of moist convection and previous

studies. However, the mass-flux approach fails to represent the vertical momentum transport in the cloud layer of

both deep and shallow convection. The 2D-FFT and other analyses suggest that such a failure results from a

number of reasons: 1) the complicated momentum distribution in the cloud layer cannot be well described by the

simple top-hat profile; 2) shear-driven small-scale eddies are more efficient momentum carriers than coherent

convective plumes; 3) the phase relationship between vertical velocity and horizontal momentum components is

substantially different from that between vertical velocity and conservative thermodynamic variables; and 4) the

structure of horizontal momentum can change substantially from case to case even in the same climate regime.

1. Introduction

How to appropriately represent the vertical transport

of moist convection in large-scale models is a long-

standing problem in weather forecasting and climate

simulation and projection. Themost commonmethod to

parameterize the convection-induced vertical transport

is the mass-flux approach pioneered by Arakawa and

Schubert (1974). In this framework, the total kinematic

vertical flux of a generic variable x at an arbitrary height

may be decomposed into three parts,

w0x0 5sw00x00 c 1 (12s)w00x00 e 1s(wc 2w)(x c 2 x)

1 (12s)(we 2w)(x e 2 x) , (1)

where s is the fraction of coherent convective elements

of an area. Overbars and overbars indexed with super-

scripts c and e indicate the averages over the area, the

coherent convective elements, and the environment in

which the coherent elements are embedded, respectively.

Primes and double primes indicate the perturbations with

respect to the domain mean and mean over the coherent

convective elements and environment, respectively. To

obtain Eq. (1), the top-hat distribution profile has been

applied to the mean fields, that is, x5sxc 1 (12s)xe.

The first and second terms on the right-hand side (RHS)

of Eq. (1) represent the fluxes induced by the perturba-

tions within the coherent convective elements and envi-

ronment, respectively. The sum of the third and fourth

terms on theRHSofEq. (1) represents the fluxes induced

by the coherent features associated with the convective

elements and environment. One may further show that

the third and fourth terms may be rewritten as

hwxi
c
5s(wc 2w)(xc 2 x)1 (12s)(we 2w)(xe 2 x)

5M
c
(xc 2 xe) ,

(2)

where hwxic is known as the kinematic convective ver-

tical flux of the variable x, and Mc 5s(12s)(wc 2we)

is the kinematic convective mass flux.
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The concept of mass flux provides a concise de-

scription of moist convection and a practical way to

parameterize the convection-induced vertical transport

in large-scale models. Using large-eddy simulations

(LESs), Siebesma and Cuijpers (1995) and Wang and

Stevens (2000) showed that the convective fluxes com-

puted by Eq. (2) can account for 80%–90% of the total

fluxes of conservative thermodynamic variables, such as

liquid water potential temperature ul and total water

mixing ratio qt, in the cloud layer of shallow cumuli,

indicating that Eq. (2) provides a good estimate of the

vertical transport of heat and moisture associated with

shallow cumulus clouds. The mass-flux approach was

originally developed for parameterizing deep cumulus

convection and has been widely accepted by the com-

munity. Recently, Liu et al. (2015) examined the mass-

flux representation of vertical transport of water vapor

using the explicitly resolved fluxes by the cloud-

resolving model (CRM) simulations of a midlatitude

continental squall-line case and a tropical mesoscale

convective complex case. However, although CRMs

may appropriately simulate coherent convective fea-

tures of deep moist convection, they cannot resolve

large turbulent eddy circulations that are also important

to the vertical transport. To the author’s knowledge, no

evaluation has been done at the LES scale to examine to

what extent the convective fluxes computed by Eq. (2)

can represent the total vertical transport of heat, mois-

ture, and hydrometeors in the cloud layer of deep con-

vection. In recent studies of mass-flux parameterization

of deep moist convection, Arakawa and Wu (2013) and

Wu and Arakawa (2014) developed a generalized mass-

flux framework for cumulus parameterization. Their

proposed ‘‘unified parameterization’’ framework elimi-

nates the assumption of s � 1 used by the traditional

mass-flux parameterization to allow for a smooth tran-

sition to an explicit simulation of cloud-scale processes

as the resolution increases. But the accuracy of using

convective fluxes computed by Eq. (2) to represent the

total vertical transport of heat and moisture in the cu-

mulus layer is not discussed in their papers.

The vertical transport of horizontal momentum in-

duced bymoist convection is another important subgrid-

scale process that needs to be represented in large-scale

models. The importance of vertical transport of hori-

zontal momentum induced bymoist convection to large-

scale circulations has been long recognized since the

1970s (e.g., Houze 1973; Riehl and Soltwisch 1974; Stone

et al. 1974; Schneider 1975). Most of our knowledge on

convective transport of horizontal momentum is also

obtained in the mass-flux framework. Assuming that

horizontal momentum components behave in the

same manner as that of conservative thermodynamic

variables, the kinematic convective momentum fluxes

may be written as

hwui
c
5M

c
(uc 2 ue) and hwyi

c
5M

c
(yc 2 ye) , (3)

where u and y are the horizontal wind components in a

local Cartesian coordinate. Equation (3) has been ex-

tensively used in previous studies on the vertical mo-

mentum transport induced by deep moist convection,

such as momentum budget analyses (e.g., Tung and

Yanai 2002a,b) and cumulus parameterizations that in-

clude the effect of convective momentum transport

(e.g., Schneider and Lindzen 1976; Zhang and Cho

1991a,b; Wu and Yanai 1994; Kershaw and Gregory

1997; Zhang and Wu 2003; Song et al. 2008; Wu et al.

2007). However, the vertical transport of horizontal

momentum can be significantly different from the ver-

tical transport of conservative thermodynamic variables

because horizontal momentum is a vector with two in-

dependent nonconservative components. Whether Eq.

(3) can appropriately account for the vertical momen-

tum transport in the cloud layer of moist convection has

not been discussed or evaluated by previous studies on

mass-flux parameterization. Such an evaluation is im-

portant for two reasons. First, a convective or stratiform

cloud regime usually has a well-defined vertical ther-

modynamic structure, whereas themean vertical profiles

of horizontal momentum may vary substantially from

case to case even in the same climate regime. Thus, it is

unclear if the mass-flux formula originally derived based

on the thermodynamic fields can be appropriately ex-

tended to the dynamic fields. Second, researchers in

other areas have shown that the momentum transport

behaves differently from the transport of heat and

moisture. For example, studies show that the coherent

large turbulent eddies, such as roll vortices and con-

vective cells, which can effectively transport heat and

moisture in the atmospheric boundary layer (ABL), are

inefficient in transporting momentum in the surface

layer, that is, the lowest layer of the ABL (e.g.,

Townsend 1961; Bradshaw 1967; Shaw and Businger

1985; Mahrt and Gibson 1992; Högström and Bergström
1996; Zhu et al. 2010). For this reason, these large tur-

bulent eddies are often called ‘‘inactive’’ eddies in lit-

erature. It was found that the intermittent smaller-scale

eddies, such as ‘‘bursts/sweeps’’ or ‘‘gust microfronts’’

with scales of 10–100m, are the efficient momentum

carriers in the surface layer. Although turbulent mixing

and its induced transport in the surface layer have dif-

ferent characteristics from the convection-induced ver-

tical fluxes in the cloud layer, the findings of turbulent

transport in the surface layer suggest that the vertical

momentum transport could substantially differ from the
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heat and moisture transport in the cloud layer. But no

studies so far have investigated this issue.

Therefore, the motivations of this study are to ad-

vance our understanding of vertical transport processes

in the cloud layer of moist convection and to distinguish

the differences between vertical transport of horizontal

momentum and vertical transport of conservative ther-

modynamic variables. To do so, LESs of a number of

well-documented and studied cloud cases are per-

formed. The generated numerical data allow us to

quantify the individual contributions of explicitly simu-

lated atmospheric flow from turbulent eddies to co-

herent convective features to the vertical transport of

heat, moisture, andmomentum in the cloud layer, and to

evaluate to what extent the convective fluxes of con-

servative thermodynamic variables and horizontal mo-

mentum components computed by Eq. (2) can represent

the total fluxes in the cloud layer of both deep and

shallow moist convection. Specifically, this paper at-

tempts to answer the following questions: 1) How much

of total fluxes of conservative thermodynamic variables

in the cloud layer of both deep and shallow convection

can be represented by the convective fluxes computed

by themass-flux formula? 2) Can themass-flux approach

be extended to represent the vertical momentum

transport in the cloud layer? 3) How does the partition

of total fluxes of dynamic and thermodynamic variables

based on the mass-flux top-hat profile differ from the

flux decomposition in terms of eddy scales? The paper is

organized as follows. Section 2 describes the LES setup

and cloud cases simulated in this study. The simulation

and analysis results are presented in section 3 followed

by a summary of this study.

2. LES setup and cloud cases

Six well-documented and studied cloud cases are in-

vestigated in this study. These include four shallow

cloud cases and two deep convective cases. The shallow

cloud cases are the Barbados Oceanographic and Me-

teorological Experiment (BOMEX) case (Siebesma and

Cuijpers 1995), the Rain in Cumulus Over the Ocean

(RICO) case (VanZanten et al. 2011), the Atlantic

Stratocumulus Transition Experiment (ASTEX) case

(Bretherton et al. 1999), and the Second Dynamics and

Chemistry of the Marine Stratocumulus field study

(DYCOMS II), first research flight (RF01) case (Stevens

et al. 2005; Zhu et al. 2005). These cases provide a good

representation of maritime boundary layer (MBL)

clouds over the vast ocean under different climatological

conditions from typical trade wind shallow cumulus and

shallow clouds in transition regions to stratocumulus

capped by a strong sharp inversion. Note that the

parameterization of stratocumulus in large-scale models

is not based on the mass-flux approach. The reason to

include the stratocumulus case DYCOMS-II-RF01 in

this study is to compare the vertical transport process in

stratiform clouds with that in the convective clouds. The

initial profiles, surface conditions, and large-scale forc-

ing of these four cases can be found in the corresponding

references provided in the paper. The simulations of all

four cases are forced by the prescribed surface fluxes.

The BOMEX and RICO cases are run for 6 h, and the

ASTEX and DYCOMS-II-RF01 cases are run for 9 h.

Since all four simulations reach the quasi-steady steady

after the initial spinup period due to the prescribed

surface forcing used in the simulations, the model out-

puts from the last 3 h are used for analysis.

As stated previously, small-scale turbulence may play

an important role in momentum transport; thus, to un-

derstand the momentum transport processes in the

cloud layer, high-resolution LESs are needed to re-

solve a range of scales from small-scale turbulence to

coherent convective features. Combining this consider-

ation and our computational ability, the model hori-

zontal grid spacing used for all four cases is set to 25m

with a horizontal grid mesh of 640 3 640 covering an

area of 16 3 16km2. The vertical grid spacing is set to

20m for the three shallow cumulus cases and 5m in the

cloud layer for the stratocumulus case, DYCOMS-II-

RF01. The model top varies from case to case, but it is

set to the height well above the cloud layer.

The two deep convective cases are selected from

the Tropical Ocean and Global Atmosphere Coupled

Ocean–Atmosphere Response Experiment (TOGA

COARE; Webster and Lukas 1992) and the GARP

Atlantic Tropical Experiment (GATE; Mason 1975).

The domain size of 16 3 16km2 used for simulating

shallow cloud cases is too small to realistically simulate

deep convective cloud cases, but the available compu-

tational resources do not allow for a substantial increase

in themodel grid mesh. As a compromise, the horizontal

grid spacing is increased to 100m but the grid mesh of

6403 640 is still kept the same so that the model domain

covers an area of 64 3 64km2. The vertical grid spacing

is also increased, 50m below 2km and then gradually

increasing to 150m until the model top at 23.3 km. Such

an increase of model grid spacing may be acceptable for

deep convection because convective elements are much

stronger than those of shallow convection, and thus

presumably the relative importance of turbulent eddies

may be reduced. From the turbulent energy spec-

trum perspective, large turbulent eddies are energy-

containing eddies. A key requirement of an LES is

that the model grid spacing should fall in the inertial

subrange, so that the model explicitly simulates large
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energy-containing eddies while parameterizing small

eddies that are more isotropic and less flow dependent.

It is, thus, unclear if the simulated results will be sub-

stantially affected because of the reduced model reso-

lution. However, according to Bryan et al. (2003), 100-m

horizontal resolution seems to be sufficient for a realistic

simulation of deep moist convection. In a recent LES

study of GATE convection by Khairoutdinov et al.

(2009), a 100-m grid spacing is also used but with a much

larger grid mesh of 2048 3 2048 3 256. The statistics of

some key variables from the GATE simulation per-

formed in this study appears to be consistent with those

from Khairoutdinov et al.’s (2009) ‘‘Giga-LES’’ (see

Fig. 2), suggesting that the smaller horizontal grid mesh

(640 3 640) used in this study is acceptable. The simu-

lation of the TOGACOARE case starts at 1800UTC 18

December 1992, and the GATE case is selected from

phase III starting at 0000 UTC 1 September 1974. Both

simulations are executed for 24 h in which the surface

fluxes are determined interactively based on the pre-

scribed sea surface temperature (SST). Figure 1 shows

the initial vertical profiles, large-scale forcing, and SST

used for the simulations of the two deep cases. Note that

different forcing strategies are used for the GATE and

TOGA COARE simulations. In the GATE simulation,

the total tendencies of temperature and moisture are

imposed, whereas the horizontal advective tendencies

and large-scale vertical velocity are imposed in the

TOGA COARE simulation. However, to make an ap-

propriate comparison of large-scale forcings between

the two simulations, the total tendencies for the TOGA

COARE case are plotted in Fig. 1. The large-scale

forcing for the GATE and TOGA COARE simula-

tions were derived from field experiments and are the

same as those used in previous numerical simulations

(e.g., Xu and Randall 1996; Grabowski et al. 1996; Wu

et al. 1998; Redelsperger et al. 2000; Mechem and

Oberthaler 2013). As shown in Figs. 1e–h, the large-

scale forcing of the TOGA COARE case is stronger

than that of the GATE case. The selection of deep

convective cases with relatively weak and strong large-

scale forcing is based on the consideration that the goal

of this study is to evaluate the extent that the basic as-

sumption of mass-flux approach is valid for convection

under different forcing conditions over the vast tropical

and subtropical ocean. Nonetheless, the peak total ten-

dencies of the GATE case (Figs. 1e and 1g) are com-

parable to the mean GATE large-scale forcing used by

Khairoutdinov et al. (2009). Table 1 summarizes the

basic model configurations of the six cloud cases simu-

lated in this study. Nudging is not activated in all six

cases. This is based on the consideration that the focus of

this study is on investigating vertical transport processes

associated with moist convection, and thus a fully free

development of eddy circulations with different scales is

most important. All LESs are performed by the System

for Atmospheric Modeling (SAM). For detailed in-

formation of model dynamics and physics, please

refer to Khairoutdinov and Randall (2003). Three-

dimensional data are collected at a 2-min interval. In

this study, the domain size for shallow and deep moist

convection is 163 16km2 and 643 64km2, respectively.

For all cases investigated in this study, the mean wind

speed below 10km is less than 10m s21. Thus, the eddy

residence time for shallow and deep convection is 26.7

and 106.7min, respectively, assuming the advection

speed is 10ms21. This indicates that 2-min output can

sample an eddy in the domain sufficient times to obtain

reliable statistics. The comparison of several key vari-

ables (e.g., wind components, thermodynamic variables,

and hydrometeors) shows that the statistics calculated

from the 2-min output is nearly identical to the SAM

online statistics that collects samples at each time step.

Since the two-dimensional fast Fourier transform (2D-

FFT) performed in this study (to be shown later) uses

the 2-min model output, for consistency all analyses

presented in this paper are done using the 2-min

model output.

3. Analysis results

Unlike the four shallow cloud cases, which are forced

by the constant surface fluxes, the surface fluxes in the

simulations of the two deep convection cases are de-

termined interactively based on the prescribed SST;

thus, a quasi-steady state cannot be reached. Rather, the

simulated convection shows a substantial temporal

variation. Figures 2a–d show the time evolution of sim-

ulated cloudy updraft mass flux, surface rainfall, and

surface buoyancy fluxes rCpw0u0y0 of the GATE and

TOGA COARE cases, where r, Cp, and uy are air

density, specific heat at constant pressure, and virtual

potential temperature, respectively. The subscript 0 in-

dicates the value at the surface. There is a strong deep

convective episode in the 24-h simulation of each case.

In both cases, the initiation of the deep convection epi-

sode matches well with the increase of surface buoyancy

fluxes. The maximum surface rainfall of the GATE case

reaches 24mmday21, which does not appear to be small

considering the relatively weak large-scale forcing im-

posed and is comparable to the surface rainfall of

Khairoutdinov et al.’s (2009) simulation in which the

mean GATE forcing is imposed. Since these two cases

are selected mainly for understanding the vertical

transport processes of deep convection, our analyses

below will focus on the two strong deep convective
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episodes marked by the white vertical lines in Figs. 2a

and 2b. Each episode lasts approximately 3 h.

To further assess the fidelity of the simulations of the

two deep convective cases, Figs. 2e–h show the vertical

profiles of several key variables describing the main

characteristics of moist convection averaged over the

convective episodes of GATE and TOGA COARE

defined in Figs. 2a and 2b, where an updraft core is

FIG. 1. Initial vertical profiles and large-scale/surface forcing of GATE and TOGA COARE. (a) Initial potential

temperature u. (b) Initial water vapor mixing ratio q. (c) Initial x-direction and y-direction wind components. (d) Sea

surface temperature. Total temperature tendencies for (e) GATE and (f) TOGA COARE. Total moisture ten-

dencies for (g) GATE and (h) TOGA COARE.
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defined to have vertical velocity greater than 1ms21 for

500m or more. This definition of core is the same as

that used by Khairoutdinov et al. (2009). The updraft

core vertical velocity, updraft core mass flux, cloud

fraction, and precipitation flux of the GATE case have

similar magnitude and vertical structure to those of

Khairoutdinov et al. (2009). There are two major dif-

ferences between the two simulations. One is that the

convection in Khairoutdinov et al.’s (2009) simulation

is a little deeper than the GATE simulation performed

in this study. The other is that cloud fraction above 5 km

in our simulation shows a double-layered structure,

which is not shown in Khairoutdinov et al.’s (2009)

simulation. These differences may be attributed to the

different large-scale and surface forcing used in the

simulations and should not affect the vertical transport

analyses and main conclusions presented in this paper.

While the vertical profiles of these variables from the

TOGA COARE simulation share the main character-

istics of the GATE simulation, they do show some inter-

esting differences. One of them is the cloud fraction,

which remains small at most of the altitudes in the

TOGA COARE simulation except for the cloud top

near 15 km. The impact of this difference in cloud frac-

tion on vertical transport will be discussed in detail

shortly. The statistics of these key variables from our

TOGA COARE simulation is qualitatively consistent

with that of Mechem and Oberthaler (2013), who sim-

ulated 20 days of TOGA COARE but used 200-m

horizontal resolution and a grid mesh of 512 3 128 3
165, which is much smaller than the grid mesh of 640 3
640 3 186 used in this study. The good convection sim-

ulations summarized in Figs. 2e and 2h suggest that the

numerical data generated in this study are appropriate

for investigating the vertical transport processes of deep

moist convection.

Using Eq. (1), the LES-resolved kinematic vertical

fluxes of ul, qt, and horizontal momentum components

(i.e., w0u0l, w0q0
t, w

0u0, and w0y0) are decomposed into the

three parts associated with the coherent convective

features and the perturbations within the coherent fea-

tures and environment. Three different ways are used to

define the coherent features in the cloud layer. These

include the coherent features defined based on 1) clouds

(qc . 0.001 g kg21), 2) cloud updraft (qc . 0.001 g kg21

and w . 0.01m s21), and 3) cloud buoyant core (qc .
0.001 gkg21and u0y . 0), where qc, w, and uy are the cloud

water mixing ratio, vertical velocity, and virtual poten-

tial temperature, respectively. Figures 3 and 4 show the

mean vertical profiles of w0u0l and w0q0
t determined di-

rectly from the model output using the eddy correlation

method along with the three components decomposed

based on the coherent features defined by the cloud

updraft averaged over the last three simulation hours for

the shallow cloud cases and over the strong deep con-

vection episode of the two deep convection cases. For all

the cloud cases except for the GATE case, the convec-

tive fluxes computed by Eq. (2) have a vertical structure

and magnitude very close to those of the LES-resolved

fluxes in the cloud layer. This result supports the classic

view of moist convection that coherent updrafts–

downdrafts are mainly responsible for the vertical

transport in the cloud layer and is consistent with what

has been found in the previous LES studies of shallow

convection. It confirms that the vertical transport of

conservative thermodynamic variables in the cloud layer

can be well represented by Eq. (2). The decomposition

of fluxes based on clouds and the cloud buoyant core

defined previously shows similar characteristics (not

shown here), but the convective fluxes do not match the

LES-resolved fluxes in the cloud layer as closely as those

determined by the cloud updraft. The substantial un-

derestimation of the LES-resolved fluxes of ul and qt by

the convective fluxes computed by Eq. (2) of the GATE

case is a surprise considering that the application of the

mass-flux approach to deep convection is widely ac-

cepted by the community. The underlying reason for

the poor representation of the vertical transport of

TABLE 1. Basic model configuration of six cloud cases.

Horizontal grid

spacing (m) Vertical grid spacing Grid mesh Surface forcing

Simulation

duration (h)

BOMEX 25 20m 640 3 640 3 180 Prescribed fluxes 6

RICO 25 20m 640 3 640 3 180 Prescribed fluxes 6

ASTEX 25 20m 640 3 640 3 156 Prescribed fluxes 9

DYCOMS-II-RF01 25 10m (below 500m) 640 3 640 3 180 Prescribed fluxes 9

5m (500–1050m)

10m (above 1050m)

GATE 100 50m (below 2 km) 640 3 640 3 186 Prescribed SST 24

50–150m (above 2 km)

TOGA COARE 100 50m (below 2 km) 640 3 640 3 186 Prescribed SST 24

50–150m (above 2 km)
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conservative thermodynamic variables in the cloud layer

by the mass-flux approach in this case will be explored

shortly.

The decomposition of momentum fluxes (Figs. 5 and

6) shows a different story from that of w0u0l and w0q0
t. The

convective momentum fluxes estimated by Eq. (3)

provide a poor estimate of the LES-resolved vertical

momentum transport in the cloud layer for all shallow

and deep cloud cases. For shallow cumulus cases

(BOMEX and RICO), although the x-direction compo-

nent of convective momentum fluxes computed by Eq. (3)

appears to have a similar vertical structure to that of the

LES-resolved momentum fluxes in the cloud layer

(Figs. 5a and 5b), the y-direction component of mo-

mentum fluxes induced by coherent features is far off

from the y-direction momentum fluxes resolved by the

FIG. 2. Time evolution of domain-mean simulated cloud updraft mass flux of (a) GATE and (b) TOGACOARE,

(c) domain-mean surface rainfall, and (d) domain-mean surface buoyancy fluxes of GATE and TOGA COARE.

White vertical lines in (a) and (b) denote the time periods analyzed in this study. Black and red curves in (c) and

(d) are scaled by the black and red x axes, respectively. (e)–(h) Domain-mean vertical profiles of vertical velocity

(m s21) in the updraft core, mass flux (3103 kgm22 s21) of the updraft core, cloud fraction (%), and precipitation flux

(mmday21), respectively, averaged over the deep convective episode indicated by the vertical white lines in (a) and

(b) forGATEandTOGACOARE.Anupdraft core is defined to have vertical velocity.1m s21 for 500m andmore.

The shades indicate the standard deviations of the domain-mean vertical profiles over the episode of interest.
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LES (Figs. 6a and 6b). The situation for the stratocu-

mulus (DYCOMS-II-RF01) case is opposite. The co-

herent convective features appear to account for most of

the resolved y-direction momentum fluxes (Fig. 6d), but

the x-direction component of convective momentum

fluxes computed from Eq. (3) deviates substantially

from the LES-resolved x-direction momentum fluxes in

the cloud layer (Fig. 5d). For shallow cumulus in the

transition (ASTEX), the convective fluxes computed

from Eq. (3) provide a poor estimate of the LES-

resolved momentum fluxes in both directions in the

cloud layer (Figs. 5c and 6c). In the deep convective

TOGA COARE case, although the convective mo-

mentumfluxes computed byEq. (3) appears to provide a

good estimate of the x-direction momentum fluxes

resolved by the LES, particularly in the mid- to upper-

cloud layer (Fig. 5f), they do not represent well the

y-direction momentum fluxes (Fig. 8f). In the deep

convective GATE case, the convective momentum

fluxes computed by Eq. (3) completely fail to represent

the LES-resolved vertical momentum fluxes in both the

x and y directions (Figs. 5e and 6e). The result shown in

FIG. 3. Decomposition of the vertical fluxes of liquid water potential temperature (Km s21) using Eq. (1) based on

the coherent cloud updraft defined by qc. 1023 g kg21 andw. 0.01m s21 of the six cloud cases. Blue, black, red, and

green curves denote the total fluxes resolved by LES, convective fluxes associated with the coherent features

computed by Eq. (2), flux components induced by the perturbations inside the coherent features, and environment in

which the coherent features are embedded, respectively. The dashed line indicates the zero line. The profiles are

averaged over the last 3 h for shallow cloud cases and the convective episode of deep cloud cases, GATE and TOGA

COARE, indicated respectively, in Figs. 2a and 2b.
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Figs. 5 and 6 indicates that in general the convective

fluxes computed using the mass-flux formula do not

provide a good estimate of the LES-resolved vertical

momentum fluxes in the cloud layer of both deep and

shallow convection, although good matches of the two

fluxes may be found occasionally in some cases.

The different performance of the mass-flux formula in

representing the total vertical fluxes of conservative

thermodynamic variables and horizontal momentum

components should reflect the fundamental difference

in governing vertical transport of conservative scalar

and nonconservative momentum induced by eddy cir-

culations. Physically, all convective clouds are de-

veloped from thermal plumes or cells originated at the

surface that have similar thermodynamic properties.

During adiabatic rising, the convective plumes or cells

conserve their reversible thermodynamic properties,

such as liquid water potential temperature and total

water mixing ratio, to a good approximation, implying

that there should be a good correlation between updraft

and conserved thermodynamic properties. This suggests

that most of the vertical transport of conservative ther-

modynamic variables should be carried out by a few

strong convective updrafts. However, convective

plumes or cells do not necessarily possess similar prop-

erties of horizontal momentum components since ther-

mal plumes or cells are generated mainly due to

inhomogeneous heating but not by dynamic forcing.

Therefore, inside a plume updraft, momentum

components may have a large variation leading to

both positive and negative momentum perturbations

(i.e., 1u0, 2u0, 1y0, and 2y0), so that the cancellation of

FIG. 4. As in Fig. 3, but for the vertical fluxes of the total water mixing ratio (g kg21 m s21).
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positive and negative w0u0 and w0y0 within the plume

updraft may result in small net momentum fluxes.

Moreover, as pointed out by Wu and Arakawa (2014),

horizontal momentum components are not conservative

variables due to the pressure gradient force. Hence, as

convective updrafts rise, the change in momentum

components can lead to further changes in momentum

fluxes from height to height. From the mechanism of an

eddy-generation perspective, in addition to buoyancy

production, eddy circulations can also be generated by

dynamic instabilities, such as the Kelvin–Helmholtz in-

stability due to wind shear, which tends to produce

small-scale eddies. The updrafts/downdrafts of small

eddies are effective in vertical momentum transport, as

they can generate large momentum fluxes,w0u0 andw0y0.
The small shear-driven eddies overlapped onto the rel-

ative large convectively driven plumes or cells provide

an explanation of the difference between the vertical

transport of conservative thermodynamic variables and

the vertical transport of nonconservative horizontal

momentum seen in the simulations.

The difference in mass-flux decomposition of vertical

fluxes of conservative thermodynamic variables in the

two deep convection cases shown in Figs. 3e, 3f, 4e, and

4f is interesting. Analyses show that the substantial un-

derestimation of the LES-resolved fluxes of ul and qt by

the convective fluxes computed by Eq. (2) in the GATE

case is mainly due to the large fraction of cloud updraft

defined by qc . 0.001 g kg21 and w. 0.01m s21 used for

flux decomposition. As an illustration, Figs. 7a–f show

the time series of simulated vertical fluxes of total water

mixing ratio qt, cloud updraft fraction defined by dif-

ferent thresholds of vertical velocity (qc . 0.001 g kg21

and w . 0.01ms21 and qc . 0.001 g kg21 and w .
0.7 m s21), and the ratios of convective fluxes to the

total resolved fluxes of qt corresponding to the different

cloud updraft thresholds at 5-km altitude of the

GATE case compared with those obtained from the

FIG. 5. As in Fig. 3, but for the vertical fluxes of the x-direction wind component (m2 s22).
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TOGA COARE case. The time evolution of the convec-

tive updraft fraction defined by qc . 0.001gkg21 and w.
0.01m s21 in the two cases shows a similar characteristic;

that is, a peak fraction occurs at an early time during the

simulations, which is most likely associated with the

model spinup. After the peak, the convective updraft

fraction decreases and then reaches a quasi-steady state.

In the TOGA COARE case, the convective updraft

fraction after the spinup is consistently smaller than 5%,

whereas the convective updraft fraction after the spinup

in the GATE case is around 10%. The convective fluxes

associated with the cloud updraft computed by Eq. (2)

are able to account for most of the LES-resolved fluxes

after the spinup period (about 70%–100%) in the

TOGA COARE case, but they substantially under-

estimate the LES-resolved fluxes in the GATE case

(less than 50%). We have done sensitivity experiments

on the flux decomposition using different thresholds

of vertical velocity to define the coherent convective

features. The results show that the ratio of the convec-

tive fluxes computed by Eq. (2) to the LES-resolved

fluxes consistently increases as the vertical velocity

threshold increases. When the vertical velocity thresh-

old increases to 0.7m s21, the convective updraft frac-

tion in the GATE case reduces to the value similar to

that of the TOGA COARE case (Figs. 7c and 7d). As a

response, the ratio of the convective fluxes to the total

resolved fluxes in the GATE case also increases to the

value similar to that of the TOGA COARE case.

To further confirm the importance of the fraction of

coherent convective elements to the mass-flux de-

composition, Figs. 7g–j show the decomposition of the

LES-resolved vertical fluxes of GATE using Eq. (1)

based on the coherent cloud updraft defined by qc .
1023 g kg21 andw. 0.7m s21. Compared with Figs. 3–6,

the representation of the LES-resolved fluxes of ul and qt
by the corresponding convective fluxes is significantly

improved (Figs. 7g and 7h). This result supports the

FIG. 6. As in Fig. 3, but for the vertical fluxes of the y-direction wind component (m2 s22).
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FIG. 7. Time series of domain-mean vertical fluxes of total water mixing ratio (g kg21 m s21) at 5-km altitude for

(a) GATE and (b) TOGA COARE. (c),(d) Cloud updraft fractions (%) at 5-km altitude for (c) GATE and

(d) TOGA COARE. Blue and red curves indicate the cloud updraft fraction defined by qc . 1023 g kg21 and w .
0.01m s21 and qc . 1023 g kg21 and w . 0.7m s21, respectively. (e),(f) Ratio of convective fluxes to total resolved

fluxes of total watermixing ratio at 5-kmaltitude for (e)GATEand (f) TOGACOARE. Blue and red curves indicate

the ratio determined by the two differently defined cloud updrafts. (g)–( j) Decomposed vertical fluxes of GATE

averaged over the convective episode indicated in Fig. 2. The decomposition is based on the cloud updraft defined by

qc . 1023 g kg21 and w . 0.7m s21. The meaning of blue, black, red, and green curves is as in Figs. 3–6.
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basic dynamic view of the mass-flux approach, that the

organized structure consisting of strong updrafts and

the associated downdrafts are mainly responsible for the

vertical transport of conservative thermodynamic vari-

ables. When cloud updraft fraction is small, a few strong

updrafts and the associated downdrafts can be well de-

scribed by the mass-flux top-hat profile, and the contri-

bution of the internal variation within the updrafts–

downdrafts to the total transport [i.e., the first two terms

in Eq. (1)] is negligible. However, as the convective

updraft fraction becomes larger, the more complicated

updraft–downdraft structure will be difficult to repre-

sent by the top-hat profile, and thus a higher chance for

the mass-flux approach to fail. In this case, the large

convective updraft fraction increases the internal vari-

ations within the updrafts and this is what we see in

Figs. 3e and 4e—that the internal variation within the

convective updraft contributes significantly to the total

vertical fluxes of ul and qt. It should be pointed out that

the threshold of 0.01m s21 may be too small for defining

the convective updrafts. Such defined updrafts under

certain circumstances may include both convective and

stratiform clouds that may have very different thermo-

dynamic properties. For example, in a study of GATE

deep convection, LeMone and Zipser (1980) used a

threshold of 0.5m s21 to define the deep convective

updraft. In the GATE case simulated in this study, a

value of 0.7ms21 significantly improves the performance

of the mass-flux approach. However, a much smaller

threshold (0.01ms21) of vertical velocity seems to work

well for the TOGACOAREdeep convective case and all

shallow convective cases, suggesting that finding an ap-

propriate vertical velocity threshold for defining the

convective updraft in mass-flux parameterization is not

scientifically trivial. Recently, Arakawa and Wu (2013)

and Wu and Arakawa (2014) developed a unified mass-

flux parameterization framework in which convective

updraft fraction can be determined internally within the

framework. Their study virtually provides a way to solve

this problem. If the method for determining convective

updraft fraction could appropriately account for the

strong convective updrafts responsible for vertical trans-

port, then the unifiedmass-flux systemwould significantly

improvemoist convection parameterization in large-scale

models. Another possible method to solve this problem is

to use multiple updrafts instead of a single updraft to

encompass the complicated dynamic structure of moist

convection. As shown by Arakawa and Wu (2013) and

Liu et al. (2015), the mass-flux representation of vertical

transport of heat and moisture can be improved by using

multiple updrafts.

As a comparison, Fig. 8 shows the cloud updraft

fraction defined by qc . 0.001 g kg21 and w. 0.01ms21

FIG. 8. Cloud updraft fractions defined by qc . 1023 g kg21 and

w . 0.01m s21averaged over the last 3 h for shallow cloud cases

and over the convective episode for deep cloud cases indicated in

Fig. 2. The cloud buoyant core fraction defined by u0v . 0K andw.
0.01m s21 and qc . 1023 g kg21 of GATE is also provided.
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of the six cloud cases averaged over the same periods as

those in Fig. 3. For all the cumulus convection cases

(BOMEX, RICO, ASTEX, and TOGA COARE) ex-

cept for the GATE case, the cloud updraft fraction is

consistently smaller than 5%. In all these cases, the

mass-flux convective fluxes represent well the total

fluxes of ul and qt in the cloud layer. However, in the

GATE case, both the cloud updraft fraction and cloud

buoyant core (defined by qc . 0.001 g kg21 and u0y . 0)

fraction are larger than 10%. The stratocumulus

(DYCOMS-II-RF01) case shows a 45% cloud updraft

fraction in a shallow cloud layer, suggesting that nearly

half of the clouds are dominated by updraft, which is not

unusual for stratocumulus clouds. Note that the mass-

flux approach was not developed to parameterize the

stratocumulus-induced vertical transport and that in-

deed in large-scale models the stratocumulus parame-

terization is often incorporated into the turbulent

mixing scheme, such as the parameterizations used in

the NCAR CAM5 and ECMWF models. But as we

showed here, the mass-flux decomposition [Eq. (1)]

appears to work well for representing the heat and

moisture transport in stratocumulus clouds as well.

However, as indicated by Figs. 7i and 7j, no im-

provement is seen in the representation of total vertical

momentum transport by the convective momentum

fluxes due to the increased threshold of vertical velocity.

This confirms that the poor representation of the total

momentum fluxes in the cloud layer by the mass-flux

approach is due to the fundamental difference in the

physical processes that govern the vertical transport

of conservative thermodynamic variables and non-

conservative momentum components stated previously.

Although the mass-flux decomposition of fluxes using

Eq. (1) can clearly reveal the difference between mo-

mentum and heat/moisture transport in the cloud layer

(Figs. 3–7), the mass-flux top-hat profile used for de-

composition oversimplifies the vertical transport in-

duced by overturning circulations with different scales

from small turbulent eddies to coherent convective cells.

To better understand the transport processes in terms of

scales, the LES-resolved vertical fluxes are also de-

composed using 2D-FFT. A detailed description of 2D-

FFT is provided in the appendix. The computed spectral

energy from model output provides a way to examine

the fidelity of the LESs performed in this study.

Figure 9a shows an example of the normalized azi-

muthally integrated spectral energy of u, y, w, ul, and qt
at 290-m altitude averaged over the last 3 h from the

simulation of the BOMEX case, where the definition of

normalized azimuthally integrated spectral energy can

be found in the appendix. In the inertial subrange, all

spectra closely follow the Kolmogorov 25/3 power law

(Kolmogorov 1941), suggesting that the LESs performed

in this study capture the basic characteristics of atmo-

spheric turbulence. It also shows that the magnitude of w

spectra in the energy-containing eddy range is sub-

stantially smaller than that of horizontal (u and y) wind

spectra. This result is consistent with previous studies

(e.g., Kaimal et al. 1972, 1976; Busch 1973). Similar re-

sults are obtained in the simulations of other cases. Since

the objective of this study is to investigate the vertical

transport processes in moist convection, the presentation

below will focus only on the cospectral analyses.

To better understand the differences between mo-

mentum transport and heat/moisture transport pro-

cesses in the cloud layer, the phase relationship between

vertical velocity and various variables is first examined.

Figures 9b–e shows the azimuthal-mean phase spectra of

w0u0l, w0q0
t, w

0u0, and w0y0 of the six cloud cases, where for

the shallow cloud cases the phase spectra are averaged

over the cloud layer defined by qc . 0.001 gkg21 in the

last three simulation hours and the phase spectra of

GATE and TOGA COARE are averaged over the

cloud layers at 500–11 650 and 500–15 550m in the

convective episodes defined in Fig. 2, respectively. Also,

to better compare the results, the phase spectra of w0q0
t

shown in the figure are actually 1808 2 Fwqt(K). As

shown in Figs. 3 and 4, the LES-resolved w0u0l and w0q0
t

are negative and positive in the cloud layer, respectively,

and this is consistent with the phase spectral analyses

that Fwul (K) and Fwqt(K) are completely 1808 out of

phase in the BOMEX, RICO, ASTEX, and TOGA

COARE cases. In the DYCOMS-II-RF01 and GATE

cases, Fwul(K) and Fwqt(K) are not completely out of

phase, but the difference between Fwul (K) and 1808 2
Fwqt(K) is only about 108 and 58, respectively. Ideally,
two variables 1808 out of phase, 908 out of phase, and
08 in phase will yield maximum negative, zero, and

maximum positive covariance, respectively. The fact

that Fwul(K) and Fwqt (K) are greater and smaller than

908, respectively, at all wavenumber indices suggests that

all eddies tend to generate negative fluxes of w0u0l and
positive fluxes of w0q0

t to certain degrees depending on

specific wavenumber indices. The phase spectra also

show that Fwul (K) and 1808 2 Fwqt(K) have peaks ap-

proximately at wavenumber indices 50–60 for the

BOMEX, RICO, ASTEX, GATE, and TOGACOARE

cases, and wavenumber 10 for the DYCOMS-II-RF01

case. Since the phase peak values of Fwul(K) and 1808 2
Fwqt (K) are closer to 1808, it suggests that eddies in the

vicinity of peak wavenumber indices are more efficient in

generating negative and positive fluxes ofw0u0l andw0q0
t in

the cloud layer. The phase spectra of momentum fluxes

Fwu(K) and Fwy(K) are much more complicated and

substantially different from Fwul (K) and Fwqt (K). This
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may explain why vertical momentum transport behaves

so differently from the vertical transport of conservative

thermodynamic variables in the cloud layer.

Figure 10 shows the normalized azimuthally in-

tegrated cospectra ~Cwul jn(K), ~Cwqt jn(K), ~Cwujn(K), and
~Cwyjn(K) as function of the total wavenumber index K

averaged over the same layer and same period as that in

Figs. 9b–e, where the definitions of ~Cwul jn(K), ~Cwqt jn(K),
~Cwujn(K), and ~Cwyjn(K) can be found in the appendix. To

better illustrate the result, the scale of normalized

cospectra has been nonlinearly adjusted and the

accumulated normalized cospectra over three total

FIG. 9. (a) Normalized power spectra (%) of different variables at 290-m altitude of BOMEX averaged over the

last three simulation hours. (b)–(e) Phase spectra averaged over the cloud layer and over the last three simulation

hours for shallow cloud cases and the convective episode for deep cloud cases indicated in Fig. 2. Here, the cloud layer

is defined by qc . 1023 g kg21 for the shallow cloud cases. For deep cloud cases, the cloud layer is taken as 500–

11 650m for GATE and 500–15 550m for TOGACOARE. Note that the phase spectrum of w0q0
t shown in the figure

is actually 1808 2 Fwqt (kl).
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wavenumber index ranges (i.e., 1–40, 41–80, .81) are

also provided. The 2D-FFT decomposition clearly

shows that the normalized cospectra of w0u0l and w0q0
t

closely match each other with the peak at K approxi-

mately 16 for the shallow cumulus cases (BOMEX,

RICO, and ASTEX), 5 for the stratocumulus case

(DYCOMS-II-RF01), and 6 for the deep convection

cases (GATE and TOGACOARE). Since the length of

model domain is 25 3 640 5 16 000m for the shallow

cloud cases and 100 3 640 5 64 000m for the deep

convection cases, these peak wavenumber indices cor-

respond to the spatial scales of 1000m for shallow

FIG. 10. (a),(c),(e),(g),(i),(k) Normalized cospectra (%) averaged over the same cloud layer and the time period as

that defined by Fig. 9. (b),(d),(f),(h),(j),(l) Accumulated normalized cospectra (%) over three total wavenumber

index ranges: 1–40, 41–80, and $81.
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cumulus, 3200m for stratocumulus, and 10 667m for

deep convection. The accumulated normalized cospectra

clearly indicate that eddies with total wavenumber indices

greater than 80 (or scales smaller than 200m for shallow

cloud cases and 800m for deep cloud cases) contribute less

than 25% to the totalw0u0l andw0q0
t for all cases. This result

is consistent with the classic dynamic view of convection

that coherent convective features are mainly responsible

for the vertical transport of heat and moisture in cloud

layer. However, as shown previously, the mass-flux de-

compositionmay fail to capture the fundamental heat and

moisture transport processes in the cloud layer of con-

vectionwhen the fraction of coherent convective elements

is large. The likely cause for the failure is that the top-hat

distribution oversimplifies the rich scale of eddy circula-

tions associated with the convection.

The cospectra of momentum fluxes are not only sub-

stantially different from those of w0u0l and w0q0
t but also

show different characteristics for the x-direction and

y-direction components of momentum fluxes depending

on specific cloud cases. In the BOMEX case, motions

with total wavenumber indices smaller than 40 (scales

greater than 400m) contribute more to w0u0 than tow0u0l,
w0q0

t, and w0y0, suggesting large-scale circulations in-

cluding coherent convective features are very efficient in

transporting x-direction momentum. However, the co-

spectra clearly indicate that smaller-scale eddies with

total wavenumber indices greater than 80 (scales smaller

than 200m) transport the x-direction momentum in an

opposite direction to that transported by large-scale

eddies. The accumulated x-direction momentum flux

generated by eddies smaller than 200m has a negative

contribution up to 60% to the total flux in the cloud layer

(Fig. 10b). From the fundamental physics of down-

gradient diffusion perspective, the transport with op-

posite directions by small and large eddies suggests that

the vertical distribution of x-direction wind u in the

cloud layer has complicated structures, and this is veri-

fied by the detailed examination of horizontal wind

distribution in the cloud layer from the model output

(not shown here). Since eddies smaller than 200m also

contribute nearly half of the total y-direction momen-

tum fluxes, it suggests that small eddies are more effi-

cient in carrying momentum than heat and moisture in

the cloud layer of shallow cumulus. As discussed pre-

viously, this is because small-scale eddies are likely

driven by local wind shear, which can lead to large

w0u0 and w0y0 but not necessarily large w0u0l and w0q0
t if

small shear-driven eddies are generated within a large

thermally driven plume or cell that possesses similar

thermodynamic properties. Some of the momentum

transport associated with high wavenumber eddies

could be caused by gravity waves. How to appropriately

parameterize the gravity wave–induced vertical mo-

mentum transport in large-scale models is an important

issue, but it is beyond the scope this study. We shall

tackle the related problems in our future study.

The RICO case shares the basic characteristics of the

BOMEXcase except that eddies with a total wavenumber

index around 50 (scale of 320m) have a negative contri-

bution to the LES-resolved w0y0 (Fig. 10c). Since pertur-

bations of a variable are defined with respect to the

domain-mean value, this result suggests that the pertur-

bations of y-direction wind in different parts of the LES

domain have different distribution patterns. This is un-

derstandable since momentum components are not con-

servative variables subjected to the pressure gradient

force. In the ASTEX case, the negative contribution to

w0u0 no longer exists. Like the other two shallow cumulus

cases, eddies smaller than 200m are much more efficient

in transporting both x-direction and y-direction momen-

tum than thermodynamic quantities, but in the ASTEX

case, small eddies also contribute positively to the x-direction

momentum flux. Interestingly, both x-direction and

y-direction momentum cospectra show large pertur-

bations in the low total wavenumber indices smaller than

25. As discussed previously, this may be caused by the

complicated variation of horizontal winds with respect to

the domain-mean winds. Themomentum cospectra of the

stratocumulus case (DYCOMS-II-RF01) show different

characteristics from those of shallow cumulus cases.

Large-scale eddy circulations (with the total wavenumber

indices smaller than 60) contribute a dominant proportion

to the total momentum fluxes in both directions. The

relative importance of small-scale eddies to the momen-

tum fluxes is reduced. Small eddies contribute negatively

to the totalw0y0, which is different fromwhat we see in the

shallow cumulus cases. This is probably due to the weak

wind shear in this stratocumulus case.

The cospectra of deep convection cases do show a

certain similarity to those of shallow cumulus cases in that

eddies with high wavenumber indices contribute signifi-

cantly to the momentum fluxes in both directions, al-

though an absolute comparison in terms of scales is

impossible since the model resolution used for simulating

shallow and deep cloud cases are different. The main

differences are in the low wavenumber indices. In the

TOGA COARE cases, low wavenumber circulations

have a large negative contribution to w0u0, particularly in
the total wavenumber indices from 75 to 10, which largely

cancels the positive contribution to w0u0 from smaller

eddies. On the other hand, eddies with low wavenumber

indices contribute positively to the total w0u0 in the

GATE case. In short, the cospectrum analyses shown

in Fig. 10 indicate that small-scale eddies are the effi-

cient momentum carrier because the perturbed vertical
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velocity and horizontal wind components associated with

small-scale eddies are highly correlated. In addition, the

vertical momentum transport is strongly case depen-

dent since unlike conservative thermodynamic variables,

which possess a certain vertical structure in a climate

regime, the vertical and horizontal structures of wind

components can vary substantially from case to case. This

explains why the convective fluxes estimated by Eq. (3)

cannot well represent the momentum transport in the

cloud layer in the same way as it represents the vertical

fluxes of conservative thermodynamic variables.

Figures 11 and 12 show the vertical profiles of the

LES-resolved w0u0l and w0q0
t and the 2D-FFT decom-

posed flux components accumulated over three total

wavenumber index ranges: K # 40, 40 , K # 80, and

K. 80, where the shaded cloud layer is defined by qc .
0.001 gkg21. In the four shallow cloud cases, eddy cir-

culations with K smaller than 40 (or scales greater than

400m) account for 80%–90% of the total fluxes of

conversed thermodynamic variables in the upper-

subcloud layer. In the cloud layer, the contribution

from eddy circulations greater than 400m drops to about

50% of the LES-resolved w0u0l and w0q0
t. This is un-

derstandable since lateral entrainment dilutes the con-

vective plumes that originated at the surface as they rise.

However, eddy circulations with scales greater than

200m (or K smaller than 80) account for more than

70%–80%of the LES-resolvedw0u0l andw0q0
t in the cloud

FIG. 11. Decomposition of the vertical fluxes of liquid water potential temperature (Km s21) by 2D-FFT of the six

cloud cases. Blue, black, red, and green curves denote the total fluxes resolved by LES flux components accumulated

over total wavenumber index 1–40, 41–80, and$81, respectively. The dashed line indicates the zero line. The profiles

are averaged over the same period as that in Fig. 3. The shaded area indicates the cloud layer.
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layer of shallow clouds. This is also true for the deep

convection cases. In both shallow and deep cloud cases,

the contribution of small eddies with K greater than 80

to the LES-resolved w0u0l and w0q0
t is insignificant

throughout the vertical layer except for the surface

layer. The 2D-FFT decomposition presented here basi-

cally supports the classic dynamic view of convection

that coherent convective features aremainly responsible

for the vertical transport of heat andmoisture associated

with convection.

The vertical profiles of momentumfluxes decomposed

by 2D-FFT (Figs. 13 and 14) show much more compli-

cated characteristics than those of w0u0l and w0q0
t. In

the four shallow cloud cases, eddy circulations with

K smaller than 40 (scales greater than 400m) appear

to provide a good estimate of the LES-resolved

momentum fluxes in both directions from the middle

of the subcloud layer to the lower part of the cloud layer

(except for the ASTEX case) but completely fail to

represent the momentum fluxes in the upper part of the

cloud layer. On the other hand, eddies with K greater

than 80 (scales smaller than 200m) account for more

than 50% of both x-direction and y-direction momen-

tum fluxes in the upper part of the cloud layer, although

their induced fluxes deviate substantially from the LES-

resolved momentum fluxes in the lower part of the cloud

layer. Note that in the BOMEX and RICO cases, the

smaller-scale eddies with K greater than 80 (scales

smaller than 200m) transport the x-direction momen-

tum in an opposite direction to that transported by large

eddies. The reason for this cancellation of momentum

fluxes has been discussed previously. The 2D-FFT

FIG. 12. As in Fig. 11, but for the vertical fluxes of the total water mixing ratio (g kg21 m s21).
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decomposition of vertical momentum fluxes in the two

deep convection cases show quite different charac-

teristics. While the fluxes induced by the large-scale

circulations appear to represent the LES-resolved

momentum fluxes well in the cloud layer of the TOGA

COARE case, they provide a poor estimate of mo-

mentum fluxes in the GATE case. This is likely because

large convective cells do not necessarily conserve their

momentum components, and thus the momentum

transport by large eddies is case dependent. Small-scale

eddy circulations also behave differently in transporting

momentum in the two cases, but in both cases, they

have a nonnegligible contribution to the total momen-

tum transport in the cloud layer. Last, it should be

pointed out that the vertical momentum flux profiles

have a much more complicated structure than that of

w0u0l and w0q0
t and are different from case to case. As

discussed previously, this may be explained by the fact

that the vertical dynamic structure can change sub-

stantially even in the same climate regime in which the

thermodynamic field shares similar characteristics.

4. Conclusions and discussion

How to appropriately represent the vertical transport

processes associated with moist convection in large-

scale models is a long standing problem in numerical

weather forecasting and climate simulations. While the

mass-flux approach provides a physical base for cumulus

parameterization, under what conditions the convective

fluxes formulated based on the mass-flux top-hat profile

can represent the vertical transport of heat and moisture

FIG. 13. As in Fig. 11, but for the vertical fluxes of the x-direction wind component (m2 s22).
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in the cloud layer and whether the same approach can

be extended to the parameterization of momentum

transport have not yet been thoroughly addressed.

These two questions are investigated in this study using

LESs of six well-documented cloud cases, including

deep and shallow convective clouds as well as strati-

form clouds. Two methods are used to decompose the

LES-resolved vertical fluxes: the decomposition within

the mass-flux framework in terms of coherent convec-

tive features defined by a top-hat profile and the de-

composition by 2D-FFT in terms of wavenumbers. The

main conclusions of this study are summarized as

follows.

The convective fluxes computed based on the co-

herent cloud updraft can account for most of the vertical

fluxes of conservative thermodynamic variables in the

cloud layer for both shallow convective and stratiform

cloud cases, consistent with previous studies. However,

the simulations of the two deep convection cases, GATE

and TOGA COARE, show that a good representation

of the total vertical transport of conservative thermo-

dynamic variables in the cumulus layer using the mass-

flux approach requires an appropriate definition of the

convective updraft since the convective fluxes computed

based on the mass-flux formula depend strongly on the

threshold of vertical velocity used for defining the con-

vective updraft. While a too small threshold can smooth

out the strong convective updrafts responsible for ver-

tical transport by including too many weak updrafts, a

too large threshold can eliminate some of the convective

updrafts important for vertical transport. From the

mass-flux decomposition perspective [i.e., Eq. (1)], the

FIG. 14. As in Fig. 11, but for the vertical fluxes of the y-direction wind component (m2 s22).
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former causes a large internal variation within the up-

drafts, whereas the latter leads to a large internal vari-

ation within the environmental downdrafts. In both

cases, the inappropriately defined convective updraft

can cause a significant underestimation of the total

vertical transport in the cumulus layer by the mass-flux

formula through unrealistically increasing the contri-

bution of internal variation within the convective up-

drafts to the total transport in the former and increasing

the environmental contribution in the latter, but both

contributions from the internal variations within the

convective updraft and environment are neglected in the

mass-flux parameterization. This problemmay be solved

by the unified mass-flux framework recently proposed

by Arakawa and Wu (2013) and Wu and Arakawa

(2014) in which the convective updraft fraction can be

predicted internally within the framework. If their

method could appropriately account for the change in

convective updraft fraction under different forcing

conditions, then the mass-flux parameterization would

be significantly improved. In a recent study, Liu et al.

(2015) showed that the representation of convective

transport can be significantly improved using multiple

updrafts. This could provide another possible way to

improve the mass-flux representation of convection-

induced vertical transport.

All cloud cases investigated in this study show that

the mass-flux approach provides a poor representation

of vertical momentum transport in the cloud layer. The

decomposition by 2D-FFT and other analyses suggest

four reasons that might be responsible for the different

behaviors between the vertical transport of conserva-

tive thermodynamic variables and nonconservative

momentum components. First, compared with the

conservative thermodynamic variables that possess

relatively simple and sometimes well-defined vertical

structure, the complicated momentum distribution in

the cloud layer cannot be well described by the simple

top-hat profile. Second, small-scale eddies are more

efficient in carrying momentum than in carrying con-

servative thermodynamic variables in the cloud layer.

This is because shear-driven small-scale eddies can

generate highly correlated perturbations of vertical

velocity and horizontal winds, resulting in large w0u0

and w0y0 but not necessarily large w0u0l and w0q0
t if shear-

driven small-scale eddies are generated in an environ-

ment that possesses similar thermodynamic properties.

On the other hand, large thermally driven plumes or

cells can generate large w0u0l and w0q0
t since plumes or

cells often possess similar thermodynamic properties

that have an excellent correlation with the convective

updrafts. However, thermally driven plumes or cells do

not necessarily possess similar horizontal momentum,

leading to large positive and negative momentum

perturbations within convective plumes or cells de-

pending on specific conditions. The cancellation of

positive and negative w0u0 and w0y0 within the plume

updrafts can result in small net momentum fluxes.

Third, the phase relationship between vertical velocity

and conservative thermodynamic variables is sub-

stantially different from that between vertical velocity

and horizontal momentum components. Finally, while

the vertical thermodynamic structure shares similar

characteristics in the same climate regime, the struc-

ture of horizontal momentum can change substantially

from case to case even in the same climate regime. The

combined effects of all these factors cause the vertical

momentum transport in the cloud layer induced by

eddies with various scales to be too complicated to be

described by the simple dynamic view of mass-flux

approach.
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APPENDIX

2D-FFT

Let w(m, n) and x(m, n) be the vertical velocity and a

generic scalar on a 2D model grid at an arbitrary height,

wherem5 0, 1, . . . ,M21 and n5 0, 1, . . . ,N21 are the

model grid number indices and M and N are the num-

ber of model grids in x and y directions, respectively

(for this study, M 5 N 5 640). The 2D-FFT of w(m, n)

and x(m, n), then, may be written as

ŵ(k, l)5
1

NM
�
M21

m50
�
N21

n50

w(m,n)e2i(vkm1vln) and (A1)

x̂(k, l)5
1

NM
�
M21

m50
�
N21

n50

x(m,n)e2i(vkm1vln) , (A2)

where k and l are the 2D-FFT wavenumber indi-

ces in the x and y directions, respectively; and

vk 5 2p(k/M), k5 [2(M/2): 1: (M/2)2 1],vl 5 2p(l/N),

and l5 [2(N/2): 1: (N/2)2 1]. The terms vk/Dx and

vl/Dy are the angular wavenumbers in the x and y di-

rections, respectively. In this study, Dx5Dy5 25 m for

shallow cloud cases and Dx5Dy5 100 m for deep
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convective cloud cases. The spectral energy, then, may

be written as

E
w
(k, l)5 ŵ(k, l)* � ŵ(k, j)5 jŵ(k, l)j2 and

E
x
(k, l)5 x̂(k, l)* � x̂(k, j)5 jx̂(k, l)j2 , (A3)

where the asterisk denotes the complex conjugate.

One may also define the cross spectrum between w(m,

n) and x(m, n) as

G
wx
(k, l)5 ŵ(k, l)* � x̂(k, j)

5 [ŵ(k, l)
r
2 iŵ(k, l)

i
][x̂(k, l)

r
1 ix̂(k, l)

i
]

5 [ŵ(k, l)
r
� x̂(k, l)

r
1 ŵ(k, l)

i
� x̂(k, l)

i
]

2 i[ŵ(k, l)
i
� x̂(k, l)

r
2 ŵ(k, l)

r
� x̂(k, l)

i
]

5C
wx
(k, l)2 iQ

wx
(k, l) , (A4)

where the subscripts r and i indicate the real and imag-

inary parts of a complex, respectively. the terms

Cwx(k, l) and Qwx(k, l) are known as the cospectrum

and quadrature spectrum, respectively. Parseval’s the-

orem states that the sum of spectral energy and co-

spectral amplitudes over all 2D-FFT harmonics equals

the variance of w(m, n) and x(m, n) and the covariance

between them, respectively; that is,

�
M21

k50
�
N21

l50

E
w
(k, l)5w02, �

M21

k50
�
N21

l50

E
x
(k, l)5 x 02, and

�
M21

k50
�
N21

l50

C
wx
(k, l)5w0x0 .

(A5)

While Cwx(k, l) provides a way to decompose a vertical

flux in terms of 2D-FFT harmonics, the quadrature

spectrum, Qwx(k, l), describes the phase relationship

between the two variables. The phase spectrum, then,

may be defined as

F
wx
(k, l)5 1800 2 tan21

"
Q

wx
(k, l)

C
wx
(k, l)

#
, (A6)

where Fwx(k, l) can be interpreted as the phase differ-

ence between w(m, n) and x(m, n) that yields the

greatest correlation for any wavenumber index, k and l.

The terms Ew(k, l), Ex(k, l), Cwx(k, l), and Fwx(k, l) are

the spectra on a 2D plane fk5 [2(M/2): 1: (M/2)2 1]

and l5 [2(N/2): 1: (N/2)2 1]g centered at wavenumber

0. To better display the result of spectral analyses,

define a total wavenumber index K5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 1 l2

p
then the

obtained spectra in a Cartesian coordinate (k, l) may be

rewritten in a polar coordinate (K, u). This allows

one to define azimuthally integrated spectral en-

ergy and cospectrum, that is, ~Ew(K)5�2p
f50Ew(K, f),

~Ex(K)5�2p
f50Ex(K, f), and ~Cwx(K)5�2p

f50Cwx(K, f),

satisfying �K
~Ew(K)5w02, �K

~Ex(K)5 x02, and

�K
~Cwx(K)5w0x0, and an azimuthally averaged

phase spectrum Fwx(K). One may further define

normalized spectral energy and cospectrum as
~Ewjn(K)5 [ ~Ew(K)/w02], ~Exjn(K)5 [ ~Ex(K)/x02], and
~Cwxjn(K)5 [ ~Cwx(K)/w0x0], which provide a quantitative

measure of the individual contributions of motions with

different wavenumbers to the total variance w02, x02, and
flux w0x0 in percentage. In this study, to calculate the

azimuthally integrated spectral energy and cospectrum

and azimuthally averaged phase spectrum, the 2D-FFT-

determined spectral energy, cospectra, and phase spectra,

Ew(k, l), Ex(k, l), Cwx(k, l), and Fwx(k, l), respectively,

on a 2D plane are binned into the discretized total wave-

number indicesK from 1 to 452with an increment of 1 .All

wavenumber indices greater than 452 are grouped into 452.
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