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ABSTRACT: Convective self-aggregation refers to a phenomenon in which random convection can self-organize into
large-scale clusters over an ocean surface with uniform temperature in cloud-resolving models. Previous literature studies
convective aggregation primarily by analyzing vertically integrated (VI) moist static energy (MSE) variance. That is the
global MSE variance, including both the local MSE variance at a given altitude and the covariance of MSE anomalies
between different altitudes. Here we present a vertically resolved (VR) MSE framework that focuses on the local MSE
variance to study convective self-aggregation. Using a cloud-resolving simulationwe show that the development of self-
aggregation is associated with an increase of local MSE variance, and that the diabatic and adiabatic generation of the
MSE variance is mainly dominated by the boundary layer (BL; the lowest 2 km). The results agree with recent numerical
simulation results and the available potential energy analyses showing that the BL plays a key role in the development of
self-aggregation. Additionally, we find that the lower free troposphere (2-4 km) also generates significant MSE variance in
the first 15 days. We further present a detailed comparison between the global and local MSE variance frameworks in their
mathematical formulation and diagnostic results, highlighting their differences.

KEYWORDS: Atmosphere; Deep convection; Large-scale motions; Boundary layer; Radiative-convective equilibrium

1. Introduction

Uniformly distributed convection can spontaneously cluster
into large-scale upwelling areas over an ocean surface with
uniform temperature in cloud-resolving model (CRM) simula-
tions. This phenomenon is known as convective self-aggrega-
tion and has been extensively studied since Held et al. (1993)
(Bretherton et al. 2005; Muller and Held 2012; Wing and Ema-
nuel 2014; Emanuel et al. 2014; Muller and Bony 2015; Hollo-
way and Woolnough 2016; Yang 2018a,b, 2019). Previous
studies have suggested that tropical cyclones (Nolan et al.
2007; Boos et al. 2016) and the Madden-Julian oscillation
(MJO) (Arnold and Randall  2015) are special forms of con-
vective self-aggregation on the f plane and the equatorial b
plane, respectively. Therefore, investigating the underlying
physics of self-aggregation can give additional insights into
such mysteries in tropical meteorology.

Previous studies have widely employed moist static energy
(MSE) to diagnose convectively coupled circulations in the
tropical atmosphere (Neelin and Held 1987; Kiranmayi and
Maloney 2011; Andersen and Kuang 2012; Arnold et al. 2013;
Pritchard and Yang 2016). For example, Bretherton et al.
(2005) predicted the initial e-folding rate of self-aggregation
based on a vertically integrated (VI) MSE budget. Following
Andersen and Kuang (2012), Wing and Emanuel (2014) devel-
oped a budget equation for the spatial variance of the VI-MSE
[their Eq. (9)]. This VI-MSE variance contains both the local
MSE variance (LMSE variance) at a given altitude and the
covariance of MSE anomalies between different altitudes.
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Therefore, we refer to this framework as the global MSE
(GMSE) variance framework. The GMSE variance framework
showed that the development of self-aggregation is associated
with an increase in the VI-GMSE variance. Based on this
framework, the authors further attributed self-aggregation to
individual physical processes,including radiative feedbacks,
surface-flux feedbacks, and atmospheric circulation. The
VI-GMSE variance framework has then been widely used to
study self-aggregation (Coppin and Bony 2015; Arnold and
Randall 2015; Wing and Cronin 2016; Holloway and Wool-
nough 2016).

While the VI-GMSE variance framework has provided
many insights into the physics of self-aggregation, the vertical
dimension remains too physically important to be integrated
over (e.g., Mapes 2016). For example, recent studies have
shown that the boundary layer (BL) is particularly important
in convective self-aggregation (Jeevanjee and Romps 2013;
Muller and Bony 2015; Naumann et al. 2017;Yang 2018a,b,
2021; Muller et al. 2022). Muller and Bony (2015) found that
the radiative cooling profiles, especially the low-level cooling
in dry patches, affect self-aggregation. Yang (2018b) showed
that the development of self-aggregation is associated with
increases in the available potential energy (APE)}the energy
reservoir for self-aggregation circulations. The author then
proposed and showed that physical processes in the BL domi-
nate the APE production and are, therefore, key to convec-
tive self-aggregation. This “bottom-up” development of self-
aggregation cannot be understood by using the VI-GMSE
variance framework, because it does not resolve the vertical
dimension.

Here we propose a novel MSE variance framework that
can resolve the vertical dimension to study the development
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TABLE 1. The overall structure of the paper. LMSE represents the local MSE variance framework, and GMSE represents the global
MSE variance framework. VI represents vertically integrated analysis, and VR represents vertically resolved analysis.

LMSE GMSE
W This paper (sections 3b-4) Andersen and Kuang (2012), Wing and Emanuel (2014)
VR This paper (sections 3b—4) This paper (section 5)

of convective self-aggregation. This framework only contains
the LMSE variance at individual vertical layers. This frame-
work allows us to calculate the LMSE variance and its evolu-
tion at each individual vertical level [vertically resolved (VR)

of the National Center for Atmospheric Research Community
Atmosphere Model (NCAR CAM3; Collins et al. 2006). The
incident solar shortwave radiation is fixed at 413.9 W m?2 to
represent the climatological solar insolation received by the

analysis], and to integrate over two arbitrary altitudes tropics. Considering that convective self-aggregation is a slow
(VI analysis). Therefore, this LMSE variance framework com-  process, we turn off diurnal variations in the model for simplifi-
plements the existing VI-GMSE variance framework and can  cation. The microphysics is the one-moment parameterization.
help to test if the BL processes are key to the development of SAM parameterizes subgrid-scale (SGS) process using a Sma-
self-aggregation. Table 1 shows the overall structure of the  gorinsky-type parameterization for turbulent fluxes within the
paper. In section 2, we will introduce the model setup. In ~ atmosphere and using the Monin-Obukhov similarity theory

section 3, we will introduce the new LMSE variance frame-  for the surface turbulent fluxes.
work with both VR and VI analysis. In section 4, we will use
the LMSE variance framework to diagnose convective self- 3. MSE theory

aggregation in a C_RM control S|mula.t|o.n. We will also com- Following Bretherton et al. (2005), the frozen moist static
pare our results with the APE analysis in Yang (2018b). In sec- energy (FMSE; h) is defined as

tion 5, we will compare the LMSE variance framework and
the GMSE variance framework. Section 6 will summarize the h5c,T1g9z1L qy2L ¢Gice, )
main findings and discuss the implications.
where q , is the specific humidity of ~water vapor. FMSE is

2. Numerical model setup approximately conserved in moist adiabatic processes where
pressure change is hydrostatic,with slight influence from lig-
uid and ice condensates on the change of internal energy. We
sion 6.10.8) to simulate convective self-aggregation. SAM is an |,¢q this variable because it is exactly conserved in SAM and
anelastic CRM (Khairoutdinov and Randall - 2003) and has a5 peen used to study convective self-aggregation in previous
been widely used to simulate self-aggregation (Bretherton et al. studies (Bretherton et al. 2005; Wing and Emanuel 2014;
2005; Muller and Held 2012; Khairoutdinov and Emanuel 2013; carstens and Wing 2020). Hereafter, FMSE will be simplified
Wing and Emanuel 2014; Bretherton and Khairoutdinov 2015; 55 MSE.
Wing et al. 2016; Muller and Romps 2018; Yang 2018a,b, 2019). Given that both the GMSE and LMSE frameworks can
The thermodynamic prognostic variables in SAM are liquid/ice  pe derived from the MSE budget, we start our analysis from
water static energy (1), total nonprecipitating water mixing ratio the two-dimension MSE budget  equation. Its flux form is
(an), and total precipitating water mixing ratio (). Here, h. 5 given by
GT19z2L (dew19)2L {ai1qs1qg5c,T 1022
L ((Qiiquia 19 icd) 2 L Qice Where g, is the specific heat of air at h 52 l (T 1 5 rowh 1Q rag 1 Q ogs 2)
constant pressure, guiq (5cloud water 1rain5q ¢, 19 ) and o
Qice (5 cloud ice 1 snow 1 graupel 5 g 19 s 19 o) are the mixing
ratios of all liquid and ice phase condensates, and, (s L) are
latent heat of evaporation,sublimation,and fusion.q, (59 cw 1 ' e :
qe) and g, (59, 1 q s 1 q o) are model outputs, and can be parti- ces/smks du%to radlathn and SGS pro.ces‘ses, respect.lvely
tioned into the mixing ratios of different hydrometeors (e.g., clou&un't_s': Wkg™"). Following the convention in SAM (Khalr.-
water) following SAM’s temperature-based microphysics. ogtdmov and Randall  2003), the SGS MSE tendency is

In this paper, we study a 2D (x-z) aggregation simulation given by Q 59552 1= 1o xFh _2 1= 1o 2Fv, where (F, '_:V)
over a horizontal periodic domain. The domain size is 2048  8® t2r12e horizontal and vertical turbulent fluxes (units:
km, and the horizontal resolution is 2 km. The model top is at Wm™), and Fy(z50) rgpresents the surfe?ce turbulence
42.9 km. There are 80 vertical grid levels, and the first level is  uxes of MSE F <. Equation (2) can be derived from the
at 37.5 m. The vertical resolution gradually increases from thermodyn.amlc . prognostlc equations in SAM [Egs.
80 m near the surface to 400 m above 5 km and 1 km above (A3)=(AS) |n_ Khairoutdinov and Randall 2003]. Then we
25 km. There is a 6-km sponge layer on the top of the model take the horizontal average of Eq. (2) and get
to damp out gravity wave reflection. The simulation runs for
150 days with a fixed uniform SST at 300 K. The data are out- h52 1 2 ToWwh 1Q g 1 Qg (3)
put hourly. The radiative transfer scheme is the same as that To

We use the System for Atmospheric Modeling (SAM; ver-

where rg 5 ro(z) is the reference density, (u, w) are
resolved wind speeds, and (Q a4, Qsgd are the MSE sour-
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FiIG. 1. The two-layer schematic of convective self-aggregation.
The orange arrows denote horizontal and vertical convergence of
MSE fluxes. h, Q,,4, and Q4 denote perturbations of the MSE
and the MSE tendency from radiation and SGS processes, respec-
tively. The units of Q are all W kg?'. The subscripts 1 and 2 repre-
sent layer numbers. The height for each layer H is constant.
denotes the horizontal and

The overbar average,

21=ry x rpuh vanishes in a periodic domain; (x, z, t) are
independent variables in SAM, and density only varies
with height, so overbars can be moved into the differen-
tial symbols. Then we subtract Eq. (3) from Eq. (2), and
get the MSE perturbation budget:

h 52 1
o

x Touh 1 2 rpwh  1Q 5,4 1Q 4 (4)

where the primes () denote perturbations at resolved scales. Fig
ure 1 further shows how diabatic/adiabatic processes change h
a two-layer model.

Because we are only interested in perturbations associated
with large-scale convective aggregation (denoted & ,Aisa
given variable), we apply both spatial (102-km) and temporal
(5-day) running averages to filter out small-scale and high-fre-
quency components. The results are robust with different
smoothing windows (e.g.22 km and 1 day; appendix A). Then
the budget equation for the large-scale MSE perturbatioﬁs)(is

th 52 x rpuh 1z rgwh 1 Qag | Qsgs ®)
Hereafter, we denote the large-scale variable Aas Afor

simplification.
a. The VI-GMSE variance framework
We first introduce a few useful definitions in the following

analysis. The VI-MSE is defined as the total column MSE per
unit area, which is

Z
rohdz,
0

h5 (6)
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Zt

where A 5 roAdz denotes a density-weighted integral of

variable A, ar?d z, is the height of the model top. The VI-MSE
is closely linked to the column water vapor due to the weak
temperature gradient (WTG) in the tropics (Charney 1963;
Sobel et al. 2001; Yang and Seidel 2020; Seidel and Yang
2020). Then the spatial variance of the VI-MSE (the VI-
GMSE variance, var,) is written as

2
5

2
2

5

z 2

roth 2 h)dz
0

Zt
rohdz 2
0

Z;

t
var 5 h rohdz
0

2z 2

roh dz
0

5 @)

We move the overbar into the integral sign becausgand z are
independent of x in SAM. Following Wing and Emanuel (2014),
the budget equation for the VI-GMSE variance is given by

1
-2r—xr0uh 1h

0

t(var;) 5 h “Quag 1 h - Qg

(8)

where Qsgs52  xFu 1 F v(z 5 0). If the horizontal component
xFu is negligible, then we have

NI =

Qsgs=Fy(z50) =Fg 9)
We shall see if this approximation is appropriate later (Fig. B1).
Note that the vertical flux convergence 2 1=r, , rywh van-
ishes when integrated from surface to the model top. Therefore,
the VI-GMSE variance framework does not show how the verti-
cal convergence contributes to convective self-aggregatiofhe
VI-GMSE variance continually increases during the develop-

ment of aggregation, and the key to the framework is to evaluate
processes generating yar

Here, we provide physical intuition for Eq. (8) in a two-
layer atmosphere (Fig. 1). We assume that the thickness of
each layer is H and is horizontally uniform. Then the VI-
GMSE variance can be written as

van 5 roh,H1 roh,H?5 2H2h21h 212h h, |
covariance

(10)

local variance

where the subscripts of h represent layer numbers.Equation
(10) contains two parts: the local variance within each layer (local
in height), and the covariance between the layers. The local vari-
ance represents horizontalnhomogeneity at a given level,and
larger values correspond to more aggregated states.

Similar “local variance” and “covariance” components also
exist in terms on the right-hand side of Eq. (8). Take radiative
production as an example:

h - Qrad 5 I’gH2 h1Qrad‘ 1h ZQradg 1h 1Qrad2 1 hZQram .

local variance production

(1)

covariance production
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Equation (11) contains two parts: local variance production
and covariance production. Local variance production is
effective in modulating local MSE variance directly: cooling
low-MSE air at the same level further reduces the MSE and
increases the MSE variance at  that level. We distinguish
“radiative cooling” from “radiation.” Radiation describes
radiative transfer processes in general and is a nonlocal pro-
cess, but radiative cooling results from radiative flux diver-
gence and directly changes local temperatures and can induce
large-scale circulations. Covariance production is only respon-
sible for the change of covariance. This is clearer by showing
its budget equation (leaving behind r2H2):

(h;h, 5h 2 4(uh),1h,2 uh),

1h 1 Qrag, 11,000, 1h 1 Qegg 1N Q550 (12)

Therefore, even though covariance is part of the VI-GMSE
variance, covariance production does not directly contribute
to changes of the local MSE variance or horizontal inhomoge-
neity at a given altitude.

We have illustrated the components of the VI-GMSE vari-
ance framework using a two-layer atmosphere. To resolve the
vertical dimension, we will present two MSE analysis frame-
works in this paper. We will first focus on deriving the LMSE
variance framework (section 3b) and then apply it to a CRM
simulation (section 4). We will also derive a VR-GMSE vari-
ance framework and illustrate the differences between LMSE
and GMSE variance frameworks (section 5).

b. The LMSE variance framework

The VI-GMSE variance was computed by first  vertically
integrating MSE anomalies and then calculating the spatial
variance of the VI-MSE. However, the LMSE variance
framework does the opposite: we first compute the spatial

JOURNALOFTHEATMOSPHERICSCIENCES

VOLUME 79

variance of MSE at each altitude and then perform the verti-
cal integration, which is

vargr(z1, ) 5 % (13)

Z4

We simplify the large-scale variable h toh . This LMSE
variance varg (z4, o) represents the integrated local MSE var-
iance between z and z. Again, “local” means at each vertical
level. To get the VR budget for the LMSE variance, we multi-
ply r2h on both sides of Eq. (5) and take a horizontal average
on both sides, which yields

1 ——= 1 1 —
3 irh 25 rghzr—0 Xrouth—O 2 fowh 1 120 Qg
1 r2h Qgs (14)

Equation (14) is the VR-LMSE variance budget, where
variance production due to diabatic/adiabatic processes

only changes LMSE variance at a given altitude. Note that
the adiabatic production of the LMSE variance is done by
dynamics and is represented explicitly in the LMSE vari-
ance framework, complementing the VI-GMSE variance
framework. To simplify the equation, we let

1 1 1
2—=- revh 52 — x rouh 2 — ; rowh (15)
fo fo fo
horizontal vertical
convergence convergence

It is the sum of horizontal and vertical convergence of MSE
flux anomalies, representing the total adiabatic production of
h in Eq. (5). Therefore, the vertical redistribution of the
MSE (e.g., convective transport) is now explicitly formulated
in the LMSE variance framework.

Then we integrate (14) over z and z:

- 2z 1
{foh °dz5  r?h 2 —=- rovh
Z4 rO

Equation (16) is the VI-LMSE variance budget. We fur-
ther present a method to calculate the variance produc-
tion from surface fluxes independently in appendix B.
Note that the integral does not change if the time deriva-
tive is moved outside the integral because altitude in

0
r%h Q raddz 1

P4l Z4

22

dz 1 rah Qgqdz: (16)

SAM is independent of time.  Be careful if model altitude
changes with time. To illustrate more details in the early
stage, we normalize Eq. (16) with the VI-LMSE variance

Zt
varr(0, z) 5 1=2

roh 2dz , which yields
0

1= 2 i 2 1 i 2 i 2
3 t rph “dz rgh 2 4=+ rovh dz rgh Qaqdz 1 roh Qggdz
Zq 5 Z4 1 Zq Z4 . (17)
varg(0, z) varg(0, z) varg(0, z)
growth rate adiabatic production diabatic production
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FIG. 2. Evolution of precipitable water (PW; mm) and MSE variances. (a) Hovm éller diagram of the PW in the
CRM simulation (blue: moist; orange: dry). (b) The evolution of the LMSE variances [var r(z4, Z,), blue lines], the
PW variance (orange line), and the GMSE variance (var,, yellow line). The solid blue line denotes the VI-LMSE
variance over the column [vag(0, z)], the dashed one denotes the variance within the BL (0-2 km), and the dotted
line denotes variance over 2—4 km. The definition of the BL height is provided in Fig. 3. (c),(d) The vertical distribu-

tion of the LMSE variance (h )2 and the moisture variance L yqy2 L 10 2inthe troposphere, respectively.The

overbar means the horizontal average.

Equation (17) is the normalized VI-LMSE variance budget.
The left-hand-side term is the growth rate of the VI-LMSE
variance, and the right-hand-side terms represent the adia-
batic and diabatic productions of the LMSE variance.  Dia-
batic processes including radiation and SGS processes
produce/consume the LMSE variance by coupling with the
MSE anomalies. For example, anomalous radiative cooling in
drier (low-MSE) regions promote convective self-aggregation
by further reducing MSE there and increasing the LMSE vari-
ance. Meanwhile, large-scale circulations and convection
redistribute the MSE adiabatically, generating LMSE vari-
ance. Again, this adiabatic term includes both horizontal and
vertical convergence of the MSE flux (e.g., convective trans-
port). In the following analysis, we will compute the adiabatic
term as the residual of Eq. (5), as done by Bretherton et al.
(2005) and Wing and Emanuel (2014).

This LMSE variance framework is different from the VI-
GMSE variance framework because it focuses on the increase
of local MSE variance at individual vertical layers (Table 2).
Therefore, the diabatic processes only change the MSE
variance locally, and their remote effects are achieved by
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circulation and convection. Additionally, the budget equation
of the LMSE variance can illustrate the vertical transport
of the MSE and the vertical  structure of convective self-
aggregation. Therefore, the LMSE variance framework com-
plements the VI-GMSE variance framework.

4. The LMSE variance diagnostic results

We use Egs. (14) and (17) to diagnose convective self-
aggregation in a CRM simulation. We will show its evolution
and vertical structure and will illustrate the importance of
the BL.

Figure 2 plots the precipitable water (PW;  mm) and the
MSE variances in the CRM simulation. Initially, three expand-
ing dry patches centered at x 5 400, 1300, and 2000 km start to
form around day 15 (Fig. 2a). During days 15-50, the system
quickly evolves into a more aggregated state, with two dry
patches merging into one heavily dry patch centered at
x 51500 km. After day 50, the whole system reaches its statis-
tical equilibrium, and PW variance oscillates around a refer-
ence value (Fig. 2b). However, there is still some modulation
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Figure 2b shows the VI-LMSE variances, which covary
with the PW variance andthe VI-GMSE variance and
describe the evolution of self-aggregation. The VI-LMSE var-
iances increase together with the PW variance and the VI-
GMSE variance before day 50. After day 50, they all oscillate
around their reference values. This is consistent with Fig. 2a.
Their consistency confirms that the development of aggrega-
tion is associated with increases in the LMSE variances.

Figure 2b further shows that the LMSE variance is domi-
nated by the variance in the BL (dashed line) and that the
lower free troposphere (FT; dotted line) also contributes sig-
nificantly to the LMSE variance, suggesting a bottom-heavy
structure. Following Yang (2018a), we define the BL height as
the altitude where ,RHfirst exceeds the threshold of
20.1 km 2! over the level of the minimum gradient, which is
about the lowest 2 km (Fig. 3). Strong horizontal pressure gra-
dient can no longer be sustained above that altitude.
Figure 2c shows that much of the LMSE variance is within the
lowest 2 km of the atmosphere, and that the LMSE variance
is dominated by its moisture variance (Fig. 2d). The bottom-

over days 50-150. Following Yang (2018a), we define the BL heightheayy structure is likely because the water vapor mixing ratio

as the altitude where ,RH first exceeds the threshold of
20.1 km?2" over the level of the minimum gradient. Therefore, the
BL height is about 2 km in our simulation and is labeled by the

blue circle. The orange line shows the pressure difference between

dry and moist centers () at the equilibrium stage. The orange cir-
cle labels ¢ at the BL top, and the pressure difference is reason-

exponentially decreases in altitude with a scale height of
about 2 km. This result indicates that processes in the lower
troposphere, especially in the BL, are important, because dia-
batic/adiabatic variance production can only become signifi-
cant at layers where the MSE anomaly is  large. We also

ably small above this level. This suggests that 2 km is also a dynamiaotice a sharp increase of the LMSE variance at around 1 km.

cal BL height where turbulence is well confined below this level.

within the system: one dry patch disappears when two moist
patches merge into one patch on day 120.  During the last
30 days, there is only one convective aggregate with a spatial

It is roughly the height of the cloud base. The relative humid-
ity below is more horizontally uniform due to the efficient
moistening by the underlying ocean and the strong vertical
mixing within the subcloud layer. Therefore, large horizontal
LMSE variations are absent below 1 km.

scale of about 2000 km. This spatial scale is consistent with sim- Figure 4 plots the normalized VI-LMSE variance budget
ulation results presented by Yang (2018a), who also provided a integrated over different layers [see Eq. (17)] and further

quantitative explanation for what sets the size of convective
aggregates.

50

75
t (days)

illustrates the importance of the BL. The green line represents
the net growth rate of self-aggregation, which describes the

0.6 T
b

04
2 02F
S

0
-0.2 :
0 25 50 75 100 125 150
t (days)

FIG. 4. The normalized VI-LMSE variance diagnosis over (a) the column and the BL and (b) the lower FT in the
CRM simulation [see Eq. (17)]. Solid lines represent the budget integrated over the column {5 0, z, 5 z ), dashed
lines represent that over the BL (z1 50, z> 5z g.), and dotted lines correspond to that over 2-4 km. The dashed
curve for SGS is almost identical to the solid curve. Time derivative of the VI-LMSE variance is in green (tend), adia-
batic variance production is in yellow (conv), radiative production is in dark blue (radi), and SGS production is in

purple (SGS).
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FIG. 5. The diagnostic results of VR-LMSE variance budget in the CRM simulation [see Eq. (14)]. (a) Variance ten-

dency  1=2 roh 2, (b) radiative productionrdh Q.
production r3h Q

sgs

temporal evolution of the VI-LMSE variance. A positive
value suggests an overall tendency to aggregate. The yellow
line measures the contribution of the adiabatic production of
the VI-LMSE variance. A positive value indicates upgradient
MSE transport, favoring aggregation. The dark blue line

(c) adiabatic production?h 2 1= ry = -
The units are3m?® &', The lowest model level (z 5 37.5 m) is excluded in (c) and (d).

rovh , and (d) SGS

further enhanced by radiation, dominates the LMSE variance
production for convective self-aggregation (solid lines), and
both BL and lower FT processes make significant contribu-
tions to the organization of convection. After day 15, however,
the production of LMSE variance becomes bottom-heavy and

denotes variance production by radiative cooling and the purple radiative processes replace adiabatic atmospheric circulation as
one denotes that by SGS processes. Positive values suggest thahe major source for variance production. During the whole sim-
the corresponding diabatic process increases the VI-LMSE vari-ulation period, SGS processes are always responsible for consum-

ance and promotes aggregation. In Fig. 4a, solid lines corre-
spond to column integrals in Eq. (17) (z41 50, z» 5z ), and
dashed lines correspond to the BL integrals (250,255 z ).
Their differences measure the contribution of the FT, much of
which is from the 2—-4 km (Fig. 4b). Note that the column curve
and the BL curve for SGS coincide with each other. Initially,
the VI-LMSE variance increases rapidly in both the BL and the
lower FT. After dry patches form (around day 15), the BL starts
to dominate the production of VI-LMSE variance, increasing
the VI-LMSE variance. The lower FT only accounts for a small
portion of column variance increase afterward. This result is
consistent with the LMSE variance plots in Figs. 2b and 2c.
Figure 4 also supports the notion that  dominant mecha-
nisms in generating LMSE variance might be distinct in differ-
ent stages of convective self-aggregation (Wing and Emanuel
2014). In the first 15 days, column adiabatic production,
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ing LMSE variance and inhibiting self-aggregation.
Figure 5 explicitly shows  the diagnostic results of VR-
LMSE variance budget [see Eq. (14)]. Figure 5a plots the

t 1=2 rgh 2 , measuring
how fast self-aggregation evolves at a given altitude. We
observe a bottom-heavy structure after day 15: the LMSE ten-
dency is primarily in the BL, the lowest 2 km of the atmo-
sphere. There is positive variance tendency in the BL during
day 15-50, suggesting the MSE anomalies are significantly
intensified there. This is consistent with the bottom-heavy
structure in Fig. 4.

Figure 5b shows the production of the VR-LMSE variance
by radiative cooling. Positive values suggestthat radiative
cooling anomalies are in phase with MSE anomalies and that
radiative processes increase the LMSE variance, leading to

local tendency of LMSE variance
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The lowest level is excluded in (c) and (d).

self-aggregation. Again, the radiative LMSE variance produc-
tion has a bottom-heavy structure: most production is within
the lowest 2 km, which highlights the importance of BL. Diag-
nosis for the first 20 days is in white due to small magnitudes
and will be discussed in Fig. 6. During the simulation period,
radiative processes continuously make a positive contribution
to the development and the maintenance of convective self-

aggregation. This result is consistent with our Fig. 4 and the APHayer (the

r2h Q,.y

rad» (C) convergence rﬁh 21=ry=- (Tvh) , and

above the near-surface layer. Their units aré?dn?® s . The blue lines label the BL top.

low-level circulation (Bretherton et al. 2005; Muller and Held
2012; Jeevanjee and Romps 2013; Coppin and Bony 2015).
Figure 5d shows the contribution from SGS processes. SGS
production of the near-surface layer dominates the entire
SGS production throughout the column. Therefore, the near-
surface layer is excluded and will be discussed in Fig. 6. Even
though the SGS contribution is dominated by the near-surface
lowest atmosphere level), SGS contribution

analysis and the mechanism-denial experiments in Yang (2018bjemains significant below 200 m.

Figure 5¢ measures the adiabatic production of the VR-
LMSE variance by large-scale circulations and convection.
Here we exclude the near-surface contribution due to its large
magnitude and will discuss it in Fig. 7. In Fig. 5, the adiabatic
production is the major process to balance the variance pro-
duction by radiative cooling above the near-surface layer. The
adiabatic production has a similar bottom-heavy structure.
Negative values represent downgradient MSE transport (e.g.,
MSE flux divergence in high-MSE regions), inhibiting self-
aggregation. Generally, the adiabatic production above the
near-surface layer is dominated by the BL and inhibits con-
vective self-aggregation during days 15-50. There are also
some positive values within the BL, which is likely due to the
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Figure 6 illustrates the vertical structures of variance ten-
dency, radiative production, adiabatic production, and SGS
production in the first 20 days. It shows that the LMSE vari-
ance increases both in the lower FT and the BL during first
15 days, suggesting that both the lower FT and the BL are
important for the development of convective self-aggregation.
A downward propagation of ~ maximum variance tendency
occurs from the lower FT to the BL from day 15. We can also
find a similar downward propagation in radiative production
(Fig. 6b) and adiabatic production (Fig. 6¢). These may suggest
that there is an interaction between the BL and the FT.

Figures 7a—d give more details on the roles of MSE flux
convergence and SGS processes at the near-surface layer (the
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Here, the near-surface layer corresponds to the lowest model level at z 5 37.5 m.

lowest model level). Figure 7a shows that there is a competing production at the near-surface layer is so large that it domi-

mechanism at the lowest level: MSE flux convergence is in
phase with the near-surface MSE anomalies (Figs. 7b,c) and
continuously generates LMSE variance, while SGS anomalies
(Fig. 7d) have the opposite phase to the MSE anomalies and
consume LMSE variance. Note that the magnitude of Q is
two orders of magnitude larger than that of Q 4 at the near-
surface layer. In radiative-convective equilibrium, VI SGS
tendencies approximately equal surface fluxes (Fig. B1),
which balance the total radiative cooling of the whole column.
Qg4 has extreme large values at the near-surface layer due to
surface fluxes, and the radiative cooling rate cannot change
much locally, so adiabatic MSE sinks/sources must be large
enough to balance the considerable SGS tendencies at the
near-surface layer. Note that this positive adiabatic

nates over the negative adiabatic contribution above (Fig. 5c).

5. Comparison between the LMSE and the GMSE
variance frameworks

Here we compare the LMSE and GMSE frameworks. Sec-
tion 3 has developed both the VI- and VR-LMSE variance
analyses. To conduct a comprehensive comparison, we first
derive a VR-GMSE variance budget and then compare the
two frameworks from both the VI and VR perspectives
(Tables 1 and 2).

The VR-GMSE variance equation is derived by first multi-
plying roh and then taking the horizontal average on both
sides of Eq. (5), which is

h - troh 5h -2 ,rquh 2

We can integrate Eq. (18) between any altitudes and quan-
tify variance production within that layer. If we integrate
Eq. (18) from the surface to the model top, the VR-GMSE
budget reduces to the VI -GMSE budget equation [Eq. (8)].
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2rowh 1h

" Qg 1 h 1@ sgs' (18)

Figure 8 shows the VI- and VR-GMSE variance diagnostic
results. The VI-GMSE variance analysis reduces to the con-
ventional MSE analysis (e.g., Fig. 5in Wing and Emanuel
2014). Figure 8a shows the normalized VI-GMSE budget,
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The VR-GMSE variance diagnosis [Eq. (18)]. The blue lines indicate the height of the BL. This set of figures shows that the GMSE vari-
ance framework also confirms the dominant role of the BL processes on the development of convective self-aggregation after day 15.

calculated using Eq. (8) divided by the VI-GMSE variance.
The result shows that radiation dominates the VI-GMSE vari-
ance production during the 150-day simulation. Surface fluxes
and horizontal convergence of MSE flux help to promote the
development of self-aggregation in the first 15 days. After
day 15, surface fluxes become the major processes that con-
sume GMSE variance and inhibit self-aggregation. Figure 8a
also shows that both variance tendency and variance produc-
tions are dominated by the BL processes after day 15, while
the FT also makes an important contribution in the first 15
days. Such bottom-heavy structure after day 15 is further con-
firmed by the VR-GMSE variance diagnosis shown in Figs. 8b
and 8c. Radiation generally increases the GMSE variance at
individual layers, while the adiabatic processes consume the
GMSE variance in most layers.

There are high similarities between the LMSE and GMSE
variance frameworks.For example, the VI budgets in the two
frameworks agree that both the BL and the lower FT make
important contributions in the first 15 days. After day 15, the
VI- and the VR- budgets in the two frameworks consistently
highlight the key role of BL processes in the development of

diagnosis, and strongly positive in the VI-GMSE variance
diagnosis. Such differences may result from the inclusion of
the covariance term in the GMSE framework (Table 2). We
have summarized the differences in the mathematical formu-
lation for both VI and VR budgets between the two frame-
works in Table 2.

There are caveats in both diagnostic  frameworks. For
example, some numerical simulations proposed that low-level
circulations promote the development of convective self-
aggregation (Bretherton et al. 2005; Jeevanjee and Romps
2013; Coppin and Bony 2015; Wing and Emanuel 2014). How-
ever, the previous VI-GMSE analysis cannot quantify the con-
tribution from the low-level  circulation. The BL adiabatic
production in our GMSE variance diagnosis is negative in the
first 35 days}inhibiting the early development of self-aggrega-
tion}and never maintains positive for an extended period of
time in our entire simulation.  In addition, Bretherton et al.
(2005) showed that self-aggregation did not occur with hori-
zontally homogenized surface fluxes.However, the SGS pro-
duction in the VI-LMSE variance diagnosis is a slightly
negative term in the first 15 days.

self-aggregation. The signs and structures of variance tendency We then perform a mechanism-denial experiment to better

and variance productions in the two frameworks are also gener- understand the role of

SGS processes, including surface

ally identical after day 15. Such consistency confirms the robust{luxes. In this experiment, we homogenize surface fluxes hori-

ness of the bottom-heavy results.

Meanwhile, there are still notable differences between the
two frameworks in the first 15 days. For example, the VI-
LMSE variance production is dominated by adiabatic produc-
tion, while the VI-GMSE variance production is dominated
by radiation. Moreover, the BL adiabatic productions have
opposite signs between the two VI diagnoses in the first
15 days. The SGS production also has opposite signs in the
two VI diagnoses: slightly negative in the VI-LMSE variance
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zontally at each time step (Fig. B2). The atmosphere quickly
self-aggregates into moist and dry patches in the first 15 days
(Fig. B2b), and the horizontal moisture contrast reaches a
similar magnitude to that in the control simulation (Fig. B2a).
This implies that surface-flux feedbacks have limited impacts
on the development of self-aggregation in our simulations.
This result agrees with the LMSE variance diagnosis, which
shows weakly negative SGS production in the first 15 days.
This mechanism-denial experiment seems to contradict with
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FiG. 9. Difference in the LMSE and the GMSE variances and their radiative productions in the CRM simulation.
(a),(b) Matrices of h hj and Q,q; h; at the stable state, respectively (averaged over the last 30 days and in the x direc-
tion). Here, subscripts i and j represent vertical levels. The local MSE variance in Eq. (10) and the local variance pro-
duction in Eq. (11) correspond to the diagonal components on the gray lines, where i 5 j. Similarly, the covariance
in Eq. (10) and the covariance production in Eq. (11) correspond to the off-diagonal components outside the lines,
where i b j. The horizontal blue line represents the variance production at 4 km diagnosed by the VR-GMSE vari-

ance budget, while the red dot
budget.

the GMSE variance diagnosis, which shows strongly positive
SGS production in the first 15 days.

Figure 9 compares the difference between the GMSE
framework and our LMSE framework using a CRM simula-
tion. The diagonal components represent local variance and
local variance production. The off-diagonal components rep-
resent the covariance and covariance production. Therefore,
the VI-GMSE variance budget [Eq. (8)] includes every point
in the matrix while the VI-LMSE variance budget [Eq.  (16)]
only cares about points on the diagonal. If we focus on the
VR budgets and take radiative production at 4 km as an
example (Fig. 9b), the variance production in the VR-GMSE
variance budget [Eq. (18)] is the sum of every point on the
horizontal blue line, containing both the local variance and
the covariance, while the variance production in the VR-
LMSE variance budget [Eq. (14)] is just the red point on the
diagonal of the matrix.

6. Conclusions and discussion

Previous studies have extensively used a vertically inte-
grated (VI) moist static energy (MSE) framework to study
the development of convective self-aggregation. The frame-
work technically diagnoses aggregation as the increase of the
spatial variance of the VI-MSE. In this paper, we first decom-
pose this framework with a two-layer model. We find that its
MSE variance contains both the spatial variance of the local
MSE anomalies at individual layers (LMSE variance) and the
covariance of the MSE anomalies between different layers
[Eq. (10)]. Therefore, we refer to this VI framework as the
global MSE (GMSE) variance framework. We then show that
the LMSE variance is only produced by the local variance
production defined in Eq. (11), and that the covariance is only
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represents the local variance production diagnosed by the VR-LMSE variance

changed by covariance production, which does not contribute
to changes in the LMSE variance [Eq. (12)].

To illustrate the vertical structure of convective self-aggrega-
tion, here we present a vertically resolved (VR) MSE variance
framework that focuses on changes of the LMSE variance
[Eq. (14)]. We first show that the LMSE variance has a bottom-
heavy structure, which is likely due to the exponential decrease
of water vapor with altitude (Fig. 2). We further show that both
diabatic and adiabatic productions of LMSE variance share a
similar bottom-heavy structure, leading to the primary increase
of LMSE variance in the BL. Besides,the lower FT also con-
tributes to the increase of the LMSE variance in the first
15 days. These results are consistentwith the previous APE
analysis and mechanism-denialexperiments and support the
hypothesis that physical processes in the lower troposphere,
especially the BL, are key to self-aggregation (Yang 2018b;
Muller and Bony 2015; Naumann et al. 2017).

The bottom-heavy structure of the LMSE variance suggests
that lower troposphere is important to the development of
convective organizations. This is not only true for self-aggre-
gation in the CRMs, but is also consistent with theoretical rea-
soning and observations. For example, previous studies
showed the onset of deep convection is closely related to the
lower-troposphere moisture variability (Tompkins 2001; Par-
sons et al. 2000; Brown and Zhang 1997; Holloway and Neelin
2009) and that low- to midlevel moistening can induce mois-
ture—stratiform instability for ~ convectively coupled circula-
tions (Mapes 2000; Kuang 2008). Meanwhile, Parker et al.
(2016) showed that the onset of monsoon systems is associ-
ated with the moistening of  the lower troposphere. These
results on different spatial scales all illustrate the importance
of the lower-troposphere MSE variabilities. Therefore, the
LMSE variance framework can be used to diagnose the evolu-
tion of such real-world convection and illustrate the vertical
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structure. This may in turn give further physical intuition to which cannot be achieved by local radiative cooling. This is a
convective parameterization in the general circulation unique result of the LMSE variance framework, which explic-
models. itly resolves the vertical dimension.

We find that adiabatic processes favor self-aggregation in The diagnostic results of the GMSE and the LMSE variance
the first 50 days (yellow lines in Fig. 4a). It seems consistent frameworks can be different.A reason is that the GMSE vari-
with previous studies, which proposed that the upgradient  ance production is dominated by covariance production}the
MSE transport by the low-level circulation favors self-aggre- off-diagonal terms in Fig. 9, but the LMSE variance production
gation (Bretherton et al. 2005; Muller and Bony 2015). How- only includes the diagonal terms. Suppose we have enhanced sur-
ever, here we demonstrate that the adiabatic MSE production face fluxes moisten a dry surface layer below a moist column.
is mainly in the near-surface layer (Fig. 7a). This is because The LMSE framework will show a reduction in LMSE variance
near-surface MSE flux convergence needs to be large enough because the enhanced surface fluxes moisten the dry layer. The
to balance the considerable contribution from SGS processes, indirect influence of surface fluxes is through convection and
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large-scale circulations, whose contribution is explicitly calculated Even though it can be insightful to illustrate the vertical
as adiabatic LMSE variance production. In other words, the con-structure, the LMSE variance framework only diagnoses con-

vective fluxes in the LMSE variance framework communicates

vective organizations from a thermodynamic perspective. |t

the influence of surface enthalpy fluxes upward. In contrast, the will be helpful to compare this framework with other verti-
GMSE variance framework will diagnose the moistening on the cally resolved diagnostic methods based on energy conserva-
dry layer as positive contribution. This contrast may result from tion or dynamics (e.g., the APE framework). Additionally, we

the inclusion of covariance terms in the GMSE framework
(Table 2). This GMSE framework does not explicitly calculate
the vertical transport of the MSE flux and instead includes a
covariance term (e.g.the off-diagonal components in Fig. 9b).

calculate the adiabatic term as a residual in this paper. It
would be desirable to compute this term directly with fre-
quent model output or online diagnosis and to illustrate the
vertical structures of the horizontal and vertical adiabatic pro-

The covariance terms did not receive much attention in previousduction (Fig. 3 in Wolding et al. 2016).

research,and its physical meaning is still unclear. Therefore,

We plan to apply the LMSE variance framework to study

future work is needed to understand the covariance terms and tother convectively coupled circulations, such as the MJO. The

reconcile the difference between LMSE and GMSE variance
frameworks.

Recall that the VI-LMSE variance diagnosis  shows the
SGS contribution is negative in the first 15 days (Fig. 4a). This
result seems to be contrary with previous mechanism-denial
experiments showing that convection does not self-aggregate
in simulations without interactive surface energy fluxes (e.g.,
Bretherton et al. 2005;Muller and Held 2012; Holloway and
Woolnough 2016). To reconcile our results with previous
studies, we performed a mechanism-denial experiment, in
which we horizontally homogenize surface energy fluxes at
each time step (Fig. B2b). In our mechanism-denial experi-
ment, the atmosphere quickly self-aggregates into a moist
patch and a dry patch.  The horizontal moisture contrast
reaches a similar or even higher magnitude to that in our con-
trol simulation (Fig. B2a). This simulation result agrees with
the modest, negative SGS contribution from the VI-LMSE
diagnosis. However, one may ask, what makes our mecha-
nism-denial experiment different from previous ones (e.g.,
Bretherton et al. 2005)? We suspect that most previous stud-
ies used small-domain simulations, in which the degree of
convective aggregation is sensitive to model parameters and
setups. Another possibility is that self-aggregation more read-
ily occurs in 2D simulations than in 3D simulations. In future
studies, we plan to explore these hypotheses by performing
simulations with different domain sizes.
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MJO has a rich vertical structure in winds, temperature, mois-
ture, and clouds. However, previous studies have primarily
used the VI-GMSE variance framework to investigate the
evolution of the MJO, which ignores the vertical structure
(Andersen and Kuang 2012; Arnold and Randall 2015; Pritch-
ard and Yang 2016; Kiranmayi and Maloney 2011; Maloney
2009; Sobel et al. 2014). Wolding et al. (2016) assumed a weak
horizontal temperature gradient and developed a vertically
resolved analysis method for the MJO. That framework may
work well in the free troposphere but introduces uncertainties
in the boundary layer, where substantial horizontal tempera-
ture gradient can be sustained. Therefore, our LMSE variance
analysis will complement the previous studies and help under-
stand the MJO evolution in time and altitude.
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APPENDIX A

Sensitivity to Choices of Smoothing Window Widths

Here we apply various temporal (1, 3, and 5 days) and
spatial (22, 50, 82, and 102 km) smoothing to test if the VI-
LMSE variance diagnosis is sensitive to the choices of win-
dow widths. The normalized plots are also smoothed with a
5-day running average to filter out  the high-frequency sig-
nals. The results are shown in Fig. A1. The blue box labels
the window widths we use in the paper. Figure A1 confirms
that the diagnostic results are robust under smaller spatial
windows.

APPENDIX B

Diabatic Production of the LMSE Variance due to
Surface Fluxes

Surface-flux contribution to the LMSE variance produc-
tion is included as a component of the SGS production [see
Eq. (9) and Fig. B1]. Here, we isolate the surface-flux con-
tribution and discuss how to calculate this component. In

23
Eq. (16), the SGS production is

rah Qg dz.

sgs
Z1

Similarly, the variance production from surface fluxes is

given by

given by

Z2

variance production 5 rah Qg dz, (B1)

where Q (52 1= 1y ,F;, and F s is the surface enthalpy
fluxes (W m 22), which is directly calculated and output by
the model using the bulk formula. Integrating Eq. (B1) by
parts yields
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2z z2 Z2 -
roh 2 ,F, dz52 L hF.dz1  F, , roh dz:
0 0 0

(B2)

Because Fg is nonzero only at the surface, the second
term on the right-hand side vanishes. Then we get

variance production 5 ( roh F; )lsurface 5 ToshsFs - (B3)

We can use values at the lowest atmosphere level to cal-
culate the numerical values of Eq. (B3). Another method
to calculate the variance production is

Z

2 7F
, Toh 2 2R dz5 o Dz

5 rOshst :

variance production 5

(B4)

Equations (B3) and (B4) are consistent. In the mecha-
nism-denial experiment (Fig. B2b), there are no surface flux
anomalies, and thus the variance production due to surface
fluxes is zero.
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