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ABSTRACT

The author develops a unified convection scheme (UNICON) that parameterizes relative (i.e., with respect
to the grid-mean vertical flow) subgrid vertical transport by nonlocal asymmetric turbulent eddies. UNICON
is a process-based model of subgrid convective plumes and mesoscale organized flow without relying on any
quasi-equilibrium assumptions such as convective available potential energy (CAPE) or convective inhibition
(CIN) closures. In combination with a relative subgrid vertical transport scheme by local symmetric turbulent
eddies and a grid-scale advection scheme, UNICON simulates vertical transport of water species and con-
servative scalars without double counting at any horizontal resolution.

UNICON simulates all dry—moist, forced—free, and shallow—deep convection within a single framework in a
seamless, consistent, and unified way. It diagnoses the vertical profiles of the macrophysics (fractional area,
plume radius, and number density) as well as the microphysics (production and evaporation rates of con-
vective precipitation) and the dynamics (mass flux and vertical velocity) of multiple convective updraft and
downdraft plumes. UNICON also prognoses subgrid cold pool and mesoscale organized flow within the
planetary boundary layer (PBL) that is forced by evaporation of convective precipitation and accompanying
convective downdrafts but damped by surface flux and entrainment at the PBL top. The combined subgrid
parameterization of diagnostic convective updraft and downdraft plumes, prognostic subgrid mesoscale or-
ganized flow, and the feedback among them remedies the weakness of conventional quasi-steady diagnostic
plume models—the lack of plume memory across the time step—allowing UNICON to successfully simulate
various transitional phenomena associated with convection (e.g., the diurnal cycle of precipitation and the
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Madden-Julian oscillation).

1. Introduction

In any atmospheric model, three separate schemes—
advection, PBL, and convection—perform vertical
transport of water species and conservative scalars: the
advection scheme achieves this through the resolved
grid-mean flow, while the PBL and convection schemes
perform vertical transport through the parameterized
subgrid turbulent eddies. Ideally, the sum of vertical
transport from these three schemes over a fixed geo-
graphical domain (e.g., the whole Earth) should be in-
variant to the changes of the horizontal grid size of the
model, G = AxAy, where Ax and Ay are the zonal and
meridional width of the model grid, respectively. If the
advection scheme accurately simulates grid-mean flow in
various G, then a set of sufficient and necessary conditions
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to achieve this scale adaptivity is that 1) both PBL and
convection schemes are designed to parameterize relative
subgrid motion with respect to the resolved grid-mean
flow, 2) the relative subgrid motion parameterized by the
convection scheme is completely separated from that
parameterized by the PBL scheme, and 3) the PBL and
convection schemes should be able to parameterize the
entire relative subgrid motion together. Any atmospheric
models failing to meet these conditions will result in poor
scale adaptivity due to missing or double-counted vertical
transport. Developing an appropriate convection scheme
is the most challenging but essential task necessary to
develop a suite of scale-adaptive physics parameteriza-
tions for future atmospheric models.

In some atmospheric models, subgrid vertical trans-
port by unsaturated dry convection has been parame-
terized as a nonlocal transport term within the PBL
scheme (e.g., Holtslag and Boville 1993). Saturated
moist convection above the PBL top that is typically
located just below the lifting condensation level (LCL)
of a convective updraft plume (Fig. 1a) is treated in a
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FIG. 1. Diagrams illustrating subgrid vertical transport in atmospheric models with (a) the traditional view in CAM
and (b) the alternative view that is adopted by UNICON with CAMS. In the traditional regime-dependent pa-
rameterization, subgrid vertical transport within the PBL is performed by the PBL scheme consisting of local and
(dry) nonlocal transport terms driven by surface buoyancy flux. Above the PBL, local transport at each level is
parameterized by a specific function of the local Richardson number independent from that used in the PBL scheme
(i.e., free-tropospheric transport), while nonlocal transport is parameterized by saturated shallow and deep con-
vection schemes. In the alternative process-dependent parameterization, local transport is parameterized by a moist
turbulence scheme in CAMS that simulates both dry and saturated turbulent transport in the entire atmospheric
layers with a single set of moist physics formulas. The remaining nonlocal transport is performed by UNICON that
consists of subgrid convective updrafts originated from the surface, typically in an unsaturated state, but that
eventually become saturated above the LCL (thin upward-pointing solid arrow with black (dry) and gray (saturated)
colors, with corresponding compensating subsidence denoted by thick downward-pointing solid arrow); subgrid
convective downdrafts that are generated from convective updrafts and can penetrate into the PBL when sufficiently
cooled by evaporation of convective precipitation (thin downward-pointing dashed arrow with corresponding
compensating upwelling denoted by thick upward-pointing dashed arrow); and subgrid mesoscale organized flow
driven by convective downdrafts and evaporation of convective precipitation, which feeds back to convective up-
drafts. In each plot, the black horizontal lines denote the model interfaces.
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separate convection scheme. However, at least in the
case of shallow convection, cumulus growing above the
PBL is merely a visible identity of the underlying dry
convective plume without abrupt changes of thermo-
dynamic properties at the moment of saturation. Thus, it
appears to be more reasonable to simulate both the dry
and moist convection within a single convection scheme
rather than simulating in separate PBL and convection
schemes. An approach in line with this philosophy is an
eddy diffusivity-mass flux model (Siebesma et al. 2007).

Over the continents, substantial portions of observed
cumuli are negatively buoyant with little vertical extent

above the PBL; that is, a dry convective updraft reaches
its LCL but not its level of free convection (LFC). This
forced convection has been neglected in the existing
convection schemes (although some types of high-order
turbulence closure models are capable of simulating the
forced convection, if sophisticated), since both the CAPE
and convective inhibition (CIN) closures are designed to
simulate only the strong convective updrafts growing
above the LFC (i.e., free convection). The forced con-
vection, however, can foster subsequent free convection
because, when detrained, it moistens environmental air
near the PBL top. Any convection scheme without
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appropriate treatment of forced convection is likely to
have trouble in simulating the correct onset of free
convection.

During the last half century, the convection parame-
terization community has developed various deep and
shallow convection schemes. In order to close the model,
Kuo (1965, 1974) and Tiedtke (1989) used the grid-scale
moisture convergence for deep convection and the sur-
face evaporation for shallow convection. Conceptually,
Arakawa and Schubert (1974) and Emanuel (1991) can
represent cumulus with various cloud tops including
both deep and shallow convection. However, their clo-
sures (using the cloud work function, or CAPE, assum-
ing a quasi equilibrium between grid-scale destabilization
and subgrid convective stabilization) are not suitable for
simulating shallow convection with small vertical extent
confined within the lower troposphere. A deep convec-
tion scheme developed by Zhang and McFarlane (1995)
uses a similar CAPE closure. Park and Bretherton (2009,
hereafter PB09) developed a shallow convection scheme
for general circulation models (GCMs) in which CIN
rather than CAPE is used to compute updraft mass flux
at the PBL top. In nature, a seamless transition from
shallow to deep convection widely occurs both in space
and time. In the trade wind regimes over the subtropical
oceans west of the major continents, a continuous spec-
trum of cumulus is observed from nonprecipitating shal-
low cumulus [defined as CL1 where CL is a low-level
cloud code used by surface observers defined from WMO
(1975); see also Park and Leovy (2004)] in the upstream,
to moderate cumulus (defined as CL2) and eventually
precipitating deep cumulus (defined as CL3,9) in the far
downstream (Hahn and Warren 1999). Over summer-
time continents, we frequently observe nonprecipitating
bright narrow shallow cumulus until early afternoon but
precipitating dark wide deep cumulus in late afternoon.
It is likely that this seamless transition from shallow to
deep cumulus in nature cannot be adequately simulated
by separate shallow and deep convection schemes. Re-
cently, Hohenegger and Bretherton (2011) and Mapes
and Neale (2011) explored simulating deep convection
by extending the shallow convection scheme developed
by PB09.

Despite the aforementioned conceptual flaws, tradi-
tional convective parameterizations have made a tre-
mendous contribution in improving our understanding
of atmospheric convection. However, the performance
of existing convection schemes is still far from reality.
Some examples of convection-related problems in cur-
rent GCMs are a double intertropical convergence zone
(ITCZ) along the eastern equatorial Pacific ocean, too-
frequent surface precipitation, grid storms (Williamson
2013), wrong phase and weak amplitude of the diurnal
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cycle of precipitation over the summer continents, weak
or missing Madden—Julian oscillation (Madden and
Julian 1971; Moncrieff et al. 2012), monsoon simulation
over the western Pacific warm pool region, characteris-
tics of El Nifilo-Southern Oscillation (ENSO), simulation
of tropical cyclones, too-rapid transition from stratocu-
mulus to cumulus in the subtropical oceans (Park et al.
2014), climate sensitivities of marine stratocumulus and
cirrus, and simulation of aerosol indirect effects. These
problems reflect that convection processes in nature are
much more complex than those captured by existing
convection schemes with various space and time scales.
Some GCMs showed progress in suppressing the double
ITCZ (Song and Zhang 2009; Chikira and Sugiyama
2010; Watanabe et al. 2010) or simulating the MJO (Kim
et al. 2009; Chikira and Sugiyama 2013). However, ad-
dressing these issues in a synthetic way without degrading
the other features remains a significant challenge.

In order to address the issues mentioned above both
qualitatively and quantitatively, the author develops a
unified convection scheme (UNICON)—a relative sub-
grid vertical transport scheme by nonlocal asymmetric
turbulent eddies (Fig. 1b). UNICON is designed to
simulate all dry-moist, forced—free, and shallow—deep
convection within a single framework in a seamless,
consistent, and unified way. UNICON is a process-based
model of subgrid convective updraft and downdraft
plumes and mesoscale organized flow without relying on
any equilibrium assumptions, such as CAPE and CIN
closures. It diagnoses the macrophysics (i.e., fractional
area, plume radius, and number density) as well as the
microphysics (i.e., production and evaporation rates of
convective precipitation) and the dynamics (i.e., mass
flux and vertical velocity) of multiple convective updraft
and downdraft plumes, which are constructed on the
prognosed subgrid cold pool and mesoscale organized
flow within the PBL. As a consequence of the strict re-
quirement on interprocess consistency, UNICON has
unique treatments of the source air properties of con-
vective updrafts and downdrafts, mixing processes be-
tween convective plumes and environment (or detrained
air), downdraft dynamics, cold pool, and thermodynamic
feedback among convective updrafts, downdrafts, and
mesoscale organized flow. Without the closures assum-
ing a certain equilibrium, UNICON is more physically
oriented than the existing convection schemes, capable
of simulating atmospheric variabilities in a flexible way
at various space and time scales in a wide range of G.
Arakawa and Wu (2013) proposed a conceptual method
to develop a scale-adaptive convection scheme by al-
lowing the convective updraft fractional area A to ap-
proach 1 as G decreases. However, thanks to the detailed
dynamic treatment of subgrid convective updraft and
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downdraft plumes and mesoscale organized flow without
relying on the quasi-equilibrium assumption, UNICON
in principle can achieve this scale adaptivity by retaining
A < 1 within the framework of the diagnostic plume
model.

The structure of this paper is as follows. Section 2a
provides a set of primitive governing equations from
which a set of simplified diagnostic plume equations
are derived, based on three fundamental assumptions
that will be detailed. Sections 2b and 2c describe a spe-
cific parameterization of individual convective updraft
and downdraft processes. Section 2d treats the param-
eterization of cold pool within the PBL, which drives
subgrid mesoscale organized flow that feedbacks to
convective updrafts, as will be detailed in section 2e.
Section 2f explains how to compute sources within the
environment. A summary and discussion is provided in
section 3.

2. Model description
a. Governing equations

Consider a set of horizontally nonoverlapped convec-
tive updraft and convective downdraft plumes with frac-
tional areas of ' and d/, respectively, embedded in an
environment with fractional area of a=1—Y,d' — ¥,/
in each layer. Here, superscripts hat (4), check (@), and
tilde (a) denote convective updraft, downdraft, and
environment, respectively, and the indices i and j denote
individual components of convective updrafts and down-
drafts. Later, superscripts breve (i) and double dots (d)
will also be used to denote the values of the convective
precipitation and evaporation areas, respectively. Each
area has total vertical velocity (w,, w,, w,) and scalars
(¢, $, $). The area-weighted grid-mean vertical velocity
is w=Y,a'w, + Y ,a'w)] + aw,, where the overbar de-
notes a grid mean. We define relative mass fluxes
M’ = paw', M= pafwf and M =paw using relative
vertical velocities W' =w. —w, Wwi= w/ w, and w =
W, — W, which satisfy ZIM’ +3,;M/ + M =0. Here p
is the air density, and the anelastic approximation
will be used. From now on, we will use a simplified
notation without the indices i and j (unless they are
apparently necessary), so that & and % will denote %'
and ¥/, respectively, for any variable x. Assuming both

= @)=V V(a¢)+g{ ( )
2a
]

(2B,

PARK

(0.

3905

convective updrafts and downdrafts are mixed with the
environmental air without direct mass exchange between
convective updrafts and downdrafts, the mass conserva-
tion principle within an individual volume area can be
formulated as

f=—v.va—g‘g+;(é—é), 1)
Z—?=—V-Vﬁ—g%+%(E—D), and 2)
= —va%;zwwg%;m
Y(E-DY+ X(E-D)|, ()
i J
where the pressure-coordinate p = p, — p, (p, and p, are

the surface pressure and the pressure above the surface,
respectively) is defined increasing upward, —V - Vi =
—UdPldx — vay/dy — woyldp is the grid-scale advection
of scalar ¢ by the grid-mean flow (@ = Dp/Dt is a grid-
mean pressure-vertical velocity), and (E, D, E, D) =0
are the convergence of mass flux from environment to
updraft E, from updraft to environment D, from envi-
ronment to downdraft E, and from downdraft to envi-
ronment D. The conservation principle of scalar content
within an individual volume area in each layer can be
written as follows:

(@) =V V(@) - g (18) + (ED, - D)
R(GNEN

)

(@)= V- N@h) g1 (1) + (B, ~ D)
o)+ G ) e
©)
<¢’ZM’>} HPACR ISR + X(Eid, = D))
©)
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where &5; and d;i are the detrained scalars from each
convective updraft and downdraft, respectively; ¢,
and ¢, are the environmental scalars involved in
the mixing with convective updraft and downdraft (so-
called mixing environmental scalars from now on);
(0d'lar),, (ad'Iar),, and (d/ar), are sources in each
volume area; while (3¢'/or), and (d¢//at), are direct
conversion terms from environment to convective
updrafts and downdrafts, respectively, without mass
exchange. The blocking of the environmental hori-
zontal wind by convective plumes corresponds to
(0¢'/at), and (9d’/9r), for ¢ = u, v. The asterisk denotes
the scalar properties of convective plumes involved in
the mixing, which can differ from the mean properties
of the convective updraft and downdraft owing to the
possible existence of inhomogeneity in each volume
area. By inserting the mass conservation equations
[Egs. (1)-(3)] into the conservation equations of

y
d—d)
Jat

Qz

bM—‘

“o(5),-3o(5) 3

For simplicity, we assume that the plume properties
are invariant to the Lagrangian displacement by the
grid-mean flow (i.e., Dy/Dt = ay/ot + V - Viy = 0, where
Yy=a,a, (Z), J;), that is, we use a quasi-conserved plume
approximation. If the advection tendency of the plume
properties by the grid-mean flow is assumed to be
negligible (e.g., V- Viy~0 when G is very large), our
quasi-conserved plume approximation is reduced to
the conventional quasi-steady plume approximation of
/ot = 0. With this approximation, Egs. (1), (2), (7),
and (8) are simplified to

1M |

ap 0 (o

1 oM .

dap O (b
ﬁ?:_¢¢ ) =@~ +$,+C, and (12)
R NOL S
@Z —é(d — ¢d) —0(dx — ¢) +S¢+ C¢’ (13)
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scalar content [Eqs. (4)—(6)], we can derive the fol-
lowing scalar conservation equations:

o
45 =~V Vb= gM 5 (B~ 3,) + Dlds — )]
p

(3, ()

a

¢

I

-V V- gM——l[E(é—id)

() (2)]

a

oX]

t

®)

— . ad
V. <2M +ZM1) o
{ [DI(b — i) + Ei(, — ¢)]+Z[Df(¢ &L) + Ei(d, — ¢>]}

a (‘M’ ) ©)

ot

where é= E/(pgM) and &= D/(pgM) are fractional
entrainment and detrainment rates of the convective
updraft plumes; é= FE/(pgM) and &= D/(pgM) are
fractional entrainment and detrainment rates of con-
vective downdraft plumes;
(5)
)

2= () (5),
2= () (), (),

are sources within each convective plume per incremental
vertical displacement; and

= () (). ().
=G ().~ ()

(14)

(15)
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are the incremental changes of the scalars within each
convective plume due to direct conversion from envi-
ronment to individual plumes without mass exchange.
The goal of a convection scheme is to compute the

a$+V-V$=d(a¢+V«V§5)

ot ot

PARK
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grid-mean tendency due to subgrid vertical transport by
nonlocal asymmetric turbulent eddies. From Eq. (9), the
convective tendency equation of grid-mean scalars ex-
pressed in terms of subsidence detrainment becomes

(S ) 20 (L) [ Santi - )+ Tamjil - )

(&) | B, )+ TaMi, )| s Tarc + L)) wa(’). a9

where AM, = éMAp =0 and AM, = éMAp =0 are the
entrained masses from environment to each convective
updraft and downdraft per unit time per unit area, re-
spectively, and AM;s = SMAp =0 and AMs =5MAp =0
are the detrained masses from each convective plume to
the environment in the model layer with a pressure
thickness Ap > 0. Using Eqgs. (10)-(13), Eq. (16) can also
be written in the following convergence-source form:

35 Y Vi d ricgi_ 3 ricii 3
S TV-Ve= g@@M@ D+ 2 M ¢>)]
vo(Tarsh+ Tars)) +a(2) .

L ] Ky
(17)

where the rhs denotes the grid-mean tendencies by vari-
ous physical processes. The grid-mean tendencies by
nonconvective physical processes can be treated as parts
of the environmental source term on the rhs. With ap-
propriate sources, UNICON uses Eq. (17) to compute the
grid-mean convective tendencies of nonconservative
scalars ¢ = q, q;, n;, and n; (where n; and n; are grid-mean
number concentrations of cloud liquid droplets and ice
crystals), as well as ¢ = q,, 0., u, v, and &, which are
conserved scalars during adiabatic vertical displacement
and associated phase changes [q, = ¢, + ¢; + ¢; is total
specific humidity; 6. = 0 — (L,/C,/m) X q;— (Ls/C,/m) X g;
is condensate potential temperature; L, and L
are the latent heats of vaporization and sublimation,
respectively; C,, is a specific heat at constant pressure;
= (p,/p,) R is an Exner function with p, = 1000 hPa
and R, is a gas constant of dry air; and ¢ is the mass and
number concentration of aerosols and chemical species].
The grid-mean convective tendency of g, is derived from
the grid-mean convective tendencies of ¢, and g, g..
Before discussing the detailed parameterization of
unknown terms, the fundamental assumptions on which

our simplified governing equations [Egs. (10)—(17)] are
based will be explained: 1) the parameterized convec-
tion does not induce grid-mean vertical motion (i.e.,
YM +Y.M + M =0), 2) convective plumes are not
horizontally overlapped (i.e., Y,a' + > a/ +a=1), and
3) convective plumes are quasi conserved, and so di-
agnostic (i.e., Dy/Dt = 9/t + V- Viy = 0, where i =
a, d, b, §).

The first assumption dictates the fundamental princi-
ple of convective parameterization in any gridded at-
mospheric model: the convection scheme parameterizes
relative subgrid vertical transport with respect to the
grid-mean vertical flow simulated by the grid-scale ad-
vection scheme. This means that the observed convec-
tion system and associated vertical transport are
completely simulated through the combination of mu-
tually exclusive but interactive, grid-scale advection and
subgrid convection schemes. In order to explain how the
partitioning of the observed convection system into
convection—advection processes occurs in the gridded
model, we exemplify in Fig. 2 several possible configu-
rations of the relative sizes and the locations of G =
AxAy, wzéf’,bs, and R, . Where Robs and Reg ops are the
radii of the observed cumulus and compensating sub-
sidence, respectively, and Robs < Resobs. If w]?ébs <
G ~mR ., (Fig. 2a when the so-called spatial quasi-
equilibrium assumption is valid), the grid-scale advec-
tion scheme does not simulate the observed convection
but the subgrid convection scheme simulates the entire
observed convection system. If G — wléébs (Fig. 2b), the
grid-scale advection scheme simulates most of the ob-
served convection system (i.e., W — Wops) and the sub-
grid convection scheme simulates the remaining relative
subgrid transport with respect to w within G. Except in
the limiting cases when G <7-rlé§bs is entirely located
within the homogeneous observed cumulus (Fig. 2c) or
compensating subsiding area (Fig. 2f), the subgrid con-
vection scheme still contributes to the vertical transport
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FIG. 2. The relative configurations of an observed convective updraft with rising motion (® ) within the radius of Ryys, compensating
subsidence with subsiding motion (®) between Robs and R obs induced by an observed convective updraft, and the GCM grid with
a horizontal size of G = AxAy. In the case of a quasi-conserved diagnostic plume model with 3,4’ = Amax < 1, (a) wﬁibs < G~7RZ ..
where all the observed convection phenomena are subgrid processes (in this case, many cumuli can exist within G, but for simplicity, only
one cumulus is shown, by noting that similar interpretation can be made for the other cumuli); (b) G — ﬂn'léf,bs and W — Wops, where most of
the observed convective updraft is simulated by the grid-scale advection scheme, and UNICON simulates the remaining relative subgrid
vertical transport with respect to the grid-mean flow; (c) G < Trﬁ’(z,bs and W = Wb, Where the grid-scale advection scheme entirely simulates
the observed convective updraft, and UNICON becomes inactive due to zero buoyancy of the convective updraft; (d),(e) G < WRCZ)bS and
Wes,obs < W < Wobs, Where UNICON still performs subgrid vertical transport even for this small G; (f) G < WR(Z)bs and W = W, obs, Where the
observed compensating subsidence is entirely simulated by the grid-scale advection scheme, and UNICON is likely to be inactive due to
strong environmental stratification within G. Except for the case of (a), the analogy between the observed convective updraft and the
UNICON:-simulated subgrid convective updraft is broken. If a prognostic convection scheme is used, then Zidi =1Je.g., zidi =1 for (¢)]
and the analogy between the observed convective updraft and the simulated subgrid convective updraft is always maintained. See sections

2a and 3 for details.

2

even in small G < wRobs (Figs. 2d,e); that is, similar to  depicts an instantaneous snap shot of convection. Within

the PBL scheme, the subgrid convection scheme should
be functional regardless of the size of G. This seamless
partitioning of the observed convection system into
convection—advection processes over a wide range of
G is one of the key conditions required for the scale-
adaptive GCMs. In section 3, we will discuss how
UNICON handles this seamless partitioning within the
framework of a diagnostic plume model.

The second assumption of horizontal nonoverlap is
appropriate if the GCM integration time step At is much
shorter than the life cycle of convection, so that UNICON

a long At [=1800s for the Community Atmosphere
Model, version 5 (CAMS; Park et al. 2014), with 30
vertical layers], however, the observed convective plumes
can evolve, so that some of the precedent convective
updraft area can be occupied by the subsequent convec-
tive downdraft within A¢, making the horizontal non-
overlap assumption inappropriate. Within the framework
of conventional parameterization, it is practically impos-
sible to track the evolution of complex overlap structures
between convective updrafts and downdrafts during At.
In order to bypass this dilemma, we will assume d— 0.
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The third assumption of the quasi-conserved convec-
tive plumes substantially simplifies our governing
equations. This assumption is equivalent to constructing
diagnostic plume profiles at the beginning of the con-
vection scheme, performing vertical transport through
these plumes, and removing (not detraining) the plumes
without adding to the grid-mean tendency at the end of
the convection scheme. This diagnostic plume approxi-
mation, however, inevitably loses the memory of the
plume properties between the model time steps, since
the mean environmental profile—the only prognosed
variable in typical diagnostic plume models—does not
contain explicit information about the internal proper-
ties of the parameterized convective plumes. This lack of
plume memory seems to be one reason that conven-
tional diagnostic convection schemes fail to simulate the
diurnal cycle of precipitation and the MJO (Park 2014).
The naive way to carry the plume memory across At is to
solve the prognostic equations for convective plumes
[Egs. (1)-(3) and (7)-(9)], which can, however, induce
numerical instability in a GCM with a large Ar. Given
the fact that the validity of the quasi-equilibrium as-
sumption is highly questionable in small temporal and
spatial domains, the approach adopted by UNICON is
to carry additional plume memory through the prog-
nostic cold pool and mesoscale organized flow forced by
convective plumes and use that memory to reconstruct
convective plumes at subsequent time steps, as will be
detailed in sections 2d and 2e. This combined approach
of diagnostic convective updraft and downdraft plumes,
prognostic cold pool and mesoscale organized flows, and
feedback between them will remedy the issue concern-
ing lack of plume memory in typical diagnostic plume
models. Finally, we note that owing to the diagnostic
nature of the quasi-conserved plumes, there is no need
to advect the plume properties. Thus, in the process-
splitting CAMS in which UNICON is operating on
the mean input state updated by the proceeding grid-
scale advection scheme (¢,qy; Park et al. 2014), it be-
comes ¢, 4, = ¢. However, if a prognostic plume model
is used [e.g., Egs. (1)=(3) and (7)—(9)], it will be ¢,4, =
=24 +X,aP +ad.

b. Convective updraft

1) ONSET AT THE SURFACE

We assume an individual updraft plume rises from the
surface. The key idea to initialize thermodynamic prop-
erties of updraft plumes is to match the reconstructed
surface flux by UNICON with the input surface flux given
from a separate surface flux computation routine. At the
surface, we assume w and any conservative scalar ¢ (=¢q,,
0., u, v, £) follow a Gaussian distribution with a given
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covariance (i.e., input surface flux). Following Park et al.
(2004), UNICON reconstructs the given covariance be-
tween w and ¢ using a common standardized variable «,
defined as

e w(a) —Awg $(@) — Ady — &

(Tw O'¢

I=a<oo,

(18)

where o, and o, are the standard deviations of w and ¢,
¢, is the grid-mean value at the surface (& is already
defined as a relative vertical velocity), Awg and A, are
components associated with subgrid mesoscale orga-
nized flow within the PBL [Egs. (73) and (74)], and 0 <
) = 1 is a parameter measuring the degree of subgrid
mesoscale convective organization [Eq. (72)] with Q =
0 (1) denoting nonorganized (maximally organized)
state. Note that o, can be either positive or negative
depending on the sign of the input surface flux. Equation
(18) implies that turbulent updraft eddies at the surface
parameterized by UNICON are uniformly distributed
over the range of 0 =< a < . We assume that the area
probability density function (PDF) P,(a) = da(a)/da in
the range (a, @ + da) at the surface follows the Gaussian
distribution with a specified net convective updraft
fractional area, 0= A, < 0.5,

P (a)=2A

\/;_ﬂ_exp <_0422) , (19)

where f; P,(a)da = A,. The corresponding mass flux
PDF Pp(a) = dM(a)/dax is

Py (o) =p.P (a)(o,0+ Aw), (20)
and, similar to PB09, we parameterize
o, =k, \/eppL > (21)

where epp is turbulent kinetic energy (TKE) averaged
over the PBL obtained from a separate PBL scheme,
and k,, is an anisotropic factor of nonorganized turbu-
lence. In order to reduce the sensitivity to the vertical
resolution, Eq. (21) uses eppyr, rather than the more
conceptually consistent ey, TKE near the surface. We
note that e is roughly similar to epgy, at least for con-
vective PBLs (Bretherton and Park 2009), and the test
simulation with ey, produced a similar result to the sim-
ulation with epgr. In CAMS, the PBL-top height is de-
fined in a complex manner using the Richardson number
and the merging criteria (Bretherton and Park 2009;
Park et al. 2014). If turbulence is isotropic, k,, = v/2/3 ~
0.82, but the atmospheric static stability near the surface
is likely to modify k,, (Mellor and Yamada 1982; Galperin
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et al. 1988). UNICON is developed to be applicable in
the stable as well as convective regimes without dis-
continuity, so that we use epgy rather than w, (convec-
tive velocity).

In order to complete the initialization of convective
updraft plumes, we should derive o, for each conser-
vative scalar. Using Egs. (18) and (19), the matching
condition between the reconstructed surface flux by
UNICON and a given surface flux by nonorganized turbu-

lence is (W'¢')|q-o = (1/As) Jo [W(a) — Awq][d(@) — Adg —
¢]Pu(@) da = 0,04, which results in

o, = (W/d)/)x‘(l:() .
¢ o

w

(22)

Most GCMs provide convection schemes with surface
fluxes of sensible heat, water vapor, horizontal mo-
mentum, and tracers. Since all GCMs compute the sur-
face flux using a simple similarity theory (Monin and
Obukhov 1954) without considering the contribution of
subgrid mesoscale organized flow within the surface
layer, the input surface flux given to the convection
scheme in GCMs is (W'¢'),|—,. Because the similarity
theory implicitly assumes a constant flux layer from the
surface to the top of the surface layer (which is assumed
to be the midpoint of the lowest model layer in the nu-
merical models), Eq. (22) is valid so long as the origi-
nation level of convective updraft plumes (which is set to
the surface in UNICON) is below the midpoint of the
lowest model layer. The derivation of Eq. (22) is also
based on the implicit assumption of the surface layer
similarity theory that surface flux generated by turbulent
updraft eddies is the same as the one generated by tur-
bulent downdraft eddies.

UNICON parameterizes the fractional mixing rate €,
between convective updrafts and the environment (or
detrained air) as an inverse function of updraft plume
radius R [Eq. (31)], whose vertical profile and time
evolution are internally computed once the values at the
nonorganized and maximally organized states are given
at the surface [Eqgs. (30), (76), and (77)]. Similar to the
other scalars, the radius of individual convective up-
drafts at the surface is parameterized as a linearly in-
creasing function of «,

R(a@)=R, +0pa, (23)
where R, is the intercept plume radius at « = 0 and oy
is the standard deviation of updraft plume radius at
the surface. The above equation is applied for updraft
eddies [i.e., 0 = @ < % and R(a)=R,]. The number
density PDF of convective updraft plumes P,(«) within
(e, @ + da) becomes
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P ()
7R (o)

P,(a) = (24)

The fractional area d(«) and the mass flux M(a) of the
convective updraft plume in the range (o, @ + Aa) are
i(a) = Py(a)Aa and M(a)= Py(a)Aa. For numerical
computation, we impose an upper limit of ay,,x = 2to @
with Aa = anax/fs, Where 7 is the number of convective
updraft segments at the surface externally specified.
Individual updraft segments for « = Aa X (i — 0.5) =
amax Withi =1, 2, ..., A, are launched with c}(a), w(a),
M(a), d(a), and R(e) (see Fig. 3). Note that ¢’ in the
governing equations in the previous section is ¢’ = $(a)
at the surface (and similarly for w, M, d, R).

2) VERTICAL EVOLUTION: ANALYTIC SOLUTIONS

The vertical evolution of the mass flux and the scalars
of individual convective updrafts are determined by
Egs. (10) and (12). By assuming the internal homogeneity
of an individual updraft plume (i.e., ¢« =); a linear
profile of mixing environmental scalars; and height-
independent ¢, &, and C(,; within each layer, analytical
solutions of Egs. (10) and (12) without S’(,, become

M'©P = MYtexp[(é — 5)Ap] and

Jtop — | jtop _ ?uiélﬁ
o= for- ()
_|:(Z)bot_ .

@g%wﬂmwm,m
where Ap > 0 is the updraft vertical displacement in each
layer, superscripts “bot” and “top” denote the values at
the base and top interfaces, ¢, are mixing environmental
scalars for convective updrafts, and ¥, = A¢,/Ap is the
vertical slope of mixing environmental scalars. Equation
(26) is applied for individual conservative scalars ¢ = ¢,, 6.,
u, v, and ¢. If ¢ = g, or 6., then C¢ =0 and the corre-
sponding sources §¢ associated with the production of
convective precipitation are discretely added at the top
interface after solving Eq. (26). If ¢ = &, Cd, =0and S¢ =0
since aerosols and chemical species are scavenged out by
convective precipitation within convective updrafts [Eq.
(39)].If ¢ = uorv, 6'4) # 0 but S'(,, = 0. The updraft values
of ¢ = q,, q,, q; at the top interface are computed from the
updated ¢ = q,, 6. assuming that an individual convective
updraft is internally homogeneous. The ice fraction among
the cloud condensate is simply set to be a ramping function
of the updraft temperature between 233 and 263 K.

(25)
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FIG. 3. Various parameterized physical processes within UNICON for given vertical profiles
of virtual potential temperature 6, and a horizontal wind vector (U, V) in the environment. A
set of updraft plumes rising from the surface with initial thermodynamic [¢(a), w(e), M(a)] and
macrophysical properties [@(a), R(e)] entrain mixing environmental air and detrain internal air
at the rates of (¢, S) «1/R, respectively. In most cases, source updraft plumes are unsaturated at
the surface but eventually become saturated at the LCL. At the LCL, some plumes are neg-
atively buoyant and not strong enough to reach to the LFC; they sink down to the neutral
buoyancy layer and are detrained into the environment. This forced convection is parame-
terized by the top downdraft. Some plumes grow over the LFC—free convection—and produce
convective precipitation. Depending on the vertical tilting of an updraft plume controlled by
(U, V), convective precipitation may fall into a saturated updraft (in which case no evaporation
occurs) or into an unsaturated environment (in which case evaporation occurs). Some nega-
tively buoyant mixtures generated during the mixing are converted into mixing downdrafts,
which are cooled by evaporation of convective precipitation and penetrate into the PBL,
generating a cold pool and mesoscale organized flow within the PBL. The properties of source
updraft at the surface and mixing environmental air within and above the PBL are additionally
modified by the mesoscale perturbatlon (Apq, Awaq, AMq, Aag, ARg). If the net updraft
fractional area A is larger than Amax Or W > Wnay at each model interface, the excessive updraft
mass fluxes are detrained, forming the constrained downdraft. See the text for details.
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UNICON also computes the vertical evolution of forces. Then, the steady-state vertical velocity equa-

updraft vertical velocity. During vertical displace- tion of a convective updraft becomes
ment, the vertical velocity of an updraft plume can be

V.
e+ —2.—¢s

o

changed by buoyancy, entrainment drag, detrainment 1 ow? . B

thrust, and vertical perturbation pressure gradient 2 p =l-v (R)]§ - < pgR
force (PGF). Following the work of Simpson and .

Wiggert (1969), the vertical perturbation PGF is par- — a(]é)ﬁ — (bé — c&)W?,
titioned into buoyancy and inertial (or centripetal) P8

27)
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where B=g(1 - p/p)=(g/0,)(1 —a)(h, — 6;) is the
updraft buoyancy with 6 = [a0, + Y, (@'6,)]/(1 —d*)
(i. denoting the current updraft index being considered;
ie., a=d" and 6] =0, if only a single updraft exists
in the current layer), and the two terms with v; and v,
are the partitioning of vertical perturbation PGF into
buoyancy and inertial drag. Since B is defined as the
anomaly with respect to the grid-mean value within each
grid layer, w is not total but relative vertical velocity.
Accordingly, R in the above equation should be un-
derstood as the subgrid plume radius with a certain
relative vertical velocity. Equation (27) implicitly as-
sumes that the work of Simpson and Wiggert (1969)
based on the total vertical velocity and the observed
plume radius is also valid with the relative vertical velocity
and the subgrid plume radius. The nondimensional co-
efficient a(R)=1—v;(R) is the buoyancy coefficient,
b=1+wv/[ai(1+ ayE)x?] [here, x. is a critical mixing
fraction computed in Eq. (B2)] is the entrainment drag
coefficient obtained by assuming that the entrainment
rate ¢ is proportional to R™! [see Egs. (31) and (33) with
p = 1in Eq. (39)], and c is the detrainment thrust co-
efficient. If the vertical velocity of the detrained air is
identical to the vertical velocity of the convective updraft,
¢ = 0. However, if the detrained air has a vertical velocity
smaller than the updraft, ¢ > 0 and a thrust will be pro-
vided to the remaining convective updraft. By assuming
that a(lé), b, c, ¢, 8, and p are height-independent con-
stants within each grid layer, the analytical solution of
Eq. (27) becomes

~topy2 1/{}bot 2 a(é)
Wy =YX [pg(bg—cs)}

x{i/BAp +(1-X) {Bb"‘ ‘ﬁ} }
(28)

where X = exp[—2(bé — ¢8)Ap], B™ is the updraft buoy-
ancy at the bottom interface, and 4 = (B'P — B®")/Ap is
a linear slope of updraft buoyancy in each layer. We set
a(R) as a gradually decreasing function of R from 1 (when
R =0) down to /s (when R = o):

a(R) =% [1 + 2exp<—§>] , (29)

a

where R, is an e-folding radius at which a(R,) = 0.58.
This formula comes from the fact that a plume with a
large radius experiences stronger aerodynamic resis-
tance during upward motion.

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 71

The fractional area a of an individual convective up-
draft plume is diagnosed from M and w using pd = M/w.
From the diagnosed 4, we compute R(z) at each level
using

R(z) = {—d(z) }m, (30)

7P, (a)Aa

whenever an updraft plume reaches that model in-
terface. Here, P,(«) is a number density PDF defined at
the surface [Eq. (24)].

3) FRACTIONAL MIXING RATE ¢,

Following Bretherton et al. (2004, hereafter BMG04)
and PB09, UNICON assumes that a certain amount of
updraft air (¢,MAp) is mixed with the same amount of
environmental air during vertical displacement Ap > 0.
From the fractional mixing rate ¢,, UNICON computes
the fractional entrainment (¢) and detrainment (8) rates
using the buoyancy sorting. Parameterization of ¢, (or
¢ and 3) is the most important, but uncertain, part of
a convection scheme. The laboratory and observational
studies in the 1960s found that € of a single updraft
plume is inversely proportional to R, with a proportional
coefficient of around 0.2, regardless of whether the up-
draft plume is saturated (Saunders 1961; Turner 1962;
Simpson et al. 1965). By assuming that R does not
change much with height, this finding was used in many
convection schemes (Arakawa and Schubert 1974; Tiedtke
1989; Kain and Fritsch 1990). However, subsequent studies
using observations, large-eddy simulations (LESs) and
cloud-resolving models (CRMs) have shown that ¢ and &
vary substantially with height. Consequently, many for-
mulations have been proposed to parameterize ¢ and &,
using factors other than the constant R, such as the geo-
metric height, updraft buoyancy, updraft vertical velocity,
and the relative humidity of the environment (Gregory
2001; Neggers et al. 2002; Bechtold et al. 2008; PB09; de
Rooy and Siebesma 2010; Stirling and Stratton 2012;
Dawe and Austin 2013) for different cumulus types (e.g.,
shallow or deep cumulus, a single plume or an ensemble
of multiple plumes). However, none of these are satis-
factory and the underlying physics of such proposed
formulations are unclear.

Given the lack of general consensus, UNICON uses
the findings from the 1960s to parameterize ¢,. However,
R is allowed to change with height and time, and as de-
tailed here, the evaporative-cooling-driven entrainment
mixing at the cumulus top is included. Following Kain and
Fritsch (1990) and PB09, UNICON uses a buoyancy
sorting to compute € = é,x> [see Eq. (33) with p = 1 in
Eq. (35)] where 0 = y. = 1 is a critical mixing fraction.
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If a positively buoyant unsaturated updraft plume is
mixed with unsaturated environmental air, y. = 1 and so
€ = €,. If an updraft plume contains condensate, however,
Xc can vary between 0 and 1 depending on the amount of
updraft condensate, updraft buoyancy and vertical veloc-
ity, and environmental relative humidity, so that ¢ <¢,.
This implies that in order to be consistent with the ob-
served proportional coefficient of around 0.2 between ¢
and Rfl, €, of a saturated plume should be larger than €,
of an unsaturated plume. Then, why is €, = €oary? If
unsaturated environmental air at the cumulus top is mixed
with saturated updraft air containing condensate, evapo-
rative cooling occurs during the mixing process, which
pulls the mixture down into the cumulus updraft plume
and triggers additional mixing to satisfy the mass conser-
vation principle. This effect of evaporative cooling at the
cumulus top and enhanced downward mixing has been
noted by Squires (1958) and Emanuel (1981). In fact,
similar evaporative enhancement of mixing occurs at the
top of marine stratocumulus clouds, which is parameter-
ized as a linear function of liquid water content (LWC) at
the stratocumulus top in the CAMS moist turbulence
scheme (Bretherton and Park 2009).

Based on the above consideration, UNICON pa-
rameterizes ¢ for an individual convective updraft as
an inverse function of R with a proportional coefficient
increasing with the updraft condensate amount and
the degree of subsaturation of mixing environmental
air:

¢ (2) = [ ](1 +a,E), (1)

pgR(2)

where a; ~ 0.2 is a dry mixing coefficient, a, is a moist
mixing coefficient, and E is the evaporative enhance-
ment factor defined as

E=\/(@+3)(1-RH,), (32)
where §; + ¢; is in-cumulus condensate and RH,, is the
relative humidity of mixing environmental air. Argu-
ably, Eq. (32) is a crude attempt to quantify the degree
of evaporative cooling during mixing that should be
validated using observations in future. Bechtold et al.
(2008) showed that imposing RH, dependence on ¢
improved simulations, although they did not provide
physical justification on their approach. By considering
enhanced entrainment mixing at the cumulus top driven
by evaporative cooling, Eq. (31) collectively represents
the mixing through both the lateral interface and the top
of the convective updraft.
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4) FRACTIONAL ENTRAINMENT é AND
DETRAINMENT & RATES

UNICON uses inertial buoyancy sorting to compute ¢
and 8. During a vertical displacement of Ap, a certain
amount of updraft air is mixed with the same amount of
environmental air, producing a spectrum of mixtures
between convective updraft (y = 0) and environmental
air (y = 1) with a mass PDF of P(x). In addition to the
positively buoyant mixtures, UNICON entrains nega-
tively buoyant mixtures with strong enough vertical ve-
locities to rise over a critical distance [, = rcZiop(t — A1),
where r, is a tunable constant and Zp(f — At) is the mean
top height of the precedent updraft plumes. Appendix B
details how to compute y,: the mixtures in 0 =< y < y.are
entrained, while the other mixtures are detrained (Fig. 4).
Following BMGO04 and PB09, we can derive

é=é, {2 J;( YP(x) dx} and (33)

b= [1-2] a-vrrod|. G

and by generalizing the previous studies, UNICON uses
the symmetric beta distribution for P(x),

PO = [x(1 —x)]P‘l{ rGp)

W} p>0, 0=xy=1,

(35)

where I'(p) = (p — 1)! is a gamma function. If p = 1, P(y) =
1 and ¢ = &% and & = ,(1 — )%, as used in BMG04
and PB09, while if p = 2, P(xy) = 6x(1 — x) and ¢ =
éox2(4—3x.) and & = &,(1 — 6x? + 8x> — 3x?). Physically,
for a given amount of air masses involved in the mixing,
a larger p denotes a higher mixing efficiency between the
updraft and environmental airs. Note that our ¢ and &
are complicated functions of R, B, w, 4;, G;, and RH,,.

5) S4» So.» Ser Sqs Sgir Cuin AND G,

For simplicity, UNICON neglects the evaporation of
convective precipitation within the updraft, so that the
only source is the production of convective precipitation:

5, =8I+, and (36)

¢ — 1 QPT QPT

S0, =~ &= )ILSh + LSy 1. (37)
P

where Sp and S, S”" denote the conversion of cloud liquid
droplets and 1ce crystals into convective precipitation,
which are parameterized as
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profile of environmental scalar [thick black lines in (a)] is discontinuous at the model interfaces [e.g.,
01 (k — 1) # 05°'(k)]. At the base interface of the kth model layer, a convective updraft with virtual potential
temperature 65°'(k) # éifl(k) [where 6, = (1 + 0.61q,)0. is condensate virtual potential temperature, g, is total
specific humidity, and 6. is condensate potential temperature defined in section 2a] and vertical velocity w"'(k) (a red
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Whot(k) # Wbl (k)], generating a spectrum of buoyancy [a red solid line in (b)] and vertical velocity [a blue solid line in
(b)] as a function of the mass mixing fraction y. Mixing environmental air can have nonzero vertical velocity [i.e.,
WP (k) = Awg within the PBL]. Mixtures with positive buoyancy or sufficiently strong vertical velocity to rise over
a critical distance /. (0 = y = x.) are entrained into the convective updraft. Strongly negatively buoyant mixtures with
virtual potential temperature less than 8, min(k) = (1 —1)0!% (k — 1) + A6°°' (k) (Xamin = X = Xamax) are converted
into mixing downdrafts, and the remaining mixtures (x; = ¥ = Xamin a0d Xamax = ¥ = 1) are detrained into the
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current kth layer. See the text for details.

Sg[r = —c, max {(1 - —chrit) , 0} a

Sgr = —c, max Kl - —qc;crit) , 0} g,
i qC

where c, is autoconversion efficiency, §. = ¢, + §; is the
in-cumulus condensate, and §, ., is the maximum in-
cumulus condensate that a convective updraft can hold.
The corresponding source of the tracer is computed as

(38)

¢ — QP oPT £
S, =c,(Sy + 57 (E) :

c

(39)

where c; is a wet scavenging coefficient of tracers within
the convective updraft. In principle, we need to compute
the aerosol scavenging tendencies for cloudborne aero-
sols &, (the activated and nucleated aerosols within cu-
mulus liquid droplets and ice crystals) and interstitial
aerosols &, (the nonactivated aerosols outside of cumulus

liquid droplets and ice crystals) and sum the two. How-
ever, without the aerosol activation and ice nucleation
processes at the base of and within the cumulus (so-called
secondary activation) and double-moment cumulus mi-
crophysics, current UNICON does not trace vertical
evolution of individual £ and &. Thus, Eq. (39) is an
approximation that should be refined in the future.

In contrast to ¢, and 6., cloud condensates are not con-
served scalars when phase changes occur. The sources of
the cloud condensate within the convective updraft are

~top ~top ~top ~top

~ ~ q —q; .4 ~ ~ q.: " —q. .5

_ Qpr ! L,adi _ gpr i i,adi
S, =5 + ( Iy > S, =S + (7@ )
(40)

where the second term on the rhs collectively represents
the changes of ¢; and ¢; due to the adiabatic condensa-
tion, evaporation associated with the mixing with the
mixing environmental air, and the freezing during upward
motion. UNICON computes ¢, and ¢;* from (A)ZOP and
4", while (j}f’a%i and g, are obtained by applying Eq.
(26) to ¢ = G, G;. Given the lack of two-moment cumulus
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microphysics, UNICON computes S, and S, using the
specified radii of cloud liquid droplets 7; and ice crystals 7;
as S, = S,[3/(4m7; p))] and S, = S,,[3/(477:p;)] (and 7
and 7; are computed in the same way from ¢, and g; using
the specified 7; and 7;, respectively) where p, = 997 kgm >
and p; = 500kgm > are the densities of cloud liquid
droplets and ice crystals, respectively. Note that the sec-
ond process on the rhs does not change £, although it in-
duces conversion between &, and &;.
The conversion term C¢ is set to zero except for C,

and C,, which are parameterized following Wu and
Yanai (1994) and Gregory et al. (1997) as

C =c C,=c

u m yu’

(41)

m‘yv’

where y, = Au/Ap and ¥, = Av/Ap are the vertical gra-
dients of the environmental horizontal wind in each
layer, and the coefficient c,, measures the degree to
which the horizontal momentum of the convective up-
draft adjusts to the environment during vertical motion
without the mass exchange with the environment.

c. Convective downdraft
1) SOURCES

An individual convective updraft originating at the
surface can generate three types of convective down-
drafts (Fig. 3): a mixing downdraft generated from the
mixing of the convective updraft with the mixing envi-
ronmental air at the base interface of each layer; a top
downdraft generated from the convective updraft at
the top, where B<0 and w= 0; and a constrained
downdraft generated from the numerical requirement of
W < Wpax and Zidi <Amax at the top interface of each
layer, where wp,x and Amax are the maximum vertical
velocity and the maximum net fractional area, respec-
tively, that convective updraft can have. An individual
convective updraft rising up to the kth layer from the
surface can generate a maximum of 2k downdraft sour-
ces, consisting of k mixing downdrafts from the lowest to
the cumulus top layers, one top downdraft in the cumulus
top layer, and k — 1 constrained downdrafts in all con-
vective layers except the cumulus top layer. Each con-
vective downdraft has its own downdraft mass flux
(M,,,, M,, Mc) and a single value of scalar ((Z)m, (Z),, <Z>L.) at
its origination level. The next subsection describes how
these three downdraft sources are generated from the
convective updraft.

(i) Mixing downdraft

According to the buoyancy sorting, only mixtures
within the range 0 = y = x. are entrained into a
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convective updraft. From the simple logical argument
that negatively buoyant mixtures will sink, UNICON
assumes that some of the nonentrained mixtures with
0,(x) = Opmin(k) (i.e., the mixtures within the range
Xe = Xdmin = X = Xamax = 1) are converted into a sin-
gle mixing downdraft, while the remaining mixtures
within the range . = ¥ = Xa.min a0d Xgmax = ¥ = 1 are
detrained into the layer k (Fig. 4 where k increases with
height). Here, év,min(k) is the minimum of the envi-
ronmental virtual potential temperature within and at
the base interface of k,

(k) = min[6'°P(k), 6 (k), (1 —
+ A6, (k)]

N)0P(k — 1)

l) mm
(42)
where 0 = A =1 and UNICON uses A = 0.5. The mass

flux and the mass flux-weighted mean conservative
scalar of a single mixing downdraft are

X d,max
P(x)dx and

M, =2f M Ap (43)
Xd,min
X(I,mmx
xP(x) dx
~ A~ X min A~
. — d)bot + ;,d’max (d)bm ¢b0t)a (44)
P(x)dx
Xd,min
where f,, = {exp[(¢ — 8)Ap] — 1}/[(¢ — 8)Ap] is a mass

flux correction factor taking into account the ver-
tical evolution of M during a vertical displacement
of Ap, so thatf Mt is the mean M in Ap. Equa-
tion (44) is obtained from ¢, j“"‘“ P(x) dx =
G [t (1= X)P(x) dy + G [¥ém= yP(x) dx. UNICON
computes Xgmin and X4 max from the condition that

0,(x) = Bymin(k) (see Fig. 4b).
(ii) Top downdraft

The convective updraft at its top is negatively buoyant
with zero vertical velocity, so that it sinks down from the
top (i.e., it is converted into the downdraft) and is
eventually detrained into the environment at its neutral
buoyancy level. UNICON defines this downdraft as the
top downdraft with M, and ¢, identical to the values of
the convective updraft at its top (Fig. 3):

M, =M™P and (45)

b, ="", (46)
where TOP denotes the updraft top where w=0.
Thanks to the detailed dynamic treatment of the top
downdraft and the mixing downdraft above the level of
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neutral buoyancy (LNB), UNICON does not need
a separate parameterization for penetrative entrain-
ment at the cumulus top, such as the one used in PB09.

(iii) Constrained downdraft

UNICON imposes a constraint that w is smaller than
the specified Wax. If W > W, UNICON detrains the
excessive updraft mass flux assuming 4 is not changed and
resets W = Wpax. In addition, UNICON imposes a con-
straint that the net updraft fractional area is smaller than
the specified maximum value Amax. IfA= Zidi = Amax,
the excessive updraft mass flux is proportionally de-
trained from the individual convective updraft. The sum
of these numerically detrained updrafts at the top in-
terface of individual layers forms the constrained down-
draft with the mass flux M, and scalar ¢, computed as

1/T}top

M, = max {O, (1 - M)} M©P

A
+ max [O, <1 — -hax

zi dtop,i

>}Mt°p'_ and (47)

b=, (48)
where M'P is the updraft mass flux before applying two
constraints and M'°"~ is the updraft mass flux after
applying the vertical velocity constraint (Fig. 3). Both
constraints reduce M, while the area constraint addi-
tionally decreases R. UNICON uses the vertical velocity
constraint to prevent the onset of unreasonably large w
in association with the uncertainties in the parameter-
ized a, b, and ¢ in Eq. (28) and a coarse vertical resolu-
tion in typical GCMs.

2) VERTICAL EVOLUTION

Once generated, the vertical evolution of a convective
downdraft (M, ¢, W) is controlled by the same equation
set as the one used for a convective updraft [Egs. (25),
(26), and (28)] but with the following simplifying as-
sumptions: ¢ and & are externally specified, and a fixed
buoyancy coefficient of a = %3 is used [Eq. (29)]; a con-
vective downdraft is mixed with the mean (not mixing)
environmental air (i.e., ¢, = $); a convective downdraft
does not produce, but instead only evaporates, convec-
tive precipitation; and no constraints are imposed on w
and 4. Within each layer, an individual downdraft is
displaced down to the base interface, where it evaporates
some of the convective precipitation. If §%°'(k) < 6, min (k)
after evaporation, a downdraft moves down into the next
underlying layer and generates convective downdraft flux
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at that interface, but if éB"t(k) = év,mm (k), it is detrained
into the kth layer.

3) Sy, So.» Ses Sqs Sgi» Cus AND G,

A convective downdraft evaporates some of the con-
vective precipitation, and the associated sources of S,
and S,_are computed as

, =Sk +5e5 and (49)
¢ — 1 ce,.R qge.S
Sy, =\ ) (LS LS, (50)
P

where S;*VR and SZf are the evaporation and sublimation
rates of convective rain and snow within the convective
downdraft, computed as

. k g

SR = ( R) (1 —7")1/F /i and
@ \pgw VAR

oS = (k€~s) (1 - @) \/Fsld
©o \pgw q,) V"5

where W = Wy, is the downdraft vertical velocity (Wnin
is a minimum downdraft vertical velocity); ¢, is the
saturation specific humidity within the downdraft; Fg
and Fg are the grid-mean convective rain and snow
fluxes after snow melting, respectively; a is the convec-
tive precipitation area [Eq. (85)]; and k. x and k, s are
the evaporation and sublimation efficiencies of rain and
snow. We impose the constraints that the amount of
evaporated rain and sublimated snow within the down-

draft during a vertical displacement of Ap (LS:Z’URAp,

S;;SAp) is smaller than (nFg)/(MN,) and (9Fs)/(MN,),
respectively, and the water vapor specific humidity
within the downdraft after evaporation of precipitation
cannot be larger than the wet-bulb specific humidity.
Here, N, is the number of mixing downdraft plumes and
the factor n (conceptually, the ratio of the overlapping
area between d and a to a) specifies the maximum
fraction of the convective precipitation that an in-
dividual downdraft can evaporate in each layer. Evap-
oration of precipitation within the top and constrained
downdrafts are neglected. The corresponding source of
the tracer is computed as

(1)

& _ (Qe.R ge,S 3

Sp = (SR + 85 )(—F T F ) (52)
RS

where F¢ is the grid-mean tracer flux. The source for the

convective cloud condensate within the downdraft is
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bot _ xbot
%: (‘]1 qlad1>’ S
1

~bot _ ~bot
i qz adi
Ap q

Ap ) > 69

which collectively represents the adiabatic evapora-
tion, the evaporation associated with the mixing, and
the melting of cloud ice during downward motion.
UNICON computes ¢ and ¢ from 62 and ¢,
while g7%; and Giog; are obtained by applying Eq. (26) to
¢ =G, g;. Similar to a convective updraft, S,, and S,
are computed using the specified radii of cloud 11qu1d
droplets and ice crystals Note that the above process
does not change & The conversion term Cy is set to
zero except for C, and C,, which are parameterized as
Eq. (41).

4) SINK: DETRAINMENT

According to the buoyancy sorting, the mixtures in
Xe = X = Xdmin a0d Xgmax = x = 1 are detrained into
the environment (Fig. 4). The mass flux and the mass
flux-weighted mean conservative scalar of the detrained
mixtures from the buoyancy sorting of an individual
convective updraft are

PO ‘X d,min 1
M, - zmeboteoAp“ PO dy + [ POY) d,\/]
Xc Xd,max
and
(54)
X d,min 1
J xfﬁx)dx+-J XP(x) dx
3 _ gbot Xc Xd,max
d)r =¢ * X d,min 1
[ peoax+ [ Poodx
X(- Xd,max
X (Bt — o). (55)

A convective downdraft can also be detrained into the
environment. During vertical displacement, a downdraft
is mixed with mean environmental air at the rates of ¢
and 6. The net amount of downdraft mass flux and the
mass flux-weighted conservative scalar detrained from
the downdraft is

o F aytopd “rbot
M, =f, M*P5Ap + uM®*" and (56)
— [(1/2)($top + (;Sbot)f‘thopSAp + (Z)bOtM’MbOt]/M,» ,
(57)
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with f,, = {exp[(¢ — §)Ap] — 1}/[(¢ — 8)Ap] and
1, if 6%t>@ . or M™<M_.
m= o rbot — 7 ot — (58)
0, if 6= Opmin and M =M .,

where we set My, =1 X107 kgm2s~!. Finally, the
net amount of the mass and the mean conservative
scalar of the detrained air (M,, ¢,) that is used as a part
of the mixing environmental air for the mixing with the
convective updraft at the next time step [Eq. (78)] is

M =YM +Y M and (59)
i j

- (zawg - Z&);M;) / M, (60)
i i

where i and j are the indices denoting individual con-

vective updrafts and downdrafts, respectively.

d. Parameterization of cold pools

If forced by sufficient evaporative cooling of pre-
cipitation, a convective downdraft can penetrate down
into the PBL across the inversion barrier at the PBL
top. The virga frequently observed over the continents
during the midafternoon in summer is a visualiza-
tion of this negatively buoyant convective downdraft,
which generates a cold pool within the PBL. We as-
sume that the properties of a convective updraft at the
surface and the mixing environmental air within and
above the PBL are modulated by the subgrid meso-
scale organized flow driven by the cold pool. UNICON
parameterizes the cold pool by dividing the horizon-
tal grid within the PBL into the portion into which
evaporation-driven convective downdrafts are sub-
siding (ap) and the remaining portion from which
convective updrafts are rising (ay = 1 — ap) and ap-
plying separate budget equations to each of the ayy and
ap regions. The resulting budget equations for the
mass and conservative scalars averaged over the PBL
depth in the ay and ap regions are (see appendix C for
details)

da da da
U _ U
ot _UPBL ox VPBL ay

_Ai (EMlh - Zle:)
ho\ i j

U+(8 —e.)

5 (S0, ¥y, - ¥t Jay. oD
Py Lj i



3918

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 71

da da - oy -
a—f: ~UppL af PBL 5, ay o )+_ 2 [Z(M]D’h My ZMh} “p: (€2)
Py, ] i
(A¢U) PBLa (Ad)U) PBL6 (A(bU)
g o
—A—m{;[M’D,thh Bom) 52Ny By~ )| + 5 S, byy) |
h
o —
< ZMy+2< My M§@0>+«%U<y@0
0
- {i+i {Z(MthJriM > +p,C,V. +p,W, —ZM’]}Ad)U, and (63)
“Dau Apy 15 T ay
(Ad)D) PBLa (A¢D) PBL (A¢D)
i S B~ o) ~ M@~ )| + T, ) |
. h
L o . as — .k
+@<§C£Mp@fm%%ﬂ)—;Mﬁ»-u@w—%%%
0
—{ e +u§—{z<14ﬂ <+M%h>+p(?V4q% }}A¢D, (64)
apa; Ap, ap ,
where ¢ = q,, 6., u, v, & the superscripts i and j are the model layer; W,, is the entrainment rate at the

indices denoting individual convective updrafts and
downdrafts, respectively; the subscript # denotes the
value at the PBL top; the angle brackets <->’g are the
vertical average over the PBL depth with 0 and 4 de-
noting the surface e}Lnd the PBL-top height, re-
spectively; ¢pp; = (¢), is the environmental scalar
averaged over the PBL; Uppp = (ﬁ)g and VppL = (f;>g
are the environmental zonal and meridional winds av-
eraged over the PBL; ¢, and 8. denote the lateral en-
trainment and detrainment rates between ap and ay
(here, subscript ¢ stands for the cold pool), respec-
tively; Ap;, > 0 is the depth of the PBL; (My, Mp, M)
and (¢, ¢p, dg) denote the mass fluxes and the sca-
lars of the convective downdrafts that sink exclusively
into ay and ap and over the entire grid, respectively;
(Se.vs Se.ns S.) are the sources within the environment
averaged over ay and ap and the entire grid, re-
spectively; C, is a dimensionless surface exchange co-
efficient; V is the horizontal wind speed in the lowest

PBL top computed from the separate PBL scheme;
and A¢y = ¢y — ¢peL (Adp = dp — dppL) is the dif-
ference in conservative scalar between the ay (ap) re-
gion and the grid mean within the PBL (see Fig. 5). In
the above equations, all the mass fluxes are relative
mass fluxes with M >0. As detailed in appendix C,
Mpy, is defined as the mixing downdraft that has
originated from above the PBL top, is accompanied
by nonzero precipitation flux at the PBL-top in-
terface, and can sink all the way down to the lowest
model interface above the surface. We parameterize
€. = e.ap and 8. = §..ap by assuming a stronger mixing
between the cold pool and the ambient air as the cold
pool becomes larger. The difference between the
environmental sources averaged over ay (ap) and
over the grid are

LS (Gl day )y + ED,

(Se,U - ge)qf =
U i

(65)
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FIG. 5. Parameterization of subgrid cold pool and mesoscale organized flow within the
PBL. The grid column within the PBL is divided into three bulk portions: ¢’ into which
convective downdrafts accompanied by convective precipitation penetrate (i.e., a cold pool),
de; = coAy(Q) is the upflow branch of subgrid mesoscale organized flow, and the remaining
a Ud ) — a., where no mesoscale perturbatlon exists with respect to the grid mean (i.e., A¢p = ¢ —
¢ppL = 0, Aw = 0). The cold pool a ! is forced by evaporation of convective precipitation and
convective downdrafts M p , that excluswely sink down into a;;i' , while damped by the surface flux
and the entrainment flux at the PBL top (C,V s the transfer velocity at the surface and W, j, is the
entrainment rate at the PBL top). Lateral mass exchange between the cold pool and the ambient
mean environmental air (e, §.) is allowed. All the parameterized convective updrafts with a net
fractional area at the surface A (€)) are assumed to rise through a,, within the PBL, so that the
properties of the source updraft at the surface and mixing environmental air within the PBL are
perturbed by Adq [Egs. (73) and (78)] and Awg, [Egs. (74), (78), and (B2)]. In addition, UNICON
imposes mesoscale perturbations on the fractional area [Eq. (75)] and the radius [Egs. (76) and
(77)] of convective updraft plumes at the surface. See sections 2d and 2e for details.

A

pT/ Ay i

(Se,D - ge)tb = _<Z_Z> (Se,U - ge)qﬁ ’ (67)

where the subscripts g, and 6, are total specific humidity
and condensate potential temperature, respectively,
with ¢ denoting any conservative scalars; (a‘aéc/az)mlt is
the grid-mean tendency of 6. due to snow melting [Eq.
(87)]; Ex and Eg are the localized rain evaporation and
snow sublimation tendencies within the evaporation
area, respectively [Eq. (81)]; dy is the overlapping area
between the evaporation area d [Eq. (80)] and ay; and
ay is the overlapping area between the precipitation
area a [Eq. (85)] and ay:

v=1 —B)iiiaU +Bmax(di +ay -

1,0) and  (68)

dy =1 -p)d a, + B max (i + a; —1,0), (69)

3 (Gl — day )L B + LED] + -3

(66)

: a0
(dy —a aU) (a —) <%>} , and
ot mit \ &

where B is an overlapping parameter between d (or a)
and ay with 8 = 0 (1) for random (minimum) overlap.
We can also interpret 8 as an overlapping parameter
between d (or d) and ap with B = 0 (1) for random
(maximum) overlap. In case of the random overlap, Egs.
(65)-(67) become zero, as expected. The corresponding
sources for the tracers are computed in a way similar to
Eq. (52) by noting that snow melting does not alter &.
Each of Egs. (61)-(64) is a first-order linear differen-
tial equation with a forcing term f and a linear damping
(or amplifying) term, dy/ot = f — y/t, where 7 is a
damping (or amplifying) time scale and y = ay, ap, Ady,
A¢p. In the numerical code, we prognose ap and Ay,
from which ay; and A¢p are computed by using ay; = 1 —
ap and ayA¢y + apAdp = 0. In order to obtain a stable
solution with a long Az in GCM, Egs. (61)—(64) are solved
analytically by treating 8,, — €, as a part of 7! in Eq. (62).

L
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However, the advection term is numerically treated
by the separate grid-scale advection scheme. We force
Oap=1- Amax by adding a corrective detrainment to
the original 6. whenever the prognosed ap becomes larger
than 1 — Amax.

Although a single A¢p is computed, it is reasonable to
assume that A¢p has internal variability since the cold
pool is driven by the various convective downdrafts
generated from various convective updrafts. The area
PDF of the cold pool, P.(x), is assumed to follow a
Gaussian distribution, where x = —86,, p = 6, ppL — 6, p.
A convective downdraft always induces positive buoy-
ancy flux at the PBL top. Snow melting and the evapo-
ration of precipitation within the convective downdraft
and the environment additionally force A8, p, = 0, where
A6, p is computed from A¢p. Thus, the assumption of a
half-Gaussian distribution P.(x) in the range of x = O is a
valid approximation. From two normalization conditions
of ap = f(:o P.(x)dx and A8, p = fo P.(x)x dx]lap, we
can obtain P.(x) = [(2ap)/(ocv2m)] exp[—(1/2)(x/o)’]
where o0 = —v7/2 1206, p is the width of the distribution.
The final cold pool area aD is defined as the area oc-
cupied by the elements with x = x = —605fb,

()]

and then AGZEJLJ] = Hiflljl —6,ppL and Aeddj = Qde — 60, PBL
are computed as

2

adj _ ary v
A6, ;= ABU,U< adj)exp( 77)’

2

adj _ a 14
A0, p =46, p ( %h)exp( ﬂ_),

where v ESGﬁf})/AOU,D, and the same adjustment is ap-
plied for the other conservative scalars—¢ = g, 0., u, v,
&—using the same v.

(70)

(71)

e. Subgrid mesoscale convective organization

We define the following nondimensional quantity,
mesoscale convective organization:
7> 0=0=1, (72)

max

and since 0 Sa%dj =1 —Amax owing to the corrective
detrainment (see section 2d) and Eq. (70), it is always
guaranteed that 0 = () < 1. In nature, the outflow de-
trained from the cold pool spreads out near the sur-
face, collides with other outflows driven by other cold
pools, and is eventually converted into the upflow (see
Fig. 5). UNICON assumes that any perturbations of
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thermodynamic scalars driven by the cold pool are
confined in the cold pool and in the colliding zones of
the outflows a.,, instead of over the entire region of a?]dJ,
and a., is a linear function of the net updraft fractional
area at the surface, a., = CQAS (Q). Using the Boussinesq
approximation, the available potential energy (APE)
corresponding to the horizontal density perturbation,
6, = 629, — 62 = 0, associated with the cold pool within
the PBL [where Oadj and Gad] are computed in Eq. (71)]
is APE = (1/2)(g/ev,ref)ha;d1a§‘f' 0!, where 0,5t = 300K is
the reference virtual potential temperature and 4 is the
depth of the PBL. In the case that the upflow perturba-
tions are confined in a., not over al}j ,asis belng assumed,
it becomes APE., = (1/2)(g/6,, ref)haD ac,0 UCZ, where
00, = Oucr — 025 = 0 (aadJ/acZ)(aDJ + ae;). UNICON as-
sumes that a certain fraction k.. of the APE_, is converted
into the mesoscale kinetic energy through a convective
overturning process over the areas of a., and a DJ From
the conservation principles of the mesoscale vertical
momentum, we,de, + wi)d’ aDdJ =0, and the mesoscale ki-
netic energy, w2ac, + (wmj)2 adj _ =2k+APE,,, where
We; = 0and w Dd ! <0 are the mesoscale vertical velocities
in the a., and a !, respectively, and by assuming that A s(Q))
decreases llnearly with Q with Ago_; = AmaxAs|g
[Eq. (75)], we can derive the cold pool-driven pertur-
bations for conservative scalars A¢q [Eq. (18)] and the
vertical velocity [Awq = w,,; Eq. (18)] of the convective
updraft at the surface confined in a, as follows:

A adj
Aq&Q:( i ) and
CQAs|Q:0
12

kho!
wwg=a [ () (22)] L o
vref CQAX |Q=0

where 1=cq SA \Q o; that is, Af(Q)=a, =ay (Q)
since all convective updrafts parameterized by UNICON
are equally modulated by A¢q and Awgq [Eq. (18)] at
the surface [i.e., a, EAS(Q)], and UNICON simulates
subgrld mesoscale flow within each grid column [i.e.,
V— aUJ(Q)] IfQ —0, both A¢q and Awg, approach to
zero, as expected, since Aqu —0 and a[;j —0.
UNICON assumes that ) also controls the macro-
physics of the convective updraft and the mixing en-
vironmental air as well as the thermodynamic properties
of the convective updraft at the surface. UNICON has
three important unknown variables that should be ap-
propriately specified or parameterized: 1) A, [the net
updraft fractional area at the surface; Eq. (19)], 2) R,
[the intercept radius of the updraft plume at the surface;
Eq. (23)] and o [the standard deviation of the updraft
plume radius at the surface; Eq. (23)], and 3) ¢, [the

(73)
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mixing environmental air of the convective updraft;
Eq. (26)]. In UNICON, A affects the magnitude of the
updraft mass flux, R, and og control the amount of the
mixing [Eqs. (23) and (31)], and ¢,, influences the degree
of dilution of the convective updraft plume, all of which
are important components in the parameterization of
convection. UNICON assumes that these four variables
are the functions of ():

ot Ag
&(LO={¢&O+ %o

(Z)(Z,t) + QE X [d)r(z’t_

where Rola—0 = Rolo-1, 0rlo-0 = 0rlo-1, 7> 0, Adq is
from Eq. (73), ¢(z, t) and ¢(z, t — At) are the mean
environmental scalar at the current and previous time
steps, respectively, and ¢, (z, t — At) is the mean scalar of
the detrained air at the previous time step [Eq. (60)].
The second equality of Eq. (75) is obtained by assuming
Ayl = Amax X Ag|q_o as mentioned before. Note that
Awgq defined in Eq. (74) for the initialization of the
convective updrafts at the surface is also used in Eq. (78)
within the PBL (¢ = w) in order to compute w(z) [Eq.
(27)] and the updraft buoyancy sorting (see appendix B).
In Eq. (78), Q2 = min(Q, O*) with Q*=M,(z, t — At)/
3.(f. MP™Yé Ap) where M,(z, t — At) is the mass flux
of detrained air at the previous time step [Eq. (5§9)] and
the denominator is total amount of updraft air involved in
the mixing at the current time step. We use the constraint
of . = min(Q), O)*) because our mixing assumption re-
quires that during a vertical displacement of Ap, a certain
amount of updraft air [AMpyy = 3,(f M™Yé Ap)] is
mixed with the same amount of mixing environmental
air, so that the degree to which the convective updraft
is mixed with the detrained air should be bound by the
amount of the available detrained air [M,(z, t — Af)]. In
the limit of At — 0, the second line of Eq. (78) becomes
b, (z,0)= (1—Q)P(z, 1) + Qe (z, t), which provides
an alternative definition of (). the probability for the
convective updraft to preferentially rise into the horizontal
spots occupied by the detrained air. In this sense, ). = 0
denotes the random rising since ¢,(z, 7) is a part of ¢(z, £).
Equations (75)-(78) indicate that as convection becomes
more organized, the updraft fractional area decreases,
the mean and the variance of the updraft-plume ra-
dius increase, and an individual updraft plume rises
through the mesoscale upflows generated by the col-
liding outflows of the cold pools within the PBL, and
into the preceeding updraft plume’s trajectory above
the PBL, in line with the approach suggested by Mapes
and Neale (2011).
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AS(Q) = As|n=0 +ax (As|9=1 - As\n=o)
=Algoo X [1-Qx (1 -A )], (75)
R () =R,|o_o T Q" X(R,|n—1 = R,lq-0)- (76)
O'R(Q) = UR|Q=0 + QY X (UR|Q:1 - O'R\QZO), and
(77)
if z<h,
- (78)
Af)— p(z,t—AD], if z>h,

f- Sources within the environment

In order to compute the grid-mean tendencies of all
scalars ¢ = q,, 0., u, v, &, q., q;, qi, 1y, n;, UNICON uses
Eq. (17), which guarantees the conservation of the
column-integrated grid-mean conservative scalar /,—a
mandatory requirement for GCM parameterization—if
the column-integrated sources [Sd,, Sy, (9/at),] are cor-
rectly incorporated into the computation of the vertical
evolution of the convective updraft and downdraft plumes
and the precipitation and tracer fluxes at the surface. The
last term in Eq. (17) is the source within the environment.
If ¢ = q, 0., q., &, this environmental source consists of
evaporation of convective rain and snow [evp in Eq. (79)
for ¢ = q,, 0., q,, £], snow melting (mlt for ¢ = 6,.), and
dissipation heating of the mean kinetic energy (dis for

b =0.):
¥ <a%) ¥ (a@> (19
0t J mie 0t / gis

(#5). (+5)
a— | =l(a—
at ) 3 ) evp

and each of these terms will be discussed in detail in the
following sections. Environmental source for the other
scalars is zero.

In UNICON, all convective microphysical processes—
production of convective precipitation within the updraft
at the top interface, evaporation of convective precip-
itation within the environment, snow melting within the
environment at the base interface, and evaporation of
convective precipitation within the downdraft at the base
interface—are treated in an isolated way for each con-
vective updrafts, so that the precipitation flux generated
from the ith updraft segment does not fall into the other
updrafts and the downdrafts generated from the non-ith
updraft segment. This approach is analogous to assuming
that cumulus and stratus do not see each other in the
precipitation production: convective precipitation flux
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falling into the stratus does not generate the stratiform
precipitation by accretion and vice versa. This independent
precipitation approximation is justifiable since UNICON
assumes that the sum of all the updraft fractional areas,
A=Y d" is smaller than Ap,, < 1.

1) EVAPORATION OF CONVECTIVE
PRECIPITATION

An individual convective updraft generates a profile
of grid-mean production rates of convective rain (Pg =
gM §$,r) and snow (Ps = gMS‘Sf) and corresponding grid-
mean rain (Fg) and snow fluxes (Fs) from the updraft
top to the surface. The convective rain and snow fluxes
within the precipitation area d*P at the top interface of
an individual layer can fall into any region of convective
updraft a, convective downdraft d (which is assumed to
be zero as discussed in section 2a), stratus a,, and clear
areas (a, =1 — Y,d' — Y,a’ — ay) at the layer midpoint.
Using the diagnosed velocity profiles of a convective
updraft [i(z), ¥(z), w(z)], UNICON computes the hor-
izontal shift of the center of the updraft plume from the
surface: (z) = [; {[a(z) — a(0)]w(z)}dz and y(z)=
Jo {[#(z) = 9(0)]/w(z)} dz from £(0)=0 and y(0)=0.
The overlapping area af,, between d*°P and dg, (a satu-
rated a; i.e., dsy = a if the updraft is saturated while
dsat = 0 if the updraft is unsaturated) is computed by
geometry using (%, y), (¥P, y'P) [the center coordinate
of a*°P computed in Eq. (86)] and P,(«) [Eq. (24)] as-
suming that both a'°P and dgy hzive the shape of a disk
inAzeach layer [i.e., Ei“’p = 77:R2Pn(a)Aa and dgy =
7R, Pn(a)Aa, where R and Ry, are the radii of the
convective precipitation and the saturated convective up-
draft, respectively]. The evaporation area of convective
precipitation a is computed as the overlapping area be-
tween d*°P and a,:

a
5— (stop _ AP r
i=(a"P —ak, .
a,+ag

(80)

Stop 1 4 _ 4D
dbot — a + aprep aprep’
P — i+ a

— AP
prep aprep ’

where dprep is a precipitating a (@prep = d if Pr + Ps >0
but dprep =0 if Pg + Pg = 0) at the layer midpoint and

PO . “to -
dprep 1s the overlapping area between a°P and dprep,

JOURNAL OF THE ATMOSPHERIC SCIENCES

it FP+ FOP > (Aplg)(Eg + E),
it FYP+ B < (Aplg)(E + E),

(¥1P, JOP) FP + FP — (Ep + Eq)(Aplg)] + (£,9)(Pg + Pg)(Aplg)
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Some of the localized rain and snow fluxes within the
precipitation area (Fy® = F /@' and F¢® = FgP/a'P)
falling into 4 are evaporated or sublimated at the rates of

Ftop

ER = ke,R(1 - qv/qs) R >

Eg=k,g(1-§,/4,)\/Fs™. (81)
where ¢, is the water vapor specific humidity within d
and ¢, is the saturation specific humidity of the envi-
ronment in which temperature is assumed to be uniform.
From ¢, and the normalized saturated stratus fraction
at =a,/(1—Y,d") (note that CAMS assumes a is hori-
zonally nonoverlapped with a; see Park et al. 2014), we
compute G, = (G, — ai 4,)/(1 — a¥). Aslong as a§ (I,Q\I/-I) <
RH, where RH is the environmental relative humidity,
g, is guaranteed to be positive (Park et al. 2014). Similar
constraints imposed on the evaporation rate within the
downdraft are imposed on the final E r and E .

The grid-mean tendency of ¢ = q,, q,, 6. due to the
evaporation of convective precipitation within the en-
vironment is

ot ot

aq aq oo ...
<5ﬂ> - <ﬁﬂ) = Yal(EL+El) and  (82)
evp evp i

90 1
a— =—— L G'EL + L GlE
(a 6r)evp <c 77>§( AER+ LA'ES),  (83)

p

and the corresponding tendency for the environmental
tracer is

(w50, 2% (5 5)
) ey T\ ) oy \Fiy + Fi

The precipitation area at the base interface @ that is
used as a'°P in the layer below is

(84)

(85)

computed in a similar way as a’,. By neglecting the
horizontal drift of the rain and snow during fall, the lo-
cation of the center of @°' at the base interface is

(X/bot , }v)bot) —

F;OP + F;Op — (ER + ES)(AP/g) + (PR + PS)(Ap/g)

(86)
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where Ex = dEg and Eg = GEg are the grid-mean
evaporation rates of the convective rain and snow
within the environment. UNICON consecutively cal-
culates Egs. (80)—(86) from the updraft top to the
lowest model layer and, from the independent pre-
cipitation approximation, Egs. (80), (81), (85), and
(86) are computed for individual convective updraft
segment i.

p

where F2°! is the convective snow flux at the base inter-
face of an individual layer. Snow melting only influences
¢ = 0. without changing the other scalars.

3) DISSIPATION HEATING OF MEAN KINETIC
ENERGY

UNICON conserves the column-integrated horizon-
tal momentum of the environment 7, = (1/g) [} it dp and
I,=(1/g) [{* vdp but changes the column-integrated
horizontal kinetic energy Ixg = (1/g) [t [(@* + ©*)/2] dp.
CAMS requires the conservation of the column-integrated
total energy I = Ixg + I, where I, = (1/g) [ (C,T) dp
is the column-integrated dry static energy per unit
area. Using du/dt = gdF,/dp and d(iF,)/dp = udF,/dp +
F,00/9p (and similarly for the meridional momentum v),
where F,, is the net vertical flux of the zonal momentum by
convection, the conservation constraint of the column-
integrated total energy can be written as (91,/0t) =
—(0Ixe/ot) = [i (Foulop + F,dv/dp) dp. Following Boville
and Bretherton (2003), UNICON satisfies this constraint
by adding the dissipation heating D = g(F,di/dp +
F,dv/dp) in each layer:

ﬁéc g - -
—< =—=—"—)(F oulop + F 0v/d 88
<a at)dis (Cpﬂ-)( ulop + F,0v/op).  (88)

where D is not necessarily positive since convective
momentum transport can be countergradient.

3. Summary and discussion

To further improve our understanding of observed
convection, the author developed a unified convection
scheme, called UNICON. Technically, UNICON is
a relative subgrid vertical transport scheme by nonlocal
asymmetric turbulent eddies (Fig. 1b), since, at any
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2) SNOW MELTING

If T>273.15K, the convective snow flux falling into
the top interface of the current layer and the new con-
vective snow generated within the current layer are
converted into rain. The energy necessary to melt the
snow is provided by the environment. The resulting grid-
mean snow melting tendency is

i (87)
if T<273.15K,

_ 1 _ g bot,i . =
(~a96> _ (ﬂ> (L, L”)E DFCY, if T=273.15K,
mlt

height, the thermodynamic properties of the convective
plumes are the result of complex processes integrated from
the origination level to the current height (i.e., nonlocal),
not something that can be parameterized by the local grid-
mean scalars at a single height, and the anomalous prop-
erties of convective updrafts (or downdrafts) relative to
the grid-mean value are different from those of compen-
sating subsidence (or upwelling) regions (i.e., asymmetric).

UNICON launches multiple convective updraft plumes
from the surface and diagnoses the vertical profiles of
the macrophysics (fractional area, plume radius, and
number density) as well as the microphysics (production
and evaporation rates of convective precipitation) and
the dynamics (mass flux and vertical velocity) of multi-
ple convective updraft and downdraft plumes (Fig. 3).
UNICON simulates all dry-moist, forced—free and,
shallow—deep convection within a single framework in a
seamless, consistent, and unified way. Except for the
evaporative enhancement of the mixing rate in a saturated
cumulus updraft, no difference exists between the treat-
ment of dry and moist convection. Dynamic treatment of
various convective downdrafts allows UNICON to simu-
late both forced and free convection in a consistent way
without using a separate penetrative entrainment closure
at the cumulus top. Owing to the prognostic treatment of
the subgrid cold pool and mesoscale organized flow, and its
feedback on convective updrafts (Fig. 6), UNICON—
a quasi-conserved diagnostic plume model—carries the
convective plume memory across the model time steps and
simulates both shallow and deep convection in a seamless
and unified way without relying on any equilibrium as-
sumptions, such as CAPE and CIN closures.

Because of the increase in computing power and so-
cietal demands to provide detailed regional information
on future climate change, the future GCMs will be re-
quired to run at much higher horizontal resolution
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* Initialization ( ¢, W, M, 4, R)
* Mixing ((,6) « R
* Production of Precipitation

« Source ( Mixing, Top, Constrained )
* Evaporation of Precipitation
* Sink ( Detrainment )

———————————— ’ ——————‘——————————— PBL Top

* Forced by Convective Downdraft and Evaporation of Convective Precipitation
* Decayed by Surface Flux and Entrainment at the PBL Top

FIG. 6. Interaction among the three major components param-
eterized by UNICON. Convective downdrafts are generated from
convective updrafts in any layers below the cumulus top in three
different forms (mixing, top, and constrained). When forced by
enough evaporation of convective precipitation, a convective
downdraft can penetrate down into the PBL, generating subgrid
cold pools and mesoscale organized flow within the PBL. The
properties of the source updraft at the surface and mixing envi-
ronmental air within and above the PBL are modulated by subgrid
mesoscale organized flow. Both convective updraft and downdraft
plumes are diagnostic without storage, so that their internal ther-
modynamic properties are not part of the prognosed grid-mean
quantities. This lack of convective plume memory between the
model time steps is complemented by the prognostic subgrid cold
pools and mesoscale organized flow forced by convective down-
drafts and evaporation of convective precipitation, which is used to
reconstruct convective updraft plumes at the subsequent time step.
See the text for more details.

(Giuture = 10km X 10km) than now (Geyrrene =~ 100 km X
100 km). One of the biggest challenges is how to reduce
the sensitivity of the combined advective—convective
vertical transport to G, both in theoretical and practical
aspects. The remainder of this section discusses whether
UNICON meets the sufficient and necessary conditions
to be scale adaptive as outlined in section 1.

The first condition is that a convection scheme simu-
lates relative subgrid motion with respect to the resolved
grid-mean flow, so that a seamless exclusive partition-
ing of the observed convection into the simulated
advection—convection processes occurs over a wide range
of G. UNICON is constructed to simulate the relative
mass fluxes (M, M) and the relative vertical velocities
(b, w). If mRZ,, < G~mR2 . (Fig. 2a), the observed
convective updraft is solely simulated by the subgrid
convective updraft parameterized by UNICON. How-
ever, if G — wlégbs and so W — Wqps, the grid-scale ad-
vection scheme takes the role of simulating the observed
convective updraft (Fig. 2b). In the limiting case where
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G <wR?,, entirely resides within the homogeneous
observed cumulus region (Fig. 2¢), the grid-scale ad-
vection scheme solely simulates the observed convective
updrafts, and in order to be scale adaptive, UNICON-
simulated subgrid convective transport should be
zero. Then, how does UNICON achieve this asymptotic
behavior required to be scale adaptive? In the case
of Fig. 2c, the mean environmental profile follows a
saturated moist adiabat, so that the buoyancy of the pa-
rameterized convective updraft B = (g/6,)(1 — a)(6, — 6,)
is zero, leading to w—0 by the entrainment dilution.
In order to satisfy the consistency relationship of 0=
4= Apax < 1, where pa = M/, UNICON detrains all M
(i.e., the source of the constrained downdraft) resulting in
M — 0. In the opposite case of Fig. 2f where the 6, profile
is stable owing to the compensating subsidence, subgrid
convective activity will be suppressed. Conceptually, the
updraft plume radius simulated by UNICON is the radius
of the upward portion of subgrid asymmetric turbulent
eddies (ﬂ-Rz = GAmax), not the radius of the observed
convective updraft. Thus, if G — 0, R — 0and €p — ©, SO
that convective updrafts are instantaneously homogenized
to the environmental properties after being launched from
the surface, resulting in zero subgrid convective flux.

One of the conceptual foundations of UNICON is
that regardless of the size and the location of G relative
to wR2,, and 7RY, ops» the fractional area of the param-
eterized relative subgrid convective updraft is sufficiently
small; that is, A = ¥,4' < Apay < 1 (in the default, A,y
is set to 0.1), which is an alternative interpretation of the
diagnostic plume approximation. This view is consistent
with the fact that when G < ngsﬂobs, most of the ob-
served convective updraft is simulated by the grid-scale
advection scheme, so that the observed cumulus is de-
fined mostly as the grid-scale prognostic stratus instead
of the subgrid diagnostic cumulus in the GCM. This
brings an additional merit since the treatment of the
cloud macro-microphysics and the radiative properties
of GCM-simulated stratus is more sophisticated than the
cumulus. However, in the case in which G < wR% .
our conceptual view naturally breaks the analogy be-
tween the observed convective updraft and the param-
eterized subgrid convective updraft, which is valid only
when G ~ 7R, ... An alternative way to maintain such
an analogy is to set Amax =1, so that the observed con-
vective updraft in Figs. 2b and 2c is defined as the sub-
grid convective updraft with A —1. While this approach
seems to ensure scale adaptivity in terms of the subgrid
convective flux because of the rapid reduction of B as
a increases [note that (1 — 4) is multiplied in the defini-
tion of B], its physical validity is questionable in the
framework of the diagnostic plume model in which the
internal properties of a convective plume are not
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prognosed. For example, in the case of Fig. 2c, we will
have trouble defining the prognostic grid-mean thermo-
dynamic scalars. It is likely that this alternative approach
with Apax = 1 should be used in conjunction with a prog-
nostic plume model. Finally, we note that conventional
deep convection schemes designed to simulate the ob-
served convection have a conceptual deadlock in obtain-
ing scale adaptivity owing to the use of quasi-equilibrium
assumption between the grid-scale destabilization and the
subgrid convective stabilization, which is valid only when
G ~ wRZ% . (since the stabilization by convection in na-
ture occurs in the compensating subsidence region) and
the time scale of the observed convection is shorter than
the model integration time step.

The second condition for scale adaptivity is that the
relative subgrid motion parameterized by the convec-
tion scheme is completely separated from the relative
subgrid motion parameterized by the PBL scheme.
Since UNICON is a subgrid vertical transport scheme by
nonlocal asymmetric turbulent eddies, this requirement
can be satisfied if the PBL scheme is designed to simu-
late local symmetric turbulent eddies. In CAMS, the
moist PBL scheme computes turbulent flux using a first-
order K-diffusion theory without a nonlocal transport
term; that is, w'¢' = —Kdp/oz, where K = [\/eS is an
eddy diffusivity with a turbulent length scale /, e is TKE,
and S is a stability parameter, which is a function of the
local Richardson number. This formulation is derived
from the symmetric turbulence assumption that the
anomalous properties of turbulent updraft eddies are
identical to those of turbulent downdraft eddies (ie.,
a=a=0.5, =W = =W, ¢ — | =|¢ — ) solely
deducible from the vertical gradient of local grid-mean
scalars. It is clear that turbulent eddies simulated by the
CAMS PBL scheme are local symmetric, and well sepa-
rated from nonlocal asymmetric turbulent eddies simu-
lated by UNICON (Fig. 1b).

The third condition is that the PBL and convection
schemes should be able to parameterize the entire rel-
ative subgrid motion together. This is a challenging is-
sue. Since all convective updrafts rise from the surface,
currently, UNICON does not simulate elevated con-
vection. While UNICON parameterizes the feedback
effects on the convective updrafts by the internal me-
soscale organized flow driven by the evaporation of
convective precipitation and accompanying convective
downdrafts, the contribution of the other external sources
of the mesoscale organized flows (e.g., subgrid orography,
subgrid land-sea—ice contrasts) are not included. In ad-
dition, vertical fluxes from the subgrid mesoscale flows
themselves (e.g., fluxes driven by the bulk mesoscale
flow within the PBL and the enhancement of surface
fluxes by organized surface winds) have not been
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activated yet. UNICON provides a flexible framework
to implement these processes in the future.
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APPENDIX A

Profile Reconstruction

Following BMG04 and PB09, UNICON uses a profile
reconstruction technique to compute the internal slope of
individual environmental scalars within each grid layer.
Profile reconstruction conserves the layer-mean scalar
and reduces the sensitivity of the convection scheme to
vertical resolution, which is particularly beneficial for
GCMs with coarse vertical grids. For each environmen-
tal scalar ¢, we compute an upper slope 7"°(k)=
[(k +1) — (k))/[p(k + 1) — p(k)] and a lower slope
¥ (k) =[d(k) — d(k = D)/[p(k) — p(k — 1)], where k is
a layer index increasing upward from the lowest model
layer, k = 1. Then, the slope with a smaller absolute
value is taken as the reconstructed slope y(k). If y"P(k)
and 79" (k) have different signs, y(k) is set to zero. In the
lowest model layer, ¥ =%"P, but in the highest model
layer, ¥ =9%". We perform the same profile recon-
struction on each of ¢ = q,, 6., u, v, & Then, $'°P and ¢>°!
are computed at the top and bottom interfaces of each
layer, which inevitably causes discontinuity in the re-
constructed ¢ profile at the model interfaces as shown in
Fig. 4a. For consistency, the identical profile recon-
struction is used in the subgrid local symmetric turbu-
lence scheme in CAMS (Bretherton and Park 2009).
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APPENDIX B

Saturation Mixing Fraction y, and Critical
Mixing Fraction y.

Updraft buoyancy sorting is performed at the base
interface of each layer. The mixture within 0 = y = x.
has a buoyancy and vertical velocity great enough to rise
over a critical distance /. = r.Ziop(t — Af) from the base
interface (Fig. 4b), where Ziop(f — At) is the mean top
height of the precedent updraft plumes weighted by the
updraft mass flux at the surface. First, we compute a sat-
uration mixing fraction y, at which the mixture is satu-
rated without condensate:

X
XSXX’

if XX, <0, (B1)

u

where X and X . are the saturation excesses of the
convective updraft and the mixing environmental air,

respectively, computed as X=g,- qS(T ) and X, =
Gy qA(TL .) with condensate temperature 7', = 76, and
TL_,, = 770L,u, where g, is saturation specific humidity and 6,.

is condensate potential temperature defined in section 2a.
The above equation is obtained by approximating
qu[(l - X)Te + X Teul = (1= x)aqs(Te) + Xoqs(Tew)- I
X > X, the unsaturated segment is y, < y < 1, while
it X <X, u, the unsaturated segment is 0 < y < y,. If
XX, =0, the mixture is totally saturated or unsaturated
for 0 < y < 1. Following BMGO04 and PB09, the 6,(x) of
the mixture is assumed to be a piecewise linear function of
x between 0 = y < y, and x; = y = 1. We compute y. by
solving the following quadratic equation obtained by
integrating Eq. (27) with é=6=0, W™ —w(y)=
(1 — )W + xiwbot with Pt =0, and W' =0 after a
vertical displacement of [, assuming B does not change
with height for simplicity:

Ax:+By,+C=0, (B2)

where

— (Wbot)

)
B =2a(R)gl, (0—‘)) —2(w™Y%,  and

ddppr.
ox PBL 6y

IbppL _ IdppL

ot
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R 0 0
C=2a(R)glC< vl > + (WhH?,

v

and if the mesoscale organized flow exists within the PBL,
we use w(y) = (1—x)Ww™ + yAwq [here, Awgq is from
Eq. (74)], which results in the use of A = (W — Awg)?
and W' (W™ — Awg) instead of (W) on the rhs of
the above B. If XX, > 0, we solve Eq. (B2) with 0, = 6,
and 6,1 = év,u. If XX,<0, Eq. (B2) is solved twice
for the 0 = xy = x, segment with 6,9 = 6, and 0y1 =
(1 — 1/x,)0, + (1/x,)0,(x,) and the y, < x = 1 segment
with 6,0 = [x,/(x; = D]8ua+ [1/(1 = x)165(x;) and 6,1 =
év,u, respectively.

APPENDIX C

Formulation of Cold Pools within the PBL

The goal is to derive a complete set of budget equations
in ay from which convective updrafts rise and in ap into
which convective downdrafts sink at the PBL top (Fig. 5).
While the details of the formulation differ, Grandpeix and
Lafore (2010) explored a conceptually similar approach.
Consider a GCM grid containing several sets of aj,—cold
pools—within the PBL. The cold pool within the /th cat-
egory is generated by the convective downdrafts exclu-
sively sinking down into the /th cold pool. We assume there
also exist other convective downdrafts that fall exclusively
into ay or uniformly over the entire grid. An individual
convective updraft (downdraft) induces compensating
subsidence (upwelling). For simplicity, the vertical varia-
tion of environmental thermodynamic scalars within the
PBL is neglected, and only the bulk horizontal hetero-
geneity between ay and ap and within ap = Y ,al; is
considered. Conceptually, the grid-mean tendency of
any scalar ¢ averaged over the PBL can be induced by
grid-scale horizontal advection; subgrid turbulent flux at
the PBL top, by convective updrafts rising out of the
PBL and convective downdrafts sinking down into the
PBL, and by other types of turbulent eddies; subgrid
turbulent flux at the surface; sources within the PBL; and
the other nonturbulent physical processes. Assuming
¢~ ¢ from A < 1 and d— 0 that UNICON is based on,
this conceptual budget can be formulated as follows:

BL
- <Ai) { zl"Ml;,(¢’ ~ dppL) ~ ; M lh(‘f’ ~dpp) + Mjlfah((y[]»h - ¢PBL)} }

' (Ai> {ZME"’(%”* ~Prn) T o We($r ~ bem) + (pW’—qﬁ/)A} + )+ (Fy)h.
]

(Ch)



NOVEMBER 2014

where ¢ = q,, 0., u, v, & the superscripts i and j are the
indices denoting individual convective updrafts and
downdrafts, respectively; the subscript h denotes the
value at the PBL top; the bracket (-)# is the vertical
average over the PBL depth with 0 and /4 denoting the
stjrgace and the PBL-top height, respectively; ¢pg =
(¢), is the environmental scalar averaged over the
PBL; UpgL = (ﬂ)g and VppL = (f;)g are the environ-
mental zonal and meridional winds averaged over the
PBL; Ap,, > 0 is the depth of the PBL; (My, Mp, M)
and (¢, ¢p, ¢) denote the mass fluxes and the sca-
lars of the convective downdrafts that sink exclusively
into ay and ap and over the entire grid, respectively;
¢r is the mean scalar in the free atmosphere just
above the PBL; W, , is an entrainment rate at the PBL
top given from the separate subgrid vertical transport
scheme by local symmetric turbulent eddies; (pw'¢’),
is the upward turbulent flux at the surface; (S), =
ay( SU + Y ah( S’ o 18 the grid-mean source averaged
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over the PBL, with Sy and S’D denoting the sources
within a and al,, respectively; and (74,)3 is a sum of all
nonconvective grid-mean forcings averaged over the
PBL except the ones by the grid-scale horizontal ad-
vection and the PBL schemes (e.g., stratus macro-
microphysics, radiation, etc.), which is assumed to be
horizontally uniform within the grid, for simplicity. We
also assume that W, ;, is horizontally uniform within the
grid. Note that all the mass fluxes are relative mass
fluxes, and the downdraft mass flux is regarded as a
positive quantity (M’ > 0) for the cold pool formulation
in this section. The convective downdraft that sinks
exclusively down into ap (i.e., Mpy, ¢p,) is defined as
the mixing downdraft that has originated from above
the PBL top, is accompanied by nonzero precipitation
flux at the PBL-top interface, and can sink all the way
down to the lowest model interface above the surface.
The scalar content equations in each ay and a, region
are given by

S @) = ~Uppy 3 ayby) = Vo ()
+ 20D —ady) - (—) [ZMh(¢> —aU¢U)+(aU¢U)Z ZM’;{ ZM 2 Bhp—aydy)
”U(Aiph) {;Mgﬁ%h 00 oWy — )+ VB, | +ay (S +ay(Fy)l and
(©
2 Wpbly) = ~Uppy () — Vi 3 ) + (e — 3Loh)
+(Aim){<ag¢g>(;m S, 3 Mg~ Sy, ) + S, dpdly) |
v (- )[ZM JBlp = )+ 9, = ) + (o) | (S + b F (Y

where ¢ and (f)’D are the environmental scalars averaged
over the PBL within a;; and a’D, respectively; €. and 6. de-
note the lateral entrainment and detrainment rates between

da da day

U _ U
at PBL 1

ap and ay, respectively (here, subscript ¢ stands for the cold

pool); and d¢pg; /0t = d(aydy)/ot + a(X,akdh))at. The
corresponding mass budget equations are

Vi 2 Sl =) () [ (S S, ) (S) v T30t | o

(C4)
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da, da, aa,
—£=-U, -V, + (€
ot PBL 5, x PBL -,, ay (
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(C5)

which satisfies day/at + a(Y,ak)/at = 0. Using Egs. (C2)—-(C5), we can derive the following scalar budget equations

for ¢y and ¢'):
by Py 9y (1 Il
ot UPBLT5,  VPBL T, ay + a_ 21‘45c(¢1) —dy)
g L
+ (A ) ( ) XMy (g — dy) — XMy — ¢U>}
ph 1
8 VI — \h
v (&) {ZM’Gﬁ(dﬂah =)+ 0 Wl = )+ W) + (S, F e and (€
h J
obp _ o, abp )
ot - PBL ox PBL ay
1 i
g VY —! h | = \h
+ (E) |:ZM]G,h(¢IG,h —¢p) t oW, (d — dp) + (ow'd)sp | + (Shh + (Fg)y- (C7)
h J
For simplicity, we assume that only one type of af, Sp— S=(S »— E)u +(Sp— S) AD
exists within the PBL. Then, ai) =ap=1—ay and all _ T
terms with zm;&, become zero. We use the bulk formula +(Sp = Sav + Sp =9, (©9)
for surface flux computation (pw'¢)’), = p,CaVy(p, —
¢ppL) =au(pw'd’), y + ap(pw'd’); p by assuming that  where (Su — ), = (Vay)gy M’ Sd> Z M qu = (ap/

the surface exchange coefficient C; and surface wind
speed V; are horizontally uniform within the grid.

In order to complete the formulation of the cold pool and
its feedback on the convective updrafts, we should compute
the time evolution of A¢y = ¢y — ¢dppr and, accordingly,
(Sy — 8),, the difference of the sources in the regions be-
tween ay and the entire grid. Similar computation is nec-
essary for A¢p = ¢pp — ¢pppr and (Sp — E)g. Assumed to
be uniform over the grid, (F@g does not contribute to A¢
and A¢p. In UNICON, sources can exist in five different
components: convective updrafts (M), convective down-
drafts exclusively sinking into aj, (Mp), convective down-
drafts exclusively sinking into ay (My), convective
downdrafts sinking uniformly over the grid (M), and fi-
nally the environment. Among these, the M component
does not contribute to (Syy — S)t and (Sp — S)p, since Mg
is uniformly distributed over the grid. Thus,

- §)al,l)
=8)yt+ Sy —9),, and (C8)

Sy -S= Sy — §)u +(Sy
+(Sy

av)gZ,M'S, and (Sp — ), =
exists only within ay; (Sy — S)dD gZJM’ s 4p and
(Sp S)dD = (1/au)g2 M gZ M’ ¢D = (au/
aD)gZ M), Y ».p Snce Mp excluswely sinks down into
ap;and (Sy — S)d U= (1/aU)gZ M] U - gZ,-MbSé,,g =
(au/au)gZM S »u and (Sp — S)d,U = _ngMbS(jb U
since My excluswely sinks down into ay. As a result,

—g>;M'S, since M

S, —S= (a ) (ZM’Sd,—i—ZM S >

—gZMDS(b,D-i-(SU—f)e and (C10)
]
S, —S=(2Y)g > Mis!
D aD g] D~ ¢,D
- g(szﬁ; " ZM{JS(Q’U) +(S,-3),,
i j

(C11)
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where Sy, S4.p, and S, ¢ are computed in sections 2b(5)
and 2c(3). The differential sources within the environ-
ment [(Sy — S),, (Sp — S),] are from either the evapo-
ration of convective precipitation or the melting of
convective snow. In contrast to M and M , convective
precipitation may fall into any areas of ay and ap: if
it falls uniformly (or randomly) over the grid, then
(Su—S),=0 and (Sp — S), =0, while if it falls exclu-
sively into ap, then it becomes (Sy —S), = —a(ad/at),
and (Sp — S), = (aylap)a(d¢/dt),. In order to provide a
general treatment, UNICON uses a specified overlapping
parameter 3 between the area of convective precipitation
(or evaporation of convective precipitation) and a;. Then
(Sy — ), and (Sp — S), are formulated as a function of 8,
as shown in Egs. (65)—(69) with (Sy — S), = S..v — S. and
(Sp —S), = Se.p — S., respectively.
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