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ABSTRACT

The parameterization of deep moist convection as a subgrid-scale process in numerical models of the
atmosphere is required at resolutions that extend well into the convective ‘‘gray zone,” the range of grid
spacings over which such convection is partially resolved. However, as model resolution approaches the
gray zone, the assumptions upon which most existing convective parameterizations are based begin to
break down. We focus here on one aspect of this problem that emerges as the temporal and spatial scales
of the model become similar to those of deep convection itself. The common practice of static tendency
application over a prescribed adjustment period leads to logical inconsistencies at resolutions ap-
proaching the gray zone, while more frequent refreshment of the convective calculations can lead to
undesirable intermittent behavior. A proposed parcel-based treatment of convective initiation introduces
memory into the system in a manner that is consistent with the underlying physical principles of con-
vective triggering, thus reducing the prevalence of unrealistic gradients in convective activity in an op-
erational model running with a 10 km grid spacing. The subsequent introduction of a framework that
considers convective clouds as persistent objects, each possessing unique attributes that describe physi-
cally relevant cloud properties, appears to improve convective precipitation patterns by depicting realistic
cloud memory, movement, and decay. Combined, this Lagrangian view of convection addresses one as-
pect of the convective gray zone problem and lays a foundation for more realistic treatments of the
convective life cycle in parameterization schemes.

1. Introduction naturally become inactive (Arakawa and Schubert
2011; Grell and Freitas 2014; Han et al. 2017), while
traditional schemes are explicitly deactivated. Prob-
lems arise, however, at intermediate grid spacings
when portions of the atmospheric process begin to be
resolved, while others remain strictly subgrid scale
(Wyngaard 2004). Over this range of ‘‘gray zone”
resolutions, the fundamental assumptions upon which
parameterizations are based may become increasingly
invalid, leading to unphysical behavior in the scheme
and the development of important errors in depiction
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Numerical models are necessarily limited in their
ability to resolve the broad range of scales over which
physical processes in the atmosphere occur. As a re-
sult, these processes must be parameterized such that
their impacts on the resolved-scale state can be repre-
sented as accurately as possible. When the grid spacing
of the numerical model is fine enough to resolve a given
physical process completely, “scale-aware’” schemes
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(Molinari and Dudek 1992; Arakawa 2004). At such
scales, it is impossible to cleanly separate cloud
properties from the environmental conditions without
an explicit estimate of the updraft area fraction of the
kind proposed by Gerard and Geleyn (2005) and
Arakawa and Wu (2013). As an increasing fraction of
the grid cell is occupied by the updraft, it becomes
clear that compensating subsidence needs to be con-
sidered in neighboring grid volumes. Kuell et al.
(2007) propose a hybridized approach in which the net
mass flux of the convective updrafts and downdrafts
are evaluated within a grid cell by the parameteriza-
tion, while compensating subsidence is handled by the
model dynamics. The convective motions themselves
begin to be resolved as kilometer-scale grid spacing is
employed. However, Bryan et al. (2003) demonstrate
that although models with a 1km grid spacing are
capable of reproducing the general structure of the
convective features, the relevant turbulent motions
are not resolved until the grid spacing is reduced to
100 m or less. This extension of the convective gray
zone into the realm of current large eddy simulation
resolutions is further supported by the analyses of
Stevens et al. (2002), Craig and Dornbrack (2008) and
Bryan and Morrison (2012), suggesting that problems
associated with the parameterization of at least some
aspects of moist convection will be faced by NWP
models for at least the foreseeable future (Hong and
Dudhia 2012).

In addition to these spatial problems, model time scales
that become shorter than those associated with deep
convection pose a challenge for traditional convective
schemes that rely on the assumption of a quasi equilib-
rium between the large-scale forcing and the convective
response (Arakawa and Shubert 1974; Bougeault and
Geleyn 1989; Mapes 1997; Cohen and Craig 2006).
Zimmer et al. (2011) show that roughly one-third of
warm-season convective precipitation events in Ger-
many are nonequilibrium in nature, and that such cases
are associated with systematic errors in the NWP guid-
ance produced by a mesoscale model using parameter-
ized convection (Tiedtke 1989; Steppeler et al. 2003).
The failure of equilibrium assumptions as the forcing
time scale approaches that of convection is further
quantified by Jones and Randall (2011), who use a
high-resolution model in a semi-idealized configu-
ration to conclude that even the diurnal cycle can in-
troduce important nonequilibrium effects. Although
Davies et al. (2013) argue that the diurnal cycle can
generate locally organized convection that is in quasi
equilibrium, their simulations show appreciable non-
equilibrium behavior for forcing time scales on the
order of 3-12h. Although recent convective schemes
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are designed to detect such cases in which the con-
vective calculations should be refreshed more fre-
quently (Bechtold et al. 2008), this solution can lead to
intermittent activation in weakly unstable cases (Gerard
et al. 2009).

The spatiotemporal problems in the convective gray
zone converge on the issue of representing the life
cycles of deep convective clouds (Gerard 2015). Tra-
ditional schemes rely on a statistical equilibrium of
convection within a grid cell for which a mean ‘“ma-
ture”’ state is applicable (Arakawa and Shubert 1974).
However, as the resolved scales collapse toward those
of individual clouds it is clear that convective growth,
maturity and decay phases of the cloud life cycle
should be depicted by the parameterization (Gerard
et al. 2009). The introduction of prognostic equations
for specific cloud properties such as convective kinetic
energy (Pan and Randall 1998) and updraft speed
(Gerard and Geleyn 2005) establishes a framework for
such a realistic representation of convective cloud evo-
lution by introducing a ‘“‘memory effect” (Davies et al.
2013). The concept of convective memory is investigated
in detail by Colin et al. (2019), who use a cloud resolving
model within a typical climate model grid cell to eval-
uate the time taken to restore radiative-convective
equilibrium after the removal of subgrid-scale variabil-
ity (“microstructure”). They show that the memory of
convective systems lies largely in their perturbations to
subcloud thermodynamic structures, with the associated
time scales varying from a few hours to a day depending
primarily on convective organization.

In this study, we build on these cloud-scale concepts
to develop a Lagrangian view of deep convection that
applies to both convective initiation and the evolution
of convective cloud objects. The perspective is con-
ceptually separate from the formulation of the pa-
rameterization itself, meaning that the framework
described here may be adopted to introduce memory
into a range of convective schemes employed at reso-
lutions nearing or within the gray zone. We begin with a
description of the existing convective parameterization
used in the Canadian NWP model in section 2. A case
study of heavy precipitation in the Caribbean region is
introduced in section 3, and used thereafter to examine
the sensitivity of parameterized convection to a La-
grangian treatment of convective initiation (section 4)
and the introduction of convective cloud objects (sec-
tion 5). The study concludes with a discussion of the
results in sections 6 and 7, wherein we note the po-
tential for this framework to be extended to include
cloud-specific prognostic equations to improve the
representation of the cloud life cycle within the con-
vective gray zone.
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2. Data and methods
a. Model description

The Canadian Global Environmental Multiscale
(GEM) model is employed throughout this study. This
model is used in all operational NWP applications run
at the Canadian Meteorological Centre to provide
guidance to forecasters on scales from global (~39 km
grid spacing) to local (~2.5km grid spacing). Girard
et al. (2014) describe the updated implicit, semi-
Lagrangian dynamical core for GEM that solves the
governing equations on a latitude—longitude Arakawa
C grid. The vertical log-hydrostatic pressure, terrain-
following coordinate is discretized following Charney
and Phillips (1953).

The configuration used here is a form of the opera-
tional Regional Deterministic Prediction System that is
scheduled for operational implementation in the sum-
mer of 2019. The domain for this system covers most of
the Western Hemisphere north of the equator with a
grid spacing of 0.09° (~10km), placing it at the upper
end of the convective “gray zone” (Tomassini et al.
2017; Field et al. 2017). The model’s 84 vertical levels are
most tightly spaced near the lowest 10-m thermody-
namic level, with 19 levels below 850 hPa over the ocean.
Vertical resolution decreases slowly with height in the
troposphere and more rapidly in the stratosphere such
that layers near the 0.1 hPa model lid are approximately
1 km thick.

The physical parameterization package in this
GEM configuration has undergone important updates
in recent years, the details and impacts of which are
described by McTaggart-Cowan et al. (2019, manu-
script submitted to Mon. Wea. Rev.). A modified
form of the Interactive Soil-Biosphere—Atmosphere
(Noilhan and Planton 1989; Bélair et al. 2003a,b) land
surface scheme evolves the terrestrial lower boundary
condition, while the 1D ocean mixed layer model
proposed by Zeng and Beljaars (2005) is used to
represent the diurnal cycle of sea surface tempera-
ture. Updates to the Li and Barker (2005) radiative
transfer scheme have impacts on stratospheric tempera-
tures, but do not affect the results described here; nor do
modifications to the Zadra et al. (2003) blocking and
McFarlane (1987) orographic gravity wave drag param-
eterizations. However, a reduction of the effects of tur-
bulent mixing in stratocumulus clouds and the use of the
Bougeault and Lacarrere (1989) mixing length in turbu-
lent regimes represent important changes to the Bélair
et al. (2005) boundary layer scheme that affect convective
activity. Likewise, the adoption of the Bechtold et al.
(2001) mass-flux scheme to represent the effects of shal-
low cumulus has an impact on the development of the
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convective instability required for the initiation and
maintenance of deep convective clouds as represented
by the model’s convection parameterization [based on
Kain and Fritsch (1990, 1992)]. Although it is changes
to the latter that are the focus of this investigation, di-
rect interaction also occurs between the convection
and gridscale condensation schemes in the form of con-
densate detrainment from cloud updrafts. However, the
Sundqvist et al. (1989) condensation scheme was one
of the few components of physics package that did not
undergo significant modification during this update.

b. Overview of current deep convective scheme

Deep convection is parameterized in all Canadian
operational models using a form of the Kain and Fritsch
(1990, 1992) convection parameterization. Although
many of the details of the scheme have evolved since its
initial implementation in the GEM model, the funda-
mental components of the original formulation remain
intact (Zadra et al. 2014). Because the majority of these
elements are shared with other moist convective
schemes (both deep and shallow), most of the discus-
sions in the subsequent sections of this study will be
readily extensible to other implementations of mass-
flux-based convective parameterizations. Readers al-
ready familiar with such schemes may wish to proceed
directly to section 2c.

In its simplest form, the convective scheme can be
considered to consist of three primary building blocks:
a “‘trigger,” a plume model, and a closure (Fig. 1). The
first of these is of particular relevance to this study
because it determines whether or not the parameteri-
zation is active at each grid point on the model domain.
The formulation of the trigger in GEM is based on the
Fritsch and Chappell (1980) design as described by
Kain and Fritsch (1992), a framework intended to
represent convective initiation by boundary layer
thermals rising in an environment of large-scale as-
cent. Starting at the surface, parcels are created by
mixing over a layer of minimum 60hPa depth: the
“updraft source layer.” Each parcel undergoes un-
dilute ascent to its lifting condensation level (LCL),
where its properties are compared to those of the local
environment to determine whether it will continue to
rise once condensation begins.

The stability of a parcel at the LCL is strongly influ-
enced by resolved-scale ascent in the Fritsch and
Chappell (1980) formulation of the convective trigger
function in GEM. Designed to represent the destabi-
lizing effects of synoptic or mesoscale ascent on the
subcloud thermodynamic profile, this dependence is
implemented as a temperature perturbation applied to
parcels at the LCL:
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Traditional Formulation

Thermals from local
sources

‘ ()

Thermal perturbation at
the LCL (Eq. 1)

Legend
—— Grid cell properties

Thermal/Cloud properties

‘ Yes

| Cloud model and closure

Unstable? ‘ (T, +oT,>T,)
No ‘ Yes
No initiation of Updraft at the
new cloud LCL (Eq. 4)
Updraft at the LCL (w,)
for parcel ascent
Active? ‘ (cloud depth > threshold)

No
No deep

convection

Grid-scale tendencies

FIG. 1. Schematic of the existing Kain and Fritsch (1990, 1992)-based convective parameteri-
zation scheme used in the GEM model.

8T,, = kw, — c(X,n]"". 1)
In this characterization of the properties of rising un-
resolved thermals, k = 4.64K s> m ™" and the thresh-
old' vertical velocity c¢(X, ) is a function of both space
(X) and time (¢). Kain (2004) notes that the resolved
vertical motion at the LCL (w,) should be a running
mean of the gridscale vertical motion for consistency

with the “‘resolved” nature of the ascent; however, the
implementation in GEM is based on the instantaneous
value, thus rendering Eq. (1) purely diagnostic.

The activity of the convective scheme is highly de-
pendent on the value selected for ¢, which in this con-
figuration of GEM is a constant over land (cjanq =
0.2ms™ ') and over ocean depends on the convective
velocity scale (w.) as

A, for wa=wy,
Wy — W*A
c ={ A+ (B-A)——, for wy, <wy<wy, )
ocean W*B —_ W*A >
B, for wy= Wip

where

®)

!The free parameter c effectively acts as a threshold value be-
cause the cube root in Eq. (1) makes the value of 67, primarily
sensitive to the sign of w, — c rather than the magnitude of
the term.
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A=01,B=0.02 ws, =0.5 and w«zg =1ms ! in the
configuration used for this study. In Eq. (3), z; represents
the boundary layer height, computed in GEM following
Seidel et al. (2012), T, is the virtual temperature (com-
puted here at the level closest to 10 hPa above the sur-
face to reduce sensitivity to vertical resolution), 6, it the
virtual potential temperature, and standard Reynolds
decomposition is implied by the division of the fields
into turbulent (prime) and mean (overbar) components.
The subscript ““s” indicates that the term in parentheses
in Eq. (3) represents the surface buoyancy flux, which is
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positive in unstable conditions and negative when the
surface layer is stable, as is the resulting estimate of w.
The latter is an important scaling parameter for con-
vective boundary layer thermals, and is directly related
to the cloud base mass flux by Lock and Mailhot (2006).
The estimates of ¢j,nq and Cocean can be modified to ad-
just overall convective activity; however, their forms
were established early in the development cycle and
are considered fixed for the purposes of this study. For
the adopted parameters, c tends to be larger over land
than over ocean as shown in Fig. 2. This implies that
convective initiation is favored over ocean compared
to land for a given thermodynamic profile, a configura-
tion that was found to yield the best overall precipitation
structure during development.

The virtual temperature of the rising thermal deter-
mined through undilute parcel ascent and Eq. (1) is
compared to the environmental virtual temperature at
the LCL (7, ). If the parcel is found to be negatively
buoyant, then the trigger fails and the evaluation begins
again for the next layer aloft until either an unstable parcel
is found or the base of the departure level exceeds 300 hPa
above the surface. If the parcel is positively buoyant at
the LCL, then the trigger continues with an estimate of
the updraft velocity of the thermal at the LCL:

88T, (2 o, — Zys) )
4(T T, )

vos LCL

LcL

where the “USL” subscript represents values taken
from the lowest level of the updraft source layer. This
approximation of the original Fritsch and Chappell
(1980) formulation serves as the lower boundary con-
dition for the integral used to compute the updraft ve-
locity within the Kain and Fritsch (1990) plume model:
T —T
(B, oy, o

v

A(w")?

where g is gravitational acceleration, z is the height
above ground, A = 0.5 is an empirically derived constant,
¢ is the fractional entrainment rate, the superscript u
indicates an updraft property, and overbars and A op-
erators denote layer averages and finite differences,
respectively. The D, term in Eq. (5) represents the
precipitation drag (Ogura and Cho 1973), and represents
a small departure from the standard vertical acceleration
model. As the lower boundary condition of Eq. (5), the
estimate of wrcp [Eq. (4)] therefore influences both
the full updraft profile and the cloud top height, with
the latter defined as the level at which w" vanishes.
The influence of wycr on the updraft has a direct
impact on the final component of the trigger, which
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FI1G. 2. Example of threshold vertical velocity (c; color shaded in
10"%>ms ! as shown on the color bar) plotted over the subdomain
of interest for section 3 at 1200 UTC 28 May 2018, after 24 h of
model integration.

confirms that the cloud depth exceeds a threshold value
(3km in the configuration used here). Updrafts that fail
to meet this trigger condition typically occur in envi-
ronments with large values of convective inhibition,
wherein negative buoyancy above the LCL reduces the
updraft velocity to zero before it can reach its level of
free convection (Fritsch and Kain 1993). The larger the
estimate of wy cr, the greater the chances that the up-
draft will continue to rise through such a stable layer and
grow into a deep convective cloud. It is the ability of this
updraft property to represent an impulse sufficient to
overcome convective inhibition that makes it an im-
portant quantity in this study.

The cloud base updraft [Eq. (4)] links the trigger to the
plume model, which computes entrainment and detrain-
ment rates, and cloud properties (Kain and Fritsch 1990).
This is followed by an estimate of evaporatively driven
downdraft effects and a closure based on reduction of
CAPE through the iterative solution of the mass flux
equations. These aspects of the deep convective scheme
used in GEM follow closely those described by Kain
and Fritsch (1993) and will not be considered in more
detail here.

c. Recent changes to the deep convective scheme

The position of the 10-km configuration used here at
the upper end of the convective gray zone means that
many of the underlying assumptions of the deep con-
vection parameterization are potentially invalid. As a
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step toward relaxing some of these assumptions, one
GEM development focus has been on improving the
representation of convective structure and evolution by
eliminating some of the quasi-equilibrium assumptions
implicit in the scheme’s configuration.

In the current deep convective scheme, CAPE is
eliminated on a fixed time scale (7. = 2700s) once a grid
cell becomes active. After initiation, convective tenden-
cies, clouds and precipitation rates are held constant and
none of the calculations described in the previous section
are required over this period. The convective calculations
can be refreshed more frequently using a second fixed
time scale (7,), but in practice 7. = 7, in most GEM
configurations. Such a strategy is valid when the model
time step is on the same order as 7.; however, the 300s
step of the 10-km configuration implies that steady-state
convection persists in place for nine time steps. To relax
this constraint, convective calculations are refreshed at
every time step (7, = 300s) in the updated scheme.?

Despite its conceptual appeal, however, the 7, = 300s
configuration leads to intermittent triggering and un-
physically short cloud lifetimes.® This is especially true
in quasi-equilibrium cases (Zimmer et al. 2011) during
which convective destabilization occurs on time scales
similar to 7.. Such a case was identified over the North
Atlantic Ocean during development of the updated
physics package (Fig. 3). The model represents such
an equilibrium as stepwise activation and deactivation
of the convective scheme. This unphysical behavior is
indicative of a lack of memory in the system as described
by Gerard et al. (2009). In sections 4 and 5, a pair of
independent strategies are developed to avoid such
problems by adding memory to a deep convection
parameterization in a Lagrangian framework.

3. Tropical precipitation case study: Tropical Storm
Alberto (2018)

The static nature of the triggering and maintenance of
parameterized deep convection leads to problems with
predicted precipitation that are most evident under
large-scale high-wind conditions in the tropics. In such

2 Because only a small fraction of grid points pass the convective
trigger tests (~5% of the domain in the summer) and the deep
convection scheme accounts for <5% of the computational cost of
model physics, the adoption of stepwise refreshment does not add
significantly to the time-to-solution of the system.

3 A cloud lifetime is computed in the traditional parameteriza-
tion framework as the length of time that convection remains active
within a grid cell. It is deemed to be unphysical if it is shorter than
the time required to initiate, build, and decay a deep convective
cloud: ~1800s is proposed by Houze (1994).
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FI1G. 3. Convective precipitation accumulations between 3 and
7 h of forecast lead time in an integration initialized at 0000 UTC 16
Jan 2017 (gray shaded in mm as shown on the upper grayscale bar),
and mean lifetime of convective activity at each grid cell over the
period (magenta shaded in seconds as shown on the lower color
bar, overlaid on the precipitation field). In this simulation, 7, =
300 s is used, such that convective calculations are updated at every
time step. Also shown are the mean free-tropospheric winds (850-
200 hPa layer average), represented as wind barbs with short, long,
and pennant barbs representing 5, 10, and 25ms™' wind speeds,
respectively). The flow-aligned section used to illustrate the evo-
lution of convection in Fig. 18 is shown with a black dashed line
within a larger gray circle for ease of reference.

an environment, convective clouds can move over long
distances while being sustained by readily available mois-
ture and warm sea surface temperatures (Hennon et al.
2013). The Caribbean Sea and Gulf of Mexico represent an
ideal laboratory for studies of complex convective struc-
tures because of the prevalence of coastlines and islands of
varying sizes (Kirshbaum and Smith 2009).

Tropical Storm Alberto (2018) formed beneath an
upper-level trough along the east coast of the Yucatan
Peninsula on 25 May 2018 from a larger low that had
persisted in the region for several days (Berg 2018). As
a result of the extratropical features that promoted its
development, Alberto maintained the asymmetric struc-
ture of a subtropical storm (Evans and Guishard 2009; da
Rocha et al. 2019) as it moved northward into the Gulf of
Mexico on 26 May (Fig. 4). Heavy precipitation that
formed in the extensive cloud shield to the east of the
storm caused severe flooding and triggered landslides in
Cuba that killed 10 people. Alberto intensified steadily as
it underwent tropical transition (Davis and Bosart 2004)
on 27 May and became a tropical storm at 0000 UTC
28 May to the west of Florida with estimated peak winds
of 55kt (1kt ~ 0.5144ms™1). Despite its tropical desig-
nation, strong large-scale southerly flow persisted to the
east of the storm throughout this period, bringing heavy
rains to Cuba and the Bahamas. Alberto weakened prior



NOVEMBER 2019

95°W 90°W 85°W 75°W 70°W

30°N -

25°N -

20°N [ oy | | S el

15°N |-

10 25 50 100 150 200 250

FIG. 4. Track of Tropical Storm Alberto [black line with filled
dots for 0000 UTC positions, open dots for 1200 UTC positions,
and ordinals for dates in May 2018 following the best track of Berg
(2018)] and 24-h precipitation accumulation estimates (0000 UTC
28 May-0000 UTC 29 May) from the Tropical Rainfall Measuring
Mission [Goddard Earth Sciences Data and Information Services
Center (2016); color shaded in mm as shown on the color bar].
Alberto’s track in the GEM control integration is shown in gray,
with dots representing synoptic hours as for the best track. The
200 m contour of Cuban orography is shown with a black contour,
and locations discussed in the text are labeled for reference.

to making landfall on the Florida Panhandle at 2100 UTC
28 May, but was still capable of generating flooding rains
as it continued northward to eventually dissipate near the
Great Lakes on 31 May (Berg 2018).

The 48h simulations shown in this study are initial-
ized from the Canadian regional analysis at 1200 UTC
27 May, shortly before Alberto became a tropical storm.
Rainfall in Cuba peaks on 28 May, with 24h accumu-
lations ending at 0000 UTC 29 May estimated by the
Tropical Rainfall Measuring Mission to exceed 250 mm
(Fig. 4). Precipitation accumulations along the U.S. Gulf
Coast surpass 50 mm over the same period. The control
GEM integration depicts Alberto’s track with suffi-
cient skill for the purposes of this investigation. More
importantly, the model reproduces the strong south-
erly flow that develops between the storm and the
mid-Atlantic subtropical high, and the associated axis
of maximum rainfall that extends from the Cayman
Islands into the Straits of Florida (Figs. 4 and 5a).

Despite the model’s success in reproducing the gen-
eral precipitation structure in this case, two notable
problems appear in Figs. 5a and 5b. The first is that ac-
cumulations are underpredicted over Cuba by about
50 mm, and overpredicted downstream to the west of the
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Bahamas. The second problem is directly related to land—
sea contrasts: rainfall over Cuba is reduced with respect to
the surrounding waters. Similarly, there is an abrupt re-
duction in rainfall along the Gulf Coast, particularly at
the eastern end of the Florida Panhandle. Although the
deep convective scheme contributes to only about 50%
of total rainfall over this period, the bulk of these coastal
discontinuities appears to stem from convective accu-
mulations (Figs. 5c,d). Identifying the source and ad-
dressing the root cause of these unphysical patterns are
the goals of sections 4 and 5 of this study.

4. A Lagrangian view of convective initiation

The coastal discontinuities in convective precipitation
accumulation (Figs. 5c,d) align with those noted for the
threshold vertical velocity (c) in section 2b (Fig. 2).
Given the strong dependence of the activity of the deep
convective scheme on c, it is likely that the sharp pre-
cipitation gradients are more related to the trigger
function than to abrupt changes in the atmospheric state
that stabilize profiles at the coast.

The direct relationship between ¢ and the tempera-
ture perturbations of thermals rising from the PBL [Eq.
(1)] suggest the source of the problem. Such motions
have intrinsic time scales on the order of those of the
PBL itself, especially when an ensemble of thermals that
might trigger moist convection anywhere within a grid
cell is considered instead of a single updraft in isolation.
The characteristics of such thermals are properties of
the PBL air parcel that are not uniquely specified by the
type of surface over which the parcel currently resides as
implied by Eq. (2).

The recognition of ¢ as an air parcel property related
to thermal perturbations with sources based on local
conditions suggests that it would be well represented
as an advected field with Newtonian relaxation (c,qy)-
This can be formulated as an equation for the local
Cadv tendency that has the following form:

dc

adv _ __
7— V.Vcadv+

(¢ = Coqy)s (6)

therm

where V is the three-dimensional wind vector and 7yerm
is a relaxation time scale for thermal activity in the
parcel. The model is initialized with c,q, = c at all levels
(initially vertically uniform), which then evolves fol-
lowing Eq. (6), with c,q, treated as a tracer quantity by
the model’s semi-Lagrangian advection scheme. The
value of ¢(X, #) employed in Eq. (1) is diagnosed at the
LCL using the same linear vertical interpolation as
applied to all other gridscale quantities. A relaxation
time scale of Typerm = 3600 is adopted for consistency
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FIG. 5. Accumulation of 28 May precipitation in the control simulation (color shaded in mm as shown on the color bars, which are
different for the two columns), and daily average 850-200 hPa layer-mean winds (wind barbs plotted as in Fig. 3). (a),(b) Total accu-
mulated precipitation and (c),(d) the contribution from the deep convection scheme are shown. (top) A regional view of the fields, and
(bottom) zoomed-in view centered on Cuba as shown with gray outlines shown in (a) and (c). Precipitation discontinuities along the U.S.
Gulf Coast are highlighted in (a),(b) with magenta circles. The 200 m contour of Cuban orography seen by the model is shown in (b),(d)

with a black contour.

with the duration of convective memory in the sub-
cloud thermodynamic profile (Colin et al. 2019).

The resulting c,qy field is free of abrupt coastal dis-
continuities and has larger spatial scales than the origi-
nal estimate of ¢ (cf. Figs. 2 and 6), consistent with the
Kain (2004) interpretation of the Eq. (1) factors as en-
vironmental conditions rather than gridpoint values.
Small changes to Tyerm do not qualitatively affect the
results shown here, but in the limit of rapid adjustment
of parcel properties (Tiherm — 08), an implicit solution
for Eq. (6) ensures that c,q, = ¢ such that the Lagrangian
treatment of the thermal updrafts disappears.

This Lagrangian treatment of the properties of the
thermals within the parcel that may trigger moist con-
vection reduces the magnitude of the coastal disconti-
nuities in convective precipitation (cf. Figs. 5c,d and
7c,d, with difference shown in Fig. 8). This is true not

Brought to you by MCGILL UNIVERSITY LIBRARIES | Unauthenticated | Downloaded 10/12/22 05:44 PM UTC

only along the windward coastlines of Cuba and Florida,
but also in the lee of Cuba, where oceanic convection
spins up gradually offshore rather than triggering im-
mediately along the coastline.

Despite these improvements in the convective rainfall
pattern from a physical perspective, increased convec-
tive activity does not extend across Cuba (Fig. 8b),
which remains a local convective rainfall accumulation
minimum (Fig. 7d). Although some windward enhance-
ment and rain shadowing by the Groupo Guamauhaya
mountain range of central Cuba (elevations up to 1100 m;
see Fig. 4 for reference) is expected, convective activity
over the island remains unrealistically weak in this in-
tegration (Fig. 7).

One reason for suppressed convective activity over
land in the model appears to be a near-surface stable
layer that remains in place over the western and central
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FIG. 6. As in Fig. 2, but for c,qy [Eq. (6)] rather than ¢ [Eq. (2)].

Cuba throughout 28 May. Dense upper-level cloud cover
prevents daytime warming over the island, leading to
near-surface temperatures that are 5 K cooler than the
surrounding ocean (Fig. 9). The early afternoon model
soundings around Santa Clara show that this stable layer
extends to 900 hPa, above which the profile is condition-
ally unstable (Fig. 10). Air parcels rising from the surface
encounter large convective inhibition within the capping
inversion, such that no realistic temperature pertur-
bation in surface-based thermals (67,,) is expected to
trigger parameterized convection.

Initiation of convection by parcels originating above
900 hPa appears to be possible in the Santa Clara profile
(Fig. 10); however, such elevated triggering would re-
quire a positive 67, of 1-2K to overcome convective
inhibition. Such a positive 87T,,, requires w, > (X, ¢),
where ¢(X, ) = 0.02ms ' [Eq. (1)]. This condition is
clearly not met, as downward resolved mass fluxes (pw,,
where p is the air density) dominate over Cuba (Fig. 11).

The subsidence over the island (Fig. 11) arises from
two sources: a thermal circulation that is maintained
by the land-sea temperature difference (Fig. 9), and a
mountain-wave response to the local orography. The
former is the result of differential lower-level heating,
which preferentially creates potential instability over
the waters surrounding Cuba. Ascent in these regions
is fueled by latent heat release at the grid scale, with
the 300 hPa outflow layer leading to convergence and
upper-tropospheric subsidence that further stabilizes
the Cuban profile. In the lower troposphere, a mountain
wave that is triggered by the southerly large-scale flow
drives subsidence despite the modest terrain height.
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An experiment run without Cuban orography shows
that a lower-level thermal circulation maintains weak
subsidence even in the absence of the mountain wave,
with vertical motion values well below those required
to create a positive 67, for convective triggering
(not shown).

The fact that cloud formation in both the gridscale
condensation scheme and convection parameterization
is strongly dependent on w, means that the model be-
comes locked into a thermally direct circulation in re-
sponse to the stationary surface forcing under steady
flow conditions. In the absence of local initiation [w, <
c(X,t) = 8T,, < 0], any convection that occurs inland
over Cuba must be triggered over the water and trans-
ported across the island by the strong southerly flow.
The importance of such deep convective cloud dis-
placement is assessed in the next section of this study.

5. An object-based framework for deep
convective clouds

The dearth of convective activity over Cuba that
persists despite the use of Lagrangian initiation can be
interpreted as the failure of the model to represent the
displacement of convective clouds in a physically rea-
sonable way. A convective cell that forms immedi-
ately upstream of Cuba may progress inland a significant
distance before decaying, despite the presence of the
stable near-surface layer described in the previous sec-
tion. Soderholm et al. (2014) show that isolated cells
can survive in hostile environments (with high values of
convective inhibition) particularly under conditions of
strong lower-level shear and background winds. They
attribute such a life cycle to enhanced organization of
the cloud structure that leads to stronger internal dynam-
ical forcing in environments with a low bulk Richardson
number (Weisman and Klemp 1982). The latter is de-
fined as

CAPE

b 05AUC @
where CAPE is the convective available potential en-
ergy and AU is the magnitude of the bulk 0-6 km wind
shear. In the case considered here, 13ms ™! of shear over
this layer combines with the low CAPE values in the
profile (approximately 500J kg~ for a parcel lifted from
900 hPa in the model Santa Clara sounding shown in
Fig. 10) to yield R, ~ 6, sufficient to promote the main-
tenance of long-duration, long-track convective elements
(Soderholm et al. 2014).

Despite the introduction of Lagrangian initiation
(section 4), the deep convection scheme has a limited
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ability to represent the maintenance and displacement
of convective cells in such an environment because of
the static nature of convection parameterization described
in sections 2b and 2c. Such a framework was justified in the
models for which schemes such as Kain and Fritsch (1990)
were developed, with large horizontal grid spacings and
time steps. In such systems, the effects of clusters com-
prising numerous convective elements were parameterized
on time scales that approached those of the cloud ensem-
ble itself (Zimmer et al. 2011). However, as model reso-
lution approaches the convective gray zone and time steps
are reduced well below those of even individual convective
clouds, the validity of a stationary, equilibrium treatment
of parameterized convection becomes questionable.

a. Description of an object-based scheme

One solution to the inconsistencies that emerge as res-
olution approaches the gray zone may lie in an “object-
based” view of deep convective clouds (Fig. 12), a term
borrowed from the object oriented paradigm of computer
science around which it is structured. In this framework,
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clouds are considered to be persistent entities with prop-
erties that evolve throughout their life cycles. Readers
familiar with object-oriented design can conceptualize
individual cloud objects to be instances of a convective
cloud class, each possessing its own attributes that are
modified by methods defined in the parameterization.
This approach allows convective clouds to evolve in
space and time in a physically realistic manner that
is more consistent with gray zone resolutions.

The formation of a new cloud object follows the
Lagrangian convective initiation described in section
4. Once convective activity is confirmed by the trigger,
however, additional actions are needed to set initial
cloud attributes (Fig. 13 and Table 1). In the current
implementation, the new cloud is positioned at the
center of the grid cell (randomized subgrid position-
ing was not found to yield any benefit in the deter-
ministic system considered here), the cloud age (¢.,) is
set to the model time step, and the cloud base updraft
speed (wicr) is computed following Eq. (4) for the
initiation branch of the trigger.
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The movement of the convective cloud object is gov-
erned by the cloud layer-mean winds:

Z[
J Vdz
2 At, 8)

zl
J dz
2p

where (X0, Veo) is the cloud position [with a subscript
“o” for the position at the beginning of the time step
(Ar)], V is the horizontal wind, z is height above ground,
and z, and z, are the cloud top and base heights, re-
spectively. This formulation of cloud motion corre-
sponds to the advection of individual mesobeta-scale
convective elements described by Corfidi et al. (1996).
The propagation mechanisms associated with meso-
scale convective complexes are not currently considered
in cloud object displacement. However, this dependency

(xco’yco) = (xco’yco)° +
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FIG. 9. Mean screen-level temperature on 28 May in the control
integration (color shaded in °C as shown on the color bar). Black
stippling indicates areas over which the mean cloud cover during
the integration exceeds six octas (75%). The region surrounding
Santa Clara is identified with a dashed circle for reference with
the text and Fig. 10. A black polygon outlines the region used for
the cross-sectional average shown in Fig. 11, which is centered on the
A-B vector.

on the model’s ability to resolve the processes that occur
at these larger scales of organization is a design decision
for the current implementation rather than a funda-
mental limitation of the approach. The fact that (x¢,, yco)
in Eq. (8) are positions in physical space (Table 1) gives
the cloud object permanence that is independent of the
model grid. This means that the cloud moves down-
stream in a continuous fashion through advection by
the resolved flow.

Once a preexisting cloud object is detected within a
grid cell, a second branch of the convective trigger is
activated (Fig. 13). This new branch is associated with
preexisting convection (either present within the grid
cell at the previous time step or transported from an
upstream location), and makes direct use of the wy cp
of the cloud object. The standard initiation branch
of the trigger is also executed at the grid cell, repre-
senting the potential formation of new convective
clouds within the same volume by thermal activity in
the boundary layer. The maximum estimate of wy cr
from these two branches is used as the basis for the
subsequent plume model calculations because it is the
most likely to yield clouds deep enough to perpetuate
convective activity in the grid cell. If the initiation-branch
wrcL estimate is selected, then the cloud object proper-
ties are reset to their initial values (Table 1) to represent
the development of a new convective cloud. If the pre-
existing updraft estimate is dominant, then the object
properties are updated as described in the final column
of Table 1 and the cloud continues to drift downstream.
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FIG. 10. Model sounding for the Santa Clara region, valid at 1800 UTC 28 May 2018 (1300 h
local time) after 30 h of integration. The dry bulb temperature is shown with a solid red line,
the dewpoint temperature with a dashed blue line, and winds are plotted with barbs as de-
scribed in the Fig. 5 caption. The sounding is an average of all nonconvective points within a
20 km radius of Santa Clara, Cuba, as shown with the dashed circle in Fig. 9.

In the event of confluent flow, multiple cloud objects
can be diagnosed within a single grid cell. In this case,
the cloud with the strongest wy ¢y is selected to con-
tinue its life cycle so long this value exceeds the initi-
ation branch estimate. The rationale for this choice
mirrors that of the selection between preexisting and
initiation updrafts described above, in that the cloud
with the largest updraft speed is the most likely to
maintain itself at subsequent time steps.

With the addition of a triggering branch for preexist-
ing convection, the estimate of wy ¢ takes on increased
importance. Not only is the value used to initiate the
convective plume, but also it becomes a key ingredient
for determining the longevity of convective cloud ob-
jects and therefore convective activity more generally.
Because wy ¢ is a property of the cloud model rather
than the closure, it is not modified by the convective
scheme after its initial estimate in the trigger function.
If nothing were done to impose a reduction of the wy cr,
cloud object property over time, this value would not
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evolve until the existing cloud was either replaced
by new convective initiation or found to unable to
sustain convective activity. In this study, we set a
time scale of 7., = 3600s and impose exponential
decay through

wreL(le,) = WLCL,eit”/T” ) ©)

where wy cr, is the estimate of wy ;. computed by Eq. (4)
at convective initiation. This time scale is consistent with
existing estimates of the convective life cycle (Bullock
et al. 2015) and the convective memory diagnosed by
Colin et al. (2019). A more physically based represen-
tation of updraft evolution would involve the intro-
duction of a prognostic updraft equation as proposed
by Gerard and Geleyn (2005); such an improvement
in the representation of the updraft evolution during
the cloud life cycle will be the subject of future in-
vestigation. In the short time-scale limit (7., — 0) the
trigger branch for preexisting convection becomes
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All fields are valid at 1800 UTC 28 May 2018 and averaged across the A-B flow over the

region identified with a black box in Fig. 9.

increasingly unviable and the scheme returns to the
conventional initiation-only convective parameteri-
zation of Fig. 1.

b. Impact on the tropical precipitation case study

The adoption of a cloud object-based perspective for
the Tropical Storm Alberto case study is expected
to assist with the realistic maintenance of convection
as clouds encounter near-surface stability over Cuba
(Fig. 10). The strong southerly flow advects cloud ob-
jects rapidly inland, where they can continue to pro-
mote convection despite a lack of new initiation by
rising thermals.

As shown in Fig. 14d, convective accumulations in
excess of 20-30mm now cross the island near the
Groupo Guamauhaya mountain range. Precipitation
enhancement associated with this orographic feature
is shifted slightly farther inland, and a realistic rain
shadow is evident downstream (Fig. 15b). Increased
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convective rainfall accumulations are no longer re-
stricted to the coastal region as they were when
Lagrangian initiation was adopted in isolation, but
instead extend across the Cuban landmass (cf. Figs. 8b
and 15b). Although the near-surface stability precludes
the triggering of new convection, convective activity
persists as cloud objects cross the island (Fig. 16b). A
deep convective cloud traveling with the 25 to 30kt
mean tropospheric flow would take approximately 2h
to cross the 100 km width of the island. This suggests
that the most vigorous convective elements are able
to transit Cuba without dissipating in this integration
provided that the local environment does not become
hostile enough to suppress even preexisting updrafts
(warm-colored shading in Fig. 16b).

At the larger scale, the increased convective activity
over Cuba appears to deplete moisture in the south-
erly flow sufficiently to reduce the precipitation max-
imum downstream of the island that plagued the control
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FI1G. 12. Schematic view of a deep convective cloud object within
a grid cell, with annotations for object properties (attributes; warm
colors) and process depictions (methods; cold colors) of particular
interest in this study.

integration (cf. Figs. 5a and 14a). The net result is a regional
accumulated precipitation structure that more closely
resembles corresponding observational estimates (Fig. 4).

Changes in precipitation structure are not limited to
the Cuban region. Accumulations also extend farther
inland over the Gulf Coast (Fig. 15a), again reflecting
the persistence of preexisting convective activity as it
moves into an environment that is less supportive of
convective initiation. The convective cells age in a
physically reasonable manner as they move across the
Florida Panhandle, as they do in Alberto’s rainbands
over the Gulf of Mexico (Fig. 16a).

6. Impact of changes on NWP guidance

The Tropical Storm Alberto case study considered in
sections 4 and 5 represents a relatively extreme example
of extensive convection in a strong large-scale flow. As
such, it is useful for assessing the physical relevance of
the Lagrangian view of deep convection and for estab-
lishing an upper bound on the impact of this framework
on large-scale precipitation structure. Here, we consider
the effect of the Lagrangian treatment in less extreme
cases and on objective precipitation scores more generally.

a. Cloud and precipitation structures

1) SUMMER SQUALL-LINE CASE

Included in the two-month summer test period (mid-
June to mid-August 2016) used during development of
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the Regional Deterministic Prediction System is a case
that highlights the impacts of model changes on a severe
weather outbreak in the midwestern United States. A
mesoscale convective system located over central Min-
nesota at the model initialization time (0000 UTC 5 July
2016) combines with isolated convection over Iowa
to form a squall line that propagates southeastward
overnight into Illinois by 1400 UTC (0800h local time;
Fig. 17).

The operational configuration of the model fails to
generate a coherent squall line, and instead predicts
scattered cells displaced to the south of the observed
feature (Fig. 17b). When the full Lagrangian treatment
of deep convection is applied (sections 4 and 5), the
precipitation pattern is more spatially coherent, with
envelope that centers on the observed squall line lo-
cation* (Fig. 17c). The impact of the Lagrangian treat-
ment of convective clouds is even more striking after
sunrise, with the isolated cells of the control integra-
tion transformed into a bowing line as in the radar
precipitation estimate (Figs. 17d—-f). Such an enhance-
ment of convective organization is consistent with the
introduction of additional convective-scale memory in
the system (Davies et al. 2013). In this case, the change
in structure is uniquely related to the introduction of
cloud objects because ¢ = cjang for such continental
regions. Although there is little surface precipitation
in the trailing stratiform region in either configura-
tion, the overall structure of the squall line appears
to be better represented in the integration using the
Lagrangian framework.

2) INTERMITTENT TRIGGERING IN A MARGINAL
ENVIRONMENT

Problems with precipitation structure in more mun-
dane precipitation events include the intermittent acti-
vation of the deep convective scheme (section 2c and
Fig. 3). The stream-wise life cycle of deep convective
activity in a low-CAPE environment is shown in Fig. 18.
In the operational system, the convection scheme re-
mains active at a triggered grid point over a specified
adjustment time scale (Bechtold et al. 2008). This leads
to isolated cells that remain stationary despite the
13ms~! mean flow (Fig. 18a). Although such station-
ary features are sometimes observed in ‘‘back-building”
convection, they are clearly unphysical in a scheme that
does not represent such internal storm dynamics.

* The results shown in Fig. 17 are robust to both initial condition
and convective time-scale perturbations, suggesting that differ-
ences are physically robust and not a result of “chaos seeding”
(Ancell et al. 2018).
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FIG. 13. Schematic of the convective scheme with Lagrangian initiation and convective
cloud objects.

With convection calculations refreshed on every time
step (section 2c), convection is triggered at successive
positions downstream, giving the appearance of more
realistic cell motion despite the fact that there is no ex-
plicit displacement (Fig. 18b). The intermittency prob-
lem that plagues this configuration (Fig. 3) is evident in
the discontinuous downstream triggering and short
convective lifetimes in this configuration (section 2c).

When the Lagrangian framework is adopted, cloud
objects age as they are advected downstream (Fig. 18c).
The two primary clouds on this transect each move ap-
proximately 100km (10 grid lengths) over their 2-h life
cycles. This convective behavior is much closer to reality
than that of the existing configurations. The proposed
framework therefore appears to be capable of reducing
the prevalence of convective precipitation structure

artifacts that affect the day-to-day guidance produced
by the GEM model.

b. Objective scores

The focus of this study has been on improving the
physical foundations of one aspect of convection pa-
rameterization (convective memory as represented
by the evolution and displacement of clouds and up-
drafts) that is problematic at resolutions approaching
the convective gray zone. Its goal is not to achieve
general improvements in objective precipitation scores,
but rather to make qualitative improvements in precipi-
tation structure guidance (Davies et al. 2009). Although
the two are certainly related (improved predictions of
precipitation structure should improve objective scores),
the convection parameterization is active at such a small

TABLE 1. Description of deep convective cloud object properties (shown in warm colors in Fig. 12). All symbols are described in the text

with the exception of ., which is the clou

d object age at the beginning of the time step.

Property Description Symbol Initialization Evolution
Position Latitude and longitude of the cloud object (Xcos Veo) Center of grid cell Eq. (8)
Updraft Updraft at the LCL WLCL Value diagnosed by Eq. (4) Eq. (9)
Age Age of the cloud object teo At teo = teo, + AL
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FIG. 14. As in Fig. 7, but for with the addition of deep convective cloud objects.

fraction of grid points in a typical integration with a
10-km model (<5%), that generalized precipitation
score improvements are unlikely.

A set of 44 summer-2016 integrations are used for
objective evaluation during GEM development, spaced
at 36 h intervals to promote serial independence. This
dataset is split into a pair of 22-case subsamples based
on initialization time, with only the 1200 UTC initiali-
zations considered here. The impact of adopting a
Lagrangian view of deep convection in this context is
shown in Fig. 19. The equitable threat score is im-
proved for all precipitation thresholds, although the
difference is statistically significant only when accu-
mulations surpass 2mm 24h ! (Fig. 19a). A general
increase in rainfall leads to a positive frequency bias
at most thresholds (Fig. 19b), a reflection of a reduc-
tion in the number of missed events. The latter is dem-
onstrated by the unchanged false alarm ratio (Fig. 19d),
combined with an improved probability of detection
(Fig. 19¢), particularly at the lower thresholds where
the convection parameterization contributes most
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significantly to rainfall totals. These results provide
evidence that the scheme is generally working in a phys-
ically realistic manner when the Lagrangian perspec-
tive is adopted.

7. Discussion

The parameterization of moist convection as a subgrid-
scale process continues to be essential to NWP, even as
finer grid spacings take operational models well into
the convective gray zone. However, many of the fun-
damental assumptions upon which these schemes are
based become increasingly invalid as convection be-
comes partially resolved. The goal of this study has
been to address one aspect of this problem that leads
directly to logical inconsistencies that appear as model
temporal and spatial scales become comparable to those
of the cloud life cycle. The approach described here
involves the development of a Lagrangian framework
for the treatment of both convective initiation and
deep cumulus clouds themselves.
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FIG. 15. As in Fig. 8, but with the addition of deep convective cloud
objects as in Figs. 14c and 14d.

Convective initiation is primarily controlled by the
value of ¢(X, ¢) [Eq. (2)] in the Kain and Fritsch (1992)
convection parameterization, a field that depends on
both the surface type and the convective velocity scale
in the GEM model. This vertical velocity forms the
basis of an estimate of the temperature excess in rising
thermals, and is therefore related to a property of the
boundary layer circulation that should be carried with
the flow rather than being instantly adjusted to surface
properties. This Lagrangian view of convective initiation
reduces the prevalence of coastal discontinuities in con-
vective activity that afflict existing model configurations.

Once the convection parameterization is activated,
schemes have typically held its effects constant in time
and space over a specified convective adjustment pe-
riod. At resolutions approaching the gray zone, con-
vective calculations can be refreshed more frequently
to account for nonequilibrium effects; however, this
strategy may introduce intermittent behavior. Instead,
the treatment of convective clouds as persistent ob-
jects allows for the introduction of a new branch in the
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triggering component of the convective scheme to rep-
resent the effects of preexisting convection. This relaxes
the diagnostic triggering assumption, which is criticized
by Colin et al. (2019) as being unjustifiable in systems
whose time steps are shorter than the convective turn-
over time scale. The properties of these cloud objects
can evolve as they are advected across the grid in a
manner consistent with the convective life cycle.

The adoption of a Lagrangian perspective for deep
convection results in precipitation patterns that appear
to be more physically realistic than those generated us-
ing standard techniques under a range of conditions.
This suggests that the convective memory introduced
into the system through the Lagrangian framework is
capable of mitigating some of the spatial and temporal
inconsistencies that appear at resolutions approaching
and within the convective gray zone.

One desirable attribute of the formulation described
here is that it is conceptually independent of the details
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of the convection parameterization itself (Fig. 13).
Modifications are required within the trigger function to
adapt to an advected triggering variable [analogous
to ¢(X, ¢) discussed here] and to develop a second branch
to represent preexisting convection. The cloud model,
solver for the mass flux equations (if applicable),
and closure remain untouched. This suggests that the
Lagrangian viewpoint can be adopted in a range of mod-
eling systems as they move toward the gray zone without
any fundamental changes to the nature of existing
convection schemes. The increase in computational
cost associated with the Lagrangian framework is
negligible in the GEM model, consisting primarily
of one additional advected variable related to initia-
tion [Eq. (6)]. The treatment of the cloud objects
themselves, including their displacement, incurs a cost
that is smaller than typical run-to-run performance
variability.

The ability of cloud objects to retain information
about the maturity of convective elements paves the
way to representing the deep convective life cycle in a
much more refined manner. In conventional equilib-
rium schemes, convective clouds mature immediately
upon triggering and remain mature at the grid point
until they disappear at the end of the convective ad-
justment period. Information about the cloud age
could be used in the future to control the growth,
maintenance and decay of convective clouds, for ex-
ample through the modulation of entrainment and
detrainment rates in the cloud model or downdraft
calculations (Mapes and Neale 2011) These processes
could affect the evolution of a prognostic updraft
profile (Gerard and Geleyn 2005) to reinforce cloud
memory effects across all stages of the convective life
cycle. The importance of representing subgrid-scale
quantities more generally as the sources of convective
memory has been demonstrated by Davies et al.
(2013). Pushing the concept even further, cloud ob-
jects could be freed from the underlying model grid
entirely: clouds could affect grid cells within a radius
of influence through tendencies while their properties
evolve as they progress through the domain. The ex-
citing potential for the extension of the Lagrangian
framework to represent the convective life cycle in a
physically realistic way has not been explored in the
context of the current work but is a high priority for
future study.

Parameterization schemes that attempt to represent
the convective life cycle may further benefit from
cloud object information that represents features
and processes occurring at scales much finer than the
cloud itself. For example, one ongoing effort involves
the introduction of an advanced microphysics scheme
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within a convective parameterization for the purposes
of climate simulation (J. Milbrandt, personal commu-
nication). In such a scheme, detailed information about
hydrometeor mass and number concentrations could
evolve throughout the convective life cycle while being
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advected as part of the cloud object. Such a merging
of refinements to convective parameterization has the
potential to lead to new innovations that will improve
our ability to represent moist processes in the con-
vective gray zone.
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