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Abstract

abstr During the 1950s and 60s, when intensive investigatim atmospheric moist convection
were launched, two possibilities were identified for theibatement of moist convection: bub-
ble and plume. The present paper reviews the investigatibttss period, and suggests how
the mass-flux convection parameterization formulationrgetbfrom these early investigations.
Especially the choice of the steady-plume model as a kegdhignt of the mass-flux formula-

tion is carefully discussed. Some historical lessons aggested, especially under a light of
the current trend of more emphasizing the bubble dynamiedumsdated by high—resolution

numerical modeling and laboratory experiments.
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1 Introduction

intro

The majority of the current operational as well as climatgjgrtion models adopt mass-flux
based convection parameterization, thus a good undeistpofits physical basis is imperative
for a better understanding of the model behavior. The cor@fmass-flux formulation is,
geometrically speaking, in placing either an ensemblewhgs or a single plume within a grid
box domain. Specifically, Arakawa and Schubert (1974) astbpin entraining-plume model
for this purpose. In order to understand the reason for tiniéce, we need to trace back the
investigations on plume dynamics prior to Arakawa and Sehullhe purpose of the present
paper is to present such a critical historical review of emtion studies before Arakawa and
Schubert, in the 1950s and 60s.

Intensive investigations on atmospheric convection weiteated over the post-war period.
It was partially due to the rapid development of aeronautingports and associated safety
concerns, as well as for military reasons, but also fromrésts in fluid dynamics, consider-
ing atmospheric convection as a natural laboratory of atiime. From these investigations
during a period of the 1940s to 1950s, the concept of an airitcaplume gradually emerged.
Especially, extensive laboratory experiments were pevéol in Cambridge in order to mimic
atmospheric convection as a part of their efforts for dguielp an analytical description of
atmospheric convection.

In order to understand the style of the investigations ofpiéwéod, a state of art of the tech-
nology at the time must also be understood. Digital compgunare still in their infancy, and
they were not widely available, thus people were forced soneto analytical methods. Sim-
pler analytical theories were always preferred. Combingld an established tradition of fluid
mechanics, seeking a similarity solution (or dimensionsdlgsis) was an obvious way to go
(Batchelor, 1954).

Under such a circumstance, a natural desire was to idehgfpasic elements of atmospheric
convection (cf., Morton, 1997a), in analogy with eddies hinee-dimensional turbulence, or
vorticies in two-dimensional flows (cf., Fritsch, 1995), that advancement could be made by
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studying dynamics of these basic elements. Bubble and pluene identified as the two major
candidates (cf., Turner, 1969).

The main purpose of the present paper is to review theseribat@rocesses of the period
with three more specific goals in mind. First is to provide atsgnatic literature survey on
this subject, because such a self-contained referends listrd to find in literature, although
reviews on specific subjects exist as to going to be pointed louthe course of the review,
basic concepts of the technical terms, some of them alreaahtiomed in the introduction, are
also introduced one by one. Second is to examine the imjalicafor the mass-flux convection
parameterization developed as an outgrowth of this sefieesgarch. Our last goal is, by
performing a historical review, to try to assess a futureaion of research for convection
parameterization.

The next two sections review the research from points of viehubble and plume, respec-
tively. Observational studies of this period are reviewe&ect. 4. Consequences and further
evolution after the 60s are outlined in Sect. 5. Issues atifitration are reviewed separately
in Sect. 6. The role of the steady-plume hypothesis in magscfinvection parameterization is
examined in Sect. 7, and some future perspectives are rethariSect. 8.

2 Bubble

Atmospheric moist convection may be considered consisifng series of warm bubbles re-
leased from a surface level. A cauliflower—like structurensin clouds may be considered a
visualization of an ensemble of bubbles. Existence of tesgen bubbles (or thermals as they
were called) was known about by glider pilots for years. Riimg over such a thermal, they
could substantially boost their gliders.

A good laboratory analogue could be a series of air bubbleaged from the bottom of a
water tank. Such an experiment was originally performed byi& and Taylor (1950) from
fluid—-mechanical interests. Their experiment, in turnpicet interests of an Imperial College
group for studying atmospheric moist convection as an ehkeof bubbles.

A major difference from the atmospheric bubbles to air babhised in the experiments by
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Davies and Taylor (1950) is that the former gradually mixwiite environment as they ascent,
whereas the latter are immiscible. In order to introducehsuixing tendency, the salt water
was taken, instead of air, as a source of bubbles within arve& (Scorer and Ronne, 1956;
Scorer, 1957; Woodward, 1959).

In their experiments, a hemispheric copper cup was filleth @énse salt water, which was
turned over quickly by hand into a water tank in order to gateen bubble, but in an upside-
down manner. The focus of the study was the time evolution sihgle bubble. Thus only a
single bubble is released at one time in all the experimeptsrted.

An example of such an experiment is shown in Fig. 1: the higllysient nature of the bubble
dynamics may be noted. Detailed measurements of the wela@und a bubble (Woodward,
1959) revealed that a doughnut—-shaped vortex ring was tbinséde the bubble (Fig. 2).

Saunders (1962) examined the behavior of the bubble imguilito a stable “inversion”
layer above. Turner (1963a) tried to mimic the latent hefgiceby chemical reaction between
hydrochloric acid (HCI) inside a bubble and sodium bicadierfNaHCO3) in the environment.
The reaction generated carbon dioxide that boosted thdédblgtassociated buoyancy. Under
this set-up, the light bubbles are injected from the bottom.

Ludlam and Scorer (1953) reviewed atmospheric convectanwahole from a point of view
of bubbles as its basic elements. Scorer and Ludlam (1988)ttr establish the bubble concept
for atmospheric convection by examining cloud photo segegms well as a basic theoretical
analysis. Malkus and Scorer (1955) attempted the samedasliberved clouds more system-
atically. Simpson (1983b) provides a personal historietospect on her involvements, which
also led to her decision of choosing a plume model after denations of both possibilities. In
this retrospect, it appears that Malkus and Scorer (1958 vagher looking for starting plumes,
as later conceptualized by Turner (1962), than the isolaidbles (see below: Sect. 3).

For the theoretical side, Turner (1957) examined the itagrpf the vortex-ring dynamics
and the role of buoyancy. Turner (1963b) extended the asatgsthe case with a bubble
(thermal) surrounded by turbulent flows. Here, a magnitudine surrounding turbulence is
measured by a velocity scale.

Levine (1959) was one of the firsts to consider an idealizdsbleumodel for atmospheric
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convection in a self-contained manner. More specificalycbnsidered the vertical motion of
an isolated bubble in an infinite domain under a quiescet# atanfinity. Under this condition,

the most remarkable conclusion is that the dynamic pregsuialy vanishes at the center of
the bubble. Thus no effect of the dynamic pressure is fountiéntotal vertical momentum
equation.

More precisely, Levine (1959) considered a spherical lbbhlill's vortex solution (Lamb,
1932) is adopted inside the bubble in order to describe &xoitig structure. The flow outside
the spherical bubble is constructed by an irrotational flsguaning a continuity of the tangential
velocity at the surface. This inviscid—flow solution is @gjily exploited by Levine in order to
derive a drag force acting on the bubble. In order to obtainag fbrce, it is assumed that a
bottom part of the bubble is open to outside air, where a drezgfis inserted.

Turner (1964) expanded Levine’s work to the case when thélbubcreased in size with
time, and examined more detailed structure of flows insidebtibble.

In spite of its strongly intuitive nature, and also intemsiesearch during the 50s and the
60s, somehow the bubble theory was eventually taken ovenédplume theory. A reason for
this shift is hard to say simply from existing literature.e@tly no final verdict was issued in
any published references. It is most likely that the inggdtons simply shifted away due to
a difficulty of casting a bubble theory into a self-consistetieady theory.

Here, as a historically unfortunate legacy of the bubble@mhethe formulation by Levine
(1959) for the vertical momentum equation was uncriticidken into plume models, originally
by Simpson et al. (1965), and this tradition still contingesy., Donner, 1993; Bechtold et al.,
2001; Siebesma et al., 2003; Bretherton et al., 2004; Zheal, 2005). In the plume dynam-
ics, the dynamic pressure is certainly not negligible. ttgartance in the convective—plume
dynamics is demonstrated by Holton (1973); Soong (1974} (1879); Kuo and Raymond
(1980). Especially, Fig. 19 of Soong (1974) showed that theachic pressure force is substan-
tially balanced out by the buoyancy force. However, the tsrgystematically neglected in the
literature by quoting Levine (1959) but with a ratteerhoc adjustment such as introduction of
“effective mass”.

The drag force derived under elaborate effort by Levine §1%8so becomes irrelevant in
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applying his formulation to the plume dynamics. In the latase, it can easily be shown that
the drag coefficient will simply be equal to the fractionalramment rate of a given plume (cf.,
definition associated with Eq. 3 below).

3 Plume: entraining plume model

The idea of a plume can most vividly be seen by a water—tan&rexent originally performed
by Morton et al. (1956). They placed a constant buoyant—reasece at the bottom of a water
tank (with dyed alcohol as a marker), and examined the iaguihotion. The result was a
plume gradually growing upwards, which may be considereddst after a substantial time
(Fig. 3).

In general, the plume refers to convective flows resultiognfia continuous source of buoy-
ancy. They tend to be quasi—steady in contrast to the intigteainsient nature of bubbles.

In the case of the original experiment by Morton et al. (1936¢ plume grows upwards
by sucking the surrounding water at a constant rate, and esudt it also increases its radius
at a constant rate with height. Such a ‘sucking’ process lisngonly referred to asntrain-
ment. A particular plume solution obtained by them is called ¢hraining plume, because it
is characterized by a constant fractional entrainment(ciiteEq. 3 below).

Importantly, the obtained laboratory result is consisteitlh a theoretical result predicted by
Batchelor (1954) using a similarity theory. Here, a siniffatheory seeks a form of a solution
of a given system that is determined solely by examining tiheedsionality of the relevant
variables and parameters.

Morton (1957) took a next theoretical step by introducingnidity into the plume model
of Morton et al. (1956). This paper is particularly illumtitey, because it already suggests
a potential limit of taking a plume model for moist conveatioHe found by performing an
analysis under a relatively limited setting with a consfamtential-temperature profile and no
density stratification, the tendency of a plume to grow taibfiboth in size and height when
a bottom plume size is above a critical value: See his Figdécampare it with the case below
this critical value shown in his Fig. 5. Morton (1957) corda “When a cloud grows past the
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critical size it may be taken that the increased buoyanasefoin the centre and the decreased
forces at the edge dominate the effects due to the plume. [®bé is then no longer properly a
part of the plume, and some asymmetry in its structure or seime effect may cause it to drift
clear, or it may persist when the plume dies down. From the farecontinuity, it is apparent
that the central upward motions must now be balanced by daftsdt the sides, and though
the motion in the cloud is turbulent it will possess to somgrde the elements of a spherical
vortex (not all of which will be marked by condensed waterndiets).” Unfortunately, no careful
followup study exists to investigate how exactly this exple tendency of plume under water
condensation can be tamed under the presence of stradifisatiThe issue of stratification is
further discussed separately in Sect. 6.

A final important addition was to consider a transient depielg phase of a convective plume
before it reaches an equilibrium, steady state. Such a wtasetagged by Turner (1962) a
“starting plume”. Under such a transient phase, a top of thee could still be identified
at a finite height. The basic idea here was to add a cap of bathile top of an evolving,
entraining plume. However, only an outline for this forntida was presented, and the idea
was never fully developed in the literature. In the subsagapplications, a starting plume was
often interpreted as a prototype for cumulus convection,ubder a steady state with a finite
height. Morton et al. (1956)’s steady plume theory was syngken as an approximation for it,
except for at the cloud—convection top, it is assumed thahalconvective air suddenly exits
(i.e., detrain) in a horizontal direction. In general, diag of convective air into a surrounding
environment is referred afetrainment.

Influence of Batchelor (1954)’s original work has been cdesible. In spite of the fact that
the original entraining plume model has been much critiizes going to be seen in Sect. 5
below, the notions of the entrainment and the detrainmentardly given up in current con-
vection parameterizations (cf., de Rooy et al., 2013).
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4 QObservations

Note that plume theories were developed assuming a plumesieady state. Good agreements
with the laboratory experiments were reported in all therditure cited above. Many of them
also emphasized applicability to atmospheric convection.

In this historical development, Stommel’s (1947; 1951) kvon entrainment in trade cumuli
stands out as a singular achievement. By mistake or neghgdris papers were not cited by
Morton et al. (1956). Stommel’s point was that we simply htvassume a lateral mixing with
the surrounding air as cloud air ascends, because the bryogamputed by a moist adiabatic
ascent assuming no mixing with the surrounding air far edsdke observed values. Here, he
invoked the notion of “entrainment”. However, Stommel dat examine whether convection
observed by him was maintained by a continuing buoyancyceaas a condition for constituting
a “plume”. Thus, a link between his “entrainment” and emnagnt observed in a water tank
is not obvious. Here, we also emphasize that by “entrainhr@mmmel merely referred to
a lateral mixing of the convective cloudy air with an immedigurrounding, even without
specifying how to define this “immediate surrounding”.

Then the weather modification experiments came to the scethe i1960s. For a review on
observational studies prior to these experiments, seelddllkd52). The decade of the 1960s
was a pinnacle of human trusts in technology. Everything bedieved to be achievable by
technology, which culminated in the landing of a human onntlo®n. It was believed that the
weather would be under perfect control in the next centurgt, serious investments were made
towards this direction. A very interesting historical pap® read through, in this respect, is
Ludlam (1958).

The basic idea of weather modification was relatively simp¥e just sprinkle a small but
critical amount of particles, which function as ice condsim nuclei, such as silver-iodide
or dry-ice into convective clouds, then a catalytic effecidd be induced in the precipitation
process, and the cloud would die. Extensive field experimentre performed in order to test
this possibility.

In order to verify the experimental results, they must be garad against a result from
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a numerical model. For this purpose, the entraining plumdahaas adopted (Simpson et al.,
1965; Simpson and Wiggert, 1969). A preliminary study tagahis goal was already taken by
Malkus (1954). A good agreement between observed, unsedoiedis and numerical predic-
tions was considered an evidence that the entrainment plkase good model for convective
clouds. So we arrive to the point of work by Arakawa and Schud®74).

5 Historical retrospect: after Arakawa and Schubert

Such was the history up to the point of Arakawa and Schub8®4)L Arguably, at the moment

that Arakawa and Schubert presented their mass-flux fotianlahe entrainment plume was
probably the most natural choice, though it was far from gumichoice. Here, history is never
simply linear. The entraining plume model was already muttitized in various occasions

even before Arakawa and Schubert (1974).

Telford (1966, see also Telford, 1968) pointed out the Broitsimilarity concepts, especially
considering the fact that the experimental plumes are ndéeqéy steady but associated with
extensive transient turbulence, and suggested an impertitturbulent mixing”. This work
rectified earlier proposals (e.g., Houghton and Cramerl1€& introducing “turbulent” en-
trainment in addition to a standard dynamical entrainmetgre, Telford was not clear on the
point whether he was actually criticizing Morton et al. (695 original similarity theory or its
application to atmospheric convection.

Morton (1968), in turn, replied to this criticism by focugin the original similarity the-
ory itself rather than its atmospheric applications. By bagizing the fact that the theory was
based on a time-averaged picture of a plume rather than sid¢rdarone, he defended the con-
sistency of his similarity theory. This “time-average” cept is likely to be more important in
interpreting atmospheric convection as a steady plumeusecthe former is highly transient
(Stewart Turner, personal communication, 2009). In the chsttmospheric convection, such a
transient process is also likely to contribute significatdl the bulk entrainment rate.

Warner (1970) raised extensive criticisms on the entrgimilume model. The main crit-
icism was that the model cannot correctly predict both tleictltop (thermal profile of the
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plume) and liquid water contents at the same time by adgidtie entrainment rate (Warner,
1972). Although the work is often considered a final blow te émtraining-plume hypothesis
for atmospheric convection, readers should carefully thadresponse by an original author
(Simpson, 1971, 1972) before convincing themselves.

A major counter mechanism was proposed by Squires (1958acbPaluch (1979: see also
Blyth et al., 1988). They argued based on their “mixing limglalysis that a dominant mixing
process is due to penetrative downdrafts from the cloudadyppe of “cloud-top entrainment”).
Here, a straight line called “mixing line” was identified farscatter plot of in—cloud values
of the wet equivalent potential temperature and the totérvéhe two quantities that are con-
served under nonprecipitating processes. The simplespitation of this “mixing line” was
that the air at the cloud bottom and the cloud top directlyeditogether.

Telford (1975) further argued that a single “cloud” elemerdy detrain at multiple levels.
The last idea led to a proposal of the “stochastic mixing” sidy Raymond and Blyth (1986).
They argued that, especially for nonprecipitaing cloudgregates of many parcels move to-
wards buoyancy equilibrium from the cloud bottom. Theseglarfollow different eventual
fates by mixing with the environment with different rate$ii§ model was further extended by
Taylor and Baker (1991). Emanuel (1991) developed a fulleotion parameterization based
on stochastic mixing.

A similar, but somehow simpler mixing formulation calledstiyancy sorting” was proposed
by Kain and Fritsch (1990). This scheme performs similartiplel mixing with the environ-
ment at every vertical level as for stochastic mixing. Hogrethe parcel does not multiply un-
der this formulation. This parameterization was furthabekated as by Bechtold et al. (2001).
The role of this mechanism is under investigation by varigrmips using large-eddy simula-
tions (cf., de Rooy et al., 2013).

On the whole, the present convective parameterizatione beadually drifted away from
the entraining plume model by giving equal importance toadeinent. See for example, Der-
byshire et al. (2011), which is considered one of the mogtmeefforts towards the latter goal.
Nevertheless, it may seem surprising to find that the bagiom®of entrainment and detrain-
ment are hardly given up even after a half century.
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From a historical perspective, the jet was another type of fimt was extensively studied in
order to understand the entrainment processes. Here} tledges to a flow that is generated by
a continuous source of momentum, in contrast to the plumemisigenerated by a buoyancy
source.

Physical basis for the entrainment concept applied to jetsthe laboratory-experiment
plumes are systematically discussed by Turner (1986: sseTalwnsend, 1970; List, 1982;
Reuter, 1986). Turner suggests that the entrainment comamydd also be relevant to some
of the outdoor processes such as volcano eruptions, atamdb explosion, and possibly for
bush fires. However, a direct relevance of this concept tosgpimeric convection is question-
able. In this respect, Malkus and Scorer (1955) foresawttigghbubble dynamics would be the
“mechanism of entrainment” in cumulus convection.

Morton (1997b) presents the following historical retrastpeéEarly works looked at lateral
entrainment and took jets and plumes as models for atmadspt@nvection. Each requires
a maintained source, each rises without limit in a homogesenvironment, but has bounded
raise in stable environments where the rising stream owetsland falls back before spreading
laterally, and each has similarity structure determineddayce strength alone, at least up to the
level where the mean buoyancy falls to zero. The jet is analistee model in an atmosphere
where convection is normally buoyant and compact sourcesosfientum are uncommon; the
plume is not a great deal more realistic as its motion andaiityi structure up to the level of
zero mean buoyancy is determined primarily by the strenfjits onaintained source, possibly
involving both buoyancy and momentum fluxes. The plume agpeeen less appropriate as
latent heat of condensation and the environment is norrstdlyle. A further deficiency of the
plume model is that lateral entrainment with its associdtedulent mixing should produce
gaussian profiles. There is, however, some evidence froopker traverses that cloud proper-
ties such as liquid water content, droplet populations angldt spectra are relatively uniform
over considerable parts of cloud sections, but change veithhty, and only narrow zones of
gradient and observed near cloud edges. Such profiles amesigtent with lateral diffusion.”

For many, the first half of the above statement may soundtyigind it may be argued that
these limitations of the original plume models are now welbwn. However, the fact still
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remains that even today, we somehow stay with this origirsah&work of the steady-plume
model by modifying details. We have to consider carefullwhong we can keep going under
such a “revisionist” stance. The latter half is, | am afraidt well appreciated, and this is
related to the fact that a distinction between stirring aiffdslon (cf., Ottino, 1989) is not well
recognized in the context of atmospheric convection.

6 Buoyancy parameter: issues of stratification

As discussed in Sect. 3, the entraining plume model nayuagites under a dimensional anal-
ysis for a fluid without stratification. However, once a streation is introduced to the system,
the similarity theory based on dimensional analysis besomeelonger available. For this rea-
son, it is important to consider the role of stratificatiortliie context of the plume dynamics
specifically.

An important nondimensional parameter playing a key roteésbuoyancy parameter intro-
duced by Baines (2001):

N3
B=20 ®
whereQ is the initial volume flux per unit areasr?s~'], N the buoyancy frequency (Brunt—
Vaisala frequency)s[-!], andg’ the initial buoyancy (reduced-gravity)nk—2]. Note that(Q is
a measure of the initial vertical velocity.

In typical plume experiments in the laboratory (cf, Bairn&302), this parameteB is more
than often set to the order of unity by introducing a finitetieat velocity initially. This point
must be emphasized: though the literature argues thatitie@d momentum source is small, it
is indeed finite.

This situation is in a great deal of contrast with typical agpheric situations, in which the
initial velocity of a plume is expected to be virtually noisent. Here, a major ambiguity for
developing this argument stems from an ambiguity of defitiingial velocity” of an atmo-
spheric plume. If we consider it as an initial velocity pr&il by non—convective processes in
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a boundary layer, a typical value for the buoyancy paranmeiy be estimated a8 ~ 103

as a possible maximum. Here, we use the paramgtergd’ /0 ~ 10~ ms=2, N ~ 1072571,
andQ ~ dw ~ 10m?s™!, assumingy ~ 10ms~2, §’' ~ 1K, 6 ~ 10% K, an initial vertical scale
d~10%m, an initial vertical velocityw ~ 10~' ms~!. Though the choice of the above param-
eters is somehow arbitrary, the readers can check by theessebw the parametel, would
change by changing these choices. Alternatively, we mag thical values more for a cloud
base, namely] ~ 10 m andw ~ 1 m/s, leading to the buoyancy paramei@r- 0.1. Thus, the
buoyancy parameter is extremely small in typical atmodplsgtuations.

Another parameter relevant for this purpose is the so-addey parameter’ (assumed to
be positive), introduced by Morton (1959, see also Scask, &096). The definition is rather
involved so is not reproduced here, but it is defined in suctaanmer that we have =1 when
a plume satisfies a similarity solution of Morton et al. (1R56lere, again, it is important to
realize that the classical similarity solution assumes igefivertical velocity (momentum) at
a source. Only when the initial ratio between the momentuchtha mass satisfies a particu-
lar value,I" =1, is the similarity solution obtained. Otherwise, the pluewelution does not
follow that of the similarity solution. For this reason, tfegime withI' =1 is proposed to be
called “pure plume”. Whef' > 1 (disturbed or lazy), the mass source dominates. When
(forced), the momentum source dominates. The “lazy” Sibndt expected to be more relevant
to the atmospheric plumes for the reason just discussed.

These short considerations suggest that classical lavpfaliume experiments are not nec-
essarily relevant for atmospheric plumes. Here, atmosploenvection is in a qualitatively
different regime than for the typical laboratory-expenreonvective plumes. The bubble dy-
namics more relevant for atmospheric convection underldsnalancy parameters have been
studied through experiment, for example, by Sanchez ¢t 289).

7 Role of the plume hypothesis in the mass-flux formulation

As a historical review so far suggests, it may even be arghatthe steady-plume model is
introduced into the mass-flux convection parameterizatione by a historical “accident”. We
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may point out the strong role of Joanne Malkus Simpson inglosess. Then it is reasonable
to ask how strongly the mass-flux formulation is constraibgdthis steady-plume hypothesis?

The steady-plume hypothesis has two major consequenchs standard mass-flux param-
eterization formulation. These are:

1. separation of the variables;
2. determination of its vertical structure by an entraintragtrainment hypothesis

In order to critically examine these consequences, a shomrary on the mass-flux formula-
tion is warranted (cf., Yano, 2014). As its name suggestsyaviriable in its formulation is the
convective mass fluxi/. Once this variable is determined, all the output variafdesnass-flux
convection parameterization can be evaluated in a moressisteaightforward manner.

The mass flux)M, is in turn, determined by two steps by assuming a separafivariables
into time and vertical dependences:

M (z,t) = Mp(t)n(2)- )

Here, a subscript, B, is added to the time-dependent parause it is customarily defined as
the mass-flux value at the convection base.

We may trace the separation of the variables to the steadywephypothesis introduced to
the mass-flux convection parameterization under a histiopimcess, as reviewed so far. This
hypothesis allows us to assume that the vertical strucire, is defined under a steady-plume
model, whereas its time-dependent amplitublg; (¢), is determined by a large-scale environ-
ment to which convective processes are slaved, in a simitamer as a gradually modified
stratification within a water tank changes the behavior efflume. The latter is defined under
a formal procedure called “closure” (cf., Yano et al., 2013)

However, we should also realize that separation of the bi@saalso naturally comes into
the mass-flux formulation when an asymptotic limit of vamsghfractional area for convection
is introduced, as a standard limit. It may also be emphadizatithe separation of variables
is essentially introduced in Arakawa and Schubert (1974h@latter manner. Discussions
on the plume only comes later in this paper. Thus, as a logmastruction of the mass-flux
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formulation, the separation of variables does not hang erpthme hypothesis. The idea can

be treated in a more abstract manner, probably keepingtime‘dume” only as a metaphor.
On the other hand, the vertical structure of the mass fj(ix), is, without exception, deter-

mined by invoking the plume dynamics in the current operaticchemes. Recall that Morton

et al. (1956) proposed an entraining plume, whose vertioattsire is determined by

1dnp 1

—F 3
ndz M )

with the entrainment ratey, assumed to be proportional to the mass fluk, Here, E/M is
called the fractional entrainment rate.

The above formulation can be generalized by adding theidetemt, D, so that
1dnp 1
5&_M(E_D)' 4
From a point of view of the plume dynamics, this is the mostegahmanner for determining
a vertical structure of convection. There are extensivatisbon the procedure of determining
the convection profile under this framework, as alreadyudised in Sect. 5.

However, once we accept the fact that the entrainment-idetesnt formalism is merely a his-
torical “accident”, there is no longer a strong reason fdnalgding it. A vertical structure of
mass flux may be determined by any other different manner.

Unfortunately, there are not many alternative options imliately visible, but one clear
choice is to adopt a spectrum representation for the massMxwith the subscript stands
for a convection type. The most classical choice for a sebn¥ective types would be to take a
spectrum of entraining plumes with varying fractional aiftment rates, as originally proposed
by Arakawa and Schubert (1974).

The principle of separation of variables becomes

Mi(z,t) ZMZ'7B(ZL,)77¢(Z) (5)

with i=1,---,N whenN convection types are considered, based on different ammit rates,

for example. Once such a spectrum formulation is adoptedianeavoid an issue of determin-

ing a vertical structure for each type by simply introducagufficient number oprescribed
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vertical profiles,{n;}. For example, a prescribed entrainment rate would deterthia vertical
profile simply by vertically integrating Eq. (3). An altetiha choice could be simply to take
a series of half-sinusoidal shapes with varying heightsthénlatter case, the top height of
half-sinusoidal function designates the convection type,

The key issue is then turned into that of determining the rilagsspectrum,{}; g}, by
a closure condition. Arakawa and Schubert’s original cotive quasi-equilibrium hypothesis
is exactly designed to address the problem in this mannefortumately, not much formal
investigation on this formulation is reported in the liter@ (cf., Yano and Plant, 2012).

There is a further benefit of taking a spectrum of convectibiere is no longer a need for
introducing the steady-plume hypothesis to individuanpds. Under this generalization, the
individual plumes could be totally transient, freely evoly in the fast convective scale. The
only requirement is maintaining quasi—steadiness of tta tieermodynamic tendency of those
plumescollectively as discussed more extensively in Yano (2014): See espeEiall7.5. This
liberty for introducing transient behaviors under a speutformulation becomes even more
important when the bubbles are adopted in place of the pluasediscussed next.

8 Future perspectives: rediscovery of bubble?

conclusions

After this long historical tour, it appears to me that we amming to a period of rediscovery
of the bubble. With the dramatic progress of digital compatel power, it is now possible
to simulate details of the atmospheric convective dynarnmaglative ease. At such a level
of details, convection is clearly not steady, but rathendient. As a result, it is far easier to
recognize atmospheric convection consisting of an enseoflilubbles, rather than of a quasi-
steady plume.

Under this trend, extensive process studies focused ondsibave begun to appear (e.g.,
Sherwood et al., 2013, George Craig, personal communic20d.2; Alison Stirling, personal
communication 2013), and likely more to follow. Improverteaf laboratory experiment tech-
nologies with sophisticated measurements based on la$erdiegy (cf., Korczyk et al., 2012)
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are equally remarkable. An image from their experimentg.(b) suggests the extent of the
details available: these experiments can measure, withelgeof particle image velocimetry
(PIV: Korczyk et al., 2006), much more fine details of the flagsociated with a bubble than
current LESs can: See also Diwan et al. (2014).

We could learn a lot along this line of research in the yearsolbe. Here, we may even
say that we came a long way to correctly recognize again thratection consists of bubbles.
However, this is somehow ironic after years of efforts depiglg convection parameterization
based on a steady plume hypothesis.

Keep in mind that generally it is not legitimate to simplyticize a certain parameterization
by saying that it neglects a key element for a given procass) as transient nature of real
atmospheric convection consisting of bubbles. The goalpaframetrization is not to reproduce
the whole structure of a given process accurately. Its omhcern is to provide the feedback of
the given process in grid-box average (i.e., large scalbhu@h a given element may well be
important for reconstructing a whole structure of a giveocpss, say in explicit simulations, it
may not be as important for a feedback to the large scale. dfagdently, the feedback itself
may be well described without taking into account such aufeafcf., Yano et al., 2012).

The importance of the transient nature of convection inpatarization must also be con-
sidered in this manner. Though everyone would agree thabsgtheric convection is highly
transient, there is no robust evidence to believe that itusial to implement this aspect into
a parameterization.

As reviewed in the last section, the current convection ipatarization based on a steady
plume hypothesis is developed in a self-consistent mainers, such a criticism is like trying
to discredit the quasi-geostrophic theory based on thdliattt neglects gravity waves. Most
of the dynamists would agree that the value of the quasitgg@sc theory is hardly diminished
by the fact that it neglects gravity waves. The same couldibgbe true with the mass-flux
convection parameterization: its neglect of convectimagiency does not necessarily automat-
ically discredit its value. In this very respect, it is notitguclear how the bubble-dynamics
studies contribute to the improvements of mass-flux cormeqarameterization.

If we are going to re-adopt the bubbles as the basic elemdrdsnvectionin a diligent
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manner, then we need to develop a completely new framework for atiiare parameterization
not based on the steady—plume hypothesis, either as arsmxtari mass flux formulation or by
an alternative approach. Recall that Ooyama (1971) clatiretdhe took the bubbles as the basic
elements, but this was only applied under a steady states, Hisl formalism reduces to that
of the steady plumes in the end (see also Ooyama, 1972). kiuthiele paradigm is to be fully
accepted, a fully transient description of convection nigstieveloped for a parameterization
purpose.

It is important to note that the plume and the bubble are gwaby different sets of equa-
tions even in the simplest cases: compare Eq. (2) of Mortah ¢1956) and Egs. (1), (3), and
(4) of Turner (1963b). Note that their systems are desciibésims of a vertical coordinate and
time, respectively. However, even when the latter is tramséd into a vertical coordinate, it
does not reduce to the former, simply because differentiphgse considered. Though one may
intuitively argue that a stream of bubbles behaves anakgmnner to an entraining plume, the
former is described by a different set of equations thanatier In other words, although both
may be arguably based on a certain “parcel” approximattogy arenot equivalent.

Another way of looking at the issue is Eq. (3): a vertical stwe of the mass flux is defined
under a given fractional entrainment rate, which my be galyegiven by E /M = «/R with
R aradius of a cross section. Here, however, we obtain frontatt@ratory experiments quali-
tatively different values for the fractional entrainmeate for entraining plume and a spherical
bubble:a ~ 0.2 and 0.25, respectively (cf., Turner, 1969, 1986).

Note that the above argument is made under a hypothesis efrmeractions between the
bubbles. Little study has been performed on the interastimtween the bubbles, as already
noted in Sect. 2. Whether an interacting ensemble of bulidgdbave like an entraining plume
as a whole is a highly speculative matter.

As also already emphasized in Sect. 2, the evolution of albubhighly transient in contrast
to the quasi—steady nature of plumes. Thus, the most sti@iglard modifications would be to
take an ensemble of bubbles described by Egs. (1), (3), ard Trner (1963b) in place of an
ensemble of steady plumes under a spectrum formulation s§ ffiax as discussed in the last
section.
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Under this new formulation, individual bubbles would behaw a transient manner by ex-
plicitly taking into account the convective time—scale lation. Under this formulation, a key
constraint is to add a hypothesis of “collective steadihe$shose transient bubbles, which
states that a total thermodynamic tendency of bubbles naustdady on convective scales in
order to ensure the slow evolution of the large—scale dyosmais already suggested in the last
section. This is an attractive option that is worthwhile togue.

It may well be possible that an ensemble of bubbles can beidedaunder an analogy with
a steady plume. However, in this case, a merit of adoptinghitbble hypothesis” becomes
more subtle and even implicit. Under such a re—interpiatihe entrainment—detrainment
simply reduces to a tuning parameter. The question is whathefundamental bubble theory
or extensive measurements of bubbles from laboratory arpats can provide anything useful
for this “tuning” exercise.

In other words, if we are going to take a steady—plume sysdsrdescribed in Sect. 7, merely
as a mathematical metaphor, there will be no point for dsiagsany more which point of view
is more central between bubble and plume. The entrainmem&idment rate would simply
becomes a tunable parameter, or something to be estimateq §ay, LES without asking
without any physical mechanism behind it.

In this manner, we face dichotomous choices. We may stayanitaditional mass-flux for-
mulation originated from the steady-plume hypothesistreatting the plume more as a metaphor.
As an alternative extreme opposite choice, we may pursuenpletely new theory based on
the statistical dynamics of bubble ensembles. A final answéne latter may turn out to be
a mathematical analogue to a steady-plume formulation. edewthat is exactly what we still
have to find out.

Yet, it would be better to conclude the present review in dicag manner rather than main-
taining a misleading optimism. A good parallel would be agjiom of reducing a spectrum
of convective plumes under mass-flux formulation into a tpitkme. Though a bulk model is
often considered to be an ensemble-averaged version ofcawpemodel (e.g., Gregory and
Rowntree, 1990), such an interpretation turns out to becdlffito maintain literally (Plant,
2010).
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A stepwise generalization of a plume-based formulatiorictbe a third path to take. A gen-
eral system with such plume dynamics can be constructedtimdincing a geometrical con-
straint consistent with the mass-flux formulation, whichyntbe called segmentally-constant
approximation (SCA), into a cloud-resolving model (CRM:ndaet al., 2005, 2010; Yano,
2012, 2014). Especially, when only a single plume is placast a grid box, a fully-prognostic
bulk mass flux model can be derived without any further appnations, nor closures (Yano
and Baizig, 2012). This formulation can easily be re-addite describing an ensemble of
bubbles. Here, note that the fractional entrainment raie/is! .

An important lesson from the present historical review igtoid repeating the mistake of
uncritically adopting a formulation already developed doparticular purpose into something
else. The bubble vertical-velocity formulation by Levir9%9) was uncritically introduced
into the steady-plume problem in this manner. We shoulddatls same mistake of reapplying
the steady-plume formulation back into an unsteady bubtablem.
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Fig. 1. Example of the bubble experiment: Photos of a sequence feftnol right [Reproduced from
Scorer (1957).]
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Fig. 2. The distribution of velocity in and aroud an isolated thatnOnly the right-hand side of the
thermal is shown. The outline of the buoyant fluid is shaddt Jolid and dashed lines show the vertical
and radial velocities, respectively, with the values iatkel as multiples of the vertical velocity of the
thermal cap [Reproduced from Fig. 2 of Woodward (1959)]
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Fig. 3. The entraining plume generated by an original water—taplegsment by Morton et al. (1956).
[Reproduced from Morton et al. (1956).]
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Fig. 4. A schematic summary of the three different theories for theapheric convective entrainment—
detrainment processes. From left to right: Stommel’s émitrg plume, Paluch’s cloud—-top entrainment,
Raymond and Blyth’s stochastic mixing [Basedzgn Raymond]99



Fig. 5. A cross section of a thermal plume generated in a laboratdtty wse of a humidifier as a
buoyancy source. Distribution of condensed water is shoyvgray tone (courtesy : Anna Gorska and

Szymon Malinowski).
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