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Some aspects of the interaction of moist convection with the larger-scale motions in
the tropics are reviewed, primarily based on studies with numerical models (as well
as observational studies). It is emphasised that cloud physical and dynamical
processes in cumulus convection (such as rainwater production, drag force and
cooling due to evaporation of rainwater) may play an important role not only in the
mesoscale organisation of cumulus convection but also in persistence of mesoscale
convective activity and the development of a larger-scale circulation. The
well-known CISK mechanism, to which frictional convergence is essential, appears
to be applicable only when the vorticity is very large, as in the case of the eyewall of
tropical cyclones. In addition, it is suggested that the so-called Wave CISK theories
for Rossby waves and gravity waves need to be improved or the validity be clarified
by further studies. It appears that interaction of the outflow of cool downdraft air
with a low-level larger-scale flow is important with regard to the persistence of
convection and the development of larger-scale circulation. The effects of surface
friction and the vertical shear of an environmental flow on the above mechanism are
also discussed.

It is also suggested that there exists a dynamically significant mode of organised
cumulus convection, in this paper this is referred to as Mesoscale Convection (MC).
Various types of mesoscale phenomena and larger-scale disturbances may be
interpreted as a spatial and/or temporal ensemble of MC. The properties of MC
(such as lifetime) strongly depend on the vertical shear of a larger-scale flow and on
the vorticity. The latter mechanism is manifested not only as the effect of inertial
stability but also as that of frictional inflow into convection.

Finally, some results from a numerical model with a new scheme of implicit
representation of cumulus convection (but with explicit treatment of mesoscale
convection) are presented to show mesoscale and large-scale behaviour in the
inter-tropical convergence zone under a simplified situation.

Introduction

As is known well, the tropical atmosphere is’

usually conditionally unstable because it gains
much sensible and latent heat from the warm sea
surface. The most rapidly growing perturbation in
such a conditionally unstable atmosphere is
small-scale moist convection whose horizontal
scale is one or a few kilometres. Convection of this
type is called ‘cumulus convection’.

The time-scale of cumulus convection is a few
tens of minutes or at most one hour. Importantly,
cumulus convection is very often (or mostly)
organised into a mesoscale system having a longer
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time-scale and a larger horizontal scale. One
typical example of organised convection is the
‘squall line’. It is an organised form of cumulus
convection into the mesoscale, or an ensemble of
mesoscale convective cells, which take the form of
a band. The rainband in the tropical cyclone has
similar property. Squall lines are also observed in
the middle latitudes. Other organised forms of
cumulus convection in the middle latitudes are
the mesoscale storms which are called supercell
storms and multicell storms. Some cloud clusters
in the tropics may be similar to midlatitude
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mesoscale storms. There exist many types of
phenomena which can be considered 1o be
‘mesoscale’ in dimension (e.g., mesoscale convec-
tion, mesoscale convective systems, mesoscale
storms or disturbances). The dynamics of
mesoscale phenomena are not well understood.
Obtaining a better understanding of mesoscale
processes is one of the most important problems
in meteorology.

Mesoscale convection or mesoscale circulations
may be further organised to form a larger-scale
disturbance or to destabilise a disturbance which
1s created by other effects. A well-known example
is the tropical cyclone. Some disturbances in the
Inter-Tropical Convergence Zone (ITCZ) and
some easterly wave disturbances may also be such
examples. The instability of the atmosphere in
which a larger-scale disturbance develops through
its interaction with cumulus convection and
mesoscale convection is called CISK (Conditional
Instability of the Second Kind).

The most important point in understanding
CISK is to understand under what mechanism
cumulus convection is organised, and convective
activity is maintained, for a long period of time.
The studies of CISK date back to those of tropical
cyclones in the early 1960s. The basic idea in the
original CISK theory of Ooyama (1964) is that
cumulus convection is organised by frictional
convergence. It will be discussed in later sections
that this mechanism is applicable primarily to the
eyewall of tropical cyclones.

The second possible mechanism of organis-
ation of cumulus convection is found in ‘Wave
CISK’; that is, convection may be organised in an
area of ascending motion associated with the
wave. Possible examples of Wave CISK are
instabilities of Kelvin waves, Rossby waves and
gravity waves. Th¢ Wave CISK related to Kelvin
waves seems promising as a possible explanation
of the 30-50 day period oscillation. This problem
is not addressed in this paper, the readers are
referred to Hayashi and Sumi (1986) for further
discussion. As for Rossby wave CISK, only a few
studies (e.g., Yamasaki 1969; Murakami 1972)
have been made. However, no definite
observational evidence of this phenomenon has
been presented to date. Regarding destabilisation
of gravity waves, some studies have been pub-
lished which explain the spiral rainband in the
tropical cyclone by appeal to this mechanism
(e.g., Anthes 1972). It has also been proposed that
the midlatitude squall line may be due to gravity
wave CISK in a baroclinic field (Emanuel 1982).
In order to answer these problems, the validity of
the parametrisation of moist convection used in
these studies remains to be clarified.

In addition to the cases in which cumulus
convection is organised in the larger-scale conver-
gence field, as exemplified in the mechanisms of

frictional convergence and Wave CISK, there
exists another case; this is when cumulus convec-
tion is organised through its interaction with the
vertical wind shear in the large-scale environmen-
tal flow. In this case, an organised form of
cumulus convection is MC or a convective system
such as a supercell storm, a multicell storm or a
squall line. One of the important factors to such
mesoscale organisation is the vertical profile of
the environmental flow. The importance of the
Jjet-type profile and the directional shear (curved
wind hodograph) has been studied (e.g., Takeda
1971; Klemp and Wilhelmson 1978).

It is well known that downdraft formation due
to evaporative cooling and rainwater loading play
an important role in the organisation of cumulus
convection in vertical shear flow. However,
before the middle 1970s, the studies on the
importance of this mechanism were largely con-
fined to the organisation of cumulus convection
on the mesoscale and to the decay of the
mesoscale system (limit of its lifetime). Numeri-
cal experiments on larger-scale disturbances, with
explicit calculation of convective clouds, have
suggested that this mechanism may also be
important to the development of these larger-
scale disturbances (e.g., Yamasaki 1975, 77, 83,
84).

At the early stage of the development of a
larger-scale disturbance under the above-
mentioned mechanism, surface friction does not
play an important role. When the disturbance
becomes intense, the low-level inflow is strongly
affected by surface friction, and convective
activities are controlled by frictional flow. How-
ever, except for the eyewall in tropical cyclones,
the CISK mechanism at this stage is different
from the well-known CISK in which frictional
‘convergence’ is considered to be essential
(Yamasaki 1983, 86, 87).

In this paper, a possible view on the organis-
ation of cumulus convection, mesoscale motions
and the development of larger-scale disturbances
is summarised, primarily based on numerical
experiments of a system in which convective
clouds and larger-scale motions coexist, and on
numerical experiments of convective clouds in
vertical shear of the environmental flow. As a
matter of course, observational studies provide
important background information. Some results
from numerical experiments with explicit calcu-
lations of mesoscale motions (but with implicit
treatment of cumulus convection) are also pre-
sented to show mesoscale behaviour of convective
activities in ITCZ and tropical cyclone formation
in a simplified and idealised model.

It is assumed in preparing this brief paper that
many important papers and review papers on this
problem are known to the readers; for instance,
papers by Arakawa and Schubert (1974), Arakawa
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and Chen (1987), Emanuel (1983), Houze and
Betts (1981), Houze and Hobbs (1982), Kurihara
and Tuleya (1981), Ogura (1975, 1985), Ooyama
(1971, 1982), Willoughby et al. (1984), Yanai et
al. (1973) and Zipser (1977). Because of space
limitations, reproductive descriptions are mini-
mised, and all aspects of the interaction problem
are not discussed. For aspects which are not
described here, and for further detail, the readers
are referred to the papers listed above.

Organised convection in
environmental vertical shear flow

As mentioned above, vertical shear of the
environmental flow plays an important role in the
organisation of convection. In this section, a brief
review concerning this problem is given.

Rainwater, which is produced in convective
clouds, falls and evaporates in the subcloud layer.
Downdrafts are caused and intensified by the
drag force of rainwater and primarily by evaporat-
ive cooling. Cool downdraft air flows out of the
cloud area. On the other hand, the low-level
environmental wind has relative inflow into
convection when the environmental flow has
vertical shear. This inflow of warm moist air and
outflow of cool downdraft air creates significant
convergence and upward motion.

In the above case, if a new updraft (cloud) forms
-0 as to connect with the old updraft (cloud),
convection apparently persists for a long time.
That is, a long-lasting cloud is produced. In order
that such mesoscale organisations may be realised
the relative locations of the old updraft, the
induced downdraft and the inflow from the outer
area are important. More specifically, the con-
dition for long-lasting convection is that
downdrafts occur so as not to prevent surface air
from flowing into the old cloud. The most typical
case for realisation of these conditions is that the
environmental flow contains a jet at a height of a
few kilometres (Takeda 1971). Another typical
case is three-dimensional flow such that its
hodograph is not straight but curved.

The most typical example observed for a
two-dimensional jet profile is the squall line. Fora
three-dimensional curved hodograph, a supercell
storm may be produced. Its splitting, and the
properties of the right (or left) moving storm
resulting from splitting, have been studied
(Klemp and Wilhelmson 1978).

In the case in which the wind hodograph is not
curved and the vertical profile of the wind is
monotonic, inflowing air tends to be cut by the
downdraft and therefore convergence does not
contribute to the persistence of the cloud. That is,
mesoscale organisation is not likely to occur.
However, if the downdraft is very strong and the

environmental flow is sufficiently warm and

moist (or the atmosphere is sufficiently
conditionally unstable), new clouds are formed by

.convergence. Although individual clouds are

short-lived, it is possible that new clouds are
successively formed and that a long-lasting sys-
tem, which can be called a mesoscale system, is
produced.

Dynamical studies on the time-scale of the

- long-lasting convection in vertical shear flow had

not been made until the early 1980s. However,
observational studies had already recognised that
the lifetime of mesoscale convection or storms is
typically a few or several hours and that evaporat-
ive cooling and outflow of downdraft air play an
important role in determining the lifetime of
these mesoscale systems. Studies on the time-
scale of mesoscale systems have recently been
made using numerical experiments. The results of
these studies will be described later in this
paper.

In summary, one of the most important results
obtained from many studies on isolated supercell
storms, multicell storms and squall lines is that
the production of rainwater, its evaporative
cooling, its downdraft structure and the vertical
shear of the large-scale environmental flow all
play an important role in the organisation of
cumulus convection. These studies, however,
have been confined to isolated mesoscale
phenomena with relatively short lifetimes. In the
next section we consider the situation in which
convective clouds form successively while
interacting with a larger-scale circulation and the
larger-scale circulation is intensified by these
convective effects.

Successive formation of organised
convection and a larger-scale
circulation

We consider a situation that a larger-scale circu-
lation* coexists with cumulus convection and
organised convection. In this case, it is not
obvious that there is necessarily a cooperative
interaction between convective activity and an
LSC. A well-known example of the cooperative
interaction is the CISK of the type in which
frictional convergence is essential (Ooyama
1964). However, under a more general situation
in which vorticity is not as strong as in the eyewall
of a tropical cyclone, frictional convergence does
not play an important role in convective activity
(e.g. Yamasaki 1975, 77, 83).

* Hereafler, referred to as LSC. The ‘larger-scale’ is referred to
scales larger than that of mesoscale organised convection. This
includes not only the synoptic scale but also the larger range of
the so-called meso a-scale (usually more than about 500
km).
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A possible mechanism for such a situation may
be Wave CISK, as mentioned earlier. However, in
the case of Rossby wave, horizontal convergence
seems to be too weak to control convective
activity directly. As mentioned later, the latitudi-
nal variation of the Coriolis parameter possibly
plays an important role in convective activity
when the horizontal scale of the LSC is large.
However, convective activity is indirectly con-
trolled through modification of the stratification
due to the vertical motion of the LSC. The
mechanism of the cooperative interaction is
probably different from that implied by wave
CISK theories in the past in that some mechanism
which was not taken into account in the theories
seems to be required to explain the cooperative
interaction. In the case of the wave CISK of the
gravity wave type, it is probable that the conver-
gence is often intense enough for the occurrence
of convective activity. However, the cooperative
interaction which was demonstrated in some
dynamical models might be model-dependent.
No further discussions of this point is made in this
paper. Numerical experiments on a system in
which a LSC and convection coexist have
suggested that the dynamical and cloud-physical
properties of convective clouds such as rainwater
production, evaporative cooling and downdraft
are important to persistence of convective
activity and the cooperative interaction (e.g.
Yamasaki 1975, 77, 83, 84).

When the larger-scale vertical circulation and
the downdrafts associated with convective clouds
coexist, the low-level inflowing air associated with
the LSC and the outflow of cold downdraft air
cause convergence. Warm and moist inflowing air
ascends over cold outflowing air. Convective
activity is maintained by successive formation of
new convective clouds (or cloud elements). In this
respect, persistence of convective activity is
similar to that in the presence of vertical shear
flow. One of the significant differences is that
when a larger-scale vertical circulation exists,
most of the air ascending in convective clouds
tends to descend in a wide area, i.e., it does not
descend between clouds or close to the convective
area. This is a favourable condition for convective
activity. In other words, the ascending motion of
the LSC (as is well known) has a destabilising
effect on the stratification of the atmosphere.

The nature of the interaction between convec-
tive activity and the LSC within which it occurs
are different between the stage of weak (or no)
vorticity and that of somewhat strong vorticity.
First we consider the former case in which vertical
circulation (or divergent flow) is relatively domi-
nant. In this case the low-level inflow of the LSC is
not strong. On the other hand, the outflow of the
downdraft air associated with convective activity
is.relatively strong. In the case of the outermost

convection in the convective area, the outflow of
the downdraft air is usually stronger than the
low-level inflow of LSC. Therefore, convergence
occurs outside the convective area, and the
outermost convection tends to propagate out-
ward. This means that the convective area has the
property of expanding with time. This property
has been seen in numerical models (e.g. Yamasaki
1975, 83, 84) and is also often found in satellite
pictures. (The propagation of the squall lines
seems to be a special case in which only one
portion of the area is convective, due to interac-
tion with the larger-scale conditions).

The expansion of the convective area is not
favourable to the development and maintenance
of a LSC. That is, the LSC may be broken into two
or more LSCs. A more likely situation is that the
LSC interacts with other LSCs in the surrounding
area and consequently the former LSC decays.
One of the important factors which acts to
prevent expansion of major convective activity
area is rotational flow. When the rotational flow
(or vorticity) is intensified by convective activity
through the Coriolis force, surface friction begins
to play an important role. Frictional flow (not
frictional convergence) contributes to convective
activity in the form of frictional inflow into
convection. The intensity of frictional inflow
becomes comparable to that of the outflow of cold
downdraft air or even stronger. In such a case,
expansion of convective activities is suppressed,
or convection shifts inward (toward the inner area
of the LSC) (Yamasaki 1977, 83). The realisation
of such a situation depends on whether rotational
flow is intensified before the LSC expands widely
enough to interact with other LSCs significantly.
Needless to say, one of the favourable conditions
is that the atmosphere is sufficiently conditionally
unstable and that the convective activity is strong
enough for rotational flow to be intensified
rapidly.

Even in the case in which an area of major
convective activity expands, the weakening of
outward propagating convection or the occur-
rence of strong convection in the inner area are
favourable to the development of the LSC.
Convection in the inner area is possibly enhanced
not only by convergence of the LSC but also by the
actual shear of the horizontal flow of the LSC
which has been created or intensified by convec-
tive activity. Convection in the inner area is also
activated by the formation of new clouds due to
the interaction between (or among) gravity waves.
Since exact axi-symmetry never occurs in the
actual atmosphere, warm and moist air in the
outer area flows in the inner area through
cloud-free portions of the outer convections and
contributes to the enhancement of convective
activity in the inner area.

Another favourable condition for localisation
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of convective activity is vertical shear of the
environmental flow. For instance, when the
low-level flow is the easterlies with westerly shear,
convection in the eastern portion of convective
area is more enhanced and that in the western
portion is suppressed (Yamasaki 1984). In this
case, the vertical circulation of the LSC associated
with eastern convection is more intensified
(though it propagates), and rotational flow (vor-
ticity) is created and intensified more rapidly.
This is favourable to an LSC because it
approaches more rapidly the stage when surface
friction is important.

In the actual atmosphere, the inhomogeneity of
the stratification (or the degree of the conditional
instability) is also an important factor. This
inhomogeneity is often caused by large-scale (or
planetary-scale) disturbances which might have
been created by dynamical effects other than
convective heating. The inhomogeneity may also
be produced as a consequence of interaction of
convection with a larger-scale disturbance under
the existence of the latitudinal variation of the
Coriolis parameter. A contrast between a highly
conditionally unstable area and an area of neutral
or positive stability appears to be favourable to
the development of an LSC.

In this section, the following points have been
emphasised:

(1) The dynamical and cloud physical
properties of convection are important to
the organisation and persistence of con-
vection and to the development of an
LSC.

(2) Vertical shear of the environmental flow
is one of the favourable conditions (not
necessary conditions) for the formation
and maintenance of an LSC.

(3) Surface friction plays an important role
in convective activity and the develop-
ment of the LSC at the stage when the
LSC intensifies. Though not described
above, there is no doubt that sensible and
latent heat supply from the sea surface is
important for persistence of convection
and the LSC because of the need to
recover the sensible and latent heat
consumed by the convection. Since the
heat supply from the sea surface is
enhanced by stronger winds, the cooper-
ative interaction between convective
activity and the intensification of the
horizontal wind of the LSC is further
augmented through this process. In the
following section the problems of the
organisation of convection and the devel-
opment of the LSC will be discussed in
more detail and from a somewhat differ-
ent point of view.

Mesoscale organised convection and
multi-scale motions

In the previous section, when convection associ-
ated with LSC was referred to, the general term
such as ‘convective activity’ was used, and its
detailed form was not mentioned. In this section
we consider the properties of mesoscale organis-
ation and organised convection.

As mentioned previously, there exist several
types of mesoscale phenomena which are very
often classified into three types: meso a, meso
and meso y. These are classified primarily
according to the horizontal scale. The physical
basis of this classification scheme has not been
made clear.

As is well known, the time-scale of cumulus
convection is a few or several tens of minutes, and
cumulus convection usually has a mesoscale
organisation with time-scales of a few hours or
more. As noted above, the condition for organis-
ation and persistence of cumulus convection was
studied by Takeda (1971). However, no dis-
cussion of the time-scale of the processes was
given. In numerical experiments using a system in
which cumulus convection and an LSC coexist
(Yamasaki 1983), a time-scale of about 3 hours
was pronounced at the stage when the LSC was
not strong enough for surface friction to play a
significant role. A physical interpretation of the
existence of such a time-scale was also given.
(This time-scale has been known as one of the
typical time-scales of the mid-latitude mesoscale
phenomena observed in the Japan area). In this
paper, such organised convection can be referred
to as ‘Mesoscale Organised Moist Convection’
(MOMC) or as previously described, as MC.

The time-scale of about 3 hours for MC is
greatly modified by atmospheric conditions and
the properties of the LSC in which MCs are
imbedded. The most important factors may be
frictional flow and vertical shear of the environ-
mental flow. In a numerical experiment for a jet
type profile of environmental flow, the time-scale
for MC takes a larger value, about 8 hours
(Yamasaki 1984). In a numerical experiment of
the tropical cyclone, the time-scale is much longer
than 3 hours (even more than 10 hours) at the
stage when surface friction plays an important
role (Yamasaki 1983). The time-scale of the MC
depends on the intensity of the low-level inflow
into the MC relative to the outflow of downdraft
air. When the low-level inflow is strong due to
frictional effects, the MC can be maintained for a
long period of time. When the inflow is not strong
and the MC has already persisted for a few hours,
the outflow of downdraft air associated with the
MC becomes strong enough (because of accumu-
lated rainwater) 10 cause convergence at some
distance from the MC. Such convergence does not







