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Abstract

This +thesis concerns the theoretical mcdelling of wicdespreed
unsaturated downdravghts (~10°km?) which occur in the wake of
orgenised tropical storm systems. Tropcspheric warmirng 2nd drying are

eckieved particulsrly ir the weke of tropicel squall lines.

Several mechanisms have teen put forward to explain the vigour of
the post squall circvlation. It has teen suggested that the
downdravght 1is driven ty everorztion, bhowever dynemically fcrced
mechanisms ere  explored in this  thesis. (Theoretical and
observational studies indicate thet the buoyant convection associsted
with the storm systems produces 2 net rositive pressure deviztion from

hydrcstatic values.’

Using steady state theory it is possitle to descrite these
phenomena (assuming no mixing occurs). The types of "decay mode" or .
"response"” to a negative pressure gradient for various conditions of
inflocw <shear and compressibility are examined. In addition an
"interlocking” forcing and response model is developed which indicates
that the cénvective urdreught end mesoscale descent are the
dynamically important features. A simple two-dimensionel
inflow/ovtflow picture of the three-dimensionel flow can be developed

if an energy closure condition is invoked.

Two or more cunulonimbi cannot te modelled numerically tecesuse of
insufficient ccmputing capacity. However otserved changes in flow end
thermodynamic yprorerties at +the resr of  these systems can te
interpreted using this theory. A lerge rumter of simpler models have

beer znzlysed in constructing the more compliceted models. These £id
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ir understanding the interaction between kinetic and potential
(tuoyent) energies and work done by the pressure field. Solution of
these theoretical cases involves solving systems of transcendentzl end

second order differentisl eigenvelue equeations.
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CHAPTER ONE

OBSERVATIONS AND MODELLING OF MESOSCALE CIRCULATICNS

IN TROPICAL CLUSTERS.

1.1 Intrcduction.

1.1.1 Transports by Cumulonimbi in the Tropical Atmosphere.

The release of latent heat of condensstion is a major source of
kinetic energy within the +tropics. Energy is e;ported to higherl
latitudes and available rotential energy is genersted which fuels
large-scale systems in mid-latitudes (Riehl, 1969). The transfer of
sensible and latent heat, principally from the sea surface, sustsins
the belt between 1latitudes 320°N and 30°S =against heat 1loss by
radiation and by moist werm air advection into extra-tropical regionms.
Riehl and NMalkus (1958) performed a number of calculations showing
that a recycling mass flux of the- Hadley type was insufficient to
produce the required energy transport from tropical regions and

compensate for radiational cooling.

Tke mean temperature sounding in the tropics is aprroximately that
obtained by parcel ascent of air with the average moisture and
temperature of the surface layer. However the tropicel atmosphere is
by no means saturzted - and on average is well below seturation.
Moist stetic energy, h = C,T + Lq +gz, es a function of height, shows
2 minimum in mid-troposphkere; it is relatively dry eapart from the
near-surface end near-troropause regions. Understending how these

profiles of temperature and humidity are meinteined has advanced with
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greater observational knowledge of tropical meteorology.

Non-precipitating cumuli are sufficient to distribute energy ﬁp to
the level of the minimum in moist static energy. Above this level
ducted "chimney" cr "hot tower" ascent is required. However, ever
this "hot tower" mechenism, when constraired by the known mass
recycling rate, does not transport enough heat verticelly.
Lowndravghts are required to btring potentially colder air cdown to the
surface so that the moist static energy of the a2ir at lcw levels is
increased by eveporation and hesting. Riekhl &nd Malkus originally
suggested that convective * downdraughts fulfilled this role tut
Kamburova and Ludlem (19€6) showed that such near-saturated
downdrzughts could only te meinteinec¢ when en intense razinfell rate
and small size drops occurred in a week 'downdraugﬁt. Later
observations were to show thet unssturated downdraughts covered large
areas in tropicel clusters and were asscciated -with light, stretiform

precipitation.

A series of tudget studies, including these by Gray (1972) and
Yanai et 21 (197%), highlighted the importsnce of sub-synoptic
disturbances in balancing the tudgets cf mess, water varour and energy
in the summer cceanic trade wind belt (5-25°XN). The upward trensport
of weter vapour in the lower levels of preciritating cloudy regions is
achieved mainly by the sub-synoptic circulation. Gray estimates that
a vertical "up-moist but down-dry" circulation of etout Z€Cmbd™' wss
require¢ 2t the sutcloud level. Althoﬁgh tke net mass transtort by
his "locsl" circuleticn is zerc, at eech level the upwerd trenspert of
weter vepour by cumulorimbi is greater then the downwerd transport
tetween thewr. The tropical erergy tucdget requires trernsports one cr

two orders of msgnitude larger thar the mezn vrpwerd motions.
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The latent heat relessed from cumulonimbi does not go directly
into increasing the environmental temperature; residual cloud liquid
particles around the cumulus, detrained or mixed out, tend to prcduce
net cooling. TIry adiatatic sinking must occur gt some other lccation,
and on &a generally larger scale to compensate the upward meass

transport. Thus on average & werming of the envircmment is achieved.

In aédition to trensporting heat and moisture, deep convection
also modifies the vertical distritution of horizontal momentum. Houze
(1973) compared the vertical transports of angular momentum by
convective cell-scale and ﬁeso-scale processes with the large scale
and total required eddy fluxes. He found cumulus transports of
angular momentum became comparable in megnitude to large scale fluxes
in climatologicelly predictable regions and seasons, confirming the

importance of these circulations in the transport of momentum.

Realistic parameterisations of heat, moisture aﬁd momentum due to
convective processes are ‘important in large scale numerical weather
prediction. In particular we need to understand the impact of
mesoscale organisation of convective processes. Such systems, as will
be illustrated in the next secticn, dominate wezther patterns in the
tropics and are not unccmmon in middle and high latitudes over oceans
in winter. With the recent developrment of mesoscale meteorology, it
is necessary to quantify the dynamics of mesoscale transport systems,
so that transport processes can be incorporated in large scale models
as flux laws. In particvlar it is preferable that cloud-séale fluxes
of heat, momentum and moisture te in terms of properties of the large

scele environment:- wind shear, stebility asnd lerge scale fluxes.
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1.1.2 The Grouping of Cumulonimbi into Clusters and Classificstion of

Type by Dynamical Regime.

Taily satellite weather ©pictures became available over the
tropicel ocean in 1866 with the launch of the ESSA weather satellite.
It quickly beceme appazrent that convective cores, although ranging
widely in size, spacinrg ard lifetime, were frequently ordered into
tends (Fertin end Suomi, {972); solitary cores and wave or spireal
patterns were much less ccemmon. This concentration of convectiorn was
neamed a "cloud cluster"; a group of cumulonimti joined in tkeir meature
and dissipeting pheses by a common cirrus shield tetween 10C and
1CCOkm in horizontsl dimension (ICSU/WMO). Satellite dsta studies
(eg. ty Williams and Gray, 197%; Kertin end Suomi, 1972; Frank, 1970
and Aspliden et al, 1976) showgd clusters occured in grezt numters
over the tropical oceans, providing a means of protected undilute

ascent on a large scale as postulated by Riehl end Malkus.

The observational description of the "cloud cluster” beceame an
ctjective of one of the GATE convection subprograms (Eetts, 1974).
Betts speculated tﬁat cluster transports may te contrclled by the
degree of orgenisation within the cluster. Tris in turn may depend on
the synoptic conditions (wind shkeer, moisture eavesilability etc).
Hence any paremeterisaticr of cumulcnimbus transports within clusters
must take into account the type of cluster cccurring in e perticuler
set of conditions. It wss hoped that 2 1lerge number of cluster
cese-studies could te made durirng the GATE to compute tudgets typical

of different classes of cluster.

L reder study of the distribution of rrecipiteting echoes observed

during the GATE by Kouze zrd Cheng (1G77) emphasised tket slthovgh few
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in number (8% of all echoes observed) the B/C scale (cloud
cluster/mesoscale of area 103-1Oskmz) accounted for 79% of the total
echo area. By contrast +the numerous C and DI scale echoes
(meso/cumulus scale of srea 10°-1C3km*) which were 92% of the total
accounted for only S% of the total area. The large E/C scale echoes
tended tc have & greater mean height and lested longer. Higher
intensity and multiple cores occurred most often in echoes exceeding
an area of SOOkmz. The larger echoes typically moved in the direction

of the 85Cmb wind - unlike small echoes which moved more erratically.

Within mesoscale radar echo rpatterns Cheng and Kouze (1979)
examined the intensity and distritution of precipitation. They found
that more than 4C% of the total precipitation detected during the GATE
fell in generally uniform, slowly varying regions of large radar
echoes. This "mesoscale” rain falls mostly from large anvil clcuds,
is less intense, tut covers a larger area and is more persistent than
rain in aétively convective portions of these systems. The convective
precipitatibn fell from convective cores which occurred in larger
echoes coexisting with the "gesoscale" rain areas - or from isolated

smzller echoes with an area of less then 100km?*.

Maximum rainfsll rates occurred for systems with cloud tops near
12km. A large number of tops were &s high as 15-16km, produced bty
overshooting on cccasions when the 1level of zero buoysncy rose to
14km. This study associated mesoscale rain and strong overshooting
with synoptic scale ascent - suggesting that mesoscale system

develorment may be predictsable.

Betts (1974) alsc suggests that the classification of clusters

would te aided by the development of znelytic dynamicsl mocdels in
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which specific dynemic regimes are related to large scale parameters
such as the Richardson number in Moncrieff and Green (1972),
(hereafter NG). By this means the cluster type could be simply

specified by the large scsle conditions.

The cloud-scale dynamics of the most highly orgsnised cluster, the
"tropical squall 1line", has already bteen tackled by Moncrieff and
Miller (1976), hereafter MM, in a model which treats only convective
circulations. There is now & large body of evidence to suggest that
unsaturated downdraughts on a larger horizontal scale play an
important role in the thermodynamic trensformation of the tropical
atmosphere by tropical squall 1lines and other less well organised

clusters.

This thesis will explore a number of analytic models which are
suggested Ey the observations &and numerical experiments described in

this chapter.

1.1.3 The Transformaticn of the Environment by Clusters.

What information would we like from observations in order to test

a numerical or analytic model?

In an ideal explicit numerical model of e squall line initisted
with the pre-squell fields of velocity, humidity, temperature and
other variables the dynamics of a squall line and its interaction with
the large scale fields could in principle be simulated. However, this
pre-supposes a closure scheme for the convection and large scale
interaction, and a suitable parameterisation for convective processes

in & model whichk has a horizontezl grid spacing of order 1Ckm.

Very 1little is known of the intersction mechanisms, but some
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dynamical insight can be gained through the use of idealised analytic
models. The large emplitude nature of squall 1line dynamics and
environmentel response suggests that a small amplitude or perturbation
approach will not succeed. However, the quasi-steady nature of the
squall line circulation allows a considersble amount of analysis to be

performed.

A general large amplitude method was developed by Green and Pearce
(1¢62), ¥G and MM, in which en equation for the displacement of
parcels of &air can be obtained. The transports and dynamical
structure may then be elucidated. The analytic models to te presented
in this thesis are based on solutions tc these displacement equations,
ie. the height of an ouiflow streamline as & function of the inflow

height.

Moist static energy is often chosen as a tracer variable since it
is conserved in moist processes. However as mentioned earlier, the
tropical atmosphere shows a minimum in the vertical profile of moist
static energy; it is not single-valued. The origin of air with a
given moist‘static energy cannot be uniquely determined. 1In addition
these profiles are usually quite noisy in undisturbed conditions and
rather smooth in post-squall conditiors. This is evidence that
turtulent mixing has occurred - and the noisy pre-cluster profile may
indicate considersbly more than two possible levels of origin for air

with a2 given moist static energy.

In assessing how well a model represents the dynamics of a
circulstion end its transport processes, we would like to kncw how
energy is partitiored between heating, doing work against & fpressure

gredient end generstirg kinetic energy. Horizontzl velocity cen be
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obtained observationally 2s a function of height but it is difficult
to obtain reliable observations of pressure apart from at the surface.
The heating 1is measured as a change in moist static energy.
Unfortunately without knowing the level of origin of air it is not
rossible to work out this partitioning. Pre- and post- disturbence
profiles of the horizertazl comronents of the wind field can only te

studied for general trends.

In modelling convective  processes &and thermodynamics irn
particular, updraught and downdfaﬁght larse rates are required. The
updraught lapse rate can be calculated with relatively 1little
difficulty from dry and dew point tempereture ©profiles for
pre-disturbance conditions. The downdraught profile is much more
difficult tc determine tecause the process cannot be initially
specified (as will te illustrated in section 1.4 on theoretical
modelling) becezuse _descent usvally occurs with & degree cf
subsaturation. It would be wuseful if more otservational and
diagnostic results were availatle for ctteining the downdraught derth,
lapse rate &and potentiel energy hence allovwing a more suitatle
parameterisaticn of the evaporation process. Very little work Leas
teen dore on this protlem contresting witkh the large emount of cloud

vhysics research into condensation mechanisms.

Linked to the problem of unknown downdraught lapse rate is the
unknown downdraught available potential energy. This bulk rprogperty
mey te impertant in predicting the propsgetion speed of the

downdraught outflow.

Ctservetional studies such as that vndertaken ty Gamache and Eouze

(1982) can rroduce fields of horizontsl divergence. This enatles the
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one dimensional horizontal divergence field procduced bty the analytic
model to be examined for consistency. Vertical velocity can only be
reliably measured by eircraft flying thrcugh the system - and for
reasons of safety this can only be achieved by special aircreft in
distvrbed parts of the cluster. Duel-Eopple; rader can represent the
trend in vertical velocity reasonetly well ty vertically integrating
the hcrizontal divergence field. Atsolute values ceannot usuzlly be

determined.

Budget 2and composite studies have been availatle in greater
numbers and for longer then individuel case studies. They are useful
because the smoothed profiles bring out the grosser features end
overccme  the probtlem of "noisy data" - elthcugh with the loss of finer

deteil.

Sections 1.1.%2.1 to 1.1.%.4 will deal with budget descriptions of
transformetions effected by trcpicel clusters; Aifferences tetween
squall and non-squall clusters will te discussed and squall clusters
occurring over land and oceen will be ccmpared. Features of squall
clusters will te dealt with in section 1.2. The results of some
numericel modelling exreriments will be reviewed in section 1.3 and

theoreticel models for forced downcrauvghts summarised in section 1.4.

1.1.%2.1 Thermodynsmic end Dynemic Transformetions of the Environment

from Pucdget 2nd Composite Studies.

Poth squell snd ron-scusll clusters therrcdynemically transform
the envircrment in 2 similer menner, althouvgh to e different degree.
Fer this reason observetions of toth tyres of cluster ere considered

together.
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All clusters act to cool the atmosphere et low levels; below 8CCmt
the dry static energy (s=CPT + gz) falls (Ferrandez, 1980; Miller and
Betts, 1977 and Betts, 1976). Changes in dry static energy at upper
levels seem to be more variable, but there is a2 tendency for warming

between 7CC and &CCmtbt.

Moist stetic energy falls at low 1levels (below 7CCrt) and
incresses at upper levels (Fernandez, 196C; Filler and Petts, 1977;
Fansfield, 1977; Betts et el, 1976 end Petts, 1976). Since it is e
conserved property in moist displacement e change in value meens air
has teen transported there from a different level. The fall in moist
static energy at low levels indicates thet descent of air from near
the mid-level minimum has occurred. The increase at upper levels
suggests either descent from high levels, which is unlikely, or ascent
from the sutcloud layer where the moist static energy is larger. The
most likely origin is the subcloud layer since convective updraughts

trensport sir from the subcloud leyer to the level of tke troropause.

Changes in mixing ratio are consistent with trends seen in moist
static energy (en increszse near the surface) thought to be dve to
saturated downdraughts (Fernsndez, 198C; Gray et al, 1975; Nitte,
1077; ¥Miller end Fetts, 1977 and Petts, 1976). The low level
moistening is not seer in the rrofiles putlished in ZRBetts et al
(1976), or Mensfield (1977). There may te 2 problem of resolution in
the cese of Petts et 81 but the Mersfield curve shows no sign of

increasing mixing ratio near the surface.

The leyer tetween 70C and &CCmt is frequently replzced bty warmer
drier eir of lower moist stetic energy ie. a wearm unseaturated

downdraught rproduces 2 reletively stetle layer. DMNesr the surfece &
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cooling and moistening frequently occur suggesting a saturated
downdraught mechanism; this suggests that +two distinct types of
downdraught exist in the rear of tropical squall clusters, namely warm
dry descent overlying a layer of moist cool descent - "mesoscale" and
"cloud" scale downdraughts respectively. This thesis is primarily
concerned with the dynamics of the warm unsaturated downdraught which

suppresses convection so effectively in the wake of a cluster.

The modification of the horizontal windfield is easily measured,
although it is 1less easy to interpret the +transport processes
affecting these changes. Pre-squall profiles show relative inflow at
the front in both squall and non-squall types of clustef. Most
clusters show reletive outflow at the rear at all levels. Venezuelan
squall lines however are a notable exception, although it is not clear

at what stage in the life of a cluster that relative inflow occurs.

Most clusters go through growing, mature (or conservative) end
dissipating rpheses. The circulation of the mature rphase is the
primary concern of this thesis. YNost composites taker include =all
three pheses which makes a clear specificaticn of inflow end outflow

in the meture phase impossitle.

Fernandez (1980) notes that the two-dimensional velocity rrofile
indicates mass imbelance, implying the circulation must be
three-dimensionel. This is & feature which is broughkt out more

strongly in individuzl case studies.

Cluster motion appears to show no directional preference relative
to the mean wind. All clusters move much faster then the mean wind,
and Fernandez (1980, 1982) firds the magnitude of the mid-level jet is

a good predictor for cluster speed.
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1.1.3.2 Subcloud/Cloud Layer Transformation from Budget Studies.

Several models of increasing complexity are used by Betts (1976)
to describe composited Venezuelan cluster data. Essentially the
subcloud layer ascends in updrzughts and is replaced by =air from
immediately above, the descent teing a result of the evaporstion of
precipitation in moist downdraughts. The calcuvlated pressure depth of
each of the two layers (assuming conservetion of mean moist static
energy as the air descends in downdraughts) correlates closely with

the depth of the subcloud layer.

A net cooling and drying is observed which must result from two
competing processes; evaporatior of precipitation producing cooling,
and descent of potentially warm eir. A more detailed consideration of
the moist stztic energy profile suggests that air found finally near
the surface has descended from some distance above cloud base, while
air found higher in the subcloud layer has not descended as far (ie.

overturning has occurred).

A study of updraughts end downdraugﬁts during the GATE revealed
that such motions due to tropical convective cloud extend to near the
ocean surface and exhibit a variety of characteristics (Emmitt, 1978).
81% of all updraughts and downdrzughts were either warm/moist or
cold/dry. (Cool/moist and warm/dry draughts were also observed.)
Energy transports for cold dry downdreughts were as strong &s those
for warm moist vupdreughts, again emphasising the imgportance of
sub-saturated forced descent. This forcing of the subcloud 1layer
structure by downdraughts from the cloud lsyer is elsc stressed by
Echternacht and Gerstang (1976) in & study of changes in the structure

of the tropical subcloud leyer during BCFEX using a tethered tszlloon
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system. In undisturbed conditions, cloud/subcloud layer coupling is
restricted to regions between the top of the mixed layer and cloud

base.

Barnes and Garstang (1982), in a study of the thermodynzmic
modification of the subcloud layer in GATE, relate the precipitation
rate to the change in moist static energy in the subcloud layer. A
mean preciritation rate of approximately 2mmh™' divides situatioms in
vhich specific humidity increases from those in which it decreases.
(A temperature decrease always occurs.) In light rain the fall in
temperature in the subcloud layer is almost entirely accounted for by
evaporation, so the moist static energy does not change. In heavy
precipitation the fall in moist static energy in the subcloud layer
may be quite large (as much as 11kJkg™' in previously undisturbed
conditions). Where conditions were previously highly disturbed thefe
may be as much as a 60% reduction in net energy transport for a

precipitation rate between 2 and 20 mmh ™,

A travelling convective system which can draw upon "fresh
energy-rich air" in a deep layer will maximise the energy transfer in
the surface layers. A stationery system is more likely to have to
work in its own modified environment unless there is a large relative

wind into the system.

A line &arrangement of cumulonimbi is more efficient for the
vertical trensport of energy in the lower etmosphere than a similar
area of disordered convective cells. For these reasons a tropical
squall line is an ideasl processor of eir in terms of motion, size &nd

orgenisation.
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1.1.3.2 Differences Between Squall and Non-Squall Clusters.

In a comparisorn of squall and non-squall clusters occurring during
VIMHEX it appears that the magnitude of the shear in both subcloud and
cloud layers is greater for the non-squall cluster. Also the height
of the mid-level jet is lower for the squall cluster than for the

non-squall cluster (Fernandez, 198C).

Latent heat content and dry end moist static energies all show
larger changes (following a similar trend) for squall clusters than
non-squall clusters. Non-squall clusters show dry static energy
increasing near 425mb although it is rot clesr how this change cen te

interpreted.

The non-squall clusters studied bty Fernandez tended to show
relative outflow at all levels to the rear whereas squall clusters had

relative inflow at the rear between 950 and 675mb.

Six mesoscale precipitation features comprising a tropical cluster
on 5 September 1974 during the GATE, with lifetimes varying tetween &
and 24h, and whose horizontal dimensions varied tetween 190-5&Ckm,
were studied by Leary and Houze (1979a). They developed a prototype
for the life-cycle and structure of a mesoscale precipitation feature
sufficiently general to describe both squall and non—sqﬁall
structures. In essence a mesoscale precipitation feature develops
from several isolsted convective cells aligned perpendicular to the
wind in a region of convergence. Such & configuration favours the
development of new cells tetween and upwind of existing cells, where
outflow from <convective-scaele downdraughts  enhences low-level
convergence. In this way the cumulonimbus cells propesgste upwind

relative to the surfece flow. Slowly dissipating cells to the rear
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lead to the develorment of a large area (16*km*) of 1lighter,

horizontally uniform precipitation.

1.1.3.4 Differences Between Squall Clusters Occurring over Land znd

Over Ses.

Fernardez (1982) elso compares squall lines trevelling over land
(West Africa) with those travelling over the sez (the Fastern Tropical
Atlantic). Although it may seem to be a simple comparison there are
many pitfalls; for example Venezuelan squall 1lines have rather
different characteristics from those in West Africa, with relative
inflow at the rear in the former case but not in the latter. The
properties which are changed by the surface composition must not be

confused with those arriéing-from differences in the wind field.

In the cases examined by Fernandez (1982), - three over West Africa
and three over the Eastern Tropical Atlantic, on average the 1land
squall lines lasted longer (4Ch cf. 10h), were of greater length
(75Ckm cf. 350km) and had greater buoyancy on 1lifting to 500mb
(AT~5.4K cf. ~2.4K). Their convective available potential energy
(CAPE) was larger (2093Jkg"' cf. 92CJkg™), had lerger mixing ratio in
the subcloud layer (18.6gkg"l cf. 15.ngé4) and had higher lifting
condensation levels (LCL's). Both sets had the same average

propagation speed however of 15ms !

Cver the land, greater drying occurred (ie. to 87Cmb cf. 950mb
over the ocean), changes in moist static energy were larger, and the
fall in latent heat content was greater. Easterly momentum increased

over a much deeper layer for the squall lines travelling over land.

These differences ere only ones of degree on the whole and are
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probatly the combined result of different moisture and wind profiles.
In particular, the surface layer is important in the recovery of the
boundary layer after the squell has passed. The sea surface transfers
of heat and moisture tend to recover far more quickly than those over
land (since the sun can only start reheating the surface during

daytime when intervening cloud has cleared).

1.2 Structure of Squall Clusters from Cbservetional Studies.

Composite studies revealvthat the tropical cluster is an efficient
transport mechanism in the tropical atmosphere, taking potentially
warmer, moister subcloud layer air up to the high troposrhere in
cumulonimbus updraughts and replacing it by potentially cooler, near
saturated eir. Abtove this surface 1layer air has been forced to.
descend from the region of mid-tropospheric minimum iﬁ moist static
energy, producing substantial warming and drying Tbeneath a

precipiteting anvil cloud.

The following section summarises case studies of squall clusters

including some of the finer detail of structure and tehaviour.

1.2.1 Squall and Anvil Region Distinguished in the Windfield.

A three~dimensional view of the wind field in the vicinity of a
squall cluster was obtained by compositing all observations over =&
period of nine hours during which features of dimensions in excess of
100km remained steady (Gamache and Houze, 1982). fhe fron£ edge of
the arc cloud which marks the forward edge of the advancing updraught
was used as a reference. In this study two regions with quite

different rain types were distinguished:- the squall 1line regicn
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occupied by convective cumulonimbus towers producing high rainfall
rates, >14mmhq, and behind the squall line, & region of light uniform
gstratiform rain beneath an &anvil cloud, <14mmhq. The  schematic
cross-section, figure 1 in Gamache and Houze (1982), is reproduced in

figure 1.2.1.

The surface wind relative to the system at the front of the squsall
line region was 12-15ms-t Relative inflow at the front at zll levels
was also reported by Houze (1977) and Zipser (1977). Fortune (1S80)
could not- resolve winds sufficiently to examine this but any relative
inflow was very small. Within the squall line region the near surface
flow decreased to zero, implying ascent. Behind the squall line flow
was from front to back of the anvil with a brief reversal of direction
behind the gust front. This represents the srpreading convective
downdraught flowing outwards at the surface. The =squall 1line
coincided with & line of convergence (corresponding to ascent in the
cumulonimbus towers) while the anvil .éegion wes horizonfally

divergent.

At 80Cmb air still strongly entered.the squall.line region from
the front and aléo weakly from the left end and left rear. The flow
from the end and rear must be teking part in the convective
circulation - ascending or descending. Feeding of the convective
downdraught in large part from the sides is alsc reported in Houze

(1977).

At 650mb there is inflow into the envil from the rear of the
system, with 8 cyclonic vertex in the anvil region and convergence.
Air flowing into the tack of the anvil region in middle levels

(80C-4COmb) is also reported ty Fortune (198C), FKouze (1977) and
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Zipser (1977). TFlow from ahead of the squall line =aspparantly goes
straight through to the anvil region and 1is decelerated - an

observation consistent with ascent or descent at anvil base.

At 450 mb flow in the squall line region is diffluent indicating
flow through the squall line is of feirly uniform speed and direction.
There is divergence in the squall line region and convergence to the
rear in the anvil region. At 300mb the flow is similar, becoming
'non-divergent in the anvil region (area average) and divergent in the

squall and pre-squall regions.

At 2C0mt flow is from left frent to right rear of the system, and
diffluent especially in the anvil region with divergence increesing

towards the rear.

The vertical profile of horizontal divergence calculated for
squall line and anvil regions separately shows different behaviour in
each case. Figure 12 from Gamache and Houze (1982) is reproduced in
figure 1.2.2. The squall line region profile shows convergence up to
65Cmb and divergence above 6COmb. These two regions correspond
respectively to air entering convective updraughts and downdraughts
(below the mid-tropospheric minimum in moist static energy at 650mb)
and divergence and spreading in the convective updraught outflow which
is strongest at 2COmb, the tops of the deepest cells. The
non-divergent flow at around 6CO-7CCmb corresponds to air which has
flowed straight through to the anvil region between the cumulonimbus

towers of the squall line.

The profile for the anvil region shows convergence in
middle-levels (800-400mb) witk strong divergence above and btelow.

Cther workers such as Martin and Sikdar (1979) who calculated
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divergence over the entire cluster obtained a net divergence in the
high troposphere (250mb) and diffluence near the surface - the latter
teing a result of divergence bteneath the anvil and convergence beneath

the squsall line.

The profiles of vertical velocity calculated from the horizontal
divergence (assuming w(10CCmb)=0, w(1CCmb)=C for the squall 1line
region, w(150mt)=0 for the anvil regicn) show ascent everywhere witkir
the squell line region. The anvil region hovever Les descent below

6CCmt (peak velue OQems™') and ascent atove (peak value 15cms’').

Profiles of verticel velocity calculated from the divergence of
the horizontal velocity field must alweys te treated with some
caution. Within the anvil region there are as few as three
observations at 30Cmb and five at each of the 450 and 65Cmb levels.
There appear to be sufficient observetions et the surface and 85Cmb
levels, 17 and‘18 resrectively within tﬁé anvil region, to suggest
that the lower level descent has been clearly demonstrated. From the
gridded data produced by Gamache and Houze for six pressure levels I
extracted a time sequence of vertical profiles of horizontsl velocity
parallel to the direction of propsgation. Sections at +5Ckm, O and
-5Ckm VS" gll showed the same trend at lower levels in the eanvil
region. The sequence at Ckm "P" is shown in figure 1.2.3. The
velocity profile btetween +the surface &nd E50mb shows westerly
acceleration of the low level flow from 100 to 30Ckm tehind the gust
front. The acceleration &t one level between successive rprefiles
shows velocity increases of 5-10kts. Since these are extracted from
gridded wind barbs which give velccity to 2.5kts and 5-1C° an
acceleration of air at low level towards the rear of the system seems

to be occurring.
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Ahead of the squall 1line wegk descent occurs in the 1lower
troposphere with stronger downward motion aloft. The downward motion
a8t %50mb is believed to be a response to the intrusion of convective
updraught sir into the urper troposphere, ie. comrensating subsidence

in the pre-squall region.

1.2.2 Towndraught Structure deduced from Thermodynemic Changes.

In the 16 April 1968 PRarbados squell line described in Zigpser
(1977) the charges in wet-bulb potentizl temperature ( 8y)
corresponding to the differently transformed air masses were well
marked. Figure 3 from Zipser's parer is reproduced here in figure
1.2.4. 1In the pre-squall air at the 150m level 9‘ falls from 23.5°C
to 21-22%C in the cool, near-saturated, heavy rain area, and then to
19-2C°C between 25 and 40km behind the squall line in relatively warm
dry air ( AT~+4K). This relatively warm dry air must originate above
750mb where air with 6, in éhe range 19-20°C is usually found and must
have descended in unsaturated downdrszughts. Further behind the squall
line there is an irregular alternation between air with 6, in the
ranges 19-20°C end 20-22°C - linked to heevier rain release frem the

anvil.

The lower part of the anvil region contzins a well mixed layer
between 150 and 4CCm ( Q~~21.5°C); above it is & strongly stable
layer. Between 1C0O0 and 20COm B8, is ~19°C. The lower and upper
layers correspond to convective (saturated) and mesoscale
(unsatu}ated) downdraughts respectively. In the moderate to heavy
rain areas the reletive humidity is less than 50% emphasising the

unsaturated nature of the widespread downdrzughts.
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Cool near-seturated air found by surface measurements indicated
that warm, dry eir did not penetrate to the surface without mixing.
The percentage of unsaturated air was greater with altitude and with

the age of the system.

Soundings taken over the water showed a mixed layer varying
tetween 50 and 500m in depth. Over land no mixed layer was detected -

since the heating from below had not restarted.

Wet-bulb potential temperature and latenF heat content were toth
observed to decrease below 80Cmb in Houze (1977) corresponding to low
level outflow whilst both increased above 50Cmb in the upper level
outflow. Houze estimated that a section 20Ckm long was characterised
by downdraughts extending from mid to lower troposphere. Fortune
(1980) similarly found air of .low wet-bulb potential temperature
(328K) ébove the surface - which is more usually found in the
€6CC-8CCmb layer. In Zipser (1969) air with an equivalent potential
temperature ( 96) of 330K must have descended from between 500 and
700mt to a level of about 850mb in unsaturated downdraughts. This
evidence of descent again coincides with steady rain from middle level
clouds. Updraught outflow air above 5CCmb had 6, in fhe range 238-343K
indicating mixing had occurréd with lower 9& environmental air since

within the pre-squall subcloud layer Q;was ~Z50K.

A massive downdraught, similar to that described by Zipser (1969),
occurs in Martin and Sikder (1979). The surface layer tetween 25 and
5Cmb deep was relatively coclder and moister than the layer between 7CO
and 95Cmt. Above this was a deeper layer of warmer drier air which
had been transported downward in unsaturated downdraughts from the

exceptionally dry layer between 7CO and ECCmt.
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The thermodynamic changes strongly indicate descent is occurring
in near-saturated convective downdraughts under the squall line and in
unsaturated mesoscale downdraughts beneath the anvil cloud from the

mid-tropospheric minimum in moist static energy.

1.2.3 Surface Pressure Chenges.

The surfece pressure frequently rises with the onset of rain, a
consequence of the large depth of cold saturated air and perhaps the
nonhydrostatic effect of deceleration. Zipser (1977) reports pressure
rises of between 0.1 and 2.5mb. Houze (1977) reported a imb rise in
pressure. The pressure may fall later (-0.3 to -3.7mb was reported in
_Zipser, 1977). The meso-low is believed to be essociated with warm
dry air at low levels and occurs between 3 and 5h after the squall

corresponding to 15C to 25Ckm.

Johnson and Nicholls (1983) composited all available surface and
subcloud layer data with respect to the gust front of the 12 September
1974 GATE squall-line for which Gamache and Houze (1982) produced
composited wind fields in & similar fashion. The composite surface
pressure and 90Cmb relative humidity fields (figures 2 and 11 from
Johnson and Nicholls, 1983%) are reproduced in figures 1.2.5 and 1.2.6.
The pressure rises by 2mb with the arrival of the squall line eand
falls again over the same space scale of 50km by 2mbt. The surface
pressure then continues to fall by enother 2mb over a horizontal
length scale of 3200-4CCkm extending nearly Z20Ckm behind the radar
reflectivity contour (corresponding to the rainfall zone). The
minimum reletive humidity (5C%) at ©COmt coincides with the minimum
surface pressure suggesting a much larger scale for the "mesoscale”

response than that of the rain area.
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1.2.4 Squall Line Structure.

The convective squall line contains cumulonimbus in various stages
of growth. Houze (1977) reports that 21 convective celis or 1line
elements were tracked for the rarticularly vigorous 4-5 CSeptember
1974 squall 1line which passed through the GATE area. New 1line
elements formed at or ahead of the leading.edge of the arc cloud; old
line elements dissirated at the rear, their remnants becoming part of
the anvil cloud from which 1light rain fell. Line elements tecame
elongated along the length of the arc cloud, a typical dimension being
65X20km™ in this case. The curvature of the forward edge of intense
echo of the line element corresponds to the convective downdraught of
the cell and is much greater than that of the arc cloud. This wogld
suggest that the convective downdraught is not a candidate for
explaining the high degree of organisation in the squall system,
although the downdraught is importeant for causing low-level

convergence which is important ir initiating new cells.

Liﬁe elements were fed strongly at low level from eghead. Houze
suggests that the updrsught slopes backwards in the vertical as it
rises over the convective downdraught. Flow into the convective
downdraughts, as previously mentioned, was predominantly from the

sides.

Most of the abrupt changes in surface measurements of dry and
wet-bulb temperature and pressure were the result of line elements
rassing over measuring instruments so that use of surface rressure

tendency, for example, in testing a model shovld be made with caution.
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Such changes may not be representative of the mesoscale forcing.

1.2.5 Anvil Structure.

The first few hundred kilometres behind a squall line are occupied
by an anvil cloud. éloud base is usuzlly at around 650-60Cmb (Gemache
and Houze 1082, Zipser, 1977). Just behind the convective cells the
anvil may be €-10km thick tapering to transparant cirrus at perhaps
350km (Zipser, 1977). Rein extends for approximately 100km behind the

squall line. RBelow the anvil base there is very little low cloud.

In five cases of anvil precipitation associated with intense
convective cells, Leary énd Houze (1979b) detected a radar bright band
below the level of the 0°C isotherm. This was also reported in Houze
(1977). Above the bright band the anvil is composed of ice crystals
whose reflectivity increases lower down as they grow and asggregation
occurs in the saturated envil. Reflectivity increases more sharply as
the ice crystals melt and then decreases as the raindrop fall speed
increases compared with ice crystal fall speed. Reflectivity falls
further below the bright band as raindrops evaporate as they fall into

unsaturated eir.

The narrowness of the bright band and its horizontal uniformity
confirms the absence of convective urdraughts and downdraughts which
wéuld either have prevented the fall of ice rparticles to the 0°C
isotherm or spread the melting over a broader layer. The absence of
hail (which only forms in strong updraughts) further emrhasises the
lack of convection. Leary and Houze suggest thaf the hexagonal
graupel present above the melting 1layer, which would produce the

observed reflectivity profile, implies & high demnsity of supercooled
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cloud 1liquid water aloft. Freezing would thus generate hLeat,

producing mesoscale uplift in this region.

Leary end Houze estimated that approximately 25% of the 1liquid
water between 0.5 and 2.5km was lost to evaporation beneath the
melting leyer producing low level cooling rates of several degrees per
hour and thus contributing to the meaintenance of & mesoscale

downdraught.

1.2.6 Vertical Velocities and Mass Fluxes.

The importance of the mesoscale downdraught is recognised when its
mass flux was found to be six times that of a 1large intense
mid-latitude thunderstorm in Martin and Sikdar (1979). Fortune (1980)
estimated that the mass transported by &all downdraughts within a
squall line was 1/10 to 1/3 that of the mass entering the anvil from
convective updraughts. This transport would hrave to be incorporated
into ény cumulus parameterisation scheme hoping to calculate momentum

and moisture transports.

Descent beneath the raining anvil is generally accepted to occur.
A number of workers give estimates for its magnitude:- 10cms™’ at 500m
over a 15Ckm diemeter (Zipser, 1977), Gcms_'at 90Cmb &and 10cms”™' at
€0Cmb by Zipser (196Q), a peak value of 6cms™' below 6C0mb (Gamache and

Houze, 1982).

Althought the existence of ascent in the anvil has been suggested
by a number of studies, the only published calculation of verfical
velocity within the eanvil hLas been made in Gamache and Houze (1082)
where & peak upward value of 15cms ™ at Z5Cmb was diagnosed. However

since the profile of vertical velocity is calculated from the
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horizontal divergence field constrained by w=0 at 1000mb end at 15C0mb

some caution in using absolute values must be employed.

1.2.7 Features Important to Mesoscale Circulation Dynamics.

In subsequent chapters the dynamics of the foréed post squall
circulaticen will be explored through a series of analytic models. In
extracting information from observations it is difficult to avoid
giving undue emphasis to features which are easily measured eg.
surface pressure rise coinciding with the arrival of the convective

downdraught and the concurrent heavy rainfall.

The main mesoscale features are the convective updraught - which
eventually forms the anvil cloud, &nd the mesoscale unsaturated
downdraught. The convective downdraught is often difficult to
distinguish in observations and is ill-defined in terms of origin and
displacement of air. In subsequent anaslysis little attention will te
peid to it, since it does not appear to be compatible with e
description of the mesoscale circulations. Consequently, the positive
pressure rise at the ground will not become a required property of the

analytic models.

All models will have relative inflow into the moving system at the
front; this is consistent with observations that the squall cluster
propagates relative to the flow at all levels. Relative inflow at the
back of the anvil region will not be permitted, tut its implications
will be discussed since this is a commonly occuring feature in many

squall lines.

Mixing of environmentel air into the updraught air occurs to a

sufficient extent to increase the derth of the anvil outflow
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considerably over the depth predicted for undilute ascent as has been

ncted by Riekl (1969).

It is Yteyoné tke scope of the models developed to incerrecrate
outflows modified by mixing. However the results produced by these

models suggest that importart dynamical properties have been retained.

1.3 Numericel Mcdelling of Mesoscale Circulations - A Svmmary.

In 2 numerical model it is rossible to assess the importance of a
mechanism on the dynemics of & rparticuvler circvlation. For example
the eveporation of rasin water is "switched off" in Brown (1979) to
determine whether it is rpossitle to produce a substantial widespreed
downdraught teneath a precipiteting anvil without evaporation. In
Schlesinger (197%) water dreg and Ytuoyancy generaticn by pressure
perturbation are among & number of possibilities explored. Results
relevant to mesoscale circulations in ard teneath precipitating
stratiform reirn from these two papers will fcrm the principsl material

for discussion in this section.

In sectiorn 1.5.1 evidence frem Miller and Betts (1977) is used to
confirm thet two types cf downdravght can te simulated in & numericzl

model for a squall-type circuletion.

In Fritsch and Chaprell (19€Ca,t) the production of mesoscale high
and low pressure regions which had teen suggested earlier in Hoxit et

al (1976) wes investigated.
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1.3.1 Simulation of Convective and Mesoscale Downdraughts Associated

with a Line Element.

The existence of two distinct types of downdraught associated with
a squall cluster has been repocrted in a number of studies inciuding

Houze (1977) and Zipser (1977).

In Miller and Betts (1977) trajectories were constructed for air
originating at a number cf levels in a model simulation of a tropical
squall 1line element which was first described in MM. Updraught
~outflow of eir originating rear 95Cmb occurred between about 2CC and
500mb. Air entering the system btetween 650 and 85Cmb descended in
cell rain areas with vertical velocities between -1 and -6ms'. It
descended with negative tuoyancy to the lowest 50-100mb. Air finaly
leaving above. this convective outflow layer however descended much
more slowly (w~ -1/2 to -1ims'), warming adiabatiéally and must have

been "sucked down".

Miller and Betts described these two types of downdraughts as
"system”" and "cell" downdraughts distinguishing theh by their very
different descent rates. The anvil in this simulation was not s&s
extensive as those reported in the GATE area by Houze (1977) or
Barbados by Zipser (1977). However the simulation clearly illustrated
two types of descent. It remained to be demonstrated whether the
principle mechanism in both cases was cooling caused by evaporation of

precipitation.

1.3.2 The Role of Evaporation in Kesoscale Lowndraught Production.

The role of evaroration in mesoscale downdraught rroduction and

maintenance is explored in EBrown (1979). A three-dimensicnal
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hydrostatic primitive equation model is used with horizontal grid
spacing of 25km and vertical grid spacing of SOmb. Potential
temperature and geopotential height are the only two quantities
permitted to vary in the y-direction so that energy is conserved. The
cumulus parameterisation used ignores momentum transport and radiative
processes. An ensemble of one-dimensional, updraught only, entraining
plumes detrains at a level centred about the level of neutral buoyancy
for parcel ascent from 975mb. The upward mass flux within clouds is
defined to be a constant (ta) times the large scele upward flux at

2COmb. f3>1 implies compensating subsidence in the enviromment.

Convection trensports mass from 1low to high 1levels, with
condensation increasing the potential temperature and decreasing the
water vapour mixing ratio. Detrained water is isobarically mixed into
the environment, evaporating completely and instantaneously if the
environment is not saturated. Initial conditions assume a large scale
simple wave disturbance with a wavelength of 1000km is present. The
initial conditions and free parameters were chosen to maximise the

evaporation of precipitation.

In runs denoted ty S1 and S2 the effect of evaporation is sssessed
by keeping all conditions the same except that no evaroration of
precipitation is allowed in S2. S1 and S2 'are indistinguishable for
the first 1.5h of simulation - when precipitefion from the anvil
becomes appreciable. Highest convective cloud top during this period
is btetween 450 and 5COmb. In S1 after 3h thé temperature at 875mb is
drorping, a meso-high develops at 1low levels where convergence
weakens. Upward motion decreases at ©COmb &and after 4-5h of
simulation time & large scale downdravght is rerlacing the strong

ascent which existed after 3h. The large scale has become saturated
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within 30 minutes. Net warming then occurs within the anvil and a
large scale updraught develops in middle and upper troposphere. The
maximum level at which cloud exists is now the anvil top at 3Z0OCmb.
The original disturtance weakens greatly in response to the
evaporation-of anvil rain. An eveporation driven downdraught still
exists 9h into the simulation; downward transport of air was evident

in the equivalent potentisl temperature field.

In S2 where no evapcration of precipitation occurs there is much
stronger envil ascent after ¢€h. Thus it was demonstrated that
eveporation of precipitation on the. large scale limits the growth of
strong upward motion within the anvil but increases precipitation from
the envil. Erown estimated that the large scale ascent in the case
with no eveporation was twice that where evaporation occurred. He
concluded that the strength of the meso-scale downdraught in S1 was
representative of those of Zipser (1977) and Houze (1977), although
weeker. The downdreught in S1 hed & peek strength of 1Ccms™' over a

50-10Ckm diameter area.

The mesoscale downdraught gproduces a wesk gust-front at the
surface, resembling & convective downdraughtiploughing up potentially
warm boundary layer air. A numbter of workers have explored the
possibility of a density current as orgenising mechanism for -the
'squall cluster. This point will be mentioned further in section 1.6

on theoreticel models.

VWarming of 0.5-1K wes produced in a layer between €5C and 95Cmb
and the mixing ratic (q) was nearly 20% lower. It is difficult to
compare this figure with observeticns ©because of their great

variability:- +32K st 9CCmt in the Eartados squell line described in
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Zipser (1¢77) end virtually no change in the GATE squall 1line

described in Houze (1977).

1.2.3 The Influence of Water Lrag and Presence of Precipitation con

Mesoscale Lowndraught Development.

A number of other influences are explored in Schlesinger (1¢73) in
a two-dimensional model of deep moist convection. The grid spacing
was 3.2km and 70Cm in the vertical. As in previous simulations
mentioned in this chapter no frozen water was treated. The control

experiment produced a quasi-steady updraught in a cloud core.

In experiment M2-A the consequences of eliminating water drag on
downdraught development were explored for an initially conditionzlly
and convectiveiy unstable atmosphere in which a weak ‘convective
circulation was present. In the absence of water drag the evaporation
of precipitation is still sufficient to initiate and maintain an
intense downdraught. Updraught velocities are greater than in the
control experiment with drag; the >area of significant .rainfall is
larger and the anvil is more extensive. He concluded that water drag
is nct essential for initiating a downdraught end in fact acts a2t =&

brake on updraught velocity.

When precipitation is suppressed (although liquid water can still
exert drag) in ekperiment M2-D, it appears that insufficient
downdraught development occurs to produce convergence and secondary
cloud-development (as in the control run - M2). Precipitation is
essential in redistrituting liquid water so thet a high ccncentration

at low levels can produce evarporation, cooling end negative tuoyzncy.

A deeper layer of dry air at middle levels (run M2-E) produces the
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interesting result that a more intense and prolonged storm is
simulated. TPLowndraught intensity is not decreased ty increased middle
level dryness as might be thought. Tecreasing the depth of middle
level dry air (run M2-F) produced & shorter lived - but similar

intensity storm.

1.3.4 Fesoscale Subsidence Forced by the Pressure Field Produced by a

COnvective Circulation.

An alternative proposal was that the system downdraught may te
forced by the dynemical fields produced by the convection. In Fritsch
and Chappell (1980a,b) a numerical simulation is used to explore the
following hypothesis:- that where mesoscale subsidence forced by a
deep convective complex which is initially in mass balance exists, -
compressional warming eloft would eventually producé a positive
pressure increase aloft. The raised pressure would cause acceleration
away from the "high" at upper levels. Pressure would then fall at low
levels with the loss of mass from the column, producing low level

acceleration.

This hypothesis was developed for mid-latitude squall lines and
"mespécale convective complexes” in which inflow and outflow both
occur at the front of the system. In a tropicel squall line where
outflow is from the back, a fall in surface pressure towards the rear
of the anvil is occasionally observed, (Zipser, 1977, Johnson and
Nicholls, 1983), perhaps.produced by this type of mechanism-- which

would enhance the flow of 2ir away from the squall line at low levels.

In Fritsch and Chappell (1080b) the warm sector of an

extra-tropical <cyclone is modelled to simulate an idealised
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squall-line environment. A cumulus parameterisation scheme is used in
a three-dimensional model with & horizontal grid spacing of 20km and a

vertical spacing of 5Cmb.

Initial convection produces warming between 1 and 12.5km in the
verticel. Cooling in the boundery 1layer is produced by moist
downdraughts and in the anvil at 2 height of about 13.6km. Changes
aloft are rapidly advected aw;y. Surface chenges persist for longer
and the pressure begins to rise as a respense to the cold moist (but

relatively'dry and consequently heavier) air reaching the surface.

The pressure field is relatively unperturbed 2km above the surface
although a well-organised squall line exists. In the gust front peak
wind speeds double, as & response to the expanding surface meso-high,
increasing the low level convergence and upwerd motion at 90Cmbt and
15-20 minutes after the convective outbreak a meso-low forms below the
region of upper level warming. Strong.verticél circulations develop;
subsidence of 1Cems™' at 80Cmt and ascent of 0.5ms' at 30Cmb
compared with vertical velocities of lcms”™ previously are occuring.
There is significgnt warming in a'layer 2C0-4CCmb deep - although iﬁ
this mid-latitude simulation it did not penetrate below 5CCmb so new

convection was not suprressed.

In this model cloud-compensating subsidence is confined to the
same grid element in which it was generated. However it is important
to note that subsidence bteneath a squall anvil may extenéd 1COkm

downwind from the generating region.

Two types of downdraught have been distinguisked and it is
possible thet long-lived mesoscale circulations orerate in a positive

feedback cycle creeting pressure perturtations which maintain the
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circulation.

Evaporation of precipitation decreases the intensity 6f a storm,
decreasing the strength of the updraught and thereby making it longer
lived. Anvil vertical velocity is suppressed, so that a larger liquid
water condensation occurs producing more precipitation. This then
falls into the air below with evaporation contributing to the
development of a mesoscale downdraught in an unknown degree. Water
drag is eliminated as essential to downdraught development.
Precipitation is essential in producing &a concentrated cooling at
low-levels for convective downdraught development. A deeper layer of
drier middle level air appears to produce a longer lived and more
intense storm - perheps because the moist high energy air fuel is
being "rationed” in some sense. However this last result comes from a
two-dimensional simulation on- which Schlesinger comments that vertical

velocity may be over-estimated.

1.4 Theoretical Models of Post-Squall Circulations.

Three tyres of theoretical model for maintaining the post-squall
mesoscale circulation are descrited in this section. Two of these
models describe the forced 1lower troposthere doﬁndraught while the
third model suggests a forcing mechanism for both anvil (updraught)
circulation and the lower level downdraught. The types of model are:-
downdraughts "dragged down" bty a density current of convective origin,
downdraughts driven by evaporation of ©precipitation, and the
relaxation of the post-squall air mass in a circulatior which responds
to the pressure and momentum imtalences produced by the convective

updraughts and downdraughts.
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1.4.1 Evaporation Priven Cowndraughts.

A number of papers discuss the evaporation of rainfall producing
downdraughts on the convective- or meso- scale depending on rainfall
rate, drop size and draught intensity. Kamturova and Ludlam (1966)
examined downdraughts originating at 5CCmt and descending to 80Cmb.
For simplicity, evaporation intc air of 1low wet-bulb potential
tempereture from the middle troposphere is assumed to produce an
approximetely steady downdraught. The downdraught is horizontally
-uniform containing rain of a specified intensity end uniform drop
size. The temperature at the surface of the evaporating drops is
assumed to be equal to the .wet~bulb potential temperature. The air
assumes & near-saturated adiébatic profile only in intense rainfell
with small drop sizé in very weak downdraughts (average w of 2ms™").
In moderete intensity rain (50mmh™")  the temperature profile
approximates to the dry adiebatic process - regardless of drop size,
and the initial relative humidity falls by nearly 20%. In general,
small drop sizes evaporate most efficiently. The environmental lapse
rate snd rainfall intensity govern the strength of the downdraught
produced. Lapse rates close to the dry adiabatic frem ground to
mid-troposrhere rproduce strong downdraughts. High intensity rainfall

enhances evaporation and produces negative buoyancy.

Weak downdraughts (of less than 1ms™) such as those beneath anvils
are produced in moderate rainfall and conditions in which the lapse

rate is close to dry adiabetic.

Ryan and Carstens (1978) used & similar mcdel to that of Kamburove
and Ludlam to examine observations behind squall lines during VIMHEX.

A Marshall-Pzlmer distritution of rain drop sizes was used (instead of
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the single drop size mentioned previously). An estimate of vertical
velocity and rainfall rate had to be made since data were not .
available. Predicted and observed profiles of humidity and potential
temperature agreed quite well - however the predictions could not be

made uniquely.

Betts and Silve Ties (1979) produced another model based upon
Kamburova and Ludlam (1966) in an attempt to find & simple description
of the downdravght process. The model was applied to VIMHEX and GATE
data. The microphysical paremeters were combined into a "pressure
scale for evaroration"”, FTe. It was hoped to relate the megnitude of
r\e to the properties of the inflow air since fWe increases with
downdraught speed and mean dror size and decrezses with en increasing
rainfall rate. Two theoretical cases were considered. The first
assumed the temperature path of downdraught air paralled a moist
adiabat; with rwe constant the downdraught approaches a constant
relative humidity and constant pressure difference to the 1lifting
condensstion level equal to FWQ. The larger f]e, in this case, the

more unsaturated the downdraught became in its descent.

In the second case treated, the downdraught temperature path is
assumed to parallel the environment (so that downdraught tuoyancy is
constant). The downdraught moves towards saturation when the
environment is more stable than moist adiabatic, &nd away from
saturation when the environment is 1less stéble than the moist

adiabatic.

It was unfortunately found that vertically averaged values of TWQ
from trcpical data were not correlated with inflow prorerties and

Betts and Silva Dias suggested it may not be simple to predict from
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large scele varisbles, however they appear tc follow the pressure

‘difference to the LCL of the outflow quite closely.

1.4.2 Density Currents as an Crganising Mechanism.

In the model simuletion of MM it was noted that & "density
current” produced by downdraught cutflows persisted in a "remarkebly
steady state”. It was suvggesteé that the squszll line convective
element speed was matched tc thet of the spreading density current to
maintein the organisation of the circulation. In Miller and RBetts
(1977) trajectories constructed for this simulation emphasised the
convective downdrsught outflow underlying the "system downdrsught"
outflow. It wes suggested that ‘the cold cutflow from the density
current flowing downstream might accelerate the overlying air and
produce descent from middle to low level. Charbta (1974) found the
lower cold structure of a mid-latitude squall line was well described

by a "gravity current”.

In one of the analytic models examined in chspter four it is found
that the convective downdraught cennot take rart in the circuletion
described - however this does not rvle it out in the immediate post

squall region as one cf the factors in initieting cdescent.

1.4.3 Nesoscele Circvlations as Responses to Dynamic forcing.

The three-dimensionsl convective analytic mocdel of a squell line
in MM will be descrited in deteil in chepter two. A budget of
momentum integrateé in the vertical thkrougk the inflow zand outflow
along the directior cf proragation of thke system shkows thet there is

momentum irtalance in two-dimensions. This is true for
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three-dimensional circulstions and the hypothesis that this imbalance
in the two-dimensicnel momentum field provides a2 dynamic forcing for
the post squall mesoscale circuletion will te explored. The equations
setting out a simple forced response are presented in Thorpe et al
(198C), hereafter TMMEQ, and ere discussed and develored in chepter

three.

All three processes mentioned probatly occur to some degree. A
forced circuvlation requires evaporation of rainfell jo cool 1it,
otherwise the adiebatic warming would te unrealisticaily large. The
convective downdraught mey be an imrortent initiating forcing
mechanism, but the analytic models developed in éhapters three and
four show that it is dynamically unimporternt for the mesoscale region

behind 2 squall line.
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CHAPTER TWO

CCNVECTIVE FCRCING PROFILES.

2.1 Introducticn end Peveloprment of the General Tisplacement Equation

for a Three-dimensionel Convective Updraught.

Various convective mechanisms are examined in this chapter.
Updraughts end downdraughts of different geometries, with sheared or
unsheared inflows, end compressible or incompressible structures are
studied. The confective updraught and downdraught circulation
described in Moncrieff and Miller (1976), hereafter MM, which is a
special case of the work described here is used as a stérting roint
for suitadble forcing mechenisms for a mesoscale response. The results
of ¥M and extensions by Tam (1979) to include updraughts which tecome
shallower or deeper on ascent are summarised. The consequences of
including a shallow convective downdraught are considered for the
forcing mechanisms. These types of forcing mechanism give rise to a
type "A" or "sequential" mesoscale circulation. Forcing and response
occur on separate time and space scales illustrated in figure 2.1.1
below. The mesoscale responses occurring in such circulations are

described in chapter three.

A second type "B" or "simultaneous" forcing is considered where
convective updraught and mesoscale response are interlocking and
inherengly three-dimensiorel. This type "B" circulation is sketched
in figure 2.1.2 belov. 4 mecdel of the convective updrsught is

developed in which net deviation of 211 streamlines cccurs. (The

two-dimensional updrazught is also included for ccmparison. In order
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Figure 2.1.2
to make the «circulstion structure phLysically corsistent extra
constreints heve to te considered. For irstence, ir the full
circvletion including forceé resypcncse deteilecd in chapter four, there
must te rpressure continuity on ovtflow tetweern the lower surface cof

the updreught end the urprer surface of the forcec dewndreught.
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The basic equation set used is the PBoussiresq approximation for

an inviscid fluid of varying mean density (es in MM). These are:-

%_f + fk,\!’ + Y(\/é‘;‘) — 35}5’}‘2_ =c (2.1)

V. (px)=0° , (2.2)

DUp) + wB = & . (2.3)
Dt

Q is an entropy source; 5p and 5;{ are devietions of pressure and
log-potential temperature from a mean state, with static stsbility
E=(?1n6/2z). The Boussinesq approximation is sccurzte t;j second crder
in the deviation quantities. Advective time scales are much shorter
than inertial ones (D/Dt>>f), so the explicit effects of the earth's
roteation may be ignored. <Since the time taken for a parcel of air to
pass through the squall line is a few tens of minutes, significantly
shorter then the squall 1line's 1lifetime, the flow may te supposed
stationary relative to axes moving at the propagation speed of the
convective system. The following conservative quentity developed in
¥C for = three-dimensional steady flow is used:-

5 [
lzx + %3 - J‘ 3C¢Pol§ = C\(H (2.4)

=]
is a function of streamline only where &SP:?" 7‘;{)((’)’/) 7‘ is the 1lcg
potential temperzture of a parcel of air travelling slong & particular
streamline;%(%) is the undisturted log potential temperature. The
cutflow level of a stresmline entering at s level 30 is denoted by
31(50) &8s X tenés to infinity. All verisbles subscripted ( ), denote

inflew values; ( ), denotes an outflow value. The flow is shown
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schematically in figure 2.1.3. Hence at large distances from the

squall line:-

S

. rd
Rl %me"z‘:g’) -fgo 95pd3 = L Vs

2 ~
+ db [x=-c0 y2=2.). (2.5)
d —f - )8 O°>
i

Hi//)/l/)Ll#_‘_#H

ppgn dirn, // <

Zo
$o Figure 2.1.3 | g’l

The remote flow is assumed tc be hydrostatic so:-

&) = oS )
599 -
2, ) 3| )
Integrating 9;? szoo, 3:3,) = A +,£; 36¢pd3 'f"é* 8‘5¢: dgl . (2.7)
| (i) () Gii)

X

The terms on the right hand side represent:-

(i) the dynamicsl pressure change alorg the reference stresmline,

(." L

AY)

N * ~ % . . ..
<'°=(2;° to 3‘=«], , (obtteined with (ii) from 2.5)

(ii) the pressure change due to hesting alcrng a streamline since the
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reference streamline suffers a net deviation,
(iii) the difference in pressure deviation between the outflow

reference level, gl*’ and the outflow streamline of interest,- %,.

The departure from hydrostatic pressure for the reference
k3
Vo~
streamline on outflow is A-f'fé 30¢Pdg,. Substituting fer
é'g(x:ao,?)sg).) in 2.5 using 2.7 and taking the inflow to be
P

hydrostatic so that ég(x.:-oo,g:go):O gives

> 3
%\1;7' + A 4 -gfa%dg +f3’* 94 d3, ~ fa&ﬁpd} vo. (2.8)

Since solutions which depend on bulk paremeters rather than on
detailed verticel structure are required, the ps‘eudo moist-adiabatic
lapse rate, X, end environmentsl static stability, B, are assumed
constant with height. More importantly these simplifications allow
analytic solutions to be obtained and can be relaxed only at the
expense of requiring purely numerical solutions of the displacement
equations to be developed from 2.8. 5% and 375' mey bte simply

expressed:-~

&, (3‘5)(3— go) (2.9)

§¢, (U—B)(g,—&,). (2.10)

On substitution of 2.9 and 2.10 in 2.€ and with scme manipulation this

gives:-

\v 2+ A+ 8(3—8)[ (5, )dg Lyv?, (2.11)



- 61 -
_’_!.7‘, the dynamical pressure change for the
2 .

reference streamline. If the ocutflow end inflow are both in the x-z

* 1,2
Note, when = A="v -
? } }1 2_0

plane, the mass continuity equation 2.2 becomes

P UodZy = = f,u.dgl (2.12)

where the inflow profile v,= ugi, &nd outflow profile, v,;= u,i.
Representing the density scale height by H,, the surface density by Fs

then

p= Fse,xp(-g/l'-!o). (2.13)

We define ¢ to be the inflow speed for the reference streamline, and
write A= ‘ECQE- Making the trensformations 3/1{—4’, H/E,=D,

1/F2=g(X-B)H"/c", 2.11 becomes, using 2.12 and 2.13:-

(%)“-,_{l—(&)z[u%zf; (f,-x,)af,] exp[-2(3-1.)D]. (2A4)~

This is the generzl ccmpressible, non-uniform shear displecement
equation for & three-dimensionel convective updrevght. In KM, Tam
(1979) and this thesis the lowest streemline is assumed to reach the

top btoundary producing the condition
L(fi=1)=0. (2.15)

The pressure change at the top boundary is unconstraired and so a
rigid 1id is effectively imposed. This is not & necessary constraint

and & free surfece &t the tor boundary 1is &en =alterrative. The
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X
reference level for the pressure on inflow, J;, ie defined to be r,,

<
and on outflow, f =r, , SO that the second boundary condition is

jo(ﬁ’ﬁ)"ro. (2.16)

Tre only enslyticelly trectable form of 2.14 so far discovered occurs
for the incompressible, constant inflow case, I=C, duo/d};O. For this

case 2.14 may be differentiated with respect to J} to obtein

. __' (3-%). (2.17)
dﬁz FZ

The solution to 2.17 with the boundary conditions 2.15, and 2.16,

which must also satisfy 2.14 ,is

=3 | sich $-r1 4 (r,-r:,) sinh =% (2.18)
sinh -1 F F
F
where F(1 £ [T-E) sinh kn = 1= (- )cosh k1 . (2.19)
F F

Solutions which represert an coverturning circulation, dﬁ/dﬁgo for
rlgi‘@, correspond tc the positive square root. The negative root
corresponds to 2 two dimensional solution, d&/d¥)C for 1< §iKy, which
will be briefly described in section 2.3.1. The twc-dimensional
solution is extensively explored in Thorpe et al (1982), hereafter

TMM82.
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The outflow relztive velocity profile is obtained from 2.12, 2.18

and 2.19,
W = ' cosh f-i ~ (n-)coshh | 1. (2.20)
c Féﬁﬁ\!:ﬁ F F
F
The log potentizl temperature devietion profile is given ty 2.10
and 2.1€,
S _ sinh I’.‘-:r. + (- Q)sMkL‘Eﬁ . (2.21)

(¥B)H sfnh};F:._

The outflcw pressure perturtatior profile is obteined using 2.7,

2.9, 2.1C and 2.18 &and simplified using 2.20,

& - E 4 (r,—s>“ v 2 (u? _ JI-E), (2.22)
b ps <t F :
These equations are nondimensionalised by making the following

substitutions:-
- > o (2.23)
(5(3'-8)}47-)
Iﬂa—.‘ —_— SP[ 2 (2.24)
hq(¥8)H
A 4 5 - (2.25)
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In non-dimensional form 2.2C, 2.21 and 2.22 become

u = F { l c.oshf._-r_‘,_(q_ra) cosh l-_ft]—l , (2.26)
Stnh =% F

=
F
oF = ! sinh §-r 4 (f-re) cosh ‘;31] ,  (2.27)
Sih k1 F F
F
Spl - FZ [ E + (Mo)z + 2(9_‘_JT:E)]_ (2.28)
F F

The properties of this equation set and of the general equation 2.14
with the btoundery conditions 2.15 snd 2.16 will be discussed in

relation to the results of MM asnd Tem (1979).

2.2 Models of Convective Urdraughts and DIdwndraughts with an

Undevieted Streamline.

2.2.1 Summery of the Results of KM.

The convective updraught descrited in KM has an undeviated
middle-level stresm-line. In the notation develcped in section 2.1
this corresponds to r=rsC.5. As illustrated below in figure 2.2.1 the
downdraught configuration is obtained by rotating the updraught ebout

the axis I=O.5.
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The eigenvalue equation 2.19, with the boundary condition r=r=C.5

now becomes,

FOL+{T=E)sinh L _ . (2.29)
2F

The solution for the incompressible unsheared case is found where the
m;ximum fracticnal increase in the kinetic energy of the updrzught
occurs as in KK and this sclution corresponds to E=1. The exrressions
for relative velocity, pressure perturbation and entropy perturbation

on outflow from 2.26, 2.27 and 2.28 are givern telow.

W= Fleoshgn —1), (2.30)
F
8, = F siohfn (2.31)

F



- 66 -

§p, = F2( 1+ 2u /F). (2.32)
For this case the dynamical pressure change and the total rpressure
change at m=q are equal for the reference streamline since it shows no
net deviation. Figure 2.2.2 cshows the totzl pressure deviation and
the dynemical pressure chenge es a function of height within the
outflow. The updraught convective aygilable potential energy (UCAPE)
is the "CAPE" defined in MM ss

p
84.dg .
L&. E“‘P%

M

Taking UCAPE to be 1CCCJké4, a value typical of Venezuelan and
GATE squall lines (Fernandez, 1980, 1982), the total pressure change
varies between 0.5mb (O.éSUCAPE) at mid-level for the undeviated
streamline and 4.2mb (0.42UCAPE) &t the highest outflow level. The °
convective downdraught'(assumed to undergo pseudo-saturated descent)
has an identical but inverted pressure perturbation profile. Outflow
profiles of relative velocity, pressure perturbation and entropy

rerturbation are shown in figure 2.2.3.

The total pressure chenge is composed cf the dynamical part zand
the change produced by warming. The dynamical pressure change varies
between C.5mb (O.CS5UCAPE) at mid-level and -5.9mb (-C.5QUCAPE) for the
uppermost stresmline. This pressure fall of nearly émb reflects the
large &cceleration of the &ir which 1leaves at high 1level. The
pressure change through heating is very large at this level, more than
1Cmb. This is because the thermal ccntritbution to the pressure change
is proporticnezl to the square of the vertical displacement, &nd

btecause (¥-E) is independernt of height.
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In considering narrow updrzughts in section 2.3 this 1large
pressure rise due to the 1large net displacement of the lowest
streamline on outflow (see figure 2.2.2) will te imgportent when we
attempt to match the presure changes 2t the boundaries tetween
different types of flow. For constant lapse rates, it is reasonably
obtvious that & way to reduce the total pressure change is to
accelerate the air so that the dynamical component of the pressure

change at the toundary is negative.

The outflow profiles for unsheared incompressible flow (figure
2.2.3) show the following features, which provide the forcing profiles
for a subsequent circulation. The flow is accelerated at upper and
lower levels, above I=0.8 and telow J;=0.2 while the mid-level flow is
decelerated with a stagnation point at the mid-level in the outflow.
The upper level flow is accelerated from usF to u|=F(ch(1/2F)-1) in
nondimensional units. Wher F=0.230 (the solution found by MM) the
maximum outflow velocity is 0.794. The velocity is increased by
nearly 250%. This corresponds to an accteleration from 10.3ms_' to
3'7.3ms_', a velocity change of 26ms.'. In practice such a severely
sheared profile with mid-level stagnation of the outflow cennot be
used to force a2 mesoscale response as is shown in chapter three; a

modified, smaller emplitude, cosine-type profile is used to represent

the velocity perturtation.

The pressure perturbation 1is everywhere rpositive with larger
positive devietion at lowest and highest outflow levels. The mean

pressure change, given by
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1
R
f Spdl, =3F
Q
is epproximately 1.6mb if UCAPE=1COOJkg_t

The change in log potential temperature (84,) shows that heating
occurs in the updrzught outflow, increasing at a greater than linear
rate with height. The downdraught shows a matching decrease in é#,
below the mid-level. The maximum heating or cooling is given by
‘3‘-1'4 =1, 5¢|=1 . For example, & difference in lapse rates of 10-‘m.‘ with

a disturbance height of 10km would give 59/9~10'z, d6~2K (8~3C0K).

The forcing effect of 2 positive pressure perturbation with a
westerly mirimum in the velocity profile will te explored in chapter

three.

2.2.2 Model with a Shallow Downdraught.

In this section a more reslistic model of the convective
downdraught is developed. The observational evidence presented in
chapter one does not support a2 downdraught model which extends through
the entire depth of the troposphere. ©Petts' (1976) results indicate
that the convective downdraught air originates immediately above the
subcloud sir and probably occupies a pressure depth equal to that of
the sutcloud leyer. The vupdrzught air originates in the subcloud
leyer. The circuletion shewn in figure 2.2.4 with a shallow
downdraught and a streamline which is undeflecfed in the vertical is

examined first.
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N
W,

Z. Figure 2.2.4 Z,
In figure 2.2.4 there is no relative inflow above the updraught and
the downdraught inflcw - or btetween updraught and downdraught on
outflow. Assuming pressure continuity between the lowest level of the
updraught and the highest level of the downdraught on oufflow some
useful deductions may be made. Updgaught and downdraught circulations
individually fulfil the requirements of mass continuity. However a
further refinement of this model would te to specify widths in the
transverse (y-direction), for updraught, dcwndraught and intermediate
flows, so that & more rigorous treatment of air with 2 common level of
origin could te made although such 2 refinement will rot be attempted
here. Precisely the same eigenvelue equation 2.29 as in KM epplies
because there is a streamline which has zero vertical displacement.
The depth of the downdrazught is now }% and FA=Ca/’g(K'ELE? where fhe
subscript "d" now indicetes & downdrsught variable. For the updraught

F,=c,/ g(K—BLF:.

If both updrazught and dewndravght trznsform CAPE into meen flow
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kinetic energy with maximum efficiency so that E,=E =1, 2.20 becomes
% 1.

Fsinh(1/2F)=1. Then F,=F4=0.23 and cu/(UCAPE) =cd/(DCAPE) % where

UCAPE and LCAPE are the updraught and downdreught CAPE respectively.

(UCAPE=g(¥-B)H2/2, LCAPE=g(¥ -E)AH:'/Z .)

If the pressure change at J,=E,/2 is equal to that st 3 =Hy/2
then freom 2.22 ';'_fs := -‘ifsc: . So Cy=Cd? UCAPE=LCAPE and
(X-BLﬁ:ﬁ(K-BbQ:. If the descent in the convective downdraught follows
the saturated adiabat, then (K-B)u=(X—Bh and the height scales of
updreaught and downdraught (Hu and Hd) must te eqﬁ&l. This is the

model developed in MM.

If (¥-B),#(¥-B)4 then (!-B)u/(?-B)d=(Ha/Hu)z and Hd/H, is known
to be less than 1 from observations. If Hq corresponds to a layer
3CCmb deep and K, to a layer 90Cmb deep, equating layers of equal mass
to those of equal depth in this incompressible model, then Hy/H,=1/3
and (¥-B)u/(¥-B)y=1/9. This implies a massive amount of evaporation

into the convective downdraught producing substantiel cooling.

. 2 second interpretatién is possible:- If we assume (X-E)u=CX-E)d
and Hd/Hu=1/3, retein the criterion of meximum mechenical efficiency
for updraught and downdraught end ‘exemine the consequences for the
difference in pressure change between &=Hu/2 and 3=Hd/2 then

UCAPE/LCAPE=(H,/Hy )™ =9

F=FF0.23
1o’ [ gpsed® = (R 1Fa)* (UeaPE [pcaPe) = 9.

According to 2.22 applied above to this srpeciesl case, & pressure
gradient must exist across the intervening air - & positive devietion
which increases with height. In addition the updraught must propagete

at three times the speed of the downdraught which suggests that no
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"

steady state" is obteineble. Consider what must happen to air
originally ebove the inflow to the convective wupdreught and
downdraught and below j;=Hu, illustrated in <figure 2.2.5 Dbelow.
Suprose it leaves at the rear of the circulation between Hy/2 and
Hd/2. Air which is forced to descend and whose pressure rises must te
decelerated as is shown in chapter three. Therefore air descending to
near§n=Hu/2 and§ﬂ=Hd/2 must be decelersted. Fass continuity however
requires thet some of the air in the middle of the layer must te
accelerated. This large middle-level acceleration is never found
observetionzlly and indeed the middle-level flow is always

decelerated.

HUAAHJIJI//III%HU
_ S——
\ ’

——9'
/7 N
Vg ~~ ~
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\

1

- Figure 2.2.5 Z,

2.2.3 Model with & Shallow Powndraught:- Extended tc 2llow Cutflow to

become Ceeper or Shallower than Inflow.

Changing the level of the undeviated streamline so that inflow

and outflow depths are unequal is the next stage of ccmplexity for tre
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model suggested in section 2.2.2. A flow of the type sketched in

figure 2.2.6 below is considered.

A

/
- \————7d

zo Figure 2.2.6 Z'

The equations describing the updraught sre set out below. From

2.18 and 2.19

%= % — (1+N=E,) F.Hy sinh 3-h (2.33)
F Hua

where (l +JI-—Eu) Fu Stnh Hi-h = | for hgfigHy. (2.34)
FuHu
Similarly for the ccnvective downdraught

o =5 (1+ I-Ea )F'd Hg swh z-—d (2.35)
Fy Hy
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where (\+=Eg)Fy sirh_d_ = | for 0¢fgd. (2.36)
Fy Hd

The results for the case E=1 for the updraught are documented in
Tam (1979). From figure 2.4.2 of Tem, rerroduced in figure 2.2.7, we
see F increases as K increases (where o =(Hy-h)/H,), F tending to
zero as o tends to zero (no outflow) ancé F tending to infinity as oL
tends to 1. Since c¢, is proportional to F,, a deepening updraught
with o >C.5 will produce a larger pressure change along the lowest

outflow streamline than a narrowing updraught.

An updraught and downdraught can be associated as in the previous
section by constancy of pressure betweeu1&=h and &=d. As before, this
implies cy=cy for the case E =E4=1. F, can be calculated from 2.34 for

a range of values of « as in Tam (1979). Then, since cu=cy,

Fy/F, = |UCAPE/LCAPE .

E*is calculated for a range of values of (UCAPE/DCAPEY@Z d/Hd is
found by solving 2.326, which is of the same form as 2.%4. The results
are shown in table 2.2.1. For exemple if o,=0.6, F,=C.Z26 and
UCAPE/TLCAPE=2 then d/Hd=C.699. Both updraught and downdraught become
deeper on outflow. The outflow relative velocity profile is obtzined
from 2.12 and 2.33 or 2.35. For UCAP‘E=1000Jkg“I a proragation speed of
14.6ms"| for the system would te predicted. For this configuration:-
u(H,)=0.326x2.23x( 2UCAPE) %32, 5ms™
u50)=0.326x1.39x(2UCAPthLEC.3ms"
To reduce these velocities further (they are rather large indicating

velocity changes of 1ems™ znd 6m§4) toth (H,~h)/H, and d/hKy must te
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Figure 227 Variation of updraught out flow depth,o, with propagation speed, c=F), Tam (1979).
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a, Eu_ ﬁa far'?a -n.eqnal to:

V1a V5 V32 V1
0.0 Q.0 0.0 0.0 0.0 0.0
0.l 0.022 0.2%4 0.182 0.130 0.1
0.2 0,056 . | 0.431 0.34T7 0.256 0.2
0.3 |. 0.100 0.591 0.493 0.375 0.3
0.4 0.157 0.720 0.621 0.4951 0.4
0.5 0.230 0.817 0.730 0.599 0.5
0.8 0.326 0.887 0.818 0.699 0.5
0.7 0.464 0.953  0.888 0.793 0.7
0.8 0.678 0.967 0.939 0.874 0.8
0.9 1.125 0.987 0.975 0.944 0.9
1.0 1.0 1.0 1.0 1.0

'*‘ Tadle 2.2.1

au (ul/dtcp (ul/dhottcm fox ?d./Fu. equal to:

v 10 ) /2 1
0.0 © fee) loe] @ loo]
0.l 46,11 13.46 19.23 31.64 46.11
0.2 16.80 475 7.02 11,69 16.80
0.3 $.07 2.32 3.59 6.12 3.07
0.4 5443 1.25 2.02 3.62 5.43
0.5 3.45 0.70 1.19 2,23 3.45
0.6 2.23 0.39 0.70 1.39 2.23
0.7 1.37 0.22 0.39% 0.82 1.37
0.8 0.78 0.10 0.20 0.45 0.78
0.9 0.34 0.04 0.08 0.18 0.34
1.0 0.0 0.0 0.0 0.0 0.0

Table 2.2.2
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increased - see table Z2.2.2. Alternatively the ratio UCAPE/TCAPE
would need to be increased. The calculation of this ratio from
observetions is not straightforward and will be discussed in chapter
five. However it is an important bulk perameter which would shed some
light upon which of these downdraught models resemble the atmosrhere

most closely.

The pressure change on outflow for the updrsvght may te ottained

by integrating 2.7, using 2.9 and 2.10 for é;sp ané 6'95,, and 2.%% for
§ %

Y. 2
_ﬂ. = -'_ Cuz Eu -+ eucu (Cash a "h - !
7 i Fa )

where Gu?1+(1-Eu)%E Similarly for the downdrsught:-

2
S, _ quzgd + &G4 (cas}\gl-d - I).
Ps Rt Hd

The mean pressure change within the updraught where of,=(H,-h)/Hy is

Le*E, + €6 (R snhou | ) )
2 “U. Fu

end for the downdraught the meen pressure change is cbtained ty

replacing all "u" subscripts by "d" where Kd=d/Hd.

For the same value of &, used in the velocity calculation the
maximum and meen pressure perturbations for updraught znd downdraught
msy be cealculated in units of "UCAPE".

For the updraught &p, ., =0.58. SP =0.25.
For the downdraught Sh“ax=0.40. 5?:& =C.2C.

Comparing with MM where 5}ma¥ =C.42 ard é}%a”fo.16 we see that
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updrauvghts and downdrsughts which become deeper on outflow experience
larger pressure perturbations. However there is now an unsymmetric
pressure perturbetion pattern on outflow with a larger mean pressure

rise in the updraught outflow compared with the downdraught outflow.

The model with a shallow downdraught developed in this section
requires totk updraught and downdrzught to tecome deeper on outflow,
when the updrzught inflow depth h is less than O.5H,. For this flow
cyh-cy(Hy-d)>C since cy,=cqy snd hdHy-d. Therefore there is a net
upward mass flux on the convective scale. This must be balanced by a

net downward maess flux on the mesoscale or large scale.

The shallow downdreught models in section 2.2.2 and this section,
2.2.3, both require inflow to vpdrzught and downdraught from the same
level. The "interlocking" model developed in chapter four includes a
convective updraught with net deviation of all streamlines. Updraught
and downdraught air flows come from different levels. The updraught

model for this system is explored in section 2.3.

2.7 Models of Convective Updraughts with Net Deviatior of All

Streamlines.

There are two quite different cases to consider. First, wken
each streamline "jumps" vertically maintaining its relative position
so there is no overturning of the flow; second, where the air
overturns and the zir from the lowest level flows out at the highest

level.
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2.2.1 FKodel of a Two-Dimensional Convective Updraught with Net

Deviation of All Streamlines.

-

This two-dimensional model of 2 convective updraught is included
for completeness in describing convective wupdraughts. Such a
circuletion is suggested &as & component of two-dimensional
mid-leatitude squell lines in TMME2, and indeed in recent observational
models of certain case studies of West African squall clusters
(J.Testud, personal communication). The circulation is shown

schematically in figure 2.3.1 telow.

1 DA S I B NS L S S I S S SRR

/
& = / y o 1, =
Propgh DirD / /
/sy
/
“" )

g:‘---'O— — O

————3
P

I’ Figure 2.%.1 , J’u

The derivation of the displecement equation descriting the
two-dimensional wupdraught follows that for the three-dimensionel

updraught 2.14.

If the outflow and inflow are toth in the x-z plane the mass

continuity equation (2.2) for 2 two-dimensional circuvlation tecomes
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Po Us dé" = p u,dé. (2.37)

X X
The inflow reference level, :L, for flow lesving at I =r, is C. The

toundary conditions for the limitimg streamlines are now
L(5=1) = =, (2.3€)
L =r) = o, (2.39)

The displacement equation 2.4C set out below together with the two
boundery conditions, 2.38 &end 2.39, descrite a two-dimensiocnal
convectively driven circulation where all inflow is at the front and

all outflow is to the rear.

[di,)l - I-E - ZF; (£-1%)d%. (2.40)

do 3

d3,

The unsheared, incompressible solutions with D=0 and wug=c are
considered. For this case 2.40 may be differentiated with respect to

I to obtain

L _ _ L (3-3%) (2.41)
PR

The solution to 2.41 with the boundary conditions 2.28 and 2.39 must

also satisfy 2.40. Hence we have

o= - L [(l—ro) sinh 3-0 4+ 1 sinh l_-ﬂ’l:l (2.42)
F F
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where F(l- ﬁ:é) Sih"\l:ﬁ_ — \-—13 i cosh -1 . (2.43)
F F

Solutions taking the positive square root have relative inflow at the

rear which is not described by these equations and are now discarded.

The y-component of vorticity 7 for a two-dimensional steady flow
is additionzlly constrained in the following way. From TMFEC

2 h , 3RG3) | -0

Dt Lp PoUo

If the inflow is initielly unsheered then

v _ §0-8)(3-%)
ﬁ P°u°

or o, _ — q(B)(3-%) P

agl foblo
In a convective vupdraught in which log potentidl tempersture increases
on ascent relative to the environment, the outflow must Dbecome
negatively sheazred. This implies that a solution which stagnates =zt
any point on outflow must have relative inflow et the rear. <Solutions
with E=1 are not possible for a two dimensional updraught if we insist

that there must te no relative inflow at the rear. Rewriting 2.43

2
E_ |- |- J=rs —f cosh =%
= E
F snh 1-n
| =3

we see that E can only be positive when the updraught outflow depth is

greater then the inflow derpth (ie. t-r,>r, or 1—rl>r°). The
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variation of F with E is shown in figure 2.3.2 for r,=0.2 with T,
teking the vealues C.7, C.8 and 0.9. Positive values of E only occur

for updraughts which become deeper on outflow.

Cutflow profiles of relative velocity, pressure perturbation and
entropy perturbation are shown in figures 2.3.2 and 2.2.4 for E=+0.5
and E=-C.5. In the former case only profiles for updraughts whose
depths increase are shown. In both figures an initially unsheared
velocity profile becomes negatively sheared on outflow. The pressure
perturbation is positive and increases with height. Log potential

temperature increases for air throughout the updraught.

2.3.2 Model of & Three-Pimensional Overturning Convective Updraught

with Net Deviation of All Streanﬁlines.

The general equations describing this flow were developed in
section 2.1. The inflow reference level, I:, for air leaving et :f|*=r|
is r,. As in MM the case of maximum efficiency of conversion of CAPE
to mean flow kinetic energy is considered. The flow leaving at 37 =r,
is brought to rest with E=1. This is the first three-dimensional
circuletion described in which the reference stream'line, from I,*=r° to

* k3 L3 3 .
.T, =r,, experiences s net deviation, as in figure 2.1.2.

When there is no net change in the depth of the flow, 1-r =rg,, it
cean be seen from figure 2.3.5 that Sp(r,) iricreases as r, increases.

Both total ©pressure deviation (&pw) and dynamical ©pressure
change (ﬁ‘pdamm) are plotted as a function of 1r. The difference
between the two curves is the contribution from heating which

incresses as r, increases. The net displacement of air leaving et

height 1, is r, -1 end increases with r, . The dynemicsl pressure
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(b) pressure perturbation and (c) 10g(8) perturbation. Inflow speed,
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chenge has a maximum for T, between 0.65 and C.7 and fells to zero as T
tends to 1. This follows the behaviour of F which peaks similarly and
falls to zero as T, tends to 1. It appears that as the flow becomes

increasingly nerrower, a greate# percentage of CAPE released goes into

the pressure perturtaztion rather than into mean flow kinetic energy.

The effect of changing the outflow depth with respect to the
inflow depth is shown in figures 2.3.€ and 2.3.7 for two different
values of 1. For a relatively "thick" updravght with rz0.45 the
pressure changes are of the same order azs those for r°=r|=d.5. As the
updraught outflow tecomes narrower the total pressure change 2long the

reference streamline increeses. (This contrests with the case of no

net deviation of the reference streamlire described in section 2.2.3%.)

For the "thinne;" updraught, r,=C.2, the pressure changes are an
order of magnitude lsrger. This large fressure rerturbation where the
updraught is narrower 1is clearly going to te 1importent at the
interface tetween a convective flow and e forced flow, treated in
chapter four. There is a2 maximum sustainsble pressure change for a

forced flow e2s will be shown in chepter three.

2.3.2 The Effect of Shear snd Ccmpressibility.

The general displecement -equation 2.14 with the boundary
conditions 2.15 and 2.16 describe a three-dimensional convective
updraught of variable deptk with compressibility and & sheared inflow.
Initielly, updraughts with constent depth are considered ie. 1-r,=r,.
Such & configuration is illustrated in figure 2.%.8 telow. The
numerical method for sclving these equaticns is descrited in zppendix

A.
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Figure 2.3.8

¥hen the inflow velocity is sheared a definition of propegation
speed must be made for the system. Here the propagation speed is
defined as the mean inflow speed in the relative frame (weighted by
the density for the compressitle case). The propagaticn speed is
normalised ty (2UCAPE)'h while the inflow shear is normalised by
(e(¥-B))",

Figure 2.7.9 shows the verietion of the proragetion speed with
inflow depth for incompressible (D=C) and compressible flows (D=1).
Here and in 211 ccmpressible cases the density scale height end the
height scale of the disturbance are equal for tropical cumulonimbi.
In general the compressible solutions have much lower propagation

speeds than the incompressible soluticns.

The veriation of propagation speed with & negative vertical shecr
of the horizontzl velocity is shown in figure 2.%2.1C for I[=C and in

figure 2.3.11 for I'=1. The easterly jet profile commonly found in the
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Figure 2.3.6. Variation of Sp(g) with § for"thin" updraughts
of constant inflow depth, =02 E=1.
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Figure 2.3.7. As figure 2.36 except for**thick" updraughts
with ,=0.45.
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Figure 2.3.8. Variation of propagation speed with inflow
depth, r,, for constant depth overturning convective V

updraughts (1-5=r,). 0=0 (solid line) and D=1 (broken line).
E=1.
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Figure 2.3.10. Variation of propagation speed (defined to be the mecn

relative inflow speed) with uniform inflow shear. D=0, E=1 and 1-f=r.
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Figure 23.1. As for figure 2 3.10 except for D=1.
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Figure 2.3.12. Outflow profiles of relative velocity, pressure and log(8) perturbation for a three-dimensional convectiye updraught. Inflow relative
velocity with (a) shear;-0.1 and (b) shear=0 are shown y thinner lines =04, £=Q6, E=1. The compressible case is shown by broken lines.




tropics has negative shear in the boundary layer. The variation of
propagation speed with shesr is linear for inflow depths between 0.1
and 0.7 for -1gdu°/d5,50. For larger inflow depths the propagation

speed increases less then linearly with increasing negative shear.

Qutflow profiles of relative velocity, pressure perturbation and
entropy perturbation were calculated for unsheared and sheared inflow
profiles (duo/d},=0 end -0.1) for incompressible and compressible
flows for a variety of inflow depths. The method of calculation of
u,, &, and 8¢ is given in appendix A. Results are essentially
similer for different inflow depths (O.1<r°$O.5). The case with

Ir,=C.4 is shown in figure 2.%.12.

Cutflow velocity is generally larger in the middle-layers for
compressible solutions compared with incompressible solutions. Since
the density is 1lower on outflow, the flow must be faster. The
pressure perturbation for the reference streamline ié lower - because
the propagation speed is lower in the compressible cases, and because
the pressure change is scaled by the exponential factor exp(-ﬁD).
Entropy increases are larger in the compressible case for air leaving
in the middle of the outflow layer. This is'a consequence of larger

net vertical displacements of air parcels.

Thin updraughts whose depths change on ascent are now considered
ie. 1-r|#r°, to assess the relative importance of the change of depth
to the propagation speed. Such an vupdrasught is sketched in figure

2.%3.12 below.
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The same procedure for solving the general displacement eguation
2.14 with the boundary conditions 2.15 and 2.16 was followed as in the

first part of this section.

The variation of propagation speed with r, for constant inflow

depth, r

o!

is shown in figure. 2.3.14. A 10% change in r, (for r,=0.2)

produces & 28% change in propsgstion speed for roﬂw1-r‘.

Figure 2.%.15 shows the veriation of propesgation speed with sheer
for &n updrauvght with depth ry=0.2 on inflow. This variation is
plotted for a narrower outflow depth (r,=C.9), an equel cutflow depth
(r, =0.8) end a broader outflow depth (rl=O.7). As the outflow depth
increases the propagation speed increases for e given shear.
Compressible results with D=1 show a similar trend in figure 2.3.16.
A 1C% change in sheer for duo/d2b=-0.5, To=C.2 and r,=0.8, produces a

2% change in propegetion speed. The variation of propagation speed

with shear is seen to be relatively unimporteant compared with outflow
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Figure 2.3.14. Yariation of outflow depth (5) with propagation speed for variable depth
updraughts. Incompressible (D=0, solid line) and compressible {D=1, broken line) results are

shown for inflow depths r,=0.2 and 0.4. E=1.
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Figure 2.3.15. Variation of propagatijon speed with shear for updraughts with inflow depth r, =0.2 becoming
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depth.

The varistion of propagation speed with outflow depth will not be
quantified here. As we will see in chapter four the depth of the
convective updraught outflow is controlled by the forced flow and by
the rressure perturbation a2t the interface between the two layers on

outflow. The outflow cepth is not known at the outset.

2.4 Summery.

The prorerties of the model of a convective updraught developed
in KM have bteen documented and the partitioning of outflow pressure
perturbation has been explored. The magnitude of the vertically
averaged mean pressure ‘change was estimated to be +1.6mb for
UCAPE=1OOOJké4. The outflow relative velocity profile stagnates at
the mid-level and is increased by nearly 250% =at thé top of the
outflow. Profiles with positive pressure perturbaticn and relative
velocity with a mid-level easterly jet and increasing westerly flow at
upper and lower levels will be used as forcing mechanisms to a

mesoscale circuletion in chapter three.

Various modifications tc the basic flow are considered in trying
to produce less severely sheared (more realistic) profiles. A shallow
downdraught travelling with the same speed as the updraught requires
the evaporation of large amounts of precipitation. For saturated
descent to occur, retsining the criterion of "maximum mechanicsl
efficiency"” for updraught end downdraught, a vertical pressure
gredient must exist &ecross the intervening ocutflow air. However
mid-level acceleration of 2ir would be required, since this flow is

tounded by positive pressure perturtations, which is not found
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observationally. In chapter four the forced flow has a positive
pressure perturbation at the 1eve1:ﬂ=r‘falling to an (unconstrained)
negative value at the surface. The trend is similar but the change in
sign of the surface pressure perturbation implies a different type of
velocity rprofile with middle 1level deceleration and lower 1level
ecceleration. The more complex model developed in section 2.2.3 with
variatle depth suggests the positive pressure perturbation is
unsymmetric and increasing with height. Changing the level of the
undeviated streamline reduces the maximum outflow velocity for
updraughts and downdraughts which become thicker on outflow. In both
this model and the preceding shallow downdraught model there is a net
upward vertical mass transfer which requires compensating subsidence
to occur either on the mesoscale or on the synoptic scale at some

other location.

The "thin" updraughts developed in section 2.3 are believed to be
more realistic since there is no longer an "undeviated" étreamline.
The two-dimensional model described in section 2.3.1 ‘becomes
increasingly negetively sheared on outflow. A few examples of such
two-dimensional updraughts have been noted observationally including
an apparantly two-éimensionel updraught depicted in Chong et al (1S€3)
in a West African £E£quall 1line. The three-dimensional updraught
rroduces a larger positive pressure perturbation on outflow when the
inflow layer is +thinner. Compressibility is seen to decrease the
propagation speed of the three-dimensional updreught by as much es
50%. Changing the deptk of outflow relative to the inflow appears to

be more important than introducing shear.

Cf these properties summerised, the effects of non-uniferm inflow

sheer end constant inflow pressure rerturbation will be explored in
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chapter three. A verticel gradient of pressure gperturbation and
warming et low and high levels are predicted by the models developed.
However observations do not presently exist to confirm whether these

conditions occur in the immediate post-squall region.
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CHAPTER THREE

THE FCRCED MESOSCALE RESPONSE

TYPE "A"

3.1 Introduction and Derivation of the General Equations Describing a

Forced Circulation.

This chapter and chapter four are concerned with the mesoscale
forcing in the rear of the convection at the front of a squall
cluster; in particulaf the response to the cloud induced pressure
gradients. The philosophy is that the convective part of the squall
line provides a very distinctive pressure field in the outflow of the
squall, of order 1Ckm behind the squall front. This pressure field is
out of balance with the large scale environment and clearly some
ad justment must take place. There are two main adjustment mechanisms
on quite distinctive time and spacé scales, namely, geostrophic
adjustment on a large space &and time scale &and gravity wave
ad justment. The squall 1line is specisl in the sense thet it
introduces a rpressure disturbance into the 'atmosphere whichk 1is
propagating relative to the wind in the whole troposphere and it is
thus 1likely that the adjustment mechanism is quite distinctive. This
is probably the basic reason why the mesoscale ascent and descent is
so clearly different from that eppearing in mid-latitudes where the
pressure perturbation does not propsgate relative to the wind
everywhere. In this chapter the effect of>a propagating rressure
field, produced by the squall line convective dynamics is exemined to

see whet types of response cen exist in & steady frame of reference
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moving at the speed of the squall line.

Outflows from the three-dimensionsl squall 1line models were
documented in chepter two. These can be used in two different ways in
modelling the interacting flows involving convective and forced
(mesoscale) circulations. In this cﬁapter the type "A" or "wake"
model is descrited. This type "A" flow is illustreted below in figure

Z.1.1.

—
m.\ / ppg? dird _—
A dir! .

| \
inflow /_\ _OLM_)

inflow. outflow

/ \ | S~ —,
M —_
«—— =B =0 — —— = =<0 ——

Convective circulation Forced response

Figure 2.1.1
Cutflow from & squall line model defines the inflow to the dyremical
response model. The forcing profiles of pressure rperturbation and

relative velocity drive a subsequent mesoscale resronse.

A type "R" or "interlocking" model is explored in 'charter four to
descrite the higk 1level mass injection ty convective urdraughts
accompanied by & rositive rressure devietion for this eir. Tre
environmental eir is erviseged to be simulteneocusly fcrceéd down by

this mass injection zrd the positive pressure perturbztion on outflow
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between updraught and downdraught decelerates the air at middle
levels. This approach was illustrated in figure 2.1.2 of the previous

chapter.

The three-dimensional convective circulations described in chapter
two produce a net momentum flux in the x-direction which is not
balanced by the x-component of the horigontal pressure gradient on the
scale of the squall line eleﬁents. From the x-momentum and the mass
continuity equations, integrating from x=-ov to x=+o0 and vertically

from z=0 to z=H:-
H
[ Tpee ] Sy + %S:Srrwd*d% o [f L puwas | =0

When the flow is bounded by rigid lids the last term is zero since
w(0)=w(H)=0. 1In both two and three-dimensional systems net x-momentum
flux generation in the x-direction cannot be balanced by a net
transverse flux generation. Thus both two and three-dimensional flows

H
must conserve the quantity J. u2+f]d.
Lpe+pis

Three-dimensional flows such as that described in MM76 generate
x-momentum flux if the inflow and outflow basic states about which
pressure perturbations are calculated are assumed to be the same. If
p,(x,2) represents the hydrostatic pressure and departures are

represented by dp(z) then we must have:-
Y Y
i (\o, utt ph(m,(oz.) + SF(S,)>d8, = ;\o (fouo'?- + h\@w o)+ 5p(s°)> d 8"
. . . (‘H 1. G N\N]- *
Since in the squall line model s Gﬁu.+cp@);k,> (ﬁu3L+de&>dS°
~ v U o MY ¢

H H
i < - K :, i .
it follows that,ih(no,gl)dgl iﬁ‘(m)cﬁ tua, ie there must be an
external pressure field producing a net pressure decrease across the

convective system. This may be formalised in the model as a pressure
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change along the rigid upper boundary doing work on the fluid. In the
real atmosphere the upper fluid boundary (the tropopause) may be
distorted such that H=H(x) and w(H)#0O at all points on the upper

HGO
e
boundary. In this way the term [J: Fuwd%J may contribute to the

]
x-momentum flux generation,
H (4eo) H(";O) . 5 -
L4 8bi7)d7, — f Do TR ) Jl?
ie. \S; (P,Ul + P(O‘>/ gl N L P;) ls ; ’Vo)/ \_l éc

+o

- _ [f(wpﬂ(g‘)dg‘— iHGL;)k(Scﬁclgo_J— gw fu,wdx

The momentum flux term dependent on the upper boundary configuration

H@)

may show net descent if the hydrostatic base state pressure fall is
insufficient to balance the x-momentum flux increase generated. Much ‘
remains to be understood in this problem which this analytic treatment
cannot hope to explore. Numerical siﬁulations could be usefully

employed in this context.

In chapter two we have seen that a mean positive pressure
deviation is generated in the x-direction; it is suggested that such
an imbalance in the two-dimensional momentum field could be
responsible for a forced two-dimensional circulation of the type
described as a "jump" solution in TMMB0. In section 3.2.1 the results
.of TMM80 for forced flows are summarised and extended to include
non-uniform inflow velocity and compressibility. In particular,
jet-like velocity profiles of the type obtained as outflow in MM with
certain modifications are used as inflow profiles to the forced
circulation. Finally, the forced downdraught model is extended so

that all streamlines experience a net vertical displacement in
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preparation for the "interlocking” type "B" model described in chapter

four.

Terivation of the equaticns describting the forced response
procedes in the same manner as ir chapter two for the convective
circuletion up to 2.14. However, it shculd be noted that the
appropriate form of the messs continuity equstion for a two-dimensional

circulation is given by 3.1 telow.

Potodte = piuids, (3.1)

The archetype of the forced response may conveniently be described by
examining the simple two-dimensional circulation schematiczlly
represented in figure 2.1.2 telow. The extension to multiple layers
is easily obtained once the simplé model has been formulated &8s will

be shown later.
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In this case the top stresmline is &assumed to descend from the
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uprer boundary, I,=1, to leave at :f|=r, while the lowest stresmline
descends from :£=r° to &=C. These boundary conditions are expressed

formally below:-
:fo(j' ::r‘) =] (3.2)

L.(3=0)="r (3.3)

¥ is now the downdraught lapse rate of potential tempersture for air
teking part in the forced circuletion so that ¥<B, end in tke dry
adiabatic case &=C. Fence F$=c2/(g(X—B)H;) is negative and will be
replaced by —§;=c‘/(g(X-E)Hz). The reference level for pressure

X * '
changes is the streamline leaving at m=r,. Hence 11=1. 2.14 then

becomes:

(3%7 - [l ) (&)Z(E— %Z_J:j;(ﬁ"l’o) d‘f")] &xp ['2(3’1—:&):13]_ (3.4)

2.4 and the boundery conditions 3.2 and 3.2 form the general equaticn

set for compressitle, sheared, two-dimensicnal forced circulations.

3.2.1 Surmary of the Results of TMMBC Releting to Forced Flows.

An unsheared incompressitle flow is considered in THMEO. The flow
is depicted telow in figure %2.2.1. For this circvlztion u,=c and 3.4

becomes:-

Y.
df\ = 1 - E + 2 [ (4-1)d%. z.
dj) %11‘ 3 ) ) (3.5)

The tourdery conditicrns, from 3.2 end 2.7, ere:-



(6= =1 (3.6)

l(f.=0) = 0. (3.7)

Figure z.2.1

Differentistior of Z.5 witk respect to i yields & lineer equetion but
this powerful linezrisetion for a finite amplituvde system can only be
employed if the inflow is vunsheared becsuse only in this case carn

d3./d3, (4C by definiticn) te cancelled in the differential equation.

_tf_‘.:_& = L (f;-]'o) (3.8)
d* i

The solution to the simple equetion %.8 with botrndary conditions 2.6
and 2.7 must slso satisfy the ron-lineer equation 2.5 giving erplitude

constreints and yielding:-
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=3 - Feos) (1£d-E sin 3 (3.9)
l 1 _f 5% ) ‘?

where sin(1/§?=0 (3.10)

so 1/Ef=nTT (n=1,2,3,.00.).
For no return flow to exist st the rear we require that u|/u°;C for
21l values of T‘ in the range C¢ Cf|\<1. From 3.9 use of the cortinuity

equation 3.1 leads to the following expression for u)/ug:-

e r f

The integer n determines the permitted number of descent and ascent
regions; ¥hen n is odd (cos(1/§9=-1) and cos(J /g? takes the value
(-1), we see that the negative root is required to svoid relative
%nflow'occurring et the rear, while if cos(j}/g) takes the value (+1),
then the condition u;/u,)0 implies 1+(1-(1-Efb930 or E>-3. VWhen n is
even (cos(1/%)=+1), the negative root is again- required with the

condition E)-3. The upper limit for E is 1, otherwise the solvtions

to 3.11 would not be physically meaningful.

Unlike the solution to thke eigenvalue equation (2.29) for the
three-dimensionel convective circulation described in NN, Ff may téke
an infinite number of values (one for each positive value of n),
thysically rerresenting vertical modes, and EF is incdependent of E.
Even with n specified, the solution to 3.8 is not urniquely determined
and e closure must be invoked such 2as specifying thev dyremicel
pressure change (proportionel to E) along the reference streamline.

Solutions which maximise the increzse irn meen flcw kinetic energy ere
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considered as ih MM, & condition which effectively maximises the
mechenicel efficiency of the circulation. Since potentizl energy is
being creeted by the system the net work done by the pressure field is
therefore maximised. In the next section the relationship between the
mean flow kiretic energy &and work done by the rressure field is
demonstrated. The net increase of kinetic energy is given by 3.12
below, and for convenience this is normalised with respect to the

inflovw kinetic energy.

|
['irs - [ oo

[Mypnze

where E>=1-(1—E)%E The relestionship tetween €” and E is shown in

ez (%.12)

1
2

figure 3.2.2. 6?; arnd the net kinetic energy production, &re a
maximum for E=ﬁj corresponding to E=1 and E=-3.. The double maximum
in the kinetic energy curve msy be interpreted by considering the form

of the flow.

Expressions for pressure perturbation end entropy perturbation on

outflow are cbtained as follows. The pressure rerturbation is given
% %

by 2.7, when =3 =H. Using 2.9 and 2.1C for S,sr end &, . I -1 is

given by 2.9 hence:-

§E.' = Lla2E 4 Gc."cos-\" (cQs_j_)(_— coS.L) .

2 R B R

This may be simplified using 3.11 to give:-

O] 2 x4z
Eh= ‘3_ E +c7~(ﬂ1T5—gé)' (2.12)

%ﬁis given by 2.1C using 3.Q:-



g¢'= - (3_.z,')l-|l=;;ec;:s,‘F__F s:h% (3.14)

vy, $p|4k and 5¥| ere now conveniently normelised by the quantities
1

(g(E-K)H1)4§ g(B-X)H2/2 and (B-X)H. These normalised expressions for

uy, Sp‘ end 816‘ eare:-

u= R (l-écus_# cos%) (3.15)

S = F;CZ[E + 2 (B~ %)] (3.16)
875, = - Fféccs_l_ Sin% . (3.17)

The n=1 and n=2‘type solutions for E=+1 end E=-3 are shown in
figures 3.2.2-%.2.6. The E=+1, n=1 type solution corresronds to
forced descent. Descent with warming (6¥‘>O) occurs at’all levels
with maximum net vertical displacement af ﬁ =0.5. The E=-%, n=1 tyre
mode corresponds to forced‘ascenf witk cooling at all levels. The
solution with E=C, having no forced pressure change ecross it hsas
neither ascent nor descent occuring at eny level, ss cen te seen from
2.6 and is not an eigensolution tut represents the undisturbed flow.
In effect F=C marks a dividing line between ascent (E<C) and descent
(E>0) regimes. It is important to note that unless the flow has 2
pressure gredient forcing ecross it (E<XO or E>C), no steady
circulation cen be maintained. In the descent outflow, low level zir
is accelerated end high level a2ir is decelerated while the reverse is

trve of the escending outflow.

For both escent and descent, the mezn ouvtflow pressure
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Figure 3.2.2. Variation of €2 with E where €=1-/(1-E).
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Figure.3.2.3. Qutflow profiles of relative velocity, pressure and entropy perturbation (broad lines) for an
na1 descent mode. Compressible profiles {D=1) are in broken lines. The inflow relative velocity is given

by thin lines.
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perturbation is negative (the mean pressure change from 3.13 is
-1/2¢2€* or -‘F’E“' in dimensiorless unit‘s), which is obtained by
integrating 3.13 with respect to I . However, in the case of the
ascent there is a negative vertical gradient of perturbation pressure
(see figure 3.2.4); a pesitive vertical grsdient of perturbaticn
pressure occurs in the case of the descent (figure 3.2.%); thus both
the sign of the mesn pressvre change and the vertical gradient ere
important in determining thke nature of the forced flow. In the model
including e shallow downdraught in section 2.2.3 of the previous
chapter, the vertical gradient of outflow pressure perturbation
increased with height. If this type of forcing occurs we would expect
e meximum fall in pressuré 2t uprer levels in the response. This
corresponds to the type of forcing occurring when ascent is produced.
However, although the pressure perturbation forcing prcduced by the
convective circulation is positive with & small positive ve:tical
gradient, no observational measurements of pressure perturbation have
been found to confirm or disprove such a pressure distribution. The
mean pressure difference between updraught and downdraught was
approximately 15% of the mean pressure chenge for the example given in

section 2.2.3.

Higher modes (n=2,%....) are simply related to the n=1 modes and
cen be obtained by verticelly stackirg slternately ascending and
descending layers. ,, 5}, and 5%, ere scaled by F,, E;: and F?

respectively. The vertical co-ordineste is sceled bty 1/n.

The n=2 tyre solutions show btoth ascent end descent for eech value
cf E choser. The upper part of the ocutflow profiles for the E=+1, n=2
mcde shown in figure 3.2.5 resemtle the flow showr for the E=+1, n=1

mode with descent occurrirg for C.5<:ﬂ<1. The lower part of the
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outflow profiles for the E=+1, n=2 mode resembles the flow shown for
the E=-3, n=1 mode with ascent occurring for O<J}<O.5. The
propagation speed is 'half thet of the n=1 type modes. Pressure
changes scale as the square cf the propagation speed, end so ere 1/4
of the magnitude. Verticel displacements are halved compered with the

n=1 mode since (3§ -3°)0CFffrom Z2.0Q,

The n=2 type mecde, E=-3, has upper level ascent and lower level
descent shown in figure 3.2.6. All modes show a meesn fall in pressure
across the flow. The outflow pressure perturbation profiles for
n-even modes sare symmetric etout the mid-level wherees n-odd modes
have pressure changes of opposite sign at the upper and lower

boundaries.

Suppose the mean pressure change across the forced part of the
flow is equal and opposite to that across the convective part of the
flow. We now ask in a simplistic way:- "yhat would be thre
consequences for the propagation speeds of the squsll line and the
"response”?". Then, where FCAPE = g(B-¥)H*/2, using the results of

section 2.2.1

3F-UCAPE=-( -Ff?‘ FCAPE)

UCAPE/FCAPE=1/(Zn*7(C.23%))

ie. only discrete values of the ‘ratio UCAPE/FCAPE are allowed.
However, the speeds of propagetion of the two perts of the flow
relative to the mean wind speed would te very different:-

Ceonvective = foroud = conveative 1= (Eg/F) (FCAPE/UCAPE}2)=-C. 73200 nective -
The convective rart of the circvletion would travel more slowly than -

the forced part.
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An alternative and more physicelly reasonatle approach assumes
that the two parts of the circulation travel with the same speed so
that

F(UCAPE)”EEKFCAPEY“:
Then the ratio of the mesn pressure change across the convective flow

to that across the forced flow would be:-

<%frmed 72 _ _ L
<&cmva=h've> 3

So in this case the mesoscale response to the rear of the squall lines
cennot fully achieve adjustment to the embient pressure field, and
some adjustment would be necessery on the large scsle. The ratio
UCAPE/FCAPE would still be constrained ie.

UCAPE/FCAPE=EFVF1=1/(nzﬁg(O.ZBZ)).

3.2.2 The Effect of Compressibility on the Forced Flows Described in

TMMEO.

In considering the effects of shear and compressibility on these
forced flows we would 1like to express the dependence of the flow
behaviour on the quantity bteing veried and its effect on the mezn
rressure change ecross the circulation. In addition we wculd 1like
some information abcut the transformation of energy between different
forms, ie. kinetic, potential (or buoyancy) energy and work done by
the pressure field. We now consider the magnitude of terms in the
integreted x-momentum equation develored in section

Z.1 for the

two-dimensionel prcblem ie.
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LH [Pfru’-]: d'g.—_o

Rearranging:-  ___ <5P‘ 7 - <?lu\27 — Lfo U3y (%.18)
<p ud> < pudy

or the fractional change in kinetic energy per unit volume, AKE/KE,,
which also preserves the sign of the mean pressure chenge. Maximising
this quantity with respect to E =also maximises the mechanicel

efficiency of the circulation.

Unfortunately it is not poésible to impose & mean pressure change
across the flow and then determine the inflow conditions necessery to
maintain a steady circulation. Instead, the change in velocity (or
kinetic energy) along one streamline must be specified (E fixed) and
for a particular inflow shear the mean pressure chenge on outflow may

be calculated.

The method ~of solution of the displacemént equation 3.4 with
boundary conditions 2.6 and 2.7 is essentially similar to the scheme
empioyed in chspter two for the displacement equaticn 2.14 and its
respective toundary conditions. The method of solution of 2.14
together with the calculation of outflow profiles of relative
velocity, pressure and entrory deviation is set out in appendix A. D
is increazsed in small steps from zeroc with correspondingly smell
increases in EF which start from the ircompressibtle mcde solutions.
For each value of D, AKE/KE, is mezximised with respect to F subject tec

the conditicn thet no relative inflow occurs at the rear.

The variation of propsgaticn speed with T is shown in figure %2.2.7

S
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n=2 modes for maximum mechanical efficiency.
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for n=1 ascent end descent modes. The incompressible solution is
given by D=0. UDI=1 corresponds to a density scale height equal to that
of the disturbance height, which value will bte wused in future
calculations. The ascent end descent regime propagatiorn speeds behave
in very different weys as T is increased. The descent mode tends to
proragete more aquickly; the propegation sreed increases bty 1€% when
I=1 over the ircomrressible value. The escernt mode propsgsztion sreed

falls ty 2C¥ over the same renge of D.

For the n=2 type modes which contain both descending ané ascending
layers, the chenges in propagetion speed are much smzller (see figure
Z.2.7). Vhen there is vuprer level descent, the propagation speed
incresses ty less thean 1% es I increesses from C to 1. Vhen there is
upper level ascent the propagation speed falls bty less tﬁan 2%; These
changes can be ignored for 211 practicel purrcses fer the n=2 typg

modes.

The r=1 &end n=2 mode outflow profiles with D=1 are shown in
figures 3.2.3—3.2.6 for compariscn with the iﬁcompressible results.
The relative outflow velocity profiles for the n=1 compressible modes
ere essentislly similer to the incompressible profiles (see figures
Z2,2.%2 and 2.2.4) élthough tke proregation speeds are substentislly
different (tatle 3.2.1). The n=1 compressitle cdescending mode shows
slight ecceleration et mid-levels and deceleration at upper end lower
levels compared with the incompressible ouvtflew relative velccity.
Changes are in the orpcsite sense for the r=1 ascerding mecde. Cutflow
pressure and entropy rerturbation profiles show greater differences.
For the descerding rode (figvre 7.2.%7) the layer over which the
pressure rerturteticn fells is shellower (C.€2H cf. C.6CE) end thre

mear pressvre fall is ncw eprroximastely fkzlved (-C.C5 cf. -C.1C, see
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table 3.2.1). The mean pressure fall is not reduced by as much for
the ascent mode (-C.C7 cf. -0.10). Entropy changes are larger for
the ascent mode when compressibility is introduced indicating larger
mean vertical displacements of air. By contrast the descending mode
shows lower entropy changes corresponding to smaller downward

displacements.

The relative outflow velocity profiles for the two n=2 modes are
modified in slightly different ways compared with the incompressible
profiles. The mode with upper level ascent (figure 3.2.6) shows upper
level acceleration and lower 1level deceleration relative to the
incompressitle case, correspronding to the density variation introduced
2s a consequence of mass conservation. The rressvre perturtation
rrofile is similar to the incompressible case but is of smaller
amplitude (tatle 3.2.1). The level. dividing wupdraught from
downdraught hass dropped to m=%h45 on outflow so that the updraught
layer is deeper. The n=2 mode with upper level descent and lower
level eascent (figure 3.2.5) shows deceleration at mid-level.with low
and high-level acceleration relative to the ;ncompréssible outflow
relative velocity profile. The low level &scent layer has a derth of

C.55H and is deeper than in the incompressible case (C.SH).

AXE/KE, is plétted ageinst I in figure 3.2.€ for the n=1 and n=2
modes. The effect of compressitility on AKE/KE, for the n=1 ascent
and descent circulations is quite different. AKE/KE, incresses by 58%
for the ascending mode for D=1 over the incomrressible value, wherezs
for the descending mode AKE/KE, fells by 42% over the same range of L.
The n=2 mcde combtining uvpper level ascernt with lower level descent
shows little variation of kinetic energy generatior with T (tatle

2.2.1). However the n=2 mode with upper level descent end lower level
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Upper level
flow type
ascent
ascent
descsnt
descent
ascent
ascent
descent
descent
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U9

0.318
0.254
0.318
0.378
0.159
0.156
0.159
0.160

Table 3.2.1

<5§P/Ps

-0.101
-0.065
-0.101
-0.053
-0.025
-0.015
-0.025
-0.009

AKE/KZ,

0.50
0.79
0.50
0.29
0.50
0.50
0.50
0.29
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Figure 3.2.8. Variation of AKE /KE. with compressibility for n=1 and

n=2 modes The curve for the n=1 descent mode coincides with that
tor the n=2, upper level descent, lower level ascent, mode. For

each value of D the maximumum mechanical efficiency solution is
shown.
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ascent shows the same varistion of AKE/KE, with D as the n=1 descent
mode. For the n=2 mode with upper level ascent the mass distribution
must cause the effect of compressibility on ascent and descent modes
separately to csncel. Table 3.2.1 summarises the differences which
compressitility mskes to rropagation speed, mean rressure perturbstion

and to AKE/KE, for n=1 ané n=2 modes.

<5b,> is & quantity calculated by integrating twice witg resyect
to height. Errors are estimated to te of the order of 1073 1in 8p,>.
When D=0, EF=1/W or 1/2T the error in the ratio calculated is of the
order of |error(8}0|/2F€'or between 10°%and 16> Where D=3 and Bis
much larger the error is smaller. From 2.5 we see that the mean fall
in pressure (or the work done by the pressure field) effects an
increase in the mean flow kinetic energy and the generation of
negetive buoyancy which increases the CAPE of the air; work done by
the pressure field thereby increases btoth kinetic and potential

energies in the response region in the rear of the squall cluster.

%2.,2.3 The Effect of Sheer on the Forced Flows Descrited in TMMEC.

The forced regimes considered in TMM8O were simple in that the
inflow sheer was zero; this was necessary to allow analytic solutions
to be obtzined and bence the besic dynsmical properties to be
determined. The introduction of a non-zero inflow shear complicates
the displacement equation considerably, to the extent that it is then
not possible to obtain a linear second-order counterpart. No anslytic
sclutions have been obtained even in the case of constant shear.
Since the outflcw from the "cloud-scale"” part of the squall cluster is
usvally aquite strongly sheasred (normally with z jet-like profile) it

is instructive to consider the case of non-zero shear on the ferced
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regime. In this section simple types of shear profile are considered,
with quite interesting results.. In particular since the unsheared
(TMMEC) downdraught solution produces negative shear, it is.valuable
to question how negative and positive inflow shear interact with the

" internally barocclinicelly generated vorticity.

A uniform shear is introduced into the flow such thst u,(1)=c and
uo/c=1+a(1-3. Then due/dze=-2cH or -aE; in normalised units of
t/
(g(B-¥))% Such an inflow profile is shown below:-

A

1 ——— -

%

= o— oo —

0 —t—me U/ C
1 T+a
As in the previous section, when the effect of compressibility wsas
examined, E is varied to maximise the increase in the mean flow knetic
energy (the maximum mechanical efficiency). The propagation speed of

the forced flow is defired to be the mean inflow speed (<f°u°>/< |>°>)

es for the convective flows descrited in chapter two.

The effect of uniform shesr on the propagation speed of the n=t
descent mode is shown in figure 3%.2.9. VNegative sheer increases the
descent mode rropagation speed whereas positive shear leads to s
decrease. For the incompressitle case (D=C) +the ascent mode
propagation speed shows the same variatiorn with shear but in the
opposite sense, ie. negative shear cauvses a descent mode to propegate
faster but an ascent mode to travel more slowly. When compressibility
is also introduced (D=1) the descent mode terds to propagate faster
for 211 shears then the incompressitle case (approximately 20% over
the range —O,Egdu./dzagc). The escent mode trezvels 2C§¥ more slowly

over the range OQdUQ/dzogo.S when compressibility is introduced. Xote
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that the ascent mode (D=1) propagation speed is plotted with the sign
of the shear reversed in figure 3.2.9 to facilitate comparison with
the descent circulation. (This procedure is also followed for the

veriation of AKE/KEo with shear in figure 3.2.10.)

The effect of shear on the increase of mean flow kinetic energy,
AKE/KE,, is shown in figure %.2.10. Positive shear enhznces the net
kinetic energy increase of the flow for a descent mode while negative
shear reduces the net kinetic energy increase relative +to thg
unsheared case. For an ascent mode, the opposite tendency is shoﬁn.
Compressibility reduces the net kinetic energy increase of ascent
modes and increases that of descent modes as was found - in séction
2.2.2. In ell these maximuﬁ mechanicel efficiency cases described,
AKE/KE, remains positive so that the pressure field is always doing

work to create kinetic and potential energy.

Cutflow profiles of relétive velocity, pressure .and entropy
perturbation for due/dze=-0.% are shown in figure 3.2.11 for the n=1
descent mode. Alsc plotted for the incompressible case are the
cutflow profiles for an iritially unsheared flow. In both unsheared
and sheared cases the flow becomes mcre negatively sheared. However,
the changes in outflow reletive velocity are of smaller mesgnitude when
the inflow is negatively sheared. Changes in the megnitude of Jﬁlare

correspondingly smaller.

These changes may be interpreted bty vsing the conserved aquentity
Cs(§) for a two-dimensionel flow given in Koncrieff, 1981. Tre
following equation expresses the relationshir tetween the shear of the
flow (the y-component of vorticity, il=3u/3z) end the buoyancy

generation:-



mo. 1 — 3G8G2) . (3.19)
r' Po oMo

Air which is forced to descend ((¥-B)(z,-zo)>0) generates negative
vorticity. If the same descent were to cccur for the shezred ss for
the unsheared flow, il wotld te larger for the sheered cese encé would
generate return flow at the rear of the circuvlation. To comply with
the condition of no relative inflow et the rear, smezller verticel
displecements occur producing a reduced negative vorticity compared
with the unsheared case. The no return flow condition actuslly
accounts for the decrease in AKE/KE, for 2 descending mode in negestive

shear since the redistribution of momentum is limited.

The effect of positive shear (duy/dze=0.1) on a descent mode is
shown in figure 3.2.12. From equztion 3.19 we see that the forced
descent ((¥-B)(z,-zo)>C), generating negative vorticity, is partielly
cancelled by the inflow positive vorticity (Qb>C) vhich would lead to
e smaller negative outflow shear then in the unsheared inflow case.
However, th; condition for meximum mechanical efficiency requires the
outflow negative shear to be meximised - creating a greater vertical
redistribution of mcmentum &and consequently larger net vertical

displacements, and increased kinetic energy of the mesn flow.

The effect of negative shear on ascent is equivalent to the effect
of positive shear on descent and similerly for rpositive shear on

ascent and negative sheer on descent in the incompressible case.

This examination of the effect of uniform sheer on the n=1 ascent
modes has shcwn that the condition of maximum mechanicel efficiency

can prodvce changes which would not te anticipated by a2 simple
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Figure 329 Variation of propagation speed with Inflow shear for n=1 ascent and descent modes.The ascent mode for

the incompressible flow follows the curve for the descent mode with the sign of the shear reversed. The D=1 ascent
case is plotted with the sign of the shear reversed.
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examination of the vorticity equation, Z.19. The condition of no
return flpw at the rear has decreesed the negative shear of the
outflow compared with the unsheared case, whereas the oppcsite outccome
would have been enticipated from 3.19. By insisting on maximum
mechanical efficiency for z descending circulation which is initislly

positively shesred e similarly unexpected result has teen producec.

An easterly sheared jet profile, typical of squall cluster regions
(Fernandez, 1980 and 1982), is studied in the next section. It is
expected that e circulation in which the upper level is initially
positively sheered end ascends and the Ilower level is initially
negetively shesred and descenég‘may occur. For the incompressible
case both parts cof the circuvlation travel with the seme propegation
speed. However the reéults of this section would suggest that for a
compressible circulation the descending part will propagete faster
than the e&scending part. In addition to these difficulties the
requirement of no relative inflow at the rear may restrict the jet

emplitude (since upper and lower level accelerztion require mid-level

deceleration because mass continuity must be maintsined).

2.2.4 Possible Forced NModes fcr Easterly Jet Tyre Velocity Profiles.

In order to quantify the atove statements about the importsnce of
the sign of the vertical shear, inflow profiles of the following type
were considered:-

ue/c=(1-a)+aces(2mH)

Such an inflow profile is shkown below:-



—U,/C

-Q= 1

The amplitude of the jet is 2ac (Zaﬁkin normaliseé¢ units). Solutions
with &acceleration of the low level flow are considered. For the n=1
type mode, low level acceleration occurs for E=+1 and for the n=2 type
mode, E=-2%2, as was demonstrated in sectiorn %.2.1 for the unsheared

case.

The n=1 type descent mode mey occur for E=+1 when C<a<0.5 and
there is no reletive inflow at the reer. Figures %.2.1%2a and b show
the variation of the propagation speed and the méan fractional change
of kinetic energy per unit volume with jet amplitude. The propagation
speed decreases as the jet amplitude increases. VFVean flow kinetic
energy density is increased compared to the value obtained for the
unsheared flo§ when 2<C.4 for the incompressible flow - and for 211 a
in the compressitle case. However, the outflow profiles of reletive
velocity, pressure and entropy changes displayed in figure 3.2.14 for
a=C.45 show 2 massive amount of descent has occurred. Air finally
leaving at ﬁ =0.% has descended approximately O.5H. A large relative
deceleration occurs at upper levels in the wind profile as a function
of height, and the mid-level and low level profile shows that the
veloéity increases. The mean pressure change for the incompressible
flow is -0.C71 and -C.C41 for the compressible flow. The absolute
value of the pressure change can only be calculeted if a value can be

assigned to FCAPE. This will be discussec in chepter five.
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The distribution of soclutions for n=2 tyre modes as a function of
E and a is shown in figure %.2.15. The boundary curve represents the
maximum efficiency solutions for e given Jet eamplitude. As the
amplitude of the jet increases F tends to zero, ie. a forced flow of
a symmetric type cennot occur when the jet amrlitude is large. The
extreme case (a2=C.5) can only occur when E=0 (ie. no forcing at ell).
Compressibility dces not significantly extend the range of paf&meter
space in whichk solutions occur. TFigures 2.2.16a and t show the
variation of proregaticn spéed and AKE/KE, with a. As e tends to 0.5,
the propagation speed tends to zero, corresponding to a case with no
- forcing. The generation of mean flow kinetic energy ealso tends to

zero as a tends to C.5.

Outflow relative velocity, pressure and entropy perturbztion
profiles with a=C.45 are shown for E=-0.C€ in figure 3.2.17. It is no
surprise, that for E small and negative, the chenges to the velocity,
pressure and entropy perturbation profiles are all small. There is a
slight ecceleretion of the upper and low level flow and a very smell
deceieration of the middle 1level flow. Upper level ascent with
cooling end lcwer 1level descent with warming occur. It would be
rossible to have large emplituvde changes if the inflow at mid-levels
were larger. However, otservetions suggest that the flow close to the

rear of the squall line is nearly stsgnant (Gamache and Houze, 1982).

The profiles with E=+1 show @ very large mid-level accelerztion
(eg. figure 3.2.18). There is upper level descent and lowver ;evel
escent. However, the regime with low level cooling and upper level
warming is exzctly oprosite to the observed changes in the rear of
squeall clusters and so, ir the present context, can be discounted &s

being physically unreasonatle.
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In summary, it is unlikely that an n=2 type forcing of a jet
profile occurs with both upper level and lower level acceleration. A
more likely occurrence is the n=1 type forcing with upper 1level
deceleration and lower level acceleration, and descent with warming et

all levels.

2.2 Forced Flows in which Net Teviatior of Limiting Etreamlines

QOccurs.

This section dezls with forced flows which must interact with a
convective flow in the manner descrited as type "B", and which are
useful in identifying the qualitative effects of inflow to the rear of
the mesoscale response region. Net descent of the lower streamline
may occur teceuse of a net mass flux from the pre-squall sutcloud
layer, through convective updraughts, to the 1level of the anvil
outflow. This injection of boundary leyer air into upper levels mey
also cause descent of the air previously occupying that la}er in a

forced circulation.

In +this section it is shown thet many of the higher order
soluticns listed in section 2.2.1 are not rpossible unless relative
inflow at the reer occurs fcr flows in which the limiting streamlines
experience a net vertical displacement. Such a flow is illustrated in

figure 2.3.1 telow.
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Figure %2.3.1

The displacement equation Z.5 for an incompressible unsheared flow
together with the boundary. conditions 3.2 and 2.3 are now solved.
Differentiating 3.5 as btefore with respect to \31 we obtain equation
2.8. The solution to this equation end boundary conditions %.2 &and

2.2 which must also satisfy equation 3.5 is

=3 + L | () snd 4roen nd (3.20)
Sin T EF Ef
where (1 £FE)sinG = fo = (i) ees 2 . (3.21)

f

Since we require dJ/d3 3C for O¢J&r the rositive squere root is
neglected. Soluticns taking the pcsitive square root zlwzys have
difo/dlf‘go for :f|=rl, the equality operating only when E=C, which

implies relative inflow &t the rear must occur. By takirg the limit
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of the case 1-r|=r°=$ to be very small, equations 2.20 zand %.21 can be
reduced to equation 3.9 with 1/§§nu3 which is the result found in

T¥M8O.

2.%2.1 Variation of F with E.

Previously the unsheared incompressitle solutions produced in
TMMEC showed no dependence ofi& on E. VWhen net deviation of one or
both streamlines occurs qzbecomes dependent on E. Three cases are
considered. Firstly,inet vertical deviation of the lowest streamline;
secondly, net vertical deviation of the uppermost streamline; finally,
equal net vertical displacement of ©both lowest and highest
streamlines. Net displzcements of C.C5 are considered as exemples

below.

(i) For r,=C.C5 and r,=1 the flow is shown schematically in figure

Z.32.2 below.
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2,21 becomes Sin _l. - o (2.22)
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The varietion of F‘F with E when r,=C.C5 is shown in figure Z.3.3.
(Also shown is the variation of E? with E for r5=0). When E is
positive eigensolutions (EF) cannot exist when 1-(1-Efi>0.05. When F
is negative the minimum value of Sin(1/EF)/(1/EF) is -0.22. FHence
when r,=C.C5 there <can be no eigensolutions to 3.22 for
-0.5C6{E{C.C%8. For higher order modes (larger 1/FF) the range in
which no eigensolutions occur is larger since the maximum value of
ro/(1-(1-E)EQ is limited by the maxima and minima of the function

sin(1/Ff)/(1/Ff), ie. 1-(1+r°/o.22)2'\<E\<1-(1-r°)2.

(ii) For r,=C, r,=0.95 the flow is shown schematically in figure

3.3.4 below.

1 kool el llniletiedionitbtlontonthontlediendernde ittt a8

—
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L4 b
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-
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3. '

Figure ?.2.4

Equation 2.21 becomes :-
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fan G = _ (1-r)) . (2.22)

B Fr (1I- 1=E)
Tke variation of E?with E is shown in figure 3.2.5. CSolutions to the
eigenvalue equation 3.23% cccur for 2ll values of E, however there are
smzll breaks in the ranges of possible solutions near 1/F=nTr s in

case (i) above.

(iii) For r,=0.C5, r,=0.95 the flow is sketched in figure 3.3.6

‘below.

> 0= 095

- Propgn DirD

L2005 \

0 S

0
3 J

The range of possible solutions for the flow displeyed in figure 3.3.6

?

Figure 3.3.€

is a combination of those shown in figures 2.2.2 and 3.2.5. The
eigenvalue equation 3.21 becomes:-

cet

- |-r (3.24)

LI .
20 R(HFE)
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Figure 3.3.7 Variation of Ff with £,1,=005,r=095.
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The veriation of E? with E is shown in figure 3.3.7.

3.3.2 Flows with No Relative Inflow &t the Rear for E=+1 and E=-3.

In general, it is not possible to state which solutions of the
transcendental equation 2.21 have relative _inflow at the rear.
However, considering the cases which previously corresponded to
meximum increases in mean flow kinetic energy in section 3.2.1, ie.
E=+1 and E=-3 some insight can te gained. We require that there te no
relative inflow at the rear, ie. u;3C. From the continuity equation
3.1 and 3.20 the expression for relative outflow velocity is given
by:-

= Vy (-r)esd — o sni-d | (3.25)

E';sd—\% & : 73

(Y13

(i)(a) When rl=1, 2,25 using 3.22 reduces to:-

= | — € cos IH (3.26)

7

1
where €=1-(1-E)h7 Since the meximum value of &€ is +1 no relative

o=

inflow occurs for eny r,. When E=1, € =1 end %.22 becomes:-

L)

Sin = e (2.27)

|

— —

g

Sirce we require both E and r, to be positive end OLx ! the solutions

F

must lie in the ranges O{1/§§n; 2v<1/§§3n;.... or 2HW{1/§E(2n+1)W,

where n=0,1,2... From the sketch of y=sin(x)/x in figure 2.3.8 belcw

we see that es 1/T?increases (Efdecreases) fewer solutions tecome
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availeble. For r,>0.13 only one solution is possible.

y=sin(x)/x

<
i
&?

N — YT '—\—)—_;-\.—wo.;a
o AL TRy X

- 0:5-11-

Figure %2.3.8

The type of solution obtaired can be seen by studying the equation

for the entropy change on outflew. From 2.10 using 3.20:-

& =CNH_'_|(n)snd 4 mehrd |, (o
Sin T, . F{ Ef

When r, =1, %.2€ tecomes:-

Sy =(B-¥)Hre sinbkd [fanl | (3.29)
fF e

When C§1/§$ﬂ; %ﬁ)O for all 3 , ie. descent with warming occcurs at
211 levels. VWhen 2ﬂ31/§§?ﬁ two or three distinct layers are defined.
The topr layer warms, the middle layer cools and the lowest leyer

(present if 1/§>2wﬁ warms. Similarly, it can te showrn thet 211 higher

mode solutions must have "n o0éé" in the sense that there are e&n odd
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number of layers alternately showing ascent and descent. Warming with

descent always occurs in the highest and lowest layers for r,>0.

(i)(v) ¥hen E=-3%, 3.26 becomes:-

U = |+ cos I8t (3.30)
© r

where from 3.22 S;y\ _l_ = - _To (z.%1)
Fe Fe

Following similar reasoning to thet used in the E=+1 case, ellowed
values of 1/Ff must lie in the ranges (2n-1)‘u‘$1/§$2n1r where n=1,2...
The maximum value of r,, frem figure 3.3.8 is given by the amplitude
of the first negative peak so that r, ,0.22. From 3.29 we see that
these solutions correspond to "n even" modes with low level warming

and descent, upper level cooling and ascent. Examples of flow regimes

for both E=+1 and E=-3 are shown in figure 3.3.9.

(ii)(2) When ry=C, 3.25 using %.23 recuces to:-
T |-—ecos_.)1/ oS (2.22)
C
fF f
When E=+1, € =+1 and *.23 becomes:-

.33)

)

fon g =~ Qm) (
Solutions to 3.33 with 0Krg! occur for r‘/l}_=0, 1T/2\<q/1§\<‘n',
31r/2\<z;/Ff‘$2u'.... However from 3.32 u,&C vwhen I]/%)ZT!‘/2 so allowed
solutions witk no relative inflow at the rear occur only when

T/Z{x;/%é‘rr non-trivially. From %.28 entropy chsnges are given by:-
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§, = (B-®)H(n)sin /Sl'"f'. , (3.24)
f
These solutions correspond to &,}O for all :ﬂ and descrite a flow

with descent at all levels, ss shown in figure 3.3.10.
(ii)(b) Vhen E=-3, € =-1, end from 3.32 u;/c>0 when
cos( :f, /FF)/cos(I;/Fr)>-1 . 2.2% becomes:-

fon §

I (3.35)

'- »
7

Solutions to %.3%5 wh;en Cgpg! occur for 0&1‘,/1261'\'/2,1‘&1;/1?{31/2.... ¥hen
q/l;i}‘ﬂ‘ we see from 2.22 that relative inflow occurs at the rear.
However, 2.35 has non-trivial solutions for 0$r|/F §m/2 only when
(1-q)/r,>,1 or :igo.s. From %.24 we see that this mode corresponds to
acceleration of the flow a't 2ll levels with warming and descent.
Examples of flow regimes for toth FE=+1 and F=-3 are shown in figure

2.3.1C.

(iii)(a) Finally we consider the case r°=1-r|=8. Fquation 3.25

becomes, using 3.24

w_ 1-€ sin Zﬂ—r./ sh T . (3.36)
C

T %k

Vhen E=+1, € =+1 and 3%.24 tecomes:-

ot 7 o= k6| (2.37)
25 F
Solutions 1lie in the rarges Cy/2FKT/2, TLgR/2ECGTMW2... For no

£ £

relative inflow at the ° rear ve require u,/c;O ie.
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sin((2§-n)/28) /sin(5/28)1.  When osq/zr:é-rr/z this condition is

satisfied. However, in all other ranges, reletive inflow occurs at

the rear. 2%.28 becomes:-

&f, = (B—K)JH cosS 2&-",/ cos O, (%.38)
Fr 2k
The permisszble sclutions, from 3.2&, are n=1 tyre modes with warming

and descent throughout the depth of the circulation.

(iii)(b) When E=-3, € =-1, solutions for n/2£¥occur in the ranges
'W/Z(q/2§§TB 3“72(q/2§§2v2.. The requirement for no relative inflow to
occur st the resr, sin((Zx-q)/QEp/sin(q/2%);—1 from 3.36, cennot be

satisfied in any of the possible rarges. An example of the type of

flow expected is shown in figure 3.3.11 for E=+1.

We <cee that net deviation of 1limiting streamlines and the
requirement of no relative inflow at the rear effectively limits the
number of possible solutions for the cases examined. These three

cases ((i), (ii), (iii)) are summarised in table 3.3.1. .

The'many solutions available for verious r ,and r are test explored
in the light of the requirements of the circulations in chapter four.
In general the outflow relative velocity profile must .te checked for
each solution to detect relative inflow a2t the rear, and the value of
E giving rise to the maximum mechanical .efficiency solution must be

found.
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— 4 — —
Ee—— )
—r———
1/!?"'?[/2, n=1, -05. 1/Ffv'17+'6, n=2, = 022.

1/Ffu1r'-5, n=1, w01 VFf" 2m-6,n=2, r,=022.

1/Ffv~ 37-9, n=3, rn=013.

E=+1 E=-3

Figure 3.389. Permi’tted flow modes, =1
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r./l?=1r/2+6, n=1..
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r./l1=:='n-6,. n=1

E=+1

Figure 3.3.10. Permitted flow modes,r,= 0.
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e —

O-=r;/2Ff<1r/ 2, n=1.

E=+1

0= r./Ff-=1r/2, n=1.

E=-3

No solufions.

Figure 3.3.11. Permitted flow modes, r,=1-r,Z0.
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B=+1
"n-odd" modes cnly allowed
with upper and lower level
descent and warming:-
n=1, 0*:1'0;:1 )
n=3, 05:050.13;

n=5, etc

"n=1" mode only allowed
with warming and descent
at all levels.

"n=1" mode only allowed
with warming and descent

at all levels.

Table 3.3.1

E==3
"neeven'' modes only allowed
with upper and lower level
ascent and cooling:-

n=2, 052'0@ 225

n=4, etc

"n=1" mode only allowed
with warming and descent
at all levels; (1-r1)sO.5.

No soclutionms.
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CHAPTER FCUR

THE FORCED FESOSCALE RESPCNSE

TYPE "B"

4.1 Introduction.

In chapter three the convective forcing and the mesoscale response
were described as two consecutive events (type "A"). In this chapter
the forcing and response occur simultaneocusly in a steady frame of

reference (type "B").

The dry, forced subsidence of eir beneath the precipitating squall
line anvil has been emphasised in Zipser (1977) and Houze (1977). The
air taking part in this circulation must either have followed a path
around & line element or have found itself behind & newly-growing line

element.

The convective updraught transports air from the subcloud leyer to
upper levels, Petts (1976). Since it is initially negatively sheared
and tecomes positively shesred on outflow, this updrsught zir must
overturn. A two-cdimensional updraught which does not overturn, as
described in TMME2, must obey &a vorticity corstraint which would
require the shear on outflow to become more negative when heating
occurs in the updreught. The squell line updraught must consequently

te described by a three-dimensionzl overturning circulation.

The convective downdraught is bty contrast a feature which is quite
difficult to detect ir terms of level of origin of &ir and direction

and amount of descent, Houze (1977).
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4.1.1 A Type "B" Prototype Circulation.

A simple model which encompasses a forced downdraught is sketched

schematically in figure 4.1.1 telow.

0_ B p———————

LT A A A A S Y SR o L 4 L4 LA A A 7

L | 5

Figure 4.1.1

_The convective updraught is described in section 2.3.2. For the
forced flow the theory is described in section 3.2.1 and 1is the
circulation depicted in TFNEOC. The subscript "u" refers to ccnvective
updraught end "f" to forced downdraught varistles. In the circulation
shown in figure 4.1.1, the convective updrzught maintains a cornstant
depth (r°=1-r'=$). The forced downdrzught layer of depth H is above
the convective updraught inflow and below the convective updrzught

outflow. Pressure continvity at §=r, from 2.22 and %.13 gives:-

Le2| E -g"]=_‘_1E, :
1Fh.[ u + Jﬁfi) Z.C ; (4.1)

The eigenvelue equation for a2 convective flow 2.19 gives:-
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(1+ & )R sich & = |- eesh & (4.2)

R
and from section %.2.1 I/Ekéﬂ'for an n=1 mode descent solution. F*
end F, are defined in figure 4.1.1 where L =r, -r,. Assuming no sheear

or inflow (cy=cg) and writing 1-r, =8, «=1-2§, 4.1 becomes:-
u f \

Ef z E. + (L‘Zf)z . (4.2
R

We cannot impose maximum mechanical efficiency (Eu=E$=L) on both
updraught and downdraught. If Ef=1 then Eu must be less than one from
4.2 for non-trivial values of F,. Consider the case of maximum
generation of kinetic energy fcr the forced flow (E+=1); Substituting

for Eu in 4.2 we have:-

F, = (I—(l-ZA’)coSh,%)/ s{nk% — (I—2§>.

.This e@uation in Fh is in a suiteble form for solution ty an iterative
technique when 8 is srecified. The details are given in Aprendix B.
E, cen te obteined from 4.2. From 2.9 tke meximum forced verticsl
displacement is dI}H. From the exrressions for F, and Ef’ given in
figure 4.1.1, the maximum warming ( ABmax) mey be calculated, taking

H=1Ckm and UCAPE=100CJkg .

3%, max =(B-gFg (ry -ro)

DB pax 2= 300 &3 | 4y
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L § F, A%/km A0 /x Ey
C.1 0.45 0.3278 C.%2183 2C.25% c.eC7
c.2 C.40 0.4082 0.63%66 15.70 0.7€C
.2 C.3%5 C.483%€ C.G540 14.69 C.615
C.4 C.2 C.5572 1.2732 14.€3 C.485
C.5 c.2¢t C.63%03 1.5G15 14.0¢ 0.%271
0.6  0.20  0.7035  1.909¢  15.55.  0.273
0.7 0.15 0.7770 2.2282 16.26 C.18€&
C.8 C.10 0.8509 2.5465 17.06 0.116
0;9 0.05 0.92852 2.8648 17.93 0.53%8

Table 4.1.1

For this "prototype" case the rredicted warming is very large
(14-20K), see table 4.1.1, beirg a minimum when the updraught is
neither very "thin" nor very "thick", ie. 1-q~w6.3. The rropegation
speed is high renging from C.%28 when 1-r =0.45 to 0.925 ghen

1-r, =0.05 in rormalised units or 14.7 to 41.4ms .

The circulations to te examined in the bulk of this chapter will
allow the updraught to become shallower or deeper on outflow. FKore
reasonatle rpotential temperature chenges of a few degrees are then

rreduced.

The simplest model in which inflow and outflow circulations are
specified at all inflow and outflcw levels, which encompasses a forced
downward circuletion and a three dimensiorazl overturning updraught, is
sketched below in figure 4.1.2. A further developrment including a

convective downdrsught is discussed in section 4.6.
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All eir initially in the layer ro« i@ descends .to leave between the
surface end J,=r,. The convective updrzught ascends from the subcloud
layer Ogiogro leaving above the forced flow. In reality this
transformetion is considered as a set of discrete cells travelling
through the environmentel air. Cnly the remote flow (the aSymthtic
solution) can be descrited with the equaticns developed I;Gre. The
flow is certeinly non-hydrostatic within the updravght and may be
unsteady &s new cells form and decay cduring the lifetime of & squall
cluster. However asir parcels travel through the system in times which
are typically tens of minutes, much shorter thar either 2 line element
lifetime or the duration of the steady phese. 1In this circumstance
the displacement equation descrites the modification of the

thermcdynamic properties of the inflow zir quite adequetely.



- 165 -

4.2.1 The Convective Updraught Circulation.

The equations describing the updraught circulation were derived in
chapter two &nd are restated below. The flow is taken to be
incompressitle with constant relative inflow velocity c

y» See figure

4.2.1.

Figure 4.2.1

The subscript "u"” now refers to updrzught variatles. The solution to
the displecement equation 2.14, subject to the toundary ccnditions

2.15 and 2.16, is

L=3- I swh 3-6 4+ (r-r ) sinh 5 (4.4)
Sinh bx 3 3

&

vhere (H"H-Eu ) Fu Sinh L‘:_r_'\ = |- (ﬁ'-l‘?;) COSL\l"_':I_ (4.5)
Fu Fi
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end Eu = | — [ UJW)/qu (4.6)

Fu = Cua IJj(%’u—E)H"'. (4.7)

The equations for outflow relative velocity, entropy perturbaticn

and pressure perturbation, 2.20, 2.21 end 2.22, are

W ‘ cosh §-n — (rrs) cosh l_—i] —1 (4.8)
Cu E;&hy\hﬂ Fa Fa
Fa
$¢, = ' smhicn 4 (r.—rs)srnk -5, (4.9)
(3.-B)H smkl-?r- Fa fa
- -

%P = Eu+ <5_—_|:g>"+ 2@_ ﬁfgj) (4.10)

z RGH Fu

4.2.2 The Forced Towndraught Circulation.

The equaticns describing this circulatior were derived ir chapter
three and are summarised below. The limiting streamlines are shown in

figure 4.2.2.
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Figure 4.2.2

Varisbles subscripted "f" now refer to the forced downdraught
circulation. The solution to the displacement equation 3.4, with
boundary conditions 3.2 and 2.2, for ean incompressitle unsheared

inflow, is

o= 3+ 1 | ()swmd 4 esnuh (4.11)
Sw O F:F E‘r
2

where (\—JI—EF)F:'Fsin_. = r3—(l—n‘) Cos Il (4.12)
Fe ¥

Ep = 1- [u,(n)[c(]l (4.13)
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o= o | Jg(e—s) . (4.14)

The equations for the relative outflow velocity and entrory
perturbstion, 3.25, and 3.28, &ere giver telow. Thel presure
rerturtatior on outflow is cbtained from 2.7, where 6¥b and 5#, are
given by 2.9 end 2.1C, A=%C?E‘F end (§ -%) is given ty 2.20. The

expression is simplified using 3.21 and 4.15 to give 4.17.

TR ‘ (-6)eos i — K cos -3, (4.15)
g Fr sin 1D s
f Feng i
gf. = \ (-r)shd 4 2 s f\_-_ﬁ (4.16)
B 7
(B-Y;)H Sin _%_ f
5El (4.17)

SR T

7 R 7

4.2.% Closure of the Equetion System.

At T;=r| (see figure 4.1.2) the outflow pressure must te
continuous otherwise e discontinuvity in the pressure would result in
infinite acceleretions. The layer I\é.ﬂ§1 is &assumed to consist of
vpdraught outflow sir, and the entire region below must te occupied by
air whick has descended in the forced downdrsught. There is no
variaticn of displacement in the y-direction in oﬁtflow or inflow, so
in this sense the cutflow is two-cdimensiorel. So contiruity of

pressure using 4.10 and 4.17 et T,érl gives the condition,



e [ Bt (xay = LB ()] o

e

Substituting for ¢, and C¢ using 4.7 and 4.14,

Fa R Y-8
B-¥;

E. ‘*‘(ﬂ)z N <-F£)z [EF_ (%)1] . (4.19)

The parameter r, is assumed to be the scaled height of the
subcloud layer. This was found to be the depth of the inflow layer to
Venezuelen clusters described in Betts (1976). In this incompressible
formulation any comparison with data must use the préssure depth of
the inflow in mb scaled by the pressure depth of the disturbtance in mb

so that mass intervals are equal.

B is the environmental lapse rate of log8 (?ssumed constent) and
¥ is the pseudo-moist adiabatic parcel lapse rate of log B. XF is
the parcel lapse rete in forced descent but is not easily determined,
since its velue depends cn the proporticn. of condensate in the
updraught which evapcrates into the forced circulation. Neutrally
buoyarnt descent with E=KF is exsmined in the isentropic case 1in
section 4.%7. A more'complicated formuletion with deteiled calculation
of mixing ratios, evapcretion and rainfell rates is not justified for
the idealised model used. Increasing evaporation into the forced
downdrzught corresponds to increasing 3} and JEEE thus reducing the
potential warming of the downdraught air. The e:ﬁation set is solved
for a variety of values of J%éé and ty compariscn with observations

e rezsonable velue is suggested.

Trhe inflow shear is represented as two leyers c¢f air moving et
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different speeds. Ac=c¥-cu, the difference between mean inflow speed

above and below cloud base; or

Ae - R _ R . (4.20)

20CAPE fI-E

B-¥f
The system is finally closed by maximising the increese in meean
flow kinetic energy es in MM. This is achieved by solving equations
4.5, 4.12, 4.19 and 4.2C simultaneously for F“, F%, E“ and r, while
varying Ef‘ This variation is alsc examined in section 4.4.2 for

updraught and downdraught individually.

4.3 Solution with a2 Neutrally Buoyent Towndraught.

A neutrally buoyant downdravght (]¥=B) simplifies the general
problem and presents en interesting result. Tre forced downdraught
becomes deeper on descent, suggesting that the forced flow controls
the circulation pattern. Consider 4.12 and 4.14 as (E-!;) tends to
zero. Since Eﬁ&cF/(E-lF)%ﬁ F¥ must tend to infinity ses (B—!@) tends

to zero.

Then le”’ (Ef SI;\I_T.)z'T
Limid (c:;s _’_T_) = |
fi-%»cn EP

)
and equation 4.12 becomes (1-rg)/r, =(1-F )hi Substituting in 4.18 for
/T f

(1-E{) when cy=cy and re-arranging
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2
I-E, = (l-rf'o)" + (ﬁ'—%) : (4.21)
| R

b,
Consider equation 4.5 for (1-r,)/Fh<1. Substituting for (1-E,) using

4.21 and re-arranging gives

L @y esr]

2
If ro1-r,, 1/F>0,
2
T <1-1y, 1/F,<C,

ie. there are no real scluticns for F, if ro<1-r;. No solutions with
a freely convecting updraught occur if the forced flow tecomes thirner

on outflow.

4.4.1 Solutions of the Full Equation Set.

The most satisfactory method of solution found is to fix Ef and
rewrite equatiorns 4.5, 4.12, 4.19 elimineting F}_ from 4.12 and 4.19

using 4.20 in the form

r, =F, (r,, Fy, E,) (4.22)
F,=F,(r,, Fu, Eu) (4.23)
E,=F3(r, Fy, Ey) - (4.24)

Trhese three equstions 4.22, 4.2 2nd 4.24 are solved by an

iterative scheme describeé in Appendix B for T, Fu and Eu to within &
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tolerance cf 1C-6 starting with reasonabtle initial guesses. EF can
then be varied‘to maximise the increase of mean flow kinetic energy.
Fer the ccrvective flow the increase in the kiretic energy ccmes from
the CAPE. For the forced flow hovever, the kinetic energy is

ircreased ty the work done by the pressure field.

4.4.2 Fnergy Conversion Within the Updraught, Lowndrauvght and Ccmbined

Circulations.

In this secticen Ef wes varied in the range CsE:$1 and the case of

zerc inflow shear with r,=0.2 and /§r8 =1.0 was considered. For each
CI7

velue of Ef the following quantities were calculated for vpdraught,

downdrauvght a2nd totzl circulstion.

The net production of vertically integreted kiretic energy:-
: 5 0% Loy 2
Lpud -f U do'/ (4.25)
mezP' 5' Ml 310 450
Tre net flux of kiretic energy:-

' puddy, - | p 3
LuiﬂcuEP‘u' dé‘ .[:‘quq’if’°u°c15° (4.26)

n!

The verticelly integrated ret release of CAFE:-
dy  d 4.27
ou&“nwﬁ { 30 3 ﬁb % g‘ ( )

The net flux cf CAPE:-
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pl |
‘];a-n pith fso aé‘ﬁ,d}} dg: | (4.28)

oW

The net production of kinetic energy end release of CAPE are

normalised by the verticelly integreted ret inflow of kinetic energy.

| 2 |
ie J_ - °uo 5
Ihﬂdd ZF S
The net flux of kinetic energy and net flux of CAPE are normalised

by the inflow flux of kinetic energy.

ie- J‘. l P°u°3¢l8°
inflow %

This normalisation enables comparisons to be made between systems
with different values of EF and different propagation speeds. For the
convective circulation it mey te more logical to normalise the release
of CAPE in the urdreught by, for exahple, the value for the streamline
of maximum displacement since this represents the CAPE of air
originally at the surfece. For the forced flow however, the choice of
normalisation is not so obvious. For both forced and convective
circulations the normalisation <should incorporate the speed of
propagaticn of the system - which has teen achieved bty normalisation

by the inflow kinetic energy andéd inflow flux of kinetic energy.

The iterstive scheme is not well conditioned neer EF=0 as EF tends
to infinity. An anslytical treatment is necessery in this region.

From 4.12:-
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(-0 ) =__1 = () cos i
E[.sw'\% 7

es E¥ tends to zero, the left hand sicde of the equation tends to zero.
To-(1-1,) cos(r,/EF)‘7C since 1/FF/(sin(r‘/Ef))=O for any r,/EF where

rl§1. The numerical solution indicates that 1/F¥‘?O as Ekﬁ)@. From

the equation for pressure continuity 4.19

RO C

when (Y4B =1.C, FQ=FF—?00, end F, tends to zero. Within the

B

convective updravght then 4.%

<|+“’Eu ) Fu. S'.‘“"\ t’_'l = |- (V‘i—\%) COS\-\ ‘;f'_:.
FU- Fu

becomes 1-r) =r, so that the depth of the outflow is equal to the depth
of the inflow. The net displacement of a streamline in the updraught

outflcw when 1-r, =r, tecomes, from 4.4
1-j‘ = :fQ

There is no reletive moving together of streamlines. Cutflow
velocity, -ugdzo/dz,=u,, so there is no change in velocity on outflow.

Producticn of kinetic energy fells to zero as EF tends to zero.

For the forced downdrzught from 4.11

B -To=-1o



end u;=ugdze/dz, =ug. There is nc net generation of kinetic energy and
all stresmlines are equally displaced. Curves from 4.25 and 4.26 tend
to zero es E tends to zero. However since J%‘ggfpdz remains finite
curves from 4.27 and 4.28 will attain e constant valvue. When
normalised by the irflow kinetic energy or rete of inflow of kinetic
erergy they will tend to =zero as Ef tends to zero because u, is

proportional to Ek which tends to infinity.

The continuation of the curves for E{<1 2t highter rates of kinetic
energy generstion correspond to solutions with relative inflow at the

rear which are excluded from the permitted set of soluticns.

For the convective updraught, figures 4.4.1 and 4.4.2 show an
increase of CAPE release and kinetic energy production with EF. Rate
of CAPE release end rate of kinetic energy production (figures 4.4.3

and 4.4.4) are elso a maximum for Ep=1.

In the forced circulation the CAPE of the flow increases since
work must be done on it to make it descend. The curves in figures
4.4.1 and 4.4.% are negative everywhere - with a maximum negstive
value 2t Ef=1' Ket generstior of kiretic energy only occurs for
E;>O.8 for the forced downdraught, figure 4.4.2. Since the outflow
depth is salways greater than the inflow depth (except for Ef=0 where
it is equal) the mean outflow velocity is less than the mean inflow
velocity snd the outflow shear is small - there is a net decrease of

kinetic energy for E;&C.B.

In calculeting en "efficiency", Enr for the total circulation

efter the manner descrited in Moncrieff (1981) where
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€ = ‘E“"‘“ e J:M\ow Zfols d%
-[\ﬂg,,wﬂ”i [.{; ' 8‘5%"%] dy,

a protlem becomes apparant. Since CAPE is released by the convective

flow and generated by the forced flow the sum of the two terms may be
zero for some EF' From figure 4.4.3 we see this will occur for
Efvc.9. Hence a maximum (infinite) efficiency occurs for this value
of Ef‘ Thue this particular definition of efficiency cannot sensibly
be applied to this complex circulation. (The same problem mey arise
for any circulation involving a forced flow.) This bulk treatment does
show that work done by the pressure field in the forced flow is very
important in generating kinetic energy. VWhile kinetic energy is
generated by the convective updresught, a large amount is in fact
produced through work done by the pressure field in the forced
circulation (for Ef>0.8). The greatest increase in mean flow kinetic.
energy for both updreught end downdraught occurs for EF=1’ which value

will be used in all future calculetions.

4.4.% Alternative Closure Schemes.

Alternative closure schemes such as continuity of velocity on
outflow et I =r, or a momentum constraint are not suitable, since
there is no a priori requirement that this shculd te necessary. To
prove this point, continuity of velocity et I==q implies, from 4.8

and 4.15
'n LN
cy(1-Ey) "=ce(1-Ef)

In generel this can only hold if Eu=EF=1' In this circumstence the
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equation for pressure continuity cannot be satisfied unless the inflow
shear is large and positive or large and negetive. This can be seen

from 4.18

2 2 2
(gg) N C’.-ra) + (g)(x-r.> 30
Cu F‘; Ca Ff
where 211 terms on the right hand side are greater than or equal to

Zero.

A momentum closure of the +type employed for two-dimensionsal
systems in TMM82 is not suitable, beceuse the internal flow must te

three-dimensional.

. 4.4.4 Variation of the Net Mess Flux and F with E .

Solutions corresponding to EF=1'O have a stagnation point in the
outflow of the forced circulation et ff,=r|. This is readily seen

since from 4.12 and 4.15,

we) =
Cf

Figure 4.4.5 shows that the shallowest updraught outflcw occurs
when Ep=1. The net mass flux out of the three layers r,\<:ﬁ\<1,
r°\<$|\<r| and O\Q"\(xb as E‘F veries were calculeted in the following

manner

H H
Ml = qH F‘H|JS'—£” r,uadgo

H
";‘EH rouodﬁo
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M2 = J;-;Hﬂu.dg. - J:: f,uoc;lg,
I ey

M3 2 [¥ puy - G"p.uoag,
[ puedg

for the three leyers denoted by the limits of tke integrals.

The net mess flux out of the upper and lower layers is & maximum
for EF=1°O’ for which value the net mass flux into the middle layer is
a maximum. These curves of M1, M2 and M3 are plotted in figure 4.4.6.
They are consistent with the two-dimensionzl pattern of convergence
and divergence found by Gamache and Houze (1982) for a squall line

which passed through the GATE network on 12 September 1974.

The solution with greatest "mechanical efficiency" occurs for the
lowest propagétion speed (ie. lowest value of Ek which is equel to F,
for the unsheared case) as was fournd in MM. Variation of Eb with EF
is shown in figure 4.4.7 for r,=0.1 and r,=C.2. All cases examined
will teke the value EF=1.O corresponding to maximum "mechanicel

efficiency”.

4.5 Dependence of the Propagstion Speed of Updraught and Towndraught

on Inflow lPepth, Shear, and Pifferential Larse Rate Ratio.

4.5.1 Inflow Derth.

In the absence of shear and with ’XrB =1.0,, F, and Ef are

u
B-¥f
identicel. F, end FF increase as the inflow depthk to the updraught

incresses, figure 4.5.1. The relationship tetween F, (or F ) end T,
u f
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is approximately linear for C{r 0.7 and may be simply expressed:-

F=C.219C0+0.%1367r,(+0.0C001) (4.29)

There is the somewhat surprising result that as r, tends to zero,
F, and Ef tend to C.32. Thet E? should be finite is not unexgpected.
In this 1imit the flow with r,=0 is that described by TMM8C where
Er=1/nn'for n=1,2,3... The value of FR for the convective updraught

is related to F? by 4.20 which in the unsheared case becomes:-—

F. = &/ﬁ%.

In the absence of shear then, the system should proragate more
quickly when rp, is laerger. The fractionel increase in kinetic energy
of tke updraught is smaller - since compressiocn of the outflow and

consequent acceleration of the air is lower.

4.5.2 Shesr.

The propagetion speed for +the forced circuletion which 1is
proporticnal to EF does not vary significantly with the shear (Ac),
figure 4.5.2, or the evaporation of water intc the downdraught ( Xp),

(figure 4.5.%).

= Rl —o, |%B =\, E (4.30)
£ w 2 ) '°)
RUCAPE BV
is e satisfectory arrroximation to make - tetter than C.3% for
YuB 0.4
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As the shear is increased F, decreases approximately linearly,
eventually becoming large enough to reduce F, to zero. A larger shear

is required to achieve this effect for a deeper convective inflow

layer:-
. Rz Rln, E=1,A0c=0, [WB=1)- A (3n)
B-¥% RUarPE

Ef increases by less thzn 0.1% as F, tends to zero for r,=0.1.
For r,=0.2, EF increases by only 1%. This change in gr can be ignored

when calculating storm speeds.

The limiting shear at which Fu tends to zero correspcnds to r
tending to 1, ie. the convective outflow is being squeezed by the
forced circulation which is expanding to occupy the entire depth of
the atmosphere. Logicelly one might conclude that 1large shear

inhibits 2 steadily propagating convective updraught.

The effect of introducing shear on net mass fluxes for the three
layers is shown in figure 4.5.4. Upper &nd middle layers exhibit
little change. However the lower level "divergence" is increased by
nearly 5C% when Ae _-0.2. This corresponés to en inflow velocity

J2ucApE
difference of 9ms=! for UCAPE“'1CCOJkg7‘. A minimum in the upper

layer divergence occurs for rg=0.2 when _Qde _C.2. This msy indicate
J2APE
why smell shears sre conducive to the maintenance of narrow, fast

flowing updraught outflows - but large shears are not.

4.5.,%3 Differential Lepse Rate Ratio.

F, is extremely sensitive to charges in r&rs , see figure 4.5.3.

B-%

As moisture is evaporated into the forced decwndrazvght, increasing }%,
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F, decreases. For smell values of ’%{%% a point is reached at which

the mean kinetic energy of the convective updraught is 1lower on
outflow than inflow, figure 4.5.5. These solutions have &n expanding
updraught which was not possible in the isentropic atmosphere case.
These values of Eﬂii however may be too low to correspond to a

N7

physically reeslisstle situaticon - but it is very difficult making

comparisons with "real" dsta - for reasons expleined in chapter five.

Increasing the evaporation of water into the forced circulation
leads to greatly incressed kinetic energy production in the updraught
egir. Examining net horizontal mass fluxes out of the three layers
previously deteiled in section 4.4.€ the upper layer one-dimensional
divergence increzses linearly with Yu-B  whilst middle and lower

B-%

layer values are barely changed, figure 4.5.€.

4.6 Outflow Profiles of Relative Velocity, Pressure and Entropy

Perturbafion, and the Role of the Convective Downdraught.

Relative velocity, pressure and entropy perturbation outflow
profiles are shown in figure 4.6.1 for a system consisting of
convective updraught and forced downdrsught. Note 211 varisbles are

normalised in terms of the convective updrzught properties:-

W &p/ps 84, i
Ja(Ku-B)H?' , 'iﬂ(lfu'g) H* ’ (Y«-B)H

Velocity profiles show urper &end lower level acceleration and

mid-level deceleration. The pressure change 1is positive within the
updraught air - decrezsing to become negative et the surfece. The
magnitude of the surface pressure chkange decrezses as evarcration into

the downdraught increases. From 4.1C the pressure charge within the
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3~
convective updravght is dominated by the term (r,-ra'. This is the
[

contritution from heeting resulting from the net displacement of the

streemlines end is always larger than the dynamic pressure change.

Warming occurs zt gll levels in the outflow with maxima in the
middle level of the forced downdrzught corresponding to eir which has
descended furthest, and at the tor of the convective outflow profile

to air which has ascended the greatest distence.

In chapter two we saw that the pressure perturbation arising from
a convective downdraught is always positive. A mecdel incorporating e
convective downdreughkt would then be required to have a.net positive
pressure deviation on outflow for the two limiting.streamlines of the

forced flow.

~— ﬁud. §

Propgh Girf
= / Forced descent

Figure 4.6.2

The ouvtflcw velocity prefile for the forced flow must ther te of

the n=2 type in TMMEC (discussecd irn chepter three) with deceleration



along the top and bottom streamlines and middle level acceleration to
catisfy mass continuity. Such an acceleration at middle levels has
never been observed. In fact the flow is always decelerated at middle
levels. For this reason the convective downdraught cennot play a role
in the dynamicazl forcing in this model. A flow such es that shown in
figure 4.€6.2 does not produce velocity profile modifications

consisternt with observations.

4.7 Summary.

Maximising the increase of mean flow kinetic energy when the flow
includes a forced response from the environment produces rhysicslly
reasonable and self consistent resulté es will be illustrated in
chapter five. As in KM this corresponds to the existence of a
stagnetion point in the outflow. The ©predicted pattern for
convergence and divergence over the entire system resemtles that
described by Gamache &and Houze (}982) for the net effect of squall
line &nd mesoscele response. The most "efficient" conversion occurs
at ‘the lowest proragation speeds (smallest Fy, Ff); the convective

updraught zlways becoming narrower after ascending.

EF' and the propzgetion speed' of the forced downdrzught, s&re
remar?ably insensitive to shear and to the quantity of evaporation
into the forced circulation. By contrast F, and the propagation sreed
of the convective updravght are very sensitive tc Ac and f:-__?% . A
kigher lifting condensation level prcduces a faster propageting system
but & lower efficiency of energy conversion. Introducing e difference
in inflcw speed tetween forced end convective circulstions has e
similar effect as does increasing the amount of evaporation into the

forced circuvleticn. Lerge shear tends to suppress the rrcpagation of
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the convective updrauvght.

The model has a rather thirner updraught outflow than the anvil
thicknesses commonly observed in the tropics, (see section 1.1). This
may in large part be due to the absence of mixing in the model - which
also mekes comparisor of predicted heeting with observetions reather

difficult.

This model suggests that the convective updraught and the forced
downdraught ere the dynemically important compornents of the flow. The
convective downdraught is & by-product of the convective updraught
produced precipitation. Its generation and dynamics are gprobably
governed by the dynamics of the convective updrazught. This model
suggests that it does not pley a deterministic role in the mesoscsale
circulation, although it is thermodynamically important in that it

stabilises the boundary layer in a very significent fashkion.



CHAPTER FIVE

CONCLUDING REMARKS

5.1 Summery.

Widespread vunsatureted forced descent has been iderntified as an
importent contritutor to the energy, moisture and momentum budgets of
tropical clusters end consequently to the larger scale circulsationms.
Two different types of convective forcing and mesoscale response have

been investigated.

Various convective circulations were exzmined in chaptér two in
order to produce s more rezlistic (skallower) downdravght with a less
extremely sheared outflow profile c¢f horizontal velocity. A shallcw
downdraught with & mid-level undeviated streamline of the type
described in MM can only te developed if either the downdraught
environmental lapse rete is an order of megnitude smaller than that of
the updrsught so thet a masive amount of evaporation and cooling
occurs in the downdrszught or there is & vertical gradient of outflow
perturbation pressure across the sir between updraught and downdraught
outflows. Neither of these conditions seems reazlistic particularly in
the latter case since the type of pressure perturbation produced would
require a middle-level acceleration of the ocutflow tetween updraught

and downdraught which is not detected cbservationelly.

When the upcdraught and dcwndraught retain an undeviated streamline
but may tecome thicker or thinner on outflow 2 more promising outccme

is prbduced. Updraught end dcwndreught cen travel with the seme sreed
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although the vertical profile of pressure perturbation with a larger
upper level increase would tend to produce & greater upper level

acceleration c¢f the flow favouring the forced urdraught.

Possible forced response modes with Jjet-tyre velocity profiles
subject to & mean negetive pressure change are examined in chapter
three. n=2 type modes, with uprer level ascent and 1lower level
descent, are not rossible for large jet amplitudes. However, the n=1
descent modes with lower levél deceleration are rossible. This would
suggest, that if convective forcing and mesoscele response are of a
"wake" type, the observed lower level descent and acceleration of the
flow can te explained by this dynemical mechanism. However, uprer
level ascent would not be produced over such a large sasrea, suggesting
that observational results implying anvil esscent must te treated with

some caution.

The second tyre of model does not meke such a distinction between
squall and weke regions. The generation of mean flow kinetic energy
is maximised as in the "type A" model. It would seem that this "type
B" model is to bte rreferred as a description of the dynamically
important components of the squall and response. The ore-dimensional
rattern of divergence calculated for this medel shows upper and lower
level divergence and middle 1level convergence which 1is found
observationally by Gamache and Houze (1S82) for the combined squall
and anvil system. The n=1 resyonse mode of the "type A" circulaticn
cannot precduce such a pattern with uprer level divergence since there
is descent at all levels. (There is no n=2 mode soluticn for an

easterly jet tyre inflow profile.)

The second type c¢f mcdel reproduces the surface pressure fall



seen in the "mesoscele" response region by Johnson and Nicholls
(1983). The convective scale downdrsught is discounted as a
dynamicslly important feature regarding the forced response; it is a
by-product of the convective updraught, elthough important locally in
enhancing the convergence of btoundary layer air to feed the convective
vpdraught and generating new cells. It is nrot dimportent as en

crganising mechenism to the mesoscale squall cluster circulstion.

5.2 Celculation cf NModel Parameters frcm Data.

This section is concerned with assigning values to the important
flow-governing parameters produced by the &nalyses of the forced
circulations in chapters three and four. In chapter three the
propagetion speed of the simple circulation descrited in TMhEO and in
section Z%.2.1 when moving into still eir is Ed(g(E-XQH‘), where
F}=1/nﬂ: B is the 1lapse rate of 1logB for thel environmen% (or
pre-disturbance atmosphere) and KF is the lapse raste of log@ for a
parcel suffering a forced displacement. H is the depth of the
circuletion (eg. surface to the level of neutral buoyancy (LNB)) and
is not related to 2 particular parcel displacement. This is in marked
contrast to the UCAPE of & convective updraught where the quentity
g(¥~BE)H*/2 corresponds to the aveilable potential energy of & parcel
raised through &2 height H assumiﬁg ¥-E repreéents a vertically
averaged lapse rate difference of logB. A second point of contrast
lies in the value of ¥ for convective ané forced flows. To a very
good approximation a parcel ascending in a cumulonimbus circulation
follows a saturated constant 6, peth. UCAPE may te taken to be the
positive erea on a terhigrem. By contrast in the force¢ circulation,

although the descending parcel conserves 8, it is substantially
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unsatvrated end the process is in fact unspecified. Kamburova and
Ludlam (1966) snd Petts end Silva Dias (1979) have attempted to
develop simple methods for specifying such forced descent. However,

only post-disturbence diagrostic analysis seems possible.

The first objective of this section will te the calculation of e
verticelly &averaged value cf B-XFfor forced descent lesding to an
estimate of the propagation speed for the forced flow. The second
pert of this section concerns the calculation of i;& for the
circulation descrited in chapter four. A consistent set of parameters
for this circulation will be developed which suggest a value for tke
ratio of the differential 1lapse rates for convective and forced

circuletions ( %Fg).

5.2.1 Calculation of (B-¥¢) from Date.

The following criteria were developed in order to make e first
estimate.
(i) Take successive vertical profiles of Qz on occasions when squall
clusters are passing an observing station and try to locste sections
of the profiles where recognisable features have descended (eg. jet
or vertically increzsing or decreasing Gk sections of profiles).
Although this is an entirely subjective technique for observational
data a2 more arpprorrizte objective criterion cannot be devised at
present. Profiles with & temporal separzation of about an hour or less
are required, eg. VIMHEX data; the sparser 3-6 hourly soundings from
the GATE are not suitable for cdetermining the origin of the descending
air.
(ii) From successive profiles B should increase 2zt & given height

(taken to be et constant pressure levels, which zppears to introduce &
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meximum error in ©® of C.C5K which can be ignored for all practical
purposes since VIMHEX 6 date is only calculated to 0.1K)..

(iii) A minimum fipal layer depth of 25mb is required (correspording
to the interpoletion intervel for the VIMHEX 1972 Rswinsonde TLate,
Betts and Miller (1975)). Tescent from ztove 4CCmb, corresponding to
anvil outflew, and to telow 85Cmb, corrresponding to convective

downdrevght descent, should be avoided.

The squall line numbers are given in table 5.2.1 together with
proragation speeds and directions. The soundings were thcse
identified by FKiller and Petts (1977) to bte associated with squall
lines. Although the VINHEX data does have a better temporal
resolution than the GATE data the Venezuelan squsll lines are on the
whole much smeller then the GATE squall lines (meaﬁ length was 1CCkm
for Venezuelan squell lines cf. 25Ckm for Eastern Atlsntic squall
lines, Fernendez, 1982), and consequently showed more
three-dimensional flow characteristics with considerable transverse
flow mddification, Fernandez (198C). Consequently identificaticn of
layers in which descent occurs is very difficult. Successive profiles
may show that the sonde 1is rising through air with completely
different charazcteristics. The profiles of O were tsken from RBetts
and Miller (1975) which are given at 25mb intervals, tetween the

surface and 15Cmb.

The profiles used are shown in figures 5.2.1-5.2.7 end are for
squall line numters 14, 27, 35, 2%, 56, €6C and 64. Perhaps the most
convincing examrle of descent is shown in figure 5.2.2 corresponding
to squall 1line 27 in whick & shellow, low B, minimum, feature
descends. VWhere mcre than cne possitle level of origin of sir cccurs

the two extreme 1levels ere checsen end the follcwing celculztion



Date

27 June
3 Juiy
9 Jyly

28 quly

31 July
7 August

1 August

Mean speed
Standard deviation

Storm no.

1

27

35

53

56

60

64

VIMHEX Squall-line Data.

Storm vel.

(deg/ms™)
10#/11.7
079/15.0
085/10,7
110/9.9
092/14.7
095/13.8
079/15,5

13.0ms"
2. 1ng"

1'Be fore"

sounding

81
100
120
192
203

226

2k

Table 5.2,1

Local
time,

.1806
1956
1523
1843
1503

1759

1446

"After"
sounding

82
83

101
102

121
122

193
194

20k
227
228
229

2h2
2h3

Locai
timer,

2001
2126

2113
2222

1648
1807

2002
2125

1845
1907
2028
2150

1604
1735

-zoz -
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VIMHEX squall line 14
Soundings: 81
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Figure 52.6, profiles at approximately hourly intervals (see table 521). Broad
lines indicate final level of descending air. Distance of descent is shown Dy

vertical broken lines.
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VIMHEX squall line 27
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Figure 522. See figure 5.2..
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VIMHEX squall line 35
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Figure 5.2.3. See figure 5.21.
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VIMHEX squall line 53
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Figure 5.2.4. See figure 5.21.
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VIMHEX squall line 56
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Figure 5.25 See figure 521
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VIMHEX squall line 60
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Figure 5.2.6 See figure 5.2.1
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VIMHEX squall line 64

Soundings: 241
262 ——— —
243 —m——

100 i 1 I i i i 1 [. 1 1 1 i 4 I

200

300

Loo

p/m

500

600

700

800

900

! ! Il I 1 o 1 1 1

1000 L—L

il [
330 30 350
8/ K |

Figure 5.27 See figure S5.2.1.
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performed for both vezlues and the mean taken.

B=71n8/9z and $=D1nB/Dz can be written in discrete form in the

following way.

B = ! A ge"v P K = _L A 9 tafca‘ .
éaw' A% éhmnl A%,

When descent occurs from p, to p,, the paréel potential temperature
changes from 9, to ngparcel) and the environmental temperature
(undisturbed) is B, at p  and 9,_(environment) at p,. Hence

AB(environment)= 91(environment)-e‘ and AB(percel)= Gz(parcel)-gl, (see

figure 5.2.8).

%)
6,
P2 7
initial sounding Z_final soundin
(@) S
path followed by
7& parcel
P22 -
ol Bem) 6, (pwent) 6

Figure 5.2.8
B(environment) and §(parcel) are both epproximated to the mean value

of ® for the layer which descends (8). Hence

B_X‘F ~ _‘: (Aeo.nv - AQPN-QI)
®  3®)-3)
= L (Sew = Gt )
6

3{.&) - 3 (Fn)

ie. the numerator is tre difference in potentiel tempersture at the
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finel pressure level (pz) end can be simply calculated by subtracting

initial from final @ values at the seme level (figure 5.2.8).

Az is more complicated to calculate. The finel 8 for the parcel
descent is chosen to be & level in the tabulated data set so that
0,(percel) is simply the tatulated value at p, for sounding b. By
interpolating with respect to log(p) the value of P at level p, of

sourding a can be found (ie. B ).

From p,, 8 p, and e,_(parcel)7 Ty and T, may be calculated using
P -
T=© CP Taking T=(T; +T,)/2 the perfect gas formula can then be
P, I "2 :

vsed to calculate

%= pp= —%3 In(Fap,) -

This procedure produces a set of AB(= Qz(parcel)— 91_(environment)) and
Az et esch final tatulated pressure level at which forced descent is
assumed to occur at 25mb intervels. The mean values A-é and I% are
then calculated for each 25mb interval. The mean value for each

vertical layer which descends can ther be calculated:-

- i

bz

The stages in the calculation for each profile are shown in tatle

WM

Y
8 n

5.2.2. Estimates of errors in B—‘(F wvere mrade as follows. Tabuleted

values of @ are given to 0.1K. The meximum error in A8 is then C.2K.

This produces a maximum errcr in 1/n_Z,AA__€§_ of 1/yn Emréwz vhich
b
3
varies between about & and 4C% (see individuel calculastiors). Ry

contrast the error in Az srises by et most an error of 10mbt in F,

which for 2z meen descent of 1km corresronds tec & 10% error in ery ore



Calculation

(a)

(b)

(c)

(d)

SL

1

L

14

27

Sounding
pair

81/82

81/82

82/83

100/101

Layer
(mb)

575-550

825-775
725-675

775-525

9eonv)
/K

315.9
317.3

305.3
306.0

307.0

308.8

309.9
311.1

306.5
307.2
308.5
}11 05
313.7
314.8

315.9

3172:1
318.8
320.9
323%.0

Calculation details.

Py

Jmb .

575
550

825
800
775
725
700
675

775
750
725
700
675
650

625

600

575
550

525

9!(pau'cel)
/K

318.2
320.4

305.9
306.7
1307.4

309.9
310.1

311.3

307.1
308.5
310.9
312.8
313.8
314.8

316.2

317.9
}19.6
321:5
323.7

Table 5.2.2(1)

Py
b

k70
367

591
593
593

570
558
554

728
720

710 .

672
660
635

360/
67
ss
hyo
424
410

0, /k

327.9
334.9

3175
317.7
317.7

318.6

319.7
320.0

308.3
309.1
310.3
313.8
3144
315.5

320.0/
327.9
329.0
330.2
331.9
333.2

Az/m

-1576
-3072

-2752
-2h57
-2190

-1946
-1826
-1577

-1038
~-337
=173
-335
-184 -
-190

-880/

-2303
-2137
~2054
-2019
-1907

he
+2.7

+0.65
+0.55

+0.65
+0.2

+0.95
+1.85
+1.85
+0.7

+0.05
+0.15

+0.55
+0.8

+0,7
+0.65

Az
fin

=232

-2604,.5
-2323.5

-1886
-1701.5

-687.5
=255
-254
=257
-187
-535/
-1246.5
-1508.5/
-2220
-2095.5
-2036.5
-1963



Calculation

(e)

(1)

(g)

(h)

(1)

(3

(k)

27

35

53

53

56

60

60

Sounding
pair

101/102

121/122
192/193

192/193
203/204

227/228

227/228

Layer
(mb)

975-850

800-775

475-450

375-325

575-525

675-625

525-450

%sénv)

297.2
298.0
301.0
301.5
301.9
302.8°

30605
308.8

325.8
329.1

333.5
336.9
339.8

319.2
322,0
3243

312.2

313.8
315.5

322.4
323.6
325.1

326.2

Calcuiation details,

P
ik

975
950
925
900
875
850

800
775

475
450

375

350

- 325

575
550
525

675
650
625

525
500
475
k50

9’( paréel)
/'3

298.1
299.6
301.1
302.2
303.1
304.3

307.9
309.6

326.9
329.5

335.4
338.0
340.4

319.6
322.4
324.7

313.5

314.9
315.6

324,1
325.8
327.1
329.3

Table 5.2.2(11)

Pq
/mb

1
768
766
759
759
757

669
668

350

335

325
305
280

345
323
323

600/

483
450

- 450

355
350
330

91ﬂ<

306 .4
307.5
307.6
308.0
308.0
308.1

313.9
313.5

336.9

339.8

341.9
355.9

335.7
338.0
338.0

317.3/
32Z.3
324.6
326.2

326.2
3341
335.7

336.8

Az/m

-1793
-1801

~1599
-4

-1197
-972

-1485
-1231

-2292
-2197

-1044

-993
-1077

-3889
-4021
-3657

-953/
-2563

-2351
-2574

* -1191

-2576
-2286
-2292

Ao/

'=Qpar-qenv

+0.9
+1.6
+0.1

+ +
-0

L ]

(VR ERN

+
-

+ + o+

O = O =

[ 2 [ ] L]
o+

+ + +
O ==
[ ]

+

+ +
eee

°
W o N =\ - -

+
-
[ ]

+1.1
+0.1

+1.7
+2.2
+2.0
+3.1

Ae

/K

+1.25
+0.85
+0.4

+0.95
+1.35

+1.1

+0.75

+1.95
+2.1

+2.55

bz
I

-1797
-1700
-1520
-1319
-1084.5

-1358
=2244 .5

-1018.5
-1035

-3955
-3839

-1652/
-2457

-2462.5

-1883.5
=243
-2289

- g2 -



. Calculation

1)

(m)

(n)

60

64

64

Sounding
pair

228/229

21/242

2h2/243

Layer
/mb

400-275

850-775

625-600

Q
/&env)

332.1
3335

335.6
336.8

s
306.3
306.8
307.3
307.7

315.1
317.0

Calculation details.

P
Ik

hoo

375
350
325
300
275

850

825
800

775

625
600

e"(pza\rcel)
K

332.6
334,6
3371
338.2
340.1
31,2

306.8
307.5
308.2
308.6

315.9
317.3

P

/gl
koo
321
302
300
255

21

689/
732
685/

729
685/

729

685/
729

79
b7k

. Table 5.2.2(111)

e,/K

332.1
337.2

359.4

339.6
341.9
3424

31.7/
311.2

311.8/
311,
3118/
311.3
311.8/
311.3

326.6
326.9

Az/m

-1128
-1057
-568
-1123
-896

-1759/
-1262
-1552/
-1040
-1290/
=779
-1022/
-511

-2103
-1856

Ae /K
= -0
par ‘env

+0.5
+1.1
+1.5
+1.4
+0.5
+0.3

+0.5

+0.7

+0.9

+0.9

Ao /x

+0.8
+1.3
+1.45

+0.95
+0.4

+0.6
+0.8

+0.9

+0.55

Az Im

-564
-1092.5

-812.5

-845.5
-1009.5

-1655.5/
~1151
-1421/
-909.5
-1156/
-645

- fiz -

-1979.5
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measurement and an error in E-ikof less than 5%. It is probable that
mixing may lead to a2 mis-identification of the layer of origin which
may prove far more important a source of error. This carn only be

minimised by chosing soundings of high temporal resolution.

The velues of P-X;calculated for ezch descendirg layer together
with error estimates ere given in teble £.2.3. UCAPE was elso
calculeted for a2ll seven squall lines so that an estimate of (E;B)
could te mede. The meen value of Gp was calculated for the 1layer
975-60Cmb. Parcel ascent wes then essumed with this value of 8,.
UCAPE was teken to be the positive area on the tephigrem. (This may
be an overestimate since cloud top height should be used for the upper

limit of integration and not the level of neutral bucyancy.)

H weas celculated to be the distence from the surface to fhe LNE.
From H and UCAPE, G&;B) and %-B were calculated. The results are
stﬁ

summarised in table 5.2.7%.

The variation in (B—qg_énd consequently in FCAPE are averaged for
each squall line. 1In eddition the mean difference in inflow speed to
convective and forced circulations for a model flow of the type
develored in chapter four must be celcvlzted. The meen inflow speed
rarellel to the squall line propagetion direction into the convective
flow is taken to be the mean inflow speed between the surface and e
pressure level corresponding to twice the depth of the LCL defired by
the UCAPE calculetion. The forced flow inflow is defined to te above

this layer and below the LNE.

For teth types of model ("A" in chapter three and "B" in cherpter
four) the predicted propegation speed frem theery is for s disturbance

moving into still air. This speed must be added onto the eir speed



Parameters Calculated from VIMHEX Squall Line Data.

Calc? SL (B-9) €(B-%) H/km UCAPE (%,-B) FCAPE TP Ac Mean wind  <Az>
/10 m?! /1074w /dkg’ /10 m™ /Ikg™ By /J 2UCAPE spead/ms™ /60mins m
(parallel
to ppgn.
. dirn.)

(a) 14 3.6 0.3 12 700 1.0 2600 0.53 0.1 10.45 1203
(). % 0.8 0.2 | 600 1.2
(c) 1 0.4 0.1 ~ 300 1.58
(d) 27 6.5 0.5 12 600 1.0 4300. 0.39 +0.14 5.47 975
(e) 27 2.3 0.2 1500 0.66 .
(f) 35 2.6 0.5 13 1000 1.2 2200. 0.68 40,11 | 2.96 1031
(g) 53 1.0 0.3 1 700 1.2 600 1.10 -0.00 6.21 1089
() - 53 3.4 0.l 2100 0.59
(1) 56 0.3 0.1 " 600 1.0 200 1.83 +0.23 7.20 1053
(1) 60 1.3 0.2 13 900 B P 1100 0.92 +0.16 L.68 1256
(k) 60 3.0 0.2 A . 2500 0.61 |
(1) 60 9.8 0:3 8200 0.34
(m) 64 2.4 0.3 15 1300 1.2 2500 0.71 +0,07 4,37 - 1097
(n) 64 0.9 0.3 , 900 1.15

Mean 2.5 2.4 8% 1.1 1900 0.9 +0.1 5.9 1100
¢ 1.5 103 24o 0.1 1100 0.4 0.1 2.2 90

Table 5.2.3

- 9l¢c -
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relative to the ground to obtain a propagation speed relative to the
ground. This eair speed was taken to be the mean of the velocity
component parsllel to the direction of propagation in the surface to
the LNE layer. These results are summerised in tatle 5.2.3. Mean and

standerd devietion are calculated for esch quantity.

Meean values are now used in the follcwirng calculetions since
errors in individual (B—Xp calculations may be as large as 25%. In
reality one would expect variation in this parameter derending on the

reinfell rate and the pre-forced circulation relstive humidity.

5.2.2 Results of the Comparison.

(i) Comparison of propegation speed with that predicted by the simple
TMMEC model of chapter thfee.
(a) incompressible case:-
F =1/rmr
c=ﬁ/(nﬂ§“§§6ﬁ§§
/(e J2xz200c
=20.1/n ms™"
(b) compressible case:-
n=1 downdraught, F=1.19/7.
n=2 (upper level zscent, lower level descent),F=1/(2m).
n=1, c(predicted)=5.9+24.0=29.9ms™
n=2, c(predicted)=5.9+10.1=16.Cms™}
Note <c(proresgstion)>=12+2ms™" so that only the =1n=2 mode
(incompressible or compressible case) lies within two stendsrd

deviations of the meen value.

Compariscr of the calculated value of [¥u-B  with that predicted in
B-ap



chapter four.

This calculation operates "in reverse".

<c(relative)>=<c(propegation)>-<c(mean)>=13.0-5.9=7.1ms"".

<c(relative)>/J2UCAPE=7.1/]2x830=0.174.

We now want to calculete F“ for the updrezught circulation from the
relationship:- c(relative)=(cu+Cf)/2 and Ac=c€-cu.
Fu=cu/r§ﬁEX§§=c(relative)/JEﬁEIfE-O.SXAC/JEﬁzxif
=0.174-C.5xC.1

=0.124.

The effect of sheer on F“ is removed by using the equation
F,(Bc=0)=F,(Ac)+Ac/J2UCAPE.

Thus F,(Ac=0)=0.124+0.1=0.224.

From figure 4.5.3, the value of IE;%% corresponding tc this value of
g—

Fu (for r°=0.1) is 1.5. This comperes with a mean value of 0.9+0.4

from the VIMHEX squall lines &nd lies within two standard deviations

of the mean value.

An estimate of the mean mesoscale descent rate may be made from
these as a further guide to the validity of the data processing
method. A mean descent distesnce (Jdz|) may be calculated for 60
minutes for each squall line assuming uniform descent. As can be seen
from tatle 5.2.2 the meen for all squsll 1lines is 11CCm with a
standard deviation of 9Cm. This gives & descent rate of EOcméq. This
descent rate seems rether large cf. Gamacre and Houze (19€2) who

suggested a maximum descent rate of 6cms™, tut Zipser (1977) suggests
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5-25cms”' at zbout 50Cm ebove the surface and just above the mixed

layer.

The mean descent reste calculated from VIMHEX data would produce a
heating rate of C.€Kh" assuming (B-¥p ~ 2.5x10"n™" This heating rate
may not be steady over the period of the mature stage of a squell
line. Ideally we would like to know the horizontel temperzture change
across the forced flow which requires detz for 2 longer period
(several hours after rainfell has ceased). £ recent study of boundary
leyer and surface changes by Johnson and Nicholls (1983%) suggests
warming continues to occur for several hours after rair has stopped

falling from the anvil.

Thgse calculations can only provide order of magnitude guides. It
is inherently difficult to calcuvlate a forced descent lapse rate
because it requires consecutive soundings unlike the UCAPE calculation
in which the quantity calculated corresponds simply to the positive

ares on a tephigram from a single sounding.

Single station deta can te used providing the squall lines studied
are sufficiently "two-dimensional". In this respect the Venezuelan
squall lines (notably numters 14 and 56) experience relative inflow at
the rear. Ideally West African squell lines probebly provide s tetter
choice for study since tkey sre of much greater transverse length
(Fernandez, 1982) if e sufficiently small time resolution could be

obtained (ie. hourly soundings).

5.3 Suggestions for Further Resesrch.

The various models of convective circulzticns developed in chearter

two have svggested a form for the pressure perturtation field produced
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but reliable observations do not exist to test these predictions.
Consequently it would be valuable to look at the pressure perturbation
fields produced in numerical simulations o¢f tropical squall line
elements. Calculation of the ratic <6}P/KE° for forced flows in
nurericel simuletions would also meke en interesting comparison with
the tyre of valves predicted in charter three for uniformly shezred
end jet profile inflows to circulations. The hLorizontal scele of the
MM simulation however was not sufficiently lerge to szccommodete e
reasonable dynamical representztion of the processes considered here.
Ideally, & combination of numerical simulaticn and obtservetions of
West African squall lines would be most useful for a comparison with
the dynamicel models egplored in this thesis. Presuvmebly, the
observstions of the CCPT 1981 exreriment would be of grest use in this

context when the dats has been processed.

The model developed in chapter four (the intertwined flow) should
te extended to include compressibility since, as previous results in
ckapters two and three indicate, the consequences are unpredictable
and mey produce a <deerer outflow layer from the convective

circulation.

The meny component flows studied can be used toc look at the
consequerces of relative inflow at the rear as is found in the
Venezuelan squell lines althcugh the Eesstern Tropical Atlartic end
West Africen squall lines suggest this effect is not important to the
lerger, more two-dimensionel squesll lines. This is & possible direct
extension of the models considered here, zlthough at the expense c¢f

ferming a much more corplicated model.

Trere is e cleer neec for more detziled and temrorally frequent
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observations of squell clusters, particularly to produce three
dimensional wind and thermodynamic fields. CSingle station radiosonde
data combined with radar to locate the relative position and direction
of a squall line would probtebly provide one of the most cost-effective
ways of procducing composited fields for a rperticular .geographical
loéation. The calculations performed in section 5.2 illustrate the

need for better temporal resolutior of thermodynzmic fields.

Mixing of updrsught air with envirormental air occurs to some
extent end may be responsible for producing'th; much thinrer anvils
than ere predicted by the model developed in chapter four. The
consequences of mixing probstly cannot be tackled by these simple
gnalytic models. Further dynamical progress can protably only be made

using numerical models.

A means of specifying foced descent from initial thermodynamic
profiles'does not presently exist. ‘It may rct be possible to make any
progress in this matter since it involves the interaction between
convective end meso-scales; however it may be possible to as;gn a
value to j%éi typical of squall clusters occurring in a particular

geograrhicel erez ané relate this rparemeter to the net rainfall or

rainfall rates in tke cell and mesoscale descent regions.



In chepter twe the displacement equetion 2.14 with boundary
conditions 2.15 gnd 2.1€6 is solved for sheared ccmpressible flows as

follcws. 2..14 is resrrenged:-

(jf!) e,,,[?(r -1o)D- l}(uo) - — [E N :;)-1 E:'*( f\-man—l

i
and differentiated with restect toI‘ writing d.ﬂ/df,=f° to givg

'L) eKP[ 2(%- I;):D] (2.1)

_.(&O) Jdi(%b A e»cp[- Z(L-JQ)TD]} - & -%).

Writing Fz= g% = F;.(j:,jo/)j)) (4.2)
\

Flzdt = F(,3) (£.3)

2 NAG librery rovtine TLC2ERF is used tc integrate the system of first
order ordinary differentisl equaticrs, F end F,, from the rpoint
J:,=1;,, f,=r, , where d.ﬁ/df‘;=J—1—:F-fexp(—2(r, -r,)T) to the pcint 3$=0. The
valve cf F is varied until the difference between .ﬂ,(f|=1) and C, tre
endpoint velue, 1is reduced to the tolererce (1C"'+). The routirne
cenerates intermediate velues cof b ’ fo and J:' frem whick v, Ep, ard

5;6. egre cslculeted in the fcllcecwing manner. From thke cortinuvity



equation 2.12

u,:-—UQPOd_.-f;o

p dfy

= — uo exp[(5:2)7] & (1.2)

5%, = (FE)H(3-%). (5.5)

&p

| is given at any hLeight g'in the outflow ty:-

* §
%PT‘ = -;c,zE + ‘g:’z 355690‘% + fé’" 354431

N e 2 (97948,
Z’&EZ - f.'p’)[E-\-(J:FI) v 2 ng )i |

In discrete form wher ﬂ =nh, this tecomes

where h, is the summeticn interval arnd r, and h, are chosen such thet

r,/h° and .f,/h° ere integers.

In cherter three the same displecement eguetion, 4.1, is sclved

to ﬂ=0. The

vihere F2=-ﬁgl Integratior rrocedes from JL=1, I=r‘
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value of F‘F is varied until the difference between 3 §\=O) and r, is .
reduced to the required tolerance (10-?). u, and é}s' are cealculated eas

-tefore. A.6 becomes

_i.é_h- = wp(—nl«o:D)[Ef;-(f‘&*)z
2 p Ft
{=n
+ ZhY uP(-?ko)(fka—fo(J’.*(ko»] .
% =1, -\
ho



AEEendix B

A generzl method fcr solving simultenecus transcendental equations
developed by P. Purrow (psper in rpreperation) was employed. Let

[/
x=F(x,y,z). Corsider the expression x=(x""F)"=F, (x,y,z)

9F _ L [x“" F]V“-‘ {(n—l)?:"'zr" + x""QE}
ox h > d
N ) N IO E
n x
~ L {C”\") + oF
n ox
V - -
25 _ ) [xn-lF] h=l x‘-“F l‘:c.n—\_af
oy n 2y
< LB
N G%j

F, is required¢ to vary slowly with &ll incdependent varisbles x, Yy,

Zeaos This is achieved most efficiently whern n=1-29F/9x and n>1.

Fxpressions useé for T E, end F, frem 4.5, 4.12, 4.19 end 4.20 vere



N = e + l [\—(H@)ﬁm%%] (B.1)
W

E. = (_gf [Ef - (%‘)ﬂ/(%{—%) - <5.é§9>1 (B.2)

Fu = (re-(-n)cos g I-[E )sm b -8 | —_8c . (5.
(v (r)cosé)/[( /) V‘F{ M{] = (5.2)

F‘f is elimirsted frem B.2 and E.? using 4.12 ie.

fre (Rr A ) Y-8

B-v¢
From triel soluvtierns x and x+8x, rroducing I end P;+SFf,n may be
calculated, end similerly for the other variebles, the procedure

continuirg until F:F is within & desired tclerance of x.
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