Linear Spectral Model of Tropical Mesoscale Systems

by
Maria Faus Silva Dias

Department of Atmospheric Science
Colorado State University
Fort Collins, Colorado




LINEAR SPECTRAL MODEL OF TROPICAL MESOSCALE SYSTEMS

by

Maria Faus Silva Dias

Research Report supported by
The Global Atmospheric Research Program,
National Science Foundation and the
GATE Project Office, NOAA under grants
ATM 78-05743 and ATM 77-15369

Department of Atmospheric Science
Colorado State University
Fort Collins, Colorado
80523

June, 1979.

Atmospheric Science Paper No. 311



ABSTRACT

LINEAR SPECTRAL MODEL OF TROPICAL MESOSCALE SYSTEMS

The sensitivity of mesoscale features with respect to large scale
tropical profiles of wind and temperature and to small scale parameteri-
zations is investigated through a linear, spectral, non-hydrostatic
model. The cumulus heating parameterization is the so-called Wave-CISK
parameterization, defined by an idealiéed moisture budget. The momentum
mixing parameterization is as developed by Schneider and Lindzen (1976).
It :is found that the growth rates of different scales of motion are very
sensitive to small scale parameters, such as top of moist layer, mean
mixing ratio in moist layer and level of maximum heating rate. The
speed of propagation and the mode of maximum growth rate are not very
sensitive to small scale parameterization. The feature of the basic
state wind that most seriously influences the selection of a most un-
stable mode is the direction and the‘speed of the upper level jet.
Features in the basic state winds can effectively determine that the
East Atlantic region has, in the mean, a most unstable mode that falls
in the mesoscale length scale, while the West Pacific shows no preferred
mode in the mesoscale length scale. Differences in wind hodographs be-
tween different categories of a composited easterly wave in the East
Atlantic lead to the conclusion that the categories that precede the
trough clearly define a preferred mode in the mesoscale, while the
categories after the trough do not.

The time evolution of an initial disturbance shows that for a small

scale initial condition (20-50 km), an initial line of convergence
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evolves into a convective line whose vertical extent reaches the whole
troposphere. The squall lines assume a curvature comparable to the
ones reported by Houze (1977). An initial condition of larger scale
(100 km) has very small growth and does not evolve into a convective

line.
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I. TINTRODUCTION

The range of predictability of large scale models or general
circulation models of the atmosphere is highly dependent on the amount
of physics specified and on the accuracy of the boundary conditionms,
as well as the problems related to initialization and discretization
schemes. To improve the range of reliability of weather forecasts
it has long been recognized that the tropical regions have to be
properly modeled. In this context the last 10 or 15 years have seen
an increasing number of scientists studying the weather in the tropics.
Several observations and experiments have been designed and executed
in lower latitudes to provide 'a framework upon which theories ean be
developed and models initialized or tested.

The resolution of large-scale models and general circulation
models ranges froﬁ about 150 km to 500 km, so that important tropical
Phenomena such as cloud clusters and squall lines may fall in the
subgrid scale of these models or be allowed two or three grid points
at the most. Fig. l.lvshows a satellite picture of a well developed
double cloud cluster taken during the GARP Atlantic Tropical Experi-
ment (GATE) on 5 Sept. 1974 at 1230 GMT. Each of the cloud clusters
has a horizontal dimension of about 3° latitude. As seen from an IR
sensor, fhe two clusters appear as homogeneous blobs of cloudiness.
The pattern of precipitation and winds is not, however, homogeneous,
but shows a considerable amount of organization as may be seen in
Figs. 1.2 and 1.3. Fig. 1.2 is a radar composite made at 1200 GMT on
the same day during the GATE. Clearly defined lines of heavy precipi-

tation may be seen which are associated with the squall lines described
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by Houze (1977). Fig. 1.3 shows a surface streamline analysis repre-
sentative of 1200 GMT on the same day. This figure shows a highly
organized mesoscale wind pattern with a cyclonic vortex centered at
9°N, 23.50W,justnorﬂ10fthe line of cloudiness seen in Fig. 1.2.

The inclusion of subgrid scale processes in large scale models

requires the parameterization of momentum and heat tramnsports by

small scale and mesoscale systems. Observational studies which describe
mesoscale disturbances (Zipser 1969, 1977; Zipser and Gauthier, 1978;
Smith et al., 1975 a,b; Houze, 1977) have attempted to determine points
in common between different systems and to develop some understanding of
why the different manifestations of mesoscale organization occur. This
approach is mainly descriptive and cannot by itself provide a consistent
parameterization scheme unless perhaps a huge amount of observations

is processed and catalogued. A second approach has been to numerically
model single clouds (Liu and Orville, 1969; Takeda, 1971, and Moncrieff
and Miller, 1976, among others) and determine the transports. This
approach, however, may be considerably underestimating the transports

that can be generated by an organized set of clouds. The assessment of

the transports of heat and momentum by mesoscale systems has to be
done through a mesoscale model. Though several mesoscale models have
been developed (Cotton and Pielke, 1977; Pielke and Mahrer, 1978; Frisch,
1978; Brown, 1979),  a simple parameterization scheme suitable for use in
large-scale models has not been developed.

This thesis will approach the question of how the mesoscale fea-
tures depend on large scale characteristics by using a relatively simple

model. Although we may still have years to go to achieve the goal of



a comprehensive parameterization scheme that will successfully repre-
sent the mesoscale contribution to the large scale picture of atmos-
pheric motions, the work to be presented will attempt to shed some
light on this problem.

The following chapters present: a review of mesoscale features
that have been identified throughout the literature; the model
assumptions, governing equations and parameterization of small scale
processes; the sensitivity of model results to the parameterization and
to basic state features; the development of initial perturbations and

differences in tropical regimes.



II. BACKGROUND

The study of mesoscale systems has received attention from the
past of observation and modelling research. Experimental programs have
been designed for the special purpose of understanding and classifica-
tion of mesoscale systems; several models have been designed for the
simulation of these systems. This chapter reviews the results in
these two distint areas of atmospheric research in order to provide

some background information for the following chapters.

2.1 Observational Features

Several studies based on GATE data agree that the onset of deep
convection is preceded by a maximum in upward vertical velocity.
According to one school of thought (Reed et al.,1977; Thompson et al,
1979; Burpee, 1972), this maximum is associated with the passage of an
easterly wave trough, with organized convection occurring preferen-
tially just ahead of the 700 mb trough (Payne and McGarry, 1977). Ac~
cording to others (Gray, 1968; Frank, 1977; Dean and Smith, 1977),
the structure of the cyclonic disturbances which appear in GATE is
complicated and non-steady and therefore not likely to be accurately
forced by a single steady sinusoidal wave, One way or the other, the
profiles of wind (or divergence and vorticity) ahead of the trough in
the Reed et al. (1977) composited easterly wave are very similar to
those in Frank's (1977) deep convection category.

As reported in the above studies, the strongest surface con-
vergence is found close to the maximum in convective activity. Gray

(1977) reports that the strongest convergence goes up to about 800 mb.



In Reed et al., (1977) composited wave, the total wind ahead of the
trough shows southwesterlies at the surface, northeasterlies at 700 mb
and southeasterlies at 200 mb. The wave moves at a speed of approxi-
mately 8ms‘_l with a typical wavelength of 2500 km.

The wind profiles associated with squall-line events show strong
vertical shear in upper levels. Middle and low-level shear do not seem
to be essential. Mower (1977) reported an almost unsheared environment

below 300 mb on the 2 September convective line. Zipser (1977) in a case

study of a Barbados mesoscale disturbance also reports a lack of middle
level shear. The GATE area, however, had in the mean wind for Phase IIT
a low-level easterly jet just above 700 mb and an upper-level easterly
jet at around 200 mb (see GATE Workshop Report, 1977; or Thompson et al.,
1979). Directional shear was also present in the mean wind of Phase III;
around 800 mb the wind shifted from south-southwesterlies below that

level to easterlies above.

2.1.1 Convective Line Features

Aspliden et al., (1976) tabulated all squall line cases occurring
during GATE. Phase III, which is known to be the most disturbed period
during the whole experiment, had eight squall lines identified over the
ocean according to the criteria that they have cloud tops around 15 km,
attain a 2° x 2° size during their lifetime and be active for a minimum
of 6 hours. The squalls had a mean speed of 11.4 m.s_l, extended over
a distance of more than 500 km long and lasted for 14 hours. In 657%
of the cases, the time of generation was between 0300 and 1200 GMT, as
was pointed out also by Gray (1977).

Of the eight cases during Phase III of GATE, two are of particular

interest: the 2 September and the 4-5 September cases. The former has



been described by Kelley (1977) and Mower (1977) and the latter by
Houze (1977), Dean and Smith (1977), among others. Zipser (1977) gives
a description of a tropical squall line event during the Barbados
experiment.

According to Kelley and Mower the 2 September convective line was
oriented in the northwest-southeast direction, being 300 km long and
20-30 km wide; it progressed over the GATE array during its lifetime
from 1200 to 1800 GMT, with a speed of 6ms—1; by around 1500 GMT, the
surface streamlines revealed a low-level mesoscale circulation which
persisted through 1800 GMI. With the appearance of this mesoscale
vortex motion, the convective bands became less defined.

The 5 September disturbance showed similar features. Houze (1977)
reports that the observed squall had a step-wise motion as new cumulo-
nimbus (Cb) elements formea well ahead of the existing line while
old squall lines elements weakened toward the rear, their rainfall be-
came stratiform and they blended into the trailing anvil region. The
squall was located along the leading edge of a mesoscale downdraft
which formed and spread out in the middle and lower troposphere below
the anvil cloud. Accordin; to Dean and Smith (1977), by 1200 GMT a
mesoscale cyclone developed which extended from the surface to 400 mb
and was located on the western edge of the cloud mass. Further to the
west, another cyclone developed. The pair of cyclones persisted up to

1800 GMT when the cloud region began to decay.

According to Zipser (1977) a mesohigh is often observed shortly
after squall passage, with a mesolow frequently observed some hours

later, in both tropical and mid-latitude squall systems. Fujita (1963)
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and Williams (1963) had already noted the occasional presence of a
mesoscale low pressure area some distance behind squall lines, per-
sisting for 4-6 hours.

As has been reported by many investigators since the early work of
Byers and Braham (1949) based on data obtained during the Thunderstorm
Project, the downdraft plays a very important tole in the propagation
of squall lines. Miller and Betts (1977) and Zipser (1977) identify two

types of downdrafts: a cloud downdraft which is nearly saturated and

an unsaturated mesoscale downdraft. Zipser (1977) suggests that the
cloud scale downdrafts originate around 650 mb but do not penetrate

the lowest 150 m. The mesoscale downdraft would originate around

800 mb below the raining anvil. There is a difference in scale between
the two downdrafts. Using a numerical model, Miller and Betts (1977)
show that the mesoscale downdraft is dymamically rather than evapora-
tively driven as stated by Zipser (1969, 1977), and Brown (1979).

Betts et al., (1976) in a study of tropical squall lines over
Venezuela observed marked changes in the dynamic and thermodynamic
structure of the atmosphere after a squall line passage. Basically, the
boundary layer air is transported into high levels and replaced by air
from mid-levels. Except in the lowest 150 mb where a large cooling
occurs and at high levels, this change in equivalent potential tempera-
ture (OE) is dominated by a mixing ratio cﬁange. In the wind field
there is significant increase of easterly momentum in lower levels and

westerly momentum is increased in upper levels.
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2.1.2 Mesoscale Vortices

Mesoscale cyclonic vortices are also observed without being
related to convective lines as reported by Zipser and Gautier (1978)
and Smith et al., (1975a,b).

According to Smith et al., (1975a), the main characteristic that
differentiates the mesoscale vortex from the squall line is the lack
of organization in the cumulonimbus downdrafts. On the other hand,
Zipser and Gautier (1978) report that mesoscale downdrafts existed as
evidenced by mesoscale divergence of low-level winds. According to
Zipser and Gautier the downdrafts in the 15 July 1974 mesoscale vortex
observed in the GATE area did not change the thermodynamic properties
of the subcloud layer in a significant way.

In both cases the wind field showed a closed circulation of about
2° - 4° in diameter and a lifetime of about 12 hours.

Smith et al., (1975a) report the speed of the vortex observed in

1
the BOMEX area on 26 July 1979 to be of 8.2 m*s from the northwest.

2.1.3 Summary

This section has described some overall characteristics of pro-
pagating convective lines and mesoscale vortices. Although the model
results will not be able to reproduce the total picture of either
phenomena, it will attempt to clarify the properties of propagating
convective lines and the sensitivity of these properties with respect

to large—scale atmospheric conditions.
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2.2 Previous Modelling Results

Previous attempts to model mesoscale motions fall in two main
categories: one is the modelling of the cumulonimbus scale dealing with
horizontal dimensions up to about 30 km; the other deals with horizontal
scales up to 1000 km. The basic difference between these two areas is
in the parameterization of different physical processes. The following
subsections review a few models in the cumulonimbus scale and on the
larger mesoscale. A review on previous work using the Wave-CISK para-

meterizat ion scheme for mesoscale modelling will also be presented.

2.2.1 Cumulonimbus Scale

The models of the cumulonimbus scale close the system of equations
by parameterizing microphysical and sometimes turbulent processes. Al-
though this type of model is restricted to scales up to 20 or 30 km,
some resulté are extrapolated and used to explain features of convec-—
tive lines in the mesoscale. The main assumption involved in this
extrapolation is that a convective line is composed by a set of cumulo-
nimbus clouds. Interaction between the several components of the con-
vective line is assumed to be of secondary importance. This type of
approach is not able to explain the structure of curved convective
lines nor the extension of mesoscale downdrafts; however, very in-
teresting results have been obtained. The models described below are
all three-dimensional.

Moncrieff and Miller (1976) presented theoretical and numerical
models of cumulonimbus convection and succeeded in determining quite
well the propagation speed of squall lines based on a convective

available potential energy. Betts etal., (1976) compared Moncrieff
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and Miller's (1976) results to observations of squall lines over Vene-
zuela. They concluded that the propagation speeds and transport pro-
perties determined by the model are similar to the observed.

The experiments presented by Klemp and Wilhelmson (1978a,b) were
directed to examine convective storms and their dependence on the en-
vironmental wind shear. Splitting of the original storm into right
and left moving storms was sensitive to low-level environmental wind
shear. They also found out that if the wind hodograph turned clockwise
with height, a single right-moving storm evolved from the splitting
processes. Conversely, counterclockwise turning of the hodograph
favored development of the left-moving storm. The horizontal scale of
this storm was of about 10 km, so that they fall in the borderline be-
tween mesoscale and small-scale processes. Thorpe and Miller (1978)
also show that the splitting process is highly dependent on the environ-
mental wind shear.

Cotton and Tripoli (1978) verified the ability of a simulation to
predict observed liquid water content. Again,the environmental wind
shear was found to play a major role in the accuracy of this determina-
tion. They conclude that unless one or two-dimensional models include
the parameterization of cloud interaction with shear flow in some rea-
listic manner, they are not likely to successfully predict cloud liquid
water content as well as cloud top height.

In summary, the environmmental wind shear seems to be extremely
important in determining the properties of small scale systems. The
propagation of these systems compares fairly well with the propagation

of squall lines.
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2.2,2 Mesoscale

The models described below are hydrostatic non-linear models with
a constant Coriolis parameter; their resolution in the horizontal is
around 20 km while the vertical resolution is between 0.5 km and 1 km;
the governing equations include conservation of momentum, energy and
moisture. They all use sophisticated parameterization schemes that
account for cloud base, cloud top, updraft thermodynamics, micro-
physics, entrainment effects; subsidence and its effects on the environ-
ment; precipitation, collection and evaporation of liquid water. The
parameterization used by Kreitzberg and Perkey (1976,1977) as well as
the one presented by Fritsch<l978) fake into account cloud lifetimes as
opposed to Brown (1979) that makes the quasi-equilibrium assumption
(Arakawa and Schubert, 1974).

Kreitzberg and Perkey (1977) used a two-dimensional model with
small-scale convection parameterized through a lagrangian cloud model
developed and tested by Kreitzberg and Perkey (1976). The objective
of Kreitzberg and Perkey (1977) was to examine scale interactions; the
results of their simulation showed that at the initial stages, the
motions are dominated by the small-scale convective heating, while
after 6 hrs, the motions are dominated by the hydrostatic mesoscale
updraft that develops in response to diabatic heating from the earlier
convection. Mesoscale updraft produces stratiform precipitation that
exceeds the earlier convective precipitation. In this simulation, there
is no vertical shear in the initial wind field.

Fritsch's (1978) three-dimensional model successfully simulated the
development of squall lines, mesoscale downdrafts and mesohighs pro-

duced by mesoscale compensating subsidence. The vertical structure of




15

the squall lines, as in the case simulated by Kreitzberg and Perkey
(1977), is not tilted as opposed to the observations of Zipser (1977),
Sanders and Emanuel (1977), and Houze (1977).

Brown (1979) showed with a two—dimensional model that the growth of
mesoscale disturbances is highly sensitive to the amount of heating im-
posed through the small-scale parameterization. Through a series of
experiments, Brown showed that the shear of the environmental wind
and the evaporation of rain are essential forobtaining a structure com—
parable to Zipser (1969, 1977) and Houze (1977) observations.

The models described above are complex in the sense that they
include as many effects as possible. The resulting experiments show
strong resemblance to observed systems; however, they do not help much
the process of understanding the physics of these systems. For that

matter, there is clearly a need for simple models.

2.2.3 Wave-CISK and Mesoscale Modelling

The Wave-CISK parameterization scheme (c.f. subsection 3.3.1) was
first used in mesoscale modelling by Raymond (1975, 1976). Its pre-
vious use by Yamasaki (1969), Hayashi (1970) and Lindzen (1974) was
directéd to the modelling of large—-scale waves.

Raymond's model is linear, spectral and three-dimensional; the
Coriolis parameter is set to zero. The cumulus heating as in the pre-
vious Wave~-CISK studies has a given vertical distribution and is
modulated by the vertical velocity at cloud base. The results of
Raymond's simulation compare fairly well w;ih propagation of severe
storms; the shear of the mean wind is shown to have a very important
role in the splitting process, a conclusion which has been confirmed

by Klemp and Wilhelmson (1978) in a much more complicated model.
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Raymond (1976), however, only investigated the propagation of a
region of surface convergence. No attempt was made to compare modeled
vertical structure with observations; the scale of the region of
convergence'was of 10 km, i.e., in the borderline between the small

scale and the mesoscale.

2.2.4 Summary

A conclusion to be drawn from the above mentioned results is
that the current state of mesoscale modelling has reached a considerable
degree of sophistication: the results compare fairly well with observed
features. However, the understanding of the physics governing the
mesoscale motions is lagging behind the ability to model. For the
purpose of understanding the different processes involved, there is a
need of simple models that may be able to separate distinct physical
mechanisms. The model used by Raymond (1976) is simple enough to be
used as a learning tool and it can be improved in certain aspects and

generalized in others. This will be the subject of chapter 3.
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III. MODEL DESCRIPTION AND ASSUMPTIONS

The model to be described in the following sections may be con-
sidered as a generalized version of the one proposed by Raymond (1975,
1976) in the sense that the method of solution (which has been used
previously by Yamasaki (1969) among others) is not dependent on the
particular type of parameterization chosen to represent small scale
processes; and also in the use of a more general initial condition.

A one sentence description of the model would be: it is a linear,
spectral, non-hydrostatic model with a horizontally homogeneous basic
state on a non rotating plane; cumulus heating is parameterized through
the so-called Wave-CISK scheme (Yamasaki, 1969; Hayashi, 1970; Lindzen,
1974, among others) and momentum mixing by cumulus clouds is parameter-
ized through the scheme proposed by Schneider and Lindzen (1976).

Several advantages exist in using a linear spectral model. Spec-
tral models are especially convenient for theoretical studies where
it is important to determine the contribution of each mode to the
overall picture, as well as the structure of each mode separately.
Furthermore, the major part of numerical problems iﬁvolving finite
difference approximations are avoided.

In comparison to three dimensional mesoscale numerical models
(e.g. Moncrieff and Miller, 1976; Cotton and Tripoli, 1978; Brown, 1979),
the linear spectral model has the advantage of providing useful infor-
mation such as structure and growth of most unstable mode and sensi-
tivity to model structure and externally specified parameters (c.f,

chapter 4) without need of extensive computer time.
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The validity of a linear model is restricted to the initial devel-
opment of a disturbance when the non~linear terms in the governing
equations may be considered small enough to be neglected. This may
appear as a disadvantage; but, indeed, much can be learned about the
linear behavior of the atmosphere under different circumstances, and
the mathematical simplicity of a linear model as opposed to a non-
linear one is especially appealing. Considering the present state of
mesoscale modelling, an assessment of the importance of basic state
characteristics and small scale processes, at least for the initial
growth stage, is particularly desirable.

The next sections will describe the governing equations and the
method of solution; test a simplified version of the model against

theoretical results; and present the parameterization schemes.

3.1 Governing Equations

The governing equations are the equations of motion, thermo-

dynamics and continuity of mass:

g—t\—v—+\v.V\v+f§. X\V+%Vp+gﬁ=0 (3.1)
386 = (3.2)
ot . T8 =Q |

o - (3.3)
5t +9v. (pw) =0

The symbols have the usual meanings and their definitions may be

found in the List of Symbols.
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The governing equations will undergo averaging, linearization and
Fourier decomposition procedures. Three scales will be identified as
basic state or large-scale, mesoscale and small scale. The basic state
will be specified, the small scale contribution will be parameterized
and the model equations solved for the mesoscale variables.

It has been found convenient to use height as the vertical coordi-
nate rather than pressure or log-pressure due to the fact that the
hydrostatic approximation is not made. Although making the model suit-
able for inclusion in a coarser resolution large-scale model, the use
of pressure coordinates for a non-hydrostatic problem involves several
approximations and does not render the problem more tractable.

First of all, denote basic state by subscript zero and the devia-
tions from it by primes. The basic state has to obey the governing
equations (3.1) - (3.3), as also does the sum of the basic state and
deviation quantities which is represented by the non-subscripted, non-
primed variables of equations (3.1) - (3.3). Subtraction of the latter
set of equations from the former provides a set of equations for the
primed variables. A non-rotating plane is assumed and consequently
the third term on the LHS of equation (3.1) is set to zero. The neglect
of the earth's rotation in a mesoscale model is indeed a valid first ap-
proximation, especially near the equator where the Coriolis parameter
tends to zero and consequently the Rossby number becomes much greater
than unity.

The continuity equation (3.3) is replaced by its anelastic form

(equation 3.7 below) as introduced by Ogura and Phillips (1962), who



show that this form has the convenient property of filtering sound
waves. Dutton and Fichtl (1969) show that the anelastic form of the
continuity equation is appropriate to the modelling of deep convection.
Poisson's equation, in its linearized form, will be used to eliminate

the dependence of the above equations on a perturbation density.

R
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The assumptions made so far may be summarized as
1) Separation of scales between basic state or large-scale and
deviations from it which contain mesoscale and small-scale contributions;
2) Model imbedded in a non-rotating plane, or £=0;
3) Individual changes of perturbation density may be neglected
in the continuity equation,

A fourth assumption is introduced in the vertical component of the

' d 1In Ps c,
momentum equation: the term~§~ g (H 4z "< /> where H is the
o P

local scale height, is at least one order of magnitude smaller than the
4

term g—'g and therefore may be neglected. This dssumption is consis—
o

tent with the anelastic approximation (Charney and Eliassen, 1964).

With the above assumptions the perturbation equations, which are
obtained after subtraction from equations (3.1) - (3.3) of the corres-
ponding equations for the basic state, may be written as

dw' 1 ' p' _9_'
Y +‘WO VW oW V‘wo +V oy eo g

w
]
<

(3.5)

E_ ' 1 = 0n' -
5t + W o ve' + w veo Q xpe (3.6)
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v . (paw') = 0 (3.7)
where

~y =w' L VW =T, Y =W L e (3.8)

Note that the non—-linear terms are still present in the right hand side
of Eqs. (3.5) and (3.6) through the term ¢ = (wx, wy, wz) and we
defined in Eq. (3.8).

Equations (3.5) - (3.7) are five equations (equation 3.5 represents
the vector form of the momentum equation) into five unknowns W' (u',
v', w'), p' and 8', and are similar to the ones used by Raymond (1975).
In the derivation of Egs. (3.5) - (3.7) it has been assumed that the
atmospheric motions can be separated into a basic state and the devia-
tions from it. A step further is taken now when the deviations from the
basic state variables are broken into mesoscale variables and small
scale variables. Mathematically this separation of scales requires a
simple averaging techniquef Physically, however, there is no cer-
tainty that this is possible or even reasonable since very little is
known about scale interaction from the observational point of view. A
justification for the widespread use of this technique is that different
physical mechanisms govern the motions in each scale: for example,
turbulence may play a minor role in long atmospheric waves and meso-
scale motions, but be important in cumulus scale processes. On the
assumption that different physical mechanisms govern the motion of
each scale, the separation of mesoscale from small scale variables

will be performed here.



22

To separate the mesoscale from the smaller scale phenomena a

horizontally running average is defined as

X+ ox +-é%

[ w'(r,s,z,t)drds (3.9)
Ax

=53

1 2
AxAy Ax
2

B <\V' (X,Y,Zst» =

X-

so that the perturbation fields may be written as
w' =(w') +w" (3.10)

where the two primes refer to the residual after the running average
is performed and correspond to the small-scale contribution.
The linearity assumption is made now. Equation (3.8) may undergo

a smoothing by the running average defined above and be written as

by =Kw'D L vw') +<*°'—2>V<P'> RO AN A A +<"—"—2 vop™
po Po

(3.11)
o> =Kw'> . VLoD + <" . Ve

The linearity assumption consists in neglecting the correlation between
mesoscale quantities in equations (3.11). The transports by small-
scale processes as defined in equations (3.11) are subsequently para-
meterized (section 3.3). This assumption will only be valid in the
initial growth stage where the mesoscale perturbation quantities are

still small and so their products may be neglected in equations (3.11).
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a) Basic State

Examining equations (3.5) - (3.7) it may be seen that there is no
explicit dependence in the specified coefficients, or basic state
variables, on space variables or time. Choosing abasic state with
vertical structure but horizontally homogeneous and steady makes the
Fourier decomposition of the mesoscale variables a particularly useful
mathematical tool since in this case there is no coupling between hori-
zontal, vertical and time deriyatives., Themesoscale velocity field may be

represented by the integral

+00

V' (x,y,z,t)) = U w(k,z) exp i(lk.Ir - wt) dedky (3.12)

~vo
and analogously for the other variables.

If the basic state variables depended upon all three space
dimensions, the perturbation equations would either have to be solved
by finite difference techniques or involve the solution of an eigen-
value problem for four dimensional matrices with the consequent pro-
blems of storage and extensive computer time in both cases. On the
other hand, a three dimensional basic state would allow vorticity and
divergence on this scale. However, the observed large-scale fields may
already have the contribution of mesoscale systems (e.g.<{w' . V\w'))
so that the consistent specification of the basic state would involve
several assumptions and approximations.

The specification of a more realistic basic state will be left as
a subject of future work. Here the basic state quantities will be

assumed to be dependent on height only. Note, however, that the profile
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~ duOA kxA .
-i (w—lk.vkg u + Fra + 1;;-p = ¢X (3.13)
dvO ) v -
-1 (w—lk.\vo) v + el + 15; p = wy (3.14)
. - d P _8 5.
i (w lk.\vo) w + i 0 ¢] wz (3.15)
o )
G
-i (w-|k.‘wo) 9 +,E;-w = Q - we (3.16)
ilk. W + piﬁ% (o, W =0 (3.17)
0

The solution of the above system for the variables with hat, as will
be seen in the following sections, consists in finding, for each

value of wavenumber |k = kxli + ky jl , the values of frequency w for
which the above equations have a solution. This is a so-called eigen-
value problem where w is the eigenvalue and G,G,&,B,é are the corres-
ponding eigenfunctions. Clearly, for a fixed [k several w may be

found. Also, w may be a complex number: the real part of w is related

to phase speed c.
- . _ . 2 24} _ 2 P
w wr+ 1w, (cr+ i Ci)(kx + ky ) c(kx + ky ) (3.18)

and the imaginary part, to the exponential growth. The exponential

in equation (3.12) may be rewritten as

exp [i (k" jr - wrt) + wit] | (3.19)
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of wind may haye directional shear since both zonal and meridional
components of the basic state wind will be specified.

If small scale processes are neglected, a consistent basic state
with only vertical shear of the horizontal wind contains no vertical
motion. However, the parameterization of wx’ wy, which will be done
in section 3.3.2, will involve adding an extra term to the right hand
side of the basic state equations in which case a consistent set of
equations requires a basic state with vertical velocity. As will be
seen in section 3.3.2, an optimum profile of basic state vertical
velocity can be found to have approximately constant mass flux and
consequently to be almost non-divergent. The horizontal components
of.the wind may then remain as functions of height only.

The basic state density will be specified as having an exponential
decay with height, with density scale height equal to R TO (z=0)/g.

As it is, the problem consists of specifying the basic state
quantities, define a parameterization scheme that will give the terms
in equation (3.11) and solve the equations for the mesoscale variables.

b) Final Set of Equations

The assumptions and approximations discussed above are applied
to the perturbation equations (3.5) - (3.7). The equations are then
averaged according to the running average defined in equation (3.9) and
Fourier decomposed according to equation (3.12). Due to the linearity
assumption the term under thé integral sign in equation (3.12) will be
a solution of the equations for all wave number |k. In this way, the

governing equations will be written as
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A positive @ _ means propagation in the same direction as the wavenumber
vector |k= kxli + ky jl while negative wr (or cr) means propagation in
the opposite sense as the one defined by |k. A positive wi (or ci)
means exponential growth and a mode for which Wy is positive is

called an unstable mode. A neutral mode is one for which Wy is zero

and a decaying (or stable) mode is associated with negative w, -

3.1.1 Finite Difference Scheme

To solve the system of equations (3.13) - (3.17), a vertical
differencing scheme has to be defined since the vertical derivatives
are not analytical and the large-scale fields depend on height. Fol-
lowing the scheme proposed by Arakawa and Lamb (1977), the atmosphere
has been divided into N layers by N-1 levels of constant z. The layers
are identified by integer index and carry the horizontal components of
velocity ; and Q, the potential temperature é and pressure ;. The
levels which divide the layers are identified with half indices and
carry the vertical velocity %. Figure 3.1 shows the vertical struc-

ture of the model. This scheme conserves integral properties of

atmospheric parameters (cf. Arakawa and Lamb, 1977).

i, ~ 1 <du°lﬂlil/2 o duoi—% ~
~i (m-|k.\Vo)ui+§-F Wi+;5+-a—z-' w, .|~

k (3.20)
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Figure 3.1. The vertical structure of the model
showing distribution of variables; solid lines (i+%)
indicate the levels dividing the layers; dashed lines
(integer i) indicate levels within layers at which the
indicated variables are carried. '
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'+A/ _1
i, - 1 <dvol : ~ dvo1 2 )
-1 (w -k \vo ) v1+.5 dz Wi+% + dz wi-% +
Kk ) (3.21)
+i-L P, ¢ =0
pi Yy
o
wile — . L i+l i - 1 [{Pi41 Pi
1[0.) k. 5 v W )] Vi + vl S
o o
(3.22)
g [ b1 %1} -
- —_— + ~ 'q) = 0
2 e1+l 61 zi
o o
i s L
L. l(deOIZA do *T¢ )
-i (w -1k .\VO ) ei + 5 . Wi+% + i Wl__,/2
o . (3.23)
_Ql ’we. =0
i
0 i+s o . i-%5 o
ik .w, 4L o i o ih (3.24)
i i
s Az

Equation (3.24) may, indeed, be used to eliminate one of the

components of the horizontal velocity vector, and this has been done
but the formalism

here since it reduces the computer storage needed;

is the same and will not be presented.
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3.1.2 Boundary Conditions

The boundary condition at the surface is that of no vertical
velocity. A rigid boundary condition at the top of the model has the
error of reflecting the waves back into the model domain, thus in-
troducing non-realistic oscillations. Klemp and Lilly (1978) examined
the problem of reflection by the upper boundary and concluded that any
locally specified boundary condition does trap wave energy instead
of allowing it to radiate away. They imposed a viscous layer beneath
the upper boundary designed to remove the upward propagating wave
energy before it can be reflected. Equations (3.16), (3.17) and (3.18)
would then have an additional term v QEE-, with v increasing gradually

dz?
from zero at the bottom of the viscous layer to some value v,, at the

T

top. A problem with this scheme is that, to be effective, it needs
a considerable amount of grid points inside the viscous layer. Due
to computer storage limitations, this is not convenient for the model
described here since this artificial viscous layer would occupy most
of the model atmosphere. The radiation-type boundary condition presents
another alternative. As introduced by Eliassen and Palm (1960) it
consists of imposing, as the solution in the uppermost layer, an ex—
pression for the vertical velocity which allows tropospheric energy to
be radiated away to upper levels. The procedure followed by Eliassen
and Palm (1960) was to apply a vertical structure equation, to layers
of constant temperature and wind.

Following the same procedure as Eliassen and Palm (1960), we

examine the vertical structure equation. According to Raymond (1975),

the vertical structure equation corresponding to the system (3.13) -



30

(3.17) without eddy terms is

(3.25)
dzpl’2 W g dln 6 /dz dv d2v
o 0 1 17k k) 1 2|k, =0
* - Hdz T - Ik oV
dz (c=v. )2 (c—vk) dz2 44
k

where v is W I/ |kl and ¢ is w/||k|.

In the uppermost layer, the coefficient in equation (3.25) is assumed

constant with d‘wo/dz = 0, so that the solution is

1/ ~ . _-
p; w=AeM4iBe Az R (3.26)
where
g dln 6 /dz
2= k|2 __1_2 32
(c—vk)z 4H

The radiation condition comsists in the elimination of one of the solu-
tions of equation (3.26), namely, the one corresponding to downward
energy flux. Eliassen and Palm (1960), Charney and Pedlosky (1963), and
Lindzen (1974) discuss the choice of the solution. It may be seen from
equation (3.27) that the imaginary parts of c and A have opposite signs
so that in the case of growth (ci>0), the imaginary part of X is nega-

tive. The requirement that unstable waves decay with height implies
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that the solution to be retained in equation (3.26) is the one with the

negative sign in the exponential.

The equation for the vertical velocity at the uppermost layer may

be written as

d 1né
_ d, % - . o _ 2 1 e 2 L ko~ =
(c Vk) ——dz(po w) + 1 [g 4z (' |k I+——-—4H2) (c vk) Py w=20

Equation (3.28) shows that except for the term in |k2 - 1/4H? inside
the brackets this expression is linear in ¢ (or w), and consequently
consistent with the eigenvalue problem to be posed in the next section.
For an isothermal layer at about 15 km the first term is of the order
of 5 x 10_33“2 , while the second term in brackets, for a short wave-
length of about 10 km is two orders of magnitude smaller (m5}<10_ss_2)

so that it can be neglected. With that the finite difference form of

equation (3.28) is

N (3.29)
d 1nb 1
. 0 LN~ LN-5 5
+ 1B\ 4z 2 \o s T Po N-% /=0

3.1.3 Method of Solution

Equations (3.20) - (3.24) form a linear homogeneous system of

equations provided the parameterizations of heating and eddy momentum



32

transports are linear function of the dependent variables. In this

case, the mentioned system may be written as

(A-wB) Z=0 (3.30)
v

where

~ ~ ~ ~

%:(ul, Vl, pl, 61, Wllyz’ u2, Vz, c o0 0

N, pNS N’

. 5 . . A . . (3.31)
UN-17 VN-17 Pr-1 One1 Ve Yo U ® WN>

and A and B are MxM matrices of the coeficients defined by equations
(3.20) - (3.24). With a rigid upper boundary condition, M is 5 N-1
and Z does not have the term GN' With the radiation condition QN is
allowed to vary and so with the introduction of equation (3.29) the

dimensions of A and B are increased by 1 (M = 5N).

Equation (3.30) is the representation of a complex generalized
eigenvalue problem, where the frequency w is the eigenvalue and Z is
the corresponding eigenvector. For each fixed Ik, equation (3.30)
defines several eigenvalues and eigenvectors. Pedlosky (1964) studied
the problem of completeness in the set of eigenfunctions. His reasoning
shows that if the initial condition is wavelike in the horizontal plane
with a certain wavenumber K and the vertical structure is arbitrary,
it is necessary to include the continuous spectrum to describe an
arbitrary condition. Koss (1976) also refers to the impossibility of
describing arbitrary initial conditions with a non-complete set of
eigenfunctions. Raymond (1976) defined the initial condition at the

surface only and let the vertical structure be determined by the
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eigenfunctions of interest, namely, the ones corresponding to the most
unstable modes. The surface initial condition may then be reproduced
if enough wavenumbers are considered. The procedure to be followed here
will be, basically, a generalization of Raymond's approach. The
evolution from the initial condition will be obtained with a particular
sub-set of eigenvectors. Since this particular sub-set is not complete,
only the projection of the initial condition will be reproduced and only
the evolution of this part will be obtained; However, if the initial
perturbation is given at the surface only, as in Raymond (1976), again
the surface initial condition will be reproduced and the vertical struc-
ture will be determined by the eigenfunctions. This approach permits
giving the initial condition at any level and any combination of
variables. For each wavenumber Ik, several unstable modes exist. In
some cases, the most unstable mode has growth rate much greater than
the second most unstable mode; in other cases, the two or three most
unstable modes have comparable growth rates, in which case the resulting
structure will be a combination of these modes. The usual approach
(e.g. Raymond, 1975) is to consider, for each wavenumber |k, only the
contribution of the most unstable mode. In the case of having several
modes with comparable growth, this may lead to very different results.
The procedure to be followed here will allow for the use of as many
unstable modes, for each |k, as considered necessary. It may be re-
garded as a generalization of Raymond's approach in this aspect too.

The mathematical procedure is the following. Equation (3.12)

may be rewritten for all variables in the following vector form
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+

- 5 ilk.r
% (x,y,t) = %0 + j[ % (lk,t) e dkxdky (3.32)

- 0

where

2 6oy, = Guys )y v 635605 2y GysE), 0 (3,00,
(3.33)
Wll/z (x,y,t), UZ(X,Y-,t),---,U (x,5,t), v (x,y,t),

P (%y,t), 8 (x,y,t), wN+%(X,Y,t9

(z 1 1 1 .1 le/z 2 N N N N N+1/2> (3.34)

= q v 0 U 3000y U v [¢] w
0, O, pO’ O, o bl O’ b 07 O’ p09 O’ o

At the initial time equation (3.32) gives the value of %(Jk,O) as

4oo

” (%(x,y,O) - go>e—ilk'lr dxdy (3.35)

- Q0

Z (Ik ,0) =

(21r)2

The evolution in time, based on a particular sub-set of unstable modes

for each wavenumber |k, will be obtained if we define

-iw(lk,m) t

Z (k,t) v 2cC (km) Z (Ik,lTl) e (3.36)

The sub-set of eigenvectors may be orthonormalized without loss of

generality so that

¢ (Ik,m) =<;:J (Ik,0) , % (Ik,m)) (3.37)
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which follows from the substitution of equation (3.36) into equation
(3.32) evaluated at the initial time. The parenthesis in equation
(3.37) refers to the inner product between two vector quantities.

In the way it has been defined, equation (3.36) defines the
projection of the initial condition onto the particular sub-set of

eigenfunctions chosen.

3.1.4 Final Computations

Evaluation of the integrals in equations (3.32) and (3.35) re-
quires discretization so that the integrals are replaced by sums. The
wavenumber may be chosen to be an inverse multiple of a horizontal
dimension (nX 27r/LX . ny 2w/Ly). In this case the initial condition
will be periodic with period LX in the x- direction and Ly in the y-
direction. If Lx and Ly are large enough, the initial development of
the disturbance will be free from interference from neighboring
periodic solutions. On the other hand, a large value of LX and Ly re~
quires a large number of kX and ky's for which the eigenvalue problem
has to be evaluated With the consequent need of extensive computer
time. A compromise has been found using Lx = Ly = 300 km and n_s
ny = -29...-1, 0, 1...29 so that the highest mode has a wavelength of
10.5 km. Looking into an area of 200 km length and width centiered in
the proximity of the disturbance increases the time for which the
solution is free from interference from the periodic boundary condi-
tions of the solution. The integral in equation (3.35) may be evalu-
atéd analyticaliy by giving an analytical form of the initial distur-

bance. The particular form used will be given in the next chapter.
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Two computer programs have been developed to simulate the model.
The first resolves the eigenvalue problem subject to imposed basic
state profiles of temperature and wind and stores the eigenvalues and
eigenvectors for further use. The second program defines an initial
condition and computes the time evolution of any desired field. The
measure of reliability of the second program is seen in its ability to
reproduce the initial condition by calculating equation (3.33) at the
initial time. This will be discussed in the next chapter of model
results. The accuracy of the algorithm that calculates the
eigenvalues and eigenvectors will be examined in the following two

sections.

3.2 Test of the Model without Parameterizations

Before going further into the details of parameterization schemes,
it was found necessary to check the computer program which finds the
solution to the eigenvalue problem against theoretical studies. In
this section, an upper boundary with no vertical velocity will be used
as boundary condition since this is the boundary condition used in the

studies that will be referred to below.

3.2.1 Speed of Internal Gravity Waves

With the appropriate basic state the model should be able to
reproduce the speed of internal gravity waves. According to Haltimer
(1971), the phase speed of internal gravity waves in a non-rotating

flow with no basic state velocity and isothermal atmosphere is
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c = = + kx (ii f32> (3.38)
' - 2 60 dz
where kz is the vertical wavelength. In this case, the phase speed
;xis real since the atmosphere is stably stratified. ‘ky is set to
zero in this test.

A 3-layer model produced the results of Table 1. Increasing
the vertical resolution to a 9-layer model provided better approximation
to the theoretical phase velocity. For the longer vertical wavelengths,
the error is only 107 in the 3-layer model decreasing to 1% in the
9-layer model. As the vertical wavelength decreases it becomes less

well resolved by the vertical grid and the error increases. This

emphasizes a need for good vertical resolution. The phase velocity
in this case is a real number and no instability is observed (the
profile of 60 is stable and there is no mechanism to generate insta-

bility.

3.2.2 Instability of Stratified Sheared Flows

The inclusion of a sheared basic state wind field makes the
theoretical problem a bit more complicated. With no rotation and no
small-scale processeé, and making the incompressibility assumption, the
system of equations (3.13) - (3.17) can be combined into a single
equation for & (assume ky = 0, v (z) = 0).
dzuo/dz2

d2%y + Nz(z)

2 2 h -
dz uo(z) c uo(z) c

—kxz w(z) =0 (3.39)



Table 1.

wavelengths. H is 9 km and (g/6) deo/dz is 3.11 x 10~4 -2

Table 1. Phase velocities given by the 3-layer model
and by equation (3.38) for different horizontal and vertical

(ky = 0), Az = 3km.

LZ kx c-model ¢ - Eq(3.33)

(km) (km~1) (m.s—l) (m.s-l)

2H 0.1 43.5 48.6
0.4 29.5 33.2

2E/3 0.1 15.0 16.8
0.4 12.5 15.7

Table 2. Same as Table 1, but for 9-layer model, Az = lkm.

LZ kx c-model ¢ - Eq(3.38)

(km) (km~1) (m.s™1) (m.s™h)

2H 0.1 48.1 48.6
0.4 32.8 33.2

H 0.1 24.0 25.0
0.4 20.9 21.9

2H/3 0.1 15.2 16.8
0.4 14.2 15.7

H/2 0.1 10.5 12.6
0.4 10.0 12.1

4H/9 0.1 7.4 11.2
0.4 7.2 10.9

H/3 0.1 5.1 8.4
0.4 4.9 8.3

2H/9 0.1 3.2 5.6
0.4 3.1 5.6
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This is the so-called Taylor-Goldstein equation, where

P (3.40)

is the Burnt-Vaisala frequency. Equation (3.39) has been studied ex-
tensively in fluid mechanics (e.g. Howard, 1961, Hazel, 1971 among

others) and therefore the solutions may be compared easily with the

present model. In order to make this comparison, equation (3.16) has

been replaced by the corresponding one for a compressible fluid

_dop

. ~ o_ _
-i (w —Ik.\vo) 0+ w P 0

(3.41)

Hazel (1971) uses the incompressible form of the continuity equation
to derive equation 3.39 and so it will be used here also. In equation

(3.13) the last left-hand-side term is substituted using equation (3.4).

The method of solution of equation (3.41) is to impose boundary
conditions and find the eigenvalues c as a function of kX. Note that

if the hydrostatic approximation is made, the equation becomes
—_— 5 -m &(Z) = 0 (3.42)
dz2 65(2)—% o

and it can be seen that the eigenvalue c is independent of kx' The
computer program was run making the hydrostatic approximation with ar-

bitrary wind and temperature profiles and it was confirmed that c = w/k

is not a function of kx' Equation (3.42) shows that the hydrostatic



40

A @

0.0+

008 |-

> 006 |
~
-
b
X7

G 004

002

o® >
0

Figure 3.2 Non dimensional growth rate as a function of non-
dimensional wavenumber for Richardson number J=0.125; a) 5-layer model
b) 10-layer model; c¢) 15-layer model; d) same as c except for the use
of a 4th order differencing scheme to calculate basic state derivatives;
0O results from Hazel (1971).
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assumption is justified for long wavelengths where kx2 can be neglected
in equation (3.39).

Hazel (1971) solved equation (3.39) subject to the boundary condi-
tions of no vertical velocity at the top and bottom of the model. In
one of his cases, the profiles of wind and density were given by

2=z
uo(z) = Vtanh = (3.43a)

(3.43b)

where V is a typical velocity, z is H/2, o is a typical density measure

and h is the depth of the shear layer. The results were given in terms

of a Richardson number defined as
2
J = agh/V (3.44)

Figure 3.2 shows the growth rate nondimensionalized as in Hazel (1971)
as a function of nondimensional wavenumber, obtained with J = 0,125
for different vertical resolutions. Hazel (1971) gives, for each J,
the value of maximum growth rate and the associated wavenumber and also
the wavenumber where the stability is neutral. These three points

are plotted as circles in Figure 3.2 for comparison. The other

curves were run with a 1 km shear layer in the basic state, the depth
of the atmosphere being 9 km; it can be seen that with increased

resolution of the shear layer the results tend to the theoretical ones.
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In order to describe the basic state derivatives in a more precise

way, a fourth order finite difference scheme was introduced: curve d

of Figure 3.2 indicate the improved results. This is a rather extreme
case since it is not common in the atmosphere to have such shallow
shear layers, except perhaps in billow clouds, but it emphasizes the
need for vertical yesolution in order to accurately describe the in-

stability characteristics.

3.3 Parameterization of Small-scale Processes

Questions on the validity of the attempts to parameterize small-
scale atmospheric processes are raised by many atmospheric scientists
nowadays on the basis that very little is known about the physics of
small-scale processes, in general, and of the scale interactions, in
particular. The modellers, on the other hand, feel the need to include
phenomena of scales smaller than the ones under study but are con-
strained by computing limitations. The solution for modellers is always
to close the system of equations, at some point, with the introduction

of a parameterization theory. Between the observationlists claiming

that it is too soon to parameterize and the modellers saying that
they will do it anyway with the available techniques, very little
work has been done to prove, disprove or improve the validity of
current parameterization schemes either theoretically or from data
analysis.

The model described in this thesis is intended for mesoscale
analysis and with this purpose will look into scales from ten to a
few hundred kilometers. The cumulus scale falls into the smaller

scale and obviously plays a very important role in the description and
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understanding of mesoscale motions; thus we parameterize the cumulus
scale. This is a crucial step, however, since very little is known

of the interaction of cumulus scale and mesoscale motions. But, as

modeilers always do, we still want to try, and see what we get...

It should be stressed here that the chosen parameterization
schemes do not include all small-scale physical processes that can
be considered as influencing the mesoscale motions, but rather those
processes that are believed more important and already have a de-

veloped parametric theory.

3.3.1 Cumulus Heating

The diabatic heating in the cumulus scale affects the mesoscale
temperature fields through the term we on the right hand side of
equation (3.16). The horizontal advection of temperature by the small
scale in we will be neglected under the assumption that the diabatic
heating rate offers a bigger contribution. A future revision of this
model should attempt to include these terms perhaps through the so-
called pseudoviscosity concept used to parameterize turbulent trans-
ports (see Cotton, 1975). Q is the mesoscale diabatic heating and is
neglected here since there is no moisture in the present model. All
the moisture is in the cumulus scale processes.

The CISK (Conditional Instability of the Second Kind) mechanism
as envisioned by Charney and Eliassen (1964), Ooyama (1963) and very
well described by Ooyama (1969), is based on the idea that cumulus
clouds and large-scale tropical systems support each other, the cumulus
cell by supplying the heat energy for driving the depression and the

depression by providing low-level convergence of moisture into the
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cumulus cell. The mid tropospheric air in the tropics is not con-
vectively unstable so that moist convection depends critically on the
high values of moist static energy in the boundary layer. 1In order to
support organized convective activity for a period much longer than the
time scale of individual convective clouds it is apparently necessary
for the boundary layer flow to converge so that unstable air will be
continuausly supplied to convective clouds. Clouds then provide the
lifting of air parcels; i.e., they generate potential energy that is
released in compensating downward motions that will adiabatically warm
the environment of clouds; this warming enhances the depression and
therefore also the low-level convergence. This physical mechanism may
be used to explain interaction between the cumulus scale and the meso-
scalé as well, or perhaps in a better way, even if the time scale of
mesoscale events is not as large as that of large-scale systems,
because the convergence supplied by mesoscale systems may be one or
two orders of magnitude larger than that provided by the large-scale
ones.

The classical way (e.g. Qoyama, 1969) to parameterize the CISK
concepts has been to add a diabatic heating term in the thermodynamic

equation (3.2) of the form

n(z) wk = (w" 3—9~"> (3.45)

'we 9z

where w* is the vertical velocity at the top of the boundary layer and
n is a function of height. This term would supposedly cancel the

adiabatic cooling due to lifting of air parcels. Several criticisms
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have been raised to that form of parameterization. First of all, w¥*
should be a characteristic mean updraft vertical velocity and is,
indeced, a mean between up and down motions and so it may not balance
the adiabatic cooling. This criticism applies mainly to the earlier
versions of CISK which were regarded as representing Ekman layer
pumping. The second and most serious criticism is that the results
are sensitive to the specified heating profile such that one can obtain
any desired result by simply tuning the heating profile. Chang (1976)
studied the sensitivity of the eigenvalues of the vertical structure
equation to different intensities and shapes of the heating function.
His computations show that the real part of the eigenvalues are little
affected by the intensity of the heating rate or by variations in the
level of maximum heating rate while the imaginary part of the eigen-
value is highly sensitive to both. This means that a sound physical
reason for choosing the heating rate profile must be given to justify
the use of this parameterization.

The parameterization to be used here will be the one used by
Stevens and Lindzen (1978) and described in what follows. Stevens and
Lindzen (1978) defined the intensity of the heating rate from a budget
point of view, i.e., the integrated heating in a column has to equal
the net condensation minus evaporation which equals the precipitation

at the surface P

o o]

T
1 _O - ‘ (3.46)
c P pdz L P
[ e



46

where P is given by

P V-(poq()\V) dz v.qp W (3.47)

0 w, ML

which assumes that the main moisture source is from a so-called moist

layer (sub) ML) with mean mixing ratio equal to 9+ is the vertical

WML
velocity at the top of the moist layer. Now, if the shape of the heating

profile is given by

e - , T(z~2 )
0 . c
a — exp(bz) sin ———— 2z <z < z
T zZ, -2 c— — T
o T "¢
n(z) = (3.48)
0 z < z and Z > 2,
c ]
The magnitude of the heating rate is given by
LV q exp (—zML/H) (zT~zc) [(b—l/H)2 + ﬂ/(ZT—Z )2] ‘
o = = = (3.49)

T cp {exp [(b-l/H)zT + (b—}/H) Zc]}

Equations (3.48) and (3.49) allow for different levels of maximum heating

with the same integrated value of the heating rate, which is basically
dependent on the mean mixing ratio in the moist layer. Note that the

. PR . . = ' .
eigenvalue condition is given by Vg, SV (zML)

3.3.2 Momentum Mixing

Observational studies (e.g., Houze, 1973) have shown that vertical

momentum transport by cumulus may be of the same order of magnitude as
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the large-scale vertical momentum transport. The mesoscale contri-
bution is, however, mixed up with the cumulus scale contribution, so
that no real assessment of the former has been done. In modeling the
mesoscale motions, the cumulus scale transports also play an important
role. Schneider and Lindzen (1976) parameterized the momentum exchange
by cumulus convection for use in large-scale models of the tropical

atmosphere. The main assumption involved is that the fractional area

covered by convective clouds is much less than one. Though this assump-
tion will be only marginally valid in the case of mesoscale circulations,

this parameterization will be used here for lack of a more suitable one.

The terms wx’ Yo wz in equations (3.13) - (3.15) contain (c.f. equation
(3.11)) the transports of momentum by the small scale and the corre-
lation of small scale pressure gradient and density. Cloud modellers
regard the non-hydrostatic pressure perturbation as a very important
term in the equations. Holton (1973) presented a theory to parameterize
the non-hydrostatic perturbation pressure. In the present model, how-
ever, the mesoscale motions are assumed to be non-hydrostatic and so

the small scale pressure perturbation is a deviation about a field that
already contains significant vertical accelerations. The theory pre-
sented by Holtorn was intended to correct the assumption that the
pressure inside the cloud equals the environmental pressure which was
hydrostatic. It is not certain that Holton's scheme is appropriate

to the present model. This is certainly an example of lack of under-
standing of the physics of scale interaction and separation. In the

present work, the correlation between density perturbation and pressure

gradient in the small scale will be neglected.
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The remaining part of wx’ wy’ wz contains vertical and horizontal
transports by small-scale processes. The horizontal transports or
horizontal advection of velocity are in this scale smaller than the
vertical transports since the horizontal transports are more likely
to average out. Only the vertical advection of horizontal momentum
will be parameterized. The vertical advection of vertical momentum
will also be neglected here. Justification for the neglect of hori-
zontal advection and of vertical advection of vertical momentum in
the cumulus scale may be found in the observational work of Lenschow
(1970), and Pennel and LeMone (1974) among others.

According to the scheme developed by Schneider and Lindzen (1976),
the parameterized vertical advection of horizontal momentum may

be expressed as

1 d
o dz [Mc<\VH '\VHC>] (3.0)

where MC is the cloud mass flux and\v ¢

H is a horizontal velocity vector

characteristic of cumulus clouds. Stevens et al (1977) constrain the
integral of equation (3.50) to be zero on the assumption that clouds
do not generate momentum but only transport it from one level to
another. This assumption is satisfied if‘wHC
vector at cloud base. The constraint on the integral of the cumulus
friction allows for an acceleration of westerlies at the lower atmos-
phere and easterlies in the upper atmosphere as observed after a

passage of a squall line (e.g. Betts et al 1976) and obtained in

theoretical models (Moncrieff and Miller, 1976). The validity of this

is the horizontal velocity
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assumption that clouds do not generate net momentum may be questioned
on the basis that there is work done by the non-~hydrostatic pressure
field as shown by Moncrieff and Miller (1976), but, the results of
their model still show that the above mentioned constraint is valid at
least as a first approximation.

Applying the averaging and smoothing techniques mentioned in the

beginning of this chapter with

— N 1
Mc —Mco(z) + MC (x,y,2z,t) (3.51)

the term in wH in equation (3.5) becomes

(3.52)

- L 1C ] oy © ' v_vC_' _C]
Uy MC0 (AR ADES A \vO)+[MC W' WM (W -W)

while the basic state equations are

du
0o _ 1 d|— -C
Yo dz oo dz E% (uo _%) ﬂ (3.53a)
o o
dv
w o _ 1 d _-c
° I 5 1 E% Cvo v )] (3.53b)
o o
dwO w0
qz -- HOT 0 (3.53¢c)

plus the thermodynamic and hydrostatic equations. Eddy interaction terms

have been neglected in the dynamics of the basic state. Mc is the cloud



50

mass flux into the large-scale and may be specified as the one o0>-

tained by Yanai et al (1973). Note that the basic state has to allow

for a vertical velocity in order to satisfy the governing equations.
'
Mc is the cloud mass flux into the mesoscale and, as shown by

Stevens and Lindzen (1978), has to be consistent with the observed

heating in the following form
T , T do T
M S T p ¢ -2 dz (3.54)
c 0 dz ™~ o Q “
o

1]
so that MC may be defined as

M = £(z2) p W, (3.535)
OML ML

according to equations (3.42) and (3.43). The function f(z) in equation

(3.50) has been chosen to be

f(z) = e2” éin (ﬂz/zTM) (3.56)

with "a" found from equation (3.54). As defined abcve, the clouc mass

flux is zero at the surface and at Zong = (N-}%)Az, but non zero at

cloud base. As shown by Stevens et al., (1977) the appropriate toundary

condition at the top (due to the introduction of one more vertical

derivatives)is that



d nd
iz [Mc v -\vc)] = I v -—\VC) (3.57)

which has the effect of removing a singularity from the fourth order
differential equation into which the system of equations can, after

some simplifications, be combined.

In order to correctly apply the radiation condition at the top of
the model, MC' has to be zero at that height. On the other hand, (3.57)
has to be applied at the top of the model (Stevens et al., (1977). The
cloud top defined in the cumulus heating parameterization has to be
lowzr than model top in order to apply the radiation condition. The
way to integrate all these details has been to define cloud top at a
certain level below model top, or tropopause in this case, and let ﬁ;
and MC' g0 to zero right below model top so that, indeed, some over-
shoooting is allowed in the momentum parameterization. The boundary
conditions may then be applied without any further complication.

The third term on the right of equation (3.52) is non-linear and
has to be neglected in a linear theory even though its magnitude may, be
comparable to or even greater than the other terms.

With the introduction of momentum mixing by cumulus convection it
is seen in equation (3.53) that the basic state has vertical velocity
assyciated with it. Since the objective of this study is to specify
uo, Vo’ and also since the observed profile of ﬁ; is well known (Yanai
et al., 1973), equation (3.53) may be solved, as an overdetermined
system of equations, for an optimal profile of wo. The residual in

equation (3.53) may be attributed to the fact that there is some
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divergence in the basic state contrary to the initial assumption It
should be noted that with the introduction of Wo’ equations (3.13) -
(3.16) contain an extra term, namely v du/dz, v av/dz, A dw/dx +
wd wo/dz,and A dé/dz, respectively.

The finite difference scheme for the vertical derivatives of
ﬁ, G, w and 6 consists of centered differences except at the lover
and upper boundaries where backward and forward differencing tecliniques

are applied.

3.3.3 Cloud Scale Downdraft

As mentioned in Chapter 2, Miller and Betts (1977) and Zipser
(1977) have identified a cloud scale saturated downdraft and a meso-
scale unsaturated downdraft. Betts and Silva Dias (1979) develored a
parameterization of the thermodynamic characteristics of cumulonimbus
downdrafts based on data collected during VIMHEX IT and on a simple
one dimensional model of rainfall evaporation developed by Kamburova
and Ludlam (1966). In the case of a saturated downdréft, it was shown

that the asymptotic solution

30 .
<§Z> downdraft T;ﬁ (3.58)

is valid, where FeE is the lapse rate along a moist adiabat (or along
W
constant SE). Zipser (1977) shows that a characteristic value ol eE

inside the cloud scale downdraft is 341°K. The level of initiat:.on,

according to Miller and Betts (1977) is anywhere from 650 mb to £00 mb.
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To introduce the cloud scale downdraft in the present model the following

teim
rgﬁ vy (3.59)

wa: added to the left hand side of the thermodynamic equation (3.5),

whe re vy is the vertical velocity at a certain level, just above which
the downdraft is assumed to initiate. The term in equation (3.59) is
int roduced only below the level of initiation of the downdraft. As

in the case of cumulus heating the cloud scale downdraft parameteriza-
ticn is unconditional, i.e., equation (3.59) is used whether vy is
positive or negative. The argument used to justify the negative cumulus
he:ting in the literature, (e.g., Lindzen, 1974) has been that it is a
peiturbation over the large scale value of diabatic heating which in-
clides the mean effect of cumulus in the large scale plus radiation
ef:'ects. In fact Wy cannot represent the actual speed of the down-
dr:ft, it merely shows a mean between updraft and downdraft in the cloud
sci.le so that the introduction of equation (3.59) may be seen as a mean
ef:'ect that takes into account the upward and downward moving parts of
the: cumulus cells. It should be noted that Betts and Silva Dias (1979)
de'reloped the above mentioned downdraft parameterization based on the
ef:'ect of squall lines as a whole on the thermodynamic structure of the
suhcloud layer, coherent with a mesoscale downdraft; the cloud scale

doomdraft as a saturated flow was actually detected in a few cases for

wh .ch equation (3.59) is fairly accurate.
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3.4 Summary

The main aspects of the model described in this chapter are the
following

a) It is a linear non-hydrostatic spectral model in z-coordinates with
a horizontally homogeneous basic state on a non-rotating plane. The
fields of wind velocity, temperature and pressure are obtained by
Fourier summations over all spectral components.

b) The model, without small scale parameterizations, is able to re-
produce the speed of internal gravity waves and instability
characteristics of waves produced by shear instability in stratified
flows.

¢) The cumulus heating parameterization is the so-called Wave-CISK
parameterization, defined by an idealized moisture budget.

d) The momentum mixing parameterization is as developed by Schn:zider
and Lindzen (1976).

e) A tentative inclusion of a cloud scale downdraft parameterization

as defined by Betts and Silva Dias (1979) is presented.



IV. MODEL SENSITIVITY TESTS

The model described in Chapter iII has two distinct stages: the
first is the eigenmode decomposition through the solution of equation
(3.30); the second stage is the definition of an initial condition and
ccnsequent Fourier summation over the unstable eigenmodes as stated
by equations (3.32) - (3.37). The main part of this chapter will be
devoted to investigating the sensitivity of the eigenvalues to different
parameters related to small scale processes and to basic state structure.
The significance of this analysisis, however, closely linked to the
final part, the time and space evolution of an initial condition. In
dealing with spectral models, it is very common to have a preconceived
idz2a that the most unstable mode will be the predominant term in the
Foarier summation after some time. This is true in principle, but de-
peading on the initial condition, it may take so long for the most
unstable mode to predominate that other assumptions, the linearity
fo:* example, are no longer valid. Suppose, for example, that the most
uns.table mode has a wavelength of 25 km and growth rate of (2 hr)_l, and
the mode with 100 km wavelength has growth rate of (12 hr)—l. Depending
on the Fourier transform of the initidl condition represented by C( lk,m)
in equation (3.37), the difference in growth rate may or may not be
imfortant. An initial condition showing a region of convergence with
scele of 100 km will have a Fourier transform (C(Ik,m)) with a peak
arcund wavelength of 100 km. The value of C( lk,m) at wavelength 100 km
may be five or six orders of magnitude larger than at wavelength 25 km,

in which case it would take one or two days for the most unstable mode

to predominate; by that time, the linearity assumption would certainly
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not be valid for reasonable amplitudes of initial conditions. On the
other hand, observations of mesoscale disturbances indicate typi:al time
scales of less than a day.

It should be kept in mind throughout this chapter that the
selection of a particular mode is not solely determined by the solution
of the eigenvalue problem, but also by the particular atmospheri:
situation chosen as initial condition. Although the most unstable
mode will be subject to closer scrutiny in'this chapter, some attention
will be given also to other modes whose wavelengths are important from
the point of view of initialization.

The first part of Chapter IV will be devoted to studying thz
model sensitivity to the small scale parameterization; the second
part will show how the eigenvalues are dependent on particular features
of the basic state wind and temperature profiles. A few examples of
how the vertical structure of thése modes is modified will also be

shown.

4.1 Sensitivity tc Small-scale Parameterization

Three parameterization schemes have been defined in Chapter III,
namely, cumulus heating, momentum mixing by cumulus clouds and c¢loud
scale downdraft parameterizations. Several parameters are involved
in thé definition of these schemes and the way chosen to test thle
sensitivity of the eigenmodes is the following: the cumulus heat:iing
is introduced in the model and its parameters tested (section 4....1);
the cumulus heating parameters are fixed and the momentum mixing; para-
meterization introduced and its parameters tested (section 4.1.);

finally, the cloud scale downdraft parameterization is introduc:d,
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wi.th the two other schemes fixed, and the involved parameters are
tested (section 4.1.3).

a) Model Structure and Basic State

The top boundary is set at the tropopause or 16 km. After a few
tests on how much resolution was needed, the spacing between levels (cf.
Fi.g. 3.1) was set at 1 km so that there are 16 levels in the vertical.
Increasing the resolution to 890 m (18 levels) or 800 m (20 levels) did
not change the resulting eigenvalues by more than 5%. However, changing
the resolution from 2 km (8 levels) to 1 km (16 levels) produced eigen-
vilues that differ by as much as 50%.

The radiation condition is applied right below the tropopause.

The basic state throughout section 4.1 will be chosen as the mean
state during the GATE as computed by Thompson et al., (1979). Fig. 4.1
snows the wind hodograph labeled East Atlantic which was obtained by
averaging the winds in the B-scale during GATE. It may be noted that
there is considerable directional shear of the winds from the surface
up to 700 mb. Above that level, the winds are basically from the east.
Fig. 4.2 shows the potential temperature labeled East Atlantic for
the same period. The stability (deo/dz) is greater between the surface
and 8 km than between 8 and 13 km. Above 13 km, the stability is

increased as the isothermal layer (or lower stratosphere) is reached.

4.1.1 Sensitivity with Respect to Cumulus Heating Parameters

Several parameters are involved in the cumulus heating parameteri-
zation as defined by equations 3.45, 3.48, 3.49, namely, the level of

naximum heating rate, the top of the moist layer, cloud base and cloud
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Figure 4.1. Wind hodographs for GATE B-scale (E. Atlantic) from

Thompson et al., (1979) and for KEP triangle (W. Pacific) from Rzed
and Recker (1971).
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Figure 4.2. Potential temperature for GATE B-scale (E. Atlantic) from Thompson et al.,(1979);
for KEP triangle (W. Pacific) from Reed and Recker (1971) :and for a mean between the temperature
soundings in the ships DALLAS and OCEANOGRAPHER on 5 Sept. 1974 at 900 GMT (Day 248) during the
GATE.

6S



60

top, mixing ratlo in the moist layer. In part (a) below, the physical
basis for assigning a particular value to these parameters will be
discussed as well as the expected variability of the assigned values;
part (b) will look to the effect of varying these parameters on the
eigenvalues; part (c) will present and discuss the vertical struc:ure

of a few modes; part (d) will briefly discuss the effect of substituting
the radiation condition at the top of the model by a boundary coniition
of zero vertical velocity.

a) Heating parameters

Among the parameters involved in the cumulus heating parameteriza-
tion the most straightforward to define are certainly cloud base and
cloud top. Observations during the GATE report cloud bases between
400 and 600 m and tops of cumulonimbus from 10 to 15 km (GATE Workshop
Report, 1977, pp. 289-397 and pp. 441-503).

The moist layer is understood, according to equation 3,47, 2s a

layer, with depth =z and mean mixing ratio qo , above which the mixing

ML
ratio falls rapidly to zero with increasing height. The total heating
in a column is made equal to the precipitation by assuming that nost of
the moisture convergence in that column occurs inside the moist layer.
According to Gray (1977) the strongest convergence in the GATE systems
goes up to about 800 mb or 2 km. The mean mixing ratio at 2 km has a
value between 6 and 10 g'kg-1 while the surface value is about 16 or

17 g'kg_1 so that a mean value for a 2 km layer is about 12 g*kgnl.

The mixing ratio at 2 km is already decreasing rapidly with increasing

height but still some contribution to precipitation by advection of

moisture may be coming from above 2 km, up to perhaps 4 or 5 km.
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The most controversial of the parameters involved in the cumulus
h2ating parameterization is the level of maximum heating rate. The
difficulty in specifying this parameter is that observational studies
have concentrated in calculating the profiles of heating rate in large-
scale budgets. Nitta (1977) for example, shows the results of large-
scale budgets during three periods of varying mesoscale activity. The
resulting profiles of heating rate are, then, the combined result of
mesoscale and small scale heating rates. The present model, however,
requires a profile of heating rate that represents the effect of the
cumulus scale on the mesoscale, and it is not known whether the maxi-
mum heating rate level is the same as the one obtained in large-scale
budgets. Another complication is that large-scale studies have found
great variability in the level of maximum heating rate, probably due
to different types of mesoscale and small scale processes. Yanai et al.,
(1973) and Nitta (1977) agree with a level of maximum heating rate (ZMH)
at. about 400 mb or 7.5 km. Thompson et al., (1979) finds the maximum
heating rate at about 4.5 km. Williams and Gray (1973) reporf this
level at about 8.5 km. Johnson (1978) reports that Zym is between 6 and
8 km. It is not known if the variability encountered is due to the
me soscale or to the small scale contribution, so that for lack of more
sfrecific information it will be assumed that the same range of varia-
bility in the level of maximum heating rate found in large scale budgets
applies to the present case.

In summary, the cumulus heating parameters assume the values in

Table 1, except when stated otherwise in the text.
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Table 1. Values of Cumulus Heating Parameters

1
0.5 km 12 km 2 kn 12g°k 7.5 lm

b) Eigenvalues

With the introduction of the cumulus parameterization and tae
parameters listed in Table 1, the model was run for different wave-
numbers n_ and ny (kX = Znnx/200 km, ky = Znny/ZOO km). For each
pair of (nx, ny) the solution of equation (3.30) produces a set of
eigenvalues, the most unstable one being the one with greatest imaginary
part w, (cf. equation 3.19) or fastest growth rate. Fig. 4.3 shows
the most unstable eigenvalues for n_ = =24, ..., 0, ..., 24 and
n =0, ..., 24. The part of the diagram corresponding to ny = =24,
.e.s 0 is not shown since it is equal to the one shown (obtained by
rotational symmetry around the origin). It is easily verified from
equations (3.13) - (3.17) that if w is a solution for wavenumter
(nx, ny) then -w* (* denoting complex conjugate) isa solution for
wavenumber (—nx, —ny), so that the real part of w changes sigr. and
the imaginary part still corresponds to an unstable mode. The two
solutions correspond, indeed, to a single physical solution obtzined
by adding the two complex conjugate pairs into a single real quentity.
Fig. 4.3(a) shows isolines of W, s and Fig. 4.3(b), isolines of “y -

For wavenumber (-10, 10) corresponding to a wavelength of 14 km the
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Figure 4.3. Eigenvalues of most unstable mode for model run with
only the cumulus heating parameterization (parameters in Table 1).
(2) real part of w; (b) imaginary part of w, or growth rate. Dashed
lizes in Fig. 4.3(a) denote negative values of phase speed. Symbol H

ani L denote regions of relative maximum and minimum, respectively, in
th2 growth rate.
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-3 1 =1
growth rate is 0.544 x 10 s or (31 min) with w. equal to 0.62 x
2 _1

10" s~ or phase speed c. (cf. equation 3.18) of 14 m.s-l. The direction
of propagation of this particular mode is along the wavenumber ve:tor
(-10,10) which points towards the northwest. Positive phase speel means
wave propagation in the sense defined by the wavenumber vector. Yegative
¢, means propagation in the direction opposite to the wavenumber vector.
The particular mode shown in Fig. 4.3 with wavenumber (~10,10), taen,
travels toward the northwest with phase speed 14 m,s—1 . The wavenumber
(10, 10), on the other hand, has growth rate of (34 min)_land phase speed
of -14.4 m-s_1 , i.e. towards the southwest.

In the case of wavenumber (-10,10) the second most unstable node has
growth rate of (33 min)—1 and phase speed of -10 m.s_1 (not shown in
Fig. 4.3) so that it would take 4 hours for the most unstable mod: to
have amplitude two times the amplitude of the second most unstable mode.
During the initial growth stage, a combination of the two modes miy be
seen. It can even happen, in some cases to be presented later in this
chapter, that the second most unstable mode (defined by continuity in
phase speed) becomes the most unstable for a particular set of wave-
numbers. The graph for phase speed in this case shows a packing of lines:
denoting a discontinuity in phase speed; the routine that generates
graphs like the ones in Fig. 4.3 is designed to pick up the eigenvalues
with greater value of wi’ so that, sudden shifts in W, just mean that
different modes, with quite different mr, become the most unstable
mode at particular sets of wavenumbers.

Fig. 4.3(b) shows the growth rate steadily increasing from the

lower center of the figure, or wavenumber (0,0), towards the higher
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wavenumbers. The highest growth rates are found at progressively

higher wavenumbers or smaller wavelengths so that no preferred scale

can be defined in terms of maximum growth rate. This result is similar
to previous wave-CISK studies, (e.g. Hayashi, 1970). For s ny greater
than about 20 the wavelengths fall in the cumulus scale and should not
be considered.

At this point it is useful to discuss the concept of group velocity.
Group velocity as defined in neutral wave studies (zero growth rate) is
th2 velocity at which a packet of waves with different wavelengths will
propagate. The mathematical experession for this concept is related to
th2 derivatives of phase speed (Bretherton, 1969).

W oW

C (k_, k) =——FH +—= 3§
g Xy ok Bky

(4.1)
It can be argued that this expression may be approximately valid at the
very initial stage of growth, but, as time goes on and a particular wave
with higher growth rate starts to predominate, the propagation speed
terds to the phase speed of this particular unstable mode. The theoret-
icel basis of the above argument should be subject to further study;
the. results in chapter 5 show that indeed there is a tendency for the
prcpagation speed to go from an initial value to the phase speed of a
particular mode. The initial value, however, is not quite the one ob~
tained by equation 4.1, but then, this equation does not take into ac-
covnt the existence of several unstable modes for the same wavenumber.
The seﬁsitivity of the eigenvalues with respect to cloud base and
clcud top is minimal. Changing cloud base from 400 m to 600 m and cloud

tor from 10 km to 15 km had the effect of changing the phase speed and
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growth rate by less than 10% while keeping the overall dependence on
wavenumber as in Fig. 4.3.

The effect of changing the heating amplitude has been discussed by
Chang (1976), and his result is confirmed here. The growth rate linearly
increases with increasing q, while the phase speed remains constaat. An
increase or decrease in q, is related to an increase or decrease in the
integrated value of heating and to the precipitation, according t> equa-
tion 3.47. This value can be externally specified in accordance wtih ob-
servations. Furthermore, the relationship between growth rate and heating
amplitude is expected, i.e., the most unstable waves, which have increas-
ing values of vertical velocities , being well correlated to high
precipitation.

The effect of changing the top of the moist layer is not so straight-
forward and is very much model dependent due to the particular vertical
stratification and vertical extent of the model, which tends to force
waves .of a particular vertical wavelength. Figs. 4.4, 4.5, and 4.6 show
the same plot as in Fig. 4.3 except for the top of moist layer which is
at 3 km, 4 km and 5 km respectively, as opposed to 2 km in Fig. 4.3. The
main effects of an upward displacement of the top of the moist layer is
reduction of the value of growth rate and the appearance of more dis-
continuities in the 0 diagrams (Figs. 4.4a, 4.5a, 4.6a), denotirg the
appearance of unstable modes that have quite different phase velccities
than for neighboring values of wavenumber. When the top of the noist
layer is changed, the vertical velocity that is used in the cumulus
heating parameterization is also changed (cf. equation 3.45 and >.47) so

that depending on the structure of the eigenvectors, the total vélue of



67

E24 | S A

x 20 {

8 L

\ b

;>}2 R

: -~

= g b

QO L

!

'>\ ar

x N

~ g1 b}

- O

- —=24-20 -6 -2 -8 -4 0 4 8 2 & 20 24
ny (ky =27 n, /200 km )

{3)

EZ4 LI

x 20

Eg o

Y 16

~

>12 F

o L

~ 8

QJ u

1"

>~ 47

~ L

~— L1 1 i

.. 0
& —24-20-16 -2 ~8 -4 0 4 8 12 186 20 24
n, (k=277 n, /7200 km )
(b)

Figure 4.4. Eigenvalues for model run with only cumulus heating
parameterization; parameters in Table 1 except for Zyr, = 3 km. (cf.
Fig. 4.3 for details). ’



68

— 24 ¢
£
x 20
S
& 16
~
> |2
o
N
QJ
H
> 4
x
>O '
—24-20 -I6 -2 -8 -4 8 12 16 20 24
n, (ky = c.TTnx/ZOO km )
(a)
—~ 24
&
x 20
S
& 16
. -
’_>.12-
S
QV} 5 N
|I>4_ |
X » 4
-~ [ SO B N 1"1 L1y

-~ 0
S —24-20-16 -2 -8 -4 O 4 8 2 16 20 24
k, =27 n, /200 km )

(b)

Ny (

Figure 4.5. Eigenvalues for model run with only cumulus heiting
parameterization; parameters in Table 1 except for Zyp, = 4 km. (-:f.
Fig. 4.3).



69

~ 24 - T T T (T
- . \ -
~ 20 AN "\ \ -
Eg Y, \
& 16 \ m‘s -1 \\ -
s
~ 1 ‘\ \ \‘ -
> |2 NN ) \\ A
o \ \ \ A %—-
‘: 8 % vy -
\ \ \
Q¥ v \ ".
" P W \ M
x>‘ 4 \ ‘l ) ‘ \' .%
~ 1 14 ‘lx l i : N |

~ O ‘
£ —24-20-i6 -2 -8 -4 O 4 8 12 16 20 24

(a)
E -
x 20 -
®) A
O .
< '8 06 1
~ o $
12} \J
= g ]
QV i
1l
> 4 |
~ S I | S DU S B |

.. 0
c —24-20 -6 =12 -8 -4 0O 4 8 2 &6 20 24
ny (ky =277 n, /200 km )

()

Figure 4.6. Eigenvalues for model run with only cumulus heating
piarameterization; parameters in Table 1 except for 2y = 5 km. (cf.
Fig. 4.3).



70

— 24 [T T I A N | II TV T T T 7177
€ ] SR B
x 20 l { | -
O | @ I R
8 |16 | 10‘5 -1 " i 4
‘ !
~ [ | ] +‘
12} [ ! ) K
c L | I / ' I N
\b 8r I ! J ? : 14
J s | I / I ! I
1 8 ] ] N I i I
> 4 ’ ! 1 | 7
X~ L ' ! | ' I 2
~ 0 ) vde o froalby ooy v o fe il e g
> —24-20-16 =12 -8 -4 0 4 2 16 <0 24

O
=
3 ®

n (k=27 n, /20

{a)

24 [T 1T

20

/200 km )

27Tny
® M

D
I

(ky

.} i L

0
= =24 -20 -

6§ -I2 -8 -4 0 4
ny (ky =277 n, /200 km )

(v)

Figure 4.7. Eigenvalues for model run with only cumulus heating

parameterization; parameters in Table 1 except for Zyy = 4.5 km.



71

— 24

-

x 20 L

S

S\JI6

>12 F

SE

«J -

1l

> 4

X e .
~ O W § S T T A N I A N A T S N T R\

- 0
c —24-20-16 -2 -8 -4 0 4 8 12 16 20 24
ny (ky =27 n, /200 km )

{a)

>\o [0 O I I 4 T T | Y ATSTEE
c ~24-20 -6 —-12 -8 -4 O 4 8 12 16 20 24

Ny (ky =277 n, /7200 km )
{b)

Figure 4.8. Eigenvalues for model run with only cumulus heating
parameterization; parameters in Table 1 except for Zyy = 6 km.



72

-

24 T T T 177 T T T 1T
A ‘\ I

20+ AN \
-

\ w \
\ r \\—4

Fnll - -—

Ie V10751 o
ol \‘ _l
% i

| I O | S |

i

0 N
—24-20-16 -2 -8 -4 0O 4 8. 2 16 20 24
nx(kx=277nx /200 km )

ny (ky:27fny /200 km )
N

{3)

24 T T T 7 T T T T T T T T T T
20+
1er /\

0y,

/200km )

3

= 8 : 107571 i
(N} | -
"

>~ 4r /\ -
x s —
- O L1 X i A\JL 1 I F S | I T |

& —=254-20 -16 —t2 -8 —4 | 16 20 24
n, (ke =277 n, /ZOO km )

(b)

Figure 4.9, Eigenvalues for model run with only cumulus heating
parameterization; parameters in Table 1 except for Zymg = 9 km,



73

heating is increased or decreased. This will be discussed again in the
next section on the vertical structure.
The sensitivity with respect to the level of maximum heating rate may

be seen in Figs. 4.7, 4.8, 4.9 for which z is 4.5 km, 6 km and 9 km,

MH

respectively. Fig. 4.3 had a level of maximum heating rate at 7.5 km. A

transition may be observed from low to high values of growth rate

while Zyvi changes from 4.5 to 9 km. Figs. 4.3 and 4.9 are particularly

similar, except for the value of growth rate incre;sing about 607 for an
increase of 207 in Zym (from 7.5 km to 9 km). The change in growth rate
from Fig. 4.7 (zMH = 4.5 km) to Fig. 4.8 (zMH = 6 km) is very small. In
fact for Zym at 4.5 km and 6 km, there is a factor of 80 between W, and

w; SO that the waves are almost neutral. This is in accordance with
Hayashi (1970) which found out that the heating in upper troposphere
should be greater than in lower troposphere as a condition for insta-
bility. From Fig. 4.8 to Fig. 4.3 (zMH = 7.5 km) there is a big change
in growth rates again of about one order of magnitude. Chang (1976) re-
ported a linear increase in growth rate with the increase of Zyag? but he
looked into level of maximum heating rates higher than 7.5 km. TFor Zym
greater than 7.5 km the results obtained here agree with Chang's (1976).
There are two noteéworthy aspects on the variability encountered in
the eigenvalues as a result of varying the top of the moist layer and
the level of maximum heating rate: the strong dependence of the value of

growth rate on z . and Zyy SO that the model can be "tuned" to give a

ML

specific growth rate; however, the overall shape of the isolines of

growth rate is not modified for sufficiently high =z and sufficiently

MH

low ZML)’ i.e., all modes have their growth rate increased by the same
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amount. This means that if a given mode is the most unstable mode for

certain Zym and 2y it will remain the most unstable mode for varying

values of z and z

MH ne The phase speed is not very sensitive to z

m{’

Zy, except for high wavenumbers, or short wavelengths, where the dis-

continuities tend to appear.

c¢) Vertical Structure

The study of the vertical structure of a particular mode may be done
in two ways. One of them is to-just plot the vertical profile of
the eigenvectors ;, ;, ;, 6, %. Since the eigenvectors are complex
numbers, either the real and imaginary parts are plotted separately
or the amplitude and phase are plotted. Although the procedure is indeed
very simple, the interpretation of the different profiles is not straight-
forward since it requires a considerable degree of imagination on the
part of the reader. This can be certainly avoided by plotting instead
of the eigenvectors, the actual mesoscale fields of velocity pressure
and potential temperature in vertical cross sections. Equations (3.32)-
(3.37) are used in a simplified manner. A particular wavenumber |k is
chosen and for this wavenumber, the mode m of highest instability
is selected. 1In equation (3.36), the summation is eliminated and the
coefficient C( |k,m) is set equal to 1 and the calculation is carried
for t=0. At later times, the structure is the same due to lack of
interaction with other modes; the amplitudes grow exponentially, but
this does not modify the shape of the cross sections. From equation
(3.32) the integral is eliminated and %' (x,5,0) = VA (x,y,0) - %0 may

be calculated.
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The structure of wavenumber (2, 1.3) wavelength (100 km, 150 km) in
Fig; 4.3 corresponding to the cumulus heating parameters in Table 1 may
be seen in Figs. 4.10 -~ 4.13. Fig. 4.10 shows a plot of the horizontal
velocity vector at the first vertical level, i.e., 0.5 km. This is a
typical wave vith regions of convergence and divergence separated by
42 km (wavelength of 84 km) traveling in the direction ENE - WSW with
phase speed 9.6 m.s_1 and growth rate of (6 hr 15 min)—l. Fig. 4.11
shows a vertical cross section of the vector (v', w') for the north-
south plane along x = 0. Fig. 4.12 shows a plot in the same plane of

8" and Fig. 4.13 of w'. ©Note that the vertical coordinate is stretched.

The main feature in these figures is the vertical tilting that may

be observed mainly in cross sections of 6' and of w' (Figs. 4.12 and
4.13, respectively). There are basically two cells in the vertical.
For y = 45 km, the vertical velocity is small and negative up to 2 km;
at 9 km, there is a maximum in upward vertical velocity and a secondary
maximum around 3.5 km. The potential temperature vertical cross
section presents a more complicated structure and a steeper tilting

of the transirion lines between positive and negative values of 6.

In Appendix AL, the energy equation for the present model is derived
and it may be seen that the term w'6' is related to the conversion of
potential energy to kinetic energy. A positive value of w'6' ( up-warm,
down-cold) decreases the value of potential energy and increases the
kinetic energy of vertical motions. A positive mean value of w'60' over

the wavelengtyr corresponds to a net increase of the mean kinetic energy

of vertical motions. Appendix A2 shows how the terms u'w', v'w', p'w'
and 6'w', where bar denotes the mean over a wavelength, may be cal-

culated from the eigenvalues and eigenvectors of equation (3.30). Fig.
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4.14 shows a plot of u'w', v'w', p'w', 6'w' as a function of the vertical
coordinate. From Appendix A 1, it is seen that a positive value of
ET;T-duo/dz decreases the total energy of the disturbance. Fig. 4.14A
shows a positive value of u'w' from the surface up to 12.5 km while Fig.
4.1 shows that the zonal wind shear for the East Atlantic hodograph is
negative almost all the way from 950 mb to 175 mb with negative values
from 600 mb to 450 mb so that u'w' duO/dz is negative for all‘nost the whole
troposphere denoting an increase in total energy in the form of hori-
zontal kinetic energy. The meridional wind shear is smaller than the
zonal wind shear in the East Atlantic hodograph of Fig. 4.1. The cor-
relation v'w' is also smaller than u'w'. The term ;Taﬁ-dvo/dz is nega-
tive up to 6.5 km then positive up to 10 km. A negative value of u'w'
duo/dz or sﬁgﬁ_dvoldz is also referred to as downgradient momentum trans-
port (e.g. Dutton, 1976) and according to Eliassen and Palm (1960), the
wave extracts energy from the mean flow (cf. Appendix A 1). The term

d QF;Tydz according to Eliassen and Palm (1960) corresponds to the energy
divergence associated with the perturbation pressure field; in Appendix
A 1, it is seen that a positive vertical derivative of fﬁ?ﬁ; decreases
the total energy. Fig. 4.1 C does not show a predominant sign for

d p'w'/dz.

Figs. 4.15 and 4.16 show the vertical cross section along x = 0 of
the vector (v',w') for level of maximum heating at 6 km and 9 km, re-
spectively. For Zym equal to 6 km the structure is mostly horizontal
with vertical velocities very small when compared to horizontal veloci-
ties. For z at 9 km, on the other hand, a single cell in the middle

MH

troposphere is clearly dominant with about the same tilting as in
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Fig. 4.11 for Zyi at 7.5 km. Figs. 4.17 and 4.18 show the vertical

structure of the fluxes for Zyy at 6 km and 9 km respectively. For Zym
at 6 km, the same features already discussed concerning Fig. 4.14 for
Zymi at 7.5 km still hold. For Zym at 9 km, however, Fig. 4.18 D shows
the plot of 6'w' with the positive values from 5.5 km to 12.5 km
corresponding to an increase of kinetic energy of vertical motioms.

The term d ;TET/dz is negative from the surface up to 5.5 km, and

then positive up to 12 km corresponding to an increase of wave energy
in the lower troposphere and a decrease of wave energy in the middle
troposphere.

Changes in the top of the moist layer from 2 km to 4 km, although
affecting the growth rate as seen in the previous subsection, do not
significantly affect the vertical structure, which is not shown here.

The main effect of varying the level of maximum heating rate is
on the intensity of the vertical velocity; the sign of the transports of
momentum are not affected by the change in Zyi? while the region of
conversion of potential into kinetic energy are well defined for Zyy

at 9 km, while for z at 6 km and 7.5 km, there are successive regions,

MH

in the vertical, of increase and decrease of kinetic energy.

d) Effect of Top Boundary Condition

The effect of imposing an upper boundary condition of zero vertical

velocity will be briefly discussed in what follows. The growth rate is

about 30% higher with a top boundary condition of no vertical velocity
than with the radiation condition. The phase speed is only a few per-
cent different. 1In the vertical, the imposition of a rigid 1id has the
effect of producing a slight change in the eigenvectors as may be seen

in Fig. 4.19 for the amplitude of w.
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dition of zero vertical velocity.
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4.1.2 Sensitivity with Respect to Momentum Mixing Parameters

The definition of the parameterization of momentum mixing by
cumulus clouds does not involve many parameters. Basically, this
parameterization involves the definition of cloud base, of the cumulus
mass flux of the basic state ﬁ; and of the functional dependence on
height of the cumulus mass flux Mé . The functional dependence of Mé
on height was chosen to be quite smooth, an exponential multiplied by
a sine function (Fig. 4.20(b)). The parameters involved are determined

from the integrated value of heating (equation 3.54) and from the

requirement that Mé be zero at the surface and at model top, The
sensitivity with respect to the functional dependence of Mé will not
be investigated here. But Mé still depends on the parameters related
to the moist layer. Section (a) will present the values chosen for

ﬁ; and cloud base and will also show the basic state vertical velocity
profile obtained as an optimal solution of equation 3.53. Section (b)
will discuss the modification of Figs. 4.3 - 4.9 with the introduction
of momentum mixing and section (c¢) will investigate the effect of this
parameterization on the vertical structure of a particular mode.

a) Cumulus Heating and Momentum Mixing Parameters

The parameters related to cumulus heating to be used in this section
are the ones in Table 1.

The profile of'ﬁé chosen is the one obtained by Yanai et al.,(1973)
and may be seen in Fig. 4.20(a). There may be some differences in
the shape of this curve for different data sets and budgets, but the
order of magnitude does not change a lot. As é sensitivity test, the
model will be rumn for ﬁ; equal to one order of magnitude smaller and one

order of magnitude larger than the profile in Fig. 4.20(a).
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With the ﬁ; profile of Fig, 4.20(a) and the basic state wind and
temperature already defined (section 4.la), equation 3.53 may be solved
for an optimal profile of LA Fig. 4.21 shows a plot of the basic state
mass flux P ¥, This flux is approximately 7 mb . hr'_1 in the middle
troposphere and is forced, through imposed boundary conditions, to be

zero at the upper and lower boundaries. Fig. 4.22 shows a plot of the

terms of the mean zonal momentum equation (3.53a), with the calculated
profile of LA and the residual in the same equation. The residual at
all heights is relatively small giving some assurance that the assump-
tions on the large-scale flow are internally consistent. {

b) Eigenvalues

The eigenvalues obtained runmning the model with the parameters of :

Table 1 and profiles of Figs. 4.20 and 4.21 may be seen in Fig. 4.23.

In comparison with Fig. 4.3 that does not contain the effect of momentum

f
mixing, Fig. 4.23 shows, as a striking difference, the existence of a |
preferred mode for wavelengths longer than 15 km (wavenumber 14). For |
scales larger than an individual cumulonimbus tower, the most unstable

mode has wavenumber (10,2) with growth rate of (27 min)_land phase speed

21
-18.7 m.s .

It is interesting to note that the maximum growth rate occurs for
a wave of wavelength 100 km in the y direction and 20 km in the x
direction, i.e., wavelength of 19.6 km with speed -18.7 m.s_1 towards
257O or between W and WSW. This particular mode may be representing
a squall line or convective line so common in the Eastern Atlantic;
speed and growth rate are a little larger than the ones observed, but
direction of propagation is quite acceptable. For absolute value

of n greater than 16 and of ny greater than 14, the growth rate
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starts to increase again, as in the inviscid case. In the upper right
of Fig. 3.24(a), there is again a packing of isolines denoting a dis-
continuity in phase ,speed due to the fact that a mode with quite dif-
ferent value of phase velocity becomes more unstable than the most
unstable mode for neighboring values of wavenumber.

These curves are not sensitive to variations in ﬁ; and in v
Changing ﬁ; by as much as one order of magnitude had the effect of
changing the values of phase speed by 0.57 and the growth speed by 0.27%.
The results of imposing a basic state with no vertical velocity at all
produced the same variation as above.

The sensitivity of the eigenvalues to the moist layer parameters
is somewhat modified with the inclusion of momentum mixing. The value
of growth rate still increases for increasing mean moist layer mixing
ratio 9y» but much less. With only the cumulus heating parameteriza-
tion, a 20% variation in 4, would produce a 207% variation in growth
rate. For the same variation of 9y the growth rate varies only 5% af-
ter the inclusion of momentum mixing.

Increasing the value of Zyr.e the top of the moist layer, to 3 km
and to 4 km, had the effect, as may be seen in Figs. 4.24 and 4.25
respectively, of diminishing the growth rates of modes with high wave-
number or short wavelength. This makes the peak in growth at (10,2)
more pronounced. Again, the wavenumber of maximum growth rate is not

modified by variations in z The actual value of growth rate for

ML
=1
the most unstable wave is (26 min) for Zyr equal to 3 km, and

=1 -1
(32 min) for Zyp at 4 km. For Zyp = 2 km, this value was (27 min) .

The phase speed for mode (10,2) is not modified (less than 17 change)

by variations of
y 2y,
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c¢) Vertical Structure

The effect of inclusion of momentum mixing parameterization on the
moc.e already studied in section 4.1.1b (2,1.3) may be seen in Figs. 4.26
anc. 4.27 which the isolines of vertical velocity in the plane x = 0 and
the fluxes, respectively. Fig. 4.26 may be compared to Fig. 4.13 to
show a clearly defined single cell structure throughout the middle and
higher troposphere; again, low values of w' are seen in the lower tropo-
sphere. Fig. 4.27 may be compared to Fig. 4.14. The main differences
may be listed as:curve A.GF;ﬁ)doesnot approach zero for the wholemiddle
troposphere for Fig. 4.27; curve B v'w") goes negative in Fig. 4.14
abcve 10 km and in Fig. 4.27, v'w' is negative between 11 and 12 km
and is positive from 12 to 14 km.

The main effects of introducing the momentum mixing parameterization
are a change in the momentum field and consequently in the transports of
momentum.

The structure of the most unstable mode in Fig. 4.23, i.e., wave-
number (10,2) may be seen in Figs. 4.28 and 4.29 for the isolines of
vertical velocity and the fluxes, respectively. The vertical velocity
again shows a single cell structure in the middle troposphere; note that
the horizontal wavelength is shorter in Fig. 4.28 than in Fig. 4.26.

The main difference between Figs. 4.29 and 4.27 is in more conversion
of potential to kinetic energy above 10 km denoted by the negative
sign of 9'w' (curve D); v'w' has negative sign between 10 and 14 km

in Fig. 4.29.
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4.1.3 Sensitivity with Respect to Cloud-scale Downdraft Parame-ers

The parameters involved in the cloud scale downdraft paramcteriza-
tion may be found in section 3.3.3, and are basically the level of
initjation and the equivalent potential temperature inside the down-
draft. The value of BE characteristic of cloud scale downdraft, ac~
cording to Zipser (1969) is about 3410K, but effect of variations upon
this parameter will not be investigated here.

a) Cumulus Heating, Momentum Mixing and Cloud-scale Downdraft

Parameters

The cumlus heating parameters are those in Table 1; the momentum
mixing parameters may be found in Fig. 4.20.

The level of initiation of the downdraft was successively Im-
posed at 2.5, 3.5 and 4.5 km.

b) Eigenvalues

As a result of imposing the level of initation at 2.5 km w:i.th
characteristic downdraft velocity (cf. equation 3.59) at 2 km produced
the eigenvalues in Fig. 4.30. The main difference between Fig. 4.23,
which has cumulus heating and momentummixing parameterizations, and
Fig. 4.30, which has the extra information about cloud-scale downdraft
effects, is in smaller values of growth rate for high wavenumbers, and
in larger values of growth rate for low wavenumbers. The most unstable
mode is still for wavenumber (10,2) with growth rate of (23 min:l_1 and
phase speed -19.8 m.s—l.

Imposing the level of initation of the downdraft at 3.5 km
(Fig. 4.31) and 4.5 km (not shown) had the drastic effect of wiping

out any preferred mode for low wavenumbers, and increasing the ‘ralues

of growth rate by a factor of 1.5 and 2, respectively.
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The strong dependence on the level of initiation of the downdraft
is a serious problem concerning the parameterization scheme defined in
section 3.3.3. However, the presentation of these results should be
rejarded as a first attempt to include the effect of cloud scale down-
driaft in a model. This parameterization will not be used in the compu-
ta:ions to be described in following sections.

c) Vertical Structure

The vertical structure of mode (10,2) for level of initiation of
the downdraft at 2.5 km is very similar to the one depicted in Figs.
4.8, 4.29 which do not contain the cloud scale downdraft parameteri-
zat:ion, and so will not be shown.

4. .4 Summary of Recommended Parameters

The values in Table 1 and Fig. 4.20 for the cumulus heating and
monentum mixing parameterizations, respectively, may be regarded as
appropriate parameters for any further computations. Variations for
these values do not have significant effect on phase speed and on
wavenumber of maximum instability. The value of growth rate should
not., however, be regarded as accurate, since it is highly sensitive to
the: values of top of moist layer, mean mixing ratio in moist layer and
level of maximum heating rate. Since very little is known from the
obsiervational point of view on the specification of these parameters,
the values of growth rate should be regarded with caution. The vertical
structure of the eigenmodes is mainly dependent on the level of maximum

heating rate.

4.. Sensitivity with Respect to Basic State

One of the objectives of the present research is to understand the
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the dependence of mesoscale features on large—-scale characterist.cs. To
achieve this goal, a preliminary step, to be discussed in the fol.lowing
subsections, will be to present the sensitivity of the eigenvalucs of
equation 3.30 to basic state profiles of wind speed (4.2.1), potential
temperature (4.2.2) and wind direction (4.2.3).

It should be kept in mind that the basic state profiles to be
used are variations about tropical soundings. The winds, for example,
do not show speeds with magnitude greater than 20 m.s“1 as opposed
to the environment of mid-latitude mesoscale systems. The study of
mid-latitude as well as subtropical mesoscale systems should be the
subject of future research.

Besides testing the response of the model to different basic
state characterisitics, the sections that follow may be regarded as
the basis for future development of parameterization schemes. 1In
cooperation with observational work, ideas on how environmental pro-
perties affect speed and direction of propagation of mesoscale systems
may be tested.

Although neither a parameterization scheme nor a detailed com-
parison with data will be attempted, it is hoped that the following
sections will provide some understanding on the mesoscale resporse

to basic state features.

a) Model Structure and Small-scale Parameters

The model structure is the same as in the first part of th:s
chapter: the top boundary is at 16 km, the tropopause; there are 16
jevels in the vertical with spacing of 1 km between levels. Fig. 3.1

shows a display of model structure.
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The parameterizations to be used are the cumulus heating para-
meterization (parameters in Table 1) and the momentum mixing by

cemulus clouds (parameters in Flg. 4.20) parameterizatlion,

4.2.1 Effect of Wind Speed

The mean wind profile over the GATE, as may be seen in Fig. 4.1
(E. Atlantic) shows aylow level jet around 600 mb and an upper level
jet at 175 mb. For the W. Pacific (also in Fig. 4.1) the low level
jet is almost non existent in the mean.obtained by Reed and Recker
(1971); the upper level jet, however, is very pronounced. This
section investigates the sensitivity of the eigenvalues of equation 3.30
to the level and intensity of upper and lower jets in parallel flow,

(i.e., no directional wind shear).

a) Basic State Wind and Temperature

The basic state wind profiles may be seen in Fig. 4.32. Pro-

files 1A, 1B and 1C have different intensities of upper level jet
1 1 1

(L) of 3.5 m.s~ , 7.5 m.s and 15 m.s—, respectively; the level of
the ULJ is 11.5 km; the lower level jet (LLJ) is at 2.5 km with an

-1
intensity of 7.5 m.s ; profile 1A, indeed, does not show an ULJ at
1

a.l. Profiles 2A and 2B have ULJ at 13.5 km with a speed of 15 m.s H
2.\ does not have a LLJ; 2B has a LLJ at 2.5 km with intensity of

75 m.s_l. Profiles 3A and 3B have an LLJ at 2.5 km with intensity
75 m.s—l; the ULJ has speed of 3.5 m.s_lfor 3A and 15 In.s_1 for 3B
at: the height of 13.5 km. Profile 4A has some shear up to 3 km but

1
isi otherwise a constant profile of 7.5 m.s . 4B and 4C have LLJ at

21 21
4 5 km with intensities of 7.5 m.s and 15 m.s , respectively; 4B

-1
has ULJ of 15 m.s at 13.5 km, 4C does not have ULJ.
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The basic state temperature used in the present section is the
one labeled Day 248 in Fig. 4.2.

b) Eigenvalues

The effect of the speed of the ULJ may be seen by comparing Figs.
4.33, 4.34 and 4.35 which have basic state wind profiles 1A, 1B and 1C,
respectively. TFigs. 4.33 and 4.34 do not show a preferred mode except
for high wavenumbers. Fig. 4.35, on the other hand, shows a mode with
h:.gher growth rate for wavenumber (14,0) and (-14,0), with wavelength
of 14 km in the x-direction (east-west direction) and no structure in
the y-direction or infinite wavelength in the north-south direction.
Tte ULJ then, has to be of a certain intensity to provoke the selection
of a most unstable wave.

The effect of the height of the upper-level jet may be seen by
comparing Figs. 4.36 (3B) with Fig. 4.35 (1C). Comparing Figs. 4.35
and 4.36 it may be seen that the effect of raising the ULJ from 11.5 km
to 13.5 km almost wipes out the selectivity encountered in Fig. 4.35
and the growth rates are somewhat lower. The fact that profile 3B

shows a narrower jet than profile 1C may also be of significance.

Profile 3A shows a slight increase of wind speed at about 13.5 km
while profile 1A shows constant wind from 8 km to 14 km and then a
sharp decrease to zero. Fig. 4.37 shows the eigenvalues for profile
3A and may be compared to Fig. 4.33 for profile 1A. Fig. 4.33 and
4.37 are very similar except for somewhat higher values of growth
rate in Fig.v4.37 for profile 3A.

The effect of the speed of the LLJ may be seen by comparing Figs.
4.38 (2A) and Fig. 4.36 (2B or 3B). Profile 2A does not really have

a LLJ and profile 2B has a pronounced LLJ;VFig. 4.38 (2A) shows a



Table 2 . Summary of sensitivity with respect to basic state wind speed.

(n_,n_)
wind speed of height of speed of height of ofxmai w.,) c Fig.
" profile ULJ ULJ LLJ LLJ growth 1 £
-1 -1 1
m.s km m. s km min m.s
1A 3.5 11.5 7.5 2.5 . 4.33
1B 7.5 11.5 7.5 2.5 . 4,34
1c 15.0 11.5 7.5 2.5 (£14,0) 15 ¥24.0 4.35
2B,3B 15.0 13.5 7.5 2.5 (¥12,0) 22 724 .4 4.36
3A 3.5 13.5 7.5 2.5 . 4.37
2A 15.0 13.5 5.0 2.5 (£12,0) 20 ¥23.7 4.38
4B 15.0 13.5 7.5 4.5 (+14,0) 22 ¥24.0 4.39
4A 7.5 13.5 7.5 4.5

4C 7.5 13.5 15.0 4.5

0TT
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msximum growth rate for wavenumber (12,0) and (-12,0) while Fig. 4.36
(2B) only shows a slight tendency to the selectivity process at the
same wavenumbers.

Increasing the helght of the LLJ by imposing profiles 4C rather
than 3A (Fig. 4.37) has the effect of increasing the growth rate, but
does not affect the selection mechanism (eigenvalues for 4C are not
shown) .

Profiles 2A and 4B are very similar except for the speed below
5 km which is 5 m.s_1 and 7.5 m.s—l, respectively. Fig. 4.39 shows
ths eigenvalues for profile 4B with maximum growth rate at (14,0) and
(-14,0) while Fig. 4.38 shows maximum growth rate at (12,0) and (-12,0).

Th2 value of growth rate is 10Z higher for an atmosphere with low-

level winds of smaller magnitude.
Table 2 summarizes the results described above.

In summary, the feature of the basic state wind speed that most
siymificantly affects the selectivity process is the speed and height
of the upper level jet; the presence of the lower level jet or of
high speeds in the lower troposphere seem to prevent the selectivity
process or to displace the mode of higher instability to a higher
wavenumber with smaller values of growth rate. The height of the

lover level jet does not seem to affect the eigenvalues.

4.:'.2 Effect of Potential Temperature

The features in the potential temperature profiles that will be
considered are the stability in the lower troposphere and upper tropo-

spliere, below the isothermal layer corresponding to the lower stratosphere.
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a) Basic State Wind and Temperature

The potential temperature profiles in Fig. 4.7 show the Fast

Atlantic and West Pacific curves having the same slope from the surface
up to 8 km although the East Atlantic curve shows lower temperatures.
Above 8 km and below 13 km, the West Pacific curve shows a higher
derivative deo/dz, or greater stability. The curve labeled Day 248
shows higher stability below 8 km and about the same slope as th2
West Pacific curve above 8 km.

Although the difference in slopes are not very big, they may be

regarded as significant in light of the results to be shown.

The basic state wind to be used is profile 4B of Fig. 4.32,
without directional shear.

b) Eigenvalues

Fig. 4.39, 4.40 and 4.41 show the eigenvalues for temperatures
corresponding to the Day 248, West Pacific and East Atlantic, respec-
tively. The East Atlantic and West Pacific temperature profiles (Figs.

4.41 and 4.40) produce similar eigenvalues with preferred mode a:

(-10,0), (10,0). Fig. 4.39, however, shows a distinct selection of modes
(14,0) and (-14,0) as the more unstable ones. As already mentioned, the
Day 248 curve has greater stability in the lower troposphere. This may
suggest that in order to break a greater stability of the lower tropo-
pause, it is necessary for the mesoscale motions to get organized as

a wave packet with enhanced and predominant growth rate. The phase

speed curves are not very affected by small variations in stability.
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4,2.3 Effect of Directional Shear of the Wind

This section will concentrate on a single example of how crucial
the directional shear of the wind can be to the eigenvalues of equation
3.30. To illustrate the role of directional shear an observed profile
has been used with and without directional shear.

a) Basic State Wind and Temperature

Fig. 4.42 shows four wind hodographs obtained by Thompson et al.,
(1979). Their meaning will be explained in section 5.1.2. 1In the
present section, the curve labeled Category 1 will be used. It may
be seen that at the surface, the winds are from the west; there is
a northeasterly jet at 600 mb and a southeasterly jet at 200 mb. In
the case of no directional shear, the wind direction is set to be
from the east at all levels.

The temperature profile used is the one labelad East Atlantic in
Fig. 4.2.

b) Eigenvalues

Fig. 4.43 and 4.44 show the eigenvalues corresponding to wind
" Category 1" without and with directional shear, respectively. Com-
paring the two figures, striking differences may be noted and indeed
it is hard to find anything in common.

The phase speed curves are somewhat different with the discon-
tinuities occurring for different sets of wavenumbers.

The growth rate isolines show a greater selectivity with direc-
tional shear. The growth rate is about 50% different with directional
shear than without. Some modes have higher values of growth rate and
some have lower values of growth rate withvdirectional shear than

without.
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The wavelength of maximum instability is not well defined in
Fig. 4.43. Fig. 4.44, on the other hand, shows a clearly defined
maximum at wavenumber (-10,6) corresponding to a wave with wavelength
17 km traveling toward WNW with phase speed of 18.6 m.s_l. This
direction is represented by an arrow in Fig. 4.42, which is seen to

point toward the ULJ direction. This will be investigated further in

Chapter 5.

4.2.4 Summary of Important Basic State Characteristics

The main findings of the second part of Chapter 4 may be summarized
as follows:

a) The feature of the basic state wind speed that most signifi-
cantly affects the selectivity process is the speed, height and direction
of the upper level jet; the presence of the lower level jet or of high
speeds in the lower troposphere seems to prevent the selectivity process
or to displace the mode of higher instability to a higher wavenumber with
smaller values of growth rate. The height of the lower level jet does
not seem to affect the eigenvalues of equation 3.30.

b) Higher stability in the middle and lower troposphere ir
the basic state profiles of temperature seem to be favorable to the
selectivity of a particular mode as the most unstable. This may sug-
gest that in order to break a greater stability of the lower trcpo-
sphere, it is necessary for the mesoscale motions to get organized as
a wave packet with enhanced :and predominant growth rate. The phase

speed is not very affected by small variations in stability.
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c) The'directional shear of the basic state wind profile seems
to have the most crucial influence in selecting a most unstable mode.

A complete study on the sensitivity of the most unstable mode to
particular characteristics of the directional shear should be under-

taken in the future.



V. MODEL RESULTS

The first part of Chapter 5 is dedicated to discussing the dif-
ferences and similarities found in the eigenvalues of equation 3.30
using as basic state different observed profiles of wind and tempera-
ture. The interpretation of the results is based on the discussion
carried out in the preﬁious chapter.

The second part of Chapter 5 shows the evolution of a few initial
conditions and discusses the significance of the resulting mesoscale
fields of wind and temperature.

The small scale processes included are the cumulus heating

(Table 1) and momentum mixing by cumulus clouds (Fig. 4.20).

5.1 Differences in Tropical Regimes

The results of Chapter 4 show that the speed of the upper level
jet and stability of the lower atmosphere are important in the ilefini-
tion of the wavenumber corresponding to the most unstable mode. The
directional shear of the wind is, however, the most important factor in
determining the mode of maximum growth rate.

The following subsections will use these ideas with the objective
of understanding the differences between the basic state at the East
Atlantic tropical region and the West Pacific tropical region (5.1.1);
the basic state for different sections of an easterly wave as conposited
by Thompson et al. (1979); the definition of "basic state" for a parti-
cular day (5 Sept., 1974) during the GATE and the consequences »>f

choosing a particular sounding.



129

5.1.1 East Atlantic vs. West Pacific

The basic state representative of the East Atlantic and West
Pacific may be seen in Figs. 4.1 and 4.2 for the wind and potential
temperature fields, respectively.

The East Atlantic curves are the ones obtained by Thompson et al.
(1979) by a linear fit in both horizontal space dimensions and time to
the data observed during Phase IIT of the GATE (August 30-Spetember 18,
1¢74). The East Atlantic curves of Figs. 4.1 and 4.2 correspond to the
mean in time, at the center of the ship array which is located at 8.5°
N, 23.5%.

The basic state curves representative of the West Pacific tropical
region were obtained by Reed and Recker (1971) by averaging the
scundings obtained at three stations, Kwajalein, Eniwetok and Ponape
(KEP triangle), which form a triangle centered at lOoN, 162.5°W, during
the period July-September, 1967.

The profiles of potential temperature in Fig. 4.2 are similar for
the two regions. The wind profiles, as shown in Fig. 4.1, are quite
different. The East Atlantic wind hodograph shows southwesterly winds
at the surface turning to easterlies above 800 mb. The West Pacific
wind profile shows southeasterlies at the surface gradually turning
to easterlies, and to northeasterlies at the top. The direction of
the wind in the East Atlantic curve above 800 mb does not depart more
than 8° from an|east wind while in the West Pacific the wind directions

vary by as much |as 30° north of east.

a) Ei envalues
The eigenvjlues obtained with the East Atlantic basic state have
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already been discussed and may be seen in Fig. 4.23. The eigenvalues
corresponding to the West Pacific basic state may be seen in Fig. 5.1.
Comparing Figs. 4.23 and 5.1, it may be seen that the East Atlantic
basic state produces higher values of growth rate and a more clearly
defined mode of maximum growth than the West Pacific basic state. The
g-owth rate isolines in Fig. 5.1 b corresponding to the West Pacific
basic state show a local maximum around wavenumber (6,11), but no
p-referred mode can be defined. The growth rate isolines in Fig. 4.23b,
for the East Atlantic basic state, shows a clearly preferred mode at
the wavenumbers (10,2) and (-10,0).
The basic state temperature profiles for the East Atlantic and
the West Pacific shown in Fig. 4.2 are very similar and the discussion
in section 4.2.2 showed that the resulting eigenvalues are not very
sensitive to the small differences between the two potential temperature
profiles.
The wind hodographs in Fig. 4.1, however, show considerable

d: fferences. Above 700 mb, the East Atlantic wind hodograph shows
ccnsiderable shear in the wind speed, but little directional shear;

tte West Pacific hodograph, on the other hand, shows little variation
ir. speed above 700 mb, but considerable directional shear. The upper
level jet has a higher speed (11.3 m.s—1 at 175 mb) in the East
Atlantic than in the West Pacific (9.2 m.s—1 at 150 mb). The upper
level jet is about 1 km lower in the East Atlantic than in the West
P:cific. The speed of the upper level jet was seen in section 4.2.1 to
influence the selectivity process. The higher the speed of the upper

level jet, the higher the selectivity. Also, the lower the upper level
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jet, the higher the selectivity. Both factors point toward the East
Atlantic basic state as most likely to produce eigenvalues with a
preferred mode.

The East Atlantic basic state produces growth rate isolines almost
symmetrical about n_ = 0, while the West Pacific basic state produces
totally asymmetric growth rate isolines, As seen in section 4.2.3,
this is a direct result of a more complex profile of directional shear.
The direction of propagation of the modes with maximum growth rates in
Figs. 4.23b and 5.1b have been plotted as arrows in the wind hodograph
in Fig. 4.1. 1In both cases, the direction of propagation of the most
unstable modes corresponds to the direction of the upper level jet.
This seems to indicate that the propagation of gravity waves in shear
flow is dictated by the direction of the jet. This finding is con-

firmed in the next two subsections.

5.1.2 Easterly Wave Categories

Reed and Recker (1971) defined eight categories in a large-scale
easterly wave by analyzing the meridional wind component averag:d from
the surface to 500 mb for each observation. Categories 2, 4, 6 and 8
were centered, respectively, on the maximum northerly wind, the trough
axis, the maximum southerly winds, and the ridge axis of the waves.
Categories 1, 3, 5 and 7 occupy intermediate positions. Thompsin et al.
(1979) followed the same procedure except that the wave categories were
defined in terms of the meridional wind aﬁ 700 mb. TFig. 4.42 siows
the composited winds for categories 1, 3, 5 and 7 as presented Hy
Thompson et al.(1979) for the East Atlantic large-scale easterly

wave. Both studies mentioned above show that the strongest upwird
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vertical motion and heaviest precipitation generally occur in or

slightly in advance of the trough. Category 3 precedes the trough.
Examining Fig. 4.42, it may be seen that Category 1 shows a

strong low-level jet while Category 5 shows the strongest upper-

level jet. Categories 5 and 7 do not show a low-level jet at all, and

the latter appears only slightly in Category 3. The wind turns clock-

wise (backs) with height from the surface up to 600 mb in Categories

1 and 3, and turns counterclockwise (veers) with height from 900 mb

up to 250 mb in Categories 5 and 7. Above 250 mb, all four categories
show winds veering with height. Above 500 mb, Category 3 shows less,
and Category 1 more directional shear than the other categories in

in Fig. 4.42.

The temperature profiles, according to Thompson et al.(1979),
do not change significantly from one category to another, so that the
mean temperature profile for the East Atlantic (Fig. 4.2) is used in
all computations of this section.

a) Eigenvalues

The eigenvalues corresponding to the basic state characteristic of
Categories 1, 3, 5 and 7 may be seen in Figs. 4.44, 5.2, 5.3 and 5.4,
respectively.

Information concerning the most unstable mode for each category
is summarized in Table 3.

A general statement that can be made is that Categories 1 and 3,
which precede the 700 mb trough, are more selective than Categories 5
ard 7. It is clear that Figs. 4.44 and 5.2 (for Categories 1 and 3,
respectively) are highly selective. Category 5 has wavemode of higher

growth rate for wavenumber (12,16) and wavelength of 10 km which may
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be considered to lie in the boundary between mesoscale and small

scale processes. The region for which there was a maximum growth rate
for Categories 1 and 3 (along n = -10) shows a minimum in growth rate
in Fig. 5.3 for Category 5. Fig. 5.4 shows a local maximum at wave-
nunber (-10,0), but it is not well defined since wavenumber (10,0) has
a iigher value of growth rate, without being a local maximum.

The actual value of growth rate may be affected by different
ctaracteristics in the small scale processes of each category which
are not being taken into account in the prsent discussion. The
differences encountered in the eigenvalues are due only to differences
ir wind profiles.

Although a high speed of the upper level jet was shown in section
4.1.1 to produce highly selective growth rate isolines, this feature
dces not seem tg pfedbminate here: Categories 5 and 7 have the stronger
upper level jets. The amount of directional shear does not seem to
mstter greatly also, since, as already mentioned, Category 1 shows
greater variabi%ity in the wind direction and Category 3 has less varia-
bility in the w#nd direction than the other categories in Fig. 4.42.

There is a Istrong low-level jet in the wind profile of Category 1
ard a slight maXimum in the low-level winds in Category 3 and 7. Cate~
gcry 5 does not show a low-level jet at all. The existence or not
of the low-level jet cannot be used to explain the differences en-
ccuntered.

As mentioned in the introduction of this chapter, the low-level
winds in Categories 1 and 3 turn clockwise with height, while in

Categories 5 and 7 they turn counterclockwise with height. 1Is this
\



Table 3.

Summary of Figs. 4.44, 5,2, 5.3 and 5.4

I

Basic state Wavenumber for (Growth ratef' Phase Wavelength Maximum well
represents local maximum speed defined for wave-
category growth rate _1 numbers less than

# (nx, ny) min m.s km ([nxl. Inyl)

1 (-10, 7) 22 18 16 (18, 14)

3 (-10, 2) 28 17 20 (18, 10)

5 ( 12, 16) 22 -11 10 (16, 18)

7 (=10, 10) 27 19 20 not well

defined

8¢T
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feiture what determines the degree of selectivity found in the growth
raze isolines? 1If so, what is physically happening?

There is again the confirmation that the directional characteris-
ti:s of the wind are the most important factor in determining the
selectivity of the growth rate curves. The direction of propagation of
th: most unstable modes corresponding to categories 1,3,5 and 7 have
be:n plotted as arrows on the wind hodographs in Fig. 4.42. Again, the
direction of propagation of the most unstable modes corresponds to the

di‘ection of the upper level jet.

5.1.3 Day 248

The main objective of this subsection is to show the difficulties
encountered when trying to model specific atmospheric situations with
the objective of comparing the model results with observations. The
main difficulty in the case of a mesoscale model, as the one used for
the present work, is the definition of the basic state. The better
choice would probably be to choose Category 3, described in the previous
section, as in the case of modelling the GATE mesoscale convection.
Another approach -would be the one followed by Raymond (1975, 1976)
which consists of picking up a particular sounding in the vicinity of
the initiating disturbance and say that it represents the basic state.
Here we consider the differences that may be found following the two
approaches.

Day 248, or 5 September, 1974 during the GATE has been chosen as
an example. The radar composites previous to the one in Fig. 1.2 show
that at about 600 GMT, the GATE array was free of precipitation if
nct of cloudiness, and so the observations taken at this hour would,

according to Raymond's approach, represent the basic state of an



1
5r 2 | PROF. VIZE -

VANGUARD T

MEAN:
VANGUARD
AND

uo(m's")

PROF. VIZE #

01 234567 89810111213141516

{100mb) [SFC959 8 7 6 5454 35 3252175151251

-10 -5 0 5
ug(m- s

: . . A .. 0. .
rigure 5.5, WLNG N000grapns IOT SOUNULNES LIl SHAPS FLULWYLLE (0.2 N,4

and for the mean between the two soundings. This data corresponds to 600 GMT on % Sept. 1974 (Day 248)

during GATE.

[¢]

-~ =0... P PRI « SN o BN
O, M} Al VaugUaLU LU Ny 200 W)

ovT



141

7 OOO km )

c>—024—20—l6 -2 -8 -4 0 4 8 12 16 20 24
ny (ky =277 n, /200 km )
{2)

/200 km )

ny(ky727fny
®
:_/l AV
i/
’)/"\\
(O

-24-20 -6 -12 -8 -4
ny (kg =277 n, /200 km )

(v)

Figure 5.6. Eigenvalues for basic state winds from ship
Vanguard end basic state temperature of '"Day 248".



142

;
3
&

/200 km )

| S B Vet U U |

A\ i

1 -
o Ly P :\l [ S ST A I (R
o —2a-20-16 =12 -8 -4 O 4 8 12 6 2) 24

ny (k=277 n, /200 km )
(2)

T V)

v
o

¥

/200 km )
=
]f@

o
1

>12 F QQ
C - T
= 8 |
o R

~ e (7\

o —024-20 -6 —12 -8 -4 8 12 16
ny (kg =277 n, /200 km )

()

(k

I
20 24

Figure 5.7. Eigenvalues for basic state winds from ship
Prof. Vize and basic state temperature of 'Day 248",



143

——~ 24 = T 1

E . -
x 20 fk -
Eg L 4
~ 16 k ~
~ P~ \ -
12 r \ -
~ - ‘ —d
kg b
Y ¥
" 4 b g \ 1 o)
~ ! LL A W T D I T I

- 0
C -24--20-16 -2 -8 -4 O 4 8 12 16 20 24
ny (ky =277 n, /200 km )

(3)

EA:'rll‘llllwlllll
x 20 L £
O e N 7
QO s | “ -———ﬂ
N A
C>12 - a\gﬂ} F—_’
— C W,
~ 8t t
ad | 10757
I N

A - ~
_\:>" b / @73
~ o T IO W N S S U WA L1
& —24--20 —i6 ~I12 -8 -4 2 16 20 24

nx(kx=27TnX /200 km )
(b)

Figure 5.8. Eigenvalues for basic state winds which are a
mean betw2en the winds at Vanguard and Prof. Vize; basic state
temperature of '"Day 248".



144

’

initiating disturbance. Among all the ships involved in the GATE, two
have been chosen, namely Vanguard (10°N, 23.5°W) and Prof. Vize (8.5°N,
23.SOW). Fig. 5.5 shows the wind hodographs for each of these :hips
and the mean between the two (these observations were included In
Category 3 in Thompson et al., (1979) composite).

Although the two ships are relatively close,their wind hodographs,
as depicted in Fig. 5.5, show significant differences mainly at the
surface where Vanguard had northerly winds and Prof. Vize southvesterly.
The reason for this difference is that Vanguard and Prof. Vize are
located in opposite sides of the ITCZ (Intertropical Convergenc: Zone).
This is still true six hours later, as may be seen in Fig. 1.3.

Both hodographs turn clockwise from 900 mb to 400 mb.

The basic state temperature is the one labeled Day 248 in Fig. 4.2.

a) Eigenvalues

Figs. 5.6 and 5.7 show the eigenvalues produced using as basic
state the conditions in the ships Vanguard and Prof. Vize, resp:ctively.
Fig. 5.8 shows the eigenvalues produced when using the mean winis

between the souadings in Prof. Vize and in Vanguard.

Table 4. Summary of Figs. 5.6, 5.7 and 5.8

-1
Basic State Wavenumber w3 °r,
of max w; min m.s”
Vanguard (-14,10) 19 15.0
Prof. Vize (12,5) 19 -17.9
Mean (-14,12) 19 15.8
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Table 4 summarizes the information about the most unstable mode in
Figs. 5.6, 5.7 and 5.8. Using the basic state as depicted in Vanguard
the most unstable mode travels toward the WNW at 15 m.sﬁl. There is
about 60° difference in direction and 20% difference in phase speed
from the two cases.

Using the mean wind as basic state produced eigenvalues that have
some similarities with the ones obtained with the individual soundings.
The most unstable mode is about the same as the one obtained with fhe
winds in Vanguard. There is, however, a secondary maximum at wave-
length (16,4) at about the same region as the most unstable mode ob-
tained with the winds at Prof. Vize. The difference between Figs. 5.6,
5.7, 5.8 and Fig. 5.2 corresponding to the basic state in Category 3
is also striking.

This should remain as an example of how delicate is the problem
of choosing a basic state. In fact, the approach of choosing a parti-
cular sounding as representative of the basic state leaves too much
margin for variability since the particular sounding may already include
mesoscale effects, thus invalidating the results.

The wind hodographs in Fig. 5.5 show considerable variation in
wind direction. However, the direction of propagation of the most un-
stable modes, denoted by the arrows on the hodographs, still have about
the same direction as the upper level jet. In the case of Vanguard,
one of the arrows points to the direction of the upper level jet, while
the other arrow points to the wind at 300 mb, which corresponds to a
local minimum. Clearly, the upper level jet in this case does not

determine uniquely the direction of propagation of most unstable modes;
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the wind structure below the upper level jet must certainly play a role
in modifying the instability characteristics.

Observational work should be done in this subject to try to de-—
termine the validity of our conclusion that the upper level jet speed
and direction are very important in determining the mode of maximum

instability and its direction of propagation.

5.1.4 Summary

The main conclusions related to the differences in tropical regimes
may be summarized as

a) The speed and' direction of the upper level jet seem to be
very important in determining the mode of maximum instability and its
direction of propagation.

b) The West Pacific basic state does not produce a preferred mode
in the mesoscale, while the East Atlantic basic state does.

c¢) The large-scale easterly wave categories that precede the
trough produce highly selective eigenvalues while the categories after
the trough do not.

d) The definition of the basic state in a particular case study
is a delicate problem since it involves a complete separation between

basic state and mesoscale features.

5.2 Evolution of Initial Disturbance

The validity of the conclusions drawn in Chapter 4, concerning the
sensitivity of the eigenvalues of equation (3.30) with respect to
basic state characterisitics, may undergo a final test by the actual
Fourier summation defined in equations (3.32) and (3.36). The coeffi-

cient C( k,m) in equation (3.36) depends essentially on the initial
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condition through equation (3.35). The implication of this dependence
is that different weight is given to different modes in the Fourier
summation so that the predominance of the most unstable mode in equation
(3.36) is not instantaneous. The initial condition may be defined as

a function of a horizontal length scale 1 Variations in lH may

H.
provide initial conditions ranging from a concentrated area of con-
vergence to a relatively broad large~scale feature. It is known from

the theory of Fourier transforms (e.g., Butkov, 1961) that a relatively
peaked function has a relatively flat Fourier transform and vice versa.
Accordingly, a concentrated area of convergence has a flat Fourier
transform % (1k,0) (cf. equation 3,35). This means that after a
relatively short time, the most unstable mode predominates in the
Fourier summation. An initial condition with very large horizontal
scale has Fourier transform a narrow half width; dif the maximum in

the Fourier transform does not happen to occur in the vicinity of the
mode of maximum instability, it may take a very long time for the most
unstable mode to predominate.

The objective of this section is to present the mesoscale fields
obtained with different horizontal scale of the initial condition. TFor
each case, the speed and direction of propagation will be examined,
as well as the vertical and horizontal structure of the disturbance.

The fact that the present model does not include non-linear terms,
particularly non-linear advection, and has no effect of Coriolis force,
makes the modelling of a mesoscale vortex a questionable venture. No

success has been obtained as yet in the reproduction of an imposed
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initial condition of rotation. A convergence line oriented in the
east-west direction has still not been reproduced with success. More
work is being done on this subject. In this section, the structure and

propagation of a north-south convergence line will be examined.

a) Basic State and Small Scale Parameters

The basic state used is the one representing the East Atlantic
in Figs. 4.1 and 4.2. The small scale parameterizations are the momen-
tum mixing by cumulus clouds (Fig. 4.30) and cumulus heating with para-
meters in Table 1, except for the top of the moist layer which is set
at 3 km. The éigenvalues have already been presented in Fig. 4.24.
As discussed previously, Fig. 4.24 shows a preferred mode for scales
larger than individual cumulus elements. The growth rate of maximum
instability has wavelengths (100 km, 20 km) with growth rate of (27min)-'1
and phase speed of -18.7 m.s—l.

b) Truncation in the Fourier Summation

In section 3.1.3, the sét of wavenumbers over which the Fourier
summation is performed, was presented. Lx and Ly are set to 300 km
(as opposed to 200 km in the figures of Chapter 4 and first half of
Chapter 5) and n = ny =-25,...,-1, 0, 1,...25, so that the highest
mode (25, 25) has wavelength of 8.5 km. This corresponds to retaining
‘nxl, ]ny| < 16 in Fig. 4.24.

¢) Analytical Expression for the Initial Condition and its

Fourier Transform

The choice of a particular initial condition is a somewhat ar-

bitrary task. The desirability of having an initial condition with
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an analytical Fourier transform makes the choice easier. This require-
ment is not essential; the need of computer storage, however, is con-
siderably diminished, if the initial condition, as well as its Fourier
transform, does not have to be stored at every single grid point and
for every variable.

The representation of areas of convergence or divergence may be

done by debinlng the Hlelds of horlzontal mesoscale velocliy by
l( 0)_. ()E ._.X_z._ﬁ (51)
u'(%,5,2,0) = g(z) 7 exp Y .
2 2
X
v'(x,y,2,0) = g(z) % exp v(— 32 " % > (5.2)

wvhere a and b are horizontal length scales in the x and y direc-
tion, respectively. The vertical velocity is obtained by introducing
equations (5.1) and (5.2) in the continuity equation (3.7).

The Fourier transform of equations (5.1) and (5.2) may be found

in any book of mathematical physics (e.g., Butkov, 1961) to be

F(u') =-g(z) iazbkx exp (-ki a?/4 -k§ b2/4) /| 8r (5.3)
F(v') =-g(z) iabzky exp (—kf{ a2/4 -k§ b2/4) / 8n (5.4)

The Fourier transform of the vertical velocity is
z
M{w') =

f()() [‘(x F’(N') 4 ky [“(V')] dy (".")

(8]
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(".60)

or

1
Snpo

F(w') = (a%b ki + a bzké) exp (—ki a2/4 -k; b2/4) %(z)g(z)dz

o

The sign of g(z) at a particular level denotes convergence or
divergence. Negative sign corresponds to convergence and positive sign
to divergence. Fig. 5.9 shows a plot of the coefficient of equation
(5.6), for different values of a, b, as a function of kx and ky' It
may be seen that the greater the scale of the initial condition, the
more peaked the Fourier transform. Clearly, different functions of
height may be used in the definition of u' and v' in equations (5.1)

and (5.2), respectively. Different combinations of height dependences

and signs of u' and v' provide a wide variety of initial conditions
that will not be considered here.

The choice of g(z) is a delicate one, however. The fact of
having a discrete set of eigenvalues and eigenfunctions makes the
reproduction of an arbitrary initial condition depend on how well
this particular initial condition can be described by the existing set
of eigenmodes. The closer g(z) is to one of the eigenfunctions, the
greater the chance of accurate reproduction. As defined in equation
(3.37), only the projection of the initial condition on the given set

of eigenfunctions is obtained. It has been found that the function

g(z) = a sin(f Ziﬁfz> (5.7)

is satisfactorily reproduced. This function corresponds to a profile

of mesoscale vertical velocity of upward motion up to 3 km and downward
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motion above, with that maximum downward velocity at 9 km. It must be re-
membered that this is the mesoscale vertical velocity which is z per-
turbation of the basic state vertical velocity in Fig. 4.21. Clearly,
the value of o in equation (5.7) does not affect the results of a linear
model since it is only a multiplying factor. The magnitude of the
mesoscale variables should be regarded relative to the initial value.

5.2.1 Narrow Initial Condition: Convective Line

The initial condition defined by equatiomns (5.1), (5.2) and (5.7)
is cylindrically symmetric about the vertical axis centered at x =y =0.
The projection of this initial condition for a = b = 20 km, however, has
a tendency to symmetry, but does not completely reproduce the imposed
initial condition. This may be seen in Fig. 5.10 (a) and (b), where
the vertical cross sections along the vertical planes at x = 0 and y =0,
respectively, for the mesoscale vertical velocity are shown. The
imposed initial condition had vertical velocity positive from the sur-
face to 3 km; the projection of the initial condition shows the zero
isoline at about 4 km for x = y = 0. The maximum downward vertical
velocity at 9 km is accurately reproduced. Above 12 km, the projection
of the initial condition shows two successive regions of upward and
downward vertical velocity while the imposed initial condition did not
change sign from 3 km to 16 km height. Fig. 5.10 (a) is almost sym-—
metrical about y = 0, while Fig. 5.10 (b) shows a more asymmetric
pattern.

The horizontal cross section of the mesoscale horizontal wind
vector at the initial time and at the level z = 500 m may be se2n in
Fig. 5.10. While the imposed initial condition would show a point

of convergence, the projection of this inital condition shows more of
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a line format oriented in the north-south direction and so perpendicu-
lar to the middle and upper tropospheric basic state winds (cf. Fig 4.1,
Eist Atlantic wind hodograph).

We may speculate at this point what kind of phenomena would pro-
dice an initial disturbance in the form of a line oriented in the
north~south direction. According to observations (Kuettner, 1971,
LeMone, 1976), when the winds in the planetary boundary layer are suf-
f:.ciently high and the surface heat flux not too strong, longitudinal

rolls, aligned approximately parallel to the mean lower tropospheric

wind appear in the lower troposphere. Looking at the hodograph for
the basic state characteristic of the GATE area in Fig. 4.1, it may
b seen that the lower level winds have a strong component in the north-
south direction. Numerical and theoretical studies (Asai, 1970; Howard,
1961, among others) have tried to account for the formation of the
longitudinal rolls based on instability of stratified shear flows.
Some success has been obtained in defining the preferred direction of
rclls based on wind shear profiles; however, the shear of the winds
used for example by Asai (1970) is only in the speed, g;g;,the direc-
tion of the horizontal wind vector does not change with height. The
effect of directional. shear of the wind in the instability character-
istics of a stratified flow is not known.

Considering again the initial disturbance in Fig. 5.11, we may
assume that when there is sufficient moisture supply, a cloud line
will form in the region of surface convergence and upward vertical
velocity. 1In this way, the initial disturbance displayed in Figs. 5.10

and 5.11 may be viewed as a line of shallow comnvection. Its evolution
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into a full size convective line or even squall line may now be in-
vestigated.

We may also speculate that the initial line of convergence nay
be produced by the downdraft outflow of a small scale line of cunulo-
nimbus clouds. 1In both cases, we may regard the mesoscale system as
evolving from a small scale disturbance.

a) Horizontal Structure at Lowest Level

In Figs. 5.12 through 5.19, the evolution of the initial line
may be seen at times t = 500, 1000, 1500, 2000, 2500, 3000, 4500 and
6000 seconds at the first vertical level (z = 500m). Comparing the

configuration of the convergence zone at times t = 0 (Fig. 5.11) and

t = 500s (Fig. 5.12), it may be seen that the central part of tte line

is displaced due west while the north and south edges of the lire are

displaced due east.. The initially straight line assumes a rather
curved configuration. As time goes on, the central part contimies to
travel to the west while the northern and southern edges break from
the central part (Fig. 5.13, t = 1000s) and merge into a second line
(Fig. 5.14, t = 1500s). The second line travels with a speed between
5 and 10 m.s“1 due east while the first line, which is intensifying

=1
rapidly, travels at about 20 m.s due west. At t = 2500 seconcs

(Fig. 5.16), the lines have approximately the same intensity. Irom

t = 3000 sec (Fig. 5.17) onward (Figs. 5.18, 5.19), it may be seen

that the intensification of the first line is greater, so that in a

relative sense, the second line appears progressively weaker. It is

interesting to note that the initially straight line assumes a rather 1

curved format. Observations of squall line during the 4-5 September
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Figure 5.12. Horizontal cross section of the mesoscale
horizontal wind vector (u',v') at z = 500 m and t = 500
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in scale from previous figures. (Initial condition: a = b = 20 km).
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horizontal wind vector (u',v') at z = 500 m and t = 6000
second. (Initial condition: a = b = 20 km).
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1974 mesoscale events during the GATE (houze, 1977) show squall lines
with strong curvature traveling towards the WSW with great resemblance
to the convergence lines of Figs. 5.17 and 5.18.

We may speculate on the reasons :for the observed curvature of
squall lines. In previous Wave-CISK studies by Hayashi (1970) and
Lindzen (1974), for each wavenumber there were Rossby and Kelvin modes
and eastward and westward propagating gravity waves. The above mentioned
studies were made in rotating planes with no basic state wind; hence,
for small scales, the eastward and westward propagating gravity modes
have the same phase speed (with opposite signs) and same growth rate.
Furthermore, they are nearly non-dispersive in the sense that the group
velocity is a constant. In this case, an initial condition of a point
of convergence (like throwing a stone in a tank filled with still
water) would evolve into a circular, non-dispersive front of convergence
that would propagate away from the initial position. A line of conver-
gence (like throwing a stick in a tank) would evolve into an oval front.

The dynamics of gravity waves may then be used to explain the cur-
vature observed in Figs. 5.12 - 5.19. 1In the present study, the wind
profile in the basic state destroys the symmetry between the eastward
and the westward gravity waves: the westward gravity wave has higher
growth rate and phase speed than the eastward gravity wave; hence, the
most unstable, i.e., the westward gravity wave, predominates. Conse-
quently, only the westward propagating part of the front of convergence
is seen. The eastward propagating part of the front may barely be seen

in Fig. 5.12 at x = 40 km.
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The spreading of a gravity wave front may be used to explain the
curvature of the convergence zone through the whole atmosphere.

Previous explanations for the observed curvature of squall lines
were based on the spreading of a density current generated by evapora-
tion of rain in a mesoscale downdraft. The effect of evaporation of
rain in the mesoscale is not included in the present model and further-
more, the mesoscale temperature structure shown in Fig. 5.20 at
t = 3000 sec does not show a cooler region right after the convergence
zone. The mesoscale pressure field at t = 3000 sec is shown in Fig. 5.21
and it shows a mesohigh right behind the convergence zone and mesolows
in front of the convergence zone. The same structure was obtained by
Fritsch (1978).

This model can thus separate the essentially dynamic effect of
propagation of gravity wave front from the essentially thermodynamic
effect of propagation 6f a density current. Certainly there must be,
in nature, a coupling between the density current and the gravity front;
Moncrieff and Miller (1976) mention that inequality in speeds between
the two phenomena results in either impulsive behaviour or decay of the
main convection.

It may be noted that the speed of propagation of the main line
after time t = 3000 sec is the phase speed of the most unstable mode

mentioned earlier (19-20 m.s_l). Fig. 5.22 shows the time sequence of

the position of the leading edge of the two convective lines. The

main line travelling due west is accelerated and decelerated in
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successive time steps until a constant speed is obtained after t =

3000 seconds. The group velocity calculated through equation (4.1) at
‘ 21

the most unstable mode is 18 m.s  towards the SSW.

b) Vertical Structure Along a Zonal Plane

The vertical structure of mesoscale vertical velocity for the

same time steps may be seen in Figs. 5.22 - 5.24. The initial dis-
turbance may be seen in Fig. 5.10(b). At the initial time, there was

a region of upward vertical velocity centered in x =y = 0 up to the
height of 4 km. Fig. 5.10(b) also shows a region of strong sinking in
the middle troposphere at about x = 0 and regions of weaker upward
motion at x = -15 km and x = 30 km. We will refer to these two regiomns
of middle troposphere vertical motions as the one on the left (x = -15km
at t = 0) and the one on the right (x = 30 km at t = 0). The region

of positive vertical velocity on the right is initially disconnected
from the lower level convective region at x = 0. The evolution in time
and space shows that between times, t = 0 and t = 1500 sec the middle
tropospheric pattern travels about 5 m.s"1 faster than the surface
disturbance so that the convective line starts to feed the region of
middle tropospheric upward vertical velocity on the right. This region
had, initially, a smaller value of upward vertical velocity than the
cell on the left. As time goes on, the cell on the right haé its
vertical velocity intensified in a faster rate than the one on the left;
by t = 1000 sec (Fig. 5.22b) the cell on the right has greater verti-
cal velocity than the cell on the left. From t = 2000 sec (Fig. 5.24b)
onward the region of upward vertical velocity reaches the height of

the upper level jet on the basic state field (cf. Fig. 4.1). From
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then on, it may be considered that the initial disturbance has de-
veloped into a comvergence line that extends through the whole
troposphere.

The secondary line of surface convergence observed in Figs. 5.14 -
5.19 can also be followed in Figs. 5.22 - 5,24, At time t = 1500 sec,
the position of the secondary line was x = 15 km. Fig. 5.22(a) shows
that the lower region of upward vertical velocity at x = 15 km barely .
reaches the 2 km level. Not until k = 6000 sec does the secondary line,
which has moved to x = 45 km (Fig. 5.23a), begin to extend through the
whole troposphere. By this time, however, its intensity is only a
seventh of the main line now located at x= -110 km (Fig. 5.23b). It
may be noted that the maximum magnitude of upward vertical velocity at
t = 4500 sec is about 4 times its initial value.

The tilting of the main line after t = 2500 sec is comparable to
the tilting reported by Houze (1977) and by Sanders and Emanuel (1977),
i.e., the middle tropospheric region of upward motion lags between 20
and 30 km behind the surface region of upward motion.

At time t = 2500 sec (Fig. 5.24b) and in subsequent figures, it
may be noted that on both sides of the convergence line there are broad
regions of downward motion. This may be identified with compensating
subsidence. The compensating subsidence in front of the line is
stronger than behind; this is in accordance again with Fritsch (1978)

results.

c¢) Horizontal Structure at Higher Levels

The horizontal structure of the mesoscale winds at time t = 2500
sec at z = 6.5 km may be seen in Fig. 5.25 and at z = 13.5 km in Fig.

5.24. Referring back to Fig. 5.23(b), we see that Fig. 5.25 is a
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horizontal cross section through a region of high upward vertical
velocity at x = 30 to 40 km. Fig. 5.25 can be compared to Fig. 5.16
which shows the horizontal structure at the lowest level. The middle
tropospheric line of convergence, besides being located to the east of
the surface disturbance shows a more concave curvature.

d) Fluxes

The fluxes of momentum, temperature and pressure calculated
according to the procedure described in Appendix A2 may be seen in
Fig. 5.29 at time t = 3000 sec. According to equation(Al.8), defining
the energy equation for the mesoscale disturbance, a negative value
of P ;T;ﬁ—duo/dz corresponds to a positive tendency on the disturbance
total energy. From Fig. 4.1, it may be seen that the wind shear in
the zonal component of the basic state wind (East Atlantic) is positive
at the surface, then negative up to the upper level jet and positive

up to the tropopause. Fig. 5.29 shows curve (A) corresponding to

pou'w' as being negative up to 2 km, then positive up to 13 km and
then negative up to the top of the model. This means that pou'w' duo/dz

is negative throughout the whole troposphere and consequently, the

disturbance total energy is increasing at all levels.

On the other hand, the term d/dz QOETQT- denotes the effect of
the mesoscale wind field on the basic state wind. Fig. 5.29(A) shows
that there is an upward transport of westerly momentum; heﬁce, the meso-
scale convergence line would be reducing the intensity of the upper
level easterly jet. This conclusion should be checked against obser-
vations. It should be noted, however, that the three-dimensional
character of the wind fields during mesoscale events makes the compari-

son of the above conclusionwith observations a rather difficult task.
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The conversion between potential energy and kinetic energy is
done through the term Py ;TETYeo(cf. equation Al.3 and Al.4). A
negative correlation between vertical velocity and temderature pertur-
bation (up-cold, down-warm) increases the potential en2rgy and decreases
the kinetic energy of vertical motions. Curve (D) in Fig. 5.29 shows
a plot of G 9'w'. From the surface up to 7.5 km, po-gﬂ;r is
negative corresponding to an increase in potential energy. From 7.5 km
to 11.5 km, po o'w' is positive denoting a transfer from potential

energy to kinetic energy. From 11.5 km to the top,p YW is
negative again.

The term d.EiET/dz is negative from the surface to 7.5 km, de-
noting an increase in disturbance energy, and positive from 7.5 km

to the top denoting a decrease in disturbance energy (curve (C) in

Fig. 5.27).
e) Summary

The initiating line of shallow convergence develops into a conver-
gence line whose vertical extent reaches the whole troposphere. The
structure of this line compares fairly well with observations of squall
lines: it develops curvature and vertical tilting comparable with obser-
vations by Houze (1977) and Sanders and Emanuel (1977). A mesohigh
also develops behind the systems in accordance with the descriptions
by Zipser (1977). Compensating subsidence is stronger in front of the
line, downwind from the upper level easterly jet, in accordance with
the numerical results obtained by Fritsch (1978). The flux of momentum
is such as to produce an upward transport of westerly momentum; the
mesoscale line may be‘viewed as reducing the intensity of the upper

level easterly jet.
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5.2.2 Wide Initial Disturbance: a = b = 50 km

With a horizontal scale of 50 km in the initial condition, the
ratio of the Fourier transform of w' (equation 5.6) at wavelengths
(50 km, 50 km) and (100 km, 20 km) corresponding to the most unstable
mode is 102! (cf. Fig. 5.9), so that the time for the most unstable
mode to predominate is about a month ... In the mean time, the peak in
the initial condition still provides a solution that very much re-
sembles a convective line. Fig. 5.30 shows the projection of the
initial condition on the eigenfunctions at level z = 500 m. This
figure may be compared with Fig. 5.1l where the initial condition had
scale of 20 km (note the difference in scale between the two figures).
While Fig. 5.11 shows a line of about 50 km length, Fig. 5.28 shows a

line about 100 km long.

a) Horizontal Structure at Lowest Level

The evolution of the initial disturbance may be seen in Figs. 5.31,
5.32, 5,33 for times t = 1500, 3000 and 4500 sec, respectively. At
t = 1500 sec, the original line presents a strong curvature, but its
central par: has barely moved from the initial location at x = 10 km.
At t = 3000 sec (Fig. 5.32), another line appears well ahead of the
initial one, at x = -80 km. The initial line is displaced to x = 30 km
at about 13 m.s_l. yLooking into the interval between t = 1500 sec and
t = 3000 sec with a small time step (not shown), it is seen that the
line that appears at x = —-80 km is formed from the convergence generated
by compensating subsidence related to the first line. It may be noted
that on the 2 September, disturbance during the GATE (Mower, 1977),

several lines were observed with spacing of about 60 km.
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Figure 5.34. Horizontal cross section of mesoscale horizontal
wind vector (u',v') at z = 500 m and t = 14400 sec. (Initial

condition: a = b = 50 km).
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At t = 4500 sec (Fig. 5.32), the line on the left traveled due
west at about 20 m.s_1 while the onme on the right is still traveling
due east, but with a speed of 7 m.s—l, The line on the left is al-
ready more intense than the one on the right. However, the magnitude
of the maximum wind vector is only 1.3 times the initial value.

As time goes on, the disturbances leave the grid on one side and
reenter again on the other side due to the periodic boundary condition.
By t = 14400 sec (4 hrs), there is only one line left (Fig. 5.34) with
slight curvature, extending over the whole meridional dimension of the
background, i.e., about 300 km long, traveling due west at 20 m.s—l.

A region of divergence is ﬁrailing behind the line of convergence. The
maximum wind vector has only now reached a value 5 times larger than the

initial wvalue.

b) Vertical Structure in a Zonal Plane

The same evolution in the vertical structure discussed in the

case of a = b = 20 km may be observed for a = b = 50km. Fig. 5.35(a,b)

shows the mesoscale vertical velocity vector for y = 0, at t = 0

and t = 4500 sec. There are a few differences between these figures
and the corresponding ones for a narrow initial disturbance (Fig. 5.10b
and Fig. 5.26a). First of all, the inclination of the region of up-
vard vertical velocity is quite different: the narrow initial condition
tas a more upright region of positive vertical velocity than the wider
initial condition. Besides that, in Fig. 5.26 a region of upward ver-
tical velocity is 20 km wide, while in Fig. 5.3(b), it is 50 km wide
znd remains like that in following times.

The region of gentle downward motion is still present trailing
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right behind the line of convergence, with stronger compensating sub-
sidence downwind from the upper level jet.

¢) Fluxes

Although the shape of the fluxes o5 u'w', Py viw', p'w' and

o, 8'w' shown in Fig. 5.34 for t = 4500 sec may be slightly different

from the ones seen in Fig. 5.27, the same conclusions concerning energy

conversions may be drawn. The relative magnitude of the term o, u'w'

is smaller, when compared to P, v'w', p'w' and oy 8'w', in Fig. 5.34

than in Fig. 5.27.

d) Summary

In the case of an initial disturbance with horizontal scale of
50 km, the evolution in time shows a developing convergence line whose
vertical extent, although reaching the top of the troposphere, shows
a rather slanted structure. As in the previous case, where the hori-
zontal scale of the initiating disturbance was 20 km, a region of sink-
ing develops behind and in front of the convergence line. Again, the
mesoscale disturbance draws energy from the basic state flow at all

Jevels.

5.2.3 Still Wider Initdial Condition: a = b = 100 km

The case a = b = 100 km shows results totally different from the
previous ones. The projection of the initial condition, to begin with,
is somewhat different. The two previous cases initiated with meri-
dional lines (Fig. 5.11 and Fig. 5.30) while the present case shows a
line of convergence inclined in the NW-SE direction, as may be seen in

Fig. 5.37.
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time t = 6000 seconds. (Initial condition: a = b = 100 km).
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a) Horizontal Structure at Lowest Level

The evolution in time at z = 500 m may be seen in Figs. 5.38, 5.39,
5.40, and 5.41 for t = 1500, 3000, 4500 and 6000 seconds, respectively.
It may be observed that the line of convergence is displaced towards
the northeast without much change in structure, with a speed of about
10 m.s . There is no noticeable intensification from t = 0 to t =
6000 sec in the magnitude of the maximum wind vector. By t = 14400 sec
or 4 hrs (not shown), the maximum wind vector has barely doubled its
initial value.

b) Vertical Structure in a Zonal Plane

The vertical structure is very confused in this case. At time
t = 0 and at y = 0, the mesoscale vertical velocity in Fig. 5.42(a)
shows a region of sinking in themiddle and upper troposphere about 150
km wide with regions of upward vertical motion in the lower troposphere
and around the sinking region. At time t = 6000 sec, there is no clear
structure,and regions of up and down motion succeed each other in the

vertical. This structure does not resemble a squall line at all.

c) Summary

The initial line of convergence remains shallow throughout at
at least 6 hours without any extension of the upward motion region to
upper levels. No similarity with convective lines can be drawn in
this case. The growth rate is very low and nothing seems to develop.

5.2.3 Summary of Main Points

The main points of this chapter may be summarized as follows
a) The scale of the initial disturbance is very important in

determining which mode is going to predominate as time evolves.
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b) Initial lines of shallow»convergence with scales of 20 km
and 50 km develop to convergence lines with regions of upward vertical
motion extending from the surface to the tropopause.

c¢) The evolution of the small scale line compares fairly well
with observations of squall lines: it develops curvature and vertical
tilting comparable to observations by Houze (1977) and Sanders and
Emanuel (1977).

d) A mesohigh develops behind the convergence line in accordance
with observations by Zipser (1977).

e) Compensating subsidence is stronger downwind from the upper
level easterly jet.

f) The 50 km line has about the same structure as the 20 km line
except that its vertical structure is more tilted.

g) The curvature of the convergence lines is related to the
spreading of a gravity wave front; there is no effect of cold demnsity
current in the present model.

h) A wider initial disturbance with scale of 100 km does not

produce any meaningful development.



VI. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

The achievements of the model described in the previous chapters
may be divided in two parts: technical and conceptual. The.technical
improvements with respect to previous versions of this model (e.g.
Raymond, 1975, 1976) are:

a) Any general linear parameterizationmay be used; in the present
case, momentum mixing by cumulus clouds has been included through the
scheme proposed by Schneider and Lindzen (1978). The cumulus heating
parameterization’is the so-called Wave-CISK, with the magnitude of the
heating given by an idealized moisture budget (Stevens and Lindzen,1978).

b) For each wavenumber, all unstable modes may be used in the
Fourier summation; Raymond (1976) used only the most unstable mode for
each wavenumber.

c¢) The initial condition may have vertical structure as opposed
to being constrained to only one level.

The main conceptual achievements may be listed as:

a) With the inclusion of momentum mixing, there are unstable
modes in the mesoscale iength scale.

b) The model gives growth rates of order of 1/2 hour.

¢) The direction and intemsity of the upper level jet are very
important in determining a mode of maximum instability in the mesoscale
length scale and its direction of propagation.

d) An initial zone of shallow convergence develops into conver-
gence lines with regions of upward vertical motion extending from the
surface to the tropopause. It develops curvature, vertical tilting
and mesohighs and mesolows comparable to observations (Houze, 1977;

Sanders and Emanuel, 1977; Zipser, 1977).
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e) The curvature of the convergence lines is related to the
spreading of a gravity wave front; there is no effect of cold density
current in the present model.

We should also mention the following conclusions.

Thorpe and Miller (1978) claim that a model that does not include
both components of the horizontal wind and its variation with height is
unable to properly model severe storms. We would go astep further and
say that even in the case where the two components of the basic state
wind are used, the greatest care should be exercised in choosing what
particular observatioﬁ or set of observations is used to represent the
larger scale basic state. Horizontal variations in vertical structure
of the horizontal wind vector are likely to be present, especially
around an incipient mesoscale disturbance. As seen in subsection 5.1.3,
the selection of a preferred mode is very sensitive to the definition
of the basic state in a particular case study making the comparison with
observed data a difficult task.

Features in the basic state wind field can effectively determine,
for example, that the East Atlantic region has, in the mean, a preferred
mode which falls in the mesoscale length scale, while the West Pacific
shows no preferred mode in the mesoscale length scale. Differences in
wind hodographs between different categories of a composited easterly
wave in the East Atlantic lead to the conclusion that the categories
which precede the trough clearly define a preferred mode in the meso-
scale, while the categories after the trough do not. Observations show
that mesoscale organization is more likely to occur ahead of the easter-

ly wave trough (e.g., Thompson et al., 1979).
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The actual development of a mesoscale disturbance depends also
on the scale of the initial condition. TFor an initial line of surface
convergence with characteristic horizontal length scale between 20 and
50 km, the evolution may be clearly identified to lead to a convergence
line with structure comparable with observed squall lines. A horizontal
scale, of the initial convergence zone, of 100 km does not produce any
meaningful result.

The .research described in the previous chapter has been devoted
mainly to identify the controls of mesoscale organization. Apart from
the details of the parameterization scheme, it may be said that the
main controls are the basic state wind field and features of the initial
disturbance. And it is hard to say which is more important. The model
used for the purposes described above is relatively simple, however, and
can certainly be improved. It is recommended that future revision of
the linear model include the Coriolis parameter as well as mesoscale
moisture. A subsequent version should certainly include topography. A
more complex basic state might also be important especially in the
vicinity of the ITCZ where the horizontal shear of the wind is not
negligible. This would allow the inclusion of vorticity and/or diver-

gence in the basic state.

But before all these models improvements are made, several ques-
tions should be answered. First of all, can the parameterization of
small scale processes be improved? Are these parameterization schemes
really representing what cumulus clouds do? More basic than that is
the question of scale separation: how far can we go improving small

scale parameterizations and basic state characteristics and still keep
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the modeled mesoscale in between as a separate entity? All these
questions will probably remain unanswered for years to come.

Supposing that some consensus is reached on the questions raised
above, the next step should be to compare model results with a few
case studies. How Uadefipe the basic state is a question that should
receive close attention in this case. The data required to evaluate
the model performance in terms of speed and direction of propagation
may be simply a time sequence of satellite pictures, or depending on
availability, radar scans which locate areas of precipitation. Both
resources are easily available for several mesoscale events during the
GATE.

Finally, the last and ultimate goal of mesoscale modeling is the
development of a parameterization scheme suitable for inclusion of
mesoscale effects in large-scale and general circulation models. The
mesoscale energy fluxes and conversions should be studied carefully
for that purpose. Probably a non-linear model should be considered
as a future option after the basic relationships are understood. How-
ever, even if some sort of parameterization scheme is developed in the
next few years, it is our belief that the understanding of the physical
processes that govern the scale interactions may lag, at least,
another 10 years. When this is achieved, if it is, we will be able to

say that the goals of this work have been attained.
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APPENDIX A1 . DISTURBANCE ENERGETICS
The total energy equation for the disturbance may be obtained by
multiplying equations (3.5) and (3.6) by po\v' and by poe'/(eodeoldz)

and using the continuity equation (3.7) to get

du
3 d d d u'? ‘1 O . dp’
(Bt + Yo dx + Yo oy + Yo 8z> ) + PtV 4z tu dx

=pu'y (AL.1)
=0, V'Y (A1.2)
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where the continuity equation (3.7) has been used in the term containing
the pressure perturbation.

it may be noted that the term in 6'w' is cancelled between equa-
tions (Al.3) and (Al.4) denoting a conversion of potential energy into
kinetic energy of vertical motions. A positive correlation between
8' and w' corresponds to a decrease in potential energy and an increase
in kinetic energy.

The energy equation (Al.8) is discussed by Dutton (1976). Ac-
cording to Dutton, the most important terms in the energy equation are
(pou'w' duo/dz, pov'w' dVO/dZ) which correspond to the transfer of
energy from the basic state to the perturbations through the Reynolds
stress acting on the shear of the mean flow. The term 3(p'w')/3z is
related to the convergence of wave energy (cf. Eliassen and Palm, 1960;

Holton, 1975).
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APPENDIX A2. PROCEDURE TO CALCULATE HORIZONTAL AVERAGES OF VERTICAL

FLUXES.

The horizontal averages of vertical fluxes may be computed
numerically from the values obtained in grid points, but a more ac-
curate result may be obtained by using the eigenvalues and eigenvectors
of equation (3.30) and the Fourier transform of the initial condition
represented by C(kx, ky’ m) in equation (3.37). The procedure to be
presented here has been previously used by Murakami (1973).

Consider, for example, the vertical flux of zonal momentum. The
field of u' may be written, in a discretized version of equation 3.32

and 3.36, as

) = “~
u'(x,y,2,t) E E i c(nx, ny, m) u(nx,ny,m)
Xy
exp (i(k x+k y-o (k,k ,m ¢ b (A2.1)
x v x’y’ LxLy
where
k = gﬂ-n and k = zﬂ-n (A2.2)
X LX p3 y Ly y

and analogously for w'

Now define
a=a_ +1i a; = % c(nx,ny,m) uﬁnx,ny,m)

exp(‘-iw(kx,ky,m) t) ) (A2.3)
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and

= 4+ 1 = -
b=> i bi 31:1 c(nx,ny,m) w(nx,ny,m)

exp (—i w(kx,ky,m) t) (A2.4)

The horizontal mean corresponding to the fundamental (nX = ny = 1)

wavelengths Lx, Ly of u'w' will be denoted by a bar; the only part that

has physical meaning is the product of the real part of u' and w' which

may be written as (A2.5)
. 42
Re [u‘] = Izlx IZiy (ar cos (kx X +ky y) - a,; sin (kx X +ky y)) LxLy
(A2.6)
[w] =z ¢ (b k_x+k, y)-b, sin (k x+k 4’
Re |w —nxny(rcos(xx yy 181n(xx yy))LxLy
Defining
L L
y X
Re [u']Re [w']= L]i. Re [u'] Re [w] dax ay
Xy
(o} o
it may be seen that
' 1 = b_+a,b 2n (A2.7)
Re [u] Re [w] = E;lx i:ly (ar . a,; i) LXLy .
or )
Re [u] Re [w] =2 % (a* b + ab*) LTTL (A2.8)
n ny xCy

And analogously with the other fluxes.
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