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ABSTRACT

The effects of wvarious atmospheric conditions on the
vertical motion field in a diabatically forced mesoscale
circulation are investigated. We use a "buoyancy wave'" model
based on 1linearized steady state equations governing a
stably stratified sheared airflow with an elevated diabatic
heating source that moves with the mean flow. Friction is
approximated using a momentum sink linear in the velocity.
Both slab axisymmetric and symmetric heating sources are
considered, leading to two and three dimensional
simulations.

A series of model experiments guantify the sensitivity
of the vertical motion field to the heating source, the
thermal stratification, the dissipation rate and wvarious
profiles of the ambient wind. Profiles included are constant
wind shear, parabolic wind profiles, low level jet profiles
and directional shear cases. The results show that certain
model parameters effect the wvertical motion fields by
enhancing the updraft speeds or by changing the structure
(i.e. the tilt of the updraft core). Our major findings are:

1) An increase in the magnitude of the shear increases
the speed of the peak updraft. Furthermore, it also
increases the upwind tilt of the updraft core in the lower
troposphere. On the other hand, an increase in wind shear
decreases the downwind tilt in the secondary updraft in the
upper troposphere.

2) An increase in the static stability (i.e. decrease
in the Brunt-vVaisé&la frequency) causes a significant
increase in the speed of the peak updraft. Also the
circulation becomes more erect.

3) An increase in the magnitude of the dissipation
coefficient, decreases the intensity of the circulation and
also makes the circulation more erect.

4) The magnitude of the maximum vertical velocity
increases when the curvature (i.e. second derivative) of the
ambient wind decreases provided the first derivative remains
positive throughout the heating layer.

5) An increase in the diabatic heating rate, increases
the strength of the vertical motion field.

6) Increasing the depth of the diabatic heating source,
makes the circulation more erect.

7) When the wavenumber of the heating and the Scorer
parameter (which is a function of the static stability, the
ambient wind and the second derivative of the wind) are
similar, the updraft field becomes organized and very
intense.

8) A low level jet with a maximum speed opposite in
direction to the flow aloft contributes to convective
activity due to enhanced buoyancy wavas.

9) The model results are consistent with observations
for the Alberta storm of 3 July 1991.
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1 Introduction

1.1 Storm developrent and wind shear

Upward vertical motion drives a convective storm. The
expansion of the ascending air causes substantial cooling
which often results in condensation of water vapour and the
formation of clouds. The condensation releases latent heat
which provides the energy to strengthen the buoyancy and
storm updraft. Thus, the storm updraft is largely regulated
by positive feedback processes invelving diabatic heating.
There is a need to expand our understanding of atmospheric
conditions that favour the formation of storms.

How does the vertical shear of the ambient wind effect
the organization, size and intensity of a convective storm?
This question has intrigued researchers for the last few
decades. Early observations (e.g. Byers and Braham 1949)
suggested the growth of sizall and moderate size cumuli was
suppressed by shear; in fact clouds were observed to be torn
apart if the shear was too strong. The inhibiting effects
due to the ambient wind shear on small to moderate size
cumuli results from the displacement of the centre of
maximum buoyancy relative to the maximum updraft (Steiner
1973).

The ambient wind shear can not only diminish the
development of convective clouds and their life cycle (e.g.
Pastushkov 1975) but may promote development for large rain-
producing clouds. The large cumuli are enhanced by the
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out of the updraft core, freeing it from the effects of
precipitation drag and evaporative cooling below the clovd
base. Outside the updraft core, the precipitation induced
downdrafts enhance the sub-cloud convergence, producing a
long-lasting circulation (Takeda 1971).

Estimates based on a form of the Bernoulli-equation
suggest that the storm characteristics are regulated by the
interaction of the available potential buoyant energy (APBE)
and the ambient wind shear (e.g. Moncrieff and Green 1972).
Weisman and Xlemp (1982) used a three dimensional cloud
model to investigate how storm intensity depends on the
environmental Bulk Richardson Number, which is a measure ofr
the ratio of the buoyancy and the mean wind sheair. They
found that for a given amount of APBE, weak wind shear
produced short-lived single cells; moderate wind shear
produces secondary cell development (similar to multicell
storms); and strong wind® shear together with low 1level
veering produces an intense long lasting storm.

There is evidence that not only the gross shear between
the surface and 50 kPa level is important, but also the
detail of the profile. Numerical simulation have indicated
that the storm structure dépends lafgely on the amount of
shear in the lowest 3 km and much less on the shear aloft
(Wilhelmson and Klemp 1978). Others have found that a
reversal of the shear can strongly affect the circulation
pattern (Takeda 1971, Reuter and Yau 1987). Veering combined
with strong wind shear produces a dquasi-steady rotating
updraft, characteristics for the so-called supercell storm
(Wilhelmson and Klemp 1981). These findings from numerical
cloud models agree well with typical hodographs for single
cell, multicell and supercell storm observed during the
Alberta Hail Studies project (Chrisholm and English 1973).



Although observed wind patterns seldom fit the
idealized uni-directional structure, there is considerable
theoretical interest in the uni-directional sheared storm
environment. Uni-directional shear produces a highly
asymmetric organization. The upwind portion of the storm are
wetter and warmer than their downshear sides (e.g. Reuter
and Yau 1987). Furthermore, downdrafts are typically formed
at the downshear edge. The updraft seem to act as an
obstacle to the wind, forcing the flow around the upshear
portion of the circulation, protecting that region from
entrainment, while the downshear portion experiences
enhanced mixing. It is important that we understand the
effects of the detail of uni-directional shear before
examining the effects of directional shear, since, the
interpretation of results for uni-directional shear is

normally less complex.

Theoretical studies are clearly needed to help interpret
the vast amounts of new data that will become available in
the next decade. The ongoing revolution in the methods of
collecting and managing atmospheric data will result in
observations at a better temporal and spatial resolution.
Instruments such as Doppler radar and wind profilers provide
measurements of wind direction and speed at intervals of
about twenty minutes. As this network becomes denser, the
problem of using this data more effectively becomes
increasingly important. Estimated temperature and moisture
fields are becoming available on a finer grid due to better
utilization of satellite data.

A numerical modelling studies simulating the
interaction between the wind, diabatic heating and
atmospheric stability to show that there exist combinations
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of these parameters which provides an environment where
storm development 1is enhanced. The wind profiles are
examined in terms of the effects of the first and second

derivative of the wind profile and low level jet streams on
the circulation pattern.

1.2 Approach

To investigate how the vertical motion field is
enhanced by atmospheric conditions there are essentially two
different approaches: observation and numerical modelling.
Since it is extremely difficult to measure directly the
vertical motion field, we have adopted the numerical
approach. The major advantage of this approach is that it
allows us to examine the relative contribution of individual
parameters on the enhancement of the circulation.

Uccellini et al (1987) used a detailed numerical model
(Kaplan et al 1982) that simulated realistically a mesoscale
circulation driven by diabatic heating. They concluded that
there was a synergistic interaction between dynamic
processes ass<-:iated with Jjet streams. However, it was
impossible to identify the exact mechanism that led to the
intense interaction between 1low level and upper level
processes. This suggests that a simpler model may facilitate
the identification of the mechanisms that yield an enhanced
circulation. A simple formulation of a diabatically driven
circulation in a sheared environment is based on a steady-
state linearized model using a wave-type solution. We wiil
first discuss some of the concepts and studies associated
with the buoyancy wave solution.

Buoyancy waves or gravity waves are defined to exist in
a stably stratified atmosphere such that a fluid parcel
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displaced vertically will undergo buoyancy oscillations
(Gossard and Hooke 1975). The study of waves internal to the
atmosphere was stimulated by the wave like appearance of
clouds in the atmosphere. This has been verified by
satellite images and pictures taken from aircraft. Recent
observations by doppler radar indicated that the amplitude
of the gravity waves is typically a factor of two larger in
cloudy skies than clear skies (Nastrum et al 1990).
Additionally, they reported an increase in gravity wave
activity in association with low stability in the lower
troposphere and with jet streams. These findings indicate
that gravity or buoyancy wave activity increases
substantially in the presence of clouds (latent heat
release), in the presence of an upper level 3jet and in
association with atmospheric stability. Since these are
often the condition under which significant convection
occurs it would be reasonable to assume that the interaction
between these fields is linked by buoyancy waves.

Buovancy wave solutions to the equations of motion have
been used to model the effects of wind profiles and diabatic
heating on vertical velocities. Raymond (1986) used a model
based on the buoyancy wave solution, to show that the low
level jet appears to be the result of the horizontal wind
exhibiting the same modulation in the vertical as the
vertical wind. Lin and Li (1988) reported model results that
explained the typical V-shaped cloud top structure of
thunderstorms in terms of gravity wave phenomena. However,
their choice of motion of the diabatic heating makes their
conclusion difficult to interpret in terms of known
atmospheric conditions. Robichaud and Lin (1989) summarized
the results of many of these simple models of diabatically
forced mesoscale circulations. In addition to the study of
diabatically forced circulation a similar solution has been
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used by many authors over the years to discussed the effects

of mountain waves (e.g. Scorer 1949, Crapper 1959, Smith
1980, Durran and Klemp 1983).

Atmospheric interactions are very complex and
contributions from a variety of sources combine to give the
complete solution. In this thesis we will examine only the
contribution of the horizontal wind, moisture and static

stability to the 1linear buoyancy wave solution of the
vertical motion field.

1.3 Organigzation of Thesis

In chapter 2 we describe a steady-state linearized
model of a diabatically forced flow in a stably stratified
atmosphere. The basic assumptions are discussed to
understand the limitations of the model. A numerical method
based on a Fast Fourier Transform and a finite differencing
scheme in the vertical 1is introduced. Details of the
mathematical treatment and computer model code are given in
the appendixes.

The significance of the various model parameters such
as the magnitude of the heating term, ambient wind speed and
static stability are discussed in chapter 3. We stress the
importance of the Scorer parameter. (Scorer 1949) that
describes the combined effect of the wind shear and static
stability in a inearized flow.

In chapter 4 we report on a series of slab-symmetric
sensitivity experiments to isolate the effects of various
model parameters on the structure and intensity of the
vertical motion field. The parameters for which sensitivity
is tested include the static stability, shear of the ambient
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wind, the amount of momentum dissipation and the pattern of
diabatic heating.

Chapter 5 deals with the effects of the ambient wind
including wind profiles with a constant first derivative and
a constant second derivative, as well as low level ijets.
These slab-symmetric simulations were performed with model
parameters chosen to represent realistic conditions under
which 1local storms are possible. For example, the
temperature stratification incorporates the modifying
effects of saturated conditions in the diabatic heating

layer and also a temperature inversion above the tropopause.

Three dimensional structures of diabatically forced
circulations are examined in chapter 6. The effects of the
uni-directional wind shear on a '"bubble 1like" heating
structure are presented. Furthermore, the sensitivity of the
circulation on various amounts of wind blowing perpendicular
to the principal wind shear direction is examined.

Chapter 7 applies the three aimersisnal model to a case
study in central Alberta (July 3, 29%91). By comparing model
results based on the morning and evening scundings, we
estimate the buoyancy wave contribution to the vertical
motion field. The final chapter discusses the conclusions
and areas of further research.



2 Model Formulation and Numerical Method

2.1 Basic assumptions

Our numerical model of +the diabatically forced
circulation is based on the following assumptions:

1. The atmosphere is stably stratified and the flow is
forced by buoyancy due to diabatic heat release.

2. The Boussinesq approximation is valid (i.e. density
fluctuations are ignored except in the gravitational terms
in the vertical equation of motion).

3. The flow is steady-state. This is essentially the
case where the local rate of changes of mean momentum and
heat are small compared with their advective changes.

4. The flow is non-rotating (i.e. the coriolis effect
can be neglected). Essentially this is wvalid when the
horizontal scale of the circulation is about 100 km or less.

5. The basic state wind and density is the horizontally
averaged value over the domain. The perturbation wind and
density compared to their basic state values are assumed
small such that the products of the perturbation terms can
be neglected in the equations of motion (i.e. the linearized
equations give the essential dynamics).

6. Turbulent dissipation of momentum is assumed to be
small compared to the advective changes and can be
approximated with a linear Rayleigh friction formulation.
Likewise, divergence of turbulent heat flux is modelled
using Newtonian coeling with the Prandtl number set to unity
(i.e. the coefficient of Rayleigh heating and Newtonian
cooling are equivalent in magnitude).

These assumption are of course not independent of each
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other. Essentially, the assumptions are valid for a steady
circulation driven by a steady heat source in an environment
with significant wind such that the nonlinear effects can be
neglected. When applying the model to the atmosphere, we

have to keep in mind the 1limiting factors of the model
assumptions.

2.2 Equations of motion

The linear steady-state equations for conservation of
horizontal and vertical momentum, conservation of mass and
the first law of thermodynamics for a perturbation in an
incompressible stratified Boussinesg airflow are given by
(e.g. Lin and Li 1988)

.SB + é?i éﬂl :;g; + Bu =0 (2.1)
U_g_; +V_g_§ +w_g%+ %%Jr Bv= 0 (2.2)
Ug;+v%+%.gi;+g£+ﬁw=o (2.3)
_g; + _g; + _glz’ = 0 (2.4)
v +V%§ -wp%f + Bo = -bg (2.5)

The symbols are as follows: U=U(2) and V=V (z) denote the
basic state wind components in the x and y direction,
respectively, u, Vv, w are the time mean perturbation
velocities in the x, y, and 2z direction; P denotes the
perturbation pressure; B is the dissipation coefficient; o
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and @ are the basic state density and the perturbation
density; g is the acceleration due to gravity; N? = N(z) is
the Brunt-Vaisdla frequency; T is temperature ; C is the

heat capacity of air at constant pressure; and q is the
heating (or cooling) rate of the diabatic heat source.

The boundary conditions are assumed to be:

1. There is no motion through the bottom and top of the
domain (D) (i.e. w(z=0) = w(z=D) = 0).

2. There is no transport of heat and momentum through
the top and bottom boundaries.

3. Periodic conditions are assumed at the lateral
boundaries.

Combining the governing equations and boundary condition
(Appendix 1) we have a single equation for the vertical
velocity w given by

d

& v .gy2 vew- (9 +v.S
(Uax+vay+B) Viw (Uax Vay+ﬁ)

U dw PV Owy nog2y-_ 9 y2
322 ox gz oy N Ve Wopved (2-8)
where
v 9 . 9 |, & V2= o, &
ox2? 0dy? 0z? ox? QJdy?

Note that in (2.5) [and thus in (2.6)] it is assumed
that the heat source does not move. For the case of a moving
heat source, the basic state wind has to be adjusted by a
Galileian transformation (i.e. we obtain the "effective"
wind by subtracting the speed of the heat source from the
ambient wind). Equation (2.6) is a linear second order
partial differential equation with Dirichlet boundary
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conditions at z = 0 and z = D. It is the Boussinesqg form of
the forced Taylor-Goldstein equation which is commonly used
in meso-scale dynamics (e.g. Cram et al 1992)

2.3 Numerical method

Equation (2.6) can be transformed into Fourier space
using the transformation x-->k and y-->1

2 -k gzzgu gzzZ N2 K2
Y+l + (X -nRw = L g
oz? R R? CTR?

(2.7)

where
K2 = k2+12 R=kU+1V-if

and the double Fourier transform is defined by

ok, 1,2 === (" [~ wix,y, 2) e dxdy

4aw2J)-=

A~ =1 r=r- 1(kx+1y)
gk, 1,z) 47:2[_“ [[axy.2e dxdy

The heating term g(x,y,2) is represented in finite
Fourier space using a Fast Fourier Transformation (FFT). The
horizontal wave numbers in the x-direction are found from

211
Tax

ITax 2

]

[&]

IA
(VI

2

where i is the index number in x-direction, I is the total
index number and ax is the grid interval. Wave numbers are
chosen in this way so that the high wave numbers i greater
than I/2, which have non-zero coefficients because of
aliasing, are treated as small negative wavenumbers - and
the utility of the two sided Fourier transform is retained.
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A similar method is used to arrive at the wave numbers for
the y direction (Smith 1980).

The horizontal and vertical grid lengths are set to
1562.5 meters and 250 meters respectively. The horizontal
domain is then set to 64 X 1562.5 meters (100 km) for both

X and y cocordinates and vertical domain is set to 54 X 250
meters (13 km) .

Noting that w = 0 at 2z = 0 and z = D we can use a
centre-differencing scheme and obtain a tridiagonal matrix
to solve equation (2.7) by substitution (details can be
found in appendix 2).

2.4 Slab Symmetry

Precipitation is often organized in a linear fashion
consisting of bands or arcs (e.g. squall line). The diabatic
heating associated with precipitation bands also exhibits a
linear pattern, where the heating varies much more in the
cross-band direction than in the along-band direction.

Jdeally, one should use a three-dimensional circulation
model so there is no constraints imposed on the flow by the
geometry of the domain. However, because of the computing
constraints of three-dimensional modelling, we often
consider slab symmetry which drastically reduces the
computing requirement. The computing time required to solve
this set of equation on a personal computer in two
dimensions is less than 1% of the time required to solve the
equations in three-dimensions (much of the time in three
dimension evolves from manipulation of large external data
files). Two~dimensional slab symmetric models simulate

conditions in a single vertical plane, assuming that there
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is no variation of quantities in the orthogonal direction.

In three dimensions the results are often difficult to
interpret because of the complexity of the fully three-
dimensional flow, which contains twisting and veering. It is
necessary to ensure that the two dimensional case is
understood fully before moving on to the more complex three
dimensional case. In addition, the computational demands of
a three dimensional model makes it unsuitable for numerous

experiments.

Consider the case of a diabatic heating source stretched
in the y-direction and remaining at constant strength.
Provided the ambient wind is strictly uni-directional in the
x-direction, the circulation pattern would consist of a
circulation that does not vary in the y-direction. For this
situation the model equation (2.6) can be reduced to the x-=z

plane
Pw, _ o?U ow
(U—-+B) azz) B)(a Zax)
. 28w _ g &g (2.8)

Ox? CT ox?2

Some limitaticns of slab-symmetric models are discussed by
Reuter and Yau (1987).

Most of the sensitivity tests reported in this thesis
are based on the slab-symmetric assumption, due to limited
computing resources. Chapter 6 and 7, however, use the fully
three dimensional flow forced by a local "bubble-like"
heating source.
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3 Interpretation of the Analytical Solution and the

Scorer Parameter

3.1 Analytical sclution without dissipation

In this chapter we examine an analytical solution for
a diabatically forced circulation with a simple heating
structure. The reason for investigating this analytical
solution is to have an effective "tool" that will help to
clarify the interpretations of the findings reported in
later chapters cf this thesis.

To obtain a simple analytical solution three basic
assumptions are made:

1) The basic state wind is unidirectional blowing in
the x-direction.

2) Dissipation is neglected (the effects of friction
are discussed in section 3.2).

3) The heating (cooling) pattern has a sinusoidal form
in the x-direction, is uniform in the y-direction and

obtains its peak value at height z = D/2. Specifically we
assume

qglx,z) = Qsin(%z) cos(—}i-x) (3.1)

where L is the width and D is the depth of the heating
(cooling) pattern. For later use, it is convenient to
introduce a wave number K defined by



K2 = . (3.2)

The specific structure of the diabatic forcing term
(3.1) may look stringent, however, this is not the case.
Recall that any continuous function can be approximated with

a finite Fourier series of the form

g(x,z) =IX Q(j'k)sin(%kz) cos(%ix) (3.3)

Furthermore, the model eguation for the vertical motion
field (w) is linear and therefore a solution of (w) is

simply the linear superposition of the harmonic terms

wix,z) = EX W(i'k)sin(%kz) cos(—’z’ix) (3.4)
where W ;, is the response to the heating Qg x,-

Using the three assumptions above, equation (2.6)

governing the vertical motion can be simplified to

OPw | 0w 2 g . s 3
+ + S%w = Osin(=2z)cos (—=x) (3.5)
0x? 0Oz*? CcTU? D L

where S is the Scorer parameter originally introduced by
Scorer (1949):

S? = _U_z - CZIZ (3.6)

Having dimensions of {length™}, (S) depends on the static
stability, the ambient wind speed (U) and the curvature of
the basic state wind (U,,). When (U) varies with height, (S)
also varies with height even when (N) remains constant. It
should be mentioned that (S) enters prominently in studies
of mountain waves produced by topographic barriers (e.g.
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Scorer 1949; Crapper 1959, Durran and Klemp 1983).

The analytical solution of (3.3) (subject to the
boundary conditions w=0 at x= -L/2 x= L/2 and at 2z=0,D) is
given by

= 3 x x
w Wsln(‘Dz)cos(.Lx) (3.7)

where W is the peak updraft speed given by

w=—9 2]
CTU? 52-K2

(3.8)

The understanding of the analytical solution amounts to
interpreting (3.8) which relates the peak updraft (W) to the
peak heating rate (Q), the wind profile (U,U,,) and the
cemperature stratification (N) (as combined in the Scorer
parameter) and the spatial dimensions of the heating pattern
characterized by (X).

Before interpreting (3.8) a few comments are needed.
Recall that we have a steady-state circulation driven by
diabatic heating. We implicitly assume that the positive
heating is correlated with ascending air motion, to be
consistent with diabatic heating due to condensation caused
by updrafts. This implies that a positive Q value should
yield a positive W value. Thus a steady state circulation is

only possible, within the assumptions of the analytical
solution, if

This provides an important constraint on the mesoscale

circulation. Essentially, the steady-state assumption
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requires that there must be a perfect balance between the
heating rate (due to the diabatic forcing) and the cooling
due to the ascending air and due to differential temperature
advection. This idea is best discussed by considered some
special cases.

a) Special case where U = 0

For a vaniishing ambient wind

=_9g
W=
CcT

%o

(3.9)

The steady-state circulation requires that the diabatic heating be
balanced by the adiabatic cooling associated with ascending motion. The
upward vertical velocity depends numerically on the amount of
stratification. A neutral stratification would cause extremely large
updraft speeds (W approaches infinity as N approaches zero). A steady
circulation nnot occur for a unstable stratification, since N < O
would result .n descending motion which contradicts our assumption of
diabatic heating due to ascending saturated air.

b) Special case where N = O

For neutral stratification,

W=__$L_Q[__.UZZ+K2]-1 (3.10)
CT 2 U

A steady-state circulation can only occur for the case where

Ug.
22 +K?2 < 0
U

For U,, > 0 and U > 0 a proporticn of the diabatic heating is removed by
the differential horizontal advection of heat at various levels. For U,
< 0, U,, < -UK? and U > O the proportion of diabatic heating removed by
differential horizontal advection is signiticantly reduced. It should
be noted that U_, > 0 implies shear in the upper level is greater than
shear in the low levels, whereas, U,, < O implies low level shear is

greater than upper level shear.
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The relationship between (W) and (Q) in (3.8) is
simple. Provided that all other parameters remain constant
the peak updraft (W) is directly proportional to the pea:
heating rate (Q). This linear relationship is consistent
with the well-known fact that the rate of diabatic heating
(i.e. rate of condensation) is proportional to the upward
motion of saturated air (e.g. Rogers 1979; pp 41).

The sensitivity of (W) to (U) is best illustrated by
taking the partial derivative of equation (3.8) with respect
to (U) (while keeping U,,, N, K, and Q constant). This gives

2 L 2uk+y,
aw _ CT U“[ = (3.11)

au [-K2+52]2

As mentioned before, a steady-state circulation requires S?

> K?. We note that for an ambient wind given by
U,
U= ———z= (3.12)
2K?

the updraft speed has a local minimum given by

2

W= _ST_Q[_U£+N2]-1 (3.13)
CT™ " 4K?

As the magnitude of (U) 1increases or decrease from this
value (3.12) the magnitude of (W) also increases and
approaches infinity as S? approaches K°? or in terms of (U)

2
U—-s | N2, 12Uz U (3.14)

K? 4 K¢ 2K*?

This implies for a given heating pattern, Brunt-vVaisala
frequency and constant shear amount, there exists an ambient

wind speed that would result in an extreme value or (W).
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Thus, there is a critical combination of parameters that can
cause extreme amplification, in agreement with results
reported by Robichaud and Lin (1989).

3.2 Analytical solution with dissipation

We will briefly examine the medifying effects of our
results if we allow for Rayleigh Friction and Newtonian

Cooling. The governing equation of the vertical motion field
is

o w Pw U ow,
(U—-+ )2 ( ) )( ——v
b ox 822 +P z ox
F 2 &v . g &g (3.15)
ox? CT 9x?2
For the heating pattern (3.1), the solution becomes
. T T
w = Wsin(-—=z)cos{(—=x 3.16
S (Dz) (L ) ( )
where W is the peak updraft speed given by
-z
w= cr ©
2 _1\'.2_11:2 _._U_z_z _I\_I_z_ _ 27 ZﬂL Uzz
Uzl <z o2 U+U2] [BU(——+ D2 = )tan(Z x)] + [B2(1+——-)]
1 2 3

The first term in the denominator is clearly the same
as for the case without dissipation. The third term reduces
the updraft speed based simply on the amount of dissipation
and the aspect ratio of the heating pattern. The second term
in the denominator shows that (assuming the heating is a
maximum at x=0) near the upwind boundary (-L/2) the vertical
velocity will tend to be a weak updraft, whereas, at the
downwind boundary (L/2) a weak downdraft exists. The
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magnitude of the dissipation decreases to zero at the centre

(x = 0). Thus at the centre of the grid the vertical

velocity is independent of the dissipation term. The

combined effect of the dissipation terms is to reduce the
intensity of the circulation. The effects of dissipation
will be examined in future chapters.
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4 Model Parameters and Sensitivity

4.1 Control case

Before investigating the sensitivity of the numerically
calculated circulation to various parameters, it is useful
to first examine a particular case, referred to as the
control case. In this section the values of model inputs
will be motivated and the outputs from the model discussed.

Motivation for Choice of Input Parameters

Previous studies (e.g. Lin and Li 1988) assumed that
the elevated diabatic heating is stationary and does not
move with the ambient flow. Raymond (1986), however, pointed
out the importance of including the motion of the diabatic
heat source and suggested an indirect method of including
this motion into a numerical model. His results show that
the diabatic heating term has to move with the wind, unless
the heating is from a fixed surface source. Since, diabatic
heating is released during cloud formation, the motion of
the heat source should closely follow the motion of
convective clouds.

Prediction of cloud motion is not without problems. For
example, Bluestein and Jain (1985) found that the cloud
motion vector usually has a direction similar to the ambient
wind at 6 km, whereas, its speed usually is close to that of
the wind observed at about 3 km. A reasonable choice, which
we have adopted for the control case, is that the diabatic
heat source moves with the ambient wind at the base of the
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heating layer. Thus the effective basic state wind U, is
given by

U,=U-U,

where U; is the speed of the heat source. This approach is
cornsistent with the notion that the vertical velocity field

ie independent of the horizontal wind speed for a flow
without shear.

Note: Setting the effective basic state wind to zero at the
base of the heat source has implications on interpreting the
finding of Lin and Li (1988) and Lin and Chun (1991).

The basic state horizontal . '

o
wind for the control case (Fig //
4.1.1) has a constant shear of

- — - =
2.5 m s'km?! and a surface wind =

speed of 2.4 m s™i. =

In this study the heating - 5 \ .

g 15 3s s 7
. HIND SPEED M/S
comes from a slab symmetric Fig 4.1.1 Control case basic

source at an elevated height to State wind

represent the heating associated

with condensation in a convective storm. Assuming that the
horizontal and vertical structure are independent of each
other the diabatic heating rate can be written as

g=0,F(z) G(x)

where Q, is the maximum heating rate and F and G give the
vertical and horizontal structures.

For the control case the horizontal structure is
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B?

Ly2, p2
X~=)“+B
(3x-=3)

Snx

G(x) = Sln(_ff

Essentially, this structure is a bell shaped curve with half
width B which is similar to the structure assumed by Lin and
Li (1988) and Robichaud and Lin (1991). However, a
sinusoidal. wave pattern modifies the bell shaped curve,
mainly by changing the sign of the heating term. This
formulation allows for diabatic cooling typically found at
cloud edges due to evaporation of cloud droplets.

The diabatic heating rate associated with a convective
cloud typically becomes a maximum half way through the depth
of the heated layer (e.g. Yanai et al 1973). To approximate
this vertical structure we assume

F(z)=.10cos[(0.54w%)n] 0<z<h
= [ . Z_h
F(z) cosfi (1 5+ H<h)n] h<z<H
-H
F =. .5+2 <
(2) 05cos [ (2 54-T_H)n] H<z<T
F(z) = 0.0 T<z<D

where h is the base of the heating source, H is the top of
the heating source, T is the tropopause height and D is the
depth of the model atmosphere. Note that there is cooling
beneath the cloud base that corresponds to evaporation of
rain falling from cloud base.

For the control case we will set the half width of the
heating term B = 5 km, the base of the heating rate at h =



2 Xm, the +top of the

] o _BEFFITRGSNY
heating rate at H = 8 km : i
and the tropopause at T = : :
12 km. The structure of the £ % 7% 777077
— ' H
heating rate for the : :
™ o ' :
control case with Q, = 0.15 ' :
J kg?! s?! is shown in Fig '"""::' """ e
D xtnal) 2o LY
4.1.2. It can be shown that o5
a heating rate of 0.15 J X
kgl st corresponds to a
. s . Figure 4.1.2 Heating rate for
precipitation rate of the control case. Contour
maximum set to .15 J kg ls7i.
(Holton 1979; p. 327 for
details).

For the control case the vertical structure of the
dissipation coefficient (8) is assumed to be

B(z) =Py l1+ (4*sin(-j;g%—8—g—z1t))]2 0<z<1km
B(z) = Be 1<z<11lkm
B(z) =P, [1+4x*(sin( T xZE21000,,4, 11 km<z<D

0

2 D-11000

which is similar to that used by Lin and Li (1988). This
formulation allows for enhanced dissipation in the lower
boundary layer and at the top of the model atmosphere. For
the control case the amplitude of the coefficient of
Rayleigh heating and Newtonian cooling (B8,) is chosen to be
10" s™* following Lin and Li (1988).

A typical lapse rate of potential temperature is 3.7 K
km' (Fig 4.1.3). This corresponds to a value of N = 0.011
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s’!, which will be used in our N ! 1 :
control case. Lin and Li (1988) /%”
and Robichaud and Lin (1991)

used a constant Brunt-vaisala

(KN}

frequency of N = .01 s! to model = =7 -
the static stability of the
atmosphere. 300 325 350 375

POTENTIAL TEMPERATURE 9 (1K)

Fig 4.1.3 Control case
potential temperature profile.

Results of Control Case

The vertical motion field

o

for the control case is shown in
Fig 4.1.4. The updraft is a
maximum near the heating centre
(x = 50 km and z = 5km). The
tilt of the updraft core leans

7 1KM)
.-"": tResntuseas
4
.fr_'_'.‘.".'.\,........-.g .

toward the upwind side; this is 25 s0 75 100

X KM
in agreement with Emmanuel’s pijg 4.1.4 Control case

. . vertical motion field. Contour
(1986) findings. Downdrafts are interval 1 cm s-l.Solid lines

found to the sides of the ggdw;'gf:;ts'and dashed lines
updraft core with the downwind

branch being stronger, which is consistent with downdraft
observations in convective storms. The peak downdraft speed
of (4.4 cm s™') is almost 80% of the peak updraft speed (5.2
cm s™!') (refer to table 4.1). The main circulation due to the
heating is extended into the upper third of the atmosphere
by a downdraft above the core updraft. This upper level
feature is forced primarily by conservation of mass and
momentum of the air disturbed by the diabatically forced
circulation beneath.
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4.2 Model sensitivity

The purpose of this section is to gain an understanding
of the structure and the strength of the vertical motion
field and how sensitive it is to various parameters. Table
4.1 on the next page summarizes the model inputs and output

for the sensitivity tests to follow. Case 1 is the control
case.

The average kinetic energy of the vertical motion field
is defined by

= _P ¥ 2
KE, = 553 3 W
where M denotes the total number of grid points. This gives

a single parameter that quantifies the gross intensity of
the circulation.

Model sensitivity to characteristics of the heating source

The sensitivity to the heating is shown in Fig 4.2.1.
The amount of heating does not affect the structure of the
circulation, but does affect the strength of the perturbed
flow. Doubling the heating rate results in doubling the
speed of the vertical motion. This proportionality of
updraft and heating rate is consistent with our findings
based on the analytical solution in chapter 3.

Changing the depth of the heating, has little impact on
the peak updraft speed and the average Xinetic energy
associated (Table 4.1; cases 1, 4, 5, 6), but it does effect

the downdraft speed. For example, an increase of depth of



Input output
Case N B Q, B-h U, u, Ref XE, ] W Woin
Fig
1 .011 10 .15 6000 7.4 2.5 " 1.1 41 5.8 -4.3
2 .011 10 .075 6000 7.4 z.s_IL 2.1b 10 2.9 -2.1
3 .011 10 .30 6000 7.4 2.5 2.1d 165 11.6 ~8.6
It & .011 10 .15 5000 7.4 2.5 2.2b 38 5.4 -4.5
5 .011 10 .15 7000 7.4 2.5 2.24d 40 5.9 ~3.3
6 .011 10 .15 8000 7.4 2.5 2.2f 40 5.6 -2.3
7 .011 10 .15 6000 0.0 2.5 2.3a 109 5.3 ~5.8
8 .011 10 .15 6000 3.7 2.5 2.3b 68 6.0 ~5.1
9 .011 10 .15 6000 14.8 2.5 2.3c 21 4.4 ~1.7
10 .011 100 .15 6000 7.4 2.5 2.4a 19 4.2 ~1.6
11 .011 50 .15 6000 7.4 2.5 2.4b 26 5.8 -2.6 |
12 .011 5 .15 6000 7.4 2.5 2.4¢c 50 1] 6.1 ~5.2
13 .011 1 .15 6000 7.4 2.5 “ 2.4d 9% 6.8 -7.8
14 .0094 10 .15 6000 7.4 2.5 “ 2.5a 90 7.7 ~5.7
15 .0124 10 .15 6000 7.4 2.5 ‘F Sb 20 4.4 ~-2.8
16 .011 10 .15 6000 5.9 1.5 2.6b 21 4.9 ~1.8
17 .011 10 .15 6000 9.2 3.5 “ 2.6d ) 53 4.4 -3.7

W, = cm's

min™




28

o b > :z 3 | I3
= : H < : k P of
] ' [ H h .
] . 1] 1 . .
! : | t f ]
1 . 1] . o 1 Ky
—_ : H ' H l HE
e S Sl e Rt bl Riiih el (ALl = o
> i : H : = i
A0 | . = ;
~ . ' H H r~ .
- ; ' : = - : G
. i < . a~
--—----:- ------ }.----—_{, ------ Loceon= ; " oo
. : o < : . 3
.- 2l L O - o~ 2} 0
L |
25 50 75 100 100
X (km)
c a
I 1 L
Wl srccczes e s s T
: : i : i<
i i ; .
- : : : - Do
- N Y N HEA = st
s : Y — i
=r — : 1' é - tl-—
e ... # IO L S L - I TF it (o R s P
H i | (=) «
Ceceelon . P :
J
7s 100 100
v Figure ©402.1- . . Magnitude of the diabatic heating rate and

i corresponding vertical motion fields. Maximum diabatic heating in
(a) (case 2) is 1075 J kg™is™} and .30 J kg ls™! for (c) (case 3).
Contour interval ‘for heating rate 0.2 J kg'!'s™! to a maximum of .15

T kgis- Contour: interval for vertical wvelocity 1 cm s™! to a
- : - T e A . . . .

the heating layer by 1 km results in a decrease of the peak
downdraft of 20-25% while little change in the updraft is

noted. However, the downwind tilt of the updrafts above 8 km
becomes substantially less as the depth of the heating is
increased (figy 4.2.2). This is likely forced by conservation

of mass and momentum of the air disturked directly below by
the diabatic heating.
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Sensitivity tests (not shown) revealed that expanding
the width of the heating source does not <change
significantly the peak magnitudes of updrafts and
downdrafts, however, it widens the horizontal area
associated with upward motion. In addition, we investigated
the sensitivity of the circulation on the amount of diabatic
cooling surrounding the heating source. While the downcdrafts
became stronger with an increase in cooling, the updraft
core remained unaffected.

Model sensitivity to the speed of the diabatic heat source

We now report on the sensitivity of the vertical motion
field to the speed of the diabatic heat source. The upper-
level air motion (above 8 km) is substantially changed as
the speed of the heat source varies (Fig 4.2.3, Table 4.1).
Fcr example, with a stationary heat source the vertical
motion field becomes very strong. Clearly, the motion of the
diabatic heating rate is an important parameter to take into

account when comparing model results to observed atmospheric
conditions.
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Fig 4.2.3 Vertical velocity field as the speed of the heat

source is changed from O m s™! in (a) (case 7) to 3.7 m s”! in (b)
(case 8) to 14.7 m s! in (c) (case 9). : :

Model sencsitivity to the dissipation coefficient

The e.fects of the dissipation coefficient are examined
by changing the value of B, while keeping the other

parameters constant.
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Fig 4.2.4 Comparison of vertical velocity field using different
values for the coefficient of Rayleigh friction and Newtonian
cooling. For reference to table 4.1 (a) is case 10, (b) is case
11, (c) is case 12 and (d) is case 13.

Table 4.1 (cases 1, 10, 11, 12 and 13)show that a
decrease in the dissipation coefficient causes an increase
of the updraft speed. In addition, the vertical motion field
is enhanced significantly above 8 km and the upwind tilt
below 8 Kkm becomes more pronounced (Fig 4.2.4). This
indicates that part of the mechanism involved in producing
the upwind tilt is associated with this friction. Increasing
the dissipation parameter B causes increased smoothing of
the vertical motion field. Increasing 8= 10° s™! to 8= 1073
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s”! decreases the value of the peak updraft by close to 40%.

Mcdel sensitivicy to the Brunt-Vaisila frequency

The degree of static stability of the atmosphwsre is
given in this model by the Brunt-Vaisala frequency (N). Fig

4.2.5 shows the vertical motion fields for N =
N =

.0094 s™! and
.0124 s™! corresponding to potential temperature lapse
rates of 2.7 K km?' and 4.7 K km?

respectiv2ly. This
compares, for the control case of N = .011 s™!, to a lapse
rate of 3.7 K km™.
a b
1 ! Lo, 1
=T T TR A Toar
A P S
- o - H & 1 : L — & -0‘: '-.__
x i T - S had N = =2.
= P T, ;. < { .
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Figure 4.2.5 Vertical motion' fields for N =..0094:s 1. (aior

case 14) and N = .0124 s’! (b or .case 15). Contour ‘interval’ for
vertical velocity 1 cm s™. L - o B

For weak static stability, the vertical velocity field

is strong, whereas, for strong static stability the vertical

velocity field is weak. The upwind tilt of the vertical

velocity field is also enhanced for strong static stability.
Cases 14 and 15 show a pronounced effect of static stability
on the vertical motion field. An increase of static
stability of approximately 25% gives a decrease of 89% of
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the KE, and approximately 50% decrease in the peak drafts.

In the atmosphere the stability can vary quite
substantially from one layer to the next. In order to
compare atmospheric results to model results it will be
necessary to ensure that a realistic vertical variation in
static stability is included in the model.

Model sensitivity to the vertical shear of the horizontal
wind

We now examine the effects of the magnitude of the
vertical shear on the horizontal wind. Fig 4.2.6 compares a
low shear case (1.5 m s™! km™!) with a high shear case (3.5
m s™! km™') . The enhanced shear produces a very deep upright
circulation extending up to 12 km.

a b
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'Figure 4.2.6 Vertical motion fields associated with a constant
shear of 1.5 m s™! km™! (a or case 16) and a constant shear of 3.5
m s km™! (b or case 17). Contour interval for vertical velocity

l'cm s to a maximum of 10 cm s~ !.

Although the differences in the vertical motion field
presented in Fig 4.2.6 are obvious, the relationship between
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the wind shear U, and the maximum and minimum vertical
velocity is not. An increase in shear from 1.5 to 2.5 m s™!
km! (control case) results in the peak updraft increasing
by 16%, the peak downdraft increasing by 59% and the kinetic
energy increasing by 50% (Table 4.1). Whereas, when the wind
shear increases from 2.5 to 3.5 m s™! km! the peak updraft
decreases by 24% and the peak downdraft decreases by 14% but
the kinetic energy increases by 30%. This implies that the
vertical velocity does not necessarily increase as the

magnitude of the wind shear increases.

We should point out that the numerical results, for the
high wind shear case (case 17), may have been affected by
reflection at the top boundary of the domain which forces a
w = 0. For a deeper domain the updraft strength may have
been more intense at upper levels. Of course, in nature the
atmospheric stratification exhibits a tropopause with a
temperature inversion which tends to put a "1id" on the
circulation. In the next chapter, we will include a more
realistic profile cf static stability that will result in a
natural dampening of the vertical motion in the
stratosphere. The effect of changing the wind shear will be
examined carefully for the more realistic stratification.

4.3 Discussion

So far we have changed only one model parameter while
keeping the others constant. Of course, in nature several
parameters can change simultaneously and it is interesting
to estimate the combined effect of the variation of several
model parameters.

It is known that in atmospheric dynamics the total
effect of changing a few atmospheric conditions can exceed
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the sum of the individual contributions (Uccellini et al
1987) . This so-called synergistic enhancement process occurs
through non-linear effects of the various processes. Our

linear model cannot copy such a synergistic interaction.

However, our results suggest that similar circulations
can be obtained by changing either the Brunt-Vaisala
frequency (N), the vertical shear or a linear combination of
the two (Fig 4.2.5 and Fig 4.2.6). Likewise, a decrease in
N has a similar effect on the vertical motion field as an

increase in the depth of the heating rate (Fig 4.2.2 and Fig
4.2.5).

Combining the results of the sensitivity experiments we
find that very intense updraft speeds will arise if we have
the following conditions; moderate wind shear, very weak
static stability, very small dissipation coefficient and a
deep intense heat source. This "optimal" combination of
parameters is consistent with our parameter analysis
discussed in chapter 3 and also with the finding of previous

studies (e.g. Weisman and Klemp 1982; Wilhelmson and Klemp
1981; Takeda 1971)
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5 Changes in the Vertical Motion Fields due to Wind
Shear

In this chapter we investigate how the vertical motion
field responds to various profiles of the ambient wind for
a stably stratified flow with embedded diabatic heating
associated with cloud condensation.

5.1 Vertical stratification of static stability

Throughout this chapter, we ; : .

assume that the basic state
thermal stratification is
specified by the potential
temperature profile depicted in = =
/

. > T .
four separate layers: 300 325 350 375

e
Fig 5.1.1 Potential temperature profile

M)

z

Fig 5.1.1. The sounding exhibits

(i) A "subcloud" layer: from
0-2 km - weakly stable (1.5 K
km™1)y .

(ii) A “cloudy" layer: from . -8 km - moderately stable
layer which will include the diabatic heating associated
with convective clouds (4.5 K km™!)

(iii) A nupper tropospheric layer: from 8-12 Xkm -
moderately stable layer (3.5 K km™!)

(iv) A stratospheric layer: from 12-13 km - very stable
(15 K km™)

In the layer (i), (iii), and (iv) the associated Brunt-
Vaisala frequency is computed using
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g

N

resulting in N = 0.007 s'; 0.010 s! and 0.022 sg!
respectively. However, in the cloudy layer (2-8 km) the so-
call saturated (or moist) Brunt-vaisala frequency N, is
used. The release of latent heat by condensation partially
compensates for the cooling produced by adiabatic expansion,
so the density difference between the parcel and the
surrounding air is less. Hence, the buoyancy restoring force
is decreased. Without allowing for the compensation in the
reduced buoyancy restoring-force, the oscillation frequency
would be too large. Durran and Klemp (1982) compared
expressions used to estimate the moist frequency N, for
various temperature regimes. Based on linear regression of
their data, we have estimated N, as a function of
temperature and Ng.

Nﬁ=N§_((JE%%§§L)X104) for T>-35°C hszsH

Note: Due to the model assumption of a stably stratified

atmosphere the static stability is assumed to be never less
than zero.

5.2 Constant Shear of the ambient wind

To investigate the effects of the amount of shear of
the ambient wind on the upward motion, four experiments were
made differing only in the amount of constant shear. Fig
5.2.1 shows the chosen wind profiles and the associated
vertical motion fields. In all four cases, the surface wind
was 2.4 m s! and the wind speed above z = 12 km is reduced

to simulate the conditicn normally found at the tropopause.
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The results indicate that the vertical motion field is
very sensitive to the amount of constant shear. For the weak
shear case (a), the area of upward motion almost coincides
with the area of diabatic heating (see Fig 4.1.2). As the
shear is increased, the updraft region becomes progressively
deeper and a secondary local maximum of upward motion
develops at about z = 9 km on the downwind flank. For the
extreme wind shear case, with the wind speed being 55 m s
near the tropopause, the 1low-level and |upper-level
circulation cells merge into a single deep ce&ll which is
almost upright.

Table 5.2.1 Comparison of the vertical motion field associated with
various constant wind shear profiles.

Units for Inputs and outputs as given in table 4.1.

Output Input
Fig 5.2.1 Woax Waoin KEy Ug v,
b -1.1 36 4.8 .
a 8.0 -4.4 68 7.7 2.
£ 9.7 -6.2 134 9.3
h 9.7 ~7.0 255 10.6 4.4
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The magnitude of the peak updraft and downdraft speed
(Woax and wg,) and the kinetic energy (KE,) are compared in
Table 5.2.1. As the shear increases, the KE, increases
dramatically. Also the peak updraft speed becomes more
intense with increasing ambient wind shears, except for the
extreme case where the tropopause seems to put a 1id on the
development of the peak updraft. Peak downdrafts speeds are
roughly 2/3 of the upward counterparts. The dominant
downdraft occurs on the downwind side of the core updraft,
consistent with observations of convective clouds (e.qg.
Reuter and Yau 1987). The depicted updraft fields show that
with increasing shear the location of the maximum updraft
speed moves higher up.

5.3 Second derivative of the ambient wind

Having examined the effects of the gross amount of the
ambient wind shear, we now shift ocur attention to the detail
of the wind profile. Specifically, we consider a parabolic
profile of the ambient wind:

U(z) =u(0) + LD U 2h gy, (2- 22
T T T2
where T is the tropopause height and V; is the deviation
from a straight line at height T/2. Fig 5.3.1 shows the
results for the four cases V; =-5, 0, 5, and 10 m s with T
= 12 km and U(0) = 2.4 m ! and U(T) = 35 m s’!. The
corresponding second derivatives of the wind are .28, 0, -
.28 and ~-.57 m s! km?. Clearly, the amount of curvature
(i.e. second derivative) in the wind effects the strength of
the vertical motion field. The larger the value of V4, the
more intense is the interaction between the upper and lower

cells. Table 5.2 compares the w,.., W,, and the KE, values of
the vertical motion field.
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Table 5.3 Comparison of the vertical motion fields associated with
various constant second derivatives of the horizomntal wind

Units of inputs and outputs as given in table 4.1. Departure from
straight line wind {constant shear) V4 at 6000 m in m s -

Output Input
Fig Winax Woin KEy Uq Vg
5.3.1
b 8.0 ~-4.0 62 5.2 ~5.0
d 8.0 -4.4 68 7.7 0.0
£ 9.4 ~-4.9 88 10.1 +5.0
h 10.8 -9.5 204 12.7 +10.0

Doupling the value of V4 from 5 to 10 m s}, results in
an increase of KE, by 131 %, a consequence of the
strengthening of the circulation in upper levels. The peak
updraft speed remains the same at 8 cm s™! for both V4 = 0
and -5 m s°!. This result suggests that strong low-level
shear is more favourable for updraft enhancement than

stronger upper level shear.

Note that for the parabolic wind profile extending from
ground to the tropopause, the speed at which the heating

source moves varies from U, = 5.2 m s™! for V, = -5 m s™* to
U, = 12.1 m s for V4 = 10 m s™'. As U, regulates the
effective wind speed (i.e. U, = U(2) - U,) which determines

the horizontal advection, it is difficult to isolate
unambiguously the effect of the second derivative of the
ambient wind from the effects of a changed U,. To clarify
this issue, we have made another series of experiments for
which the wind profile varies only in the layer where the
diabatic heating occurs. The profile exhibits a constant
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shear above and below the heating layer and has a parabolic
profile from 2 = 2 km to z = 8 km ( Fig 5.3.2). The maximum
deviation in speed from the constant shear occurs at z = t

km and this deviation in wind speed is indicated with V,".

The vertical motion fields indicate that when the shear
increases with heicht (Q%U/dz? > 0) the circulation consists
mainly cf a > udzrately strong updraft roughly co-located
with the hez*ing source and a secondary weak updraft in
upper-levels. % similar structure is found for the constant
shear case (A°U/dz? = 0). On the other hand, when the shear
decreases "ith height (32U/dz? < 0) the two cells unite into

a single deep cell. Fig 5.3.2 suggests that the deviation Vv,

= 5 m s ! causes a stronger circulation then for the case
where the V" = 10 m s™*. Comparing carefully the profiles
with vy = 5 and 10 m s™! reveals a major difference. For V,"
=5 ms™!

, the ambient wind increases with height throughout
the heated layer, whereas, for V" = 10 m s ' the ambient
wind first increases but higher up decreases again. After
numerous experiments with severai different parakolic wind
profiles we found consistently that increasing the convex
bulge of the wind profile enhances the vertical motion field
until the bulge leads to a negative shear (du/dz < 0). In
other words the strongest vertical motion field occurs when
the upper level winds are sufficiently strong such that the
wind speed increases everywhere through the heated layer.
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Fig 5.3.3 shows how the ) . | J
i i be = - O MeX VELOCT - -
Kinetic energy (XE,) and Quix veLoo T
. . . pd TTIC = .
the maximum and minimum rneTic € gﬁftv ‘
@ J \\
. . . Lt A 151 \\] -
vertical velocities {Waax i‘D @_,//* ) © \\
]
and w,;,) depend on V ;. The | & f \\%i
=
> W V] &
peak updraft reacﬁés its ? ~ “+f%
maximum at about Vg = 3 m { X
s™!, whereas, the peak KE, - T T
-5 o) = v
peaks at V" = 5 m s™!. The STRRIGHT LINE JEPARTURE (m.'s)
small increase from V4" = 3
m st to V)" = 5 m s7! leads
to more than doubling in Fig 5.3.3  Intensity of the
vertical motion fields associated
the value of KE,. It should with wvarious second derivatives
. ] of the wind. Maximm zrnd minimum
be mentioned that numerical vertical velou:: = {cm/s) .
. . Minimum velociti . .ce negative
modelling studies and maximum ©ovities are
. . e . positive. The ... .. .¢ energy is
identified that a wind in units «: i - J/km 3.  The
profile given by a tanh departu}‘e o . e raight line of
. the horizont.' w:ad is defined at
functilion is very favourable 5 km.
for severe ST O X TN s i i S ——

development (e.g. Weisman
and Klemp 1982), and a tanh function clearly has a positive
first derivative (i.e. wind increases with height) and a

negative second derivative (i.e. shear decreases with
height).

5.4 Low level jet streams

A jet stream is an intense, narrow, gquasi-horizontal
current of wind that is associated with strong vertical
shears. "Intense" usually means at least 20 m s™' for the
upper portion of the troposphere and 15 m s ! for the lower
portion of the troposphere; whereas "strong" vertical shear

-1

is at least 5-10 m s™' km'! (Bluestein 1986).
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Low level jets often contribute to the development of
Meso-scale Cloud Complexes (MCCs). MCCs are 1long lived
convective weather systems that produce widespread rainfall
over continental mid-latitude areas during the spring and
summer seasons (Maddox 1980). MCCs usually organize during
the evening and reach maximum size around local midnight;
about the time that the nocturnal low-level Jjet stream
reaches maximum strength and is located nearest the surface
(Hoxit 1975). MCCs tend to weaken during the morning hours
when the low level jet is weakening as well.

The presence of a strong low level jet can support a
meso~-scale updraft in several ways:

i) The vertica! 1ear associated with the jet produces
differential advection of heat and moisture to destabilize
the lower portion of the troposphere.

ii) The Jjet 1is associated with strong 1low level
convergence zones.

iii) The jet often concentrates cyclonic vorticity in

low levels.

iv) The jet can support and enhance gravity waves.

In this two dimensional study we are unable to
investigate (ii, 1i1ii) and so we focus on the gravity-wave
enhancement process. Numerical experiments were made with
various low-level jet wind profiles while keeping all other
model inputs constant. Fig 5.4.1 shows a selection of
profiles and associated vertical motion fields. These
particular choices of Jjet profiles are based on the
prototypes of Bonner’s (1968) classification scheme. The

criteria for Bonner’s classification scheme is described
below.
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Bonner’s Classification Scheme

Classification 0: Speed of the maximum low level wind be
at least 10 m/s.

Classification 1l: The wind at the maximum level of the
maximum wind must equal or exceed 12 m/s and must
decrease by at least 6 m/s to the next higher minimun or
to the 3-km level whichever is lower.

Classification 2: The wind at the maximum level of the
maximum wind must equal or exceed 16 m/s and must

decrease by at least 8 m/s to the next higher minimum or
to the 3-km level whichever is lower.

Classificaticn 3: The wind at the maximum level of the
maximum wind must equal or exceed 20 m/s and must
decrease by at least 10 m/s tc the next higher minimum
or to the 3-km level whichever is lower.

Table 5.4.1 Comparison of the vertical velocity and kinetic energy
associated with low level jets

Units as given in table 4.1.

Classification 0 1 2 3

KE,, 68 80 60 60

W.., 8.2 7.8 7.7 7.3
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The figure shows that the spatial structure of the
updraft remains similar even for a very strong low level
jet. Furthermore, the peak updraft and the average kinetic
energy is relatively insensitive to the particular choice of
low level jet profile (Table 5.4.1). These values tend to
decrease slightly with increasing jet intensity.

The conclusion to be drawn is that the gravity wave
support is not a uominant mechanism to produce a long-
lasting upward motion, at least not for the chosen
atmospheric stratification.

As mentioned before, the jet stream often provides
favourable conditions for differential advection of
temperature; warming near the surface and cooling aloft with
the net result of reducing the static stability.

Fig 5.4.2 shows the - S
vertical motion field = : i / ol
for the case where the i : i :
Brunt-vaéisdla frequency é‘b— é é)‘é =t
is reduced by 108 — -~ (. i
corresponding to a 1° ¢ ™ L K %,
warming near the surface T T = xS G Lsd
and a 1° C cooling near > G :
the cloud top. Clearly, 75 100

. . X ( KM
the circulation is much Fig 5.4.2 Vertical motion field associated with a

. classification 2 low level jet in a destabilized
more 1intense. environment

The reduced static stability provides an increase of
120% in the average kinetic energy (Table 5.4.2) and
approximately a 40% increase in the peak updraft strength.
Obviously, the buoyancy waves are much more sensitive to

destabilization of the troposphere (which is a possible
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result of the low level jet) than to the presence of the low
level jet.

Table 5.4.2 Comparison of the kinetic emergy and maximum vertical
velocity associated with a classificatioun 2 low 1level jet with
different static stability

Unit as per table 4.1

Classification 2 Jet | Fig 5.4.1d Fig 5.4.2
KE, 60 132
Weoos 7.7 10.7

o R P ]

It is clear that the buoyancy waves are enhanced by the
destabilizing of the atmosphere caused by cloud top cooling
and warm air associated with the low level jet and only

slightly by the presence of the low level jet itself.

If we define the jet in terms of a moving frame of
reference some interesting results are achieved.

Table 5.4.3 Kinetic energy and maximum vertical velocity associated
with a classification 1 low level jet defined in a moving frame of
reference

P R

Classification 1 Jet in Fig 5.4.3
moving frame of reference

KE, 223

Woae cm st 11.1
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It is apparent (Fig 5.4.3 and Table 5.4.3) that the
enhancement due to a weak easterly low level jet (category
1 if defined in a moving frame of reference) is greater than
the effects of reducing the static stability presented
previously (Fig 5.4.2 and Table 5.4.2). We can conclude from
this that the vertical motion field is enhanced by buoyancy
waves caused by low level jets if we describe the jet within
the moving frame of reference used.

5.5 The Scorer Parameter

The effects of the Scorer parameter (S?) on the
vertical velocity field were discussed in chapter 3. It was
found that an enhanced vertical velocity field will occur
when the magnitude of S$% is similar to that of the wave
number (K?). To find the magnitude of K? the diabatic heating
term in the horizontal can be estimated using the function
G(x) given in chapter 4.1. The wave number in the vertical
is approximated using the heating depth (H-h = 6000 m). Thus
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the magnitude of the total wave number K is estimated as

K2=[_2:3T 12,

32x250 (6000)

T___]2 =4.7x1073m™

Maximum interaction occurs when

K2 = 5?2

The resulting profile of U
is plotted in Fig 5.5.1.

Fig 5.5.2 depicts the
vertical motion field for
the case where the heating
source 1is assumed to be
stationary (U, = 0). The
strength of the vertical
motion field is very strong
despite the weak wind shear.

However, it is unlikely that

- 2 Use
U? U
obtain

1 H T
-S 18 3s S5 75
WIND SPEED M/S
Fig 5.5.1 Wind profile associated with maximum
enhancement. of the vertical motion field

the heat source does not move

at all and the effective basic state wind would seldom

approach this value in nature.

The results indicate how important the Scorer parameter

is in enhancing buoyancy waves. Mesoscale circulations with
a sheared basic state flow will likely have a layer in which
the wave number (K?) and the Scorer parameter (S?) are
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the depth of such a layer
determines the intensity of
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heated layer. This will allow us to estimate the preferred
basic state wind for an enhanced vertical motion field in a
moving frame of reference (Fig 5.5.3).
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“Fig 5. 5.3 "Estimated effective wind in a moving frame of reference
to achieve maximum enhancement of the vertical motion field.

The enhanced vertical velocities (Table 5.5) associated
with low wind shears when the magnitude of the horizontal
wind 1is associated with the Scorer parameter is an
interesting phenomenum. Even when the speed of the heat
source is taken into account one can still find a wind

profile with relatively weak wind shear that produces an intense



55

circulation similar to a strong wind shear case (Table
5.2.1). However, the structure of the vertical motion field
is very different (compare Fig 5.5.2 and 5.5.3 to Fig
5.2.1).

Table 5.5 Comparison of vertical velocities and kinetic energy
associated with wind profiles calculated to achieve the strongest
vertical motion field

S S O P ANt

Units as per Table 4.1

Figure Woax Woin KE,,
5.5.2 12.5 -7.4 211
it
. 5.5.3 9.3 -2.8 69

The effects of the Scorer parameter and its relationship

to the size of a convective cell is interesting. We
recommend that an observational study be made to
investigate the typical sizes of S? and K®* and whether there

exists condition when they have similar magnitudés.
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6 Three Dimensional Model Results

In this chapter we present simulation results using the
three dimensional (3D) model to investigate three-
dimensional aspects of the diabatically forced circulation.
In addition, a comparison between the vertical motion fields
from the 3D model with those of the 2D model clarifies to
what extent our previous finding are valid even when the
flow is not restricted to a single vertical plane.

There is a major difference in computing time between
the 2D and the 3D model runs. Whereas, the 2D code takes
about 10 minutes for execution, the 3D code reguires about
16 hours of execution time on our 386 PC. This factor of
approximately 100 in additional computing time is mainly due
to the need to manipulate large data arrays in external
files, since the DOS operating system severely restricts the

size of the arrays in the computer core memory.
6.1 3-D model with a slab~symmetric heating structure

First we compare the 3D model results with those of the
slab-symmetric model for a case of constant shear blowing in
the x-direction. Specifically, we have chosen the diabatic
heating structure shown in Fig 4.1.2, the temperature
stratification shown in Fig 5.1.1 and the wind profile shown
in Fig 5.2.1c. The y-component of the ambient wind profile
is set to V = 0, and the heating rate does not vary in Y.
The results from the two models are very similar. The 3D

model gives slightly stronger updrafts above 8 km compared
to the 2D case (Fig 6.1.1).
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The next 3D experiment was made to simulate the

situation where the line heating is oriented parallel to the

basic state flow. Essentially all model input parameters

remain the same as the previous run except that U = 0 and V

is a function of z depicted by the linear wind profile in
Fig 5.2.1_.

The results of this

N 1 )3 =
o T7
. . o S -
experiment (Fig 6.1.2) t. N
indicate a disturbance that - oo i
. . o : \‘~-wr\ —"C"‘:
is located at the heating = fO""W‘OMK/zx; < ST
I Gl ' \ ~ \
source region. Clearly, the S L(A\E : b
. e H 4 hil
basic state wind blowing in = : El )5 <@ :
. R NS R Sl LR S <
the y-direction cannot & = = . %
, 3 + : T - T i T A— T
advect any heat, since the e S0 75 .
thermal gradient in the y- X € KM
. . . Fig 6.1.2 Vertical motion field
direction is zero. In fact,

associated with the wind parallel to
c s . the gradient of heatin
the specific choice of the 9 g

V profile 1is immaterial as it cannot contribute to the
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updraft enhancement. This has a major implication for our
slab-symmetric £findings. In those experiments we had assumed
that the ambient wind blows exactly perpendicular to the
slab of diabatic heating. Now we find that it does not
matter what the magnitude of the along-band wind component
is as it does not contribute to an enhanced vertical motion
field. The bottom 1line 1is that only the wind component
perpendicular to the heating 1line 1is of relevance for a

strictly slab-symmetric heating source. If baroclinic
effects were to be included in our linearized bhuovancy wave
model, the amount of the windshear parallel to the heating

line would become important as shown by Robichaud and Lin
(1991) .

6.2 3D model results with a three-dimensional heating
source

Up to now we have always assumed that the heating has a
slab-symmetric structure that does not vary in the y-
direction. Our attention now focuses on a three-dimensional
heating source that has a circular shape in the horizontal.
This "bubble like" heating source has a heating rate that
decreases as the radius increases according to a bell-shaped
curve modified with a sinusoidal wave pattern as described
in section 4.1. Details of the prescribed heating source can
be taken from the model code given in appendix 2. The 3D
heating structure forces a fully three-dimensional

circulation pattern even for uni-directional wind.

Fig 6.2.1 compares the vertical motion field of the
vertical section through the centre of the heating for three
values of constant uni-directional shear in the x-direction
(1.9, 2.7 and 4.4 m s! km!) and V = 0. The chosen wind
profiles have been plotted in Fig 5.2.la, < and g
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respectively. The results (Fig 6.2.1) indicate that the
increasing wind shear 1is accompanied with an increasing
disturbance in the vertical motion field. In fact, the
vertical motion fields are almost identical in structure to

those from the slab~symmetric model (see Fig 5.2.1).
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Table 6.2.1 Comparison of the vertical velocities and the kinetic energy associated with a
*bubble like™ heating source in with various uni-directional coustant shear

Units the same as in table 4.1.

Fig 6.2.1 Woax W... KE,,
a 6.1 -1.0 2.0
b 6.4 -2.7 3.0
c 7.4 -4.6 P 6.1

Also the values of w_,,, W,., and KE, show a similar trend
for both 2D (Table 5.2.1) ard 3D (Table 6.2.1) model runs.
The impact of increasing the ambient shear is more
significant (i.e. the magnitude of the vertical velocities)
for the slab-symmetric case, since in the "bubble 1like"
heating the ambient flow can pass around the updraft that
tends to produce an obstacle to the flow. This finding is
consistent with numerical cumulus cloud simulations (e.g.
Reuter and Yau 1987). The major conclusion to be drawn is
that our findings concerning the role of the ambient shear
perpendicular to a slab-symmetric diabatic heating source
are valid for a "bubble like" heating source.

6.3 Effects of the change of wind direction

This section deals with the effects of curvature in the
ambient wind. Two experiments were made which had both non-
zero U and non-zero V wind components. The U-profile in both
cases was the same as given by Fig 5.2.1lc but the V
component varied with height according to Fig 6.2.1a and b,
respectively. To capture the three dimensional structure of
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the resulting updraft fields, we contour the vertical motion
fields for three different vertical sections chosen at y =
45 km, 50 km and 55 km, respectively (Fig 6.3.2). The y = 50
km case shows the circulation in the vertical plane passing
through the centre of the heating.
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Figure 6.3.1 V compenent of the ambient wind.
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Table 6.3.1 Vertical velocities and kinetic energies associated with directional shear.

F 1g wmax wmin KEw vbkm
6.1.2 6.4 -2.6 3.0 0]
6.2.2a 6.5 -2.4 2.8 6
6.2.2b 7.8 -2.6 3.7 12
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The results indicate some degree of asymmetric structure
in that the fields at 45 and 55 Xxm are not identical. The
cells in the northerly plane y = 55 km are slightly deeper
than those in the southerly plane tlue to the northerly
advection of the heating which causes local buoyancy and
updraft production. When the V component of the wind is
larger (V=12 m s™!'), the convection became more intense.
Comparison of the W..., Wm, and K, values confirm this
behaviour (Table 6.3.1). In conclusion, we find that the
shear amount (i.e. V-component) perpendicular to the main
shear direction affects the circulation by creating an
asymmetric vertical motion field and tends to enhance the
peak updraft speed. Furthermore, a secondary circulation can
develop both upwind and downwind of the core updraft (Fig
6.3.3). We note that the circular shape has been changed to
a sheared ellipse with its major axis pointing northwestward
perpendicular to the low level wind.
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Fig 6.3.3 Horizontal section of the vertical motion fields

associated with V component of wind given in fig 6.2.1a for (a)
and V component of wind given in 6.2.1b for (b). Note the contour
interval every 2 cm s™1 for positive values and every .5 cm s for
negative values.
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7 Case Study

In this chapter we present an example of how the linear
steady state model may be used to interpret mesoscale
weather. We have examined sounding datea from Stony Plain AB
for the entire summer of 1991 and selected the day of 3 July
1991 for this case study.

The choice c¢f particular day was based on the fact that
the observed temperature and moisture profiles remained

similar for the morning (0600 local time) and the evening

(1800 local time). The average of the two temperature
profiles 1is depicted in Fig 7.1. While the temperature
varied by 1less then 1.5 C from I S

the average profile (within the o — )

error of the instrumentation

LKH

used), major changes were found

!

in the wind structure (Fig 7.2). = - 4

During the afternoon a strong -

|

. - ' 1 1

upper level 3jet developed and 350 325 EE 375
BETINTIAL TEMPERATURE D o r

also the lower level wind Figure 7.1

<

Average potential temperaturce

et h profile for July 3, 1991
ra ern changes.

Synoptic conditions remained almost the same. An upper
level low was situated over the Gulf of Alaska with a weak
ridge over central Saskatchewan. Surface conditions
indicated a weak low over the northeast corner of Alkerta

with a trough or weak frontal zone extending southwestward.

While the atmospt. ‘<. stability and the synoptic forcing
were very similer. . = ~bserved mesoscale weather changed
from isolated 1 >r o saowers to afternoon scattered

thundershowers. ‘i"::- significant change in the convective



65

a 03122 U component c 0400Z U component

. Il

L 1

—~ K - [a
] ' -

- ) - = / -
. —~ o
/ | i |

-5 15 35 55 s . =

-5 15 35 S5 7
WIND SPEED M/S WIND SPEED M/S

IR
2 LK)

b 0312%Z V component d 04002 V component

1 ] i . - )

7 LKA

\w\\/a\//’
1
2 (KH)
s
//‘
B E |

T T 11 T y T
-5 15 35 S5 ki =S 15 3s 55 7S
WIND SPEED M/S AIND SPEZED M/S

Figure 7.2 Morning and afternocon horizontal wind components

activity between the morning and afternoon may have been
caused by several factors such as enhanced surface
convergence, triggering by enhanced surface heating and
interaction of the existing cloud clusters.

We will now use the model to examine whether the
observed increase of wind shear could be partly responsible
for the organization and intensity of the vertical motion
field. The temperature profile (Fig 7.1) was used to
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estimate the Brunt-vaisala frequency as a function of
height. The basic state wind was taken from the observed
wind profiles. Both morning and evening cases have the same
diabatic forcina to allow for easy comparison. Specifically,
the heating term was identical to that used in the control
case of chapter 5. The dissipation coefficient was taken to
be 10™* s™! with a sponge layer at the surface and near the
top of the model domain as described in chapter 4.

The numerical results Table 7.1 Comparison of peak

. . . vertical velocities and kinetic
indicate that the average energies associated with case study

L. -]
kinetic energy and the peak

updraft and downdraft Units as per table 4.1.
speeds are more than twice Fig 7.4b 7.4d
as strong for the Wiax 18.3 36.4
conditions in the evening, W, -5.8 -17.9
as compared to the morning KE,, 22 254
wind conditions (Table
. ) v, ~1.5 1.1

7.1). Fig 7.3 gives the

. . . U 13.2 8.1
vertical motion field at 5 =t

km intervals away from the
centre Of the m.aximum SR A D SNSRI ST
heating rate. This is done to allow a three dimensional look
at the vertical structure. The circulation for the evening
case is much deeper than for the morning case. In fact, the
morning case reveals that the vertical motion field does not
even reach the top of the positive diabatic heating (8 km).
Whereas, *the afternoon case indicates the vertical motion
field extending up to the tropopause (11 km). A comparison
of the vertical motion fields associated with the afternoon
case indicates the upstream downdraft 5 km south (Fig 7.3b)
of the centre is much stronger than the downstream
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updraft, whereas the opposite is true for the downdraft 5 km
north (Fig 7.3c). To investigate why this occurs it will be
necessary to look at the horizontal vertical velocity
fields. We choose the 4 km level since this 1is near the
level of maximum updraft (Fig 7.3).

The horizontal depiction (Fig 7.4) gives the opportunity
to look at the spatial distribution of vertical motion
field. This depiction indicates the development of a
northwest-southeast line of updrafts in the afternoon, as
well as, a secondary line of updrafts both upstream and
downstream (Fig 7.4Db) in the same orientation. The
northwest-southeast lines appear to be dependent on the
three dimensional wind. Examination of the wind profile
indicates that this line is perpendicular to the ambient
wind at 4 km.

The development of secondary lines of updrafts, the
increase in depth of the vertical motion field and the
increase in strength of the vertical motion field are the
results one would have expect given the observations for the
day. It would appear that buoyancy waves were a contributing
factor in the development of convective activity during the
day.

The control case indicates that the buoyancy wave
solution to the vertical motion field can provide valuable
information on the development of convection and its spatial
distribution. In order to investigate the true value of the
model in terms of case studies many detailed comparisons of
model and observational results would be needed. Since this
section is intended to introduce the possible uses of the
model in terms of studying convective activity, ~further
study is left for further research.
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8 Discussion and Conclusions

A two and three dimensional linearized buoyancy wave
model has been used to investigate the effects of wind
shear, diabatic heating, and atmospheric stability on the
buoyancy wave contribution to the vertical motion field. The

focus has been to study the effects of wind shear on the
circulation.

Results show that certain model parameters effect the
vertical motion fields by enhancing the magnitude of the
peak vertical velocity, by changing the structure (i.e. the
tilt of the vertical motion field) or both.

The magnitude of the wind shear, the static stability
and the dissipation coefficient effect both the structure
and the intensity of the vertical motion field.
Specifically:

1) An increase in the magnitude of the shear increases
the speed of the peak updraft. Furthermore, it also
increases the upwind tilt of the updraft core in the lower
troposphere. On the other hand, an increase in wind shear
decreases the downwind tilt in the secondary updraft in the
upper troposphere.

2) An increase in the static stability (i.e. decrease
in the Brunt-vVaisala frequency) causes a significant
increase in the speed of the peak updraft. Also the
circulation becomes more erect.

3) An increase in the magnitude of the dissipation
coefficient, decreases the intensity of the circulation and
also makes the circulation more erect.
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The fcllewing conditicns seem to affect only the
intensity of the «circulation without effecting the
structure:

4) The magnitude of the vertical velocity increases
when the curvature (i.e. second derivative) of the ambient
wind decreases provided the f[first derivative remains
positive throughout the heating layer.

<) An increase in the diabatic heating rate, increases

the strength of the vertical motion field.

one condition seems to have a rather small effect on
the intensity of the updraft put largely determines 1t’s
structure:

3) Increasing the depth of the diabatic heating

source, makes the circulation more erect.

Some of these finding arz similar to those reported by
Tareda (1974). His results were obtainad using a time-
dependent non-linear cumulus convective model. The agreement
in results based on totally different numerical models,
gives confidence that our linearized buoyancy wave model may
e useful in identifying atnospheric conditions that
contribute to the enhancement of :-he vertical motion tield
and thus to storm developmnent. These conditions may help
researcher to focus on the conditions which produce the
environment necessary for storm development. Since the
cperation of a time dependent, three dimensional mesoscale
model including a comples physics package requires extensive
~.mputer resources it may be possible to pinpoint the
conditions necessary to enhance the vertical motion field,
thus decreasing the number of —odel runs required by the
full physics model.

n chapter 3 we identified four parameters necessary for
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a strong updraft field. These parameters are defined by tho
relationship between the Scorer parameter (which is a
function of the static stazbility, the ambkient wind and the
second derivative of the wind) and the dimensions of the

convective cloud. As the value of th. Scorer parameter
approaches the wave number of the cloud dimensions the
vertical motion field will be intensified. This seems
consistent with previous studies. Byers and Braham (1949)
indicated that strong wind shear has negative effect on the
development of small cumuli (i.e. small value otf the Scorer
parameter associated with a large value in wave number).
Weisman and Klemp (1982) indicated thact large cumuli are
enhance by strcocng wind shear (i.e. wave number of the

dimensions of the cell approaching the value of the Scorer
parameter).

The enhancement of the convective clouds associated
with low level jets was investigated in chapter 5. We showed
that the enhancement may be due to the enhanced buoyancy
wave vertical motion field asscciated with a low level jet
as defined in a moving frame of reference. This implies that
a low level jet velocity which is opposite in direction to
the ambient wind flow aloft is important to tl= development

of a strong vertical motiocn field.

In chapter 5 we simulated the aftfect on thz vertical
vertical motion field as the Scorer parameter approaches the
value of the wave number of the heating. We found that we
could establish a enhanced vertical motion field associated
with relatively weak wind shear conditions. It 1is likely
that the relationship between the Scorer parameter and the
dimensions of the convective cell are not independent (both
are dependent on stabiiity) of each other. It is left for

further study to see if there exists a function that relates
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the dimensions of the convective <cell and the Scorer

parameter.

The three dimensional model indicates that the combined
effects of veering and sheer can produce an enhanced
vertical mction field. With our computing resources
consisting of a PC386 machine, only a few fully three-
dimensioi.al m.3el runs have been made. We believe that
interesting results can be obtained from experimenting with
numerous wind hodographs. Future research, based on .unning
the model on a workstation should identify the correctness

oL our speculation.

The case study indicated that this model could be a
valuable tool in determining the parameters which will
produce a strong vertical motion field and hence lead to
storm devel-opment. By comparing the vertical motion fields
derived from the morning and evening sounding, we found that
the vertical motion field associated with the aft.-noon
conditiors was twice as strong compared to the vertical
motion field associated with the morning. This lead to the
conclusion that the convective activity would be enhanced in
the afterncon due to gravity waves. This conclusicen was
verified by observation of increased convective activity

(i.e. isolated mworning showers; scattered afternoon
thundershowers) .

The primary goal of the thesis was to f£ind a
relationship between the updraft field and the diabatic
heating rat., the anbient wind and the static stability.
This should allow fo: the ability to botter assimilate new
wind measuremenis czrived from Doppler radar and profilers.
We find that a comparison between the size of the heating

elements (i.e. convective c¢louds and estimated using
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satellite imagery and radar) and the Scorer rparamcter
(estimated using doppler radar and satellite sounding) may
be a key to understanding the process of storm enhancement.
As this new technology becomes available it is hoped that
this relationship will provide meteorologists with an

effective criterion which will increase the usefulness of
this new data.
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Lppendix 1

Solution to governing equations in two dimensicns

The governing 1linear egquations of motion for a
perturbation in an incompressible, stratified Boussinesq

airflow with diabatic heating can be written as:

1) gﬂ éyl ;ig; + Bu =0

. OW 1 0P 0
> + = = & =0
2V U5% " 59z "9 TV
du ow _
3) s 9z = °
do NZ p

4y USQ - wpil_ = -_P

) vvpg+ﬁp g

To eliminate P from equation 1 and 2
a) take the derivative with respect to z of equation 1
gives:

oU Ju U62 L OwoU wazu 1 8 op Bc‘y‘u

5) 0z Ox azax 9z 0z oz p Bz ox oz

b) take the deri‘rative with resp=ct to x of equation 2

gives:

O“w , 1 0 0P gode
&) U * o pax+B

c) subtracting equations 5 and & gives:
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73 oU ou Uazu Oow oU

\,_A: au_razw_gaQ_ ow
52 5% Vazax '3z 09z V2P Uz B

L. Y — =0

cx 9z dx2 p Ix ax

To «liminate p and ¢ from the equations:

&) take the second derivative with respect to x of equ.
4 gives:

g) plle _pN? Fw 3% ___p &Fg
ox3 g ox? x 2 CT 9x=

b) manipulate equation 7, eliminate u using equation 3 and
take derivative with respect to x gives:

o%0 _ p Fw 9 , 0U cw ow
gy Y@ - P 9 .2 -
" ox: - (U 8 dz?2 dx'(822 CIGXQ b ax
c) combining equation 9 and 8 gives:
o ad Pw % a*U FPw ow , Fw
0) U |- U— + -U -pg =22 - N2
+0) [ 5-( ox k) oz? ’ axz( azzw’ dx? g ax)] Ax*®
- (U £ 8 (U, v _glwyy o __ g &g
+ B (U E azzw UaXZ B aX)] CT B2

Manipulation of egquation 10 gives the equation in final
form:

2
w*.a w
0z?2

o - (2. 9°U Owy , y2O'W _ 9
(Ug-c"‘ﬁ ) (Uax+ﬁ)( 3 ) + N

o0z? Ox ox? CT 92
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Appendix 2
The three dimensional model in microsoft fortran code
is presented below. The individual programs are run

sequentially to ensure data files are available for the next
step of the calculations.

C*******************************************************

C PROGRAM WIND
c
c PROGRAM IS DEVELOPED TO INPUT BASIC STATE WIND
c VELOCITIES AND SECOND DERIVATIVE OF WIND FOR OTHER
c PROGRAMS. ENTRY OF WINDS IS DONE ON A LEVEL TO LEVEL
c BASIS WITH THE CURVATURE OF THE WIND IN EACH LAYER
c CHOOSEN BY THE INDIVIDUAL.
c
PARAMETER (N=52)
INTEGER IZ
REAL*8 U(52),GGU(52),V(52),GGV(52)
c
C... CALCULATE THE WIND
C
CALL SPEED (N,U,GGU,V,GGV)
C
C... WRITE WINDS TO FILES.
C
OPEN (1, FILE=’WINDU’)
WRITE(1,10) (U(I2),Iz=1,N)
10 FORMAT (F15.8,F15.8)
OPEN (2, FILE=/TRANS')
WRITE(2,10) (GGU(IZ),IZ=1,N)
OPEN (3, FILE='RELU’)
WRITE(3,10) {(U(Iz),IZ=1,N)
OPEN (4, FILE=/WINDV")
WRITE(4,10) (V(IZ),IZ=1,N)
OPEN (5, FILE='RELV’)
WRITE(5,1C} (V(IZ),IZ=1,N)
OPEN (6, FILE=’TRANSV’)
WRITE(6,10) {(GGV(IZ),XZ=1,N)
END
C
SUBROUTINE SPEED(N,U,GGU,V,GGV)
c
C SUBROUTINE TO CALCULATE WIND AT LEVEL OF THE
c ATMOSPHERE STEADY STATE WIND PROFILE REQUIRED.
c

INTEGER Z,N,LVL(20),M,J,SM,B
REAL*8 X(52),U(52),GGU{52),MID(20),TEMPA, TEMPB, Y (52)
REAL*8 V(52),GGV(52) ,TEMPC
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C...

nonn

ENTER WINDS AT GIVEN LAYERS TO DESCRIBED VELOCITY
FIELD.

DO 100 B=1,2

IF (B .EQ. 1) THEN

WRITE(*,*) ‘ENTER U COMPONENT OF WIND’

ELSE

WRITE(*,*) ‘F TER V COMPONENT OF WIND’

ENDIF

LVL(1)=1

WRITE(*, *) ‘ENTER SURFACE WIND SPEED IN M/S~’

READ (*,*) MID(1)

DO 50 I=2,20,2

WRITE (*,*) ‘WIND AT NEXT LEVEL’

READ(*,*) MID(I+1)

WRITE(*,*) ‘HEIGHT OF NEXT LEVEL IN METERS’

READ(*, %) LVL(I+1)

TVL(I+1)=LVL(I+1)/250

" (ITE(*,*) ’‘DEPARTURE FROM STAIGHT LINE WIND’
AD(*,*) MID(I)

WRITE(*,*) ‘LEVEL OF DEPARTURE’

READ (*,*) LVL(I)

LVL(I)=LVL(I)/250

TEMPB= (MID(I+1)-MID(I-1))/(FLOAT(LVL(I+1)-LVL(I~1)))

MID(I)=MID(I)+ (MID(I-1)+ (TEMEB* (LVL(I)-LVL(I-1))))

M=I

IF (LVL(I+1) .EQ. N) GOTO 60

CONTINUE

CONTINUE

CALCULATE THE CONSTANTS FOR EACH LAYER.

DO 95 J=2,M,2

TEMPA= ( (MID(J)-MID(J~1)}/ (LVL(J)-LVL(J-1)))
TEMPA=TEMPA~ ( (MID(J+1)~-MID(J) )/ (LVL(J+1)-LVL(J)))
TEMPB= (LVL(J) **2-LVL(J~1) *%2) / { LVL(J) -LVL(J—-1) )
TEMPB=TEMPB~ ( (LVL(J+1) **2~LVL(J) **2)

1 /(LVL(J+1)-LVL(J)))

TEMPC=TEMPA /TEMPB

TEMPB= (MID(J)~MID(J~-1) )~

1 ((LVL(J)**2~LVL(J-1) **2) *TEMPC)
TEMPB=TEMPB/ (LVL (J) ~LVL (J-1))

TEMPA=MID (J-1) - (LVL(J~1) *TEMPB) ~ ( (LVL(J~1) **2) *TEMPC)

CALCULATE THE HORIZONTAL WIND AT EACH LAYER
IF (B .EQ. 1) THEN

DO 85 2=LVL(J-1),LVL(S+1)
U (Z) =TEMPA+ (TEMPB*Z) + (TEMPC* (Z2*%2) )
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CONTINUE

ELSE

DO 90 Z=LVL(J~1),LVL(J+1)

V (2) =TEMPA+ (TEMPB#*32) + (TEMPC* (Z%%2) )
CONTINUE

ENDIF

CONTINUE

CONTINUE

SMOOTH DATA TO REMOVE SINGULARITY

WRITE (*,*) 'NUMBER OF SMOOTHING REQUIRED’
READ (*, *) SM

DO 120 I=1,SM

DO 110 Z=2,N-1
Y(2)=(.25%U(2Z-1))+(.50%U(Z))+(.25%U(2+1))
X(Z)=(.25%V(Z-1))+(.50%V(Z))+(.25%V(Z+1))
CONTINUE

REPLACE ORIGINAL DATA WITH SMOOTHED DATA.

DO 120 Z=2,N-1
U(2)=Y(2)
V(2Z)=X(2)
CONTINUE

CALCULATE SECOND DERIVATIVE USING CENTRE DIFFERENCING
SCHEM'..

DO 150 2Z=2,N-1

GGU (Z)=(U(2+1) ~(2*U(2))+U(2-1))/ (250%*2)
GGV (Z)={V(Z+1) =~ (2*V(2))+V(Z-1))/(250%*2)
CONTINUE

GGU (1) =GGU (2)

GGV (1) =GGV (2)

GGU (N) =GGU (N-1)

GGV (N)=GGV (N-1)

RETURN

I'ND
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oNo N e RO R RO NO KD

PROGRAIM HEATy®T. 3D

HEATING TERM #ILj, ol 2FINED A% .. “UBbLE Wi KE STRUCIURE
IN THE CENTRE OF 1Ll GPT«
QO = g (Br2/(X"2+Y"2+p 2}SIN { )

FAST FCURIER ROUTINE IS THEN USED TO TRANSFORM
HEATING TERM INTO FOURIER SPACE.
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CHxkhkhhhkdhhhhkdgdhkkhhkh s ’ BRE R T E T R R TR R T R R R R R R R R T I . I R IR R R R
PARAMETER (NX=64 . 54,N=52)
REAL*3 WI(12¢,€¢~,.8,Q0I,DX,DY,WYI(64,128),HI,BASE, TOP
REAL*8 FACTA,' - 3, FACTC,FACTD, FACTE, FACTF, PIE

INTEGER IX,I7%

HALF WIDTH OF MEATING 1TERM
B=5.0

ENTER MAXIMUM HEATING RATE.

WRITE(*,*) ’ ENTER HEATING TERM ’
READ (*,*) QT

SET BASE AND TOP OF POSITIVE HEATING RATE.
WRITE (*,*) ’ENTER BASE AND TOP’

READ (*,*) BASE,TOP

BASE=BASE/250

TOP=TOP/250

CALCULATE HEATING RATE OVER GRID IN REAL SPACE

PIE=3.14

FACTA = PIE*(0.5-(1.0/(BASE-1)))
FACTB = PIE/(BASE-1)

FACTC = PIE* (1.5~ (BASE/ (TOP-BASE)))
FACTD = PIE/ (TOP-BASE)

FACTE = PIE*(2.5-(TOP/(48-TCP)))
FACTF = PIE/ (48-TOP)

OPEN (7, FILE=’QTERM" )

DO 5 IZ=1,N

IF (IZ .LT. BASE) THEN
HI=0.10*COS (FACTA+ (FACTB*IZ))
ELSE

IF (IZ .LT. TOP) THEN

HI=COS (FACTC+ (FACTD*IZ))

ELSE

IF (IZ .LT. 48) THEN
HI=0.05*COS (FACTE+ (FACTF*IZ))
ELSE

HI=0.00

ENDIF

ZNDIF

ENDIF

DO 10 IY=1,NY

IF (IY .GT. 32) THEN

DY= FLOAT(IY)-32.0

ELSE
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DY= 32-FLOAT(IY)
ENDIF
DO 10 IX=2,NX*2,2
WI(IX,IY)=0.0
IF (IX .GT. 64) THEN
DX= (FLOAT(IX)/2)-32
ELSE
DX= 32- (FLOAT (IX)/2)
ENDIF
WI(IX-1,IY)=HI*(QI/ (((DX**2+DY**2)/ (B**2))+1))
WI(IX-1,IY)=WI(IX-1,IY)*SIN((FLOAT(IX)/12.8)%*3.14)
WI(IX-1,IY)=WI(IX-1,IY)*SIN((FLOAT(IY)/12.8)%3.14)
IF (IZ .EQ. BASE) WI(IX-1,IY)=0.0
IF (IZ .EQ. BASE+1) WI(IX-1,IY)=0.0
IF (IZ .EQ. BASE-1) WI(IX-1,I¥)=0.0
10 CONTINUE

c
C... TRANSFORM HEATING TERM TO FOURIER SPACE
c
CALL FOURA (N¥,NY,WI,WYTI)
c
C... WRITE RESULTS TO FILE
c

WRITE(7,6) ((WYI(IX,IY),IX=1,NX),IY=1,6NY*2)
5 CONTINUE

6 FORMAT (F24.8,F24.8,F24.8)
END
c
c
SUBROUTINE FOURA (NX,NY,WI,WYI)
c
C... FAST FOURTER TRANSFORM USED TO TRANSFORM HEATING TERM
c INTO FOURIER SPACE.
c
REAL*8 WR,WW,WPR,WPI,THETA, TEMPR,WI(128,64)
REAL*8 WTEMP,TEMPI,WYI(64,128)
INTEGER NX,S,T,NN,I,J,NMAX,M,ISIGN,Y
o
ISIGN=1
DO 4C0 Y=1,NY
NN=2*NX
J=1

DO 100 I=1,NN,2

IF (J.GT.I) THEN
TEMPR=WI (J,Y)
TEMPI=WI (J+1,Y)
WI(J,Y)=WI(I,Y)
WI(J+1,Y)=WI(I+1,Y)
WI(I,Y)=TEMPR
WI(I+1,Y)=TEMPI
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ENDIF

M=NN/Z

IF ((M.GE.2).AND.(J.GT.M)) THEN
J=J-M

=M/ 2

GO TO 1

ENDIF
J=J+M

CONTINUE
NMAX=2

IF (NN.GT.NMAX) THEN
ISTEP=2*NMAX
THETA=6.2831853/ (ISIGN*NMAX)
WPR=-2 .DO*DSIN(0.5DO*THETA) **2
WPI=DSIN (THETA)
WR=1.DO
WW=0.DO

DO 300 M=1,NMAX,2

DO 200 I=M,NN,ISTEP
J=I+NMAX
TEMPR=SNGL (WR) *WI (J,Y) -SNGL (WW) *WI (J+1,Y)
TEMPI=SNGL (WR) *WI (J+1,Y)+SNGL (WW) *WI (J,Y)
WI(J,Y)=WI(I,Y)-TEMPR
WI(J+1,Y)=WI(I+1,Y)-TEMPI
WI(I,Y)=WI(I,Y)+TEMPR
WI(I+1,Y)=WI(I+1,Y)+TEMPT
CONTINUE
WTEMP=WR
WR=WR*WPR-WW*WPI+WR
WW=WW*WPR+WTEMP*WPI+WW
CONTINUE
NMAX=ISTEP
GO TO 2

ENDIF
CONTINUE
T=1

DO 460 Y=1,NY*2,2
S=1

DO 470 I=1,NX
WYI(I,Y)=WI(S,T)
WYI(I,Y+1)=WI(S+1,T)

S=S+2

CONTINUE
T=T+1

CONTINUE

DO 900 I=1,NX
NN=2*NY
J=1

DO 500 ¥Y=1,NN,2

IF (J.GT.Y) THEN
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TEMPR=WYI (I,J)

TEMPI=WYI (I,J+1)

WYI(I,J)=WYI(I,Y)

WYI(I,J+1)=WYI(I,Y¥Y+1)

WYI(I,Y)=TEMPR

WYI(I,Y+1)=TEMPI

ENDIF

M=NN/2

IF ((M.GE.2) .2ND.(J.GT.M)) THEN

J=J-M

M=M/ 2

GO TO 3

ENDIF

J=J+M

CONTINUE

NMAX=2

IF (NN.GT.NMAX) THEN

ISTEP=2*NMAX

THETA=6.2831853/ (ISIGN*NMAX)

WPR=-2 .DO*DSIN (O.5DO*THETA) **2

WPI=DSIN (THETA)

WR=1.DO

WW=0.DO

DO 700 M=1,NMAX,2

DO 600 Y=M,NN,ISTEP

J=Y+NMAX

TEMPR=SNGL (WR) *WYI (I,J)~SNGL(WW) *WYI(I,J+1)

TEMPI=SNGL (WR) *WY¥I (I,J+1)+SNGL(WW)*WYI(I,J)

WYI(I,J)=WYI(I,Y)-TEMPR

WYI(I,J+1)=WYI(I,Y+1)-TEMPI

WYI(I,Y)=WYI(I,Y)+TEMPR

WYI (I,Y+1)=WYI(I,Y+1)+TEMPI

CONTINUE

WTEMP=WR

WR=WR*WPR-WW*WPI+WR
=WW*WPR+WTEMP*WPI+WW

CONTINUE

NMAX=ISTEP

GO TO 4

ENDIF

CONTINUE

RETURN

END

C*********************************************************

RN NONS]

PROGRAM CONST.3D

PROGRAM IS DEVELOPED TO CALCULATE CONSTANT IN VERTICAL
VELOCITY EQUATION. USIJNG METHODS SIMILIAR TO THAT
DEVELOPED BY LIN AND LI. (1982). VERTICAL VELOCITIES ARE
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CAT.CULATED IN FOURIER SPACE FROM GOVERNING EQUATIONS.

C****************i ********;‘:*******************************

ana

C...

PARAMETER (NX=64 ,NY=64 ,N=52)

INTEGER IX,2,IY

REAL*8 U(52),GGU(52),V(52),GGV(52),CORN(52)
REAL*8 K(64),P(64,128),BRUNT(52),TEMP(52)

READ IN WINDS FROM FILE

OPEN (1,FILE=’WINDU’)
READ (1,10) (U(2),2=1,N)
CLOST (1)

OPEN (2,FILE='WINDV’)
READ (2,10) (V(Z),2=1,N)
CLOSE (2)

READ IN GRADIENT OF WIND SHEAR FROM FILE

OPEN (3,FILE='/TRANS’)

READ (3,10) (GGU(Z),2=1,N)
OPEN (4,FILE=’/TRANSV’)
READ (4,10) (GGV(2Z),2Z=1,N)
FORMAT (F15.8,F15.8)

CALCULATE WAVE NUMBERS AND WINDS IN FRAME OF REFERENCE
CALL NUMBER(K,U,V,CORN,TEMP,BRUNT, N, NX)
OUTPUT VALUES OF WAVE NUMBERS USED.

OPEN (6, FILE=’KTRANS’)

WRITE (6,30) (K(IX),IX=1,6NX)

FORMAT (F15.8)

INPUT WIND VALUES IN FRAME OF REFERENCE USED.
OPEN (1,FILE='WINDU’)

WRITE (1,10) (U(IX),IX=1,N)

OPEN (2,FILE=/WINDV’)

WRITE (2,10) (V(IX),IX=1,N)

CALCULATE CONSTANTS
OPEN (8,FILE='OUTPUT’)

FORMAT (F30.8)
DO 35 2=1,N
CALL CALC (K,U(Z),V(2),P,GGU(2),GGV(2),NX,NY,

1 CORN(Z) ,BRUNT(2Z))

WRITE (8,32) ((P(IX,1Y),IX=1,NX),I¥=1,NY*2)
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CONTINUE
END

C*****************************************************-k***

C

C

nNnonao

- = .

naQao0nNOnn

SUBROUTINE NUMBER (K,U,V,CORN,TEMP, BRUNT,N,NX)

INTEGER I,M,NX,N,RE,LX,NEXT,SFC,MOTION
REAL*8 K(64),U(52),CORN(52),BR,TEMP(52)
REAL*8 BRUNT(52) ,DX,LYR,BASE,SPDCLD,V(52) ,SPDV

ENTER BASE OF CLOUD TO GIVE MOTION OF HEATING TERM
WITH RESPECT TO AXIS.

WRITE(*,*) ‘ENTER CLOUD BASE’
READ (*,*) BASE
MOTION=FLOAT (BASE/250)

SUBTRACT CLOUD MOTION FROM WIND SPEED.

SPDCLD=U (MOTION)
SPDV=V (MOTION)
DO 40 I=1,N
U(I)=U(I)-SPDCLD
V(I)=V(1)~SPDV
CONTINUE

CALCULATE VAISALLA~BRUNT FREQUENCY AND TEMPERATURE AT
THE GRID LEVELS. PROGRAM CAN CALCULATE CONSTANT VALUES
FOR FOUR DIFFERENT LAYERS IN ATMOSPHERE AND A VARIABLE

FREQUENCY ADJUSTED FOR MOISTURE PRESENT IN THE HEATED
ILAYER.

WRITE (*,*) ‘WOULD YOU LIKE VARIABLE FREQUENCY, 1=YES,
1 0=NO

READ (*,*) RE

WRITE(*,*) ‘ENTER SURFACE VAISALLA-BRUNT FREQUENCY’
READ(*,*) BR

WRITE (*,*) /ENTER HIEGHT IN METERS OF SURFACE

1 FREQUENCY’

READ (*,*) SFC

SFC=SFC/250

WRITE (*,*)’ENTER SURFACE TEMPERATURE IN KELVIN’
READ(*,*) TEMP(1)

WRITE (%, *) fENTER TEMPERATURE AT TOP SURFACE FREQUENCY '
READ(*,*) TEMP(SFC)

DO 1 J=2,SFC-1

TEMP (J)=TEMP (1) - ( ((TEMP (1) -TEMP (SFC) ) /FLOAT (SFC-1) )
1 *FLOAT(J-1))

CONTINUE

DO 2 I=1,SFC
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BRUNT (I)=BR

CONTINUE

WRITE(*,*) 'ENTER SECOND (moist) LAYER FREQUENCY’
READ(*,*) BR

LX=SFC+1

WRITE (*,*) ‘ENTER HEIGHT IN METERS OF SECOND LAYER'
READ(*,*) NEXT

NEXT=NEXT/250

WRITE(*,*) ’ ENTER TEMPERATURE AT TOP OF LAYER'
READ (*,*) TEMP(NEXT)

LYR= (TEMP (SFC) ~TEMP (NEXT) ) /FLOAT (NEXT-SFC)
DO 110 J=LX,NEXT-1

TEMP (J)=TEMP (SFC) — (LYR*FLOAT (J-SFC) )
CONTINUE

IF (RE .EQ. 1) THEN

DO 3 I=LX,NEXT

IF (TEMP(I) .GT. 238) THEN

BRUNT (I)=(BR**2) - ( (TEMP(1)-238)/450000.0)
IF (BRUNT(I) .LT. O) THEN

BRUNT (I)=0

ENDIF

BRUNT (I)=BRUNT(I) **.5

ELSE

BRUNT (I)=BR

ENDIF

CONTINUE

ELSE

DO 4 I=LX,NEXT

BRUNT (I)=BR

CONTINUE

ENDIF

WRITE(*,*) ’‘ENTER THIRD LAYER FREQUENCY'’
READ(*,*) BR

WRITE (*,*)’ENTER HEIGHT OF TROPOPAUSE’
READ(*,*) LX

LX=LX/250

WRITE (*,*) /ENTER TROPOPAUSE TEMPERATURE’
READ(*,*) TEMP (LX)

LYR= (TEMP (NEXT) ~TEMP (LX) ) /FLOAT (LX~NEXT)
DO 111 J=NEXT+1,LX-1

TEMP (J) =TEMP (NEXT) - (LYR*FLOAT (J-NEXT) )
CONTINUE

DO 5 I=NEXT+1,LX

BRUNT (I)=BR

CONTINUE

WRITE (*, *) /ENTER TEMPERATURE AT TOP’
READ(*, *) TEMP (N)

LYR= (TEMP (NEXT) -TEMP (N) ) /FLOAT (N-NEXT)
DO 114 J=NEXT+1,N-1

TEMP (J) =TEMP (NEXT) - (LYR*FLOAT (J-NEXT) )
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114 CONTINUE

WRITE(*,*) ’ENTER FREQUENCY FOR TOP LAYER'
READ(*,*) BR

DO 6 I=LX+1,N

BRUNT (I)=BR

CONTINUE

CALCULATE COEFFICIENT OF RAYLEIGH HEATING AND NEWTON
COOLING IN VERTICAL. ADJUSTMENT MADE TO INCREASE
COEFFICIENT IN THE SURFACE TO 1 KM LAYER AND THE LAYER
BETWEEN 11 AND 13 KM TO ENSURE CONSISTENTENCY OF

BOUNDARY CONDITIONS OF THE VERTICAL VELOCITY SET TO
ZERO.

noNaOaNONO0Oo

po 7 I=1,N
CORN({I)=.0001
CONTINUE
Do 8 I=1,4
CORN (I)=CORN (I)*(1+
1 (4% (SIN(1.57*%((FLOAT(4-1)/3)))))**2)
8 CONTINUEO
DO 9 I=44,N
CORN (I)=CORN(I)* (1L+(4*(SIN(1.57%*

N

1 ((FLOAT(I-44)/(N=-44))))))**2)
2 CONTINUE
C
C... CALCULATE WAVE NUMBERS.
c
M=NX/2
DX=1562.5

DO 400 I=1,M
K(I)=6.283185%I/ (NX*DX)
400  CONTINUE

C
DO 410 I=M+1,NX
K(I)=-6.283185% (NX+1.0-I)/(NX*DX)
410 CONTINUE
c
C... WRITE VERTICAL TEMPERATURE DATA TO FILE.
c
OPEN (5, FIT.E=/TEMPER’ )
WRITE(5,60) (TEMP(I),I=1,N)
60 FORMAT (F15.8)
WRITE(*,*) 'SPEED OF HEAT SOURCE = ’/,SPDCLD
RETURN
END

C*************************************************7‘:*******
C

SUBROUTINE CALC (K,UI,VI,P,GU,GV,NX,NY,CN,BT)
c
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CALCULATE WAVE NUMBERS AND CONSTANT NEEDED TO
CALCULATE VERTICAL VELOCITIES IN FOURIER SPACE.

WAVE NUMBERS CALCULATED AS DESCRIBED IN SMITH 1980.

ADJUST WIND SPEEDS TO SPEED WITHIN FRAME OF REFERENCE.

-k-k-k************************************‘******************

INTEGER JX,Y
REAL*8 K(64),UI,TEMPA,TEMPB,P(64,128),CN
REAL*8 BT, GU, TEMPC,COM,H,GV,VI

ENTER CONSTANT OF GRID.
H=250.00%%*2

CALCULATE TWO DIMENSIONAL ARRAY OF CONSTANTS REQUIRED
TO SOLVE VERTICAL VELOCITY EQUATION IN FOURIER SPACE.

BT=BT**2

DO 420 JY¥Y=1,NY

Y=JY*2

DO 420 JX=1,NX

COM=K (JX) *UI+K(JY)*VI
TEMPA=-((K(JX)*GU+K(JY)*GV)*COM)/(COM**2+CN**2)
TEMPB=BT*(COM**2—CN**2)/((COM**2+CN**2)**2)
TEMPC=(TEMPB—1)*(K(JX)**2+K(JY)**2)
P(JX,Y~1)=(TEMPA+TEMPC) *H
TEMPA=‘((K(JX)*GU+K(JY)*GV)*CN)/(COM**2+CN**2)
TEMPB=(BT*(2*COM*CN))/((COM**2+CN**2)**2)
TEMPC=TEMPB* (K(JX) **2+K(JY) *¥%2)
P(JX,Y)=(TEMPA+TEMPC) *H

CONTINUE

RETURN

END

PROGRAM CONHEAT3D

PROGRAM IS DEVELOPED TO CALCULATE CONSTANTS NEEDED
TO CALCULAT® THE VERTICAL VELOCITIES IN THE
ATMOSPHERE USING EQUATION SIMILIAR TO THAT DEVELOPED
BY LIN AND LI (1982). FOR FURTHER CONSTANTS REFER TO
PROGRAM CONST

PARAMETER (NX=64,NY=64,N=52)
INTEGER IX,I

REAL*8 U(52),V(52),CORN(52) ,T(52)
REAL*8 K(64),Q(64,128),QI(64,128)
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READ IN NECESSARY DATA.

HORIZONTAL WIND IN FRAME OF REFERENCE CALCUALATED
IN CQONST.FOR

OPEN (1,FILE='WINDU’)
READ (1,10) (U(I),I=1,N)
OPEN (2,FILE='WINDV’)
READ (2,10) (V(I),I=1,N)
FORMAT (F15.8,F15.8)

WAVE NUMBERS CALCULATED IN CONST.FOR

OPEN (4,FILE='KTRANS’)

READ {4.11) ({(K(IX),IX=1,6NX)

FLinl [ 715.8)

HEATINS RATE WITHIN &%y . NALCULATED IN HEATFFT.FOR

DO 1 I=1,N

CORN (I)=.0001

CONTINUE

BUFFER LEVEL TO LIMIT REFLECTION OF WAVES
DO 2 I=1,4

CORN (I)= CORN (I)* (1+(4*

1 (SIN(1.57*({FLOAT(4-I)/3)))))**2)
CONTINUE

DO 3 I=44,N

CORN (I)=CORN(I)*

1 (1+(4*(SIN(1.57%((FLOAT(I-44)/(N-44)))))) **2)
CONTINUE

READ IN VERTICAL TEMPERATURE PROFILE CALCULATED 1N
PROGRAM CONST.

OPEN(6,FILE="TEMPER’)
READ (6,11) (T(I),I=1,N)

OPEN (7,FILE='QTERM’)

READ THE DATA DO THE CALCULATIONS
OPEN(8,FILE=‘INPUT’)

DO 100 I2Z=1,N
READ (7,20) ((QI(IX,IY),IX=1,NX),IY=1,NY*2)

CALCULATE CONSTANTS REQUIRED OVER GRID.

CALL FORCE (IZ,Q,QI,NX,NY,K,U,V,CORN,T)
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c... WRITE CONSTANTS TO FILE

WRITE(8,30) ((Q(IX,IY),IX=1,NX),6IY=1,6NY*2)
100 CONTINUE

20 FORMAT (F24.8,F24.8,F24.8)
30 FORMAT (F30.8)
END
c
SUBROUTINE FORCE(IZ,Q,QI,NX,NY,K,U,V,CORN,T)
C
C
REAL*S8 O(64,128),QI(64,128),GRAV,T(52),CP
REAL*8 K(64),U(52),V(52),H, TEMPF, TEMPD, CORN(52)
INTEGER NX,JX,Y,1IZ
C
c. INPUT GRID SPECIFICATIONS
c
H=250.00%*2
c
c.. ENTER UNIVERSAL CONSTANTS
c
GRAV=9.80665
CP=1005.0000
c
c.. BEGIN CALCULATING CONSTANTS.
c

DO 520 J¥Y=1,NY

DO 520 JX=1,NX

Y=2*JY

COM=K (JX) *U (I2)+K(JY) *V(I2)

TEMED= (GRAV* (K (JX) **2+K(JY) **2) )/ (CP*T(I2))

TEMPE= (COM* %2 —CORN (I2) **2) / ( (COM**2+CORN (I2) **2) **2)

TEMPF=(2*COM*CORN (IZ) )/ ( (COM**2+CORN (IZ) **2) **2)

Q(IX,¥Y-1)=((QI(JIX,¥~-1) *TEMPE) -

1 (QI(JX,Y)*TEMPF))*TEMPD*H

Q(JX,¥)=((QI (JX,¥Y-1) *TEMPF) +(QI (JX, ¥) *TEMPE) ) *TEMPD*H
520  CONTINUE

RETURN

END

PROGRAM FOURSP3D

PROGRAM IS DEVELOPED TO CALCULATE VERTICAL VELOCITIES
FROM CONSTANTS CALCULATED IN PROGRAMS CONST AND CONHEAT
IN FOURIER SPACE AND WRITE OUT VALUES TO FILE.

nnnonann

PARAMETER (NX=64 ,NY=64 ,N=52)
INTEGER IX,IZ,IY,L
REAL*8 P(l28,52),Q(128,52),JUNK(128)



READ IN CONSTANTS OBTAINED IN PROGRAM CONST.

POONO

o FORMAT (F30.8)

DO 150 L=1,NY

OPEN (3,FILE=’OUTPUT’)

OPEN (6,FILE=’INPUT’)

WRITE (*,*) /COMPLETE SOLUTION ’,L
DO 50 IZ=1,N

DO 40 IY=1,NY

IF (IY .EQ. L) THEN

READ (3,10) (P(IX,IZ),IX=1,NX*2,2)
READ (3,10) (P(IX,IZ),IX=2,NX*2,2)
READ (6,10) (Q(IX,IZ),IX=1,NX*2,2)
READ (6,10) (Q(IX,IZ),IX=2,NX*2,62)
ELSE

READ (3,10) (JUNK(IX),IX=1,NX*2)
READ (6,10) (JUNK(IX),IX=1,NX*2)

ENDIF
40 CONTINUE
50 CONTINUE
CLOSE (3)
CLOSE (6)
c
C... CALCULATE VERTICAL VELOCITY FEILD IN FOURIER SPACE.
(o

CALL FOURSP (NX,N,P,Q)
C
C... WRITE RESULTS TO FILE.
C
OPEN (7 ,FILE='RESULTS’)
WRITE(7,10) ((P(IX,IZ),IX=1,NX*2),1Z=1,N)
150 CONTINUE
END
SUBROUTINE FOURSP(NX,N,P,Q)

CALCULATE VERTICAL VELOCITIES IN FOURIER SPACE

naon 00

INTEGER NX,JK,JZ,K,N

REAL*8 P(128,52),TMPA,RTMPB(52), IMTMPB(52) , RTMPC(52)
REAL*8 IMTMPC(52),Q(128,52),TMP

DO 600 JK=1,NX
K=2*JK
RTMPB (1) =P(K-1,1) -2
IMTMPB (1)=P (XK, 1)
RTMPC (1)=Q (K-1,1)
IMTMPC (1)=Q (K, 1)
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DO 610 JzZ=2,N
TMPA=P (K-1,J32) =2
TMP=RTMPB (JZ-1) **2+IMTMPB (JZ-1) **2
RTMPB (JZ ) =TMPA- (RTMPB (JZ~-1) /TMP)
IMTMPB(JZ)=P(K,JZ)+ (IMIMPB(J2~-1) /TMP)
RTMPC (J2)=Q (K-1,J2) -~ (RTMPB (JZ~-1) *RTMPC (JZ~-1) /TMP)
RTMPC (JZ) =RTMPC (JZ) - (IMTMPB (JZ~- 1) *IMTMPC (JZ~-1) /TMP)
IMTMPC (JZ) =Q (K, JZ) + (IMTMPB (JZ-1) *RTMPC (JZ~1) /TMP)
IMTMPC (JZ) =TMTMPC (JZ) - (RTMPB (JZ~-1) *IMTMPC (JZ-1) /TMP)
610  CONTINUE
TMP=RTMPB (N) **2+IMTMPB (M) **2
P(K-1,N)=( (RTMPC (N) *RTMPB (N) ) +
1 (IMTMPC (N)*IMTMPB(N)))/TMP
P(K,N) = ( (IMTMPC (N) *RTMPB (N) ) - (RTMPC (N) *IMTMPB(N) ) ) /TMP
DO 630 JZ=N-1,1,-1
TMP=RTMPB (JZ) **2+IMTMPB (J2) **2
P(K-1,J2)=(-P(K-1,J2+1) *RTMPB(J2))
1 - (IMTMPB(JZ) *P(K,J2+1))
P(K~1,32)=P(K-1,J2)+ (RTMPC(J2) *RIMPE(JZ) )+
1 (IMTMPC(JZ)*IMTMPB(JZ))
P(K-1,JZ2)=P(K-1,J%)/TMP
P(K,J2)=(-P(K,JZ+1) *RTMPB (J2) ) + (P(K-1,J2) *IMTMPB(JZ) )
P(K,JZ)=P(K,J2) - (RTMPC(J2Z) *
1 IMTMPB(JZ) )+ (IMTMPC(JZ) *RTMPB(JZ2))
P(K,JZ)=P(K,JZ)/TMP
630  CONTINUE
600 CONTINUE

RETURN
END
C
C PROGRAM FFT-3D
C
C FAST FOURIER ROUTINE TO TRANSFORM VERTICAL VELOCITIES
C CALCULATED IN FOURIER SPACE TO VERTICAL VELOCITIES IN
C REAL SPACE.
C
C
PARAMETER (NX=64,NY=64,N=52)
REAL*S8 W(128,64),RE(64,64),JUNK(128)
INTEGER IX,IZ,IY,L
C
C... READ IN VERTICAL VELOCITY FIELD IN FOURIER SPACE
C CALCULATED IN PROGRAM FOURSP.
C
5 FORMAT (F30.8)

po 10 L=1,N

WRITE (*,*) ’‘STARTING TRANSFORM',L
OPEN(7,FILE='RESULTS’)

DO 50 I¥Y=1,NY
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DO 40 IZ=1,N
IF (L .EQ. IZ) THEN
READ(7,5) (W(IX,IY),IX=1,2%NX)
ELSE
READ(7,5) (JUNK(IX),IX=1,2*%NX)
ENDIF
40 CONTINUE
50 CONTINUE

C... INVOKE FFT
CALL FOURA (NX,NY,W,RE)
C... WRITE VERTICAL VELOCITY FIELD IN REAL SPATE TO FILE.
OPEN (8 ,FILE=’FINAL’)
WRITE(8,5) ((RE(IX,IY),IX=1,NX),IY=1,NY)
CLOSE (7)

10 CONTINUE
END

SUBROUTINE FOURA(NX,NY,W,RE)

NN 000

REAL*8 WR,WW,WPR,WPI,THETA,W(128,64),TEMPR,WI (64,128)
REAL*8 WTEMP, TEMPI,RE(64,64)
INTEGER NX,NY,NN,I,J,NMAX,M,ISIGN,K

ISIGN=-1
DO 400 Y=1,NY
NN=2 *NX
J=1
DO 100 I=1,NN,2
IF (J.GT.I) THEN
TEMPR=W (J, ¥)
TEMPI=W (J+1,Y)
W(J,Y)=W(I,Y)
W(JT+1,Y)=W(I+1,Y)
W(I,Y)=TEMPR
W(I+1,Y)=TEMPI
ENDIF
=NN/2

1 IF ((M.GE.2).AND.(J.GT.M)) THEN
J=J-M
M=M/2
GO TO 1
ENDIF
JI=J+M



100 CONTINUE
NMAX=2
2 IF (NN.GT.NMAX) THEN
ISTEP=2*NMAX
THETA=6.2831853/ (ISTGN*NMAX)
WPR=-2 .DO*DSIN(0.5DO*THETA) **2
WPI=DSIN (THETA)
WR=1.DO
WW=0.DO
DO 300 M=1,NMAX,2
DO 200 I=M,NN,ISTEP
J=T+NMAX
TEMPR=SNGL (WR) *W(J, ¥) ~SNGL(WW) *W(J+1,Y)
TEMPI=SNGL(WR) *W (J+1, Y) +SNGL(WW) *W(J, Y)
W(J,¥)=W(I,Y)-TEMPR
W(J+1,Y)=W(I+1,Y)-TEMPT
W(I,Y)=W(I,Y)+TEMPR
W(I+1,Y)=W(l+1,Y) TEMPI
200 CONTINUE
WTEMP=WR
WR=WR*WPR~WW*WPI+WR
WW=WW*WPR+WTEMP*WPI+WW
300 CONTINUE
NMAX=ISTEP
GO TO 2
ENDIF
400 CONTINUE
DO 410 K=1,NY
DO 410 P=1,NX*2
W(P,K)=W(P,K)/FLOAT (NX)
410 CONTINUT
T=1
DO 460 ¥=1,NY*2,62
s=1
DO 470 I=1,NX
WI(I,Y)=W(S,T)
WI(I,Y+1)=W(S+1,T)
S=5+2
470 CONTINUE
T=T+1
460 CONTINUE
DO 900 I=1,NX
NN=2*NY
J=1
DO 500 Y=1,NN,2
IF (J.GT.Y) THEN
TEMPR=WI(I,J)
TEMPI=WI(I,J+1)
WI(I,J)=WI(I,Y)
WI(I,J+1)=WI(I,¥Y+1)
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W(I,Y)=TEMPR

W(I,¥+1)=TEMPI

ENDIF

M=NN/2

IF ((M.GE.2).AND.(J.GT.M)) THEN
J=J-M

=M/ 2

GO TO 3

ENDIF

J=J+M

CONTINUE

NMAX=2

IF (NN.GT.NMAX) THEN
ISTEP=2*NMAX
THETA=6.2831853/ (ISIGN*NMAX)
WPR=-2.DO*DSIN(O.5DO*THETA) **2
WPI=DSIN (THETA)

WR=1.DO
WW=0.DO

DO 700 M=1,NMAX, 2

DO 600 Y=M,NN,ISTEP
J=Y+NMAX

TEMPR=SNGL (WR) *WI (I,J) -SNGL(WW) *WI (I,J+1)
TEMPI=SNGL (WR) *WI (I,J+1)+SNGL(WW) *WI(I,J)
WI(I,J)=WI(I,Y)-TEMPR
WI(I,J+1)=WI(I,¥Y+1)~TEMPI
WI(I,Y)=WI(I,Y)+TEMPR
WI(I,Y+1)=WI(I,Y+1)+TEMPI
CONTINUE
WTEMP=WR
WR=WR*WPR-WW*WPI+WR
WW=WW*WPR+WTEMP*WPI+WW
CONTINUE

NMAX=ISTEP

GO TO 4

ENDIF

CONTINUE

DO 910 K=1,NY*2

DO 910 P=1,NX
WI (P,K)=WI(P,K)/FLOAT (NY)
CONTINUE
J=1

DO 920 K=1,NY*2,2

DO 915 I=1,NX
RE(I,J)=WI(I,K)

CONTINUE
J=J+1

CONTINUE
RETURN

END



