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The Effect of Ambient Stratification and Moisture on the Motion
of Atmospheric Undular Bores

N. ANDREW CROOK*

Geophysical Fluid Dynamics Program, Princeton University, Princeton, NJ 08542

ABSTRACT

A numerical model is used to examine the effects of ambient stratification on the behavior of an atmospheric
undular bore. It is shown that stratification reduces the amplitude of the disturbance at low levels by allowing
energy to propagate upward. This reduction of amplitude can be inhibited by specifying winds opposing the
wave motion in the middle and upper troposphere. Mean observations in the region where the Morning Glory

is prevalent support this result.

The effects of moisture are also examined. If condensation does not occur, moisture increases the disturbance
amplitude by reducing, through virtual temperature effects, the stability of the atmosphere. However, if con-
densation occurs, the wave amplitude is decreased compared with a dry atmosphere with the same effective
stability. Finally, it is shown that cloud formation increases the wavelength of the disturbance.

1. Introduction

In an earlier paper (Crook and Miller, 1985; hereafter
referred to as CM), the behavior of atmospheric un-
dular bores was studied with the aid of a mesoscale
numerical model. The atmospheric profiles used in that
work exhibited a layer of high stratification near the
ground (hereafter referred to as the stable layer) with
a much deeper, neutrally stratified, layer above. A den-
sity current was then allowed to propagate into the
stable layer and, as long as the characteristics of the
density current and stable layer were chosen correctly,
an undular bore would propagate ahead of the current.
The model fields were then compared with observations
of an atmospheric bore, the Morning Glory of northern
Queensland (see Clarke et al., 1981) and encouraging
agreement found.

In the present work, the effects of stratification above
the stable layer are examined. As discussed briefly in
CM, this upper level stratification allows waves to
propagate above the stable layer and energy to be ra-
diated upwards. In fact, for typical values of atmo-
spheric stratification, energy radiation can be very im-
portant and can reduce the lifetime of an undular bore
to a few minutes (see Clarke et al., 1981). In the work
that follows, we shall attempt to elucidate one method
for inhibiting the radiation of energy away from the
stable layer.

The effects of moisture on the motion of an undular
bore will then be examined. Although “dry” Morning
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Glorys have been recorded, they usually occur with one,
two or more cloud bands. It has been suggested that
these clouds, by releasing condensational energy, may
increase the wave amplitude (see Clarke et al., 1981).
However, as will be seen, precisely the opposite effect
occurs.

2. Results
a. The numerical model

The numerical model used is a two-dimensional,
nonhydrostatic, primitive equation model with pres-
sure as a vertical coordinate. The model is based on
that described in Miller and Pearce (1974). In the pres-
ent study some additional changes are made to facilitate
the modeling of a density current and these are listed
in CM.

A definition sketch of the numerical domain showing
the density current and stable layer is given in Fig. 1.
After the current has interacted with the stable layer,
a Galilean transformation is applied in the horizontal
to keep the disturbance inside the model domain. In
experiment 1, the change in velocity is —7.2 m s~ and
in succeeding experiments, —8.5 m s™'.

A damping layer is incorporated at the top of the
domain in all of the simulations described after the
first. This layer is included by adding to each prognostic
equation a term of the form

K(p)fs = ),

where K{(p) = 27/ T(p), T(p) is the profile of relaxation
period, and the subscript s represents the initial envi-
ronmental profile. In the lower two-thirds of the model,
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FI1G. 1. Definition sketch of density current aﬂd stable layer showing
the notation to be used.
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K{(p) is set to zero, then increased linearly above that
to a value Kypp = 2(27/T)y) at the top of the model.
Several experiments were performed to find the opti-
mum value of the mean relaxation period T, giving
the smoothest decrease of the fields in the damping
layer. The final value chosen was T3, = 20 minutes,
which is of the same order of magnitude as the period
of gravity waves in the upper layer.

In CM, the numerical results were presented in non-
dimensional form by dividing the fields by character-
istic scales in the flow. This made it easier to compare
the numerical results with analytical models of undular
bores. In the present work, where comparison is made
solely with real atmospheric observations, all fields are
presented in dimensional form.

b. Stratified upper layer
1) NO SHEAR .

The most common parameter used to describe the
stratification of an atmosphere is the Brunt-Viisild

frequency A
1/2
N= (s .6_0) g
0 9dz

Closely related is the static stability B = §7'06/9z.

In the first simulation to be considered, a constant
value of the static stability will be prescribed throughout
the upper layer. For an atmosphere with a constant
static stability B, the variation of potential temperature
6 with height is given by

0= 006’32,

where 6, is surface potential temperature; Using the

hydrostatic equation, it is then easy to show that the
variation of potential temperature with pressure is

-uffreme (1)

where p; is the surface pressure and « = R/C,,.
Atmospheric soundings before and after the passage
of a Morning Glory reveal that above the low-level
stable layer (and up to about 4 km), the atmosphere is
only weakly stratified with an average static stability
of approximately 5.0 X 107 m~!. At about 4 km, there
often exists a temperature inversion (see Smith and
Morton, 1984) and above this level the stratification
returns to a more typical subtropical value of B = 1.2

X 107 m™.

In the first simulation to be discussed (experiment
1), the static stability is taken as 5.0 X 107 m™*
throughout the atmosphere above the stable layer. This
simplification is made so that the effect of gravity waves
in the upper layer can be more easily studied.

The remaining characteristics of the model (e.g.,
depth and temperature difference of density current
and stable layer) are the same as for experiment 3 of
CM. The grid spacing, time step and domain size in
dimensional units are

Ax=790m,
Ap = 15 mb,
At = 30 seconds,

Domain size = 72 km X 600 mb.
In Fig. 2, the vertical velocity and deviation potential

temperature fields are shown at a real time of ¢ = 360
minutes. Comparing these fields with Figs. 4 and 6 of
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FIG. 2(a). Vertical velocity field for experiment 1 at z = 360 minutes
(in m s™!). Arrows indicate the possible position of an undular bore
type disturbance.
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CM, it is clear that the addition of stability to the upper
layer has had a significant effect on the overall flow.
(To compare the fields, the vertical velocity field of
CM needs to be multiplied by a velocity scale of 8.0
m s~! and potential temperature field by 3.0°C.) First,
there exists a large region of upward velocity (with a
maximum vertical velocity of 0.12 m s™') which has
propagated ahead of the main disturbance and is in-
teracting with the right-hand boundary. This distur-
bance, which has been labeled “large-scale wave,” takes
the form of a gravity wave propagating throughout the
depth of the atmosphere and trapped by the upper and
lower pressure surfaces.

Downwind of the large-scale wave there exists a dis-
turbance (indicated by arrows) propagating with a ve-
locity of 9.0 m s™! on the lower stable layer. However,
the maximum vertical velocity in this wave is only 0.18
m s~!. Furthermore, in the upper layer, there exists
downward velocity of even greater magnitude.

The wave at upper levels is clearly strongly influ-
enced by the upper boundary. To minimize any wave
reflection that might occur, the upper boundary in the
succeeding experiments is moved to 100 mb and the
damping layer, described in section 2.1, specified above
400 mb.

2) INCLUSION OF SHEAR

Clearly, the addition of stratification to the upper
layer has had a profound effect on the overall flow. If
the wave at lower levels in Fig, 2 is identified as a
Morning Glory type disturbance, then the addition of
stratification has decreased the amplitude of the dis-
turbance by an order of magnitude compared with ob-
servations and the disturbances described in CM.

The appearance of large vertical velocities above the
stable layer suggests that energy is being transmitted
into the upper layers in the manner described by Elias-
sen and Palm (1961). To produce a disturbance with
a large amplitude near the ground, it is clearly necessary
to inhibit this radiation of energy upwards. Scorer
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(1949) showed that energy can be trapped at low levels
when the parameter

_ g8 U
U=} WU=-o

(commonly called the Scorer parameter) decreases with
height; (c is the wavespeed). If the curvature term is
ignored for the present moment, then the Scorer pa-
rameter will decrease with height if either the static
stability B decreases in the upper layer or the ambient
wind relative to the wave, U — ¢, increases. The first
possibility of a reduced static stability moves the at-
mosphere towards the neutral state examined in CM.
However, the static stability used in experiment 1 (B
=5.0 X 107 m™") is commonly observed when Morn-
ing Glorys occur, and it is difficult to justify decreasing
the stability further.

However the second possibility of opposing winds
in the upper layer can be justified on the basis of cli-
mati¢c data. Although no radiosonde measurements
exist for Burketown, Queensland (where the Morning
Glory observational network is usually based), they do
exist for Mt Isa (300 km south of Burketown) and
Townsville (800 km east). In Fig. 3, the monthly mean
observations for September averaged over five years
(1978-82) are plotted. The month of September is
chosen as it is one of the months of maximum fre-
quency of Morning Glorys (Clarke et al., 1981). (The
observations are taken from WMC, Monthly Climatic
Data for the World, published by NOAA). Plotted is
the west—east component (there is very little amplitude

12

- in the north-south component, apart from that due to

weak southeasterly trade winds below 4 km) and the
potential temperature for both Mt Isa and Townsville.
As can be seen, there is very little variation in the ob-
servations from the two localities, which suggests that
similar conditions occur in the Burketown area.
Perhaps the most striking feature of the observations
is the strong westerly jet, reaching a velocity of almost
30 m s™! centered about 250 mb. As the profile is the
five-year average of a monthly mean, the jet on any
particular day could be considerably stronger.

T0km

FIG. 2(b). As in 2a except for deviation potential temperature (°C).
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FIG. 3. Five-year average of the September monthly mean for Mt Isa (thin, continuous line)
and Townsville (dashed line). Also depicted are the profiles used in experiment 2 (thick continuous

line)..

The westerly jet evident in Fig. 3 is clearly an im-
portant feature of the atmospheric environment of
northern Queensland. If the jet is included in the
model, then, to remain consistent, it is also necessary

- to specify a potential temperature profile which is closer
to the observed mean profile than that previously used.
For this reason, a stratification similar to the Mt Isa
and Townsville mean observations is used above 650
mb, while the profile observed at Burketown below 4
km is retained over that layer. (This simulation will be
called experiment 2.) To test the effect that the stronger
stratification alone has on the model simulations, an
experiment was run with no upper level jet in the en-
vironment. Not surprisingly, more energy was trans-
mitted into the upper layer and, consequently, the am-
plitude of the disturbance at low levels was further de-
creased.

The velocity and potential temperature profiles to
be used in experiment 2 are shown in Fig. 3. The ve-
locity profile is chosen so as to represent a day on which
the upper level jet is somewhat stronger than the mean.
The stratification in the stable layer is slightly increased
in this experiment. The potential temperature differ-
ence across the stable layer is increased to 10°C, which
was the observed difference on 4 October 1979 (Clarke
et al., 1981).

Before examining the results of a simulation using
the velocity and potential temperature structure shown
in Fig. 3, it should be noted that the velocity profile
has two singularities in the curvature term U”/(U — ¢)
of the Scorer parameter. When the velocity profile is
finite differenced in the numerical model, these sin-
gularities are removed and become levels of large but
finite curvature. Furthermore, the mixing terms which
are included in the model tend to smooth out the ve-
locity profile and hence reduce the value of the cur-
vature term. The importance for wave energy propa-

gation of the thickness of the layer, over which the
curvature term is large, will be discussed Iater.

The Richardson number for the profiles shown in
Fig. 3. has also been calculated. The minimum Ri
number is 0.37 which occurs in the section of the shear
layer which is only weakly stratified (static stability B
= 5.0 X 107° m™'). Hence, the shear layer is stable to
Kelvin—-Helmholtz waves.

In Fig. 4, the vertical velocity and deviation potential
temperature fields at £ = 240 min are shown. The in-
clusion of the upper level jet has clearly had a signifi-
cant effect on the overall flow pattern. First, there is
no large-scale wave ahead of the major disturbance.
The wave on the lower layer now decays with height,
with no large downward velocities above. Furthermore,
the amplitude of this wave has significantly increased,
giving maximum vertical velocities of approximately
0.8 m s™!. (The vertical velocity slowly increases to-
wards the end of the simulation; at = 180 minutes,
the upward velocity is 0.73 m s™; at ¢ = 240 minutes,
the velocity is 0.81 m s™).

The propagation speed in experiment 2 is 13.5 m
s~! which represents a 33% increase over the speed of
the disturbance in experiment 1. This increase can be
attributed to both the greater stratification of the stable
layer and the larger amplitude of the disturbance in
experiment 2. _

The numerical results also compare well with ob-
servations of the Morning Glory. The disturbance
wavelength in experiment 2 is 9.0 km (compared to a
wavelength of 10 km for the Glory on 4 October) and
the propagation speed of 13.5. m s™! compares to an
observed speed of 11.2 m s™! relative to the air at the
ground. ‘

The Scorer parameter in the region downwind of
the leading jump has been plotted in Fig. 5. Also plotted
are the individual terms gB/(U — ¢)*> and —U"/(U
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FIG. 4(a). Vertical velocity field for experiment 2 at ¢ = 240 minutes. Note that the
top pressure surface is 100 mb and that the pressure scale is contracted by a factor of
2 compared with Fig. 2. The damping layer is built up linearly from the 400 mb

pressure surface.

— ¢). Itis important to calculate these terms downwind
of the bore as the flow profiles are significantly modified
by the action of the bore. This is especially true for the
curvature term —U"/(U — ¢) which, as can be seen, is
large near the ground—whereas in the upstream flow,
there is no curvature in the wind profile near the
ground.
At low levels, the Scorer parameter is large and pos-
itive, which is partly due to the strong stratification,
but also due to the wind curvature produced at the top
of the stable layer. Downwind of the bore, large forward
velocities develop and produce a large degree of shear
in the stable layer. The curvature term —U"/(U — ¢)
thus becomes important at the top of the stable layer
since there is very little shear produced above this level.
Higher up, /? changes sign, a result due to the curvature
in the wind profile at the bottom of the westerly jet.
Above this level, the strong westerly winds cause /* to
be small and positive.
Also plotted in Fig. 5 is the square of the wavenum-
ber k2 for the wave at low levels. If /2 > k2, then the

wave propagates upwards (Scorer, 1949); if not, the
wave decays. As can be seen from Fig. 5, the wave is
able to propagate up to about 800 mb. Above this level,
the wind curvature and the strong westerly flow cause
the wave to decay.

From Fig. 5a, it is clear that the curvature in the
wind profile at the base of the jet (around 700 mb) will
strongly trap waves propagating through this layer. This
raises the question of the importance of the depth of
this layer for wave trapping. The degree of trapping in
a layer of depth H can be estimated in the following
manner. We first assume that in this layer the curvature
term |U”/(U — ¢)| is much larger than both gB/(U
— ¢)* and k2. From Fig. 5, this is certainly true at the
base of the jet in this high shear example, but may not
be such a good approximation in the weak shear case

examined later (experiment 3). Following Scorer
(1949), the wave will then decay according to

” 0.5
w oc exp(—(k? — 1%)%32) ~ exp[-—( 7o c) z] .

100mb
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FIG. 4(b). As in 4a but for deviation potential temperature.
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FIG. 5 (a)'Scorer parameter downstream of the bore in experiment 2. Also plotted is the square
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For simplicity, we assume that there is no shear be-
low the layer; then if the shear at the top of the layer
is U',

LA U,/H.

If we take the amplitude of the wave at the bottom

of the layer to be unity, then at the top of the layer the

amplitude will be,
U, H 0.5
W~ exp| —| ——
p[ (UM - C) :| ’
where U,, is some mean wind in the layer.

It is clear from the above expression that for a fixed
increase in shear, U', the amplitude reduction increases
as the depth of the curvature layer increases. Thus, in
the real atmosphere where the region of high curvature
may be smoothed over a larger depth than in the nu-

merical model, the trapping caused by this layer may
be greater. However, it should be remembered that as

(x107m’?)

~U'NU - 0.

the depth of the layer increases the assumption that
the curvature term is much larger than the other two
terms will eventually be violated.

3) WEAKER JETS.

In the previous subsection (2), it was shown that the
upward radiation of energy that occurs in an undular
bore is reduced in the presence of opposing winds at
upper levels. To examine this effect more quantita-
tively, the model was run with the same thermody-
namic structure as before but with the upper winds
reduced by 50%. (The jet velocity is now 16 m s™!
above 500 mb.)

. In Fig. 6, the vertical velocny is shown at ¢t = 190
min, experiment 3. First, a disturbance has propagated
far ahead of the density current and can be seen inter-
acting with the right-hand side of the domain. However,
this is clearly not a trapped wave as the maximum
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FIG. 6. Vertical velocity in experiment 3 (with reduced jet) at £ = 190 minutes.
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vertical velocity occurs somewhat above the stable
layer.

Near the left-hand side of the domain, a wave at
low-levels can be seen. Not surprisingly, the amplitude
of the wave has been decreased by the weaker jet (ver-
tical velocities being reduced by 25%). Furthermore,
the upward radiation of energy has produced a large
area above the stable layer with descending velocity of
almost the same magnitude as in the trapped wave.

Another feature to note is that the wavelength of the
trapped wave has been reduced (by 36%). This result
can be best explained by referring to Fig. 7 in which
the Scorer parameter downwind of the leading wave
has been plotted. The weaker velocities and wind cur-
vature in the jet have caused the Scorer parameter in
this region to be increased compared with experiment
2. As the criterion for wavetrapping, k2 > /2, depends
on the wavelength, the longer waves that were previ-
ously trapped by the jet have either been trapped less
strongly or have been able to propagate into the upper
levels of the domain (leaving the shorter wavelengths
at low levels).

¢. The effects of moisture

Perhaps the most striking feature of the Morning
Glory is the wave clouds usually associated with the
disturbance. Although “dry” Glorys have been re-
corded, they usually occur with one, two or more cloud
bands.

The fact that dry disturbances have been observed
suggests that moisture does not play a crucial role in
the formation of the bore. However, moisture un-
doubtedly affects the structure of the wave through the
release of latent heat. In the ascending branch of the
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wave, if condensation occurs, latent heat will be re-
leased and the buoyancy of the air increased. Con-
versely, as the air descends and evaporation occurs, the
buoyancy decreases. If no precipitation occurs, then
the net change of buoyancy during the process is zero.
The fact that condensation has temporarily increased
the buoyancy of the air might suggest that the ampli-
tude of the wave should also increase. However, as will
be seen, the inclusion of moisture has precisely the
opposite effect.

1) THE INCLUSION OF MOISTURE IN THE MODEL

To allow for the presence of cloud in the model, two
extra prognostic variables are solved for (see Miller and
Pearce, 1974). These are g, water vapor content, and
4., cloud water content (both in g kg™! of moist air).
After each timestep, the water vapor content is checked
against the saturated value g, for the model temper-
ature. If g exceeds g4, then g and the temperature are
altered, subject to energy conservation, until the final
vapor content is the saturated value for the final tem-
perature. Conversely, if cloud exists in subsaturated
air, then g is decreased until saturation occurs or until
the cloud disappears.

Before examining the results from a simulation with
moisture, it is important to note that the inclusion of
moisture not only allows the possibility of cloud for-
mation but also alters the effective stratification of the
atmosphere. The reason for this is that moist air has a
lower density than dry air at the same temperature and
pressure or a greater temperature at the same density
and pressure. This effect is usually taken into account
by defining a new temperature, the virtual potential
temperature:

6, = 6(1 + 0.61q),

~-7
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7(a), (b). As in Figs. 5a, b except for experiment 3 with a weaker jet.

Note that the horizontal scale has been contracted by a factor of 2.
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where g is the water vapor content in g kg™'. Now as
the water vapor content usually decreases upwards, 8,
does not increase upwards as rapidly as § and hence
the atmosphere is less stable. For this reason, it is dif-
ficult to make model comparisons between dry and
moist atmospheres. However, as will be shown, this
difficulty can be circumvented by comparing two moist
simulations, one of which has the condensation sub-
routines “turned off” (so that the mixing ratio can be-
- come greater than gg,).

Measurements taken at Burketown during a Morn-
ing Glory observational experiment show that the stable
layer is very moist [the relative humidity at the ground
on 4 October 1979 was 96% (Clarke et al., 1981)].
Above the stable layer, the relative humidities observed
are of the order of 30 to 40% which are typical values
for a tropical atmosphere near the end of the dry season.

In the model, the moisture profile is simplified to
two linear profiles of relative humidity. At the ground,
the relative humidity is denoted as Ora12 and decreases
linearly to Qrat; at the top of the stable layer. In the
upper layer, the relative humidity decreases linearly to
OraT1/2 at the top of the model.

The following humidity values were taken for the
first simulation:

Orami = 0.55,

QRAT2 = 0.96.

The air at the top of the stable layer is slightly more
moist than usually observed. This allows deeper clouds
to form and makes it easier to study the effects of con-
densation. The potential temperature and velocity
structure are the same as in experiment 2.

2) MODEL RESULTS

Several trial simulations were necessary before in-
dividual wave clouds, similar to those in the Morning
Glory, could be produced. To obtain wave clouds, the
moist air near the surface needs to be lifted above the
condénsation level but not above the level where the
air becomes positively buoyant; otherwise free con-
vection will set in. Also, when condensation occurs, it
is necessary for the air to be allowed to descend, oth-
erwise individual wave clouds will not appear. This
was a difficulty with the first experiments, in which the
density current was allowed to propagate into the do-
main for the duration of the experiment. In these ex-
periments, a stronger density current (with Ap; = 75
mb and 8'/6, = 0.12; see Fig. 1) was needed to produce
condensation. However, the strength of the density
current resulted in the current propagating too quickly
for any disturbance to move ahead.

These early experiments made it clear that to obtain
reasonably large wave clouds propagating ahead of the
density current it is necessary for the current to decel-
erate after it has interacted with the stable layer. Fur-
thermore, in the real system in northern Queensland,
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deceleration of the sea breeze is to be expected, as the
thermal forcing of the breeze ceases during the night.

For this reason, an experiment was run in which the
velocity prescribed at the density current inflow was
decreased monotonically after the current had inter-
acted with the stable layer. To reduce the inflow ve-
locity, a similar procedure is used to that implemented
at the start of the simulation to increase the inflow (see
CM, section 2).

In Fig. 8, the cloud and vertical velocity fields at
t = 135 minutes and 216 minutes are shown (experi-
ment 4). Comparing Figs. 4 and 8§, it can be seen that
the vertical velocities have increased by a factor of 2.
This increase can be partly attributed to the stronger
density current used to initiate the disturbance but also
to the decrease in stratification above the stable layer
that moisture has caused. In this layer, the stratification
based on the virtual potential temperature is

1 86,
B=_——
0, oz

=3X10%m,

FIG. 8. (a) Vertical velocity and cloud fields for experiment 4 at
t = 135 min. Heavy line is the 0.01 g kg™! contour of ¢.. Both hor-
izontal and vertical scales are expanded by a factor of 2 compared
with Figs. 4 and 6. (b) As in (a) except at £ = 216 minutes. The density
current is approximately 16 km behind the second cloud.
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FIG. 9(a). Vertical velocity field in experiment 5 at ¢ = 216 minutes.
Heavy line is the 0.01 g kg™! contour of g,.

which represents a 40% decrease in stratification com-
pared with the dry simulation. This reduction in strat-
ification results in a greater trapping of energy in the
region above the stable layer and a consequent increase
in amplitude at low levels.

As can be seen from Fig. 8, two wave clouds have
formed after 216 minutes. These clouds form in the
region between the ascending and descending branches
of the wave where the air in the stable layer is lifted to
its greatest height, i.e., in the crest of the wave.

The cloud depths obtained in experiment 4 are
somewhat less than those observed. In the numerical
simulation, the pressure difference between cloud top

and bottom is 60 mb (=~600 m) whereas on 4 October
1979, the first cloud had a depth =~ 1200 m. To obtain
these deeper clouds, it would be necessary for a con-
siderably stronger density current to interact with the
stable layer. However, the timescale for bore devel-
opment is then substantially increased and the con-
sequent increase in computer time makes it expensive
(computationally) to study these stronger disturbances.

3) COMPARISON WITH A DRY ATMOSPHERE

As mentioned earlier, the simplest method of ex-
amining the effects of condensation is to run two moist
simulations and to disallow in one the possibility of
cloud formation.

Experiment 4 was repeated with the cloud routine
switched off. Because of the relatively small amounts
of cloud in the experiment, the changes that occur are

slight. However, the presence of cloud causes a small
decrease in the wave amplitude. With cloud the
maximum vertical velocity i1s reduced by approxi-
mately 5%.

To explore this behavior further, an experiment was
run with a stronger density current in order to produce
deeper clouds (experiment 5). The density current pa-
rameters were increased to 8'/6, = 0.015 and Ap; = 90
mb. At ¢ = 216 minutes, one wave has formed and this
is shown in the vertical velocity field, Fig. 9. (As already
stated, a considerable amount of computer time would

be needed to simulate the full development of the bore.)
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FIG. 9(b). As in Fig. 9(a) except cloud is not allowed to form. Note that with cloud
the disturbance is weaker at low levels, has a longer wavelength and more energy at

upper levels.



180

The cloud in this wave has a depth of =~1 km with a
maximum cloud water content of ~1 g kg™'.

In Fig. 9b, the vertical velocity field for the same
experiment, but without cloud, is depicted. As can be
seen, the vertical velocities are reduced when cloud is
present, in this case by 20%. This at first surprising
result has been noted by several previous authors (see,
for example, Barcilon et al.,, 1979; Smith and Lin,
1982). The explanation put forward by these authors
is that condensation decreases the stability of the at-
mosphere. In a moist flow, it is no longer potential
temperature that is conserved by the fluid, but equiv-

alent potential temperature g = 8 exp(L.gsa1/CpT) .

and this decreases less rapidly in the stable layer. In
the present simulation, the potential temperature dif-
ference across the stable layer is 10°C, while the dif-
ference in equivalent potential temperature is only 6°C.
Note that the effective difference is somewhere between
these two values, since only part of the stable layer is
cloudy.

As the effective stratification in the stable layer is
reduced, less energy can be trapped at low levels. More
energy is transmitted into the upper atmosphere, and
this can be seen by comparing Fig. 9a and 9b. In the
cloudy experiment, the downward velocity in the mid-
dle of the atmosphere has been increased by 20%.

The escape of energy upwards is compounded by
the increase in wavelength that occurs when conden-
sation is included. In the noncondensation run, the
wavelength is 12.7 km, whereas with condensation, the
wavelength is 20.1 km. This increase can be explained
in the following manner. There is little difference in
the speed of the bore, 15.1 m s~! for noncondensation
and 14.9 m s~! with condensation. As the speed of the
bore depends solely on the difference in height of the
stable layer between regions far upstream and down-
stream of the bore (see Benjamin and Lighthill, 1954),
tit is not altered if a cloud forms and completely evap-
orates downstream.

However, the wave speed is affected by condensa-
tion, since it reduces the effective stability through
which the wave propagates. Now the horizontal phase
velocity of internal gravity waves in a nonrotating sys-
tem is given by '

N

( k2 + m2)0.5 4

where k and m are the horizontal and vertical wave-
numbers respectively. Hence the phase speed increases
as the horizontal wavelength increases (noting that the
vertical wavenumber is fixed by the trapping charac-
teristics of the atmosphere). Thus, a wave with con-
densation (in which the effective N is reduced) must
increase its wavelength in order that it propagate at the
same speed as a dry wave.

Cy=

3. Discussion and conclusion

The present research has indicated the following
necessary conditions for undular bore behavior:

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 43, No. 2

1) a generating mechanism such as a sea breeze,
thunderstorm outflow or cold front;
2) a Scorer parameter decreasing with height. This

" can be achieved by the presence of

a) a strongly stratified stable layer at the ground,
b) weak stratification above the stable layer, and
¢) strong winds opposing the wave motion at upper
levels.
For the formation of stable wave clouds, it is necessary
to have
3) high relative humidity in the stable layer, drier
above.

In section 2b, it was shown that the westerly jet that
often exists over northern Queensland assists in the
trapping of energy in disturbances that propagate from
the east. However, Morning Glory disturbances have
also been observed to propagate from a southerly di-
rection and for these disturbances the upper-level wind
in a ground-based reference frame is perpendicular to
the direction of motion. Two comments will be made
about the trapping of energy in these disturbances. First,
the lifetime of southerly disturbances tends to be shorter
than that of northeasterly disturbances (R. H. Clarke,
personal communication, 1984). One possible expla-
nation for this is that southerly disturbances in general
are less strongly trapped in the vertical and that upward
radiation of energy is limiting their lifetime.

Secondly, disturbances from the south tend to have
a greater propagation speed than those from the north-
east (17 m s™! on 10 December 1980, 15 m s™! on 10
September 1980—see Smith et al., 1982, and 18.4 m
s~! on 26 October 1984, unpublished). This increased
wavespeed is most likely due to the fact that the winds
below 4 km are usually southeasterly and thus assist
the propagation of southerly disturbances. Above the
southeasterly trades in the region where the flow turns
westerly, the wind speed, in a frame reference in which
the wave is at rest, will be increased and consequently
the Scorer parameter reduced. Furthermore, the wind
curvature in the region between the southeasterly and
westerly flow is such as to assist wave trapping.

The author’s attention has recently been drawn to
a related work by Clarke (1984) on interacting sea
breezes. Briefly, a hydrostatic sea breeze model was
run with two coastlines separated by a distance of 440
km which is an average width of Cape York Peninsula
where northeasterly disturbances are believed to form.
The numerical model was run with various cross-pen-
insula winds which were constant with height for each
case. After a day of solar heating, the sea breezes would
meet at about midnight and, depending on the value
of the cross-peninsula wind, one or two bores would
form. For low values of the background wind, ~1 m .
s~!, two bores moving in opposite directions would
form; for higher winds only the bore moving in the
direction of the background wind would form.

The bores that were produced were not followed by
substantial gravity waves, and this Clarke attributed to
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the neglect of the nonhydrostatic terms in the equation
of motion.

What is of particular interest in this work is the
structure and long-term progress of the bores that are
created. Clarke uses a similar potential temperature
profile to that used in the present study except that he
includes an inversion of 5°C at approximately 2700
m. He finds that the vertical velocity decays rapidly in
the region of the inversion, but then increases above
that height (see Fig. 16b). Clearly, some energy is being
reflected off the inversion layer and hence trapped in
the lower layers of the atmosphere and some is leaking
through.

Related to this observation is the long-term behavior
of the bore. Clarke finds that his simulated bores decay
with time; there is an approximately 33% decrease in
amplitude over 3 h for the case where the background
wind is equal to 5 m s~! (Table 4, Clarke, 1984). This
decay, with time, is most likely due to the upward ra-
diation of energy by the gravity waves above the in-
version. Note that the wave trapping mechanism pro-
posed in the present work cannot operate in Clarke’s
model as there is no shear in the environment. How-
ever, despite this leakage of energy, significant ampli-
tudes are produced (although in general less than those
observed), suggestlng that the inversion at around 3
km is important in the dynamics of the Morning Glory.
It is planned to investigate the relative importance of
inversions and opposing shears in a future work.

If condensation occurs, the numerical results in the
present work have shown that the disturbance ampli-
tude is reduced. This somewhat surprising result has
been noted by a number of authors; however, it does
not seem to be widely recognized (see, for example,
Clarke et al., 1981). The numerical simulations have
also shown that cloud tends to increase the wavelength
of the disturbance.
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