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ABSTRACT
The extended obdjective of this work is to sentribute to the
understanding of the short ters response of the stacephere to fecrcing by

turbulent gravity wave-criticsl level encounters. A cembinstion of
aumerical and obeervetionsl spprosches is used.

Severs] nonturdulent snd turbulent cajculstions of » grevity weve-
eritical level encounter \heve been performed. Buamples sre éiscussed. ’
Those calculstions includisg turbulence are noteworthy im thst they sre the
first mown. MNowever, mumericsl difficulties sesocisted with the lewel 2
turbulence model of the code have prevented the computstiocn of the encoumter
to sufficiently lste times. A new code, employing & level 4 model, is mow
being developed. through support from the Netiensl Sciemce Feundstion. Barly
offorts in the upcoming yeer will include completion of the mmericel
salculations using the newv code.

The simulsted signatures will aid in the examinstion of iaterpretstion
of the records of the Poker Flats and Sunset doppler reders. Of those
events which can be identified as critical level emcoumters, ene or two will
be selected for mmericsl simulation, for wvhich key peramsters are metohed
to those extracted from the odeervations. Bven ecder-of -magnitude agreement

between odserved snd calculated c.’, time series would lend guentitative

significance to this work, which would extend to the calculated modifice-
tions of the mean flow.

A second point of intersction with cdeervations is the internal wave
experinents proposed to de performed at the snmular tamk facility st
Physical Dynamics, Inc. RMmerical simulation of one of these experiments
will provide sn opportunity to evsluste the turbulence soéel as well es the
overall cslculational procedure. As with the intersction with the Doppler
radar dats, this collsdorstion will sllow both s test of the mmerics and an
enhancement of the dats interpretation.
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ABSTRACT

The extended objective of this work is to contribute to the
understanding of the short term response of the atmosphere to forcing by
turbulent gravity wave-critical level encounters. A combination of
numerical and observatlonal approaches is used.

L——~{5>Several nonturbulent and turbulent calculations of a gravity wave-

critical level encounter, have been performed.. Examples are discussed.

Those calculations including turbulence are nboteworthy in that they are the
first known. However, numerical difficulties associated with the level 2
turbulence model of the code have prevented the computation of the encounter
to sufficiently late times. A new code, employing a level 4 model, is now
being developed through support from the National Science Foundation. Early
efforts in the upcoming year will include completion of the numerical
calculations using the new code.

~The simulated signatures will aid in the examination of interpretation
of the records of the Poker Flats and Sunset doppler radars. Of those
events which can be identified as critical level encounters, one or two will
be selected for numerical simulation, for which key parameters are matched
to those extracted from the observations. FL‘~Fn order-of-magnitude agreement

between observed and calculated Cn time series would lend quantitative

significance to this work, which would extend to the calculated modifica-
tions of the mean flow.

A second point of interaction with observations is the internal wave
experiments proposed to be performed at the annular tank facility at
Physical Dynamics, Inc. Numerical simulation of one of these experiments
will provide an opportunity to evaluate the turbulence model as well as the
overall calculational procedure. As with the interaction with the Doppler
radar data, this collaboration will allow both a test of the numerics and an
enhancement of the data interpretation.
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1, INTRODUCTION

. oxtondod objective of this work is to contribute to ‘h‘ under-
standing bi the short term response of the atmosphers to short ters
influences. The particulasr influence studied is internal gravity wave
motion, specifically the encounter of s gravity wave with a critical level,
a height where the component of the wind speed in the direction of horizon-
tal phase propagation matches the horizontal component of wave phase speed.
Two major effects of such encounters are the deposition in the wind of
momentum transported by the wave motion and the generstion of turbulence by

the wave motion. Both phenomens modify the wind in the vicinity of the

critical level. s te 3

As discussed in the original proposal, the former effect has been
studied by a number of investigators, and the present work builds on their
results. The explicit inclusion of turbulence generated by the wave motion
is s new feature.

The approach of this study is to combine the results of numerical
simulations with observations produced by Doppler radar to understand the
form of the atmospheric response to these effects, the details of the
physics of the various processes involved, and the magnitude of the response
under various typical conditions. This combination can be productive since
the radar records may display wave motion and indications of strength of
turbulence activity, which are the features of the numerical simulations.

The first year's work has concentrated on performing several numerical

simulations of the turbulent gravity wave-critical level encounter. Results

are presented in the following sections. In the second year I plan to
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examine radar records from the Poker Flats and Sunset radars in view of the
first year's calculations. I also would collaborate on wave-critical level

tank experiments proposed to be performed at Physical Dynamics, Inc. These

plans are discussed more fully in the fourth section.
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2. GENERAL DISCUSSION OF THE PROGRESS

The milestones achieved this year are:

1. The Fortran code was re-assembled to run on the AFWL Cray-1 and
carefully validated against previous output. [This step was
necessary because the only version available to me was one running
on a VAX 11/780 (host)-FPS 164 (array processor) combination, which
requires a specialized, machine-dependent form.)

2. The existing "level 2" turbulence model for the Reynolds stresses
was replaced by the more widely used (and hence accepted) "level 2"
model of Gibson and Launder (1976).

3. The existing rigid wall boundary conditions on the left and right :
edges of the computational domain of the code were replaced by
periodic boundary conditions. [Numerical difficulties led to the .
discovery that this step also requires a second level of iteration
on the successive over-relaxation (SOR) pressure solver.]

4, The existing rigid wall boundary conditions at the lower edge of
the computational domain were replaced by a wave-forcing boundary
condition. [Numerical instabilities resulted from this step. The
cure was achieved by specifying a background wind which was zero at
this boundary.]) :

5. A variety of runs were made simulating a gravity wave-critical
level encounter.

The particulars of some of these runs are presented in the next

section. Those including turbulence calculations are noteworthy because
they are the only ones to date to do so. However, they extend to only a

half-period or so beyond the point of wavebreaking. A stong numerical
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instability associated with the turbulent vertical mass flux has prevented

lengthier calculations. Such behavior is not uncommon with level 2
turbulence models, and could be remedied with one or two months intensive
effort (perhaps using techniques employed for a somewhat similar situstion
by B. Launder, private communication). [In a level 2 model, the assumption
of relatively small anisotropy is made, which allows the dropping of the
temporal and spatial derivatives in the original equations. The
differential equations thus are reduced to algebraic equations.)

However, I have decided on another course to produce the desired
numerical calculations, because of a recent development. In conjunction )
with Dr. John T. Merrill at the University of Rhode Island, I have been
awarded a grant by NSF (Meteorology) to develop and use a code designed
specifically for studying wave-turbulence interactions, of which gravity
wave-critical level encounters are one example. Briefly, the wind and wave

portions of the flow are spectrally decomposed in the horizontal,

finite-differenced in the vertical, and the turbulence correlations are
computed by a level 4 model. [In the level 4 model, the only approximations
made to the exact equations are the expressions or “closures™ used for the
unknown correlations - all time and space derivations are kept.] Hence the
turbulence can be much more responsive to the evolving wave motion, and
calculated under far less drastic assumptions. This code is now being
developed. Accordingly, instead of spending more time on the existing code,
I have decided that, for this work, it will be more profitable to use that
time on the new code. After its validation, I will immediately use it to
complete this phase of the turbulent gravity wave-critical level

interaction. I anticipate completion by the beginning of FY86.
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results will be a valuable aid in validating the new code.

The existing code has been exhaustively validated, so its computational

In addition, the

experience gained performing the calculations described next already has

been quite useful in developing the new code.
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3. SPECIFIC CALCULATIONAL RESULTS
3.1 MNONWNTURBULENT CALCULATIONS
Results of a nonturbulent (i.e., turbulence model turned off)

calculation are shown in Figures 1 and 2. The wind is described by

u(z) = tanh(z) - tanh(z,).

s0 that distance is scaled on shear layer half-thickness and velocity is
scaled on half the velocity change across the shear layer. The height zZ,
is the (scaled) height of the bottom of the computational domain. The top
is at z = z, and for this calculation I use

z, = -1.5

The background stratification is uniform:

B(z)/po = 1.0 + Ri_ z/g,
where Po is the density at the critical level and g, is the nondimen-
sional acceleration due to gravity. The minimum Richardson number is
Rim = 2.0. With Rim specified, setting the value of g, requires
specification of two of the three quantities: height scale, velocity scale,

or Bruri-Vaisala frequency. I have chosen N = 0.01 sec ' and the

velocity scale to be 5 m/sec, so that the height scale is 707 meters and

By = 277.
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::; The wave is forced at the bottom of the computational domain by requiring :
,
. w(x, zb.t) = A(t) sin (kx + nz, - wt) X
“ where ':.
' Agt/T , t <T A
."1' Ao 'Y t > T .
:‘:. :"
EY with the other computational variables given by the usual polarization .
by relations. Here Ao = 0.1 is taken, and T = 6v/w. The wave frequency ':
.:_‘ 9
is set by N
< X
o
- 2 11/2 oy
‘ o = {Rig/[1 + (w/k) ]} o
-~ ™
and for this run the local vertical wavenumber m at z = z, is chosen to be Q:
. related to the horizontal wavenumber k by B
Z‘
<]
mk = -1 -]

so that w = 0.5.

y The horizontal wavenumber is specified by “

< -
o k = w/(z = 0) o
b -
o = w/tanh(]|zy]) o
- 4
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so that the critical level (except for the startup transients) lies at

z = 0. The horizontal domain extends from

x . =-w/k
min
xmax = w/k + Ax

where Ax is the horizontal distance between neighboring computational
points (the extra cell is added to allow the proper enforcement of the
periodic boundary conditions).

The boundary condition at the top of the domain is the free-slip
condition at a rigid wall. The number of computational points in the
horizontal is 42, and the number in the vertical is 41, for a total of 1722.

The critical level is at z=0, which in Figures 1 and 2 is row 25 of the
matrix. The flow is entirely horizontal at t=0, when the wave is begun to
be forced at the lower boundary (row 1 of the matrix). In order to maintain
a reasonably-sized number of computational points yet resolve the gradients
in the vicinity of the critical level, the mesh is stretched. The physical
spacing between points in the vertical as the critical level is only 1/3 the
vertical spacing at the lower boundary.

To produce these figures, the calculational arrays themselves have been
printed out after being normalized by their maximum values. Hence a "53"
means 53% of the maximum found on the array at this time step. Since the
print-out on the page is uniform in the vertical, the mesh stretching is not
accounted for. Hence the displayed fields are distortions of the physical
fields. To see the effect of this distortion, Figure 1(a) should be

compared with Figure 3(a), which was computed using a uniform computrtional
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mesh, and thus has no distortion. Even with this distortion in Figure 1 and
2, however, the main results are clearly evident, and they do have the
benefit of displaying the details near the critical level.

Figure 1 displays the component of wave-associated velocity along the
direction of the wind at the times of 3.5, 4.0, 4.5, and 5.0 wave periods
after the start of the calculation. (Note the propagation of the wave phase
about 1/2 wavelength--or half the horizontal distance shown on the
plot--from one plot to the next). The major features visible are:

1. The wave is not penetrating the critical level.

2. The wave motion in the direction of the wind is increasing, and the

motion against the wind is decreasing (note the near absence of
negative values in Figure 1(d)).

3. Since heavier air thus is being carried over lighter, the wave
breaks. [This breaking has just begun in 1(a). Notice the
downward trend in the peak velocity, indicated by **x, from one
plot to the next, and the build up of the strong gradient below the
peak as the air falls].

4, By 5 wave periods (Figure 1(d)), the original well-ordered, nearly
linear wave has taken on a complex, highly nonlinear form.

Figure 2 shows the effect of this motion on the density (or temperature)
field. Here the total density p is plotted in the form p/po-l. At

the initial time (t=0), these density contours were horizontal. At this
time (5 wave periods into the simulation), there are several large regions
where heavier air overlays lighter.

Certainly when such an encounter occurs in nature, a substantial amount

of turbulence will be generated. This turbulence will help absorb the wave

-9~



§$ into the flow. Noticing from, say, Figure 1(d), that the wave has a large
i mean velocity component in the direction of the flow, we conclude that such
‘I' an event will significantly alter the wind field in the height vicinity of
Eﬁ the critical level.

) 3.2 TURBULENT CALCULATIONS

!5 The preceding results indicate the value (perhaps necessity) of

» performing studies of critical level encounters which include turbulence in
Bg the study, if realistic assessments of such encounters are to be made.

Eg Figure 3 displays the results of one such calculation. All of the

parameters (background, mesh size, etc.) are the same, except the mesh is

not stretched, so that is no distortion of the wave fields in these plats.
The intent in choosing initial conditions for the turbulence varisbles

is simply to pick values which are small enough not to affect the initial

evolution of the flow, but not so small that growth to reasonable values

could be delayed. I have used for this run

-a

As a guide in setting a reasonable corresponding dissipation rate, I have

used the observation that in equilibrium shear layer turbulence the time
E; scale is about three times the inverse of the maximum shear, setting
t' e =0.3q %% |o =0.3q.
7
o In Figure 3(a) is shown the wave-associated velocity component in the
b direction of the wind (as in Figure 1) at 3 wave periods after initializa-
= tion. The turbulence intensity is shown in Figure 3(b). The wave has not

F; -10-
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yot started breaking, and this turbulence is due to the strong shear
developing between wave phases as the critical level is spproached. The
result is s very thin layer just below the critical level, strongly
dependent on wave phase. From the nonturbulent results in Figures 1 and 2,
the wave will soon break. This should result in the repid sppearance of
turbulence distributed, according to Figure 2, over a much thicker region.

An effect of stratification can be seen by comparing Figure 3 and 4. In
this latter figure, the Brunt-Vaisala frequency has been halved, so the
Richardson number is reduced from 2.0 to 0.5. The time of Figure 4 is 2.2
wave periods, slightly earlier than that of Figure 3 (which is 3 periods).
Also, the mesh is much finer. The number of computational points in the
horizontal is 82, and the number in the vertical is 91, for a total of 7462.

Notice the broader appearance of the wave as the critical level is
approached. Also, the turbulence intensity is spread over a thicker layer.
As with Figure 3, this turbulence is due to shear production; the wave hasg
just approached the point of breaking and rapidly generating an active
turbulence region.

In both of these cases, the level 2 turbulence model has not been able
to follow this generation. Hence, as discussed, I am going to a level 4
code. The new code should provide a reliable and unique tool for examining

this way of modifying the atmospheric flow.
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4. PLANS FOR THE NEXT YEAR

The research effort in the upcoming year will be two-fold in approach,

employing both numerical and observational techniques. The new code will be

used to perform at least two simulations similar to those depicted in the

figures, but well into the mature, breaking stage of the encounter.

Analysis of these runs will include (the notation is that of the original

proposal)

1.

Comparison of the shape and magnitude of the height profile of the

momentum fluxes U & and U'W" and density fluxes E‘B snd p'w'.
Comparison of the height profiles of the height derivatives of these
quantities, which is what modifies the wind.

Investigation of the relation, particularly in phase, of the
wave-induced turbulent momentum fluxes, ;ij and the wave strain
rates a;i/axj. since these quantities determine the rate of
exchange of energy between the wave and turbulent fields.

Study of the behavior and location of turbulence intensity and
production versus that of the total (wind-plus-wave) Richardson
number.

The effect of turbulence as revealed by contrasting these
calculations with previous laminar calculations performed by others
(ideally, this should be done by a comparison of laminar results
produced by this code for otherwise identical runs, but limited
resources may require focusing on the turbulent runs).

Inspection of the behavior of the turbulence diffusivity and Prandtl

number.

-12-
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}5 For part of the observational work, these results will be used to
I' characterize the signature such an encounter would produce in Doppler radar
records. In considering a suitable parameter with which to characterize the

e

2
signal, the refractivity structure constant Cnh is a first choice. This

quantitiy can be computed from the turbulent volume reflectivity n; by

e |

2 1/s
Ch = nt A, /70.38,

o
A

., |

where xr is the radar signal wavelength. For a given radar geometry and
operating condition, the volume reflectivity may be computed from the
relative echo strength using the radar equation.

K-

2
Note that C, has the advantage, once computed from the data, of being

independent of the attributes of any given radar. As such, this quantity is
.' a useful point of confluence of the range-gated radar return signal strength
records and the numerical calculations.

I derived in the second year proposal (February, 1985) a relation

2
!5 between C, and the turbulence dissipation rate ¢:

2 2/3
C ~ (¢/9) ¢
n

where q is the turbulence intensity and ¢ is the relative variance of mass

density (this latter term will include variance in electron number

El]

w”

Nz

) ~-13-

ey ."._'.."4 Ll A gy
3 -.c\.;_- > ek '- )

e )

= H

B T

o

PG| A =

P NNy 3315

. 'r\.'~" N R T O e T P N T L, DT, PR
A;l‘v;‘rﬁ‘ ﬂ* ; f v)'.} :.(_ '.'U. - "f y ﬂ-ﬂ.l ,.~(' o0t aﬂ.\‘-(‘ -t .‘.\ "a, ., .;‘l‘\ \\~1.',‘ K



o

.
.l

i

oYy
Y i

K.

et

Shh |

Ees g

0, 59 ")“'l.f,-.‘,'-."_'&"\.‘" AN J\.'i' LA R - :»."..,".,."k" y r -;.-w--u'..-_‘pr '(F'- U -
RN é. vy /7' .’\ » V‘-""' ‘-“':ﬂ‘:'l W ) i'm l'a .._n .gs‘ o '\'J’ [ W) :’%‘:'I‘!'D‘! ,.'0,\ h‘ '}-;,‘J'. X ﬂ* ’|’£ 0.|.l. o

density at heights where free electrons contribute to the electromagnetic

index of refraction). All of the quantities on the right in this expression,

2
and thus C, , will be routinely computed in the simulations.

Prominent features of the simulated signatures will include the

2
magnitude and phase of wave-induced fluctuations in, C, relative to
the magnitude and phase of the radial (along-the-beam) component of

wave-associated velocity, and the geometrical form of the mean and

wave-induced fluctuations of C: ,» scaled by shear layer thickness. The
signatures will be displayed for a sequence of times as the encounter
evolves.

The first use of the simulated signatures will be as a pattern with
which to examine and interpret the available radar records. From the set of
critical level events identified in the data, one or two will be chosen for
further calculational investigation. One or possibly several simulations
will be performed in which are matched as many key parameters (e.g.,
wavelength-to-shear layer thickness, incoming wave amplitude-to-wind-speed
difference across the shear layer, ambient turbulence levels, minimum
Richardson number) as can be extracted from the data set. The degree of
unambiguity in the radar record, and the amount and quality of supporting
data (e.g., a recent nearby rawinsonde, clear observation of the wave motion

by a neighboring microbarograph array) will be prime criteria in this choice

2
of events. If this second tier of simulations can produce C, signatures
which are similar in form and whose magnitude is within, say, an order of

magnitude of the observation, then the step from idealized depiction toward
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:% quantitative significance would at least have been begun. This step would
extend to the computed modification of the wind by the wave and turbulence

ll fields, a central point of investigation. Pinally, if a particularly clear

:% case (e.g., comparable to the third shear-generation event discussed by

" Grant, 1979) can be located, some inferences about the c; calculas-

™ tion, and indeed, the turbulence model]l itself, may be adble to be drawn.

Zﬁ: A six foot diameter annular tank is now being tested at Physical

7 Dynamics, Inc. Bellevue, Washington. This faclility will have unique

= capabilities for the observation of wave pheonomena on relatively long time

@5 scales. Part of its use to be proposed for the upcoming year is to study

& wave - critical level encounters, including breaking cases (Dr. D. Delisi,

fj private communication). Such experiments will provide valuable points of

_g comparison with numerical studies. Particularly note-

i. worthy will be the opportunity to evaluate the computed turbulence field

M against controlled observations. Consequently, I will carefully simulate

B one of the wavebreaking, critical level encounters to be performed in this

!l tank. As with the interaction with the Doppler radar measurements, such

: collaboration of results will allow both testing of the calculations and

;: enchanced interpretation of the observations.
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FIGURE 1.

FIGURE 2.

FIGURE 3.

FIGURE 4.

AN L P

FIGURE CAPTIONS

Contours of the wave-associated velocity component along the wind,
for a nonturbulent calculation. The horizontal distance (one
wavelength) shown is 5.5 and the vertical distance is 2.7
(distances are normalized by the half-thickness of the shear
layer). The critical level is indicated by an arrow. The mesh is
stretched in the vertical, so the spacing between computational
points at the critical level is 1/3 that as the lower boundary.

The times shown are 3.5(a), 4.0(b), 4.5(c), and 5.0(d) wave periods
after start-up. Contours are at + 20, 40, 60, 80% of maximum.

Contours of the total (background plus wave) density p (displayed
as p/pp-1, were pg is the density at the critical level),

from the calculation shown in Figure 1, at t=5.0 wave periods.
Contours are at 10, 20, ..., 90% of maximum.

Contours of (a) the wave-associated velocity component along the
wind and (b) the turbulence intensity (or kinetic energy per unit
mass), as t=3.0 wave periods. As in Figures 1 and 2, the minimum
background Richardson number is 2.0. The computational mesh is
uniform. Contours are at + 20, 40, 60, 80% of maximum.

Contours of (a) the wave-associated velocity component along the
wind and (b) the turbulence intensity, as t=2.2 wave periods. The
minimum background Richardson number is 0.5 (i.e., density
stratification is half that of the previous figures). The
nondimensional horizontal distance shown (one wavelength) is 12.05,
and the vertical is 3.0. 1In (a), contours are at + 20, 40, 60, 80%
of maximum; in (b), contours are at 10, 30, 50, 70, 90% of maximum.
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