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1 Introduction

This document describes the methods and software developed to help predict
clear air turbulence (CAT) generated by large-amplitude mountain waves.
These waves and the associated turbulence are particularly prevalent in the
NZ region because of the country’s rugged topography and the strength of
the prevaling westerly winds.

There are several simple methods in a variety of contexts for the predic-
tion of of large-amplitude mountain-waves and associated CAT and other
effects: [1] describes a scheme for the the prediction of wave amplitudes for
glider pilots; [2] describes some general methods for aviation forecasting use;
[3] describes one of the earliest attempts to parameterise the effects of break-
ing mountain waves on the evolution of the large-scale flow within general
circulation models; and [4] discuss forecast guidance from explicit modelling
of waves and turbulence over the US. These methods all suffer from the sim-
plifying assumptions made to overcome the complex (fractal) nature of real
topography and the subtle variations in flow which real waves are sensitive
to. For example, the grids in the models described in [3] are very coarse so
that the sub-gridscale variations in the real orography have to be crudely
parameterised; while the graphical technique in [1] cannot correctly take into
account variations in the wind and buoyancy frequency which determine the
propagation of waves away from the mountains in question.

Of course explicit, 3-dimensional modelling of low of topography is pos-
sible but is very expensive in a computational sense, and so is not useful
for forecasting over a reasonably wide domain. The work described in this
report describes of a model of intermediate complexity which is suitable for
routine, day-to-day use in a forecasting environment but which still captures



the essential aspects of real topography and real wave propagation which are
missing in simpler models. An early version of the algorithm is described
in section 2, while the enhancements added for this study are outlined in
sections 3 and 4. Section 5 describes some preliminary calculations made
for the New Zealand region and in section 6 some conclusions and an outline
for further improvements are presented. Details of the software package are
given in section 7.

2 The ridge data and model

An algorithm for forecasting mountain-wave related turbulence in the strato-
sphere is described in [5]. The practicality of the scheme rests on the ob-
servation that much of the Earth’s topography is organised into relatively
long, narrow ridges and the assumption that it is simply the orientation,
width and height of the ridges above the surrounding terrain which deter-
mines the wave response. In consequence, the first part of the algorithm is
devoted to decomposing a global topography dataset into a (large) database
of ridges, each with values for these three essential characteristics. Details
of this process are given in [5]. Suffice to say that a section of this database
for application in the New Zealand region has been kindly supplied by Dr.
Julio T. Bacmeister. !

The second part of the algorithm in [5] determines the wave amplitude
and turbulence (if any) directly above each ridge in the region of interest.
The ridge height above the surrounding terrain determines the vertical dis-
placement of the wave field immediately above it, and then hydrostatic wave
theory and the conservation of wave momentum flux is applied to obtain the
wave amplitudes at progressively higher levels. If at any stage the wave am-
plitude exceeds a saturation value which depends only on local values of the
wind and buoyancy frequency, then the wave amplitude is scaled back to the
saturation value and the loss in momentum flux is attributed to turbulent
kinetic energy, a measure of CAT. Thus profiles of wave amplitude and CAT
activity are calculated above each ridge.

The method has been used with some success to verify that turbulence
observed on high-altitude flights of an ER2 aircraft during ‘Ozone hole’
experimental campaigns in the arctic and antarctic can be related to to-
pography beneath the flight track ([5]; J. Bacmeister, pers. comm., 1995).
Limitations of the wave propagation and saturation scheme have become ap-
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parent however: the hydrostatic wave approximation means that there can
be no propagation of waves or turbulence upstream or downstream from
the ridge location; and recent work shows that the saturation amplitude
for waves is not independent of wave parameters but instead depends in
a non-linear fashion on wave frequency and wavelength [6],[7]. The ray-
tracing model described in the next section is used with the ridge database
to overcome these deficiencies.

3 The ray-tracing model

3.1 Background

The 3-dimensional, non-hydrostatic, ray-tracing model of gravity wave prop-
agation used in this report is described in excruciating detail in [6]. In
essence the ray-tracing formalism applies to situations in which the wave
response sufficiently far from a complex, localised disturbance (such as gen-
erated by flow over rugged terrain) can be described by the propagation of a
single, monochromatic wavetrain through a ‘slowly-varying’ background flow
(one in which variations occur on a scale much larger than the wavelengths
of the wavetrain in question).

3.2 Ray paths and wave amplitudes

The output from the ray-traceris a path showing the propagation of the wave
away from the wave-source, the refraction of the wave by the background
wind and buoyancy frequency field, and the variation in wave amplitude as
it responds to the decreasing density and various physical processes (such
as radiative and turbulent damping). The 3-dimensional, non-hydrostatic
nature of the model means that it can accommodate waves which do not
propagate purely vertically, and waves with short periods and small hori-
zontal wavelengths which are ignored by many wave propagation models.
In short the model is ideal for studying the complete spectrum of waves
generated by flow over real topography, and the interested reader is referred
to [6] for more details.

3.3 Wave momentum flux and turbulence measures

A new feature of the ray-tracing model implemented for this study is the
calculation of the momentum flux associated with each wave. This makes



use of an elegant formula in [8] which is extremely convenient given the
internal workings of the ray-tracing model [6]. It relates the vertical fluxes
of horizontal momentum to the wavevector:

(¢, ¢y) = (W0, v'w’) = AC,, (k,1) (1)

where (k,1) is the horizontal wavevector, p the background density, Cy, is
the vertical group velocity, and A is the wave activity, defined as the wave
energy divided by the doppler shifted frequency. A measure of the turbulent
kinetic energy then calculated using a generalisation of the formula in [5]:

KFEyyp x |%(¢x7¢y)' (2)

4 Initialising the ray-tracing calculations

4.1 Outline of method

This section describes how the ridge database is used to initialise the ray-
tracing calculations to study CAT generation in the NZ region.

For each ridge within the region of interest, the program interpolates the
background wind and buoyancy frequency fields to the longitude, latitude
and altitude of the ridgetop, and with these crucial parameters proceeds to
calculate the range of total horizontal wavenumbers K;,; for which internal
gravity waves can propagate. (The waves are assumed to be steady with
crests parallel to the ridge). Once this range has been obtained it is split
into 5 parts and the amplitude of each component is determined assuming
the ridge is Gaussian in shape with a height and characteristic width given
by the values in the ridge database. The horizontal wavevector, the wave
frequency (zero for stationary waves), and the wave amplitude are then
passed to the ray-tracing program for integration.

4.2 Mathematical details
4.2.1 Determining range of propagating waves

Using the notation in [6] propagating waves require

m2 < m?= Ktotz{fvz - ﬁzfi'tot% — ol
" B2K0* — f?

(3)



where m,, is a minimum vertical wavenumber which can be accurately rep-
resented within the numerical code, and 3 is the component of the hori-
zontal wind perpendicular to the ridge crest (u,v,0).(k,1,0) = 8K If
B*Kip® — f2 > 0 this can be rearranged into

0> B* Ky + (o?6? — ND K — f2(a® +m2) (4)

If K 12"OT is the largest positive real root for K,y from this equation then
the range of permitted waves clearly lies in the range

(V121821 K2o7) (5)

4.2.2 Determining amplitude of each propagating component

The range of propagating waves obtained in the previous sub-section is di-
vided into 5 representative waves whose amplitudes are determined in the
following way. If z denotes a physical coordinate across the ridge and the
ridge height is given by

h(z) = Hoexp(—2z?®/L?) (6)

then the Fourier transform is simply [9]

. HoL
h(k) = OTﬁ exp(—k*L?/4) (7)
The amplitude of the wave component is then determined from the linearised
boundary condition on z = 0
' d +1i
w' = Eh(x) = —wTh (8)

Here wt = w — (u,v).(k,!) is the Doppler shifted frequency of the wave,
and w' is the wave vertical velocity which is related in a simple way via the
dispersion relations (e.g. [10]) to the RMS horizontal wave velocity used in
the ray-tracing program.

5 Some preliminary calculations for NZ

5.1 Background data

The background fields for these calculations are based on 6-hourly analyses
for two days in October 1994 from the Global Analysis and Prediction system



(GASP) at the Bureau of Meteorology in Melbourne, Australia (e.g. [11]).
The data have been interpolated from the original global analyses spanning
a vertical range from the surface to 10hPa with an R53 spectral resolution in
the horizontal and 19 layers in the vertical, to fields on a regular longitude
- latitude - altitude grid with a resolution of 2°in the horizontal and 1km in
the vertical. The fields used in the ray-tracer are temperature, horizontal
wind components, and pressure.

5.2 Experimental procedure

The ray initialisation process described in the above section is applied to
each analysis, and the parameters so obtained are passed to the ray-tracer
for integration. Horizontal and vertical projections of the resulting ray-paths
for the first and last analyses in the sequence are shown in the figures.

5.3 Results

Fig.1 shows the ray paths and regions of potential turbulence for 057 on
24th October 1994. The first feature to note is the area of strong turbulence
at low levels over the central North Island. The mountain ridges of the
South Island appear to generate turbulence at low levels but the waves then
continue to propagate away from the land-mass to give turbulence in the
stratosphere both upstream and downstream from the source of the waves.

The situation six hours later is shown in fig.2. Wave and turbulent
activity at lower levels has weakened over both islands as the flow changes,
with fewer waves reaching upper levels from the South Island as the wind
has strengthened aloft, curtailing wave propagation from below (see [6] for
a discussion of this filtering effect).

Fig.3 shows that six hours later at 17Z on 24th October 1994 turbulence
has increased dramatically in the troposphere over the South Island while
wave propagation over the North Island has all but ceased.

At the end of the two day period at 237 on 25th October 1994, the
situation has reversed, with strong turbulent activity having built up at
low levels over the ridges of the central North Island and East Cape, with
remaining wave activity propagating out into the Bay of Plenty. In contrast
to the situation 30 hours previously, there is virtually no wave activity at
all over the South Island at this time (fig.4).



6 Conclusions and further work

The methods and software described in this document clearly shows that the
prediction of turbulence associated with mountain waves is possible without
sacrificing the subtleties inherent in a correct treatment of wave propagation
and without resorting to a complex, computationally expensive numerical
model. Significantly upstream and downstream propagation from real to-
pography is possible, opening the possibility that turbulence observed over
the oceans at upper levels, which may be thought to be caused by intense
marine convection [12] or by shear instability in tropospheric jet streams
[13], may in fact be generated by flow over distant mountains. In addi-
tion, the software has demonstrated the possibility of CAT prediction in the
troposphere, not just at the rarefied heights of the stratosphere as in [5].

Before becoming part of an operational suite however, the methods and
techniques presented here clearly need more careful validation against air-
craft observations of in-flight turbulence, and work along these lines is
planned in the near future with colleagues from the Naval Research Lab-
oratory (NRL) in Washington D.C.

There is another slightly unsatisfactory aspect to the work presented
here. The amplitude calculation within the ray-tracer assumes that a single,
monochromatic wave is present whereas in reality a Gaussian or any other
ridge sets off a host of wave components whose initial amplitude depends
on the precise shape of the ridge in question. We have thus assumed here
that of the set of five rays initialised for each ridge only one will dominate
at a distance from the ridge so that the ray-tracing, amplitude and hence
turbulence calculations for this dominant wave will be valid.

Because work is underway at NRL to develop a sophisticated wave ini-
tialisation scheme from experiments with a complex 3d numerical model of
flow over orography, the method described here will not be developed fur-
ther. It does however demonstrate the improvements that a sophisticated
ray-tracing algorithm will add to the mountain wave model when compared
to the purely hydrostatic, vertical wave propagation algorithm used in the
first version of the model described in [5]. In addition, the software devel-
oped here will form the basis for any future work.



7 Software

The software and data described here are all part of the grograt V2.6
release which has been archived in directory /usr/local/grograt on the
NIWA machine thor. Look at the README file that comes with the dis-
tribution for further pointers to information on how to install and run the
software.

7.1 Ridge database

The ridge database for the NZ region was kindly supplied by Julio Bacmeis-
ter. It is a simple text file with the name nz_ridges.dat It covers a range
from 120 to 180 °in longitude and -55 to -25°n latitude. For details on its
construction, see [5].

7.2 Ray initialisation

The algorithm described in section 4 to initialise the ray-tracing calculations
with ridge data is implemented within program gwrdge which is now part
of the grograt V2.6 package. The output of this program is a .ray_in
file containing the initial position and wave parameters for waves which are
allowed to propagate from each ridge.

7.3 Ray-integrations

The ray integrations are carried out by the program grograt which reads
in the background data and a .ray_ini file described above. The ray paths
are written to a .ray_paths file.

7.4 Plotting software

The grograt V2.6 release is written in reasonably standard FORTRAN77
and will thus run on many machines, but the software to produce the plots
described in this document is at present highly machine specific and is not
part of the general release. The ray_paths files are simple ascii files so that
it is relatively easy to write programs to display the rays in the manner
shown.
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9 Figure captions

Fig.1 Ray paths for 05Z 24th October 1994 generated by the ridge initialisa-
tion scheme described in the text. a) shows the rays in horizontal projection,
b) shows them in in a latitude-altitude projection, with a simplified repre-
sentation of the silhouette of NZ orography shown in black. The ray-paths
are in green with areas of likely turbulence highlighted with a red star whose
size is determined by (2). The blue contours are of wind speed at the 6km
level in a) and at 172°ast in b).

Fig.2 As in Fig.1 but for 117 24th October 1994.
Fig.3 As in Fig.1 but for 17Z 24th October 1994.
Fig.4 As in Fig.1 but for 23Z 25th October 1994.
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