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Abstract. The purpose of this paper is to analyze and interpret the onset of some 
well-characterized transient inertio-gravity waves, observed during the PYREX 
(Pyr6n6es Experiment) campaign. The data used are the high-resolution soundings, 
launched every 6 hours on both sides of the ridge. In agreement with other 
observations made during the field campaign, certain among those soundings often 
show steady mountain waves. It appears that those waves are often transients and 
are followed by well-characterized inertio-gravity waves, propagating upward and 
downward from the level where the initial mountain waves are large. To interpret 
those observations, it is suggested that the observed inertio gravity waves result 
from the geostrophic adjustment of the large-scale flow that follows the transit and 
eventually the breaking of the main mountain wave. This hypothesis is supported 
by an analytical calculation of inertio-gravity waves emission from a momentum 
deposit that lasts a finite time. The spatial extent of this forcing are also finite, and 
its maximum amplitude is a fraction of the measured mountain drag. 

1. Introduction 

Sources of gravity waves in the atmosphere have re- 
ceived much attention because they are known to in- 
fluence local meteorology as well as the large-scale at- 
mospheric circulation. Important tropospheric sources 
are believed to include topography [Queney, 1947; 
Smith, 1979; Palmer et al., 1986; Loll and Teitelbaurn, 
1993], convective and frontal activities [Bretherton and 
Smolarkiewitcz, 1989; Shutts and Gray, 1994], wind 
shear [Lalas and Einaudi, 1976; Rosenthal and œindzen, 
1983; Frills, 1982; Loll et al., 1992] and geostrophic 
adjustment [Rossby, 1937; Blumen, 1972; Frills and 
Luo, 1992]. In the later case, many studies examined 
geostrophic adjustment in an idealized way, as a linear 
relaxation from an initial imbalance of momentum or 

mass toward a balanced state, fully described by the 
potential vorticity distribution. These studies assume 
that the adjustment is rapid compared to the evolution 
of potential vorticity, as it is the case when the momen- 
tum forcing due to the breaking mountain waves lasts 
long compared to the advective timescale. In this case, 
and for three-dimensional obstacles, the large-scale flow 
response is a wake entirely described by potential vor- 
ticity streamers located downstream of the mountain 
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[Schdr and Durran, 1996]. Nevertheless, examples of 
geostrophic adjustments can also occur for mountain 
flows. For example, [Mattocks and Bleck, 1986] have 
suggested that geostrophic adjustment occurs during 
the process of lee cyclogenesis so that inertio-gravity 
waves are often large near mountains. Another possi- 
bility that has not been yet considered is that the on- 
set of wave breaking at a given high altitude is very 
transient. In this case the large-scale flow response 
should essentially be made of inertio gravity waves, a 
balanced state being too long to be reached. For this 
purpose the PYREX campaign provide a rather coher- 
ent database [Bougeault el al., 1993]. Among many dif- 
ferent measurements, numerous high-resolution sound- 
ings were launched every 6 hours during the PYREX 
PIO (periods of intense observation), and they provide 
accurate vertical sections of the atmosphere. The ob- 
ject of this paper is to analyze and to understand the 
wave field that can be observed in these soundings. 

In section 2 the high-resolution soundings launched 
near the ridge of the Pyrdndes during the PYREX cam- 
paign are analyzed. They show that under certain at- 
mospheric configurations, rather coherent inertio-gravity 
waves can be observed near the mountain ridge. A pos- 
sible mechanism for their generation is proposed in sec- 
tion 3. It suggests that the inertial waves result from 
the geostrophic adjustment of the large-scale flow after 
the transit of the main mountain waves. The realism 

of this mechanism is supported by the fact that the ob- 
served pressure drag varies a lot over short time scales. 
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Figure 1. Pau soundings, unfiltered data of October 26, 1990 at 0, 6 and 12 UT. (a) Zonal wind, 
(b) meridional wind, (c) temperature and (d) temperature and potential temperature at 0 UT. 

The corresponding forcing on the large-scale flow varies 
accordingly, so that there is little chance for its response 
to be always balanced. The Appendix presents the fil- 
ters that have been used to extract the wave signal from 
the soundings. 

2. Observations 

The data used in this study were obtained from 
soundings launched from Pau (43ø23'N; 0ø25'W) and 
Pampelone (47ø45'N; 1ø38'W). In most cases the 
soundings launched from one of these two stations, 
which is located downstream of the Pyrdndes are an- 
alyzed. Indeed, the downstream soundings often show 
larger waves than the upstream soundings, which make 
their analysis more tractable. Nevertheless, this differ- 
ence is not sharp, and examples where upstream and 

downstream soundings are compared are also given. 
Each radiosounding gives high-resolution (3z • 50m) 
profiles of temperature, humidity and altitude. These 
soundings also give horizontal wind at the same alti- 
tude after a smoothing applied routinely to suppress 
the noise due to the inaccuracy of the positionning of 
the balloons by the Loran-C (or the Omega) system 
used. This operational smoothing is a kind of moving 
average whose buffer length varies with altitude; during 
PYREX it was below 1200m (P. Bessemoulin, private 
communication, 1997). For these data, the processing 
of wind and temperature profiles is made in two steps. 
First, a cubic spline is applied that transforms the irreg- 
ularly spaced profile into a regular one with resolution 
dz = 50m. Then, in order to isolate the wave pattern, 
a band-pass filter which spans vertical wavelength typi- 
cally ranging from 2 to 6 km is applied. The filter used 
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is non recursive, and to avoid Gibbs effects, a Kaiser 
window is used [Hamming, 1983] (see Appendix for 
details). 

The first analysis, concerns a sequence of three sound- 
ings, launched from Pau at 0, 6 and 12 UT October 26. 
The Figures la-lc, display the unfiltered sequences of 
zonal wind, meridional wind and temperature, respec- 
tively. In both profiles of u and v, a pronounced narrow 
peak is observed just above 10 km at 0 UT. Thermody- 
namics variables, like temperature and potential tem- 
perature (Figure ld), also show pronounced anomalies 
at the same place. At this height, the temperature is 
colder than anywhere else, which in absence of a cor- 
responding minima of the potential temperature sug- 
gests that an upward distortion of the tropopause has 
occurred, and the temperature minima is related to a 
dilatation (adiabatic cooling). Furthermore, other ob- 
servations confirm that this anomaly can be related to 
gravity waves. For instance, the ground observations 
at Beggar and Guinarte (i.e., rather close from Pau) ( 
[Champeau•: and Peris, 1991] pp. 146-147)shows abrupt 
increase of temperature and decrease of humidity, be- 
tween October 25 at 22 UT and October 26 at 4 UT that 

are clear signatures of a Foehn. The fact that moun- 
tain waves forcing at the ground were large during a 
short period of time this day is further indicated by the 
pressure drag records [Bessemoulin et a/.,1993] which 
show a pronounced minimum that lasts less than a day 
and descends below-6 Pa. On the same figure, the po- 
tential temperature profile shows that near 10 kin, the 
potential temperature gradient is near zero, suggesting 
that the mountain waves at this level are close from 

breaking. This last interpretation should nevertheless 
be considered with great care. Indeed, the observation 
of isentropic layers in a balloon ascent does not neces- 
sarily mean that the corresponding atmospheric layer is 
isentropic in the vertical direction. This follows that the 
balloon trajectory is inclined in the direction of the wind 
and can locally become tangent to a constant isentropic 
surface, when the former is distorted by the presence of 
the main mountain waves. Accordingly, an individual 
sounding can overstate (or understate) the appearance 
of mixed layers. Furthermore, one of the results of the 
PYREX campaign was that the onset of breaking waves 
at high levels was not systematic: in a case of strong 
low-level wind (October 15, 1990, PIO3) that has been 
very much documented and selected as an exercise in 
the COMPARE project, no breaking waves were ob- 
served by the airplanes flight aloft. Wave breaking is 
also absent from most of the three-dimensional numer- 

ical simulations that were made in the course of the 

COMPARE exercise for the same date (in agreement 
with the simulations presented by [Georgelin et al., 
1994]). On the other hand, the ana. lysis of the sound- 
ings for this particular date shows adiabatic lapse rates, 
proving that the onset of adiabatic lapse rates in the 
soundings does not necessarily follow wave breaking. 
With this limitation in mind, it remains that the obser- 

vation of adiabatic lapse rates in the sounding, together 
with the observation of strong anomalies in the wind 
field indicate at least that the main mountain waves 

are large around z=10 kin. 
Figures 24-2c show the perturbations fields of the hor- 

izontal velocity component, u and v, that are extracted 
from the soundings shown on the Figure i at the same 
times, 0, 6 and 12 UT respectively. At 0 UT, the Fig- 
ure 24 shows that around 10 km the wind components 
are in phase opposition. This indicates that the dis- 
turbance there is of high intrinsic frequency, as can be 
expected for mountain waves. Here it should be noticed 
that the vertical wavelength of the disturbance shown 
on Figure 24 (around 4 km at z=10 km) is an appar- 
ent one. It is shorter than the one that could be ex- 

pected for mountain waves because the mountain waves 
tilt upstream in the direction of the mean wind, while 
the balloon trajectory tilts in the other direction as it 
is transported by the flow. Consequently, the balloon 
intersects two equivalent phase surfaces after a verti- 
cal displacement shorter than the actual vertical wave- 
length. At 6 UT, above 10 kin, the wind components 
are roughly a quarter of cycle out of phase, indicat- 
ing low-frequency gravity waves. It is noteworthy that 
the vertical wavelength is smaller in the stratosphere 
than in the troposphere, features which naturally fol- 
low that the stratification (i.e., change of the buoyancy 
frequency) is very different in these two regions of the 
atmosphere. The most striking aspect is the variation 
of the angle of rotation of the horizontal velocity vector 
shown in Figures 2d-2f. At 6 UT there is a change in 
the sense of rotation at the level where the mountain 

waves were large 6 hours before: the rotation is anti- 
clockwise below and clockwise above. These rotations 

in the northern hemisphere indicate upward and down- 
ward wave energy propagation, issued from the level 
where the mountain waves break. We can remark that 

these characteristic rotations are not as clear at 0 and 
12 UT. If we admit that the mountain waves break at 

0 UT we can expect that the inertial wave generated by 
the geostrophic adjustment takes some time to appear 
and then dissipates or propagate away, explaining this 
temporal evolution. 

On November 29 the synoptic wind (not shown) is 
from the north, so mountain waves are expected on the 
south of the Pyr6n•es. Figures 34-3b display the per- 
turbations of the horizontal wind components at 6 and 
12 UT, respectively, for soundings launched from Pam- 
pelone. On this figure also is observed at 6 UT a strong 
wind perturbation at 7.5 km for which the zonal and 
meridional components are in phase. The same struc- 
ture, at the same level, but with a smaller amplitude is 
seen at 12 UT. This shows that we are in the presence 
of rather steady mountain waves. Furthermore, poten- 
tial temperature profile at 6 UT is close to adiabaticity, 
indicating that at the time where the amplitude of this 
disturbance is the largest, it is also close from break- 
ing. Once again, 6 hours later, above and below 7.5 km, 



1750 SCAVUZZO ET AL.' INERTIOGRAVITY WAVES 

Oct. 26 OOhs 

i 

4 .2 o 2 4 

•' ..... Oct'. 26 1•6hs 

I 
i 

ß • ,6 4 -• 0 2 4 s 

-I 
E 

<10 C) !•,r ' Oct. 26 12hs 
-4 '2 0 2 4 6 

15 

ø• 4 

Figure 2. Pau soundings, filtered winds of October 26, 1990. (a-c) Zonal wind (solid), meridional 
wind (dashed), (e-g) Angle of the wind. 

waves are observed, for which the horizontal and merid- 
ional wind are roughly a quarter of cycle out of phase 
(Figure 3f), the rotation being clockwize above 7.5 km 
and anticlockwise below. Here again it is important to 
note that these inertio gravity waves are not observed 
at 0 and 6 UT, suggesting again that they follow the 
large mountain waves occurring at 6 UT. 

Another case whose particularity is that the moun- 
tain wave is found at lower levels than the previous ones 
is shown in Figure 4. The wind profiles have been ob- 
tained over Pampelone on November 4 at 18 UT and 
November 5 at 0 UT. On the first sounding one sees an 
important perturbation of the horizontal wind around 
4 km. Around this altitude the wind components re- 
main in phase, indicating again that they result from 
rather high intrinsic frequency mountain waves. This 
perturbation is no longer present 6 hours later. At this 

time and above 5 km there is a small-amplitude per- 
turbation of the wind whose components are roughly a 
quarter of cycle out of phase. The phase lag between the 
two components of the horizontal wind shows again that 
low frequency waves propagate upward above z=4 kin. 

In the preceding analysis only downstream sound- 
ings were analyzed. Nevertheless, this choice was rather 
made for convenience, essentially because downstream 
soundings more often show the temporal evolution from 
the main steady mountain waves to the inertio-gravity 
waves described before than the upstream soundings 
do. Energy spectra also show systematically that the 
downstream soundings located close to the ridge present 
stronger wave activity than the others (i.e., those lo- 
cated upstream or far from the ridge). Although this 
could reinforce the impression that inertio-gravity waves 
are the largest there, it is to be emphasized that it is 
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Figure 3. Pampelone soundings, November 29, 1990. (a-b) Filtered winds: zonal wind (solid); 
meridional wind (dashed), (c) Temperature and potential temperature at 6 UT and (d-e) angle 
of the filtered winds. 

not possible to separate quantitatively on the soundings 
only the transient inertio gravity waves from the main 
steady waves. For this reason again, the analysis pre- 
sented is only qualitative: it does not allow to conclude 
that the large inertio gravity waves observed near the 
ridge were only related to the presence of the mountain. 

Example of the difference between upstream and down- 
stream soundings is illustrated in the last two cases 
treated below. First, Figure 5 displays the crude data 
and the perturbation of the wind vector observed on 
November 29 at 12 UT. The dominant winds being ori- 
ented toward the south west, the downstream sound- 
ing is the one launched from Pampelone (Figures 5a- 
5b), the upstream sounding is the one launched from 
Pau (Figures 5c-5d). Downstream, one sees a mountain 
wave around 8 km and above, a strong inertio gravity- 
wave propagating upward. The upstream sounding 
shows rather similar patterns, the inertio-gravity wave 

being nevertheless smaller. In this case the fact that 
upstream and downstream soundings look very similar 
simply follows that during its ascent, the upstream bal- 
loon has been transported over the ridge by the large- 
scale flow. The situation is rather different on Figure 6 
which shows the crude data and the perturbation of the 
wind vector on October 13 at 0 UT. In this case, the 
large-scale flow being oriented toward the north east, 
the upstream sounding is the one launched from Pam- 
pelone (Figures 6a-6b) and the downstream sounding is 
the one launched from Pau (Figures 6c-6d). Here the 
downstream sounding shows again a steady mountain 
wave just above 10 km, it is absent from the upstream 
sounding, the large-scale wind being too slow to trans- 
port the balloon over the ridge. It is nevertheless im- 
portant to note that the upstream sounding still shows 
rather strong long waves. Although these waves can be 
due to the presence of the ridge, it can not be excluded 
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Figure 4. Pampelone soundings, November 4-5, 1990. (a)-(b) Filtered winds; zonal wind (solid) 
•nd meridional wind (d•hed) •nd (•)-(d) angle of altered win&. 

that they are generated by other processes (geostrophic 
adjustment in the fronts passing close to the mountain 
for instance) and that they are just propagating over 
the Pyr6n6es area. 

3. Theory 

To analyze the waves that can follow a rather fast lo- 
cal momentum forcing, a simple two-dimensional model 
has been developed. It follows that proposed by [Frills 
and Luo, 1992] with the important difference that the 
forcing used is not a dirac function in time. Its variation 
in time is similar to that of the measured pressure drag 
and its amplitude is a fraction of that drag. By mak- 
ing the Boussinesq and the hydrostatic approximations, 
assuming that the Coriolis parameter is constant, and 
that the forcing is essentially oriented in the meridional 
direction (i.e., close to that of the PYREX transect), 

the wave fields satisfy the equations 

Ou 

at fv - 0 (1) 
Ov 1 Op 
Ot + -- + fu- Fya(t) (2) 

I Op gO 
=o (a) p• Oz 0o 

Ov Ow 

Oy + •zz --0 (4) 
O0 OO N= at + w - o (5) g 

where u, v and w are the zonal, meridional and verti- 
cal components of the wind, 0 is the perturbation po- 
tential temperature with reference to the mean value 
0o, N 2 - (g/Oo)dOo/dz is the buoyancy frequency and 
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Figure 5. (a,b) Pampelone and (c,d) Pau Soundings of the horizontal wind, November 29, 
1990 at 12 UT, zonal component solid and meridional component dashed. Crude data shown in 
Figures 5(a) and 5(c); perturbations shown on Figures 5(b) and 5(d). 

Pr is a constant reference density. F u and a(t) rep- 
resents the large-scale flow momentum forcing, due to 
the "breaking" main mountain waves, respectively. It 
is furthermore important to note that advection by the 
mean flow has been neglected for simplicity. On the 
one hand, this is justified by the qualitative character 
of this discussion. On the other hand, on October 26, 
this seems justified, the meridional wind (Figure 2) be- 
ing essentially constant with altitude. Equations (1-5) 
can then be reduced to a set of two equations for the 
zonal wind u and the meridional wind v: 

+ b-7z + :v: ,,- 

(o )o •-• + f:• N2 _ da(t) (7) v 
These equations can be solved in the spectral space, 
considering that the wave field is made of a superposi- 

tion of harmonics, 

u-/_+o•• 3•{•expi(lu+mZ)}dldrn, (8) 
with meridional and vertical wavelength, I and m. Then, 
for each harmonic, (6) and (7) become 

•// + w 2fi -- f•, a(t) ; •// + w 2• -- l•,a' (t). (9) 

where w 2 - f2 + N21a/rn •. Then, solving the two equa- 
tions, 

• +•2• _ ,, a' " • a(t) •pa +w2•p2 -- (t) (10) 

the solution writes 

• - f I•y ;b • ( t ) • - I•y ;b • ( t ) . (11) 

To put a momentum forcing that is coherent in time 
with the fluctuations of the drag measured at the ground, 



1754 SCAVUZZO ET AL.' INERTIOGRAVITY WAVES 

$20 2o ......... -' •:::- • 
• •.•.-_•.•'•-_ .... - .......... 

o, c '"::: :- :' ' ': "':- 
.10 -$ 0 5 10 •5 20 -4 -3 -2 -1 0 1 2 3 a 

Amplitude [m/s] Amplituae [riVal 

-.15 

• 10 

$ 

-2 0 2 4 6 8 10 12 14 16 -4 
Amplitude 

-3 -2 -1 0 1 2 3 4 
Ampiirma 

Figure 6. (a,b) Pampelone and (c,d) Pau Soundings of the horizontal wind, October 13, 1990 
at 0 UT, zonal component solid and meridional component dashed. Crude data shown in Fig- 
ures 6(a) and 6(c); perturbations shown on Figures 6(b) and 6(d). 

the amplitude of the momentum source starts from zero, 
reaches a positive value in 10 hours, and returns to 0 in 
10 hours. This forcing mimics the rapid and strong peak 
of negative mountain drag that lasts less than a day 
between October 35 and 26, and goes down to nearly 
-6 Pa: 

a(t)= sinAt ift<•r/A 
a(t) = 0 if •/A < t (12) 

and •'/A -- 20 hours. Then, the solutions of (11) with 
zero initial value are 

•1 -- • sin 
•)1 -- • (sin •. (•-t)-sin wt) , •(•_•) if x < t (13) 

Then, it is further assumed that the spatial form of the 
forcing is given by 

y2 z 2 
Fu - A exp( 2o.y • 2rr, •) cos K•z (15) 

with try = 50 km, rr, = 2 km and 2•r/K, = 6 km. The 
value of rrz was chosen to represent the neutrally buoy- 
ant 2 krn layer observed at 0 TU October 26. The 
cosinus function in the vertical direction is introduced 

to make sure that the forcing becomes zero at a finite 
distance of its maximum, as should occur if the main 
waves break in a layer which depth does not exceed 
a certain fraction of the primary waves vertical wave- 
length. The change of sign below and above Z = 3 km 
is quite unrealistic, but the results obtained were not 
found to be very sensitive to this parameter, provid- 
ing it remains above Kz > 2•r/(10 km). The choice of 
try was made to render the forcing area length, corn- 
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parable to the Pyrdndes length. This further assumes 
that orographic wave breaking and turbulence can occur 
nearly everywhere above the massive. The amplitude, 
A - 710 -q ms -e, is chosen so that at its maximum the 
overall momentum forcing, expressed in Pascals, 

i /://;/p•Fy(y,z)dydz •,lPa (16) 
is more than 5 times smaller than the measured pres- 
sure drag. This is well in agreement with the fact that 
in the atmosphere the momentum fluxes transported 
by the vertically propagating mountain waves are typ- 
ically I order of magnitude smaller than the mountain 
drag [Bougeault et al., 1993]. It also assumes that only 
part of the momentum is restored to the mean flow at 
the location where the waves break. Then, calculating 

the Fourier transform of the forcing equation (16), the 
horizontal wind perturbation fields can be evaluated us- 
ing (11). The solutions u and v as a function of the time 
are presented in Figure 7a. The values N - 10 -2 s -t 
(typical of that observed during the PYREX campaign) 
and f = 10 -q s -1 have also been adopted. 

Figure 7 shows features which have many points in 
common with the observations. After the maximum 

of the forcing, inertial waves radiate from the forcing 
area, the phase rotation being cyclonic when the alti- 
tude increases above that level and anticyclonic below. 
The amplitude of these waves is of the order of the me- 
ters per second which is also the order of magnitude 
of the inertial waves that were observed in the sound- 

ings. Sensitivity experiments to the different parame- 
ters, try, (rz and Kz has been done. For significant waves 
to be emitted in a fraction of time that is compatible 
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with the observations (i.e., 6 hours), and to give rise 
to rather well-defined inertio-gravity waves, it appears 
that the parameter erz should not exceed few kilome- 
ters. Sensitivity experiments to the parameter cry indi- 
cate that significant well-defined inertio-gravity waves 
can appear, providing that 50 km < cry . This means 
that the mechanisms proposed here are only relevant if 
one can consider that the waves forced by the ridge act 
on the large-scale flow over a distance that compare to 
the ridge depth. 

4. Conclusions 

The analysis of high-resolution soundings have al- 
lowed us to describe different type of waves observed in 
the lee of the Pyr6n6es during the PYREX campaign. 
In agreement with other observations made during the 
campaign, those soundings often show coherent high 
intrinsic frequency gravity waves, which are directly 
forced by the mountain. Nevertheless, those soundings 
more systematically show very coherent inertio-gravity 
waves of large amplitude. Although those waves can 
be related to processes that are not directly linked to 
the presence of the ridge (geostrophic adjustment in the 
fronts passing close to the mountain for instance), there 
are some observational indications that those waves can 

be partly attributed to the presence of the mountain. 
Indeed, it appears rather frequently that the observed 
inertio-gravity waves are propagating away from levels 
where the main mountain waves were very large some 
time before and eventually close from breaking. Never- 
theless, the low density of the soundings network does 
not allow us to conclude definitely on this last issue. 
Furthermore, the observation of adiabatic lapse rates 
in individual soundings is not a definitive proof that 
breaking occurs. For these reasons, the analysis pre- 
sented is just qualitative. It should nevertheless be kept 
in mind that wave breaking is not the only configura- 
tion for which waves can interact with the large-scale 
flow [Grimshaw, 1975; Andrews and Mcintyre, 1976], 
and the fact that the main mountain waves amplitude 
varies in time without breaking can also lead to a large- 
scale transient forcing which can also give rise to inertio- 
gravity waves. 

Then, to test if some inertio-gravity waves can re- 
sult from an indirect forcing due to the ridge, a simple 
model of inerto-gravity waves forced by a transient mo- 
mentum deposition has been developed. This model is 
very simple and only provides a scale analysis of the 
inertio-gravity waves amplitude that can be expected 
from the mountain forcing. This model nevertheless 
shows that when a momentum deposit which ampli- 
tude is significantly smaller than the measured moun- 
tain drag and that occurs during a short finite time 
(less than a day), inertio-gravity waves with amplitude 
comparable to those observed in the soundings can be 
found. In this simple mechanistic model the hypoth- 
esis that the momentum forcing is smaller than the 

drag measured at the ground is justified by the fact 
that in the observations the main mountain waves only 
transport a fraction of the mountain drag (see, for in- 
stance, the momentum flux profiles and the pressure 
drag records of [Bougeault et al., 1993]). The fact that 
the forcing is very transient is consistent with the ob- 
servation of rapid (less than a day) changes in the pres- 
sure drag. Nevertheless, it should also be kept in mind 
that the model we have used overstates the possibility 
of wave emission from a given forcing. Indeed, a sig- 
nificant part of the momentum given to the flow will 
result in balanced large-scale features instead of forcing 
inertio-gravity waves. 

Appendix 

The filtering process used consists in extracting the 
waves in the range 2 to 6 km by applying first a low-pass 
filter that suppresses the wavelength smaller than 2 km. 
On the resulting data is applied a low-pass filter that 
suppresses the wavelength lower than 6 km. The waves 
are obtained as the difference between the results of the 

two preceding filtered samples. In essence, the filter 
used being non recursive, it can be written 

p--+N 

•(n) - E a(p)y(n-p) , forN<n<P-N 

where a(n) are the coefiqcients of the filter: they satisfy 
+N 

Y']_• a(p) -- 1 and a(-p) -- a(p). This last symmetry 
property is important' it implies that the filter does not 
affect the phase of the signal harmonics. The order of 
the filter and the number of data in the initial samples 
are N = 100 and M = 600 typically (note neverthe- 
less that M varies significantly from one soundings from 
the other, depending on the altitude reached). Further- 
more, to avoid Gibbs phenomenon, the coefficients of 
the filter correspond to a low-pass filter with Kayset 
window [Hamming, 1983]. In general, the larger the 
order N is, the sharper is its response around the cutoff 
frequency, and the value N = 100 has been adopted. 
Nevertheless, near the upper and lower bounds of the 
sample the order of the filter decreases in order that 
only data located inside the soundings are considered 
(there is no need to extrapolate and enlarge them ar- 
tificially). In this case the filter coefficients were kept 
unchanged, but the order varies from one point to an- 
other. It is n- 1 near the lower bound and M- n- 1 

near the upper bound. In these cases, since the sums 
n--1 x-•M-n-1 E--n+l a(p) < 1 or z--•-M4-n4-1 a(p) < 1, the filter co- 

efiicients are divided by these sums. The behavior of 
the filter for various values of the order is illustrated in 
Figure 8a that shows the transfer function 

+N 

TN(A) -- E a(p)ei(2•rsz) ' 
-N 

The fact that the transfer function depends on the filter 
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Figure 8. Transfer function of the various filters used in the study. (a) The 2 km low-pass filter 
for N=40,...,110 and (b) the moving average of buffer length 1200 km. 

order, make that near the bounds, it is different from 
one altitude to another. Nevertheless, and as verified 
in Figure 8a, it is shown that the filter converges quite 
rapidly when N increases. It is also important to note 
that for all values of the order N, the cutoff frequency 
2 km, in Figure 8a.) is always properly located. Never- 
theless, near the bounds (i.e., for N < 40) the transition 
between filtered and unfiltered wavelength is no longer 
sharp, and the filter affects significantly the amplitude 
of the harmonics up to 6 km. It means that all the 
waves will be reduced at distances less than 2 km from 
the bound. As the same remarks are true for the 6 km 

low-pass filter used, the preceding remarks show that 
the filter will affect the waves at less then 6 km from 

the bounds. Nevertheless, as the filters are totally free 
of Gibbs effects, the resulting data will never overstate 
the wave signal' they are free of spurious waves. 

Furthermore, it is noteworthy that contrary to the 
thermodynamics variables, spanned every 50 m, the 
wind profiles are filtered initially. This results from a 
smoothing applied routinely to suppress the noise due 
to the inaccuracy of the positionning of the balloons by 
the Loran-C (or the Omega) system used. This oper- 
ational smoothing is a kind of moving average which 
buffers length varies with altitude. During PYREX it 
was below 1200 m (P. Bessemoulin, private communi- 
cation, 1997). The transfer function of such a filter ap- 
plied to data like those used in this study is displayed 
in FigureSb. It shows that the moving average even- 
tually introduces spurious ripples but at scales signif- 
icantly below 2 km. Those ripples are then removed 
by the 2 km low-pass filter described above. It is also 
noteworthy that the moving averaged is not a sharp fil- 
ter: it decreases quite significantly all the wavelength 
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below 6 km. The moving average being symmetrical 
in essence, it will not affect the phase of the extracted 
harmonics. 

To summarize, it appears that the different filters sig- 
nificantly reduce the amplitude of the harmonics ex- 
tracted. This defect is a consequence of the fact that 
we have tried to get rid of all Gibbs effects and from the 
fact that the soundings have finite length. The filters 
used have the important property that they preserve 
the phase of the harmonics. As a consequence, the 
waves analyzed in the paper never overstate the real 
disturbances amplitude in the 2-6 km range, and the 
information on the phase is always robust. 
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