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Turbulence on the lee side of a mountain range: Aircraft observations during
PYREX

By J.-L. ATTIE*, A. DRUILHET, B. BENECH and P. DURAND
Université Paul Sabatier, France

This study presents an analysis of turbulence data from aircraft measurements made during the PYREX
experiment. The data were gathered in a central region of the Pyrénées, a mountain-range with a more or less
west—east orientation which constitutes a major barrier for northerly and southerly flows. The data used come
principally from a Merlin IV aircraft which performed about 100 straight-and-level 20 km runs perpendicular or
parallel to the main mountain-range axis. The basic turbulence moments are presented. The data from mountain
flows with similar upstream conditions were gathered together in order to construct composite two-dimensional
turbulence fields in the vertical plane perpendicular to the axis of the range. These fields clearly show the location of
the turbulence areas on the lee side of the mountain range. The turbulent kineticenergy field shows that turbulence
is principally produced by a wake effect. On the lee side the profiles of the various turbulence parameters indicate
a maximum at an altitude close to the average height of the mountain in a region having both a strong wind
shear and a weak lapse rate. Finally, we show that the turbulence observed in this study obeys the universal law
o 3€A ~ constant, where g,, is the standard deviation of the vertical velocity, A the spectral length-scale and € the
dissipation rate of turbulent kinetic energy. The average value of 2.3 found for this constant is comparable to the
values found by other authors under various conditions of turbulence, in particular homogeneous turbulence.

KEYwWoRDS: Aircraft measurements Atmospheric turbulence Mountain airflow

1. INTRODUCTION

Among the various phenomena that occur in the vicinity of a mountain chain, atmos-
pheric turbulence has been little analysed because of the difficulty in collecting abundant
turbulence measurements at low altitudes close to a complex mountain. In these regions,
turbulence measured by ground-based instruments is not representasive of large areas,
and so the best platforms for investigating it are aircraft and gliders. Nevertheless, there
have been only a few papers on experimental studies of turbulence created by a mountain;
some cases of mountain flows associated with turbulence at upper altitudes have been
presented by Lilly (1971), Lilly and Kennedy (1973), Lilly and Lester (1974) over the
Rocky Mountains and by Hoinka (1984) and Atti€ et al. (1997) over the Pyrénées range.
A few penetrations by instrumented aircraft into the lower turbulent zones over the Rocky
Mountains have also been studied by Lilly and Zipser (1972) and by Lester and Fingerhut
(1974).

The turbulence close to a mountain results from the interaction of the mountain and
the airmass (through the wake effect, the destruction of lee-waves, etc.) and from boundary-
layer turbulence modified by the presence of the mountain. This complex turbulence is
studied in this paper, without distinction of turbulence origin, via the analysis of the me-
chanical and thermal turbulence. However, we also attempt to determine what mechanism
has the major contribution to turbulence. When the airflow is crossing a mountain, the lee
side is the most affected by turbulence. This turbulence is located, in general, between the
ground and an altitude slightly higher than the top of the mountain with a horizontal extent
of several tens of kilometres. In this paper, we depict the turbulence zone induced by a
major mountain via a statistical approach.

The data used in this paper were collected above the Pyrénées range, during the
PYREX experiment (Bougeault et al. 1990), in October and November 1990; the first
results of this campaign were presented by Bougeault ez al. (1993). The data used in this
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paper were measured by a Merlin IV aircraft instrumented by Météo-France. Six different
mountain flows have been analysed, three of them associated with a southerly airflow and
the other three with a northerly airflow. The turbulence variables have been computed on
about 100 straight-and-level 20 km runs performed perpendicularly or parallel to the main
mountain-range axis. The experimental setting and the instrumented aircraft are presented
in sections 2 and 3. Despite the complexity of the mountain turbulence, a statistical analysis
based on the criterion used in homogeneous conditions is presented in section 4. The two-
dimensional (2D) fields of basic turbulence parameters are examined in section 5, and the
normalized profiles representative of the mountain lee side and a dimensionless parameter
representative of the turbulence structure (the ratio of the production length-scale to the
dissipation length-scale) are discussed in section 6.

2. EXPERIMENTAL SETTING

The Pyrénées mountain range, nearly 400 km in length with a more or less west—east
orientation, is a major barrier for northerly and southerly airflows. The range extends from
the Atlantic Ocean to the Mediterranean Sea with a width varying from 50 to 80 km and
an average height of 2300 m. The highest point, at 3404 m, is the Aneto peak located in
the central area. During PYREX, a network of radiosonde soundings around the moun-
tain chain enabled the evaluation of the airflow changes due to the relief, and allowed the
specification of input and validation data for numerical models. Three radars gave contin-
uous measurements of the wind profiles on both sides of the mountain chain. Numerous
ground stations and some sodars were set out around the range and along a cross-section
perpendicular to the main Pyrénées axis. The sodars and the ground stations studied the
local boundary-layer dynamics. Constant-volume balloons were launched to study gravity
waves and deflected flows around the mountain range. In addition to these measurements,
observations were made from four aircraft during PYREX: a Falcon 20 of the Deutsche
Forschungsanstalt fiir Luft- und Raumfahrt, a Fokker 27 instrumented by the Institut Na-
tional des Sciences de I’Univers, and a Fairchild Merlin IV and a Piper-Aztec instrumented
by Météo-France. The Fokker 27 and the Falcon 20 were devoted to studying orographic
phenomena occurring above the mountain chain between the altitudes of 4 km and 12 km.
The Piper Aztec aircraft was more involved in studying local wind around the Pyrénées
mountain range and the Merlin IV aircraft was used to measure phenomena occurring
closer to the mountain, such as downstream turbulence. The investigation in this paper
used the data from the Merlin IV and the Fokker 27. The Merlin IV aircraft flew along a
set of tracks in several planes parallel or perpendicular to the main mountain-range axis.
The range of flight altitudes was between about 500 m and 6 km, and tracks were flown
on the lee side in order to describe the mountain turbulence. A schematic representation
of the flight plan is shown in Fig. 1.

3. AIRCRAFT MEASUREMENTS

On the Merlin IV aircraft static and dynamic pressures, as well as angles of attack and
sideslip, were measured on a radome installed in the aircraft nose following the principle
described by Brown et al. (1983). The inertial navigation system, installed close to the nose
of the aircraft, measured the aircraft horizontal position, the three components of aircraft
velocity and the attitude angles (pitch, roll and heading). The temperature was measured
by a Rosemount 102E2-AL probe. The altitude above the surface was measured by a radio-
altimeter. The sampling rate varied according to the time response of the sensors. The fast
data, used for the turbulence calculations, were recorded at a rate of 50 s~!. To provide
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Figure 1. Flight wack of the Merlin IV aircraft at lower altitudes (dotted lines) and representation of the two

runs performed by the Fokker 27 at upper altitudes (dashed lines). The symbols © and ® representeastward and

westward runs parallel to the mountain chain performed by the Merlin IV aircraft. This diagram corresponds to a

southerly airflow (the large arrow indicates the direction of the airflow). The shaded area represents the mountain
relief measured by the Fokker 27 during its lower-altitude run.

continuity in the potential-temperature and wind fields between 0 and 6 km of altitude, we
have included the Fokker 27 data measured between 4 and 6 km of altitude. The Fokker 27
performed straight-and-level runs of about 200 km perpendicular to the mountain range
during the four analysed days. This allowed us to determine the upper-boundary values for
the potential-temperature and wind fields. The aircraft was equipped with a nose boom at
the tip of which a Rosemount 858 probe measured the static and dynamic pressure, as well
as the angles of attack and sideslip. The temperature was measured by the same probe as
for the Merlin IV and it was corrected for the adiabatic heating due to the air speed (for
more information about the aircraft instrumentation see Druilhet and Durand (1997) and
Lambert and Durand (1999)). Concerning the dynamical measurements, the wind speed
was deduced from the sum of ground-speed and true air-speed (TAS) vectors. The three
components of the ground-speed vector were measured by the inertial navigation system,
whereas the three components of the TAS vector were computed from the measurements
of the dynamic pressure and the angles of attack and sideslip.

4. DATA PROCESSING

The turbulence moments were computed by using an eddy-correlation technique
on straight-and-level runs about 20 km long (see for instance Nicholls et al. (1983) or



Lenschow (1970)). Thus, length-scales less than 2 km (10% of the run length) could be
taken into account with a good statistical accuracy. Fluctuations in wind components and
potential temperature were defined by the differences between the instantaneous values of
these parameters and their values averaged along the run. The time series was computed
at a rate of 25 s~! which, given the air speed of the aircraft (about 100 m s™'), captured
fluctuations down to a scale of 4 m. Before computing the turbulence moments, the time
series was de-wended and high-pass filtered at a cut-off frequency of 0.024 Hz, which
corresponds to about 4 km in wavelength. This filtering removes the contribution of the
mesoscale fluctuations from the signals. Turbulence moments were computed on data
measured principally on runs parallel to the mountain-range axis because the turbulence
was generally more homogeneous on these runs than on the perpendicular runs. If the
turbulence scales are statistically well described in the sample, then the sample can be
considered as stationary and the function f,,x(¢), defined as

Fox(t) = fo W' ()X (¢)de M

(where X represents the potential temperature or one of the wind components), is close
to a straight line, the covariance being its slope. The accuracy of flux estimation can then
be computed from the departure of f,x(¢) from a straight line (Durand et al. 1988). So,
the integral of the momentum flux f,,, (¢) computed along a parallel axis (Fig. 2) shows a
more quasi-linear aspect than that computed along a perpendicular axis (Fig. 3).

The parameters studied were the energy (variances), the associated dissipation terms
and the characteristic length-scales. The parameter A, referred to as the production (or
spectral) length-scale, is the scale which characterizes the energy-containing eddies. It is
computed as the length-scale corresponding to the peak of the vertical-velocity spectrum.
The technique used to compute A is to fit the function nS,,(n) (where n is the frequency
and S, is the spectral energy of the vertical velocity) to an analytical relation (Busch and
Panofsky 1968; Lambert and Durand 1999) of the form

nS()

—_—, 2
1+1.5(n/ny)3

nSy(n) =

where n, is the frequency corresponding to the maximum of the energy, Sy is the value
of the spectral energy at n =0, and the conversion from wavenumber & to frequency n
assumes the hypothesis of frozen turbulence, i.e. k = 27 n/TAS.

The dissipation length-scale, defined as 1, = 036‘1 (where o, is the standard devia-
tion of the vertical velocity and € is the dissipation rate of the turbulent kinetic energy),
represents a scale proportional to the size of largest eddies of the inertial subrange (see
the appendix). The ratio of A to [, therefore, equals o, ¢ A. This dimensionless parameter,
hereafter denoted by a, characterizes the spectral structure of the turbulence (see, for
instance, Busch and Panofsky (1968) and Hanna (1968)).

The computed second-order moments were the variances of the wind components and

the potential temperature, and the turbulent kinetic energy per unit mass (TKE), %(u_’2 +

2 + w?), where u’, v’ and w’ are the fluctuations in the wind components. In particular,
the TKE and the temperature variance indicate the intensity of the turbulence. The turbulent
vertical flux of sensible heat, H, and of momentum, 7, are defined as pC,w’6’ and pu'w’,
respectively, where p is the air density and C,, the specific heat of air at constant pressure.
The dissipation rate of the TKE, €, and the destruction rate of the potential-temperature
half-variance, vy, were computed from the energy specwa of the horizontal velocity, S,
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Figure 2. Example of time series of a 225 s (about 20 km) straight-and-level run performed with the Merlin IV

aircraft in a lee-side plane parallel to the Pyrénées range at 1500 m altitude, on 16 November 1990. (a) Horizontal

wind fluctuations, «’, (b) vertical velocity, w’, and (c) instantaneous covariance, u’w’, (fluctuating line and right

axis) and its time-integral f,,. (¢) (smoother line and left axis). The momentum flux is fairly homogeneous along
this sample, as can be seen by the continuous decrease of the f,, (z) signal.

and potential temperature, Sy, according to the Kolmogorov formulations in the inertial
subrange:

Sp(k) = Be Fvpk~3 3)

S, (k) = ek 3, 4)

where 8 (= 0.80) and o (= 0.52) are the Corrsin and Kolmogorov constants, respectively.

These different parameters may be averaged in order to show 1D profiles representa-
tive of the mountain lee-side airflow. Using these 1D profiles we consider the TKE budget
equation in its 1D form in order to verify the balance between the production and dissi-
pation of turbulence. Further, neglecting a term including the shear of the mean vertical
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Figure 3.  As Fig. 2, but for a 280 s run performed perpendicularly to the Pyrénées range at 1000 m altitude. The
momentum flux is not homogeneous, as can be seen by the variability of the f,,(t) signal.

velocity, the horizontally averaged TKE budget equation then becomes:

—oe U _
W—e = —u'w’ + % w'o’ — —

3 ! !
= P, ®)
a9z 0z
N—— N——— —— N— [ —
I II III v \'

where term I represents the vertical advection of the TKE, term II the shear production,
term III the buoyant production, term IV the turbulent transport of the TKE and term V
the pressure correlation. U and W are the horizontal and vertical components of the mean
wind.

In the same way, the 1D form of the temperature variance equation becomes:
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Figure4. The domain of the aircraft turbulence measurements: the dashed lines delineate the boxes within which

the thermodynamic and turbulent parameters have been averaged. In the right-hand part an example is shown of

the vertical velocity of the air, as measured by the Merlin IV at four altitudes during a northerly airflow on 16
November 1990.

Term I represents the vertical advection of the temperature variance, term II the production
of thermal turbulence and term III the turbulent transport of the variance. In section 6, we
compare the production and the dissipation terms of these two equations.

5. TwO-DIMENSIONAL TURBULENCE FIELDS

A set of turbulence data collected during four mountain flows (15 October 1990 and
14, 15 and 16 November 1990), with similar upstream conditions, were gathered together
in order to construct 2D fields. In the composite fields, the horizontal coordinate has
been defined according to the flow direction (positive in the downwind direction). In the
diagrams, the domain extends over 200 km (horizontal) x 6 km (vertical), with the peak
of the range located at 100 km along the x-axis. The lee side, between 100 km and 200 km
along the x-axis, is the better investigated domain. Moreover, we assume that the relief is
symmetrical (as Koffi et al. 1998) and we depict it in the diagrams by a Gaussian curve.

Our aim has been to characterize the spatial distribution and the size of the turbulence
areas created by the mountain range. The turbulence parameters computed on the aircraft
runs were averaged and displayed on a grid with a regular mesh of 20 km (horizontal) x
1 km (vertical) depicting a vertical plane perpendicular to the mountain-range axis (Fig. 4).
As indicated in section 4, we have presented the fields related to mechanical and thermal
turbulence. In Figs. 5-11 the TKE, € and the momentum flux are superimposed on the
mesoscale horizontal wind, whereas 6”2, vy and the sensible-heat flux have been superim-
posed on the mesoscale potential-temperature field. The data have not been normalized for
the 2D fields because we do not have the ‘classical’ normalization parameters, which are
generally measured at ground level. So, we have presented dimensional values in order to
show the spatial distribution of the turbulence fields, given that the upstream parameters
have the same order of magnitude.
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Figure 5. The logarithm of the turbulent kinetic energy (shading) and the horizontal wind in m s~! (isolines).

The Gaussian curve is a schematic representation of the relief of the mountain. The dark zones at each corner of

the figure represent the zones without measurements and the black dashed lines delimit the significant turbulence

zone. The white dashed arrows with letters (A), (B), and (C) represent the locations of profiles shown in Fig 6.
The units in the key are logj of the turbulent kinetic energy in m? s~2.
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Figure 6. Vertical variation of the turbulent kinetic field at the locations representative of the upstream airmass

near the top of the mountain (profile (A) 90 km along the x-axis), the region of maximum turbulent kinetic energy

(profile (B) 135 km along x-axis) and a region outside the significant turbulence zone (profile (C) 180 km along
the x-axis), as indicated in Fig. 5. The horizontal dashed line represents the altitude of the ground.

Radiosonde soundings were used to determine the reference upstream conditions and
enabled calculation of the characteristic parameters of the airflow. The mountain-flow
mechanism depends on the upstream lapse-rate and wind profiles. We have computed the
Brunt-Viisala frequency, which characterizes the oscillation frequency of the air parcel.

It is defined as N = {(g/T)a6 /82}%, where g is the acceleration due to gravity, T the
temperature of air and 36 /dz the potential temperature gradient. T and 0 /3z are computed
in a 0-6000 m altitude range according to the method of Bénech ez al. (1998). Table 1
presents the principal parameters calculated from the upstream data of the mountain-flow
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Figure 7. As Fig. 5, but for the logarithm of the dissipation rate of turbulent kinetic energy (shading). The units
in the key are log; of the dissipation rate of turbulent kinetic energy in m®s—>.
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Figure 8. As Fig. 5, but for the logarithm of the temperature variance (shading) and potential temperature in °C
(isolines). The dashed line indicates the phase of the vertically propagating mountain wave. The units in the key
are logg of the temperature variance in K2.

TABLE 1. UPSTREAM CHARACTERISTIC PARAMETERS OF THE AIRFLOW DEDUCED FROM RADIOSONDE SOUND-
INGS USING A LINEARIZATION PROCEDURE IN A 0—6000 m ALTITUDE RANGE
N x 100 dé,/dz 6, AB, Uy L
Date Sounding b (°C/100m) (°C) (°C) (ms™!}) (m)
13 October 1990 Zaragoza 1100 utc 1.3 0.4 38 9.2 79 608
15 October 1990 Zaragoza 0600 utc 1.2 0.5 347 115 16.6 1380
21 October 1990 Zaragoza 0600 utc 13 0.5 333 115 16.6 1270
14 November 1990  Toulouse 1200 utc 13 0.6 35.1 138 20.2 1550
15 November 1990  Toulouse 0600 uTc 14 04 37 9.2 19.0 1360
16 November 1990  Toulouse 0600 uTc 14 0.4 37.5 9.2 17.0 1210

The cases in October 1990 were southerly airflows and those in November 1990 were northerly airflows. N

is the Brunt—Viisila frequency and L = U,/N is the Brunt—Viisild wavelength.



0 50 100 150
Distance (km)

Figure 9. AsFig. 5, but for the logarithm of the destruction rate of potential-temperature half-variance (shading)
and potential temperature in °C (isolines). The units in the key are logm of the destruction rate of potential-
temperature half-variance in K25~ .

events. The upstream wind speeds for the four days are between 16.6 m s~! and 20.2 ms™!
and the Brunt—Vaisala frequency ranges between 1.2 x 1072 s~ and 1.4 x 1072 s~!. This
means that the conditions were fairly similar during the four days.

To study the various fields, we have defined a significant turbulence zone (STZ)
within which the TKE is greater than 10% of the maximum values (Fig. 5). In general, the
STZ was located on the lee side of the mountain between 110 km and 180 km along the
x-axis, and between the ground and 4000 m, which represents an area of 70 km x 3.5 km.
In this zone, the wind speed reached 30 m s~! at 3500 m altitude, with an increase of the
speed of about 8 m s™! crossing the mountain range.

In the STZ, the TKE field had an area of high values (4 m2s~2) between the altitudes of
1800 m and 3000 m, and between 130 and 150 km along the x-axis. This area, which begins
close to the relief, corresponded to the downstream region where the mean vertical gradient
of the horizontal wind was the largest (1.5 x 1072 s~!). We present three profiles (A), (B)
and (C) obtained from the TKE field (Fig. 6) in order to show the turbulence-intensity
changes across the mountain range. Profile (A) is located in the upstream region near the
top of the mountain, profile (B) in the middle of the STZ near the TKE maximum, and
profile (C) in a downstream region outside the STZ. Profile (A) shows very weak values
of TKE, with a decrease with the altitude indicating that friction at the ground represents
the major source of turbulence. Profile (C), with the same shape, has larger values of
TKE and shows that the major contribution to turbulence may be due to a combination of
turbulence from surface friction and increased mean-flow transport of TKE downstream
(due to enhanced mean wind speeds).

Further, profile (B) shows larger values of TKE, with a maximum located at the
altitude of the top of the mountain in a region of larger vertical gradient of the wind. This
suggests that, in the interaction between the mountain and the airmass, the dynamical
effect is the major turbulence source. Lee waves, or general distortion of the streamlines,
developing on the lee side of the mountain (referred to hereafter as the wake effect) probably

10
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Figure 10.  As Fig. 5, but for the turbulent momentum flux (shading). The units in the key are N m~2.
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Figure 11. AsFig. 5, but for the turbulent sensible-heat flux (shading) and potential temperature in °C (isolines).
The units in the key are W m~2.

constitute this source. However, significant trapped lee waves (with wavelengths of about
10 km) were measured from 3 km to 6 km altitude (Bénech ez al. 1994; Bougeault et al.
1993; Attié 1994; Caccia et al. 1997), but these did not have high values of TKE in their
breaking zones (Atti€ et al. 1997). Hence, it is suggested that trapped lee waves do not play
an important role in the creation of turbulence in the STZ. In the same way, the dissipation
rate of TKE (Fig. 7) has an area of maximum values reaching 2 x 10~2 m?s~3, located at
the same position as the maximum of TKE. At the boundaries of the STZ, the values of €
reach 4 x 10~* m?s=3, which represents 2% of the maximum value. This means that the
domain affected by the TKE is larger than that affected by its dissipation rate.

11



The potential-temperature field (Fig. 8) shows a warming at the crossing of the moun-
tain chain, and a mountain wave propagating vertically and slightly backwards, just above
the mountain. The warming effect can be estimated from the difference between the down-
stream and upstream values of potential temperature, which reaches a maximum value of
6°C at 2000 m altitude and only 2°C at 4000 m altitude. The STZ contains the maximum

of 67 (Fig. 8) (0.3 K?) at 3000 m altitude in a stably stratified area (99/dz = 0.6°C per
100 m). In the same way, we observe an area of maximum of vy (Fig. 9), with values of
2.5 x 10~* K2s~!. At the boundaries of the STZ, the values of 82 and v, reach 0.03 K? and
1073 K2s~!, respectively. This represents 30% and 5% of their respective maximum values,
which means that the temperature-variance domain is larger than that of its destruction rate.
Moreover, areas of maximum values of momentum flux (Fig. 10) and sensible-heat flux
(Fig. 11) are located in the same region. The momentum-flux field shows values reaching
—0.59 N m~2 whereas the sensible-heat-flux field shows values reaching —45 W m™2,
The boundaries of the STZ have values of t and H which represent 30% and 35% of their
respective maximum values, similar to the 67 field.

To summarize, the turbulence fields show fairly similar spatial distributions, with high
values in the STZ. The areas of high turbulence energy (TKE, 6'2) are larger than those
of high dissipation (€, vy). Nevertheless, the areas of high energy and high dissipation
of turbulence more or less coincide. This study clearly indicates the size and position,
with respect to the mountain range, of areas affected by turbulence and also shows the
coupling between the wind and potential-temperature fields. Moreover, it is suggested that
destruction of wrapped lee waves makes a minor contribution to the turbulence. However,
the different profiles of the TKE show the spatial evolution of the turbulence and allow a
distinction to be made between two turbulence sources. It is demonstrated that the major
contribution to turbulence was created by the wake effect, which may have affected the
region located between the surface and approximately the height of the top of the mountain.

6. TURBULENCE PROFILES

The study of vertical profiles allows accurate analysis of the behaviour of turbulence
variables with respect to the wind and the potential temperature. The profiles are con-
structed by averaging the downstream data between 100 km and 200 km along the x-axis
(see, for example, Fig. 5), for the three southerly airflow cases (13, 15, 21 October 1990)
and the three northerly airflow cases (14, 15, 16 November 1990).

(a) The budget equations

The profiles of shear production (term II in Eq. (5)) and buoyant production (term
I in Eq. (5)) in Fig. 12(a) show extreme values (—2 x 10~ m?s~3 and 1073 m?s~3,
respectively) at z = h, similar to the € profile (2 x 10~ m?s~%). However, the sum of
the shear production and buoyant production is weaker than the dissipation term €. The
buoyant production behaves as a loss term, since the layer is stably swratified. Moreover, in
the domain of concern the vertical advection term may be neglected. For instance, using a
local value of vertical velocity of 1 m s™! (Attié et al. 1997) the order of magnitude of the
vertical-advection term reaches local maxima of £2 x 1072 m?s~3 in the STZ. However,
on the scale of our domain this latter value is negligible. Moreover, the turbulent transport
(terms IV in Eq. (5)) and the pressure correlation (term V in Eq. (5)) cannot be estimated.
However, the pressure-correlation term, often associated with oscillations in the air, could
be non-negligible because of the presence of gravity waves on the lee side of the mountain.

12
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Figure 12. Profiles of (a) the dissipation rate of the turbulent kinetic energy, (solid line), the shear production,
ww'dU /3z (dash-dotted line), and the buoyant production, —g/Tw’d’, (dashed line) in units of m?s~3, and
(b) the destruction rate of potential-temperature half-variance, vy (solid line), and the vertical wansport of the

potential temperature variance, w'6’86/3z (dashed line) in units of K2s~!. The squares represent the average
values of the destruction rate within each altitude bin and the horizontal dashed line indicates the height of the top
of the Pyrénées range.

On the other hand, the discrepancy may come from the assumption of a 1D form through
the neglect of the contributions from the x and y directions.

The profile of the production of thermal turbulence (term II in Eq. (6)) is fairly similar
to that of vy (Fig. 12(b)). The maximum value of vy is about 6 x 10> K?s~!, whereas that
of the production of thermal turbulence is 8 x 107> K2s~!, located just above the top of the
mountain. This shows that production of temperature variance and molecular dissipation
roughly compensate each other. The wansport of variance (term III in Eq. (6)) cannot be
esumated, but Fig. 8 gives values for the vertical advection of temperature variance (term I
in Eq. (6))in the STZ of between +10~> K2s~!. Hence, the production of thermal turbulence
and dissipation seems to be sufficient to balance the temperature-variance budget.

(b) Normalized parameters

‘We propose a normalization of the different turbulence moments using mean variables
measured in a non-perturbed upstream area. The lack of measurements close to the ground
does not allow the calculation of conventional normalized variables. However, since the
wake effect is the principal source of turbulence, we have chosen normalization factors
located in the non-perturbed upstream region. This region corresponds to the layer between
0 and 6000 m in altitude. The upstream values U, , A8, and 6, are taken to be representative
of the horizontal wind speed, vertical variation of potential temperature and potential
temperature in this region, and /U, (where & is the height of the mountain) is taken to
be the representative time-scale (see Table 1). So, the TKE, €, 6”2, vy and the wind U have
been normalized by U2, U?/h, A8?%, U,A8?/h and U, respectively, and the normalized
potential temperature has been taken to be (8 — 6,)/ A6, (hereafter an asterisk indicates
a normalized parameter). These parameters have been examined and compared with the

13
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Figure 13. Normalized profiles of (a) the sensible-heat flux (solid line and bottom axis) and potential temperature

(dashed line and top axis), and (b) the turbulent momentum flux (solid line and bottom axis) and horizontal wind

(dashed line and top axis). The squares represent the average values of the fluxes within each altitude bin and the
horizontal dashed line indicates the height of the top of the Pyrénées range.

wind and potential-temperature profiles (Fig. 13). Below z = 0.7h, a positive constant
potential-temperature gradient is observed, and between z = 0.84 and z = k the potential-
temperature gradient decreases. Above z = h, the positive potential-temperature gradient
is nearly constant and indicates a stably stratified area. The wind profile clearly shows a
drag at lower altitudes with a decrease of about 60% compared with the wind in the upper
layers, thereby indicating a significant wind shear at around z = h.

The profiles of sensible-heat flux and momentum flux (Fig. 13) are similar with an
extremum at z = h corresponding to the area with the weakest lapse rate and wind shear.
The extweme values of the normalized sensible-heat flux and momentum flux are —0.125
and 7 x 1073, respectively. The profiles of TKE* and €* (Fig. 14) show a maximum at
z = h coincident with the high-wind-shear area. The maximum values of TKE* and €*
are 2 x 107 and 6 x 10~*, respectively. Above z = h, the profiles show a sharp decrease
and reach a constant value of 3 x 10~ for TKE* and 107> for €*. In the same way, the
profiles of 67" and v; (Fig. 15) indicate a maximum at z = 1.2h, i.e. slightly higher than
for €* and TKE* and just above a weak-lapse-rate area in the stably stratified layer. The
maximum values of 87 and v} are 3 x 10~ and 4 x 1073, respectively. The two profiles
clearly show that thermal turbulence develops in the layer with a weaker lapse rate (and a
large sensible-heat flux); it reaches its maximum in the stably stratified layer and strongly
decreases above.

(¢) Turbulence structure

The profile of the production length-scale A (Fig. 16) normalized by Brunt-Vaisala
length-scale (L = U,/N) shows a narrow range of values, around 0.8 below the altitude
of z =1.5h. Above z = 1.5h, the turbulence is weak (Fig. 14) and the analytical model
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Figure 17. Dissipation length-scale, /., computed from measurements, plotted against the production length-
scale, A, (stars) in units of m. The dashed lines (the upper line with a slope of 1 and the lower line with a slope of
1/4) represent the limits of the dispersion. The correlation coefficient is 0.6.

used for computing A (Eq. (2)) could give erroneous results. Therefore, the values in this
area were removed from the diagrams.

Figure 17 shows that most of the production length-scales lie between 100 m and
2000 m. These length-scales are short and the results confirm that the origin of turbulence
is mechanical, and also justify the choice of the aircraft’s track length (20 km) and the
time-series cut-off (wavelength of 4 km). Figure 17 also shows that a linear relationship
exists between the two length-scales (/. and A) whose ratio is the dimensionless parameter
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TABLE 2. VALUES OF THE DIMENSIONLESS PARAMETER a UNDER VARIOUS ATMOSPHERIC CONDI-
TIONS, AS QUOTED BY THE AUTHORS CITED

a  Reference Instrument Remarks
3.6  Busch and Panofsky (1968)  Tower Over inhomogeneous terrain
3.8 Caughey et al.. (1979) Tower 32 m Nocturnal boundary layer
3.8 Caughey and Palmer (1979) Tower Convective boundary layer
2.3 Druilhetet al. (1983) Aircraft Convective boundary layer
3.4 Hanna (1968) Tower Lowest 320 m over varying terrain
3.1 Kaimal and Haugen (1967)  Tower 46-320m  Neutral and unstable conditions
3.0 Kaimaletal (1972) Tower 32 m Kansas experiment
3.0 Kaimal (1973) Tower Stable stratification in surface layer
2.2 Pasquill (1974) Balloon 300-1200 layer
29  Said (1988) Aircraft Over the sea
3.1 Wamser and Miiller (1977) Tower 250 m For different roughness features

a = €0, where € is the dissipation rate of the turbulent kinetic energy, o, is the standard deviation
of vertical velocity and the spectral length-scale.

a. The values of this parameter range between between 1 and 4 and do not indicate any
particular variation with the altitude (Fig. 18). The average value (2.3) is close to the
lowest values reported by various authors under other conditions (between 2.2 and 3.8)
(see Table 2). Thus, we can write the relationship o3¢ ~!A ~ constant. This confirms the
universal behaviour of turbulence specwa, though the data present considerable scatter.
Thus, even though the turbulence encountered close to the Pyrénées is stronger, there
is similarity with the behaviour of turbulence in a convective boundary layer. Thus, a
1.5-order turbulence closure scheme (using a dissipation length-scale) calibrated against
boundary-layer data would be appropriate for the mountain-wave cases. Olafsson and
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Figure 19. The production length-scale, A, versus the dissipation rate of the turbulent kinetic energy, €, for the
turbulence data collected during PYREX on the lee side of the Pyrénées mountain chain plotted together with
data collected during various other boundary-layer field experiments. The different areas, delimited by dashed
lines, represent the different zones representative of various boundary layers (Druilhet et al. 1989). MBL, CBL
and Stable C refer to marine boundary layer, the convective boundary layer and stable conditions, respectively.

Bougeault (1997), Masson and Bougeault (1996) and Georgelin et al. (1994) have already
compared, with a certain success, some of these data with the results of simulations based
on the Bougeault and Lacarrére (1989) parametrization.

Figure 19 presents, in a (A, €) diagram, a comparison between the set of turbulence
data measured during PYREX and various boundary-layer experiments (Druilhet et al.
1989). The choice of such a representation is a result of the hypothesis that turbulence
spectra have two degrees of freedom and can, therefore, be described by two independent
parameters, like A and €. Most turbulence data measured on the lee side of the Pyrénées
mountain range lie in an area of the diagram corresponding to typical convective boundary
layers. In this zone, the values of A are between 300 and 2000 m and those of € between
10~* m2s~3 and 2 x 1072 m?s~3; these can be compared with the results of numerous
experiments in various boundary layers (see for instance Kaimal ef al. (1972, 1976) and
Kaimal and Finnigan (1994)).

7. CONCLUSIONS

In this paper, we have presented an experimental study of turbulence created by
the Pyrénées mountain range. This work is based on turbulence data collected around and
above a major mountain range. The availability of such an amount of data is rare, and it has
allowed the presentation of a number of major mountain-turbulence phenomena. The paper
has been concerned with six mountain airflows observed during the PYREX experiment.
The turbulence data were measured by an instrumented aircraft; this was indispensable for
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Figure 20. The area affected by significant turbulence: the smaller filled area is the location of the maximum
values of the various turbulence parameters. The large arrow indicates the direction of the airflow. The Gaussian
filled area is a schematic representation of the relief of the Pyrénées.

investigating the turbulence close to a major mountain chain. The statistical analysis has
given several valuable results.

The first part of this work has been devoted to the study of two-dimensional fields of
turbulence parameters in relation to the potential-temperature and wind mesoscale fields.
For this study, we have used data from four typical days with similar upstream conditions.
The two-dimensional turbulence fields have clearly shown the size and location of the areas
of downstream turbulence created by the mountain range. We have defined a significant
turbulence zone based on the TKE field that extends from the ground to about 4000 m
altitude, with a width of 70 km (Fig. 20). In this zone, at the altitude corresponding to
the height of the mountain, the maximum values of the TKE, €, 62 and v, reach 4 m2s~2,
2 x 1072 m?s73, 0.1 K? and 2.5 x 10~ K2s™!, respectively. The areas of the maximum
values of production and dissipation approximately coincide with one another. However,
the turbulence-production domain is larger than that of the dissipation. In the same region,
the maximum values of H and t reach —45 W m~? and —0.6 N m~2, respectively. Finally,
the analysis of the TKE field suggests that the principal source of turbulence comes from
the wake effect.

The second part has been concerned with the study of all the available turbulence data,
representing six mountain airflows. In the 1D budget equation of potential-temperature
variance and TKE, the production and dissipation terms nearly balance out and constitute
the major terms of these equations. We have analysed the profiles of turbulence parameters
representative of the downstream region in relation to the potential-temperature and wind
profiles. Through a study of the normalized TKE and €, we have shown that mechanical
turbulence develops in a wind-shear layer induced by the mountain. Moreover, through
a study of 6”2 and vy, the thermal turbulence develops within a weak-lapse-rate area and
reaches its maximum in a stable swratified area. Moreover, the maximum of these terms,
located in the same zone (between z/h =1 and 1.2) confirms the results found in the
two-dimensional fields. Through an analysis of the production length-scale, it is suggested
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that the analysed turbulence is rather mechanical. This confirms the suggestion that the
principal source of turbulence is the wake effect. Finally, the dimensionless parameter a,
defined as the ratio of the production length-scale to the dissipation length-scale, has been
computed. This value is close to those found by various authors under other conditions.
The energy spectra of the vertical velocity within the area affected by turbulence on the lee
side of the Pyrénées, therefore, obey the dimensionless relationship €o,3A ~ constant,
similar to boundary-layer spectra.
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APPENDIX

The dissipation length-scale, ., is computed from the signal of the vertical velocity
w from

3
o
l.=-—2, (A1)
€
where o, is the standard deviation of the vertical velocity and € is the dissipation rate

of the TKE. € is related to the energy spectrum S,, in the inertial subrange through the
well-known Kolmogorov relationship:

S, (k) = 4/3ae??k™5"3 (A.2)
2
= T(:,__)cka—s/3 , (A.3)
3

where « is the Kolmogorov constant (= 0.52), k the wavenumber and C? the swructure
parameter of w. C2 can also be determined from the structure function D,,(r), which can
be expressed, for low values of r, as:

D,(r)=C%r*?, (A.4)

where r is the distance between two measurements. D, (r) is also related to the autocor-
relation function of the vertical velocity R,,:

Dy(r) ={w(x) — w(x + ) =202{1 — Ru(r)}. (A.5)
Combining (A.4) and (A.5) leads to:

220

2
202

Ry(r)=1- (A.6)

A schematic representation of R,, isgivenin Fig. A.1. A characteristic length-scale can thus
be defined as the lag for which the autocorrelation function reaches zero in the formulation

20



1.0

Autocorrelation function

LA S B RN B S LA AL NN AL I

PUSTERE N R TNR T TN 0N S W DAENN SN N
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Uw

(A.6), i.e. extending the inertial subrange law. Let us call this scale /,. It can be deduced

from (A.6) that:
202 0

lp can be interpreted as the size of the largest eddies in the inertial subrange, since it repre-
sents the distance at which the signal is no longer correlated with itself (in the formulation
of the inertial subrange).

On the other hand, Cﬁ, and € are related by the relation (deduced from (A.2) and
(A.3)):

3r(2/3) 4a
cz = 3TC@R % oy (A8)
2 3
Combining (A.1), (A.7) and (A.8) leads to the following relationship between [y and /:
2 3/2
le = (x3/2F (5) 10 . (A9)

Thus, I, represents a scale proportional to the size of the largest eddies inertial subrange.
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