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Abstract. Temperature and humidity measurements have been performed since 2000 in the atmosphere of
the 20-m deep vertical access pit of an underground quarry. Air avalanches take place in the pit when the
outside air density is larger than the equilibrium air density of the quarry. These avalanches are associated
with a mean linear vertical temperature profile, and with broad-band, spatially organized and coherent
temperature fluctuations. Temperature distributions are nearly Gaussian, with a skewness smoothly vary-
ing with position. The power spectra of the fluctuations show, in the frequency range from 3 × 10−4 Hz
to 4 × 10−3 Hz, an exponent varying from −0.15 at the bottom of the pit, to −0.6 at the top. Heat ex-
change with the walls accounts for the mean temperature profile, and contributes to the power spectra
for periods smaller than about 20 minutes. Vertical cross-correlations provide estimates of velocities and
indicate quasi-stable polarization of the direction of the vertical mean flow. A horizontal vorticity index,
constructed from a horizontal cross-correlation and the sign of the temperature gradient, exhibits prop-
erties of a scale-invariant process, similar to the structure of wind reversals observed in Rayleigh-Bénard
laboratory convection experiments or to the reversals of the geomagnetic fields. This experiment may offer
a genuine realization of bulk turbulence forced by a linear temperature gradient. More generally, it provides
a description of turbulent fluid dynamics in a medium-scale natural system in the presence of non-adiabatic
boundaries.

PACS. 47.27.-i Turbulent flows, convection, and heat transfer – 47.27.Sd Noise (turbulence generated) –
92.60.Ek Convection, turbulence, and diffusion

1 Introduction

Turbulent flows play an important role in natural pro-
cesses [1,2], from the biological world [3] to the birth
of planets [4], or the modeling of electromagnetic signals
from outside our galaxy [5]. Turbulence is a key aspect
of the dynamics of the Earth atmosphere [6,7], but also
of most geophysical flows on the surface [8], as well as
the processes of the interior of the Earth, for example the
geodynamo responsible for the properties of the geomag-
netic field [9–11]. Understanding the properties of turbu-
lent fluids is also a major issue in key environmental and
industrial problems of the new century, such as the dis-
persion of pollutants [12], the spread of epidemics [13],
or the initiation of inertial confinement fusion [14]. In all
these various domains, turbulence often exhibits common
and surprisingly simple features, with patterns of organi-
zation that can be accounted for by scaling laws relying
on dimensional arguments [1,2]. While the conservation
of fundamental quantities provides a sound basis in most
cases for some basic observations [15], a detailed theoreti-
cal understanding of the properties of turbulent flows and
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their consequences remains a fascinating challenge of the
mathematical and physical sciences [1].

Most of the fundamental studies still rely on model ex-
periments performed in well-controlled laboratory condi-
tions such as wind tunnels [15], dye jets experiments [16],
Hele-Shaw cells [17] and Rayleigh-Bénard [18] (RB) con-
vection, where a fluid container is heated from below
and cooled from above. Turbulent RB convection experi-
ments deserve particular attention because they are par-
ticularly relevant for the understanding of confined and
semi-confined geophysical flows with low Reynolds num-
bers Re. In addition, RB experiments have been fruitful
in unraveling many features of turbulent dynamics such
as coherent structures [19], oscillations and intermittent
fluctuations [20,21] as well as anomalous scaling [22].

The coherent large-scale circulation (LSC) motion [19],
also referred to as the mean wind, is observed to arise,
superimposed on the background turbulence, when the
forcing parameter, the Rayleigh number Ra, is increased
above about 106. This coherent large-scale rotation has
now been studied in RB cells with various fluids includ-
ing, for example, helium gas [23] or in water using Laser-
Doppler velocimetry techniques [21]. Although recent
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numerical modeling confirms the existence of large scale
structures creating a mean flow sweeping the sides of the
box [24], the origin of the wind remains debated. Oscil-
lations and intermittent fluctuations, which are also an
important property of RB convection, result from the in-
teraction between the LSC and thermal plumes [25,26]. A
mechanism, where sheared thermal plumes are initiating
the LSC, is supported by a detailed study of velocity fluc-
tuations and temperature-velocity cross-correlations [27],
complemented by further imagery techniques [28]. How-
ever, other mechanisms are also proposed [29].

One of the most unexpected properties of the LSC is
the stochastic structure of reversals in the direction of mo-
tion. These reversals had been noticed in several experi-
ments, but have been studied for the first time in cryo-
genic helium gas at high Rayleigh number, in a cell of
aspect-ratio 1 [23]. While a Brownian-type process is in-
dicated by an exponent −2 of the power spectrum, the ob-
served distribution of the time intervals between reversals
also suggests a hierarchical structure with exponent −1,
pointing to self-organized critical phenomena [8]. These
properties of the reversals are particularly interesting to
study as they bear a striking similarity to the dynamics
of reversals of wind directions [6], and of the inversions of
the geomagnetic field [30,31].

Exponents of the frequency dependence of the power
spectra are also important parameters of temperature
and velocity fluctuations, and of the temperature-velocity
cross-correlations as well. Dimensional arguments [1,15],
assuming energy cascades with scale-independent entropy
flux, provide a power law with slope −11/5 for the veloc-
ity fluctuations and −7/5 for the temperature fluctuations
(Bolgiano-Obukhov [32] or BO scaling). In contrast, the
assumption of a constant energy flux leads to a slope of
−5/3 for both the velocity and temperature spectra (Kol-
mogorov scaling or KO) [33,15]. KO scaling has been ob-
served in wind tunnel experiments over three decades of
frequency [15]. In RB experiments, the situation is more
complex. BO scaling is observed in the velocity and tem-
perature power spectra in helium gas [34], in SF6 [35] or
mercury [36]. In water [22], BO scaling is observed above
the peak frequency fp of the dissipation spectrum f2P (f).
Below this characteristic frequency fp, an anomalous ex-
ponent −1.35 is observed [22]. Numerical modeling [24]
yields BO scaling for the temperature spectrum, but leads
to KO scaling for the velocity spectrum.

Despite these open questions, a globally consistent pic-
ture of turbulent RB convection has emerged [37], and uni-
fied scaling laws have been derived for example for the Re
and Nusselt numbers Nu versus Ra. It may be noted that
experimental values of the scaling parameters still remain
to be clarified, in particular because of still incompletely
known geometrical effects [38]. In any case, the general
applicability of these scaling laws to other turbulent sys-
tems is not straightforward. Features of RB convection,
such as the existence of the LSC and its fluctuations, the
slopes of the power spectra, the presence of interactions
between large-scale flow and plumes, may not be universal
properties of turbulent convection in general. In order to

investigate this question, different types of well-controlled
experiments beyond the laboratory scale are of great in-
terest.

In a first paper [39], we have described the proper-
ties of temperature records observed in a medium-scale
natural system: the access pit of an underground quarry.
This system is a vertical cylinder of 4.56 m diameter and
height 20 m, largely open to the outside atmosphere. Half
of the year, as long as the outside air density is larger than
the equilibrium density of the quarry air, avalanches take
place in the pit [39], producing natural ventilation of the
whole quarry. The presence of this natural ventilation is
confirmed by the seasonal variation of the radon concen-
tration [40], which indicates ventilation rates varying from
0.5 to 4×10−6 s−1, corresponding to averaged volumetric
flow rates varying from 0.03 to 0.24 m3 s−1. The onset
of air avalanches in the pit is associated with broad-band
temperature fluctuations. The standard deviation of the
fluctuations is proportional to the temperature difference
between the upper part of the pit and the equilibrium tem-
perature of the quarry [39]. In addition, these temperature
fluctuations are coherent on a vertical profile.

In the present paper, using an improved experimen-
tal set-up and a comprehensive data set, we elaborate in
details on the preliminary observations, we present new
results, and we discuss the nature of the turbulent flows
observed in the pit. In the following, the setting and the in-
struments are first described. Time series of temperature
and humidity are then introduced to outline the work-
ing modes of the system. After the averaged properties
are presented, we turn to a discussion of the probability
distribution functions (PDF) and power spectra. Vertical
correlations are presented and lead to estimates of vertical
velocities. The analysis of horizontal correlations provides
a way to capture the stochastic nature of the turbulent
flow structures, in particular flow reversals. At the end of
the paper, we present a discussion of these various proper-
ties in the light of RB convection and general turbulence.
The consequences of the turbulent flows taking place in
the pit in terms of the energy and composition budget of
the whole quarry, or the role of phase changes of water are
outside the scope of the present paper.

2 The site and the experimental set-up

The abandoned “La Brasserie” limestone quarry is located
under the park of Vincennes near Paris. It consists of pil-
lars and rooms with a height varying from 2 m to more
than 4 m excavated in Lutetian limestone, 18 m below
ground surface [41]. The total air volume Vtot in the quarry
is estimated to be around 60 000 m3. The temperature
in most of the quarry is stable, with an average value of
12.7 ◦C and yearly variations of the order of 0.16 ◦C in
the atmosphere and 0.2 ◦C in the rock [42]. The relative
humidity RH is larger than 99.8% in non-ventilated con-
ditions, and varies from 99.2 to 99.8% during ventilated
conditions in winter. Water vapor saturation of the quarry
atmosphere is maintained by water drippings.

The quarry is connected to the ground surface by a sin-
gle large access pit (Fig. 1) with 4.56 m diameter (D). This
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pit of height h = 20 m can thus be considered as a vertical
pipe linking the outside atmosphere, where temperature
and RH vary on daily and seasonal cycles, to a finite but
large volume of air Vtot at 12.7 ◦C and 100% RH. All other
known ventilation pits of the quarry are now sealed. Un-
explored galleries are present but they are not expected
to contribute to the natural ventilation. Air exchange is
thus expected to proceed through the main access pit only.
This pit dates back to the creation of the quarry in the
eighteenth century. It was reopened in 1989 to install a
metallic staircase, now used to enter the quarry (Fig. 1).
This metallic staircase of diameter about 2.2 m slightly
obstructs the air flow, leaving a free area Seff of 15.4 m2

in the pit. The upper part of the pit reaches in a build-
ing, but broken panes in windows with a surface area of
about Sw = 2.3 m2 allow air exchange with the outside
atmosphere.

Measurements in the pit are performed along vertical
and horizontal profiles (Fig. 1). In an initial phase, from
the beginning of 2000 to the beginning of 2003, a vertical
profile of 10 temperature measurements located near the
staircase was used [39]. In October 2001, a new vertical
profile was installed (Fig. 1). This profile, located about
65 cm from the staircase (Fig. 1), consists in 10 points
separated by 1.75 m. At each point, one temperature mea-
surement and one relative humidity measurement are per-
formed. Temperature measurements, labeled from TV1 to
TV10 (Fig. 1), are performed using the same thermistor
type as the first vertical profile [39]. This thermistor has a
diameter of 5 mm, a length of 30 mm and a resistance
R to temperature T relationship that can be approxi-
mated for our present purpose by an exponential function
R = R0exp(−T/T0) with R0 = 5700 Ω and T0 = 27 ◦C.
The sensitivity is then about 150 Ω ◦C−1 at 10 ◦C and
100 Ω ◦C−1 at 20 ◦C. The absolute calibration has been
determined in a thermal bath with an accuracy of 0.1 ◦C.
Because of their finite size, the thermistors have a response
time of the order of 30 seconds.

Relative humidity measurements, labeled from RHV1
to RHV10 (Fig. 1), are performed using semi-conductor
detector chips protected by porous pots with 12 mm di-
ameter and 25 mm length. This probe has a strongly non-
linear response R to RH, approximated by an ad-hoc an-
alytical function. The parameters of this function have
been determined using dedicated calibration runs in a cli-
matic chamber [43]. Because of the diffusion of air through
the porous pot, this sensor has a characteristic response
time of the order of 15 minutes, determined in the climatic
chamber with similar sensors.

The vertical temperature profile was complemented in
March 2004 by a horizontal profile of five thermistors, la-
beled BH1 to BH5, located about 4.1 m below ground
surface (Fig. 1). These thermistors are of the same type
as the vertical profile. In addition, in order to sample the
temperature variations in varying places of the pit vol-
ume, a movable set-up was installed in September 2001.
This set-up (Fig. 1) consists in four branches of five ther-
mistors each, with a regular spacing of 18 cm. Three
branches are located at the same level, and the fourth

1 m 
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Fig. 1. Access pit of the Vincennes quarry, showing the loca-
tion of the instruments. Temperature measurements are per-
formed along a vertical profile: TV1 to TV10 from bottom
to top, along with relative humidity measurements RHV1 to
RHV10. Horizontal temperature profiles are also available in
the upper part of the pit (BH1 to BH5) and on the four
branches of the movable set-up (TH1 to TH20). The shaded
arrows sketch the mean direction of the air flow.

branch, 1.3 m below, as indicated in Figure 1. The position
of the set-up was changed during 2002 and, in Septem-
ber 2003, it was placed in the configuration indicated in
Figure 1. Winter data of the movable set-up discussed
in this paper refer to this latter position. The thermis-
tors of this movable set-up are of a different type, with
the shape of a square with a thickness of 0.7 mm and a
width of 8 mm, pierced by a 3.8 mm diameter hole. Their
parameters have been determined in a calibration bath,
and follow the relationship R = R0exp(−T/T0) with val-
ues R0 = 28000 Ω and T0 = 24 ◦C [43]. Their sensitivity
is about 780 Ω ◦C−1 at 10 ◦C and 500 Ω ◦C−1 at 20 ◦C.
Their smaller mass offers the advantage of a response time
of the order of 10 seconds. The windows at the top of the
pit are located just above the movable set-up (Fig. 1),
whereas the vertical profile hangs on the opposite side of
the pit with respect to the windows.
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In addition to the temperature and humidity measure-
ments, atmospheric pressure variations are recorded in the
upper part of the pit, together with the pressure difference
between the top and the bottom of the pit. The outside
temperature has been recorded since September 2003 with
autonomous TinytagTM recorders located under the roof,
above the entrance door of the quarry pit. The vertical
profile has been operated without interruption and the
movable set-up with 95% efficiency since October 2001,
with sampling intervals varying from 10 s to 2 min. Con-
tinuous operation of the instruments is guaranteed by a
battery buffer in case of failure of the AC power. The hor-
izontal profile has been operated since March 2004, with
1 minute sampling interval.

3 Observations from the temperature
time series

Temperatures recorded with the vertical profile during the
initiation phase of the natural ventilation in autumn are
shown in Figure 2. The temperature in the lower part of
the pit is stable (TV1 and TV2 for example) as long as the
outside temperature and relative humidity remain such
that the outside air density is larger than the equilibrium
air density in the quarry. In this summer regime, the tem-
perature in the upper part of the pit (sensor TV10) is sim-
ilar to the external temperature, or slightly smaller. Heat
exchange between the pit and the outside then proceeds
essentially by diffusion, with possible transient episodes of
wind. In addition, the effect of atmospheric pressure varia-
tions can be seen. For example, a pressure increase occurs
in the evening of September 22. This pressure increase is
associated with a clear temperature wave traveling down
to the bottom of the pit, with amplitude of the order of
1 ◦C peak to peak at sensor TV1. This wave corresponds
to hot air pushed into the quarry. In contrast, pressure de-
creases, even with large amplitude, or, more significantly,
large time derivative, have no measured effect larger than
0.1 ◦C on TV1 and TV2. In this case, indeed, air at the
stable temperature of the quarry is dragged across the sen-
sor. Smaller effects of the pressure variations could how-
ever still be observed at a finer temperature scale [44].
Notice that the thermal effects of small atmospheric pres-
sure variations can be easily observed from sensors TV7 to
TV10 during summer regime. This part of the pit behaves
then as an amplifier of atmospheric pressure variations,
due to the large volume of the quarry pushed and pulled
through the pit (cave breathing effect [45]).

When the air avalanches are triggered in the pit, a dif-
ferent behavior of the temperature is observed (Fig. 2b).
Fluctuations of the order of 1 ◦C peak to peak are no-
ticed on all sensors, sometimes with transient spikes at
the beginning of the night, confirming the observations
with the first vertical profile [39]. Figure 2b also indicates
that, during air avalanches, the temperature in the upper
part of the pit (TV10) is almost the average between the
outside temperature and the equilibrium quarry tempera-
ture. This fact reflects the vigorous mixing of the air in the

pit during the avalanches, which is also associated with a
slightly negative pressure difference (Fig. 2a).

The temperature evolution of the pit is shown in Fig-
ure 3 for longer time scales. In this figure, the tem-
peratures have been averaged over sliding time windows
of 30 minutes duration and the standard deviation of
data during the same window has been plotted separately
(Fig. 3b). The initiation of avalanches is associated with
a temperature drop in the whole pit and the standard
deviation of the fluctuations increases linearly with the
temperature change as previously observed with the first
vertical profile [39]. When the temperature in the pit is
increasing, the amplitude of the temperature fluctuations
is simultaneously decreasing, as, for example, during the
fair days of 16 to 18 December 2003. During persistence of
cold weather, however, constant average temperature and
size of the fluctuations are maintained over several days.

The behavior of relative humidity is also shown in Fig-
ure 3c. Outside air is cold and dry compared with the air
of the pit. Consequently, air avalanches induce a desatu-
ration of the atmosphere of the pit and a dry front travels
slowly down the pit, for example from December 14 to 15
(Fig. 3c), with a velocity of about 1 m per hour. The pres-
ence of non-saturated air in the pit induces evaporation
from the wall and can in principle induce a thermal feed-
back response [39]. Non-saturated conditions, however, are
not maintained over long periods of time. As soon as the
temperature recovers, even in a cyclic manner as during
the day from 16 to 18 December 2003, the relative humid-
ity is restored to values larger than 99%, which indicates
that evaporation occurs, even though the temperature is
rising in the pit. In addition, during the desaturated phase,
intriguing coherent oscillations of RH are observed on sen-
sors RHV8, RHV9 and RHV10. These data suggest that
natural ventilation induces a complex dynamics of evapo-
ration and condensation, with several possible stationary
mixing states with different properties.

The peculiar thermal dynamics of the pit is also seen
when considering long time periods. In Figure 4a, the dis-
tribution of the hourly averaged temperature difference
between TV10 and TV1 is shown. The summer regime is
characterized by large positive excursions of this temper-
ature difference, whereas the ventilated winter regime is
characterized by a strong constraint of the temperature
difference, maintained as a peaked distribution with an
average value of −1.6 ◦C.

The distribution of temperature difference, when nega-
tive, can be translated into a Rayleigh number distribution
(Fig. 4b). In this case, let us define Ra as:

Ra =
gα∆Th3

νκ
, (1)

where g is the acceleration of gravity, α the volumetric
thermal expansion coefficient of air (3.4 × 10−3 K−1), ν
the air kinematic viscosity (1.5 × 10−5 m2 s−1 at 13 ◦C),
κ the thermal diffusivity of air (1.9 × 10−5 m2 s−1), and
∆T the temperature difference between the bottom and
the top of the pit. The latter quantity is estimated as
∆T = (TTV1 − TTV10)/(z1 − z10)∗h, where TTV1 − TTV10



F. Perrier et al.: Properties of turbulent air avalanches in a vertical pit 567

Fig. 2. Atmospheric pressure and pressure difference (a) and temperature time series (b) recorded with the vertical profile
TV1-10 from 22 to 27 September 2003. Sampling interval is 2 min. The atmospheric pressure is recorded in the pit at surface
level. Pressure difference is the pressure at the top minus the pressure at the bottom of the pit. The outside temperature Text

included in (b) is recorded under the roof above the entrance door with a sampling interval of 1 hour.

Fig. 3. Mean temperature (a), standard deviation (b) and relative humidity (c) recorded with the vertical profile TV1-10 and
RHV1-10 in December 2003. Mean and standard deviations are calculated using 30 minutes long moving windows.

is the measured averaged temperature difference between
sensors TV1 and TV10 (1.6 ◦C from Fig. 4a) and zi the
vertical position of sensor TVi. The mean value of ∆T is
then 1.8 ◦C.

The average Ra number over one season of ventila-
tion (Fig. 4b) is about 1012. If the scaling laws of RB
cells are applied [37], namely Nu = 0.22 Ra0.289 and
Re = 3.5 Ra0.446, this value implies Nu = 650 and
Re = 7.9 × 105. Although these scaling laws do not

strictly apply to our regime (Ra ∼ 1012), these esti-
mates appear reasonable. In RB cells, Re is defined as
V h/ν, where V is a typical large-scale velocity. This re-
lation gives then V = 60 cm s−1. The thickness of the
sidewall boundary layer δ can also be estimated using
δ/h = 3.6 Ra−0.26 derived from RB experiments in wa-
ter [46] and we obtain 5.5 cm.

Typical velocities in the pit can also be estimated
from the values of the ventilation rate obtained from the
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Fig. 4. (a) Distribution of temperature difference TTV10 − TTV1 for hourly averages from October 2001 to October 2002. (b)
Corresponding distribution of Rayleigh number Ra when temperature difference TTV10 − TTV1 is negative (winter regime).

seasonal variation of the radon concentration [40]. The
measured ventilation rate depends on the position in the
quarry, with values 0.5 × 10−6 s−1 in the least ventilated
zone, 2×10−6 s−1 in open rooms, and 4×10−6 s−1 at the
bottom of the pit. Attributing a volume of 20 000 m3 to
each of these sensors, the time-averaged total volumetric
flow rate of the quarry is estimated to be 0.13 m3 s−1.
Assuming that this flow takes place through half of the
effective area Seff of the pit, the corresponding mean ve-
locity is then of the order of 2 cm s−1. This estimate, albeit
uncertain, is significantly smaller than the value obtained
previously from the Rayleigh number and RB scaling laws.
Even with V = 2 cm s−1, the corresponding Re, defined
here as Re = V D/ν, amounts to 6000; thus we can infer
that the flow definitely takes place in a turbulent regime.

The average heat flux FC transported by the convec-
tive motion, corresponding to the mean ventilation rate of
the quarry, can be estimated as:

FC = ρcp
Seff

2
∆T V, (2)

where ρ and cp are the density and the specific heat
capacity of air, respectively. Taking ρ = 1.2 kgm−3,
cp = 103 J kg−1 ◦C−1, ∆T = 1.8 ◦C and V = 2 cm s−1,
we obtain FC = 333 W. Another estimate will be obtained
from the horizontal temperature distributions in Section 8.

4 Properties of time average quantities

Before describing the properties of the temperature fluctu-
ations in the pit in more details, we present in this section
the spatial properties of time averaged quantities, concen-
trating on the average temperature and the standard devi-
ation. Average temperature profiles are shown in Figure 5
for various time periods. In this paper, the vertical coor-
dinate z in the pit is taken positive upwards, with z = 0

at ground surface. In summer, an exponential tempera-
ture profile ez/λ is observed, with a characteristic length
λ varying between 5 and 10 m. The attenuation length of
the harmonic of period t is given by:

√
κt/π, which gives

14 m for annual waves. The observed profile is therefore
controlled by diffusion in summer. In contrast, when air
avalanches occur in the pit, as illustrated by the data of
the night from September 22 to 23 (Fig. 5), a different ver-
tical temperature profile is observed, almost linear from
top to bottom. This linear profile is present during the
whole winter regime. Transition periods are observed in
May 2003, September 2003 and April 2004. In the follow-
ing, we will be dealing with the winter regime only.

The temperature profiles observed in winter in the pit
depend on the forcing, which is proportional to the mean
temperature difference T0 − TTV10 between the equilib-
rium quarry temperature T0 (12.7 ◦C) and the temper-
ature measured at the top of the pit TTV 10. A reduced
temperature thus can be defined as:

θ(t) =
T0 − T (t)

T0 − 〈TTV10〉 , (3)

where 〈TTV10〉 is the average value of TTV10 and is calcu-
lated over time portions of 200 data points.

The average value of θ and its standard deviation σθ

are shown in Figure 6 as a function of the vertical posi-
tion z in the pit, showing the results of independent time
sections. A remarkable linear variation of θ is observed as
a function of the vertical position, independent of time,
hence independent of the forcing from atmospheric con-
ditions. This profile thus reflects an intrinsic mixing re-
sponse of the pit. Extrapolation to the bottom of the pit
leads to values θ0 of 0.39 ± 0.02. This suggests that a
significant fraction of the mixing takes place outside of
the pit, in the quarry itself. Air avalanches reach the bot-
tom of the pit and, with a mechanism similar to a filling
box [47], fill the entire quarry [40]. This observation is
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Fig. 5. Vertical temperature profile in the pit averaged over the indicated time periods.

Fig. 6. Average reduced temperature (a) and its standard deviation (b) versus vertical position in the pit. Reduced temperature
is defined as θ = (T0 − T )/(T0− 〈TTV10〉), where T0 is the equilibrium quarry temperature (12.7 ◦C) and 〈TTV10〉 is an average
temperature measured with sensor TV10.

confirmed by measurements of radon concentration [40],
temperature [42] and humidity in the quarry.

The observed slope of θ(z) translates to a mean vertical
temperature gradient of about −0.1 ◦C m−1. This value
can be compared with the adiabatic gradient:

∂T

∂z
= −αgTK

cp
, (4)

where TK is the absolute temperature. The value of the
adiabatic gradient is thus −0.01 ◦C m−1, about ten times
smaller than the observed gradient. The mixing in the
pit thus differs significantly from the conditions of a RB
experiment where a near-adiabatic gradient is observed
in the volume of the cell, with most of the temperature
gradient taking place in the boundary layers [20,46].

The mean heat flux exchanged with the wall FW can
be estimated using the observed temperature profiles. For
a vertical temperature difference ∆T , as defined in equa-
tion (1) (Sect. 3), the temperature is given as a function
of z by:

T (z) = T0 − ∆T

(
1

1 − θ0
+

z

h

)
, (5)

and we have:

FW = πRβ

0∫

−h

(Tr(z) − T (z)) dz, (6)

where R is the radius of the pit, Tr(z) the temperature of
the wall and β the heat conductance at the wall. Here we
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assume that the pit is a perfect cylinder and we neglect
the presence of the staircase. The conductance β is related
to the characteristic thermal relaxation time τ defined by:

2β

ρcpR
=

1
τ

. (7)

The relaxation time τ can be estimated from pressure in-
duced temperature variation and is of the order of 26 min-
utes [44], corresponding to β = 0.8 Wm−2 ◦C−1. From
equations (5–6), assuming Tr = T0, we have:

FW = F 0
W = πRβh∆T

1 + θ0

2(1 − θ0)
, (8)

which, for ∆T = 1.8 ◦C, gives F 0
W = 235 W, smaller but

of the same order of magnitude as FC . Note that the rock
surface must reach equilibrium with the air mass, so that
the estimate given by equation (8) is actually an upper
limit of FW . The time variation of Tr(z) due to vertical
heat diffusion from the ground surface can actually be
taken into account in a numerical model. The result re-
mains the same within 5%, except at the beginning and
end of the winter.

The ratio of FW to FC , a Stanton number, can be
bounded by:

St =
FW

FC
≤ F 0

W

FC
=

h

τV

1 + θ0

2(1 − θ0)
. (9)

For V = 60 cm s−1, St = 0.02 and the heat exchange
with the wall is negligible compared with the convective
heat flux. In our system, these estimates thus indicate
that fast transport processes, with velocities of the order of
20 cm s−1 or larger can be considered as adiabatic, whereas
slow transport processes characterized with velocities close
to the mean velocity 2 cm s−1 are partly controlled by
temperature exchange with the walls.

The origin of the linear vertical temperature profile
and the magnitude of the slope can be understood with
the following simple argument. Let us assume that a down-
ward flow of air takes place in one half of the pit, with
velocity −V and temperature T−(z), and that an upward
flow of air takes place in the other half of the pit, with
velocity +V and temperature T+(z) = T0, the mean tem-
perature of the quarry. In addition, let us assume that the
downward air flow is in thermal equilibrium with the wall
at temperature T0, which, on average, implies:

∂T−
∂t

= 0 = V
∂T−
∂z

− 1
τ

(T− − T0). (10)

The solution is:

T−(z) = T0 + (Text − T0)e
z

λW , (11)

where Text is the external temperature and λW =Vτ . If we
now assume that the observed temperature corresponds to
a full mixing, at each z, between the downward and the
upward air flow, then:

T (z) =
1
2

(T+(z) + T−(z)) = T0 +
(Text − T0)

2
e

z
λW . (12)

For V = 2 cm s−1 and τ = 26 min, we have λW = 31 m
and the exponential profile given by equation (12) is al-
most linear for −h < z < 0. From equation (12), we also
predict θ0 = exp(−h/λW ) = 0.52, which is in satisfactory
agreement with the observed value θ0 = 0.39± 0.02. This
model is however simplistic and substantial recirculation
of the flow must occur with turbulent mixing, associated
with fragmentation of the most rapid eddies into turbu-
lent cascades down to the dissipation scale. Describing the
physics behind the temperature profile thus requires more
information about the turbulent structure of this system.

In a first approximation, the standard deviation σθ

(Fig. 6b) is independent of the position in the pit, and is
also approximately independent of time, with a character-
istic value varying from 0.08 to 0.1. A repeatable spatial
structure is however noticed in Figure 6b, with increased
relative fluctuations at the level of sensor TV7 or TV2.
In Figure 6, data from the movable set-up are also in-
cluded for comparison. Averaged values of θ are signifi-
cantly larger for these sensors compared with the values
extrapolated from the vertical profile at the position of
the movable set-up (Fig. 6a). The value of σθ is smaller for
the lower branch of the set-up than for the higher branch
(Fig. 6b). This must be due to the fact that this lower
branch is not in the pit, but dips in the atmosphere of the
quarry (Fig. 1). In principle, the difference between the
vertical profile and the sensors of the movable set-up in
Figure 6 could be due to an inappropriate intercalibration
between the two thermistor types. This intercalibration
was performed in July 2003 when the movable set-up was
at a higher position (Fig. 5). The difference in terms of
temperature observed in winter in Figure 6a would need
to be of the order of 0.2 ◦C, which is incompatible with the
expected precision of the intercalibration (0.05 ◦C). An-
other explanation has to be proposed. In fact, the sensors
of the movable set-up are located from 2 m to 3 m away
from the vertical profile (Fig. 1). Large horizontal varia-
tions of 〈θ〉 and σθ in winter could explain the observed
shifts. A smooth variation is indeed confirmed using the
data of the horizontal set-up TH (Fig. 1), superimposed
to an overall remarkably uniform horizontal distribution.
Therefore, the shifts indicated in Figure 6b are probably
genuine.

Spatial variations of averaged quantities thus indicate
that, despite the turbulent mixing processes, a definite
spatial organization is maintained. At this stage, it is
not known whether such structures are maintained over
long periods of time and whether substructures could also
survive for some shorter periods of time. Such privileged
structures could be imposed by the boundary conditions,
for example the fact that windows are only present on one
side of the building (Fig. 1) or the fact that most of the
volume of the quarry at the bottom of the pit is located
west of the pit, on the side of the movable set-up. The
structures could also be constrained by the heterogeneous
structure of the pit itself, characterized by the presence of
the staircase.

The fact that persistent structures can be imposed by
boundary conditions appears to be a general feature of
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Fig. 7. (a) Distribution of normalized temperature residuals for the vertical set-up recorded from 7 to 12 March 2004 (sampling
10 s, total of 41 000 data points). Normalized temperature residuals are defined as θr(t) = (T − TL(t))/(T0 − 〈TTV10〉), where
T0 is the equilibrium quarry temperature (12.7 ◦C), 〈TTV10〉 is an average temperature measured with sensor TV10, and TL(t)
is a fitted linear trend over portions of 200 data points. The black line corresponds to a Gaussian distribution with standard
deviation 0.07. (b) Inset: skewness of distribution versus position in the pit.

natural turbulent systems. For example, it has been pro-
posed that convection in the inner earth core exhibits hor-
izontal patterns persisting over time scales much larger
than the circulation times [48]. Inversions of the geomag-
netic field also have been claimed to have preferred az-
imuthal pathways [49]. Such structures, if genuine, are
proposed to be imposed by the core-mantle boundary [50].
Persistent patterns may have important consequences in
other contexts, such as the creation of ecological niches or
increased sedimentation in river flows [51]. Further spatial
organization of the pit turbulence is identified in the next
section with the properties of the temperature PDF and
power spectra.

5 Temperature probability distributions
and power spectra

Probability distributions of the normalized temperature
residuals defined as:

θr(t) =
T (t) − TL(t)
T0 − 〈TTV10〉 , (13)

where TL is the temperature trend obtained from a lin-
ear fit over a portion of 200 data points, are presented
in Figure 7a. In a first approximation, these PDFs are
Gaussian and similar along the vertical direction, with a
standard deviation σ of about 0.07. The latter fact was
indicated already by the uniform σθ as a function of z
(Fig. 6b). Looking more closely, these distributions how-
ever are skewed. The skewness, defined as 〈θ3

r〉/(〈θ2
r〉)3/2,

exhibits a smooth variation as a function of z (Fig. 7b),
with local anomalies for sensors TV2 and TV7, as already
noticed in Figure 6b. Negative skewness in the lower part
of the pit indicates more frequent small hot plumes. In

Fig. 8. Distribution of normalized temperature residuals
for the horizontal set-up BH1 to BH5 recorded from 21 to
27 March 2004 (sampling 1 min). Normalized temperature
residuals are defined as θr(t) = (T − TL(t))/(T0 − 〈TTV10〉),
where T0 is the equilibrium quarry temperature (12.7 ◦C),
〈TTV10〉 is an average temperature measured with sensor TV10,
and TL(t) is a fitted linear trend over portions of 200 data
points. The black line corresponds to a Gaussian distribution
with standard deviation 0.07.

contrast, the upper part of the pit is dominated by small
cold plumes. The middle part of the pit is characterized
by small skewness and thus comparable abundance of hot
and cold plumes of similar size.

PDFs of normalized temperature residuals from the
horizontal profile (sensors BH1 to BH5 in Fig. 1) are pre-
sented in Figure 8. In this case, the PDFs are roughly
Gaussian with the presence of additional tails, which may
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be accounted for by another Gaussian part with a larger
standard deviation. Three groups of sensors can be distin-
guished in Figure 8: sensors BH1-BH2 (σ = 0.10), sensors
BH3-BH4 (σ = 0.08), and sensor BH5 which has a signifi-
cantly larger standard deviation (σ = 0.12). The skewness
varies from −0.9 (BH3) to 0.3 (BH4).

Gaussian PDFs are familiar in RB experiments for
the velocity distributions [35], with a skewness depend-
ing on the position in the cell [25]. However, tempera-
ture distributions [20] are reported to be Gaussian at low
Ra (Ra < 4 × 107) while, in the hard turbulence regime
(Ra > 4× 107), temperature distributions exhibit a scale-
free (power-law) character [20]. This suggests that rather
different processes operate in the quarry pit compared
with RB cells. Furthermore, in our case, the standard de-
viation varies linearly with the temperature forcing [39],
hence linearly with Ra. In the hard turbulence regime of
RB cells [20,23], the standard deviation of the tempera-
ture fluctuations scales with Ra as Ra−0.15.

One tentative explanation may however be proposed
from the results of a RB experiment with water performed
with an obstructed sidewall [52]. This situation, in con-
trast to a smooth RB cell, corresponds to the presence
of obstacles sticking out of the sidewall, thus distorting
the LSC [52]. In this case, a PDF composed of the ad-
dition of two separate Gaussian curves is observed, while
power-law PDFs are observed without obstruction with
the same Ra scaling as observed in helium [20]. Further-
more, larger standard deviations are observed with ob-
struction [52], with a different scaling law: Ra−0.24. This
experiment suggests that the functional form of the PDF
reflects the flow pattern in the cell [52]. In the case of the
quarry pit, the metallic staircase may play the role of an
obstruction which would constrain the flow patterns, as al-
ready suggested from the spatial variations of the averaged
quantities. The staircase thus would restrict or fragment
the larger cascades.

Another contribution to this discussion may come from
an experimental study of the temporal fluctuations of the
total power injected in a swirling flow between two coax-
ial counter rotating disks [53]. The statistical properties
of the PDF of the power fluctuations were observed to
be qualitatively different for shrouded flow (non-Gaussian
PDF) and free geometry (almost Gaussian) [53]. In this
case, free geometry corresponds to the two disks rotat-
ing in air, whereas the shrouded geometry corresponds
to the situation where the disks are enclosed in a cylin-
drical vessel. This result also suggests that the statistical
properties of the turbulent fluctuations are related to the
confinement of the flow. Two factors thus may contribute
to the nearly Gaussian distributions we observed in the
pit: presence of obstruction and open flow geometries at
the top and bottom.

The temperature power spectra are shown in Figure 9a
versus frequency f for the vertical profile. The various
spectra are similar and show three frequency domains. The
high frequency region (f > 5 × 10−3 Hz) is dominated by
the filtering effect due to the finite size of the thermistors.
From 3 × 10−4 Hz to 4 × 10−3 Hz, a nearly flat spectrum

is observed. This is the region dominated by the temper-
ature fluctuations associated with the air avalanches, as
indicated by the different spectrum observed during sum-
mer regime (Fig. 9a). When a power-law fit is performed
in the frequency range from 3 × 10−4 Hz to 4 × 10−3 Hz,
exponents vary from −0.14±0.04 at the bottom of the pit
to −0.61± 0.05 at the top of the pit, with a smooth vari-
ation in between (Fig. 9c). For frequencies smaller than
2 × 10−4 Hz, the spectra are ordered according to the
position in the pit and a steeper slope is observed, with
an exponent varying from −1.93 ± 0.32 to −2.27 ± 0.18
(Fig. 9b). This part of the spectrum reflects the time vari-
ation of the outside temperature.

The value of the exponents in the 3 × 10−4 Hz to
4× 10−3 Hz frequency range is not straightforward to in-
terpret. However, qualitatively, heat exchange with the
wall of the pit is described by a term −(T − Tr)/τ in
the equation of the time evolution dT/dt of temperature.
This term introduces a 1/f component in the frequency
domain. If this term contributes significantly, the observed
exponents thus would need to be increased by one unit in
order to be compared with adiabatic RB conditions, giv-
ing a corrected exponent −1.6 in the upper part of the
pit. This value is then close to the −5/3 exponent of KO
scaling for a passive scalar. Spatial variations of exponents
of temperature power spectra have also been reported in
RB cells [54], and have been related to the nature of the
coupling between temperature and velocity distributions.
Note that, in our case, the dissipation frequency fp, de-
fined as the maximum of the power density spectrum P (f)
multiplied by f2, is of the order of 5 × 10−3 Hz. It might
be larger, as 5×10−3 Hz also corresponds to the frequency
cut-off of the thermistors. In the frequency range below fp,
however, a scaling exponent −1.4 has been reported [22].
The frequency range where BO scaling (exponent −11/5)
is observed in this RB experiment (f > fp) is not accessi-
ble in our experiment.

In contrast with RB cell experiments, the tem-
perature spectra in the pit do not exhibit any reso-
nant frequency. In RB cells, coherent oscillations [20,21]
appear at high Ra with a frequency fR given by
ωR = 2πfR = 0.36 − 0.5Ra0.49κ/h2. For Ra = 1012,
the expected oscillation frequency fR is therefore
0.002–0.004 Hz, which lies in our measurement range at
the edge of the cut-off of the response of the thermistors.
Moreover, in the quarry pit, we would not expect a sharp
peak because of the varying Ra conditions associated with
varying outside temperature.

Further observations deserve to be pointed out con-
cerning the exponents of the temperature power spectra.
Indeed, significant differences are observed when consid-
ering different periods of time, with a systematic differ-
ence during the increasing phase of the air avalanches (for
example the period from 15 to 20 December in Fig. 3)
and during their decreasing phase (for example the period
from 22 to 25 December). Such hysteresis effects may be
significant features of this turbulent system, which could
be related to seasonal variations of St mentioned before,
but this needs to be investigated in more details.
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Fig. 9. (a) Temperature power density spectra for the vertical set-up using data recorded from 7 to 12 March 2004 (sampling
10 s). For frequency smaller than 6 × 10−5 Hz, spectra are averaged over portions of 24 hours and, for frequency larger than
7 × 10−5, spectra are averaged over portions of 4 hours. The black line shows part of the power spectrum of TV1 in summer
(August 2003), multiplied by 10 for convenience. Insets: Exponent of frequency variation of the temperature power spectrum
versus position in the pit. The exponent is determined from 8 × 10−6 Hz to 8 × 10−5 Hz (b), and from 3 × 10−4 Hz to
4 × 10−3 Hz (c).

Fig. 10. Temperature time series recorded with the vertical profile TV1-10 on 10 March 2004 from 2:10 pm to 2:50 pm UT.
Sampling interval is 10 s. Letters A and B refer to comments in the text.

6 Vertical correlations and estimates
of velocities

Figure 10 displays the temperature time series in the high
frequency range. Spatial coherence of the signals is striking
on neighboring sensors. This observation is confirmed by
the PDF (Fig. 11) of the correlation coefficients Ci,i+1 of
neighbours TVi and TVi+1. This correlation coefficient is

defined over a sliding time interval of 2N+1 data points as:

Ci, i+1(K) =

K+N∑

K−N

Ti(k)Ti+1(k)
√

K+N∑

K−N

Ti(k)2
√

K+N∑

K−N

Ti+1(k)2
, (14)
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where Ti(k) refers to the residual temperature time series
for sensor TVi, after subtraction of the mean value over
this time interval of 2N +1 data points. A value of N = 5
is used here. The distributions shown in Figure 11 are
strongly peaked near 1, with significantly smaller corre-
lation coefficients for the last two pairs of sensors toward
the top of the pit. Note that anti-correlations, although
statistically less frequent, are not completely absent in
this system.

In Figure 10, traveling waves can also be followed from
sensor to sensor with definite delay times. For example, the
peak labeled A can be followed from TV1 to TV10 with
a time delay of 1 min, which corresponds to a velocity of
27 cm s−1. Sometimes the situation is more complicated.
For example, in the peak labeled B in Figure 10, TV1-2
are anti-correlated to TV3-TV10. Although the order of
magnitude of the velocity is large given our sampling time
and the intrinsic cut-off response of the thermistors, it
is interesting to attempt a systematic determination of
velocity from the observed delay times.

Consider for example the distribution of delay times
between sensors TV3 and TV6 on the one hand, and sen-
sors TV3 and TV9 on the other hand. The delay time is
obtained in the following fashion [23,55]. For each data
point, the correlation coefficient between two sensors is
computed using a portion of 2N +1 data points (N previ-
ous points and N following points) as described by equa-
tion (14), with N = 5. Then, the time series of the second
sensor is shifted by one data point and the correlation is
calculated again. The delay time corresponds to the time
shift between the two series that maximizes the correla-
tion. The distribution of the delay time t3−6 between TV3
and TV6 is peaked at 10 s, corresponding to one sampling
interval. The distribution of the delay time t3−9 between
TV3 and TV9 is wider and it has an average value of 14 s.

The obtained delay times can be used to infer a value of
the velocity. This determination relies on Taylor’s frozen
flow assumption and has been extensively used in the con-
text of RB flows [23,55]. For this purpose, we require the
two delay times t3−6 and t3−9 to be of the same sign. A lin-
ear fit is then performed versus position to obtain a value
of velocity. The distribution of velocity values consists
in one sharp peak near zero and two wide distributions
between 5 and 40 cm s−1 and between −40 cm s−1 and
−5 cm s−1. The average value of the distribution above
5 cms−1 is 23.1 ± 0.1 cms−1, with a standard deviation
of 8.8 cm s−1. The average value of the distribution below
−5 cm s−1 is −22.3±0.2 cm s−1, with a standard deviation
of 8.7 cm s−1. These values can be compared with the es-
timate given above from the RB scaling laws (60 cm s−1),
and with the estimate obtained from radon (2 cms−1).

Another estimate can be obtained from dimensional
arguments at the level of the flow restriction, namely the
windows. The ventilation flow rate is then of the order of
A∗√g∆T ∗/TK , where A∗ is the effective area of the win-
dows and ∆T * is the temperature difference between the
upper part of the pit and the outside atmosphere. Taking
A∗ = Sw/2 = 1.1 m2 and ∆T ∗ = 5 ◦C (the mean value
corresponding to above estimates of velocities), the flow

rate is 0.46 m3 s−1 which leads to a velocity of 6 cm s−1 in
the pit. This value is intermediate between the estimate
from radon and the estimate from the RB scaling law. The
measured value is compatible with these estimates. Note
however that the value 22 cm s−1 above cannot be consid-
ered as a typical average velocity. Indeed, the determina-
tion selects the correlated time portions with significant
delay times. This tends to favor medium velocity values.
Larger values will lead to delay times smaller than our
time resolution. It is also likely that lower values of the
velocity will yield signals that are not correlated properly
between TV3 and TV9. Taylor’s hypothesis also will not
apply in the case of the slower waves.

A more significant feature of the velocity distribution
is the fact that positive velocities are more frequent than
negative velocities, with a ratio of 8700 to 3300. This in-
dicates that along the vertical profile from TV3 to TV9,
during the period of analysis (from 7 to 12 March 2004),
upward motion was present 73% of the time. This obser-
vation is compatible with the geometry of the pit and the
qualitative argument, derived previously from the skew-
ness of the temperature distributions, of dominance of hot
plumes in the lower part of the vertical set-up. Cold air
avalanches fall on the side of the pit next to the windows,
whereas hot avalanches travel preferably up the other side
of the pit, as seen at least in the lower part of the verti-
cal set-up (see shaded arrows in Fig. 1). This is however
an averaged picture and the directions of motion can be
reversed, in about 27% of the time. Turbulent behavior
is expected in this change of pattern. With this picture
in mind, the horizontal profile appears as a particularly
interesting instrument.

7 Horizontal correlations and vorticity index

The PDFs of the correlation coefficients CH
ij between

neighboring sensors i and j of the horizontal profile (BH1
to BH5) are shown in Figure 12. These distributions dif-
fer from the distributions of the correlation coefficients
of neighboring sensors of the vertical profile displayed in
Figure 11. Between BH1 and BH2, the correlation coeffi-
cient is largely positive and large. While moving towards
the centre of the pit, from to BH1 to BH3, the value
of the average neighbor correlation coefficient decreases
(0 < CH

23 < CH
12). Between BH3 and BH4, however,

negative values of the correlation coefficient CH
34 dom-

inate. On the other side of the pit (BH4 and BH5), the
correlation coefficient CH

45 becomes positive again. Two
regions can therefore be distinguished: sensors BH1-3 and
sensors BH4-5. The horizontal profile, which roughly co-
incides with a diameter of the pit (Fig. 1), therefore shows
the presence of a vertical shear zone between the turbu-
lent flow of hot air from the quarry and the turbulent flow
of cold air from outside.

This behavior can actually be noticed from the temper-
ature time series. As indicated by the distribution of CH

34

in Figure 12, most of the time, BH3 and BH4 exhibit oppo-
site temperature fluctuations. The behavior of the corre-
lation coefficients as a function of time (Fig. 13a) appears
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Fig. 11. Distribution of neighbor correlation coefficients ob-
tained using temperatures recorded with the vertical set-up
from 7 to 12 March 2003 (sampling 10 s). Correlations are
determined using 100 s-long sliding portions.

Fig. 12. Distribution of neighbor correlation coefficients ob-
tained using temperatures recorded with the horizontal set-up
from 21 to 27 March 2003 (sampling 1 min). Correlations are
determined using 20 min-long sliding portions.

Fig. 13. (a) Neighbor correlation coefficients obtained using data of the horizontal set-up from 23 to 24 March 2003 (sampling
1 min) and temperature gradient along the horizontal set-up (green curve) (b) vorticity index. The length of the portion used
to compute the correlation coefficient using equation (14) is 2N + 1 = 21 data points. The temperature gradient is obtained
from a linear fit of the temperature versus position on the horizontal profile.

particularly interesting, with sudden level changes remi-
niscent of the pattern of changes of wind directions [6],
the reversals of the mean wind in the RB cell [23], or the
pattern of the geomagnetic inversions [30]. In addition,
positive correlations of CH

34 are associated with decrease
of the correlation coefficient CH

12, suggesting bursts of
large-scale loss of coherence over the horizontal profile.
Such periods may correspond to transient motions of a
different nature, such as a rotation around the vertical
axis of the pit. Some abrupt variations of CH

34 (1:30 a.m.
and 2:15 a.m. on March 24) seem to be anticipated by
a correlated smooth variation of CH

34 and CH
45, indi-

cating possible precursory transition regimes. Precursory

regimes, even when not systematic, may be of importance.
For example, we may be currently in such a transition
regime of the geomagnetic field [56].

Negative values of CH
34 can be associated with a dom-

inating shearing motion, a motion that can equivalently
be referred to as vorticity around a horizontal axis. In
addition to the correlation pattern, the values of the tem-
peratures along the horizontal profile, themselves, define
the polarity of this vorticity. Indeed, if the temperature
is larger at sensor BH5, with an associated cold peak on
sensor BH1, then it can be concluded that a burst of hot
plumes rises on the right side of the profile whereas a
burst of cold plumes falls on the left side (Fig. 1). This
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configuration is referred to as positive vorticity and the
opposite one as negative vorticity of the motion. The sign
of vorticity can be defined precisely by the sign of the
temperature gradient fitted along the profile. This tem-
perature gradient is also shown as a function of time in
Figure 13a (green curve).

A vorticity index ξ is then constructed from CH
34 and

this temperature gradient. The vorticity index is consid-
ered to be zero if CH

34 is larger than some threshold c0. If
CH

34 is smaller than c0, then the vorticity index is equal
to ±1, according to the sign of the temperature gradient.
Here we take c0 = −0.2. The vorticity index is shown in
Figure 13b as a function of time. This variable encom-
passes both the time intervals without vorticity, with a
remarkable pattern of resting at zero level, and the pat-
terns of the polarity reversals. The time structure of the
vorticity index can now be compared with the patterns of
reversals of the LSC in RB cells.

The dynamics of the correlation coefficient CH
34

and the vorticity index ξ can be studied in the fre-
quency domain by Fourier transform ĈH

34(ω) and ξ̂(ω),
where ω = 2πf . The corresponding power density spectra
|ĈH

34(ω)|2 and |ξ̂(ω)|2 are shown in Figure 14 as a function
of frequency. For CH

34, a power-law behavior is observed
from 2 × 10−4 Hz to 10−2 Hz. The cut-off frequency fc

around 3 × 10−4 Hz is related to the duration tC of the
portion of 2N + 1 data points used to compute the corre-
lation coefficients (20 minutes here). A similar scale-free
behavior for f > fc is observed for the vorticity index.

Power-laws of the form:
∣
∣
∣ĈH

34(ω)
∣
∣
∣
2

∝ f−a and (15)

∣
∣∣ξ̂(ω)

∣
∣∣
2

∝ f−b (16)

are fitted from 5×10−4 Hz to 8×10−3 Hz and yield values
of the exponent a = −2.1± 0.1 for CH

34 and b = −1.34±
0.05 for the vorticity index. As pointed out for the rotation
index γ of the reversals of the LSC in RB cells [23], the
value close to 2 of the exponent of |ĈH

34(ω)|2 may indicate
a Brownian process. This value is also compatible with the
−11/5 characteristic value of BO scaling. Our definition
of the vorticity index depends on the parameter tC . If this
parameter is varied, the time series of the vorticity index
and the frequency cut-off fc are changed, but the value of
the exponent remains unchanged.

The mean vorticity index over the period of time shown
in Figure 13b is 0.08. This value is stable when the param-
eter tC is changed, as long as it remains below one hour.
Beyond one hour, the correlations between the signals are
lost. The information about turbulence, as expected, is
contained in the high frequency range of the temperature
fluctuations (f > 2 × 10−4 Hz), and not in the low fre-
quency temperature variations (Fig. 9).

Another way to capture the information contained in
the time distribution of the vorticity index is to study the
distribution of the quiescence intervals, defined as the du-
ration of resting at vorticity index zero. This is similar
to the alternative approach described in RB cells, when

Fig. 14. Power density spectra of the vorticity index and of the
correlation coefficient CH

34 between BH3 and BH4. Dashed
lines corresponds to power-law fits performed from 5×10−4 Hz
to 8 × 10−3 Hz with slope a = −2.1 ± 0.1 for the correlation
coefficient CH

34 and b = −1.35 ± 0.05 for the vorticity in-
dex. The length of the portion used to compute the correla-
tion coefficient using equation (14) and the vorticity index is
2N + 1 = 21 data points.

studying the distribution of time intervals between rever-
sals [23]. Although the statistics is limited in this case,
a power-law is suggested in the distribution of quiescence
times over more than one order of magnitude of time, with
an associated exponent of −1.2±0.2. Such a value suggests
a self-organized hierarchical phenomenon. The similarity
with the pattern observed in RB cells is thus striking [23].
More work is needed however to assess the significance of
this comparison.

Long-term variations of CH
34 and of the vorticity in-

dex are shown in Figure 15b, together with the tempera-
ture time series of the horizontal profile (Fig. 15a). Again,
bursts of anti-correlations are observed, with bursts of vor-
ticity changes, with a positive or negative polarity prefer-
ence varying over time. In addition to stochastic processes,
the polarity of vorticity seems to be affected by external
factors as well. Indeed, repeated negative polarity of vor-
ticity are observed during the night and morning from 25
to 29 March, associated with a lower temperature on BH4
and BH5 compared with BH1-3. Before March 25, by con-
trast, the preferred polarity of vorticity is positive.

8 Discussion

In this paper, the spatial and temporal properties of
the temperature field during regimes of air avalanches in
a vertical quarry pit have been described. An interest-
ing picture of a turbulent system emerges, with a non-
homogenous mixing state characterized by a reproducible
and persistent spatial structure of the averaged proper-
ties. In addition, turbulent processes causing broad-band
nearly Gaussian temperature fluctuations exhibit a tem-
poral dynamics also characterized by scale-free statistics.
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Fig. 15. (a) Temperatures recorded with the horizontal set-up from 21 to 29 March 2003 (sampling 1 min), averaged over 10 min-
long sliding windows. (b) Correlation coefficient CH

34 between BH3 and BH4 (blue curve), temperature gradient along the
horizontal set-up (green curve) and vorticity index (black curve). These quantities are determined using 2N +1 = 21 data points,
and subsequently averaged over 2 hour-long sliding windows. The temperature gradient is obtained from a linear fit of the
temperature versus position on the horizontal profile.

This is illustrated in particular by the behavior of the
vorticity index, a variable constructed using the data of a
horizontal temperature profile. The dynamical properties
of the turbulent flows in the pit thus offer a rich area for
investigations.

Consequences of the turbulent mixing properties ob-
served in the pit for the energy and matter balance of the
pit itself, and for the quarry as a whole, need to be consid-
ered. An estimate of the energy flux in the pit was given
in Section 3. Another estimate can be obtained from the
temperature profile writing:

F ′
C = ρcp

Seff

2
∆T ′ V, (17)

where ∆T ′ is the mean temperature difference between
BH1 and BH5. Taking ∆T ′=1 ◦C and V = 2 cm s−1, we
have F ′

C = 172 W. This local estimate at the position of
the horizontal profile is interesting to compare with the
estimate FC = 333 W (Sect. 3) obtained from the verti-
cal profile and the upper limit F 0

W = 235 W of the heat
exchange with the wall. The comparison between F ′

C and
FC suggests that the absolute velocity could be larger at
the level of the horizontal profile, or, alternatively, that
the horizontal profile does not sample the full mean hori-
zontal temperature gradient. The comparison between FC

and F 0
W suggests that only 29% of the heat flux is trans-

mitted to the quarry, the rest being absorbed by the pit it-
self. These estimates however remain questionable. These
two points, the role of the heat exchange with the wall to
establish the equilibrium quasi-stationary state and the
interplay of vertical and of mean horizontal air flows, will
need to be analyzed in more details.

In order to discuss the nature of the turbulence ob-
served in this system, expected turbulent scales can be es-
timated using classical scaling laws. The typical velocity
V given by the volumetric flux estimated from the sea-
sonal variation of the radon concentration, is 2 cm s−1.
This corresponds to Re = V D/ν = 6000 and to a
characteristic frequency f0 = V/2πh = 1.6 × 10−4 Hz.
Note that this frequency, which corresponds to the ini-
tial scale of turbulent fluctuations associated with the
air avalanches, is compatible with the lower frequency
limit of the broad band fluctuations in the power spec-
trum (Fig. 9a). The Kolmogorov frequency fK , which de-
fines the upper limit of the inertia domain, can be esti-
mated [57] as fK = f0Re3/4 = 0.1 Hz. This frequency cor-
responds to a spatial scale λK = V/2πfK = 3 cm. Below
λK , the energy of the turbulent cascade is dissipated by
viscous friction. Note that both the frequency fK and the
scale λK lie outside our measurement domain.

The Bolgiano frequency fB defines the lower limit
of the so-called buoyancy subrange and the upper limit
of the inertia subrange [22]. It can be estimated [22] as
fB = V /2πλB where λB is the Bolgiano length given by
λB = hNu1/2/(RaPr)1/4, where Pr is the Prandtl number
ν/κ. Taking Nu = 600 and Ra = 1012, gives λB = 50 cm
and fB = 0.006 Hz. Thus, our measurement range lies in
the inertia subrange of turbulence. In this domain, it can
be argued that the temperature fluctuations correspond
predominantly to fluctuations of the mean velocity, rather
than the background thermal turbulence [22].

Power spectra of the horizontal correlation CH
34 and

of the vorticity index indicate a scale-free character. This
is an interesting observation at a scale which is intermedi-
ate between the laboratory scale [23] and the atmospheric
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scale of wind reversals [6]. Scale-free processes are ubiqui-
tous in natural [8] and artificial systems. The values of the
exponents, a = −2.1± 0.1 for CH

34 and b = −1.34± 0.05
for the vorticity index (Eqs. (15) and (16)), remain to be
interpreted. The value −2.1 lies between the exponent −2
of a pure Brownian process [8] and the −11/5 of BO scal-
ing. Similarly, −1.4 could correspond to a fractional Brow-
nian process [8], or could be related to the −1.35 exponent
observed in RB experiments for the velocity spectrum in
the inertia subrange [22].

The relationship between the physical properties of
turbulence in the pit, and the properties of RB turbulent
convection needs to be analyzed in more details. Buoy-
ancy is the main driving force in the pit for reasonably
constant atmospheric pressure conditions. One interesting
question in this respect is whether the scaling properties
of RB convection still hold, and under which conditions.
Another important feature is common: the up-going and
down-going motion and associated plumes have to share
the same cylinder. This implies that quasi-stationary con-
vection cells have to be established in both systems. Sev-
eral configurations are possible and the configuration oc-
cupied at a given time can change. Nevertheless, in our
case, more configurations are possible than in a RB cell,
and, in addition, more frequent transitions between en-
ergetically equivalent configurations are expected. A par-
ticularly interesting phenomenon is the coupling between
axial rotation and horizontal rotations. However, most of
the RB convection experiments are performed at aspect
ratios D/h larger than 0.5 [58], and few data are avail-
able at the low aspect ratio 0.23 of the Vincennes pit. To
our knowledge, numerical simulations also have not inves-
tigated such low values of the aspect ratio.

While the comparison with RB cells is interesting,
there are important intrinsic differences between the two
systems. The geometry here is complicated, and there may
be disturbances due to the presence of the staircase. The
air humidity may also play an important role with respect
to a normal thermal RB Boussinesq cell. These two ef-
fects however can be probably neglected for an idealized
scenario. However, the free entrance at the top and the
large quasi-stable reservoir represented by the quarry at
the bottom change drastically the geometrical and possi-
bly dynamical properties of the system. Qualitatively, the
pit should include less re-circulations of the same fluid
elements, and more fresh plumes. Typical lifetime of ed-
dies should also be different in both cases, as well as the
resulting large-scale turbulent diffusivity.

Thus, the quarry pit actually offers a realization of
thermal convection in a quasi-constant temperature gra-
dient without boundary layers, a situation referred to as
homogeneous thermal convection [59]. This situation cor-
responds to unstably stratified turbulence, such as occur-
ring in the central part of a RB cell, the so-called zone
of bulk convection. Therefore, our system should rather
be compared with the bulk part of RB convection. Up
to now, this bulk convection has been investigated nu-
merically only. In the study of Borue and Orszag [59], it
has been shown that KO scaling holds in this case in-

stead of BO scaling. Furthermore, in this calculation, it is
observed that the LSC is formed by a few strong ascend-
ing/descending jets, whose appearance is prevented by the
upper and lower boundary layers in a closed RB cell. This
calculation thus could account rather well for the situ-
ation observed in our experiment. As mentioned above,
while compatible with it (Sect. 5), we actually cannot dis-
tinguish KO scaling unambiguously because of the cut-off
frequency and the contribution of heat exchange with the
walls.

The regime of bulk turbulence is heuristic in the
physics of turbulence. Indeed, a recent numerical study by
Lohse and Toschi [60], expanding the scope of the Borue
and Orszag calculation, has shown that if the boundary
layers are suppressed by using periodic boundary condi-
tions, the elusive ultimate Kraichnan regime of turbu-
lence [61], characterized by Nu proportional to Ra1/2, im-
mediately follows. This ultimate regime could not be con-
firmed in recent classical RB experiments [23], but could
be evidenced in one experiment using rough walls at top
and bottom [62], which causes an artificial suppression
of the boundary layers. The calculation by Lohse and
Toschi [60] thus confirms the role of the boundary layers
in preventing the appearance of the ultimate regime. Note
that the ultimate regime, in this calculation, is forced by a
mean linear temperature profile; this condition in our sys-
tem results from the boundary temperatures of the exter-
nal atmosphere and the equilibrium quarry temperature,
smoothed by the heat exchange with the walls (see Fig. 6
and Sect. 4).

While it is premature to state that an equivalent of the
ultimate Kraichnan regime is realized in the pit, our ex-
periment may bring valuable clues on the physical nature
of turbulence and the role of boundary layers in shaping
the large scale flows. The quarry pit therefore appears as
a novel medium scale model that may be of great value
for the understanding and the application of the physics
of turbulence in natural systems.
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Phys. Rev. E 59, 5112 (1999)

11. C. Narteau, E. Blanter, J.-L. Le Mouël, Phys. Earth
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