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a b s t r a c t 

In underground cavities, temperature variations of the order of 10 −3 °C are permanently induced by the 

variations of atmospheric pressure, even at great depths, with couplings of the order of 0.2 to 20 × 10 −3 

°C/hPa depending on frequency. In the first part of this study, we established the atmospheric pressure 

to temperature transfer function (TF) as a function of frequency from 8 × 10 −7 to 8 × 10 −4 Hz. Here, 

we use this TF to calculate the expected PIT variations, which, after being subtracted from the observed 

time-series, provide residual temperature time-series. We calculated such temperature residuals in four 

natural caves in France: Esparros, Aven d’Orgnac, Pech Merle and Chauvet-Pont d’Arc Caves, the last two 

containing unique prehistoric wall paintings. Temperature signals, as small as a few 10 −3 °C, due to hu- 

man presence, are then conspicuous, with evidence of relaxation longer than several days and long-term 

cumulative effects. In addition, we observe temperature signals suggesting non-stationary states charac- 

terized by several processes which are not necessarily easy to separate, such as transient air currents, 

due to barometric winds or locally semi-confined convection cells, transient infiltration, or energy dis- 

sipation by evaporation-condensation at the rock surface. This background thermal agitation displays a 

scale-free amplitude spectrum, from 2 × 10 −5 to 4 × 10 −4 Hz, of the form f −α , with α varying from 0.1 

to 0.6 depending on the site. Furthermore, at the Chauvet Cave, a weak but unambiguous peak emerges 

during some months at a period of about 82.2 ± 0.8 minutes, suggesting a Helmholtz-type resonance. 

Small but significant temperature signals are therefore detected in underground cavities once the effect 

of atmospheric pressure variations is corrected for. These signals reveal subtle coupled processes whose 

knowledge is essential to evaluate preservation strategies and to establish conditions for resilience of 

underground systems under artificial or natural influence including climate change. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Ocean University of China. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Underground geosystems, protected from the large meteorolog- 

cal perturbations affecting the ground surface, give unique loca- 

ions where generic geochemical processes of the Earth, includ- 

ng alteration and precipitation, can be studied with precision in 

he presence of heat and mass transport (e.g . , Genty and Deflan- 

re, 1998 ; Mangin et al., 1999 ; Houillon et al., 2017 ; Bourges et al.,

020 ). In tunnels and natural caves, signatures of climate change, 
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n particular the long-term evolution of underground temperatures, 

rovide an independent assessment, which is the subject of grow- 

ng attention ( Badino, 2004 ; Beltrami et al., 2005 ; Perrier et al.,

005 ; Dominguez-Villar et al., 2015 ; Rau et al., 2015 ). In addi-

ion, some underground caves contain precious natural ecosystems 

 De Freitas et al., 1982 ), speleothems used for paleoclimate recon- 

truction ( Genty, 2008 ), or prehistorical paintings ( Hoyos et al., 

998 ; Houillon et al., 2017 ; Peyraube et al., 2018 ; Bourges et al.,

014a , 2020 ). To be able to preserve this heritage, a better under- 

tanding of coupled thermo-hydro-chemical and mass processes in 

aves, which have their specific temperature signals ( Morat et al., 

995 , 1999 ), is also an essential prerequisite (e.g . , Fernandez et al.,

986 ; Hoyos et al., 1998 ; Perrier et al., 2004a ; Denis et al., 2005 ;

ourges et al., 2006 ; Luetscher et al., 2008 ; Bourges et al., 2014a ). 
of China. This is an open access article under the CC BY-NC-ND license 
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Competing with geological processes at pluri-annual time- 

cales, processes at short time-scales, from hourly to seasonal 

cales, require particular attention when evaluating changes due to 

uman actions. While human intrusion in previously isolated un- 

erground systems can cause biological contaminations and degra- 

ation ( Cañaveras et al., 1999 ; Martin-Sanchez et al., 2014 ), one 

mportant pending issue remains the primary thermal effect of 

isitors ( Hoyos et al., 1998 ; Fernandez-Cortes et al., 2011 ; Saiz- 

imenez et al., 2011 ). Indeed, the first indication of the presence 

f one person is, first of all, its metabolic energy, which is equiv- 

lent to a heat source of 100 to 140 W ( Villar et al., 1984 ). When

 heat source is placed in an air volume, to first order, a turbu- 

ent plume is produced above the source, feeding a stratified tem- 

erature increase in the rest of the volume ( Linden et al., 1990 ).

n the presence of air exchange with an outside reservoir (ventila- 

ion), a stationary stratified regime is formed ( Linden, 1999 ), with 

arm air layers stabilizing near the roof, while the lower part of 

he volume is not affected, except inside the plume just above the 

ource. This box-filling model is the standard interpretation tool in 

uilding ventilation problems ( Hunt et al., 2001 ). In underground 

ocations, this model needs to be modified to incorporate heat ex- 

hanges with the encasing rocks ( Crouzeix et al., 2006a , 2006b ). 

he resulting modified box-filling model was tested with heating 

xperiments performed in a closed room of an underground quarry 

n Vincennes near Paris ( Crouzeix et al., 20 06a , 20 06b ). These ex-

eriments also revealed unexpected features. First, after the inter- 

uption of heating, the relaxation phase can be longer than one 

ay, causing cumulative effect after repeated heating sessions. Sec- 

nd, irreversible changes are a possible long-term consequence of 

he transient heat dissipation ( Crouzeix et al., 2003 ). In addition, 

ong-term fluctuations were observed in the heat plume above the 

eat source ( Crouzeix et al., 2006c ) as well as persistent bubbles 

f warm and cold air ( Le Mouël et al., 2016 ), poorly understood

o far. Our knowledge of the effect of heat sources in underground 

ystems appears thus insufficient, even in controlled experiments 

nside simple geometric volumes such as found in a quarry. In nat- 

ral caves, with large rooms and complex geometry, the situation 

s largely unknown ( Saiz-Jimenez et al., 2011 ). 

Detecting small temperature signals in natural caves, even in 

he context of controlled experiments, however, remains difficult 

 Perrier et al., 2010 ). Indeed, even at great depth underground 

 Mangin and D’Hulst, 1996 ; Perrier et al., 2001 ), the temperature 

n the air volume and at the rock surface is always subject to 

emporal variations due to atmospheric pressure variations (APV). 

PV produce, at timescales ranging from a few minutes to a few 

ours, pressure-induced temperature (PIT) variations with peak-to- 

eak amplitudes larger than 10 −3 °C ( Perrier et al., 2001 , 2010 ,

errier et al., this issue ). These PIT signals have now been detected 

n numerous underground locations throughout the world, in both 

atural and artificial underground sites (e.g., Sondag et al., 2003 ; 

errier et al., 2004a ; Bourges et al., 2006 ; Richon et al., 2009 ;

ebela and Turk, 2011 ; Dr ̆agu ̧s in et al., 2018 ; Mejía-Ortíz et al.,

020 ). To be able to distinguish other thermal processes, it is nec- 

ssary, first of all, to remove these PIT variations. 

In the companion paper ( Perrier et al., this issue ), we have stud-

ed in detail the PIT response functions in four natural caves situ- 

ted in France, where extensive temperature data are continuously 

vailable since 1998: Esparros, Pech Merle, Aven d’Orgnac and 

hauvet-Pont d’Arc Caves. The Pech Merle and Chauvet Caves, host- 

ng precious prehistoric paintings, are subject to particular atten- 

ion ( Bourges et al., 2014a , 2014b , 2020 ). In our four sites, the PIT

ransfer functions (TFs), precisely measured and interpreted with a 

hermodynamical model, are now well understood ( Perrier et al., 

his issue ). 

In the present paper, we use these previously determined TFs 

o correct the temperature time-series from the PIT variations; we 
2 
hen calculate residual temperature time-series. In addition to an- 

icipated thermal signatures of the presence of visitors, these resid- 

als reveal various types of thermal processes, some of them ob- 

erved for the first time, which we discuss at each of the four sites. 

fter we have illustrated our capacity to detect small temperature 

ignals, we discuss the various perspectives opened for a better un- 

erstanding of coupled processes in underground geosystems. 

. Sites and temperature variations induced by atmospheric 

ressure variations 

.1. Description of the studied caves 

The four natural caves selected for this study are located in the 

outh of France ( Fig. 1 ). These sites were described in detail in the

ompanion paper ( Perrier et al., this issue ). Some aspects relevant 

or the present work are briefly recalled below. 

The Pech Merle Cave, a painted cave ( Lorblanchet, 2010 ), is ac- 

essible by an artificial entrance equipped with a double door at 

n elevation of 284 m above sea level (asl.), and a natural narrow 

pening at 302 m asl. The two levels ( Fig. 1 a, b) of the cave system

re connected by narrow conduits and a concrete cement stair- 

ase. Archaeological remains, including paintings, are only found 

n the lower level, accessible through an artificial entrance closed 

y doors. Numerous parts of archaeological value, for example the 

Ossuary” Room (O in Fig. 1 a, b) are not part of the regular visitors’ 

our. The upper level, which has largely unexplored narrow exten- 

ions, contains red clay fillings (“Red Corridor”) and is not included 

n the visitors’ tour since 2007. The total volume of the easily ac- 

essible section is estimated to exceed 40,0 0 0 m 

3 . 

The Chauvet-Pont d’Arc Cave, famous worldwide because of its 

xceptional art pieces ( Clottes et al., 1995 ), is located below a lime-

tone cliff above the river gorge ( Bourges et al., 2014a , 2014b ). 

he entrance ( Fig. 1 c), arranged through a narrow conduit above 

 slope collapse, gives access to reasonably large rooms (Brunel, 

auges and Hillaire Rooms). The remote smaller room (“Remote 

oom”) is not used in the present study. The total volume probably 

xceeds 40,0 0 0 m 

3 . The access to the Chauvet Cave is restricted to

aintenance and archaeological research ( Bourges et al., 2014b ). 

The Gouffre d’Esparros Cave has one main natural entrance giv- 

ng access to two levels of galleries ( Fig. 1 e) connected by vertical

its. Visitors access the site by a tunnel into the lower gallery. The 

Aragonite Gallery”, the most remote part of the lower gallery, is 

ot included in the visitors’ pathway. The total volume of the Es- 

arros Cave system is estimated to exceed 30,0 0 0 m 

3 . 

The Aven d’Orgnac Cave, located 7 km South-East of the Chau- 

et Cave ( Fig. 1 f), has large rooms and a volume of at least 240,0 0 0

 

3 . Natural air exchange proceeds through a single 15 m vertical 

it (“aven”) connected to the large De Joly Room ( Bourges et al., 

0 01 , 20 06 ). 

.2. Temperature and atmospheric pressure time-series 

Continuous measurements of temperature are available for the 

our sites at several underground locations in the atmosphere and 

t the rock surface: since 1996 at Aven d’Orgnac and Esparros 

aves, since 1997 at the Chauvet Cave and since 1998 at the Pech 

erle Cave. These data were complemented by data from tem- 

orary experiments performed between 2015 and 2018. In the 

resent study, the sensors are labelled as in the companion pa- 

er ( Perrier et al., this issue ). The first letter (“T” for temperature, 

p” for atmospheric pressure) indicates the type of sensor. The fol- 

owing two letters (“Es” for Esparros, “Pm” for Pech Merle, “Ch” for 

hauvet and “Or” for Aven d’Orgnac Caves) refer to the cave. After 

he site name, the capital letter indicates the location within the 
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Fig. 1. Location of Esparros, Pech Merle, Chauvet-Pont d’Arc and Aven d’Orgnac Caves. A simplified cross-section of each cave shows the positions of sensors used in the 

present study. The simplified cross-sections are drawn from available topographic data. In addition, simplified map layouts are shown for the two caves with prehistorical 

artwork and human remains: Pech Merle ( Fig. 1 a, b) and Chauvet ( Fig. 1 c, d) Caves. The location of the measurement points is indicated with capital letters in red. 
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Fig. 2. Selected time-series at the Esparros Cave (see location of sensors in Fig. 1 e): 

(a) air (TEsA a ) and rock surface (TEsA r ) temperatures in the Aragonite Gallery, to- 

gether with atmospheric pressure (in black, right-hand scale); (b) air temperature 

at points F (TEsF a , end of the Aragonite Gallery) and B (TEsB a , above the lake). The 

temperature scale for TEsB a is given on the right-hand side. The time-series TEsA a 
and TEsA r (sampling interval 15 min), as well as the time-series TEsF a and TEsB a 
(sampling interval 2 min) are averaged with a moving window of 2 h width. 

2

a

(

e

ite, as given in Fig. 1 . The final index indicates whether the mea-

urement is in air (“a”) or at the rock surface (“r”). For example, 

abel “TEsF a ” refers to the temperature measurement in the atmo- 

phere of the Esparros Cave at the end of the Aragonite section 

location F, Fig. 1 e). 

Two types of thermometers were used in this study (see the 

ompanion paper Perrier et al., this issue ). For long records with a 

ampling interval of 15 min, available over more than 20 years at 

he four sites, Pt100 thermometers were used, with a noise level 

f the order of 10 −3 °C. For temporary experiments with a du- 

ation from a few months to a few years, autonomous Seabird 

TM 

ecorders (SB) were used, which utilize a high sensitivity thermis- 

or. This second type of sensor allows lower noise levels, of the 

rder of 2 to 3 × 10 −4 °C (see below). 

In the present study, we used data collected at some of the 

onitoring points (see locations in Fig. 1 ) studied in the compan- 

on paper ( Perrier et al., this issue ). As an example, complement- 

ng time-series shown in the companion paper, time-series of tem- 

erature and atmospheric pressure collected at various locations in 

he Esparros Cave ( Fig. 2 ) illustrate the main properties of the PIT.

t point A (Aragonite Gallery), the air temperature shows conspic- 

ous PIT signals, with a peak-to-peak amplitude of 90 × 10 −3 °C 

ver the considered time period ( Fig. 2 a), caused by APV having a

eak-to-peak amplitude of 15 hPa. PIT signals at the rock surface 

re smaller, but visible, with a corresponding peak-to-peak ampli- 

ude of 15 × 10 −3 °C ( Fig. 2 a). PIT variations similar to the vari-

tions of TEsA a are observed simultaneously ( Fig. 2 b) at the two 

ther points TEsF a and TEsB a , located at a distance of 270 m and

20 m from point A, respectively. The peak-to-peak amplitudes at 

hese points are 10 × 10 −3 °C and 21 × 10 −3 °C, respectively. Large 

patial variations of the PIT amplitude, already observed previously 

t other locations ( Perrier et al., 2010 ), were observed in the four

onsidered caves. 
f

3 
.3. Determination and modelling of the PIT transfer functions 

The TFs were calculated in the frequency domain using 

 robust algorithm, as elaborated in the companion paper 

 Perrier et al., this issue). The pressure to air temperature TF, 

valuated from 8 × 10 −7 to 8 × 10 −4 Hz, strongly depends on 

requency. Depending on the considered point in a given cave 
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Fig. 3. Air temperature time-series from the Esparros Cave (Aragonite Gallery): (a) 

air temperature (TEsA a ), (b) surface rock temperature (TEsA r ) and (c) residual time- 

series. The measured time-series in a) and b) are shown in red, the calculated PIT 

time-series in blue, and the residual, defined as the difference between the mea- 

sured and the calculated time-series, in purple (RTEsA a ) and in green (RTEsA r ). 

The calculated and residual time-series are shifted arbitrarily for clarity. The atmo- 

spheric pressure time-series (in black) is shown in (a) with the scale given on the 

right-hand side. The time-series are averaged with a moving window of 2 h width. 
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 Perrier et al., this issue), its modulus, which varies from 2 to 

4 × 10 −3 °C/hPa at the barometric tide S2 (12 h), rises from 0.2 to 

 × 10 −3 °C/hPa at low frequency and from 11 to 45 × 10 −3 °C/hPa 

t high frequency. The observed spatial variations of the PIT TF in 

hese caves are compatible with previous detailed studies at the 

incennes Quarry near Paris ( Perrier et al., 2010 ) where the dis- 

ance to the nearest rock surface was found to be an important 

actor. While the TFs displayed remarkable long-term stability at 

ll sites over durations larger than 5 years at the Chauvet Cave and 

ver more than 15 years at the Esparros Cave, significant seasonal 

ariations of the order of 20 to 40% are observed at most locations. 

The air to rock surface temperature TF was calculated for the 

rst time at selected points at Esparros, Chauvet and Pech Merle 

aves (Perrier et al., this issue). This TF shows a gentle variation 

ith frequency. Its modulus decreases from about 0.6 at low fre- 

uency (8 × 10 −7 Hz) to a limit of about 0.1 to 0.4, depending on

he considered point, at high frequency (8 × 10 −4 Hz). 

The observed TFs were accounted for by an analytical model 

Perrier et al., this issue). In this model, the atmospheric pressure 

o air temperature ( ̂  T / ̂  p ) and the air to rock temperature ( ̂  T r / ̂  T a ) TFs

ave expressions depending on frequency f and on three free pa- 

ameters, whose numerical values have been determined for each 

f the considered monitoring points. The analytical forms of the 

Fs with the determined values of the parameters are used in the 

ollowing. 

.4. Subtraction of the PIT variations 

In the present paper, we focus on the temperature residuals af- 

er PIT subtraction (PITS). The principle of PITS is described as fol- 

ows ( Perrier et al., 2001 , 2010 ). For air temperature PITS, the at-

ospheric pressure time-series p i is transformed into the Fourier 

omain ˆ p j , multiplied by the theoretical TF ˆ T a / ̂  p ( f j ) versus fre- 

uency; the result ˆ T a / ̂  p ( f j ) × ˆ p j is then transformed back into the 

ime domain by inverse Fourier transform to obtain the calculated 

heoretical time-series T PIT 
a,i 

. The residual R a is then defined as the 

ifference between the measured and the calculated time-series: 

 a = T meas 
a,i 

− T PIT 
a,i 

. 

For rock surface temperature, the air temperature time-series 

 ai is transformed into the Fourier domain 

̂ T a j , multiplied by the 

heoretical TF ˆ T r / ̂  T a ( f j ) versus frequency; the result ˆ T r / ̂  T a × ̂ T a j is 

hen transformed back into the time domain by inverse Fourier 

ransform to calculate theoretical time-series T PIT 
r,i 

. The residual 

 r is then defined as the difference between the measured and 

he calculated time-series: R r = T meas 
r,i 

− T PIT 
r,i 

. In the following, the 

esidual for a given variable is labelled with "R" followed by the 

ame of the variable. 

On average, the process is efficient, as will be shown in the ex- 

mples below. In particular, no significant correlation with atmo- 

pheric pressure (coherency smaller than a few % over the whole 

requency range) is observed for the residuals. However, it is im- 

ortant to remember that the TFs used in the PITS are average and 

tationary TFs, which does introduce some intrinsic limitations, as 

ill arise when studying the observed residuals in detail. 

. Residual temperature variations in caves 

In the following, we present various observations for each cave, 

nd collect the properties of the temperature residuals after PITS. 

hese observations are then synthetized and analysed jointly. 

.1. Temperature residuals after PITS at the Esparros Cave 

A first typical example of the PITS process is shown in the case 

f the Esparros Cave ( Fig. 3 ). The calculated time-series (in blue in

ig. 3 a) appears similar to the observed time-series (in red). The 
4 
alculation of PIT time-series thus offers an adequate representa- 

ion of the observed PIT. The inferred residual, shown in green in 

ig. 3 b, does not show any further correlation with atmospheric 

ressure, with a coherency in this instance smaller than 0.2 over 

he whole frequency range for the considered period from Septem- 

er, 2005 to September, 2008. 

The residuals ( Fig. 3 c) show only small variations, with peak-to- 

eak amplitudes of 25 × 10 −3 °C and 10 × 10 −3 °C over the range 

hown in Fig. 3 , for RTEsA a and RTEsA r , respectively. The RTEsA r 

esidual shows a linear increasing trend, which accounts for half 

f the observed variation, with a standard deviation of 2.7 × 10 −3 

C, compared with 5.7 × 10 −3 °C, for RTEsA a . Indeed, conspicu- 

us temperature variations are observed in the RTEsA a residual, 

specially after August 11, 2006, with an overall step of about 

 5 × 10 −3 °C, while the standard deviation of RTEsA a (4 × 10 −3 

C) is smaller before this date. 

The RTEsA a signals, thus evidenced, tend to have typical peri- 

ds from a few hours to a few days. The smaller RTEsA r high- 

requency signals could be instrumental noise. Incidentally, they 

lso demonstrate that the larger RTEsA a signals, then, cannot be 

ttributed to such instrumental noise; a physical thermal source 

ust be present in the atmosphere, with little effect on the rock 

urface. At this stage, transient air currents can be proposed al- 

eady as a plausible explanation (see discussion below). 

Amplitude spectra ( Fig. 4 ) provide a global view on the PITS 

rocess and present overall statistical properties of the RTEsA a and 

TEsA r residuals. The measured time-series are characterized by 

he dominance of the S2 oscillation, which results from PIT due 

o the S2 barometric tide, which stands out in the spectrum of at- 

ospheric pressure ( Fig. 4 ). After PITS, the amplitude spectrum of 

TEsA a is reduced overall by about a factor of two over the whole 

requency range compared with the amplitude spectrum of TEsA a , 

nd the S2 peak is reduced by at least a factor of 3 and becomes

maller than the S1 peak. The overall reduction of the spectrum 

rom TEsA r to RTEsA r is smaller, except for the S2 peak, which 

s almost completely eliminated in RTEsA r . Thus, the temperature 

esiduals, unlike the original time-series, are characterized by S1 

ominance, indicating diurnal processes, which can be of natural 

r artificial origin. 
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Fig. 4. Amplitude spectra versus frequency of temperature time-series in the Arago- 

nite Gallery at the Esparros Cave: atmospheric pressure (in black, right-hand scale), 

measured air temperature TEsA a , residual air temperature RTEsA a after PITS, mea- 

sured rock surface temperature TEsA r and residual air temperature RTEsA r after 

PITS. Spectra are calculated by stacking 13 portions of 768 data points with 15 min 

sampling interval. 

Fig. 5. Air temperature time-series from the Esparros Cave (Aragonite Gallery): (a) 

air temperature (TEsA a ), (b) surface rock temperature (TEsA r ) and (c) residual time- 

series. The measured time-series in (a) and (b) are shown in red, the calculated 

PIT time-series in blue, and the residual, defined as the difference between the 

measured and the calculated time-series, in purple (RTEsA a ) and in green (RTEsA r ). 

The calculated and residual time-series are shifted arbitrarily for clarity. The atmo- 

spheric pressure time-series (in black) is shown (a) with the scale given on the 

right-hand side. The time-series are averaged with a moving window of 2 h width. 
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Fig. 6. Measured temperature time-series and residuals recorded at points A, F 

and B of the Esparros Cave. (a) Measured temperature time-series and atmospheric 

pressure (in black, scale on the right-hand side). The mean temperatures of TEsA r , 

TEsF a and TEsB a are shifted to be the same as the mean temperature of TEsA a dur- 

ing the displayed time period. (b) Residuals after PITS. A separate scale is used 

for RTEsF a , given on the right-hand side. The time-series TEsA a , TEsA r , RTEsA a and 

RTEsA r (sampling interval 15 min), as well as the time-series TEsF a , TEsB a , RTEsF a 
and RTEsB a (sampling interval 2 min) are averaged with a moving window of 2 h 

width. 
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Other types of transient changes of the residuals can be ob- 

erved by detailed inspection of the time-series ( Fig. 5 ), while the 

arge PIT variations are adequately corrected for ( Fig. 5 a, b). First, 

TEsA a signals can be of larger amplitude than those observed in 

ig. 3 , reaching more than 20 × 10 −3 °C peak-to-peak, and of a 

uration of several days ( Fig. 5 c), with transient periods of signals 

s large as 15 × 10 −3 °C and of shorter durations, for example on 

ovember 22, 2006 ( Fig. 5 c). The RTEsA r signal ( Fig. 5 b, c) shows

 small but unequivocal transient positive variation on November 

-9, 2006, with a peak amplitude of 7 × 10 −3 °C, without rela- 

ionship to the RTEsA a signal, decaying in about three days. Such 

ransient, involving only the rock surface, could result from a tran- 

ient liquid water thin film flowing at the sensor location, or from 

ater vapour condensation, not necessarily related to air motion. 

In some cases ( Fig. 6 ), the reason for temperature transients is 

lear, e.g., the presence of visitors in the cavity. While the Arag- 
5 
nite Gallery is not part of the touristic visit, some occasional, 

trictly regulated, human presence is necessary for maintenance 

nd cave survey. One adult human produces a metabolic heat pro- 

uction of about 140 W, which results in a heating signal easily de- 

ectable in stable environments ( Villar et al., 1984 ; Crouzeix et al., 

0 03 , 20 06a , 20 06b ). While the effect is not easy to detect in the

aw temperature time-series ( Fig. 6 a), except for TEsA r , it becomes 

pparent when looking at the residuals ( Fig. 6 b). The peak ampli- 

ude in this case is large; it reaches 51 × 10 −3 °C and 20 × 10 −3 

C in RTEsA a and RTEsA r , respectively. The presence of the mainte- 

ance team is detected as well at the most remote point F of the 

ragonite Gallery and the regular visitors are observed at point B 

bove the lake ( Fig. 1 e), with a similar amplitude of 11 × 10 −3 °C
n both cases. At point F, where the amplitude of natural signals is 

educed compared with TEsA a , a transient heating effect as small 

s 10 −3 °C could be easily detected after PITS. 

The thermal relaxation after transient heating ( Fig. 6 a) deserves 

ome attention. As already mentioned above in the introduction, it 

hows two phases ( Crouzeix et al., 20 03 , 20 06a , 20 06b ): a rapid re-

axation of about 18 to 25 minutes, which corresponds to the char- 

cteristic thermal exchange time τ ( Crouzeix et al., 20 06a , 20 06b ;

errier et al., this issue) and a long non-exponential relaxation due 

o heat diffusion in the rock, which damps the relaxation in the 

tmosphere. As indicated in Fig. 6 b, this long relaxation can last 

everal days and can be evolutive. At point F, from 12 hours to 

6 hours after the heating, an exponential fit (Fit 1, orange curve) 

ives a decay constant of 26.6 ± 0.1 hours, while over the follow- 

ng four days (Fit 2, grey curve) the decay constant becomes 3.90 ±
.02 days. The small temperature excess remaining after 5 days, of 

he order of 10 −4 °C, cannot be distinguished from a slow variation 

f the base-line. 

In the absence of maintenance in the Aragonite Gallery, it is 

nteresting to compare the various residuals available at various 

oints of the cavity ( Fig. 7 ), during an episode of reasonably small

tmospheric pressure variations, dominated by the S2 baromet- 

ic tide ( Fig. 7 a). No S2 variation remains after PIT subtraction 

 Fig. 7 b), but the residuals display significant peak-to-peak varia- 

ions, ranging, after subtraction of the long-term trend during the 

onsidered period, from 1.3 × 10 −3 °C for RTEsF a , to 8.3 × 10 −3 °C 
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Fig. 7. Measured temperature time-series and residuals recorded at points A, F 

and B of the Esparros Cave. (a) Measured temperature time-series and atmospheric 

pressure (in black, scale on the right-hand side). The mean temperatures of TEsA r , 

TEsF a and TEsB a are shifted to be the same as the mean temperature of TEsA a dur- 

ing the displayed time period. (b) Residuals after PITS. A separate scale is used 

for RTEsF a , given on the right-hand side. The time-series TEsA a , TEsA r , RTEsA a and 

RTEsA r (sampling interval 15 min), as well as the time-series TEsF a , TEsB a , RTEsF a 
and RTEsB a (sampling interval 2 min) are averaged with a moving window of 2 h 

width. 
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Fig. 8. Measured temperature time-series and residuals recorded at selected points 

of the Pech Merle Cave. (a) Measured temperature time-series and atmospheric 

pressure (in black, scale on the right-hand side). The mean temperatures of time- 

series are shifted to be the same as the mean temperature of TPmC a during the 

displayed time period. (b) Residuals after PITS. The time-series (sampling interval 2 

min) are averaged with a moving window of 48 samples width. 

Fig. 9. Measured temperature time-series and residuals recorded at selected points 

of the Pech Merle Cave. (a) Measured temperature time-series and atmospheric 

pressure (in black, scale on the right-hand side). The mean temperatures of time- 

series are shifted to be the same as the mean temperature of TPmC a during the 

displayed time period. (b) Residuals after PITS. The time-series (sampling interval 2 

min) are averaged with a moving window of 36 samples width. 
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nd 22 × 10 −3 °C for RTEsA r and RTEsA a , respectively. Daily tran- 

ients of 5 × 10 −3 °C amplitude in RTEsB a are due to the regular 

ouristic visits, as discussed above. No such transient took place 

n January 1 st , 2020, when the cave was closed. Unlike the main- 

enance visits shown in Fig. 6 , the regular tours do not enter the

ragonite Gallery, and therefore do not produce heating transients 

t point A. In the instance considered in Fig. 7 , the residual signals,

ith dominating periods of a few hours, are the largest in RTEsA a , 

ut quite significant in RTEsA r . While the amplitude is smaller at 

oint F (right-hand scale in Fig. 7 b), variations can be observed 

ecause of the enhanced stability at that location, for example the 

bout 14-hour-long transient on January 2 nd , 2020. No obvious re- 

ationship between the various signals can be noticed, but these 

oints A, F and B may be located too far away from each other, in

ifferent air current systems. When searching for correlations be- 

ween residuals, it is better to focus on sites with several sensors 

n the same gallery located closer to each other. This is possible in 

he Red Corridor of the Pech Merle Cave. 

.2. Temperature residuals after PITS at the Pech Merle Cave 

At the Pech Merle Cave, the calculated PIT time-series, studied 

ere at points C, F, E, B and O ( Fig 1 b) are of remarkable accuracy,

s in the Esparros Cave ( Fig. 8 a); the residuals are small, with stan-

ard deviations, over the period displayed in Fig. 8 , of 3.3 × 10 −3 

C, 7.6 × 10 −3 °C, 2.6 × 10 −3 °C, 3.6 × 10 −3 °C and 6.3 × 10 −3 

C, respectively. No visitor-induced signal was observed during this 

onsidered period of October 2018, but such signal, when present, 

s distinctly observed in the residuals in the Pech Merle Cave as 

ell (Supplementary Data, Fig. S1), followed by its now familiar 

ong relaxation phase. The amplitude spectra in the Pech Merle 

ave are characterized, after subtraction, by almost complete elim- 

nation of the S2 peak, and replacement of S2 dominance in the 

aw time-series by S1 dominance over S2 in the residuals (Supple- 

entary Data, Fig. S2). In fact, in the unvisited parts of the Pech 

erle Cave, the S1 peak and its harmonics are almost completely 

liminated as well. Compared with the amplitude of the measured 

emperature, the amplitude of the continuum residual spectrum is 

educed by a factor larger than 8 at frequencies smaller than 10 −5 
6 
z, and larger than 2 at frequencies smaller than 10 −4 Hz (Supple- 

entary Data, Fig. S2). 

Interesting signals emerge in the residuals ( Fig. 8 b), in particu- 

ar nocturnal transient signals from October 11 to October 13, si- 

ultaneously detected by several sensors. Thus, in this system, a 

ong-distance coherence of the transient signals in the atmosphere 

s observed, with opposite phase and smaller amplitude at points 

 and O. These transient signals are particularly significant as the 

arge pressure variations occurring from October 14 to October 15, 

nd the associated large S2 oscillations are properly calculated and 

liminated from the residuals. In that case, a transient change in 

he PIT response can thus be ruled out, and the signals then reveal 

low variations of the transport processes in the atmosphere. 

In addition, at some other times, non-synchronous transient 

ignals can be observed at various points ( Fig. 9 ). The negative bay-

ike signal from July 7 to 9 offers a particularly interesting instance 

f a slowly propagating process started in the middle of the Red 
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Fig. 10. Temperature time-series from the Aven d’Orgnac Cave. (a) Measured air 

temperature time-series (TOrC a in red), calculated time-series (in blue), and residu- 

als defined as the difference between the measured and the calculated time-series 

(in grey). The calculated and residuals time-series are shifted for clarity. The atmo- 

spheric pressure time-series is shown (in black) with the scale given on the right- 

hand side. (b) Time-series of the residuals are shown with an enlarged scale. The 

time-series (sampling interval 15 min) are averaged with a moving window of 1 h 

width. 
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Fig. 11. Air temperature time-series from the Chauvet Cave: (a) measured tempera- 

ture in the Hillaire Room (TChH a in red) with the atmospheric pressure time-series 

(in black) shown with the scale given on the right hand side, (b) measured tem- 

perature in the Brunel Room (TChB a in blue) and (c) corresponding residuals time- 

series after PITS. The time-series (sampling interval 15 min) are averaged with a 

moving window of 30 min width. 
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orridor, and moving simultaneously to the end part on the one 

and, and to the natural entrance and lower part of the cave on 

he other hand. Furthermore, after July 12, a daily signal emerges 

t point B, decaying slowly during the following days. This slow 

ignal cannot be directly attributed to the presence of visitors and 

n any case does not display the signature of human heating. How- 

ver, it could be an indirect effect of the presence of visitor groups 

n the lower part of the cave, which causes the manipulation of the 

oors and the artificial initiation of air currents from the natural 

ntrance. Therefore, residuals at the Pech Merle Cave show a va- 

iety of transients in the residuals, which, after knowing that they 

an possibly occur, can be searched at other locations. 

.3. Temperature residuals after PITS at the Aven d’Orgnac Cave 

In the Aven d’Orgnac Cave, the PITS is also performing remark- 

bly ( Fig. 10 a). The thermal effect of visitor groups, which is of the

ame order of magnitude as the PIT variations, is seen after PITS 

Supplementary Data, Fig. S3), with a peak amplitude of 40 × 10 −3 

C associated with repeated groups of about 20 persons. The effect 

s particularly interesting in this case because the sensor is located 

ore than 25 m away from the visitors’ position (see Fig. 1 f), in

 large room (height larger than 20 m), about 13 m lower. This 

s thus analogous to the situation of sensor B above the lake in 

he Esparros Cave, below the visitors’ balcony ( Fig. 1 e). In addition, 

he sensor is not visible from the visitors’ location, which rules 

ut any thermal effect due to direct radiation. In this particular 

ase, the main heating effect may be due to the projectors which 

re switched on during the visit. This lighting system was only re- 

ently replaced by low dissipation lights. 

In the absence of visitors, residual signals remain in the RTOrC a 

esidual ( Fig. 10 b). With a standard deviation of 5 × 10 −3 °C, which

s much larger than the possible instrumental noise limit inferred 

rom the sensors at the rock surface in the Esparros Cave (see 

bove), these signals do not display a larger amplitude than those 

bserved in Esparros or Pech Merle Caves. This suggests that the 

ignificantly larger volume of the cavity at Aven d’Orgnac Cave 

oes not lead to signals of larger amplitude. Following this line of 

hought, it is interesting to study the temperature residuals in the 

hauvet Cave, where the volumes of the cavities are much smaller. 
7 
.4. Temperature residuals after PITS at the Chauvet Cave 

In the Chauvet Cave, human presence is severely restricted to 

void environmental changes and is subject to safety protocols 

o prevent accidental contaminations to the prehistoric artwork. 

iven the smaller volumes and the smaller distances to the sen- 

ors, the thermal effect of visitors is larger than 40 × 10 −3 °C 

or two visitors (maintenance team) in the Hillaire Room ( Fig. 11 ). 

hile the peak effect is visible in the raw temperature TChH a 

 Fig. 11 a), the complete development of the thermal perturbation 

own to 5 × 10 −3 °C, can only be seen in the RTChH a resid- 

al ( Fig. 11 b). These visitors only pass through the Brunel Room 

 Fig. 1 d), and the associated elusive thermal signature is com- 

letely hidden below the PIT of TChB a ( Fig. 11 a). Nevertheless, an 

nambiguous signal with amplitude 10 × 10 −3 °C is revealed in the 

TChB a residual ( Fig. 11 b), about 45 minutes before RTChH a resid- 

al. Thus, to monitor the thermal signature of visitors for preser- 

ation, PITS is mandatory and is adequate to extract the relevant 

ignals with sufficient accuracy. 

The thermal effects of human presence in the Chauvet Cave are 

bviously larger during the archaeological surveys, which can in- 

olve more than ten people at a given time. Such repeated sessions 

ake place once or twice per year maximum. Even during such pe- 

iods, the thermal perturbations emerge distinctly only after PITS 

 Fig. 12 ). When the visits are repeated, the cumulated increase of 

emperature is striking. As observed before May 30 or before June 

, 2016, the thermal relaxation after one day with human presence 

s longer than several days, as established in the Esparros Cave or 

he Vincennes Quarry. Thus, when visits take place during several 

onsecutive days, for example from May 10 to 15, 2016 in Fig. 12 ,

hen the return to the thermal equilibrium is incomplete and the 

ffect of the current visit is added to the thermal remnant of the 

revious day. The cumulated effect of several days of survey can be 

arger than 20 × 10 −3 °C and a temperature excess of 10 × 10 −3 °C 

s still visible three weeks after the end of the campaign ( Fig. 12 ).

his cumulative effect, in part due to the diffusive relaxation con- 

ribution mentioned above, was measured precisely in experiments 

arried out at the Vincennes Quarry ( Crouzeix et al., 2006b ). It was

oncluded that the temperature change due to a sequence of heat- 

ngs might be irreversible ( Crouzeix et al., 2003 ). It is premature 

o state whether this conclusion could apply in the case of the 
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Fig. 12. Air temperature time-series from the Chauvet Cave: (a) measured tempera- 

ture in the Hillaire Room (TChH a in red) with the atmospheric pressure time-series 

(in black) shown with the scale given on the right hand side, (b) measured tem- 

perature in the Brunel Room (TChB a in blue) and (c) corresponding residuals time- 

series after PITS. The time-series (sampling interval 15 min) are averaged with a 

moving window of 8 hours width. 

Fig. 13. Air temperature and drip counts time-series from the Chauvet Cave: (a) 

measured temperature in the Hillaire Room (TChH a in red) with the atmospheric 

pressure time-series (in black) shown with the scale given on the right hand side, 

(b) measured temperature in the Brunel Room (TChB a in blue), (c) corresponding 

residuals time-series after PITS and (d) drip counts, expressed in drops per 30 min. 

The temperature time-series (sampling interval 15 min) are averaged with a moving 

window of 12 h width. The drip time-series (sampling interval 30 min) are averaged 

with a moving window of 1 h width. 
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Fig. 14. Temperature time-series in the atmosphere of the Brunel Room of the 

Chauvet Cave: (a) air temperature (TChB a ), (b) surface rock temperature (TChB r ) 

and (c) residual time-series. The measured time-series in (a) and (b) are shown in 

red, the calculated PIT time-series in blue, and the residual, defined as the differ- 

ence between the measured and the calculated time-series, in green. The calculated 

and residual time-series are shifted arbitrarily for clarity. The atmospheric pressure 

time-series (in black) is shown (a) with the scale given on the right-hand side. The 

time-series (15 min sampling interval) are averaged with a moving window of 12 h 

width. 
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hauvet Cave. Nevertheless, a reasonable recommendation would 

e to restrict the archaeological work in the cave to one day per 

eek maximum, so that the thermal equilibrium could be com- 

letely restored before the next visit. This may cause, however, un- 

anageable logistic issues. In general, it should nevertheless be re- 

uired that no remnant thermal effects should be observed to the 

esolution limit of the sensors and the detection capacity of the 

emperature residuals. 

In the absence of visitors, as in the other sites, signals are ob- 

erved in the temperature residuals in the Chauvet Cave. In this 

ase, however, some signals could be further studied thanks to 

dditional data ( Bourges et al., 2020 ). Indeed, transient variations 

s large as 10 × 10 −3 °C, on top of a regular temperature in- 

rease, emerge in the RTChB a residual during some particular pe- 

iods ( Fig. 13 ), while the signals on the RTChH a residual, with a

tandard deviation of 1.8 × 10 −3 °C, is only larger than the instru- 
8 
ental noise of about 10 −3 °C. The transient increases in RTChB a 

oincide with large increases in the drip counts recorded in the 

ierge drip counter, and, possibly, with transient decreases in the 

actus drip counter as well ( Fig. 13 d). Thus, these temperature sig- 

als could be interpreted as transient condensation events result- 

ng from over saturation of the cavity atmosphere. 

However, variations such as shown in Fig. 13 , suggesting corre- 

ations between temperature transients and drip events, are rare. 

ost of the time, no convincing relation can be evidenced at time- 

cales shorter than a day between temperature transients observed 

n the residuals, drip counts or other parameters available in the 

ave. In the Brunel Room, nevertheless, it is possible to compare 

he RTChB a and RTChB r residuals, as the atmosphere to rock tem- 

erature TF could be determined at that location (Perrier et al., 

his issue). The calculation of PIT variations can then be performed 

o a high degree of accuracy for both TChB a and TChB r (Supple- 

entary Data, Fig. S4). Transient signals then can be observed si- 

ultaneously in the atmosphere and at the rock surface of the 

runel Room ( Fig. 14 ). These positive bay-like signals, with ampli- 

ude from 6 to 8 × 10 −3 °C and of a duration of several days, coin-

ide approximately in RTChB a and RTChB r time-series ( Fig. 14 c). As 

ir current effects, described above, give a dominating response in 

he atmosphere, the source here must be in the rock mass. The in- 

riguing aspect of these signals is the fast relaxation, shorter than 

ne day, excluding a control by heat diffusion. One possibility in 

his case is the presence of thin water films, able to modify the 

hermal response at the rock surface, but otherwise difficult to 

etect. 

. Residual temperature signals: Overview and discussion 

.1. Overview of temperature transients: Global versus local air 

otions and thermodynamics 

From the previous observations at our four sites, we can state 

hat PITS, not only performs with sufficient accuracy in all studied 

ircumstances, but appears as an essential tool to unveil hidden 

hermal signals. Indeed, almost none of the signals discussed above 

ould have been evidenced without PITS. 
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Fig. 15. Amplitude spectra of air temperature residuals versus frequency at Espar- 

ros (in red), Pech Merle (in blue), Chauvet (in green) and Aven d’Orgnac Caves (in 

grey). Independent spectra are stacked to reduce continuum fluctuations. Different 

time-series are used: time-series from 2005 to 2008 for the Esparros Cave, time- 

series from 1998 to 1999 for the Aven d’Orgnac Cave, and time-series from 2015 to 

2018 for the Pech Merle and Chauvet Caves. 
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In all cases, the presence of visitors in the cavities is unambigu- 

usly detected from the residuals. When the local cavity volumes 

re relatively small (compared for example with the De Joly Room 

f the Aven d’Orgnac Cave), as in the remote parts of the Espar- 

os or Chauvet Caves, the standard box-filling model ( Linden et al., 

990 ; Crouzeix et al., 2006a ) is probably compatible with the ob- 

ervations. In this model, a heat plume is generated above a heat 

ource, which rises and feeds a warm layer at the roof of the 

avity, with a transition zone slowly coming down, reaching an 

quilibrium level in the presence of air exchange ( Crouzeix et al., 

0 06a , 20 06b ). However, in this case, the thermal visitor signals

bserved below the balcony in the Esparros Cave (point B) and 

n the Aven d’Orgnac Cave are difficult to accommodate with this 

odel. Indeed, the temperature increase is observed at a signifi- 

antly lower level ( −5 m at least) below the visitors’ path level, 

n a large room, and far away in the case of the Aven d’Orgnac 

ave. In this case, the observations from the temperature residu- 

ls, rather, suggest that the presence of the visitor group initiates 

 large-scale convection cell in the cavity, reaching the upper roof 

urfaces, then returning by sweeping the floor levels and closing 

ack the convection loop at the visitors’ level. Such a scenario is 

ncompatible with a filling-box type model. The current data, how- 

ver, are insufficient to confirm such a process and additional ded- 

cated experiments are needed. 

In the absence of visitors, natural signals dominate the air 

emperature residuals. Some signals seem to be permanently ob- 

erved, while larger transient signals, sometimes observed simul- 

aneously at different locations of the same cave system, only ap- 

eared at specific moments. The detected signals are of various 

hapes, sometimes bipolar wavelike damped oscillations and some- 

ime discrete jumps ( Fig. 3 ), similar to sudden changes observed in 

he access pit of the Vincennes Quarry and interpreted as transi- 

ions between several possible quasi-stable thermodynamic states 

 Perrier and Le Mouël, 2016 ). 

While some transient changes of large-scale convection cells 

re possible, for example in the Pech Merle Cave, the similarity of 

he amplitude of air temperature residuals at the various locations 

nd in the various caves rather suggests changes in local convec- 

ion cells, typically with a scale of a few meters. In addition, the 

on-synchronous signals observed in the Red Corridor of the Pech 

erle Cave suggest the presence of slowly propagating air currents, 

r convection slowly adjusting cells from place to place. Laminar 

ir currents or plumes slowly creeping on the floor or the roof of 

unnels are not ruled out. Turbulent motions are probably not re- 

uired, depending on the considered spatial scale, when velocities 

rop below a few meters per hour. 

Beyond processes taking place in the atmosphere, processes in- 

olving the rock mass are observed when combining the atmo- 

phere and rock surface residuals. In one instance, in the Chauvet 

ave, a transient infiltration could be proposed as a likely cause 

 Fig. 13 ). However, in most cases, the source of the transient tem- 

erature change remains unclear. Sometimes, transients are ob- 

erved only with the rock surface residual ( Fig. 5 ), thus suggesting 

vaporation-condensation processes. While thin films can be con- 

idered to play a potentially important role, they remain an uncon- 

rmed hypothesis at this stage. 

.2. Overview of amplitude spectra of the residuals after PITS 

Complementing the examination of the time-series, it is inter- 

sting to study the average structure of the temperature residu- 

ls using their amplitude spectra ( Fig. 15 ). At the Pech Merle Cave

solid blue curve in Fig. 15 ), the spectral amplitude is the smallest 

f the four sites, smaller than 10 −4 °C for frequencies larger than 

0 −5 Hz, and the S2 peak, characteristic of APV, is almost com- 

letely removed. In the other caves, some peaks do remain in the 
9 
mplitude spectrum of the residuals, but the barometric S2 does 

ot dominate anymore. The remaining peaks are probably due to 

he S1 peak and its harmonics, which suggests the presence of 

ome diurnal thermal forcing. While this may be expected in Aven 

’Orgnac and Esparros Caves, because of the daily cycle in the vis- 

ts and associated air currents, it is more surprising in the Chau- 

et Cave. Natural daily effects are mostly diurnal air currents and 

arometric winds, as diurnal surface temperature variations are too 

mall to be observed at the depth of the cavities by heat diffusion 

nly. Diurnal effects in the Chauvet Cave could proceed through 

he permeable debris cone which obstructed the natural entrance 

nd should not be air-tight ( Bourges et al., 2020 ). An enhanced di- 

rnal effect due to direct exposure to the sun of the rock scarp 

verlying the entrance of the cave cannot be ruled out. 

In addition to the peaks, the dominating common feature of 

he amplitude of the residuals is the scale-free nature of the spec- 

ra ( Fig. 15 ), which obeys a fractal power-law of the form f −α

or frequencies larger than 10 −5 Hz, over more than one order of 

agnitude of frequency. When performing a fit of the amplitude 

pectra, removing the peaks, over the frequency range indicated 

n Fig. 15 (dashed lines), the following values of α are obtained: 

0.103 ± 0.006 for the Chauvet Cave, −0.363 ± 0.003 for the Es- 

arros Cave, −0.370 ± 0.008 for the Pech Merle Cave, and −0.62 

0.01 for the Aven d’Orgnac Cave. While the power spectrum at 

he Chauvet Cave is almost constant, the other caves show a value 

f the exponent typical of pink noise (referred to sometimes as 

icker noise), characterized by an amplitude spectrum of the form 

 

−1/2 ( Turcotte, 1992 ). Significant differences, about a factor of 10, 

merge on the amplitude values between the various sites. The 

mplitude spectrum of the residuals for frequencies larger than 

 × 10 −5 Hz, therefore, provides a fine thermodynamic assessment 

f each site. Using this criterion, the most thermodynamically con- 

ned site is the Red Corridor in the Pech Merle Cave. The Arag- 

nite Gallery in the Esparros Cave and the Hillaire Room in the 

hauvet Cave are similar, but with a factor of about 8 less stable 

han the Red Corridor of the Pech Merle Cave. However, at high 

requency, the residual levels are probably constrained by the in- 

trumental noise. Unlike the other locations (EsA, ChH and OrC in 

ig. 15 ), where the measurements are performed using Pt100 sen- 

ors (Perrier et al., this issue), the PmC sensor is a more sensitive 

B recorder. 
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Fig. 16. Amplitude spectrum of air temperature residuals versus frequency, ex- 

pressed in h −1 , at the Chauvet Cave in the Hillaire (RTChH a in red) and Brunel 

(RTChB a in blue) Rooms. The amplitude spectra of atmospheric pressure simultane- 

ously recorded in the Chauvet Cave (in purple) and in the Esparros Cave (in black) 

are shown with the scale given on the right-hand side. Independent spectra are 

stacked to reduce continuum fluctuations. A time-series from February 2016 to De- 

cember 2017 is used. 
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At the Chauvet Cave, in addition to the harmonics of the S1 

ave and the scale-free thermal background, another peak appears 

n the amplitude spectrum (solid green curve in Fig. 15 ). This peak 

merges more distinctly when enlarging the high-frequency region 

 Fig. 16 ), with the dominating peak having a frequency of 0.73 h 

−1 

r a period of 1.37 h (82 min or 2 × 10 −4 Hz), sufficiently below

he Nyquist cut-off frequency for a sampling interval of 15 min- 

tes. This peak, observed both in the Brunel (RTChB a ) and Hillaire 

ooms (RTChH a ), is weakly observed in the amplitude spectrum of 

he atmospheric pressure (green curve in Fig. 16 ) recorded in the 

auges Room ( Fig. 1 c,d). The peak does not appear at all using the

tmospheric pressure time-series recorded simultaneously in the 

sparros Cave (black curve in Fig. 16 ). The peak remains when the 

umber of data points used for stacking the amplitude spectra is 

aried, and can therefore be considered reliable. Other peaks may 

e present in Fig. 16 , but less convincingly. The dominating peak 

s observed in the time section used in Figs. 15 and 16 (February, 

016 to December, 2017), but was not observed at other times, for 

xample from February to December, 2018. 

This weak but definite resonance in the Chauvet Cave is 

ot straightforward to explain. A tentative explanation would be 

 Helmholtz resonance ( Rocard, 1971 ; Bérest and Habib, 1983 ; 

adino and Chignola, 2019 ), which involves both temperature and 

tmospheric pressure. The fundamental Helmholtz frequency for a 

avity of volume V , with an access conduit of surface area S and

ength L is V s 
√ 

S/ ( LV ) / 2 π , where V s is the sound velocity in air

 Rocard, 1971 ). However, taking S = 0.8 m 

2 , L = 20 m, and for V

n extreme upper estimate of 10 0,0 0 0 m 

3 , we get about 3 × 10 −2 

z, which is inconsistent with the observed resonance at 2 × 10 −4 

z. When taking instead S = 0.8 m 

2 for the area of the open slit

nder the door and L = 7 m for the access tunnel to the Brunel

oom, the resonance frequency becomes 1.4 × 10 −2 Hz, which is 

till too large. The involved air volume is poorly known, but chang- 

ng the value of the volume involved does not change sufficiently 

he value of the resonance frequency. Alternatively, if the reso- 

ance occurs through a fracture leading to the surface, then we 

an take L = 50 m and S = 10 −4 m 

2 , corresponding to a rect-

ngular fracture of width 100 μm and lateral extension 1 m. In 

hat case, the Helmholtz frequency is 2 × 10 −4 Hz, assuming that 

he Helmholtz mechanism and the above equation are still valid 
10 
or such a narrow conduit. Such a fracture would not be available 

or air transport when water infiltration massively invades the per- 

eable fractures of the unsaturated zone above the cave, which 

as the case during the year 2018 during which heavy rainfall oc- 

urred after three years of relative drought ( Bourges et al., 2020 ). 

hus, while uncertainties remain about the geometry of the in- 

olved channels, the observed peak can be tentatively interpreted 

s an unusual Helmholtz resonance of the cavity, which can be ac- 

ive or extinct, depending on the level of water saturation in the 

ractures. 

. Conclusions 

In this study, we have first used high-quality temperature time- 

eries recorded in four caves of the South of France to assess in de- 

ails the PIT variations, both in the cave air and at the rock surface 

 Perrier et al., this issue ). After the PIT TFs were precisely charac-

erized, the purpose of the present contribution was then to per- 

orm the subtraction (PITS) of these PIT variations and to examine 

emperature residuals both in the atmosphere and at the rock sur- 

ace. 

After PITS, thermal signatures of human presence are detected 

nambiguously at all sites, including the associated multi-phase 

elaxation process. Because of the long (larger than several days) 

hermal recovery time of underground cavity, cumulative heating 

ppears in the residuals when the visits are too frequent, which 

ay be a potential problem in the caves hosting fragile prehis- 

oric paintings, such as Pech Merle and Chauvet Caves. In addition, 

n the case of natural caves, the thermal effects of visits cannot 

e described using a simple box-filling model based on thermal 

tratification. Pending a better theoretical framework able to ac- 

ount for the heating response to scattered sources and the subse- 

uent relaxation, temperature residuals after PITS are validated as 

n essential, possibly mandatory, preservation tool. Then, having 

his tool in hand, controlled heating experiments, similar to the 

xperiments performed in the Vincennes Quarry ( Crouzeix et al., 

0 03 , 20 06a , 20 06b ), are needed to develop a better model of the

ffect of heat sources in natural caves. 

Numerous natural processes are revealed by the residuals, with 

ignals that are generally small, of the order of 1 to 10 × 10 −3 °C, 

ven if occasionally larger than 40 × 10 −3 °C. Such non-random 

ignals cannot be attributed to instrumental noise, evaluated with 

 standard deviation ranging from 10 −4 °C to 10 −3 °C, depend- 

ng on the type of sensor. Most of the time, processes in the 

tmosphere dominate, but transient processes involving the rock 

ass, such as infiltration, water films or condensation-evaporation 

pisodes, can be suspected. In most cases, the source of the sig- 

als, however, remains only tentative and will need to be exam- 

ned more precisely in the future. The variability of the possible 

rocesses, however, is a definite result of the present work. 

These signals deserved to be unveiled carefully. They are con- 

rete examples of the concept of “trace signals”, proposed by 

lain Mangin in the early nineties ( Mangin and D’Hulst, 1996 ), 

hich are small signals having tremendous importance to un- 

erstand the stability and resilience modes of a precious albeit 

ragile underground system. To detect such signals, our study il- 

ustrates the requirement, also stated decades ago ( Mangin and 

’Hulst, 1996 ), that temperature measurements have to be per- 

ormed with sufficient accuracy, with a sampling interval of 15 

inutes or smaller, and over durations of several years to evalu- 

te the effect of seasonal conditions ( Mangin and D’Hulst, 1996 ). 

uch signals may not only be meaningful for preservation issues 

n caves ( Bourges et al., 2014a ), including biological contamina- 

ion issues ( Martin-Sanchez et al. 2012 , 2014 ; Bercea et al., 2019 ),

ut also to understand speleothem growth in relation to climate 

hange ( Genty, 2008 ; Genty and Deflandre, 1998 ), to evaluate 
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nomalies of microclimate in heritage sites (e.g . , Camuffo et al., 

002 ; Bonacina et al., 2015 ), or to eliminate artefact signals in 

nderground geophysical observatories (e.g . , Trique et al., 1999 ; 

errier et al., 2004a ; Florea et al., 2021 ) and in underground 

hysics experiments ( Bettini, 2014 ) 

To improve our understanding on the origin of processes, it 

ill be necessary to involve other sets of observations, such as 

coustic measurements (microbarographs) or differential pressure 

 Richon et al., 20 05 , 20 09 ). Long-period seismic measurements 

ay be interesting to study the high-frequency part of the resid- 

als, when temperature is recorded with a sampling interval of 

 minutes or smaller. To constrain the air currents, which may 

how complex spatial structure, the use of tracers such as radon- 

22 ( e.g. , Wilkening and Watkins, 1976 ; Perrier et al., 2004b ;

ourges et al., 2020 ) and complementary information from particle 

ounters to monitor aerosols ( Dredge et al., 2013 ) will be relevant. 

edicated auxiliary tracing experiments to assess the spatial struc- 

ure of air currents ( Wilkening and Watkins, 1976 ) will probably 

ecome essential tools in the future. 

The features that we have concretely established in the four 

nvestigated natural caves for the PIT variations, here and in the 

ompanion paper (Perrier et al., this issue), offer a generic ap- 

roach of coupled processes in natural sites. Coupled processes 

re intrinsic features of such geosystems, characterized by out-of- 

quilibrium thermodynamic states ( Perrier and Le Mouël, 2016 ). In 

he companion paper, we have shown that the coupling is not just 

 correlation function, but that it is valuable to interpret the sta- 

ionary TFs with a physical model. Here, we have shown that, in 

 second step, we learn more about the coupled PIT process by 

tudying the residuals. While the residuals uncover other underly- 

ng processes, they include possible remnants of the PIT variations. 

ndeed, the absence of mean coherence with APV does not neces- 

arily prove that transient PIT variations are not possible. In some 

nstances, during particular time periods, residual variations do not 

eem to be independent of the APV. Transient states are possible, 

ncluding for example transient barometric currents, which cannot 

e captured by stationary TFs. Such transient states of the cou- 

lings are an inherent feature of the dynamics taking place in nat- 

ral sites, and may be an intrinsic limitation in the subtraction of 

oupled processes. The subtraction of PIT, thus, is not as trivial as 

t could have been anticipated; the interpretation of the residuals, 

herefore, should always remain cautious. 

In the case of the Chauvet Cave, the residuals show a resonant 

eak. This peak is not systematically observed, but appears for a 

eriod at least larger than one year. The appearance of resonances 

n the context of underground cavities is not completely surpris- 

ng ( Bérest and Habib, 1983 ; Badino and Chignola, 2019 ), but the

bserved frequency, of the order of 2 × 10 −4 Hz, is not straight- 

orward to interpret as a Helmholtz resonance, suggesting impor- 

ant limitations in our understanding of the system. It is possible 

hat even an elementary description of such systems requires ac- 

ive connections between an underground cavity and the surface. 

Definitely, underground cavities, even at a depth larger than 50 

 and more than 200 m away from the entrance, are not dull envi-

onments, but exhibit, after PITS, a novel and fascinating realm of 

tationary and transient signals which are the thermal signatures 

f specific processes. These signals, signatures of the underlying 

ompeting processes, give important insights into the functioning 

odes and the thermodynamic states of cavities, opening the way 

o evaluating their possible resistance or resilience against tran- 

ient or gradual perturbations, such as climate change. They may 

ffer a rare possibility to study whether the response of a natural 

ite to small perturbations provides an assessment of its reaction 

o a large change, with possible bifurcations between irreversible 

amage or adaptation, a question which may become one of the 

ost pressing issues of the coming decades. 
11
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