
HAL Id: insu-04155722
https://insu.hal.science/insu-04155722

Submitted on 8 Jul 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Temperature variations in caves induced by atmospheric
pressure variations-Part 1: Transfer functions and their

interpretation
Frédéric Perrier, François Bourges, Frédéric Girault, Jean-Louis Le Mouël,

Dominique Genty, Bruno Lartiges, Rémi Losno, Stéphane Bonnet

To cite this version:
Frédéric Perrier, François Bourges, Frédéric Girault, Jean-Louis Le Mouël, Dominique Genty, et al..
Temperature variations in caves induced by atmospheric pressure variations-Part 1: Transfer functions
and their interpretation. Geosystems and Geoenvironment, 2023, 2, �10.1016/j.geogeo.2022.100145�.
�insu-04155722�

https://insu.hal.science/insu-04155722
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Geosystems and Geoenvironment 2 (2023) 100145 

Contents lists available at ScienceDirect 

Geosystems and Geoenvironment 

journal homepage: www.elsevier.com/locate/geogeo 

Temperature variations in caves induced by atmospheric pressure 

variations—Part 1: Transfer functions and their interpretation 

Frédéric Perrier a , ∗, François Bourges b , Frédéric Girault a , Jean-Louis Le Mouël a , 
Dominique Genty 

c , Bruno Lartiges d , Rémi Losno 

a , Stéphane Bonnet d 

a Université Paris Cité, Institut de Physique du Globe de Paris, CNRS, Paris F-75005, France 
b Géologie Environnement Conseil, 30 rue de la République, Saint-Girons F-09200, France 
c Environnements et Paléoenvironnements Océaniques et Continentaux, Université de Bordeaux, Pessac Cedex F-33615, France 
d Université de Toulouse III Paul Sabatier, Géosciences Environnement-Toulouse, Toulouse F-31400, France 

a r t i c l e i n f o 

Article history: 

Received 3 May 2022 

Revised 22 September 2022 

Accepted 21 October 2022 

Handling Editor: A Festa 

Keywords: 

Atmospheric pressure 

Natural ventilation 

Preservation 

Barometric pumping 

Critical Zone 

Phase changes 

a b s t r a c t 

According to thermodynamics, atmospheric pressure variations (APV) cause temperature variations in air. 

However, such variations are difficult to observe, except in thermally stable environments such as un- 

derground cavities. We have studied the properties of these temperature variations in four natural caves 

in France, where continuous time-series have been collected since 1998: Esparros, Aven d’Orgnac, Pech 

Merle and Chauvet-Pont d’Arc Caves, the last two containing unique prehistoric wall paintings. The pres- 

sure to air temperature transfer function (TF), evaluated from 8 × 10 −7 to 8 × 10 −4 Hz, strongly depends 

on frequency; its modulus, at the barometric tide S2 (12 h), varies from 2 to 14 × 10 −3 °C/hPa. While 

the TFs show pluriannual stability, seasonal variations are observed when sufficiently long data sets are 

available. Rock surface temperature is also affected by APV and we extract the air to rock surface temper- 

ature TF at Esparros, Chauvet and Pech Merle Caves. The observed TFs are accounted for by an improved 

analytical model including gas adiabatic compressibility, heat exchange with the rock, heat diffusion in 

the rock, phase changes of water at the rock surface and an advective term due to barometric pumping 

motion in the air volume. This model has three free parameters: the effective rock surface to air vol- 

ume ratio, the time constant of heat exchanges and the effective adiabatic coefficient of cavity air. It is 

sufficient to account for the various situations observed in natural caves. Using this model, the observed 

TFs can be interpreted; they reflect the type of thermodynamics active at a given location, in particular 

the presence of barometric winds, but the actual values of parameters remain difficult to predict. Thus, 

temperature variations induced by APV emerge as a fundamental tool to characterize underground envi- 

ronments, relevant in some cases for cave heritage preservation, illustrating the coupled processes active 

in the Critical Zone. 

© 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/ ) 

1

o

o  

I

o

i

s

P

(  

p

a

(  

C

(  

w

C

h

2

(

. Introduction 

The Critical Zone (CZ), which extends from the upper parts 

f the aquifer to the top of the canopy, is the essential layer 

f continental Earth sustaining life ( Lin, 2010 ; Xu and Liu, 2017 ).

t is a complex physical system comprising rocks, soils, and bi- 

logical material pervaded by geological and atmospheric flu- 

ds. This unique structure hosts numerous interaction modes and 

upports the emergence and the preservation of living species 
∗ Corresponding author: Pr. Frédéric Perrier, Institut de Physique du Globe de 

aris, France 
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 Rasmussen et al., 2011 ; Zhang et al., 2017 ). Among the physical

rocesses specific to the CZ, transport and thermal processes play 

 crucial role which is difficult to appreciate in the CZ internal part 

 Rasmussen et al., 2011 ; Lovill et al., 2018 ; Novitsky et al., 2018 ).

aves are open physical systems with varying boundary conditions 

 Andrieux, 1983 ; Mangin and D’Hulst, 1996 ; Mangin et al., 1999 ),

hich offer a unique and rare opportunity to access some of these 

Z processes from inside ( Zhang et al., 2017 ). 

In underground systems, coupled processes involving heat 

nd mass exchanges compete in a specific manner ( Wigley and 

rown, 1971 ; Perrier et al., 20 02 , 20 04a ; Luetscher et al., 2008 ),

hus leading to complex dynamics including long- and short-term 

esponses, stationary and transient states at the edge of stabil- 
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ty, typical of out-of-equilibrium thermodynamics ( Denis et al., 

0 05 ; Perrier et al., 20 05b ; Rasmussen et al., 2011 ; Perrier and

e Mouël, 2016 ). The physical behaviour of underground systems 

eeds to be well understood in the context of geophysical obser- 

atories ( Blum and Bérest, 1993 ; Trique et al., 1999 ; d’Oreye de

antremange and Zuern, 2006 ; Niebauer et al., 2011 ) or deep un- 

erground physics observatories, for example in the search for 

ew particles or dark matter ( Bettini, 2014 ). Similarly, the stabil- 

ty and resilience of underground systems need detailed atten- 

ion in practical applications such as underground geothermal en- 

rgy research ( Schill et al., 2016 ), as is the reliable assessment 

f the containment of underground nuclear waste repositories 

 Dupray et al., 2013 ; Bailly et al., 2014 ). Especially in the context

f climate change, the long-term behaviour of caves is a funda- 

ental issue for the preservation of natural sites hosting fragile 

cosystems ( De Freitas et al., 1982 ; De Freitas and Littlejohn, 1987 ),

peleothems of scientific and touristic values ( Bourges et al., 2006 , 

014a ; Genty, 2008 ) or precious prehistorical artwork and other 

arly evidence of human social culture ( Quindos et al., 1987 ; 

ourges et al., 2014a , 2014b ; Jaubert et al., 2016 ; Houillon et al.,

017 ; Hoffmann et al., 2018 ). 

Recognized as early as 1783 by Jean-Dominique Cassini IV 

1748-1845) while performing temperature measurements under 

he Paris Observatory with a precise thermometer specially built 

y Antoine Lavoisier (1743-1794), temperature is an essential pa- 

ameter for the characterization of the temporal evolution of 

n underground system and of its deep or surface environment 

 Perrier et al., 2005a ). Long-term temperature changes with pluri- 

nnual to decadal timescales have been observed underground in 

elation to climate changes ( Badino, 2004 ; Beltrami et al., 2005 ; 

ominguez-Villar et al., 2015 ) or solar cycles ( Perrier et al., 2005a ).

owever, their interpretation remains debated due to poorly 

nown contributions such as groundwater flow ( Bredehoeft and 

apadopulos, 1965 ; Irvine et al., 2017 ) or urban island ef- 

ects ( Ferguson and Woodbury, 2004 ). Surface temperature varia- 

ions such as the annual and faster variations, when transferred 

y heat diffusion, are rapidly attenuated with increasing depth 

 Perrier et al., 2005a ). 

Underground cavities are not isolated systems ( Mangin and 

’Hulst, 1996 ; Mangin et al., 1999 ; Badino and Chignola, 2019 ). Air

irculation, resulting from temperature differences between inter- 

al and external atmospheres, appears near the entrance of caves; 

n vertical pits, they can take the form of turbulent plumes where 

hey cause temperature variations with amplitudes larger than 

 °C and periods smaller than a few minutes ( Perrier et al., 2002 ;

ourges et al., 2006 ). Quasi-stationary quasi-laminar air currents 

an be observed beyond 100 m distance from the entrance ( De Fre- 

tas et al., 1982 ; Andrieux, 1983 ; Smithson, 1991 ; Kukuljan et al.,

021 ), especially in the case of subhorizontal tunnels ( Perrier et al., 

0 05c , 20 07 ), often inducing, in the entire cavity, seasonal temper-

ture variations generally associated with changes in carbon diox- 

de (CO 2 ) and radon-222 concentrations ( Fernandez et al., 1986 ; 

errier et al., 2004b ; Perrier and Richon, 2010 ). Transient tem- 

erature changes associated with groundwater infiltration are ob- 

erved near the entrance ( Richon et al., 2009 ). Continuous tem- 

erature variations, with timescales from a few days to less than 

ne hour, are commonly observed near the entrance of the cavi- 

ies ( Šebela and Turk, 2011 ). However, such variations result from 

tmospheric pressure variations (APV), which, because of the large 

ir volume affected, cause large air motions near the entrance 

eferred to as barometric wind ( Conn, 1966 ; Badino and Chig- 

ola, 2019 ). Such barometric pumping or cave breathing effect 

 Wigley, 1967 ) can produce temperature variations as large as 

 °C/hPa near the entrance ( Perrier and Le Mouël, 2016 ), with am-

litudes decaying to less than 0.1 °C/hPa beyond 10 to 20 m in the 

nderground system. 
2 
Deeper in the underground system, at a distance from the 

ntrance or a depth greater than 100 m, extremely stable ther- 

al conditions could be naively expected. Nevertheless, in addi- 

ion to long-term variations, not straightforward to relate to sur- 

ace long-term climate changes ( Perrier et al., 2005a ), tempera- 

ure variations with amplitudes larger than 10 −3 °C peak-to-peak, 

eadily detected with currently available thermometers, are ob- 

erved with timescales up to a few days ( Perrier et al., 2001 ;

ourges et al., 2006 ; Šebela and Turk, 2011 ; Ravbar and Kosut- 

ik, 2014 ; Dr ̆agu ̧s in et al., 2018 ). This thermal signal is conspic-

ous during mid-latitude tempests ( Perrier et al., 2001 ) or trop- 

cal typhoons ( Perrier et al., 2004a ). Such temperature variations 

esult from APV, which cause thermodynamic adiabatic thermal 

hanges in the air, damped by heat exchanges with the encas- 

ng rocks, leading to couplings of the order of a few 10 −3 °C/hPa 

 Perrier et al., 2001 ). Phase changes of water, in saturated con- 

itions, can significantly modify the amplitude of those pressure- 

nduced temperature (PIT) variations ( Perrier et al., 2001 ). These 

IT variations generate, in reasonably thermally confined volumes, 

 characteristic noise pattern in time-series of underground air 

emperature and of rock surface temperature as well, which can 

e accounted for when heat diffusion in the encasing rock is con- 

idered ( Perrier et al., 2010 ). At a given site, the amplitude of the

IT variations decreases in smaller cavities, increases with distance 

o the closest wall, and can exhibit a seasonal cycle ( Perrier et al.,

010 ). The PIT response is characterized by a frequency-dependent 

ransfer function, which can be modelled analytically ( Perrier et al., 

001 , 2010 ). 

In this paper, we study the PIT response function in four natural 

aves situated in France: Esparros, Pech Merle, Aven d’Orgnac and 

hauvet-Pont d’Arc Caves. Pech Merle and Chauvet Caves contain 

rehistoric paintings and need particular attention ( Bourges et al., 

014a , 2014b , 2020 ). In these four caves, precise temperature data, 

n the atmosphere and at the rock surface, have been collected 

ithout interruption, at least since 1998. Taking advantage of the 

vailable time-series, complemented by temporary experiments, 

e establish the properties of the PIT variations and infer, at each 

ite, reliable transfer functions (TFs) versus frequency. We then 

valuate the significance of the TFs using a new expanded analyt- 

cal physical model, whose relevance and limitations are discussed 

n details. Once the TFs are thus sufficiently well understood, the 

bserved temperature variations can be used to correct the time- 

eries for the PIT variations, a subject which is addressed in the 

ompanion paper ( Perrier et al. , this issue). In the present paper, 

e conclude by discussing the relevance of the TFs as a fruitful 

xample of the type of coupled processes driving the dynamics of 

ystems in the CZ. 

. Sites and methods 

.1. Description of the studied caves 

The natural caves selected for this study are located in southern 

rance ( Fig. 1 ). Their geographical and geological settings have al- 

eady been presented previously ( Bourges et al., 20 01 , 20 06 , 2014a ,

014b , 2020 ). The characteristics of these caves relevant to the 

resent analysis are briefly recalled below. 

The Pech Merle painted Cave (44 °30.45 ′ N, 1 °48.67 ′ E) is located 

n the western edge of Massif Central in Oxfordian (Upper Jurassic) 

imestone and is characterized by an artificial entrance at an ele- 

ation of 284 m above sea level (asl.), equipped with a door, and 

 natural narrow opening at 302 m asl. ( Bourges et al., 2014a ). The

ave system consists of two levels ( Fig. 1 a), connected by narrow 

onduits, which were expanded artificially after the discovery in 

922 to allow easier access. Only the lower level contains archae- 

logical remains: parietal representations dated between 28,0 0 0 
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Fig. 1. Location of Pech Merle (a), Chauvet-Pont d’Arc (b), Esparros (c), and Aven d’Orgnac (d) Caves. A simplified cross-section of each cave shows the positions of sen- 

sors used in the present study. The cross-sections are derived from available topographic data and preliminary results from 3D surveys in progress. The location of the 

measurement points is indicated with capital letters in red. 
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nd 22,0 0 0 BP ( Lorblanchet, 2010 ), including characteristic neg- 

tive hands, human artefacts and animal traces, as well as hu- 

an footprints ( Guineau et al., 2001 ; Pastoors et al., 2017 ). Dur-

ng prehistoric times, access to the cave was permitted from a col- 

apsed pit and a debris cone, later obstructed. An artificial entrance 

losed by a door now leads the visitors to the sections containing 

aintings and archaeological remains. Some parts of archaeological 

alue (e.g., “Ossuary”, location O in Fig. 1 a) are not accessible to 

he visitors. The upper level, which contains red clay filling (“Red 

orridor”), while probably connected to the lower level during hu- 

an prehistoric occupation, does not contain archaeological traces 

nd is no longer included in the visitors’ tour since 2007. It is con- 

ected to the surface by natural fissures enlarged by dissolution of 

he limestone, and contains numerous poorly known galleries. The 

otal volume of the easily accessible section is estimated to exceed 

0,0 0 0 m 

3 . The Pech Merle Cave is visited by more than 80,0 0 0

ourists per year, mainly from April to October. 

The Chauvet-Pont d’Arc Cave (44.23 °N, 4.26 °E) is located in 

outh-East France, on the left bank of the Ardèche River, a trib- 

tary of the Rhône River, in an Upper Barremian (Lower Creta- 

eous, Urgonian type) limestone cliff above an abandoned mean- 

er ( Bourges et al., 2014a , 2014b ; Clottes et al., 1995 ). The entrance

 Fig. 1 b) takes place through a narrow conduit above a slope col- 

apse at an elevation of 200 m asl., which gives access from above 

o large rooms (Brunel, Bauges and Hillaire Rooms) with a floor 

t elevation from 186 to 188 m. A remote smaller room (“Remote 

oom”), with a floor at a lower elevation of about 178 m asl., is ac-

essible through a small corridor (“Megaceros Corridor”). The cav- 

ty is covered by a 50 m thick layer of encasing rock at the edge

f the plateau, reaching 70 m in the deepest parts of the cav- 

ty. The thickness of the topsoil layer ranges from a few decime- 

res up to 1 m at rare locations. The volume of the first set of

hambers (Brunel, Bauges and Hillaire Rooms) is estimated to be 

bout 60,0 0 0 ± 20,0 0 0 m 

3 , while the volume of the more iso-
3 
ated Remote Room (RR) amounts to about 20 0 0 ± 50 0 m 

3 . All

ooms are painted with sophisticated art pieces whose discovery, 

n 1994, caused a revolution in Paleolithic science ( Clottes et al., 

995 ), revealing an extremely high level of refinement of paintings 

n the early period of Aurignacian (36,0 0 0 to 31,0 0 0 BP). In order

o protect this precious heritage, the Chauvet Cave is not opened 

o visitors and access for archaeological research or maintenance 

s severely restricted ( Bourges et al., 2014b , 2020 ). 

The Gouffre d’Esparros Cave (43 °1.8 ′ N, 0 °19.8 ′ E), in the French 

yrenean foreland, is formed in Albian (Lower Cretaceous) low- 

agnesian calcite limestone that has undergone a slight metamor- 

hism ( Bourges et al., 2006 ). It has one main natural entrance, lo- 

ated at an elevation of 700 m asl., giving access to two superim- 

osed levels of subhorizontal galleries ( Fig. 1 c) connected by verti- 

al shafts: the upper and lower galleries are about 60 m and 130 

 below surface level (bsl.), respectively. Visitors access the cave at 

0 m bsl. by a 90-m long tunnel leading to the lower gallery. The 

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

nd is not part of the visitors’ pathway. The total volume of the 

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

3 . The Es-

arros Cave sees more than 30,0 0 0 visitors per year. 

The Aven d’Orgnac Cave (44 °19.11 ′ N, 4 °24.73 ′ E), characterized 

y its huge rooms in Aptian (Lower Cretaceous) limestone, is lo- 

ated 7 km South-East of the Chauvet Cave, on the right bank of 

he Ardèche River west of the Rhône River ( Fig. 1 d). It has a vol-

me of at least 270,0 0 0 m 

3 , reaching depth as large as 120 m bsl.,

ith a vertical access pit of 15 m height opening at the surface of 

he limestone plateau at an elevation of 300 m asl. ( Bourges et al., 

0 01 , 20 06 ). The natural pit (called aven in old Celtic language)

eads to the top of a huge room (“De Joly Room”, named after the 

peleologist Robert de Joly), with spectacular speleothems up to 10 

 high. A gently dipping slope gallery leads to a set of large rooms 

t a maximum depth of 120 m (“Red Rooms”) with extensive red 

lay filling and large speleothems. The Aven d’Orgnac Cave is vis- 
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Table 1 

Overview of the temperature measurements performed in the four caves investigated in this paper. The distance to the entrance is estimated from available topographic 

information. The modulus and phase of the transfer function, given for the semi-diurnal wave, correspond to the pressure to temperature ( T a /p ) for air temperature sensors, 

and to air to rock temperature ( T r /T a ) for rock surface measurement, using the closest air temperature measurement. The mean atmospheric pressure is indicated for each 

site in the first column. 

Location Label 

Distance to 

entrance (m) Mean temperature ( °C) 

S2 Transfer Function 

TF Modulus Phase ( °) 

Esparros Cave (956 ± 1 hPa) 

Aragonite Gallery A TEsA a 230 12.30 ± 0.01 (2006) T a /p 11.10 ± 0.36 10 −3 °C hPa −1 73.4 ± 1.1 

TEsA r 12.31 ± 0.01 (2006) T r /T a 0.094 ± 0.006 −26.1 ± 2.1 

Above lake B TEsB a 120 13.14 ± 0.01 (2019) T a /p 4.46 ± 0.43 10 −3 °C hPa −1 87.8 ± 4.0 

End Aragonite Gallery F TEsF a 500 11.59 ± 0.01 (2019) T a /p 1.65 ± 0.11 10 −3 °C hPa −1 69.9 ± 2.5 

Aven d’Orgnac Cave (988 ± 1 hPa) (1998-2000) 

Red Rooms point C TOrC a 200 12.29 ± 0.01 T a /p 13.7 ± 1.9 10 −3 °C hPa −1 74.0 ± 7.2 

Pech Merle Cave (986 ± 1 hPa) (2017-2018) 

Beyond Red Rooms E TPmE a 242 12.10 ± 0.01 T a /p 3.97 ± 0.14 10 −3 °C hPa −1 61.7 ± 3.0 

End Red Rooms F TPmF a 212 12.24 ± 0.01 T a /p 3.75 ± 0.18 10 −3 °C hPa −1 64.2 ± 4.5 

Red Corridor C TPmC a 195 12.28 ± 0.01 T a /p 3.46 ± 0.16 10 −3 °C hPa −1 63.9 ± 3.0 

Red Corridor B TPmB a 160 12.33 ± 0.01 T a /p 2.60 ± 0.14 10 −3 °C hPa −1 48.6 ± 4.5 

Triplet T TPmT ref 12.34 ± 0.01 T a /p 5.26 ± 0.18 10 −3 °C hPa −1 61.5 ± 2.8 

TPmT a 140 12.36 ± 0.01 T a /p 4.40 ± 0.16 10 −3 °C hPa −1 49.2 ± 2.7 

TPmT r 12.35 ± 0.01 T r /T a 0.394 ± 0.010 −8.6 ± 1.2 

Ossuary O TPmO a 26 13.20 ± 0.01 T a /p 2.42 ± 0.16 10 -3 °C hPa −1 75.0 ± 3.1 

Chauvet Cave (996 ± 1 hPa) (2016-2019) 

Brunel Room B TChB a 25 13.89 ± 0.01 T a /p 7.20 ± 0.21 10 −3 °C hPa −1 64.6 ± 1.6 

TChB r 13.91 ± 0.01 T r /T a 0.186 ± 0.027 −1.9 ± 13 

Hillaire Room H TChH a 100 13.05 ± 0.01 T a /p 6.68 ± 0.24 10 −3 °C hPa −1 71.9 ± 1.1 
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ted by more than 140,0 0 0 (up to 160,0 0 0) tourists per year, which

s nearly twice as much as the Pech Merle Cave and 5 times more 

han the Esparros Cave. 

To summarize, Esparros, Pech Merle and Aven d’Orgnac Caves 

ave two main levels with a natural permanently open pit at their 

op, whereas the Chauvet Cave has a basically horizontal struc- 

ure with a single slightly higher entrance closed by a door. Pech 

erle and Esparros Caves have a second artificial entrance at a 

ower level for the access of visitor groups and maintenance teams. 

sparros, Pech Merle and Chauvet Caves have a moderate size 

maller than 60,0 0 0 m 

3 , whereas the Aven d’Orgnac Cave is at

east four times larger. The network of cavities connected to the 

ven d’Orgnac Cave is considerably larger (about 8 times) than in 

he other caves. 

.2. Temperature and atmospheric pressure time-series 

Continuous measurements of temperature at several under- 

round locations in the atmosphere and at the rock surface are 

vailable, as well as relative humidity, atmospheric pressure and 

arbon dioxide concentration (CO 2 ), since 1996 at Aven d’Orgnac 

nd Esparros Caves, since 1997 at the Chauvet Cave and since 1998 

t the Pech Merle Cave. Additional data from temporary experi- 

ents performed between 2015 and 2018 complement the tem- 

erature time-series. In the present study, for the cases of Espar- 

os, Aven d’Orgnac and Pech Merle Caves, only selected records col- 

ected outside of the visitor pathways and where the perturbations 

re minimal are used ( Fig. 1 and Table 1 ). The sensors are labelled

sing the following convention. The first letter indicates the type 

f data (“T” for temperature, “p” for atmospheric pressure). The fol- 

owing two letters, with the first capitalized, indicate the site (“Es”

or Esparros, “Pm” for Pech Merle, “Ch” for Chauvet and “Or” for 

ven d’Orgnac Caves, respectively). The capital letter following the 

ite name indicates the location within the site, as given in Fig. 1 .

inally, an index indicates the type of measurement (“a” for mea- 

urement in air, “r” for measurement at the rock surface). For ex- 

o

4 
mple, label TEsA a refers to the temperature measurement in the 

tmosphere of the Esparros Cave at location A. In this paper, we 

ocus on a subset of the data available at each site ( Table 1 ). 

The same experimental set-up was used for long-term monitor- 

ng in all caves. Temperature was measured using platinum (Pt100) 

emperature sensors, regularly recalibrated, connected to an AOIP 

A32 data logger and, after 2013 in Chauvet and Aven d’Orgnac 

aves, to a Campbel Scientific TM CR30 0 0 data logger (USA). Sam- 

ling interval was 15 minutes. The absolute precision of tem- 

erature is estimated to be about 0.05 °C with a relative preci- 

ion of 0.01 °C and a sensitivity of 0.001 °C. At Esparros, Chau- 

et and Aven d’Orgnac Caves, the atmospheric pressure was mea- 

ured, with a 15 min sampling interval, using a Druck TM PTX510 

odel (UK) and, after 2013, with a Vaisala TM PTB110 sensor (Fin- 

and). At the Pech Merle Cave, atmospheric pressure was mea- 

ured with a BaroLogger TM model 3001 (Solinst, Canada) with 

 sampling interval of 5 minutes. In addition to the permanent 

et-up, complementary temperature data were acquired with au- 

onomous SB recorders (with variants SB56, SB39 and SB39 + ) from 

eabird 

TM (USA). Temperature measurement with these SB probes 

s performed using a high-precision thermistor with an absolute 

recision better than 10 −3 °C, a relative precision better than 

.5 × 10 −3 °C and a sensitivity of 10 −4 °C. This probe can accu- 

ulate up to 30 0,0 0 0 data points with a sampling interval of 2

inutes. Possible long-term drifts of Pt100 are checked at regu- 

ar yearly intervals, and corrected for when observed. No drift of 

B probes was identified so far. In the present study, we are con- 

erned with time-scales shorter than 20 days and drift artefacts of 

he sensors are therefore ruled out. 

At the Esparros Cave (Es), temperature data from several loca- 

ions were used. The most comprehensive records, starting in 1998, 

ere located in the Aragonite Gallery (point A in Fig. 1 c), with one

emperature TEsA r at rock surface, taken 1 m above ground level, 

n a 5 × 6 m 

2 section corridor, and one temperature TEsA a in the 

ir taken 1 m horizontally away from TEsA r . Atmospheric pressure 

as recorded at location L (“Lilas” Room), at the end of the section 

pen to visitors. From September 2019, additional locations were 
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nstrumented. In this paper, we give attention to the two most 

xtreme locations in the Esparros Cave: point B above a perma- 

ent lake in the lowest part of the cave and point F at the end of

he dead-end Aragonite Gallery. These locations were instrumented 

ith SB39 + , which simultaneously records atmospheric pressure. 

At the Aven d’Orgnac Cave (Or), we used a single air temper- 

ture measurement TORC a situated 1 m above sediment base at 

ocation C in the red rooms section ( Fig. 1 d). In this section, the

isturbance by visitors is minimal as well as the effect of turbu- 

ent air currents originating from the cave entrance in winter. 

At the Chauvet Cave, the temperature has been monitored since 

997 at the rock surface and in the air in the first large room af-

er the entrance, i.e. the Brunel Room (TChB a and TChB r ), and in 

he large central Hillaire Room (TChH a and TChH r ). The data from 

ChH r and the data recorded in the Remote Room ( Fig. 1 b), both

ffected by electronic noise, could not be used for high quality cor- 

elations ( Table 1 ). 

At the Pech Merle Cave, temperature has been recorded since 

998 in the painted section (point A in Fig. 1 a) to monitor the im-

act of touristic frequentation, which includes the visitors them- 

elves and the associated equipment such as lights and electri- 

al distribution boxes. To get data at other locations away from 

he visitor pathway, additional autonomous SB probes (SB56, SB39 

nd SB39 + ) were used from 2015 to 2018 in non-visited parts 

 Fig. 1 a and Table 1 ), i.e., in the upper level Red Corridor and in

he Ossuary Room (O) at the lower level. At the same locations, si- 

ultaneous atmospheric pressure measurements were performed 

ith some versions of the SB39 model and with the SB39 + model, 

hich is a valuable asset for the present study, as will be shown 

elow. 

In addition, at the Pech Merle Cave, a particular SB39 assembly, 

eferred to as the Triplet (Supplementary Data, Fig. S1), was in- 

talled at point T at the upper level (Red Corridor; Fig. 1 a) in 2016

nd 2017. The first SB39 temperature sensor was placed directly in 

ontact with the rock surface (TPmT r ). The second SB39 tempera- 

ure sensor was placed in the atmosphere (TPmT a ) at 3 cm from 

he rock surface, displaced laterally from TPmT r sensor by 3 cm. 

he third SB39 was attached to the previous SB39 pair, with the 

ensor pointing away from the surface, thus measuring the tem- 

erature TPmT ref in the atmosphere 30 cm away from TPmT a (Sup- 

lementary Data, Fig. S1). Unlike other temperature sensors men- 

ioned previously at the rock surface (such as TEsA r or TChH r ), 

hich were placed a few millimetres inside the rock, the TPmT r 
ensor was just touching the wall surface. The atmospheric pres- 

ure (labelled as “pPmT” or simply “pT” when the context in un- 

mbiguous) was simultaneously recorded by the SB39 providing 

PmT ref . The Triplet assembly was attached to the railing of a bar- 

ier to avoid undesired motions and to guaranty reproducible re- 

nstallation after dismantling for data download, which was per- 

ormed every six months. 

.3. Determination of the PIT transfer functions 

The transfer functions (TFs) are calculated in the frequency do- 

ain using a robust algorithm (Supplementary Data, Appendix SA). 

et us consider time-series a i , b i and c i of N samples (0 ≤ i ≤ N −1)

ecorded over the same regular time base t i with a sampling inter- 

al �t = t i + 1 − t i . The set of N points is then divided into N p non-

verlapping sections. The TF Z c 
ab 

( f j ) from b to a with reference c ,

t frequency f j = j /( N p �t ), is then defined as ( Sims et al., 1971 ): 

 

c 
ab 

(
f j 
)

= 

∑ N p −1 

k =0 
ˆ a j,k ̂  c j,k ∑ N p −1 

k =0 
ˆ b j,k ̂  c j,k 

, (1) 

here ˆ x j,k is the complex discrete Fourier transform value at fre- 

uency f j of the time-series x i calculated from time section k with 
5 
 ≤ k ≤ N p −1 ( Crockett, 2019 ). The bar over the symbols in

q. (1) refers to the complex conjugate. For the PIT TF from at- 

ospheric pressure p to a given temperature T ( ̂  T / ̂  p = Z 
p 
T p 

), p is

sed as reference time-series. For the TF from air temperature T a 
o rock temperature T r ( ̂  T r / ̂  T a = Z 

p 
T r T a 

), the atmospheric pressure p 

s used as reference time-series. 

Using synthetic time-series with various noise properties, it can 

e shown (Supplementary Data, Appendix SA) that the TFs inferred 

rom Eq. (1) are robust (Supplementary Data, Appendix SA, Fig. 

A1). Precisely, robustness means here that the results are not af- 

ected by the presence of a reasonable level of noise, and that 

ad sections of data, where the calculated TFs are statistically in- 

ompatible with the average estimate, are automatically eliminated 

Supplementary Data, Appendix SA). While a small value of N p al- 

ows extending the frequency range to lower values, using larger 

alues of N p allows a better averaging and avoids bias of correla- 

ion in the presence of noise (Supplementary Data, Appendix SA, 

ig. SA2). In this paper, we systematically check the stability of the 

esults for various values of N p , and we combine TF values esti- 

ated with small and large N p values in order to establish reliable 

Fs over a large frequency range. 

To evaluate the quality of the correlation, in addition to stabil- 

ty versus N p , we use a simplified coherency as a function of fre-

uency C ( f i ). This quantity, for the TF from b to a , is defined as

 Perrier et al., 2010 ): 

 

(
f j 
)

= 

∣∣∣∣∣∣∣

∑ N p −1 

k =0 
ˆ a j,k ̂  b j,k √ ∑ N p −1 

k =0 
ˆ a j,k ̂  a j,k 

√ ∑ N p −1 

k =0 
ˆ b j,k ̂  b j,k 

∣∣∣∣∣∣∣
. (2) 

This definition allows in practice an efficient estimation of the 

uality of the TFs (Supplementary Data, Appendix SA). Coherency 

alues depend on the site, the location within the site, the condi- 

ions of ventilation, the presence of visitors (regular tours or oc- 

asional maintenance) and on the particular variables selected. In 

eneral, as a rule of thumb, we require that the coherency must be 

arger than 0.5. In practice, we get coherency larger than 0.8 and 

table values of TFs ˆ T / ̂  p at all sites in reasonably thermally con- 

ned locations away from heavy visitor presence. The TF from air 

emperature T a to rock temperature T r ( ̂  T r / ̂  T a ), due to the small am- 

litude of variations at the rock surface ( < 10 −3 °C), is much more 

elicate to determine in a reliable manner, especially for frequen- 

ies larger than 10 −4 Hz (2.8 hours). The use of pressure as ref- 

rence is then necessary in the presence of noise (Supplementary 

ata, Appendix SA, Fig. SA3), and extra caution needs to be given 

n every case when evaluating the ˆ T r / ̂  T a TFs. 

Since only high-quality data were selected for the present work, 

ncertainties on the TFs are similar at all sites and measurement 

oints. The uncertainty on the amplitude (Supplementary Data, Fig. 

2a) varies from 10 to 20% for the lower frequencies (10 −7 Hz), 

here the PIT response is low, to about 1% or smaller for the fre- 

uencies larger than 10 -4 Hz, where the PIT response is the largest. 

imilarly, the uncertainty on the phase (Supplementary Data, Fig. 

2b) decreases with frequency from a few degrees at frequencies 

round 10 -7 Hz to about one degree or smaller for frequencies 

arger than 10 −4 Hz. 

Two additional problems need to be considered carefully. First, 

he time base needs to be the same for the considered time-series 

 and b (Supplementary Data, Appendix SA, Fig. SA4). While this 

s guaranteed when using the same data acquisition system, es- 

ecially for a reasonably large sampling interval of 15 min, it is 

ess obvious for independent SB probes at a sampling interval of 2 

inutes. Consequently, initialization of probe clocks has to be done 

arefully. The second problem to be aware off is the difficult ques- 

ion of the homogeneity of the APV field in a large underground 

avity. For frequencies lower than 10 −4 Hz, the underground atmo- 
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Fig. 2. Time-series at the Esparros Cave (point A in Fig. 1 c) from 2005 to 2008 

from the monitoring system operating with a sampling interval of 15 min: (a) CO 2 
concentration recorded in the Lilas Corridor (point L in Fig. 1 c), (b) atmospheric 

pressure recorded at point L, and air (TEsA a ) and (c) rock surface (TEsA r ) tempera- 

tures in the Aragonite Gallery. The time-series are averaged with a moving window 

of 48 h width. The rectangle shows the time section presented in Fig. 3 . 
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Fig. 3. Time-series at the Esparros Cave (point A in Fig. 1 c) from September to Oc- 

tober, 2006: (a) CO 2 concentration recorded in the Lilas Corridor (point L in Fig. 1 c) 

and corrected for APV with a coefficient of 0.0015 hPa −1 % conc. −1 , (b) atmospheric 

pressure recorded at point L, and (c) air (TEsA a ) and rock surface (TEsA r ) tempera- 

tures in the Aragonite Gallery. The time-series are averaged with a moving window 

of 2 h width. 

Fig. 4. Amplitude spectra as a function of frequency, expressed in cycle per day 

(cpd), at the Esparros Cave (point A in Fig. 1 c) for the time period from Septem- 

ber 2005 to September 2008: (a) atmospheric pressure recorded at point L, and (b) 

air (TEsA a ) and rock surface (TEsA r ) temperatures in the Aragonite Gallery. Spectra 

from data portions of 14,400 data points (150 days) are stacked to reduce contin- 

uum fluctuations. 
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pheric pressure is homogeneous and synchronous with the sur- 

ace atmospheric pressure. It is, however, less the case at frequen- 

ies higher than 10 −4 Hz (Supplementary Data, Appendix SA, Fig. 

A5), and significant differences can be evidenced when various at- 

ospheric pressure sensors are compared. Part of this difference is 

ikely due to the frequency response of each sensor. Furthermore, 

raveling pressure waves and resonances can appear in this high 

requency range ( Badino and Chignola, 2019 ). To establish proper 

Fs for frequencies larger than 10 −4 Hz, it is therefore preferable, 

hen possible, to use atmospheric pressure time-series recorded at 

he exact location of the temperature time-series, and, otherwise, 

o use the closest available pressure sensor. 

. Pressure-induced temperature transfer functions 

.1. PIT transfer functions in the Esparros Cave 

High-quality continuous pluriannual temperature time-series 

ere recorded at the Esparros Cave, especially in the Aragonite 

allery ( Fig. 2 ). This cave is characterized by a seasonal ventila- 

ion cycle ( Fig. 2 c), with cold avalanches occurring in winter in 

he access pit. This entry of cold outside air in winter produces 

entilation mixing in the whole cave and seasonal reduction of 

O 2 concentration ( Fig. 2 a). The CO 2 peak value in summer does 

ot exceed 0.5%, which is rather low but common in the context 

f limestone caves and especially of other caves in the Pyrenees 

ountains. Similar means and yearly amplitudes of CO 2 concentra- 

ion were observed in the Lutetian limestone abandoned quarry of 

incennes near Paris ( Perrier and Richon, 2010 ). The effect of APV 

n both air and rock temperatures is obvious in summer ( Fig. 3 ),

ith larger response at high frequency, as expected from previous 

bservations ( Perrier et al., 2001 ; Bourges et al., 2006 ). The effect

s about 10 times smaller on rock temperature TEsA r than on air 

emperature TEsA a , but nevertheless easily observed, particularly 

uring the brutal pressure drop of October 2-3, 2005 ( Fig. 3 ). 

The amplitude power spectra ( Fig. 4 ) show a clear barometric 

ide S2 (12 h) both for air and rock temperatures, although with 

n amplitude 10 times smaller for TEsA r . The semi-diurnal baro- 

etric tide S2, first pointed out by Lord Kelvin in 1882, is not a 

ravitational effect, but a thermal resonance ( Lindzen and Chap- 

an, 1969 ). The dominating presence of the semi-diurnal peak 
6

2 is the most conspicuous sign of PIT variations in tempera- 

ure time-series ( Mangin and D’Hulst, 1996 ; Perrier et al., 2001 ; 

ourges et al., 2006 ), which always attracts attention in the first 

ata from new sites (e.g., Sondag et al., 2003 ; Dr ̆agu ̧s in et al., 2018 ;

ejía-Ortíz et al., 2020 ). From the ratio of the S2 peak for TEsA a 

2.55 × 10 −3 °C; Fig. 4 b) to p (0.23 hPa; Fig. 4 a), the PIT response

an be estimated to be of the order of 11 × 10 −3 °C/hPa. The lack 

f a S1 peak for TEsA r confirms that the site is thermally confined, 

ith no obvious thermal signature of possible daily variations in 

he rate of natural ventilation. The S2 barometric tide can be di- 

ectly observed on the pressure time-series ( Fig. 5 a), at Orgnac and 

sparros Caves, and also in the temperature time-series simulta- 

eously recorded at Aven d’Orgnac, Esparros and Chauvet Caves. 

 Fig. 5 b). While the precise shape of the PIT response differs at 

oth sites, with different high-frequency content, the S2 amplitude 

s similar at both sites and almost in phase. The S2 temperature 

ariations at the three sites (Esparros, Chauvet and Orgnac), with 

sparros Cave distant from Chauvet and Orgnac Caves by more 
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Fig. 5. Time-series at Esparros, Chauvet and Aven d’Orgnac Caves in August 1998: 

(a) atmospheric pressure, and (b) air temperatures. Atmospheric pressure at the 

Aven d’Orgnac Cave is measured in the “De Joly” Room ( Fig. 1 d). The time-series 

are averaged with a moving window of 1 h width. 
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Fig. 6. Atmospheric pressure to air temperature TF versus frequency at the Esparros 

Cave: (a) modulus, (b) phase and (c) coherency. The time period from September, 

2005 to September, 2008 is used for the TEsA a /pEs with 12 data portions (in red) 

and 48 data portions (in blue). The green triangles for the TEsA a /pEs TF correspond 

to the amplitude ratios for the S1 (24 h), S2 (12 h), S3 (8 h) and S4 (6 h) harmonic 

peaks. The TFs at the B and F points were obtained with data from September 2019 

to June 2020, and TFs with 12 and 48 portions are combined. The TF in the Eve 

Room in the Vincennes Quarry near Paris ( Perrier et al., 2010 ) is shown for com- 

parison. 
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han 300 km, are remarkably similar ( Fig. 5 ), due to the quasi-

ynchronicity of the S2 atmospheric pressure variation at this spa- 

ial scale. APV of longer timescales are much less correlated be- 

ween Esparros and Orgnac sites ( Fig. 5 a); the associated temper- 

ture response, difficult to see in Fig. 5 b, is largely dominated by 

he S2 signal. 

The amplitude of the PIT TF versus frequency ( Fig. 6 ), in a first

pproximation, is just the ratio of spectra, but the TF is actually 

 complex number and contains also phase information. The TF 

ersus frequency, as produced by our algorithm, is of extremely 

igh quality, smooth and stable over a large frequency range from 

 × 10 −7 Hz to 4 × 10 −4 Hz, with coherency larger than 0.8 from 

 × 10 −6 Hz to 10 −4 Hz. Increasing the value of N p from 12 to

8 does not lead to any systematic difference, thus demonstrat- 

ng the low level of noise in the TEsA a time-series. The TF at the

sparros Cave is remarkably stable over long periods of time (Sup- 

lementary Data, Fig. S3). After 2019, the TF could be determined 

recisely at the two other locations B and F ( Fig. 1 c) not affected

y visitors. At location F, which is the deepest inside the mountain, 

oherency is larger than 0.95 over the whole considered frequency 

ange ( Fig. 6 c). At location B, which is the lowest spot in the cavity

nd with a thinner rock coverage, estimated to be smaller than 20 

 ( Fig. 1 c), the coherency decreases to values smaller than 0.8 for 

requencies larger than 2 × 10 −5 Hz. The presence of the lake and 

umerous infiltrations introduce probably other sources of temper- 

ture variations. While the phase response is similar at these two 

ocations compared with the reference point A ( Fig. 6 b), the ampli- 

ude is significantly smaller, especially at point F. 

The TFs at the Esparros Cave can be compared with the TF pub- 

ished previously at the Vincennes Quarry ( Perrier et al., 2010 ). The 

ariation of the phase with frequency is similar ( Fig. 6 b). The varia-

ion of the modulus with frequency is similar at both sites ( Fig. 6 a),

ut the amplitude is about three times larger at point A in the Es- 

arros Cave, comparable at point B for frequencies smaller than 

0 −5 Hz, and a factor of two to four smaller at point F. While the

oherency is comparable or larger at Vincennes ( Fig. 6 c), the longer 

ime-series available in the Esparros Cave allow a precise determi- 

ation over a larger frequency range. In the Vincennes Quarry, the 

mplitude of the TF was found to depend significantly on the ob- 

ervation point. However, the range of amplitudes between point 

 to point F in the Esparros Cave exceeds the previously observed 

ange. Thus, the amplitude of the TF does not appear to be specific 

o a given cave, but characterises a type of dynamics at a given 
7 
ype of location in the underground system. This tentative conclu- 

ion is confirmed by our other observations below. 

The result of the robust TF algorithm can be compared with 

he simple ratio of spectral amplitudes for the S1 to S4 peaks (in 

reen in Fig. 6 for location A). The results from the S2 to S4 peaks

 Fig. 6 a, b) are in good agreement with the TF algorithm, better for

he amplitude ( Fig. 6 a) than for the phase ( Fig. 6 b), whereas the ra-

io significantly differs from the TF algorithm for the S1 peak. This 

act suggests that, albeit small in amplitude, other sources of vari- 

bility exist for the S1 TEsA a temperature variations, such as, for 

xample, thermal ventilation effects, air currents associated with 

he opening of the doors of the access tunnel, or some small ther- 

al effects from visitors. In the following, to avoid contaminations 

f the PIT effect by harmonics of the daily variations when present, 

e concentrate interpretations on the S2 peak, and the results for 

he S2 response, calculated using this simple method of spectral 

mplitude ratio, are collected in Table 1 . 

The air to rock temperature TF can be determined using the 

igh-quality time-series recorded at location A of the Esparros 

ave ( Fig. 7 ). In that case, because of the small amplitude of tem-

erature signals at the rock surface ( Fig. 3 c), the coherency rapidly 

ecreases for a frequency above 10 −5 Hz ( Fig. 7 c). For larger fre-

uencies, as demonstrated using synthetic signals (Supplementary 
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Fig. 7. Air temperature to rock surface temperature TF versus frequency at point A 

in the Esparros Cave for the time period from September 2005 to September 2008: 

(a) modulus, (b) phase and (c) coherency. The green triangles correspond to the 

amplitude ratios for the S1, S2, S3 and S4 harmonic peaks. Several configurations 

are compared, with atmospheric pressure as reference time-series in Eq. (1) : 6 data 

portions (in grey), 96 data portions (in red) and 384 data portions (in blue). 
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ata, Appendix SA, Fig. SA3), it is necessary to use larger N p val- 

es and to include p as correlation reference. With this caution, 

he TF remains stable when N p is increased from 96 to 384, for 

oth amplitude ( Fig. 7 a) and phase ( Fig. 7 b). The TF is remarkably

table over long periods of time (Supplementary Data, Fig. S3). A 

ood agreement is again observed between the TF algorithm and 

he peak amplitude ratio for the S2 to S4 peaks ( Fig. 7 a, b), while

he systematic disagreement for the S1 peak is confirmed in this 

ase. For both 

ˆ T a / ̂  p and 

ˆ T r / ̂  T a TFs, a sufficiently accurate estimate 

s achieved from the S2 peak ratios ( Table 1 ) when a more precise

etermination of the TFs is not possible, for example when the du- 

ation of the available time-series is too small. 

At the Esparros Cave, as sufficient data are available, the ˆ T a / ̂  p TF 

uring summer (May to October) and winter (November to April) 

re well constrained separately. Consequently, small but clear and 

ystematic differences are evidenced between the two seasons 

Supplementary Data, Fig. S5). During summer, when the cave is 

ore confined and CO 2 accumulates ( Fig. 2 ), the amplitude of ˆ T a / ̂  p

s lower by about 20% between 2 × 10 −6 and 7 × 10 −5 Hz and 

he coherency is smaller. A systematic shift of the phase towards 

lightly larger frequency is observed in summer (Supplementary 

ata, Fig. S5b). In contrast, for the ˆ T r / ̂  T a TF, the amplitude and 

hase are similar between winter and summer (Supplementary 

ata, Fig. S6). The seasonal variation of the ˆ T a / ̂  p TF can also be evi-

enced convincingly using the simple S2 amplitude ratio in moving 
8 
indows versus time (Supplementary Data, Fig. S7). The seasonal 

ariation of the ˆ T a / ̂  p TF indicates that the underlying thermal pro- 

ess is modulated by ventilation, while it is not the case for the 

hermal process quantified by the ˆ T r / ̂  T a TF. 

.2. PIT transfer functions in the other caves 

Relying on the results at the Esparros Cave, the TFs at other 

ites are established in a systematic manner. In each case, for a 

iven time-series, the TF is a combination of the results using a 

mall N p value (4 to 12) for low frequencies (from 8 × 10 −7 Hz to

 × 10 −5 Hz) and the results using a sufficiently large N p value (24 

o 384) at high frequency (from 2 × 10 −5 Hz to about 8 × 10 −4 Hz,

epending on the case). When several continuous time-series of 

imilar quality are available at different time periods, all the results 

re averaged to calculate a final TF. 

At the Aven d’Orgnac Cave, at point C ( Fig. 1 d), the results for
ˆ 
 a / ̂  p TF versus frequency are similar to those at point A in the 

sparros Cave, with similar amplitude and phase for the S2 wave 

 Table 1 ). A seasonal variation is clearly observed (Supplementary 

ata, Fig. S8), with larger amplitude up to about 40% during winter 

s in the Esparros Cave, but, constrasting with the Esparros Cave, 

nly for frequencies larger than 10 −5 Hz in the Aven d’Orgnac Cave, 

ith a reduction during winter reaching 40% for frequencies below 

0 −5 Hz. TFs could not be achieved at other monitored locations in 

he Aven d’Orgnac Cave (De Joly Room), because they are affected, 

n summer, by the presence of large numbers of visitors and, in 

inter, by cold air avalanches entering the cave through the pit. 

While, at Esparros and Aven d’Orgnac Caves, uninterrupted 

luri-annual time-series are available from the permanent moni- 

oring system, continuous time-series of six to eight months du- 

ation only are available with the autonomous SB probes at the 

ech Merle Cave, but these shorter time-series are of high quality. 

he time-series recorded by the Triplet, in particular, illustrate the 

IT variations with a remarkable precision for a sampling time of 

 minutes (Supplementary Data, Fig. S9). Several high-quality ˆ T a / ̂  p

Fs were obtained in the Red Corridor at the upper level ( Fig. 8 ),

ith coherencies larger than 0.7 over most of the frequency range, 

.e., the largest set of high-quality PIT TFs determined so far in a 

ingle underground site. In the Ossuary Room (point O, Fig. 1 a), 

ocated closer to the painted and visited section, the ˆ T a / ̂  p TF is of 

atisfactory quality, but with lower coherency and over a smaller 

requency range ( Fig. 8 c). The mean temperature in the lower part 

f the Pech Merle Cave, which includes point O and the painted 

one, is about 1 °C larger than the mean temperature in the upper 

ection ( Table 1 ), where temperature is rather uniform, especially 

n the Red Corridor. The TFs at the various points are different, sig- 

ificantly in amplitude ( Fig. 8 a), and moderately in phase ( Fig. 8 b).

he modulus of the S2 response ( Table 1 ) varies from (2.60 ±
.14) × 10 −3 °C/hPa at point B and (2.42 ± 0.16) × 10 −3 °C/hPa 

t point O to (5.26 ± 0.18) × 10 −3 °C/hPa at TPmT ref . In contrast, 

t the end part of the Red Corridor, from point E to C ( Fig. 1 a),

he TF results are rather homogeneous. Clear differences are ob- 

erved for the S2 phase from (48.6 ± 4.5) ° at point B to (75.0 ±
.1) ° at point O ( Table 1 ). At the location of the Triplet, a verti-

al profile of six regularly spaced SB56 recorders was also avail- 

ble during two months in 2017. While these data are insufficient 

o determine TFs versus frequency, the amplitude ratio at the S2 

ave (Supplementary Data, Fig. S10) shows maximum values of 

bout 6 × 10 −3 °C/hPa in the central zone, with reductions to 

bout 2 × 10 −3 °C/hPa near the floor and the roof (Supplementary 

ata, Fig. S10). A similar vertical variation was previously observed 

t one location (“Room 15”), sufficiently well instrumented, of the 

incennes Quarry ( Perrier et al., 2010 ). 

Several ˆ T r / ̂  T a TF are determined at the Pech Merle Cave using 

he data from the Triplet ( Fig. 9 ). The highest coherency (larger 
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Fig. 8. Atmospheric pressure to air temperature TFs versus frequency at the Pech 

Merle Cave for the time period from October 2016 to December 2018: (a) modulus, 

(b) phase and (c) coherency. The closest available atmospheric pressure measure- 

ment is used (point C or T). In the case of the Ossuary Room (point O), atmospheric 

pressure was measured at point A in 2017 and at point D in 2018. 
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Fig. 9. Air temperature to rock surface temperature TFs versus frequency at the 

Pech Merle Cave, for several time periods, with the Triplet assembly at point T in 

the Red Corridor: (a) modulus, (b) phase and (c) coherency. 
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han 0.95 for frequency smaller than 3 × 10 −4 Hz) is seen for 

he data-set from October 2016 to March 2017 for the TPmT a to 

PmT r TF. Taking TPmT ref instead of TPmT a , the TF shows a lower 

oherency and a suspicious phase pattern versus frequency for fre- 

uencies larger than 6 × 10 −5 Hz, while modulus and phase are 

imilar to TPmT r /TPmT a for frequencies smaller than 7 × 10 −5 Hz. 

ereinafter, the most reliable ˆ T r / ̂  T a TF, TPmT r /TPmT a for the Octo- 

er 2016 to March 2017 data-set, is used. The modulus of the S2 

esponse ( Table 1 ) is 0.394 ± 0.010, which is significantly different 

rom the value 0.094 ± 0.006 observed in the Aragonite Gallery 

point A in Fig. 1 c) at the Esparros Cave ( Table 1 ). 

In the Chauvet Cave, high-quality ˆ T a / ̂  p TFs are achieved ( Fig. 10 ) 

or the two considered points B (Brunel Room) and H (Hillaire 

oom) ( Fig. 1 b). Amplitude and phase are similar over the whole 

requency range for the Brunel (TChB a ) and Hillaire (TChH a ) 

ooms, with a satisfactory coherency, larger than 0.75 for fre- 

uency smaller than 2 × 10 −4 Hz. The highest coherency ( > 0.9) is 

bserved for the Hillaire Room for frequency smaller than 8 × 10 −5 

z, probably more protected from other sources of variability. The 
ˆ 
 a / ̂  p TFs for TChB a and TChH a are remarkably stable over several 

ears (Supplementary Data, Fig. S11), but a small difference ap- 

ears between seasons, with an amplitude (22 ± 9)% larger in win- 

er, constant over the whole frequency range (Supplementary Data, 

ig. S12). The S2 amplitude and phase are similar for the two lo- 

ations ( Table 1 ), with values of the order of 7 × 10 −3 °C/hPa and

0 °, respectively. 
9 
A reasonably accurate ˆ T r / ̂  T a TF at the Chauvet Cave can be de- 

ermined for TChB r /TChB a ( Fig. 11 ), while the coherency decreases 

ignificantly for frequencies larger than 2 × 10 −5 Hz ( Fig. 11 c). 

his TF is remarkably stable with time from 2015 to 2019 ( Fig. 11 ),

hich suggests that, despite the reduced coherency, the TF remains 

eliable for frequencies larger than 2 × 10 −5 Hz. It is also stable 

ver seasonal timescales (Supplementary Data, Fig. S13). The mod- 

lus of the S2 ˆ T r / ̂  T a response ( Table 1 ), 0.186 ± 0.027, is signifi-

antly different from the values observed at Pech Merle or Esparros 

aves. 

.3. Summary of the PIT transfer functions in the four caves 

As we have used the same methodology, a comparison of the 

esults at different locations in different caves is particularly mean- 

ngful. First, an overview of the S2 response reveals that amplitude 

nd phase are interesting to consider simultaneously ( Fig. 12 and 

able 1 ), revealing that significant differences emer ge between the 

arious available measurements at a given site, especially in the 

ase of the Esparros Cave, and between the various sites. Neverthe- 

ess, a typical amplitude value arises at each site: 4 × 10 −3 °C/hPa 

t the Pech Merle Cave, 7 × 10 −3 °C/hPa at the Chauvet Cave, and 

n upper value of about 10 −2 °C/hPa at Esparros and Aven d’Orgnac 

aves. However, as pointed out before, the amplitude is not rep- 

esentative of a given cave, but of a given type of location. For 

xample, partly isolated locations of larger rooms (E to C in the 

ed Corridor of the Pech Merle Cave and Eve Room in the Vin- 

ennes Quarry) have amplitude of about 4 × 10 −3 °C/hPa and a 
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Fig. 10. Atmospheric pressure to air temperature TFs versus frequency at the 

Chauvet Cave in the Brunel Room (TChB a /pCh in red) and in the Hillaire Room 

(TChH a /pCh in blue): (a) modulus, (b) phase and (c) coherency. Results from time 

periods in 2015, from 2016 to 2017 and from 2018 to 2020 are averaged. Atmo- 

spheric pressure is measured in the Bauges Room (point A in Fig. 1 b). 
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Fig. 11. Air temperature to rock surface temperature TF versus frequency at the 

Chauvet Cave in the Brunel Room (TChB r /TChB a ), shown separately for several years 

from 2015 to 2019: (a) modulus, (b) phase and (c) coherency. 

Fig. 12. Summary of the S2 PIT amplitude versus phase at the four studied caves. 

The result at the Eve Room of the Vincennes Quarry ( Perrier et al., 2010 ) is shown 

for comparison. 

E

C  

t

(

c  

T

hase near 65 °, while extreme dead-end locations (O in the Pech 

erle Cave and extreme point F in the Aragonite Gallery in the Es- 

arros Cave) have amplitude of about 2 × 10 −3 °C/hPa and a phase 

arger than 70 °. The two locations in a large room, away from wall

urfaces and in ventilated conditions (A point in the Esparros Cave 

nd the considered point in the Aven d’Orgnac Cave) show a larger 

mplitude and a similar response in phase. It is difficult to draw, at 

his stage, firmer conclusions on the role of volume. Our model can 

nly account for the effect of the cavity volume indirectly, through 

ifferent thermal exchange times or enhanced barometric pump- 

ng velocities. Alternatively, the distance to the closest wall could 

e more important than air volume. 

When selecting at each site a representative ˆ T a / ̂  p TF, having 

he highest-quality, i.e ., the largest coherency and the smoothest 

ehaviour over the largest frequency range, significant differences 

re observed ( Fig. 13 ). While the phase variation over frequency 

s similar for each site ( Fig. 13 b), with the Aven d’Orgnac Cave

lightly separated from the other caves, large differences, with a 

actor from 4 to 5, can be noted for the modulus and its variation

ith frequency ( Fig. 13 a). The highest coherency ( Fig. 13 c) is at-

ained at the Chauvet Cave for frequencies lower than 2 × 10 −6 Hz 

nd at Esparros and Pech Merle Caves for frequencies larger than 

 × 10 −5 Hz. 

For the ˆ T r / ̂  T a TF, significant differences are revealed between the 

arious sites ( Fig. 14 ). The phase ( Fig. 14 b), frequency variation of

he amplitude ( Fig. 14 a) and coherency ( Fig. 14 c) are similar for
10 
sparros and Chauvet Caves, with slightly larger amplitude for the 

hauvet Cave ( Fig. 14 a). The ˆ T r / ̂  T a TF at the Pech Merle Cave with

he Triplet is significantly different, with a much larger coherency 

 Fig. 14 c) and a remarkably smoother frequency variation, espe- 

ially for the phase ( Fig. 14 b). Given the small number of available
ˆ 
 r / ̂  T a TFs, and the difficulty in the determination of this TF, it is 
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Fig. 13. Summary of representative atmospheric pressure to air temperature TFs 

versus frequency at the four sites studied in this paper: (a) modulus, (b) phase and 

(c) coherency. The curves represent the optimum theoretical analytical model given 

by Eq. (3) with the parameter values given in Table 2 . 
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Fig. 14. Summary of representative air temperature to rock surface temperature TFs 

versus frequency at Esparros, Pech Merle and Chauvet Caves: (a) modulus, (b) phase 

and (c) coherency. The curves represent the optimum theoretical analytical model 

given by Eq. (3) with the parameter values given in Table 2 . 
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remature to state whether the differences are due to meaningful 

ifferences between the points in the studied sites, or to the ex- 

erimental configuration. Indeed, in Esparros and Chauvet Caves, 

he Pt100 sensor is inserted in a hole pierced in the rock wall in

he Esparros Cave and in a sediment layer in the Chauvet Cave, 

hile in the Pech Merle Cave, the sensitive part of the thermistor 

s in contact with the wall, with no hole or damage to the surface 

Supplementary Data, Fig. S1). The thermal effect of the air bound- 

ry layer may modify the temperature response, and interpretation 

equires extra caution in this case. 

. Interpretation of the pressure-induced temperature transfer 

unctions 

.1. Physical models of PIT transfer functions 

The purpose of the physical model is to describe the processes 

ontributing to the TFs and to provide explanations for the ob- 

erved values and differences. To remove the PIT variations and 

xtract residual time-series (see companion paper; Perrier et al., 

his issue ), simple parameterizations of the TFs, separately for the 

odulus and the phase, are sufficient. However, an analytical ex- 

ression of the TFs based on a physical model is valuable, particu- 

arly when the parameters possess a physical meaning and provide 

uantitative information on the systems. 

Expanding upon previously established analytical models 

 Perrier et al., 2001 , 2010 ), new analytical expressions for the 
11 
Fs are proposed here (see details in Supplementary Data, Ap- 

endix SB), which include thermodynamic adiabatic heating, heat 

xchange with the rock, heat diffusion in the encasing rock, phase 

hanges of water at the rock surface, with the addition of advec- 

ion in the air volume due to barometric pumping (Supplemen- 

ary Data, Appendix SB, Fig. SB1). When only isothermal baromet- 

ic pumping is considered, and barometric pumping from the rock 

ore volume is neglected, the TFs have the following expressions 

Supplementary Data, Appendix SB): 

 

 

 

 

 

 

 

ˆ T a 
ˆ p 

= 

θe f f 

1+ 1 
iωτ

(
1 − ˆ T r 

ˆ T a 

)

ˆ T r 
ˆ T a 

= 

1 −b θ
θe f f 

+ 
(

a −b θ
θe f f 

)
iωτ

1 −b θ
θe f f 

+ χτ S r 
V a 

√ 

κω 
2 ( 1+ i ) 

, (3) 

here ω = 2 π f, f is the frequency and i = 

√ −1 . The symbols with

 hat refer to the Fourier component at frequency f . The quantities 

, κ , χ , a and b in Eqs. (3) are physical constants whose defini- 

ions are given in Supplementary Data, Appendix SB, Tables SB1- 

). At 12 °C, we take θ = 83 × 10 −3 °C hPa −1 (adiabatic thermal 

xpansion coefficient), κ = 10 −6 m 

2 /s (heat diffusivity in the rock) 

nd χ = 1.6 × 10 3 (volumetric heat capacity ratio of rock to air). 

he constants a and b , without dimension, represent the contri- 

ution of evaporation and condensation of water vapour. At 12 °C, 

e have a = 1.45 and b = 0.28. When the contribution of phase 

hanges of water is ignored, we take a = b = 0 in Eq. (3) . 
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In addition, Eq. (3) for the TFs have three free parameters: θ eff, 

and S r /V a . The parameter θ eff gives the overall scale of the ˆ T a / ̂  p

esponse. It is given by (Supplementary Data, Appendix SB): 

e f f = θ + 

V e f f 

S e f f 

β

p 0 
, (4) 

here p 0 is the mean atmospheric pressure, V eff is the effective 

ownstream cavity volume participating to barometric pumping, 

 eff is the cavity section perpendicular to the pumping motion, and 

is the static temperature gradient along the motion. The param- 

ter θ eff coincides with θ in the absence of advection. Conversely, a 

alue of θ eff that differs from θ indicates unambiguously the pres- 

nce of barometric pumping motion in the air volume. 

The parameter τ is the thermal relaxation time of the air vol- 

me. It is related to the effective conductance of the heat between 

he air volume and the encasing rock (Supplementary Data, Ap- 

endix SB). Finally, the parameter S r /V a is an effective thermal as- 

ect ratio of the effective surface area S r of rock in thermal inter- 

ction with a given air volume V a . The various parameters affect 

ifferently the modulus and the phase of the TFs, and differently 
ˆ 
 a / ̂  p and 

ˆ T r / ̂  T a TFs (Supplementary Data, Figs. SB2-4). 

Two limiting behaviours as a function of frequency are of 

articular interest. At low frequency, the ˆ T r / ̂  T a response from 

q. (3) converges towards an amplitude of 1 and a zero-degree 

hase shift. At high frequency, the amplitude should behave as 
 

ω in the presence of phase changes of water, but converges 

o 0 when a = b = 0. At high frequency, the ˆ T a / ̂  p response from

q. (3) converges towards θ eff and 0 ° phase shift. At low frequency, 

he ˆ T a / ̂  p modulus will tend to 
√ 

ω , and the phase will remain 

maller than 90 °, which is the maximum possible. When heat dif- 

usion in the rock is ignored, the ˆ T a / ̂  p TF in Eqs. (3) converges at

ow frequency to i ω, which is a pure time derivative with a linear

ariation in ω and a 90 ° phase shift ( Perrier et al., 2001 ). This sim-

lified situation of heat exchange with a temperature-stable reser- 

oir, however, does not occur in underground caves. Indeed, the 

ata unambiguously indicate a PIT response at the rock surface 

 Figs. 3 and 13 ). 

.2. Inversion of model parameters for the transfer functions 

To fit the parameters to the ˆ T a / ̂  p TF data points versus fre- 

uency, the following process is used. Assuming isothermal baro- 

etric pumping, the phase of the TF depends only at second or- 

er on θ eff, through the ˆ T r / ̂  T a component in Eq. (3) . Therefore, as 

 first hypothesis, an initial value θ eff= θ i is assumed. The calcu- 

ated phase then depends little on the assumed value θ i , whereas 

t affects the modulus by a global factor independent of frequency. 

To find the optimal values of τ and S r /V a , independently of the 

verall factor on the amplitude controlled by θ i , the following χ2 

s calculated as a function of τ and S r /V a : 

2 
(
τ, 

S r 

V a 

)
= 

∑ 

k 

(
F m 

(
τ, 

S r 

V a 
, f k 

)
− m 

data 
k 

)2 

+ 

∑ 

k 

(
p 

(
τ, 

S r 

V a 
, f k 

)
− p data 

k 

)2 

, (5) 

here m 

data 
k 

and p data 
k 

are the modulus and phase, respectively, 

easured at frequency f k , m ( τ, S r / V a , f k ) and p( τ, S r / V a , f k ) are 

he modulus and phase, respectively, calculated at frequency f k 
rom the given values of τ and S r /V a using Eq. (3) . The factor F

n Eq. (5) is defined as the average over k of the set of ratios

 

data 
k 

/m ( τ, S r / V a , f k ) . 

The function χ2 ( τ, S r / V a ) from Eq. (5) , to a first approximation, 

s independent of θ i . A minimization of χ2 is then performed to 

nd the best values of τ fit and ( S r /V a ) fit . The optimal value θfit is

hen equal to F fit θ i , where F fit is the average over k of the ratios

 

data 
k 

/m ( τ f it , ( S r / V a ) f it , f k ) . The minimization process can be iter- 

ted using a new assumption θ I = θfit , but it was not found nec- 

ssary in practice, as the change was smaller than the uncertainty. 
12 
o estimate reasonable uncertainties on this determination, one or 

wo points are removed at the edges of the frequency domain used 

or the fitting process. This estimate of the uncertainties was found 

ppropriate by trial and error in each case. 

The results of this adjustment of parameters on the experimen- 

al ˆ T a / ̂  p TFs are listed in Table 2 and the resulting TFs are shown

s solid curves in Fig. 13 . The uncertainties are different for each 

ase, but vary from 1 to 10%, thus satisfactory and always smaller 

han the observed differences between the locations. When several 

Fs are available, the results of the fit are shown in Supplementary 

ata, Figs. S14-S16. The resulting adjustments appear satisfactory; 

ot only reasonable values of the parameters, supporting their 

hysical significance, are found, but the corresponding variations 

or the ˆ T a / ̂  p TFs as a function of frequency are remarkably consis- 

ent with the experimental data. In numerous cases in Esparros, 

ech Merle and Chauvet Caves, however, an adequate representa- 

ion of the data could only be attained when phase changes of wa- 

er are not considered, i.e ., using a = b = 0 in Eq. (3) . This may

ndicate that the processes active in the system are able to main- 

ain a non-saturated atmosphere. When forcing phase changes of 

ater, in such cases, the fits did not converge, largely because the 

requency variation on the phase then became incompatible with 

he frequency variation of the modulus. Indeed, Eq. (3) predict 

ather different frequency variations with and without the phase 

hanges of water (Supplementary Data, Appendix SB, Fig. SB3). In 

oth Pech Merle and Chauvet Caves, it remains true for all available 

Fs. Non-saturated conditions are expected in the ventilated Pech 

erle Cave, and are confirmed by relative humidity measurements 

t point A. It is more surprising in the confined Chauvet Cave, but 

t cannot be ruled out in the absence of high precision humid- 

ty measurements in the Hillaire Room. In the Brunel Room, hu- 

idity measurements indicated relative humidity values between 

9 and 100%, thus excluding permanent saturation of the atmo- 

phere. On the contrary, TFs at point A of Esparros Cave and point 

 of Aven d’Orgnac Cave favour the presence of phase changes of 

ater. 

On the whole, incorporating or not the phase changes of wa- 

er, the various experimental situations can be described and, at 

ll sites, the model described by Eq. (3) provides a correct descrip- 

ion of the observed TFs ( Fig. 13 ). In particular, the saturation of 

he modulus at high frequency ( f > 8 × 10 −5 Hz) is well accounted 

or. For frequencies lower than 10 −5 Hz, the data show a smaller 

lope and a smaller phase for frequencies between 10 −6 and 10 −5 

z compared with frequencies between 10 −5 and 10 −4 Hz. This 

attening of the slope of the modulus at lower frequencies and the 

ssociated reduction of the phase advance are well reproduced by 

he theoretical expressions. This effect is due to the increasing con- 

ribution of heat diffusion in the rock when frequency decreases. 

he theoretical understanding of the ˆ T a / ̂  p TFs given by Eq. (3) thus 

ppears sufficient and appropriate. 

Reflecting the organization of the experimental data for the 
ˆ 
 a / ̂  p TFs ( Table 1 ), the calculated values of the parameters are 

rganized at a given site, and from site to site ( Table 2 ). At the

ech Merle Cave, the ˆ T a / ̂  p TFs are characterized, in the Red Cor- 

idor, by S r /V a values between 0.07 and 0.13 m 

−1 . A similar S r /V a 

alue (0.095 ± 0.032 m 

−1 ) is inferred at the Esparros Cave, while 

 slightly larger value characterizes the Chauvet Cave (0.12 to 0.19 

 

−1 ) and a smaller value (0.034 ± 0.008 m 

−1 ) the Aven d’Orgnac 

ave. The thermal relaxation time constant τ is similar at Pech 

erle, Esparros and Chauvet Caves (about 20 min), but is about 

wice as large in the Aven d’Orgnac Cave. The longer thermal re- 

axation times do not show any clear relationship with the value 

f S r /V a or θ eff, and could be due to the physical nature of the

ock surface, for example the presence of wet films. The studied 

ite with the strongest barometric advection, corresponding to the 

owest values of θ eff following Eq. (4) , appears to be the Pech Merle 
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Table 2 

Overview of the values of parameters for the models of transfer functions: pressure to temperature ( T a /p ) for air temperature sensors, and air to rock 

temperature ( T r /T a ) for rock surface measurements. 

Location Transfer Function model parameters 

TF S r 
V a 

(m 

−1 ) τ (minutes) θe f f (10 −3 °C hPa −1 ) 

Esparros Cave a = 1.45, b = 0.28 

Aragonite Gallery A TEsA a /pEs 0.095 ± 0.032 22.1 ± 0.1 47.0 ± 0.5 

TEsA a /pEs Winter 0.063 ± 0.006 25.6 ± 0.1 44.2 ± 2.4 

TEsA a /pEs Summer 0.054 ± 0.023 19.8 ± 1.2 36.8 ± 3.8 

TEsA r /TEsA a 0.53 ± 0.02 5.2 ± 2.7 

a = 0, b = 0 

Above lake B TEs a B/pEsB 0.067 ± 0.010 15.9 ± 0.3 6.64 ± 0.12 

End Aragonite Gallery F TEsF a /pEsF 0.125 ± 0.005 22.2 ± 1.6 13.4 ± 0.5 

Aven d’Orgnac Cave a = 1.45, b = 0.28 

Red Rooms point C TOrC a /pOr 0.034 ± 0.008 45.1 ± 2.9 31.6 ± 0.7 

Pech Merle Cave a = 0, b = 0 

Beyond Red Rooms E TPmE r /pPmC 0.099 ± 0.018 43.7 ± 1.0 11.4 ± 0.3 

End Red Rooms F TPmF r /pPmC 0.127 ± 0.020 24.8 ± 0.4 21.6 ± 0.5 

Red Corridor C TPmC r /pPmC 0.131 ± 0.002 23.4 ± 0.1 14.9 ± 0.2 

Red Corridor B TPmB r /pPmC 0.135 ± 0.040 20.2 ± 12.2 18.9 ± 7.8 

Triplet T TPmT ref /pPmT 0.099 ± 0.008 55.7 ± 1.7 12.6 ± 0.3 

TPmT a / pPmT 0.073 ± 0.001 54.7 ± 1.2 10.1 ± 0.1 

TPmT r /TPmT a 0.20 ± 0.09 4 ± 1 

Ossuary O TPmO a /pPmA 0.53 ± 0.12 20.0 ± 1.4 18.2 ± 0.7 

Chauvet Cave a = 0, b = 0 

Brunel Room B TChB a /pCh 0.116 ± 0.003 25.3 ± 1.3 30.4 ± 1.4 

TChB r /TChB a 0.15 ± 0.02 12.5 ± 5.9 

Hillaire Room H TChH a /pCh 0.186 ± 0.003 27.2 ± 0.4 27.0 ± 0.5 
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ave. This result is not surprising at the upper level of the Red 

orridor, which is essentially a long corridor likely connected to 

ast unexplored volumes. However, it is unexpected in the case of 

he Ossuary Room, which is a small dead-end room, unless another 

onnection with the surface is generated through the pore space, 

hus producing enhanced barometric motion in that location. Large 

arometric thermal damping is rather expected in the Chauvet 

ave, located beneath a large volume of unsaturated rocks. This 

uggests, however, that the unsaturated zone is better connected 

ownwards than to the surface. This fact indicates that the soil 

nd the near-surface epikarstic aquifer pockets act, at least during 

ome part of the seasonal cycle, as an efficient insulating mem- 

rane restricting exchanges with unsaturated volumes ( Fernandez- 

ortes et al., 2011 ). In contrast, large barometric motions are ex- 

ected at both Aven d’Orgnac and Esparros Caves, where the in- 

trumented locations are connected to large air volumes down- 

tream. 

In principle, the inferred values of θ eff can be interpreted us- 

ng Eq. (4) (Supplementary Data, Appendix SB). For example, for 

 static temperature gradient of β= −0.01 °C/m, an effective vol- 

me V eff = 10,0 0 0 m 

3 , and an effective section S eff = 4 m 

2 , we

et θ eff = θ + βV eff/( S effp 0 ) = 54 × 10 −3 °C/hPa (see above for the

efinitions of θ and p 0 ). In practice, this is useful only when the 

tatic temperature gradient is known at the measurement loca- 

ion. The value of S eff can be estimated from the geometric con- 

guration of walls at the considered location. An estimate of the 

ffective pum ping volume V eff is then possible. This quantity V eff is 

uch more difficult to determine otherwise, as unexplored cavities 

ownstream of the considered location can contribute. In the case 

f the Red Corridor at the Pech Merle Cave, we estimate S eff = 9

 

2 and β = −0.003 °C/m from the various SB probes ( Table 1 )

laced along the Red Corridor ( Fig. 1 a). The observed value of q eff

hen constrains V eff to be of the order of 180,0 0 0 m 

3 , which is un-

easonably high despite the possibility of large unexplored cavities 

ownstream. Furthermore, to guaranty β < 0, the direction of mo- 

ion during pressure increases needs here to be towards the nat- 

a

13 
ral entrance of the cave. At this stage, the interpretation of θ eff

hould therefore remain cautious. 

To adjust the parameters of Eq. (3) using the ˆ T r / ̂  T a TF data 

oints versus frequency ( Fig. 14 ), a similar minimization process 

s used. In this case, however, as the parameter values of θ eff play 

nly a minor role through the β parameter, it is sufficient to use 

n assumption, such as for example adopting the values derived 

rom the fits of the ˆ T a / ̂  p TF. The minimization of χ2 , which is here

efined as: 

2 
(
τ, 

S r 

V a 

)
= 

∑ 

k 

(
m 

(
τ, 

S r 

V a 
, f k 

)
− m 

data 
k 

)2 

+ 

∑ 

k 

(
p 

(
τ, 

S r 

V a 
, f k 

)
− p data 

k 

)2 

, (6) 

nvolves only τ and S r /V a . Results are given in Table 2 and the cor-

esponding TFs are shown versus frequency in Fig. 13 . The curves 

iven by the optimal values of the parameters provide a striking 

epresentation of the ˆ T r / ̂  T a TFs for Esparros and Chauvet Caves. 

his result confirms the importance of the rock temperature vari- 

tions to properly describe the PIT variations in air, as proposed 

hrough Eq. (3) . The case of the Pech Merle Triplet TPmT r /TPmT a 
s more problematic, as no proper fit of data could be achieved us- 

ng Eq. (3) . In that case, unlike the ˆ T a / ̂  p TF, removing the phase

hanges of water ( a = b = 0) does not improve the agreement be-

ween the data and the model. Actually, for the Triplet T r /T a , phase

hanges of water are necessary, as otherwise the TF (see Supple- 

entary Data, Appendix SB, Fig. SB2) becomes totally incompatible 

ith the observations. This appears inconsistent with the conclu- 

ions reached from the ˆ T a / ̂  p TF at Pech Merle. However, the surface 

ock temperature which appears in the ˆ T a / ̂  p TF in Eqs. (3) refers to 

 representative mean temperature value of the whole rock surface 

ontributing to the thermal equilibrium of the air volume, while 

he experimental ˆ T r / ̂  T a TF represents a single particular location, 

hich may or may not be representative of the whole cavity. The 

ack of proper representation of the ˆ T r / ̂  T a TF definitely suggests, in 

he case of the Pech Merle Cave, some particular situation with 

he Triplet, an inappropriate measurement of rock temperature by 

ere contact, or some missing physics in the description of heat 

nd matter exchanges at the rock surface. 
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. Conclusions 

.1. Assessing the thermal response to atmospheric pressure 

ariations in caves 

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

eries recorded in four caves of the South of France to investigate 

n details the temperature response to atmospheric pressure vari- 

tions, both in the cave air and at the rock surface. We have ob- 

ained robust transfer functions from pressure to air temperature 

 ̂

 T a / ̂  p ) and, for the first time, from air temperature to surface rock 

emperature ( ̂  T r / ̂  T a ) over three orders of magnitude of frequency, 

rom 8 × 10 −7 Hz to 8 × 10 −4 Hz, thus extending and considerably 

mproving previous results ( Perrier et al., 2001 , 2010 ). The qual- 

ty of the ˆ T a / ̂  p TFs is particularly striking in Esparros and Chauvet 

aves. Large variations, covering one order of magnitude in ampli- 

ude, from 2 to 14 × 10 −3 °C/hPa at 12 hours, were observed be- 

ween the various caves and between the various locations within 

 cave as well. At Esparros, Orgnac and Chauvet Caves where more 

han 20 years of data are available, pluriannual stability of the TFs 

nd seasonal stability of the ˆ T r / ̂  T a TF were observed. In addition, 

mall but systematic seasonal variations of the ˆ T a / ̂  p TFs were evi- 

enced, depending on the location and on frequency, with in gen- 

ral a reduction in summer compared with winter. This work con- 

rms that, to study PIT variations properly, it is necessary to use 

emperature sensors with a sensitivity better than 10 −3 °C and to 

cquire data with a sampling interval of 15 minutes or smaller, as 

as recommended in the nineties ( Mangin and D’Hulst, 1996 ). Ide- 

lly, because of the seasonal effects, a minimum of three years of 

ontinuous and high-quality data is necessary. Long-term experi- 

ents over several decades would always be useful, especially to 

ssess the effect of climate change ( Badino, 2004 ; Perrier et al., 

005a ), but this requires more considerable efforts. 

.2. Understanding the thermal response to atmospheric pressure 

ariations in caves 

The TFs versus frequency are in good agreement with an analyt- 

cal physical model which includes air adiabatic temperature coef- 

cient modified by heat exchanged with the rock surface, heat dif- 

usion in the encasing rock, phase changes of water, and baromet- 

ic pumping advection in the air volume. These thermodynamic 

rocesses are certainly present in the context of underground cav- 

ties, and they must be included in any modelling scheme. The 

nteresting result, however, is that the model is able to describe 

he details of the observations, in particular the variation with fre- 

uency. It is sufficiently flexible to reproduce the variability of sit- 

ations encountered in this study. 

This model has three free parameters: the effective adiabatic 

ompressibility θ eff, the thermal relaxation time τ , and the effec- 

ive rock surface to air volume ratio S r /V a . These three parame- 

ers can be inverted to account for the observed 

ˆ T a / ̂  p and 

ˆ T r / ̂  T a 
Fs versus frequency, except the ˆ T r / ̂  T a TF at the Pech Merle Cave 

hich could not be accounted for by this model. This model as- 

umes uniform PIT in the air volume and one-dimensional advec- 

ion only. Components of velocity perpendicular to the wall surface 

ay not be negligible, and turbulence may also complicate sig- 

ificantly barometric air currents, but it is not clear at this stage 

hether such complications can be incorporated in a meaningful 

nd reasonably simple manner. The potential contribution of lo- 

al wall breathing ( Wigley, 1967 ) to thermal damping in the at- 

osphere, proposed long ago ( Mangin and D’Hulst, 1996 ), is un- 

ikely to be an efficient mechanism in nearly saturated rock con- 

itions. The main limitations of our model, rather, should be ex- 

mined in the basic assumptions on the heat exchange modes in 

n underground cavity. For example, heat exchange modes such 
14 
s radiation ( Villar et al., 1984 ), not explicitly taken into account, 

ay play an important role. Water films flowing on the rock sur- 

ace, or seeping locally from the encasing rock, may modify signif- 

cantly the heat budget. In addition, the assumptions on the wa- 

er phase changes may be too simplistic; it is possible that, in 

 given room, wet and dry walls coexist, with different reactions 

n terms of phase changes and rock surface temperature feedback. 

vaporation on some wet wall may occur while condensation takes 

lace on other dry wall surfaces, and conversely. Such effects will 

eed to be looked into carefully with dedicated instrumentation in 

ell-selected sites. Finally, the contribution of air circulation pat- 

erns may be over simplistic. Nevertheless, despite these possible 

ources of discrepancy between the analytical prediction and the 

ata, the proposed physical model represents well the TFs at four 

ifferent com plex natural under ground settings, which supports 

he concept that all the above considered effects are secondary. 

ur simplified analytical approach, thus, appears sufficient to ad- 

ress the apparent complexity and variability of the PIT frequency 

esponse in natural caves. 

Less satisfactory, however, is the fact that the model cannot 

redict the actual values of the parameters, especially θ eff. Further- 

ore, while current data consistently suggest that larger cavities 

r larger cave volumes lead to larger PIT response, there is no ex- 

lanation at the moment for such an effect. Distance to the clos- 

st wall, rugosity of the cavity, presence of large speleothems or 

eometrical conditions favouring channelling of barometric air cur- 

ents may also be important effects, which may cause the effect 

f volume to be coincidental. Dedicated experiments are needed 

o progress on this issue. Natural caves with their complex geome- 

ries may not be the best place to isolate such an effect, which was, 

or example, more convincingly observed in the Vincennes Quarry 

 Perrier et al., 2010 ). 

.3. Value of PIT response for cave preservation and cave modelling 

Nevertheless, despite an incomplete physical understanding, the 

IT TFs provide a phenomenological quantitative estimate of the 

hermal processes dominating at a given location of underground 

ites. In the Esparros Cave, the Aragonite Gallery shows larger PIT 

ariations, while the most remote site, by contrast, shows reduced 

IT response. Similarly, extended rooms with confinement condi- 

ions characterizing the Chauvet Cave, which guarantee the preser- 

ation of prehistoric artwork, are associated with an intermediate 

IT response. Thus, the PIT TFs provide an assessment of the lo- 

al conditions, and should be considered as an essential prereq- 

isite in numerous applications, especially when there is a major 

reservation issue. The seasonal variation of PIT TFs appears as an 

dditional proxy to qualitatively confirm the presence of seasonal 

uasi-static or of pressure dependent air currents. In all cases, the 

IT response provides a quantitative estimate for the thermal re- 

axation time constant at a given location in the atmosphere, char- 

cterizing effectively the heat exchange with the associated rock 

urface. The numerical values can then be used to estimate the 

emperature change associated with a given heat source, natural 

r artificial ( Crouzeix et al., 2003 , 2006 ). Consequently, from the 

IT variations, the heating effect associated with a group of visi- 

ors can be directly estimated and compared with observations. 

PIT variations are useful to study and monitor in all under- 

round sites because they are always present and stand out in 

he time-series as soon as the thermal environment is sufficiently 

table. In terms of physics, as discussed above, they offer a sub- 

le example of coupled processes which is a dominant aspect of 

he physics approach relevant in natural sites. This analysis in 

erms of elementary processes is compatible with other possible 

pproaches, such as global modelling inspired by non-linear dy- 

amics ( Sáez et al., 2021 ; Turcotte, 1992 ) or decomposition tech- 
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iques ( Ghil et al., 2002 ; Crockett et al., 2010 ), which work out

nterpretations from the time-series. Rather, one may expect that 

hese different approaches contribute to revealing complementary 

spects, and both will ultimately converge to consistent quantita- 

ive predictions. 

Finally, PIT variations are useful to consider in a broader per- 

pective, because APV affect numerous parameters in an under- 

round cavity, not only temperature. Significant ground deforma- 

ion signals are associated with APV ( Dal Moro and Zadro, 1998 ) 

s well as variations of aquifer piezometric levels ( Quilty and 

oeloffs, 1991 ). Groundwater drippings, which are an essential 

omponent of an underground cavity in the unsaturated zone, are 

lso affected by APV ( Genty and Deflandre, 1998 ). To fully un- 

erstand the dynamics of speleothem growth ( Genty et al., 2001 ; 

au et al., 2015 ), an approach combining APV and temperature 

easurements with hydrological and geochemical parameters is 

esirable. APV, therefore, emerge as a natural permanent source 

f forcing applied to a natural site, even at great depth, which can 

e used to probe this system. Thus, APV are similar to the natu- 

al electromagnetic waves which permanently illuminate a surface 

ystem and are used in magneto-telluric sounding to probe the 

lectrical conductivity structure of the crust (e.g., Berdichevsky and 

mitriev, 2008 ). PIT response and its modulation provide a ther- 

obarographic sounding of the considered system and illustrate 

he variety of processes taking place in underground caves. The PIT 

esponse therefore is a systematic tool to use in a global approach 

ttempting a comprehensive understanding of the CZ, which we 

lowly learn to appreciate as the complex, particularly rich but 

ragile outer interface of our planet. 
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