


Fig. 1. Principle of themethod of the coefficient of determination (R2, Ricci et al., 2015) for
the thermal monitoring of sub-fumarolic areas. The temperature gradient is determined
by the conductive heat flux, following Fourier law. In the convective zone, where no
conduction occurs, the gradient is null, while in the conductive zone where the amount
of steam is negligible, it is constant. If all the thermometers are located in the conductive
zone (left panel) where temperature evolution versus depth is almost linear, the
coefficient of determination R2 is close to one. If the heat flux increases (right panel), the
condensation zone shallows, and the deepest temperatures are no longer aligned, thus
reducing the value of R2.
(Aubert, 1999; Gaudin et al., 2013). For weaker fluxes, atmosphere dra
matically cools themost superficial layers of the ground and steam con
denses mostly in the soil in the so called sub fumarolic zones (Aubert,
1999), and a significant fraction of the heat flux is transported to the
surface by conduction (Sekioka and Yuhara, 1974; Gaudin et al., 2013,
2015; Ricci et al., 2015).

Monitoring hydrothermal systems has a twofold interest. First, the
interactions of the hydrothermal system with the magma can be re
sponsible for hazardous phreatic and phreatomagmatic explosions
(Heiken et al., 1980; Bertagnini et al., 1991). Secondly, fumarolic crises
have been reported prior to eruptions, as in La Soufrière de Guadeloupe
(Jolivet, 1958), Mount St Helens (Kieffer et al., 1981), Mount Pelée
(Chrétien and Brousse, 1989) and Vulcano (Chiodini et al., 1995).
These fumarolic crises may include the increase of gas flux (“geochem
ical crises”), thewidening and the temperature increase of the fumarolic
and sub fumarolic fields (“thermal crises”), and seismic swarms (“seis
mic crises”).

While numerous techniques have been used to monitor the gas flux
of volcanoes in particular UV spectroscopy for the monitoring of SO2

fluxes (Edmonds et al., 2003; Aiuppa et al., 2005; Salerno et al., 2009;
Vita et al., 2012), soil stations for the monitoring of CO2 degassing
(Inguaggiato et al., 2011, 2012a, 2012b, 2013; Viveiros et al., 2014,
2015), andMultiGAS for the bulk composition of fumaroles and plumes
(Aiuppa et al., 2007a, 2007b; Allard et al., 2014) , the observation of
heat fluxes is much less developed. Thermal infrared images have
been used with partial success to map the heat fluxes of sub fumarolic
zones (Yuhara et al., 1978; Harris et al., 2009; Gaudin et al., 2013,
2016; Vilardo et al., 2015), but quantitative estimations are usually asso
ciated to large uncertainties.

Being at the same time cheap and reliable, ground temperature re
mains the most widely used technique for thermal monitoring (Peltier
et al., 2012; Ricci et al., 2015). Measurements must be performed in
the shallowest tens of centimeters of sub fumarolic zones in order to
avoid the “buffer effect” of the steam, occurring when steam at saturat
ing pressure coexists with liquid water, thus forcing the temperature to
remain close towater boiling temperature (Ricci et al., 2015). At shallow
depths, ground temperature is highly sensitive to atmospheric condi
tions, in particular daily and seasonal temperature variations and rain
falls (Peltier et al., 2012; Gaudin et al., 2015; Ricci et al., 2015). These
atmospheric effects create superimposed signals that have to be filtered.
Thus, discriminating these superficial effects from the deep modifica
tions of the fluid circulation is a crucial challenge for a reliable thermal
monitoring.

Severalfilteringmethods based on the use of vertical profiles of ther
mocouples have been proposed. The first one consists in averaging the
temperature over 24 h and computing the vertical temperature gradi
ent. More recently, Ricci et al. (2015) proposed to compute the coeffi
cient of determination (R2) between the depth and the measured
temperature, allowing distinguishing convective and conductive re
gimes in the ground. This easy to use method is quite efficient to filter
the conductive effects of seasonal and diurnal temperature variations
from those due to changes in the geothermal heat flux, but i) it does
not allow a quantification of the geothermal flux and ii) it does not
take into account the disruption produced by the largest rainfalls that
may occur on tropical volcanoes, thus severely limiting the range of
use of these techniques at these latitudes.

To overcome these limitations, we propose here a newmethodology
based on the estimation of the upward heat flux (UHF method) in the
ground from vertical pairs of thermocouples. For the cases where the
rainfalls affect significantly the soil temperature, we propose a further
processing step integrating the precipitations in the energy balance,
based on the study by Gaudin et al. (2015) and the computation of ex
cess of total heat (ETH method) released by the ground, compared to
a reference period. We test these methods against the gradient and
the R2 techniques in two different contexts: 1) La Fossa di Vulcano
(Italy), where precipitations are usually weak and have no visible effect
on the soil temperatures; and 2) La Soufrière de Guadeloupe (French
Lesser Antilles) where rainfalls play a significant role on the shallow
heat and water circulation.

2. Vertical structure of sub-fumarolic areas

Sub fumarolic areas are zones characterized by anomalous temper
atures due to the rise of steam at the vicinity of the surface. Their ther
mal behavior is controlled by the interaction of two factors: 1) the
geothermal flux, corresponding to the heat flux carried by the steam ris
ing from depth and 2) the atmosphere, which is cooling down themost
superficial layers, leading to condensation of most of the steam in the
ground.

Temperature measurements in a steady state allow describing the
vertical structure of sub fumarolic areas in three successive zones
(Aubert, 1999; Gaudin et al., 2013; Ricci et al., 2015). In the deepest
zone (convective zone, see Fig. 1), the temperature remains constant
and close to the water boiling temperature, and heat is mainly carried
by the convection ofwater. This constant temperature due to the buffer
ing effect of steam makes this zone strongly unsuitable for monitoring
of hydrothermal activity (Ricci et al., 2015). When approaching the sur
face, the cooling effect of the atmosphere provokes the condensation of
the steam (condensation zone, see Fig. 1). The resulting condensed
water flows downward in the condensation zone. Meanwhile, the



temperature gradient induces conductive heat transfer, which increases
moving upward while the steam content decreases. The most superfi
cial zone (conductive zone, see Fig. 1) exhibits a quasi linear tempera
ture decay. Indeed, the steam content is low, and most of the heat is
carried by conduction. The limits between these three zones are not
precisely defined, but rather smooth transitions can be identified.

When the geothermal steam flux increases, the cooling effect of the
atmosphere is more limited. Thus, the condensation level rises, and the
conductive zone becomes thinner and exhibits a higher thermal gradi
ent. For the highest fluxes (≳500 W/m2), a significant proportion of
the condensation takes place in the atmosphere, and the conductive
zone disappears (Gaudin et al., 2013) turning the sub fumarolic area
into a fumarolic one.

3. Techniques of sub-fumarolic areas thermal monitoring

3.1. Raw temperature

Raw temperature in the convective zone has been widely used to
map and detect changes due to the disruptions of geothermal flux in
sub fumarolic areas. Indeed, both surface temperature and temperature
gradient in the conductive zone are linked to the geothermal flux. How
ever, being also influenced by atmospheric temperatures, variations of
the raw temperature are usually difficult to interpret. Daily variations
of temperature can befiltered by averaging thedata on 24 h, but season
al variations are necessarily visible in the time series.

3.2. Temperature gradient

Unlike the raw temperature, the vertical temperature gradient in a
steady state in the conductive zone does not rely on the atmospheric
temperature, but only on the geothermal fluxΦcond according to Fourier
law:

T2−T1

z2−z1
Φcond=k ð1Þ

where T1 and T2 represent the temperatures at depths z1 and z2, respec
tively. The thermal conductivity of the ground k is a characteristic of the
ground itself, and we assume that it remains constant with time and
space (Gaudin et al., 2015). Thus, in the conductive zone, provided the
convective flux remains negligible, the temperature gradient is directly
representative of the geothermal flux.

3.3. Coefficient of determination (R2) method

The coefficient of determination (R2)method, first described in Ricci
et al. (2015), is based on the linear increase of temperatures with depth
in the conductive zone (Fig. 1). It consists in computing the coefficient of
determination (R2) of the depth on the temperaturemeasured by a ver
tical series of thermometers:

R2 ∑ Ti−T
� �

zi−zð Þ� �2
∑ Ti−T

� �2
∑ zi−zð Þ2

ð2Þ

where x is the mean depth of the thermometers, and T is the average of
the temperatures Timeasured by the thermometers at a given time. If all
thermometers are located in the conductive zone, the temperature gra
dient is constant, and R2 is close to 1 (Fig. 1, left). Conversely, for higher
fluxes, when the deepest thermometers are in the condensation or the
convection zone, the relationship between depth and temperature is
no longer linear, and R2 decreases (Fig. 1, right). With respect to the
temperature gradient, this empirical method is less sensitive to daily
and seasonal temperature variations (Ricci et al., 2015).
3.4. Upward heat flux (UHF) method

Though simple, the above mentioned methods strongly rely on the
thermometer position in the ground with respects to the conduction,
the condensation or the convection zones. In addition, being empirical,
they prevent from quantitative analysis and uncertainties estimations.
To overcome these issues, we propose a newmethod based on the esti
mation of the upward heat flux UHF between two successive thermom
eters (Aubert, 1999; Gaudin et al., 2015).

The upward heat flux is defined as the sum of the conductive Φcond

and the convective Φconv components (Fig. 2a):

UHF Φcond þΦconv ð3Þ

The conductive flux Φcond can be estimated through Fourier law as:

Φcond k T2−T1ð Þ= z2−z1ð Þ ð4Þ

where T1 and T2 are the temperatures measured at the depths z1 and z2,
and k is the thermal conductivity of the ground, depending on the soil
nature and porosity (Robertson, 1988; Brigaud and Vasseur, 1989),
but usually close to 1 W m−1 K−1 (Robertson, 1988; Chiodini et al.,
2005; Gaudin et al., 2015).

In order to estimate the heat flux carried by the steam convection
Φconv, we assume a constant permeability and, consequently a constant
rise velocity of the steam in the column (Gaudin et al., 2013). Under this
hypothesis, the proportion of heat transported by convection depends
on the steam content inside the rock pores, which can be computed
through the Rankine formula (Pruppacher and Klett, 2000). Once con
densed, water percolates so that an equivalent amount of liquid water
flows downwards (Gaudin et al., 2015). Following Gaudin et al.
(2015), we use the following formula to estimate Φconv:

Φconv Φcond=
Lþ cv−cwð Þ Tbo−Tatmð Þ
Lþ ðcv−cwÞ T−Tatmð Þ exp

5120
T

−
5120
Tbo

� �� �
1

� 	
ð5Þ

where Tbo and Tatm are respectively the boiling temperature of water
and the atmospheric temperature, T the soil temperature, computed
as the mean of T1 and T2, cv and cw the heat capacities of steam (1.99
× 103 J kg−1 K−1) andwater (4.18 × 103 J kg−1 K−1), and L the enthalpy
of vaporization of water (2.35 × 106 J kg−1). For convenience, since the
heat capacities of steam andwater are significantly smaller than the en
thalpy of vaporization, Eq. (5) may be simplified, with an error smaller
than 8%, as:

Φconv ≈ Φcond= exp
5120
T

−
5120
Tbo

� �
−1

� 	
ð6Þ

The sum of Φcond andΦconv gives the upward heat flux between the
two thermometers.

3.5. Excess of total heat (ETH) method

The methods described above are based on the assumption that the
heat flux is constant on a vertical profile, and representative of the geo
thermal flux, i.e. that the ground temperature is in a steady state (Fig.
2a). Yet, precipitations may significantly cool down the soil and alter
the observed UHF, making these methods inefficient. Indeed, during
precipitations, energy is transferred from the ground to heat up the per
colating water, which decreases the ground temperature (Fig. 2b;
Gaudin et al., 2015). In a second step, after the precipitation event, a
fraction of the geothermal flux is used to reheat the soil and thus does
not reach the surface (Fig. 2c) creating an apparent drop in the UHF
(middle panel of Fig. 2). In other words, during rainfall events, the
ground incurs an energy debt to heat up the percolating rainwater
(i.e. the effective precipitations). This heat debt is gradually paid by
levying heat from the geothermal flux.



Fig. 2. Evolution of the temperature profiles and heat fluxes of a hydrothermal zone during and after rainfalls. a) In a steady state, the upward heat flux (UHF, in purple) is constant on all
the vertical profile. UHF is carried by steam convection in depth and by conduction above the condensation zone. b) During rainfalls, the effective precipitations are heated up to boiling
temperature while percolating into the ground. The required energy is extracted from the ground (in brown on the top panel), thus decreasing the ground temperature. Thus, effective
precipitations can be seen as a negative flux of energy going downwards (in blue). c) After the rain, part of the geothermal flux assumed here to remain constant - is transferred to the
ground to restore thermal equilibrium, thus decreasing the observed UHF (middle panel). For the ETH method (bottom panel), the energy required to warm up the precipitations is
added to the balance at the time of the precipitations, thus creating a peak during the rainfalls. The anomaly progressively vanishes as the equilibrium is restored.
Consequently, the levied heat flux has to be added to the upward
heat flux (UHF) to retrieve the total geothermal flux. Gaudin et al.
(2015) demonstrated that the total heat debt of the soil corresponds
to the energy that has been used to heat up the precipitations from
the atmosphere temperature Tatm up to the boiling temperature Tbo, i.e.:

ΔErain;surf hρwcw Tbo−Tatmð Þ ð7Þ

h being the height of effective precipitations, ρw the water density
(103 kg/m3), and cw the water specific enthalpy. Following the same
reasoning, if we consider a point at a given depth in the ground instead
of the surface, the energy that has to be subtracted to the geothermal
flux is the energy required to heat up the percolatingwater from the ac
tual ground temperature T at this depth to boiling temperature, that is:

ΔErain hρwcw Tbo−Tð Þ ð8Þ

Although estimating the total energy required to reheat the soil is
quite straightforward, evaluating the proportion of geothermal flux ac
tually levied at a given time is not trivial and requires complex numer
ical models (Gaudin et al., 2015). Consequently, it is more convenient to
think in terms of total energy instead of fluxes. Operatively, for each
time step dt (i.e. the delay between two successive temperature mea
surements), we sum the energy corresponding to the upward heat
flux (UHF) and the energy debt incurred by the precipitations. In ab
sence of perturbation, the cumulative total energy is a linear function
of time. In order to highlight the perturbations of this curve, we remove
the mean trend, i.e. the upward heat flux in a steady state. Finally, we
define the excess of total heat ETH as:

ETH Σ0
t UHFdt þ ΔErainð Þ− UHFdt þ ΔErainð Þref
h i

ð9Þ

In absence of geothermal perturbation, ETH should remain at a base
line level. However, the energy used to re heat the soil after the precip
itations is taken into account at the time of the precipitations. Thus,
during a precipitation, the ETH is expected to rise suddenly, and to grad
ually return to the baseline (bottompanel of Fig. 2), highlighting the en
ergy debt incurrence and repayment. Therefore, the variations of the
ETH must be interpreted considering long timescales.

In the supplementary material, an Excel spreadsheet allows to com
pute results from the four computing methods.
4. Datasets

In order to compare the five above mentioned techniques, we con
sidered two hydrothermal areas, located in Vulcano Fossa (Italy) and
La Soufrière de Guadeloupe (French Lesser Antilles), selected because
of their very different thermal behavior due to different climate. Both
volcanoes were equipped with a vertical series of thermometers and a
rain gauge during several months.



4.1. La Fossa di Vulcano

La Fossa cone (391 m a.s.l.) is located on Vulcano, the southernmost
island of the Aeolian calc alkaline arc (Fig. 3a). Since at least its last
eruption in 1888 1890, it hosts a permanent hydrothermal system,
whose size and extent significantly varied with time (Chiodini et al.,
1995; Harris and Maciejewski, 2000; Granieri et al., 2006; Harris et al.,
2009; Federico et al., 2010; Paonita et al., 2013). Nowadays, the activity
is mostly concentrated near the main crater (Harris et al., 2009, 2012),
but smaller fumarolic areas also appear on the slopes of the volcano
(Revil et al., 2008).

La Fossa tuff cone is constituted by five main stratigraphic succes
sions whereof Punte Nere formation, the oldest one (5.5 3.8 ka, De
Astis et al., 2013), represents its lower portion (Dellino and La Volpe,
1997). Punte Nere crater is the north westernmost of the five craters
presently displayed by La Fossa edifice and its products, ranging from
latitic to trachytic, built up the primordial edifice of La Fossa through
the occurrence of hydromagmatic andmagmatic dilute pyroclastic den
sity currents, fallout deposits, and a late stage characterized by effusive
activity.

The Punte Nere monitoring station, (PN, Fig. 3a) located on a struc
tural limit, displays low thermal anomalies (35 °C at a depth of 30 cm,
Barde Cabusson et al., 2009) and diffuse CO2 degassing
(200 g m−2 day−1 between crisis and up to 2000 g m−2 day−1 during
crisis, Granieri et al., 2006). Being far from the main hydrothermal
area and the high temperature fumaroles (600m from the currently ac
tive crater), this site is ideal for monitoring since it allows avoiding the
buffer effect due to steam in zones where heat flux is too high. A series
of four PT1000 thermocouples (accuracy of 0.2 °C) were installed in the
same hole (Fig. 4a) at depths of 10, 30, 50 and 70 cm (see Supplemen
tary material Ricci et al., 2015). The hole was then filled back, and the
measurements were hourly digitalized from May 12, 2009 to May 1,
2012. We point out that the first part of the dataset (up to July 28,
2010) has been previously studied in Ricci et al. (2015) and revealed
an increase of the fumarolic activity concomitant to the 2009 seismic
Fig. 3. Locationmaps of the studied zones in (a)Vulcano and (b) La Soufrière. The top panels rep
red). The bottom panels show the location of the different monitoring stations used in this stu
crisis. This crisis can be interpreted as a weak unrest involving only
the shallowest portions of the hydrothermal systems of La Fossa cone.
Themain elements characterizing these unrest phases are low increases
of both temperature and flux of fumarolic fluids, widening of fumarolic
fields and chemical changes indicative of an increasing input of mag
matic fluids from a stationary magma body in concomitance with in
creases of the local shallow seismicity.

In order to get a better overview of the fumarolic activity, we also
used for comparison data from other instruments of the volcano perma
nent network (Fig. 3a): i) a rain gauge providing hourly measurements,
located in open air at the harbor, about 1000 m from the PN tempera
ture station (database Istituto Nazionale di Geofisica e Vulcanologia,
Sezione di Palermo, courtesy of Paolo Madonia); ii) a seismic station
maintained by the INGV fromwhich the daily number of seismic events
can be counted (Cannata et al., 2012); iii) a UV scanning DOAS MARK1
allowing daily estimations of the total SO2 flux from the volcano (see
an extended description in Vita et al., 2012); and iv) a WEST Systems
CO2 flux meter with an automated accumulation chamber providing
daily estimate of the diffuse CO2 flux at the summit area (see an extend
ed description in Inguaggiato et al., 2012b) coupled with an open air
thermometer. Note that the geochemical data were not corrected
from the atmospheric conditions that may influence the observations
(Viveiros et al., 2008), and that the reported seismic data represent
the daily number of events and short lived interruptions may have
caused some values underestimations.

4.2. La Soufrière de Guadeloupe

La Soufrière de Guadeloupe (1467 m a.s.l.) is a 300 m high dome lo
cated at the south of Basse Terre Island in the Lesser Antilles subduction
arc (Fig. 3b). It has been set up in 1530 A.D. (Boudon et al., 2008), and
since then, has experienced six phreatic crises (Komorowski et al.,
2008). Its complex geology, with radial fractures, massive andesite
blocks and conglomerates formed during the phreatic explosions, is re
sponsible for the existence of many fumarolic zones at the summit and
resent the regional location of the volcanoes,with respects to themain plate boundaries (in
dy.



Fig. 4. Pictures of the installation of the setup at (a) Punte Nere (Vulcano) and (b) the Ty
Fault fumarolic zone (La Soufrière de Guadeloupe).
at the base of the dome (Nicollin et al., 2006). Since the last phreatic cri
sis, in 1976, the hydrothermal system is experiencing slow variations at
timescales of tens of years. In particular, ongoing increase of the summit,
activity and changes in hot spring water composition have been
interpreted as the consequences of a magma intrusion in depth in
1992 (Villemant et al., 2014; OVSG IPGP, 2015). This geochemical crisis
is associated to a seismic crisis starting in 1992 and peaking in 1998
with a 60 fold increase of the volcanic earthquakes (i.e. located b2 km
from the center of the dome at a depth ≤7 km) compared to pre 1992
(Ucciani, 2015). In 2010, the time of the study, the average number of
daily earthquakes was lower than 3, i.e. 5 8 more than the pre 1992
baseline level.

At the base of the dome, only the Ty Fault fumarolic zone (TFFZ, Fig.
3) has remained active since the last 1976 phreatic crisis (Gaudin et al.,
2013), despite a slow activity decrease due to argilization (Brothelande
et al., 2014). At the time of the study, TFFZ was made of five thermal
anomaly patches, each ~30mwide (Gaudin et al., 2016) andwas releas
ing about 1 MW of heat. Expelled gas is mainly water as demonstrated
by the observed temperatures (94 95 °C at a depth of 70 cm; Allard et
al., 1998; Gaudin et al., 2013), CO2 being the main component of the
dry phase. In 2010, a permanent station was installed in a 0.6 × 0.8
× 31 m trench (Fig. 4b, Gaudin et al., 2015). This station included five
vertical series of thermometers at 10, 30, 50 and 70 cm depth (Camp
bell Scientific105E, precision of 0.5 °C) located inside and at the border
of the thermal anomaly. In addition, a Campbell Scientific ARG100 tip
ping bucket gauge (measuring step of 0.25 mm) was buried at 30 cm
depth to measure the effective precipitations, i.e. the amount of rainfall
effectively penetrating in the soil (see details in Gaudin et al. (2015)).
The data were hourly digitized by a Campbell Scientific AM25T multi
plexer, and stored in a Campbell Scientific CR1000 data logger from Jan
uary 22, 2010 to July 23, 2010, when it was damaged by a landslide.
Unlike at PN, the results at TFFZ appeared highly impacted by the rain
falls, in particular at the boundary of the thermal anomaly zone (Gaudin
et al., 2015). In this paper, we focus on themost peripheral vertical pro
file (denoted point #101 in Gaudin et al. (2015))which is both themost
complete dataset and the profilemost impacted by rainfalls due to a low
geothermal flux (130 W/m2, Gaudin et al. (2015)). The results of the
four other profiles described inGaudin et al. (2015) are provided as Sup
plemental material.
5. Results

5.1. Punte Nere (Vulcano)

Fig. 5 shows the multi disciplinary dataset recorded at PN during
1085 days between May 2009 and May 2012. On this period,
2605 mm of rain were recorded (Fig. 5a), representing an average of
2.40 mm/day. Seasonal effects are visible, with a rainfall peaks usually
in September to February and relative dryness in May to July.

The four temperature gauges display some noticeable evolutions
(Fig. 5b). At the scale of a few days, changes of 5 10 °C are visible
with no direct relation with rainfalls. These variations are visible on
the four thermometers with amplitude slightly decreasing with depth,
except between November 2009 and January 2010, when the deepest
thermometer remains around 95 °C. At the scale of months, tempera
tures vary by 20 °C approx. Increase of the measured temperatures
may be associated to either a seasonal effect or an increase of the heat
flux. Therefore, although temperature peaks in winter (October 2009
January 2010 and November 2011) may be associated unambiguously
to thermal crises, higher temperatures in spring and summer (black
arrow on Fig. 5b) compared to winter (white arrow) could potentially
be associated to seasonal effects.

Fig. 5c to Fig. 5f represent the results of the four processing algo
rithms tested in this study. The temperature gradient of the two
shallowest pairs of thermometers (Fig. 5c) is most of the time around
60 70 °C/m, but rises to 100 or higher in three distinct periods, denoted
“A”, “B” and “C”. Conversely, the deepest pair displays an opposite be
havior, probably because the temperature at 70 cm is buffered at around
water boiling temperature while the shallower temperatures rise.

The coefficient of determination shows very clearly the “A” and “B”
thermal crises, while the “C” event is practically undetectable (Fig.
5d). Opposite to the temperature gradient technique, the onset and
the end of the thermal crises look sharp. We note that no signal is de
tectable if taking into account only the three shallowest thermometers
(in green), because all of them remain in the conductive zone at all time.

The UHF results for these three pairs of thermocouples (Fig. 5e) are
consistent among each other showing three simultaneous increases
with a comparable intensity (except the pair 30 50 cm at the beginning
of the A period). All of them suggest three thermal crises but with



Fig. 5.Multi-disciplinary dataset recorded at La Fossa di Vulcano (Aeolian Islands, Italy): a) 24 h-averaged and cumulative precipitations (database INGV, Sezione di Palermo, courtesy of
PaoloMadonia) and atmospheric temperature; b) ground temperatures recorded at PunteNere, smoothed over 24h; the black andwhite arrows show the seasonal effects, by highlighting
the difference of temperature recorded in summer (black arrow) and in winter (white arrow) c) temperature gradients between the successive pairs of thermometers; d) coefficient of
determination (R2) between the depth and the temperature, using all the 4 thermometers (in red), or the subsets of the 3 shallowest (in green) and the 3 deepest ones (in blue); e) upward
heat flux (UHF) for the three pairs of consecutive thermometers; f) excess of total heat (ETH) for the three pairs of consecutive thermometers, using May–August 2009 as the reference
period; g) CO2 (in orange) and SO2 (in purple) fluxes from the geochemical monitoring stations; h) number of seismic events recorded at IVCR station (see location on Fig. 3).
progressive onsets, and with a duration comparable to that highlighted
by the gradient method (i.e. longer than suggested by the R2 method).

These thermal crises appear even better on the ETH curve (Fig. 5f),
which allows to estimate the total excess of heat released by the three
episodes: 0.5 0.7 GJ m−2, 0.2 0.35 GJ m−2 and 0.3 0.55 GJ m−2, re
spectively. Note that, because precipitations are low, these values de
pend very little on the proportion of rainfall percolating with respects
to the total rainfall (for this figure, we considered that all the precipita
tion percolates in the soil).
CO2 and SO2 measurements (Fig. 5g) show that each of the three
thermal crises is associated to a geochemical crisis. A positive correla
tion is clearly visible between the intensity of the CO2 output and the
UHF. The “A” episode is also associated to a seismic crisis (Fig. 5h;
Ricci et al., 2015) and/or increased magmatic input (Inguaggiato et al.,
2012b).

In order to discriminate better the duration of the seismic, thermal,
and geochemical crises, we plotted on the same graph the precipita
tions, the CO2 flux, the thermal flux and the number of seismic events



(Fig. 6). Each curve is normalized, using the mean value and the stan
dard deviation of a reference period during which no thermal crisis
was detected (June August 2009). On the bottom panel, we color
coded each data to represent the normal periods (normalized index
b2, in green) and the crises (normalized index N10, in red). For each
case, the thermal crisis starts later than the geochemical one. In the
“A” episode, the seismic crisis arise even later.
5.2. Ty Fault Fumarolic Zone (La Soufrière)

Unlike PN, the Ty Fault Fumarolic Zone (TFFZ) ismuchmore affected
by large tropical rains (Fig. 7a b),with a first event occurring on January
26, 2010 (300 mm), and almost continuous precipitations from April
(1000 mm/month in average) to the end of the investigation period
(end of July 2010). Temperature drops depend on the effective rainfalls
(Gaudin et al., 2015) and can reach 70 °C. The temperature gradient
varies linearly with the temperature (Fig. 7c), with the noticeable ex
ception of the pair 50 70 cm (in blue) which are, most of the time, in
the convective or the condensation zone.

The coefficient of determination (R2) exhibits clear peaks (Fig. 7d),
but all of them are related to artifacts linked to instrumental malfunc
tion (e.g. March 10, 2010) or rainfalls (e.g. January 26, 2010). The drop
of the coefficient of determination after the rainfalls is due to the de
crease of the temperature difference between the successive pairs of
thermometers, enhancing the signal to noise ratio. However, we note
that the coefficient of determination recovers to its reference value
slightly faster than the temperature and the gradient. Similarly, the
UHF is also strongly affected by the precipitations (Fig. 7e), highlighting
again the need to take into account the precipitation in the thermal bal
ance of the zone.

As expected, the ETH instantaneously rises each rainfall while it de
creases slowly until a baseline after the rain event (Fig. 7f). These varia
tions represent the “energy debt” contracted by the ground in order to
heat the effective precipitations (Fig. 2, bottom panel). The debt is the
progressively paid until the system reach the steady state. We note
that the baseline is comprised between−0.4 and−0.7 GJm−2, indicat
ing that the system was out of equilibrium at the start of the survey.
Overall, apart from the oscillations associated to rainfalls, the ETH re
mains very close to its steady state value, pointing an absence of
major thermal crisis during the observation period.
Fig. 6. Detection of the geochemical, thermal and seismic crisis at Punte Nere. Curves of rain (in
been normalized by subtracting their average value dividing by the standard deviation of a refe
line shows the detected period of anomalies (in red, defined by an index N10) and the periods
Indeed, the record duration (6months) is shorter than the timescale
of the hydrothermal system evolution (tens of years), observable both
in the seismic records (Ucciani, 2015) and the geochemical composition
activity of the hot springs and fumaroles (Villemant et al., 2014).

6. Discussion

6.1. Performances of the processing techniques

Our study allows comparing the performances of the four processing
techniques (gradient, R2, UHF and ETH) in two very different contexts.
On one hand, the Punte Nere dataset (Fig. 5) is representative of a dry
environment, where the precipitations do not affect significantly the
thermal behavior of the zone (absence of significant temperature drop
after rainfalls), while at TFFZ, temperatures display a succession of
cooling due to rainfalls and re heating phases, demonstrating that equi
librium is rarely recovered. These two extreme cases may be distin
guished by computing the ratio of the flux required to heat the
precipitations up to 100 °C over the geothermal heat flux (Eq. (7)), de
noted 1/α in Gaudin et al., 2015:

1=α h ρwcw Tbo−Tatmð Þ= Φtð Þ ð10Þ

where h is the height of precipitations during the time interval t, andΦ
the geothermal heat flux. In Punte Nere (2500mmof rainfalls in 3 years
and Φ = 80 W/m2), 1/α is low (around 11%), while it reaches 80% at
TFFZ (4500 mm of rain in 6 months and Φ= 120 W/m2). These values
can be interpreted as the proportion of the signal lost due to the precip
itation effects. They can be compared to the overall noise/signal ratio of
the method. At Punte Nere, in absence of thermal crisis and precipita
tions, the comparison of estimations from the three couples of thermo
couples (Fig. 5E) suggests that the uncertainty of the method is around
25%. The 1/α ratio being significantly lower, the effects of rainfalls can be
neglected. Conversely, at TFFZ, where 80% of the geothermal heat is dis
sipated in rainfall heating, the impact of precipitations cannot be
ignored.

6.1.1. Dry environments
Because it is poorly influenced by the precipitations, the Punte Nere

dataset (Fig. 5) is the simplest case. First, we note that all the four tech
niques, in particular the R2, UHF and ETH, successfully remove the
grey), CO2 flux (in orange), UHF (in blue) and number of seismic events (in brown) have
rence period (June–August 2009). On the bottom, for each of the four parameters, a time-
of rest (in green, defined by an index smaller than 2).



Fig. 7. Thermal activity recorded at Ty Fault Fumarolic Zone (TFFZ, La Soufrière de Guadeloupe, French Lesser Antilles): a) atmospheric temperature and 24 h-averaged and cumulative
effective precipitations; b) ground temperatures recorded at point #101, smoothed over 24 h; c) temperature gradients between the successive pairs of thermometers; d) coefficient
of determination (R2) between the depth and the temperature, using all the 4 thermometers (in red), or the subsets of the 3 shallowest (in green) and the 3 deepest ones (in blue); e)
upward heat flux (UHF) for the three pairs of consecutive thermometers; f) excess of total heat (ETH) for the three pairs of consecutive thermometers, using March 13–April 7, 2010
as the reference period.
seasonal component of the signal, which was the main limitation of
using directly the temperature as monitoring system. In fact, the use
of multiple thermometers allows computing temperature differences,
thus not directly relying on the atmospheric temperature. Conversely,
none of the methods removes the long term variations of the
temperature.

The fourmethods agree to detect two thermal crises in autumn2009
and spring 2011 (depicted “A” and “B” on Fig. 5). A third thermal crisis,
inwinter 2012 (depicted “C” on Fig. 5) is visible on the gradient, theUHF
and the ETH graphs, but not detected with the coefficient of determina
tion (R2 method). In order to interpret this difference, we plotted the
values of the R2 against the UHF between the shallowest pair of thermo
couples, for each point of the Punte Nere time series. Fig. 8 clearly dem
onstrates that, for UHF below 120 W/m2, R2 remains above 0.99. At
120 W/m2, we can estimate that the temperature of the deepest ther
mometer is around 85 °C and the steam flux at that depth represents
only 50% of the total flux (Gaudin et al., 2013). In other words, below
this threshold whose value is specific to the setup all the thermome
ters remain in the conductive zone. The coefficient of determination re
mains close to 1 and exhibits no variation when the geothermal flux is
changing. In such low flux zones, extra thermometers must be added
to ensure that the deeper one is set in the convective zone, so that any
variation of the flux will affect the coefficient of determination. Differ
ently, for the gradient method, all the thermometers must be located
in the conductive zone. This is illustrated in Figs. 5 and 7, where the
70 cm thermometer often reached boiling temperature: the rise of the
flux affects only the shallowest thermometers, and the temperature gra
dient decreases, suggesting the absence of a crisis.

At first glance, the UHF method does not suffer from these limita
tions, and allows getting quantitative estimates of the geothermal flux,
provided a thermal gradient between the successive thermometers.
However, quantitative estimates are subject to a correct estimation of
the main parameters of the soil (thermal conductivity, heat capacity).
In this study, we used values from the literature. Methods based on
the penetration of the heatwaves in the soilwould enable to better con
strain the thermal conductivity (Turcotte and Schubert, 2002)while the
heat capacity of the soil and the proportion of precipitations percolating
can be estimated by observing the temperature drop after rainfalls
(Gaudin et al., 2015). The time integration of the UHF can provide an es
timate of the total heat budget of the zone, which in turn then provides
constraints on the minimum amount of magma that is cooling down in
depth (Gaudin et al., 2016). Finally, we note that, unlike the other
methods, the estimations for each pair of thermometers can be directly
compared, thus increasing the reliability of the results.

6.1.2. Wet environments
TFFZ is representative of an extreme case where the rain significant

ly affects the thermal behavior of sub fumarolic zones. The three
methods that do not take into account the precipitations (gradient, R2

and UHF methods) are based on the assumption that the fluxes are in



Fig. 8. Comparison between the upward heat flux (UHF) computed for the shallowest
pairs of thermometers and the coefficient of determination (R2) for the whole dataset of
Punte Nere. For low UHF values (b120 W/m2), the R2 remains at a constant values, and
cannot be used to discriminate thermal anomalies. For higher values, a non-linear
correlation is visible between R2 and UHF.
a steady state. Consequently, thesemethods are valid only during a very
limited time (a few days inMarch) and remain inefficient the rest of the
time (Fig. 7c e). In that scope, the ETHmethod is a first attempt to inte
grate the precipitations in the energy balance and to propose a continu
ousmonitoring tool forwet environments. However, large uncertainties
can arise from (i) the definition of the baseline level of the geothermal
flux and (ii) the assumptions on the rainfall model.

Integrating the heat flux with time to get the ETH allows avoiding
the complex computation of the equilibrium restoring time (Gaudin et
al., 2015). The first limitation of the ETH method is thus related to the
definition of a reference baseline that may be a subjective choice. In
the case of long time series, the average value of the total heat flux
(i.e., UHF + effect of precipitations) can be considered, if the energy
debt (in otherwords, themeasured temperatures) is the same at the be
ginning and at the end of the period. In the case of the TFFZ, where the
duration of the survey was short, long term averaging was not possible,
and we had to use the value of the heat flux at steady state as a refer
ence. In order to assess the sensitivity of the ETH with respect to the
choice of the reference period (March 13 to April 3) we split the latter
in 5 sub periods of 4 days and computed the standard deviation of the
estimated heat flux. Except for the deepest pair of thermometers (146
± 58 W/m2), the error in the estimate is limited to 20% (respectively
118 ± 23 and 130 ± 14 W/m2 respectively for the 10 30 and the 30
50 cmpairs; see also Supplementarymaterial). These errorsmay gener
ate a general linear trend that could be removed using longer time
series.

The second limitation of the ETHmethod is the difficulty to estimate
the effect of effective precipitations (note that this limitation applies to
any geochemicalfluxmonitoring (Viveiros et al., 2015)). The proportion
of precipitation percolating in the soil might decrease with the intensity
of the rainfall event, due to soil pores saturation. The use of a buried rain
gauge in TFFZ allows measuring directly the effective precipitations, as
suming that the soil response to precipitation is homogeneous in the
TFFZ. A deeper analysis of the curves showed that the ratio between
the effective precipitation at the rain gauge and the precipitation at
the thermometer profiles ranges from 0.6 and 1, with a value of 0.97
at point #101 (Gaudin et al., 2015), bringing another 20% uncertainties
on the final result. On the other hand, although it is known to vary due
to the deposition of minerals (in particular clay), ground permeability is
assumed homogeneous horizontally. The validity of this assumption can
be assessed directly by observing the consistency of the heat flux esti
mation at different depths.

Due to these assumptions, ETH method is associated to relatively
high uncertainties compared to UHF. In addition, the characteristic be
havior of ETH curve after rainfalls (sharp increase during rainfalls
followed by a slow return to baseline) prevents its use to detect short
time changes of the geothermal flux. Consequently, only large fumarolic
criseswith an increase of the heatflux of at least 50% (ideally 100%) over
a fewmonthsmay be detected. This limit corresponds approximately to
themagnitude of the thermal crises observed at Vulcano. Unfortunately,
the absence of fumarolic crisis at TFFZ during the six months of the ex
periment did not allow a direct validation of the model.

Despite these limitations, ETH is so far the only thermal monitoring
method in wet environments like La Soufrière de Guadeloupe, where
the signal/noise ratio is around 20% (see Section 6.1). Longer reference
periods for the definition of baseline activity level would allow reducing
the uncertainties i.e. to increase the sensitivity of the method. More
importantly, as for the UHF, the reliability of the method is strongly en
hanced by using the comparison of the three pairs of thermometers to
quantify the standard deviation of the measurements.
6.2. Thermal flux and volcanic crises

At Vulcano, the comparison between our UHF and the geochemical
and seismic observations from the permanent monitoring network al
lows to integrate the thermal crisis in the global interpretation of the
volcanic crises. Based on the R2 technique, the “A” crisis was interpreted
by Ricci et al. (2015) as a disruption of the hydrothermal system poten
tially due to the seismic crisis that might have increased the pressure
and/or the permeability inside the volcano edifice. Conversely,
Inguaggiato et al., 2012b pointed an increased deep magmatic input
that caused a disequilibrium of the large hydrothermal system located
below the solfataric area (Federico et al., 2010).

The UHF technique allows describing the succession of events of the
crises (Fig. 6). In the three cases, the heat flux starts increasing 2 to
10 days after the CO2 flux onset, and can last up to three times longer.
In the “A” crisis, the seismic crisis starts 15 days after the CO2 flux
onset and has a comparable duration. From a quantitative point of
view, the “A” crisis has the largest intensity, both from a geochemical
and a thermal point of view, followed by the “B” crisis and the “C” crisis.
However, the increase of CO2 fluxes (multiplied respectively by 7.5, 6,
and 4.5 in the “A”, “B” and “C” crisis) and SO2 fluxes (multiplied respec
tively by 5, 3.5, and 2.5) ismuchmore important than the increase of the
heat flux (multiplied by 1.85, 1.65, and 1.45 respectively). Opposite, the
thermal crisis has the longest duration compared to the geochemical
and the seismic one.

From these observations, we hypothesize that steam is released at
depth simultaneously withmagmatic gases. Steammight reach the sur
face after the magmatic gases, because of the thermal inertia of the sys
tem provoking condensation of steam at depth. The same thermal
inertia may explain why the thermal crises appear more staggered
(i.e., lasting longer with a smaller intensity) than the geochemical vari
ations accompanying them.

The chronology of the events suggests that the seismic activity dur
ing the “A” crisis is mainly a consequence of the enhancement of the hy
drothermal circulation. This is supported by the earthquakes location
ranging from 600 to 1200 m b.s.l (Ricci et al., 2015), i.e. between the
magma bodies (1500 2500 m b.s.l according to Nuccio and Paonita,
2001; Zanon et al., 2003) and the source of deformation located at sea
level (Gambino and Guglielmino, 2008). The absence of seismic crisis
during the “B” and “C” crisis might reveal that the paucity of fractures



Table 1
Comparison of the five thermal monitoring methods presented in this paper.

Raw temp. Temp. gradient R2 UHF ETH

References – – (Ricci et al. (2015) This study This study
Performances
Correction from atmospheric temperature variations No Partial Yes Yes Yes
Correction from rain No No No No Yes
Quantitative heat flux estimation No No No Yes Yes

Requirements
Minimum number of thermocouples 1 2 3 2 2
Other time series – – – – Precipitations
Estimation of physical parameters of the soil No No No Yes Yes
opening. The lower amount of released steam might have allowed
reusing of existing steam paths.

The trigger of fumarolic crisis cannot be undoubtedly discriminate
based on our observations. Crisis “A” and “C” follow large rainfalls (Fig.
6), suggesting that the percolation of meteoric water might also play a
role by favoring steam production, crack opening and gas circulation.
However, the “B” crisis and the rainfall in May 2011 demonstrate that
this link, if existing, is not systematic. Another hypothesis is that the
onset of the release of steam and magmatic gas might be associated to
the emplacement of fresh magma.

7. Conclusions

The comparison between the raw temperature and the four process
ingmethods is summarized in Table 1. Compared to the other ones, our
method based on the heat flux estimation (UHF method) is more com
plex but presents large advantages. First, it can be used in quantitative
energy balance of volcanoes. Moreover, it is less sensitive to a bad posi
tioning of the thermocouples. Also, the same physical value is computed
for several pairs of thermometers; the comparison of the flux estima
tions at different depths allows estimating the uncertainties, making it
by far the most robust method, which is highlighted by the fact that it
successfully detected the three fumarolic crises at Vulcano. A further de
velopment (ETH method) allows integrating data from rain gauges in
order to remove the effects of large precipitations on the thermal behav
ior of the zone. However, this method is associated to larger uncer
tainties linked to (i) the estimation of the proportion of rainfall
percolating in the soil and (ii) the choice of a reference period, and is
therefore more difficult to interpret. Consequently, the UHF method
should be favored in dry environments, and the ETH one used only in
the zones affected by heavy precipitations where no other method can
be operated.

The development of a processingmethod enabling the robust detec
tion of increase of heatflux opens newperspectives both formonitoring
and for the interpretation of fumarolic crises. Indeed, easy to install and
cheap stations based on 4 thermometers are very reliable, since three
independent values of the geothermal flux are measured at the same
time and location, allowing discarding one or two malfunctioning ther
mometers if necessary. In addition, the relative low cost of these stations
compared to UV cameras or CO2 fluxmeter stations could allow increas
ing dramatically the number of measurement locations around a volca
no, thus providing a better resolved geographic information.

More importantly, our data on Vulcano demonstrates that, although
detecting the same crises, heat andCO2flux are complementary. The de
layed, less intense, and longer thermal crises with respect to the geo
chemical crises, points towards a buffer effect of the volcano that
could be used to quantify the residence time of water in the edifice
(Villemant et al., 2014) and better constrain circulation models.
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Appendix A. Supplementary data

The Excel spreadsheet can be used to compute and plot the temper
ature gradient, coefficient of determination (R2), upward heat flux
(UHF) and the excess of total heat (ETH) from temperature and rainfall
time series. The TFFZ #101 time series from La Soufrière de Guadeloupe
are provided for example. (NB: only the values in italics aremodifiable).

Figuresms01 toms04 represent the thermal activity as computed by
the four methods for the four other locations of the TFFZ described in
Gaudin et al., 2015:

ms01 (point #76m). due to a very high flux, all the measured tem
perature remain close to boiling temperature, making it impossible to
compute a temperature gradient and to retrieve fluxes.

ms02 (point #82m): as previously, thermometers at 30 cm and
below are at boiling temperature. Only the pair 10 30 cm might be
used. The ETH curve is displaying a slightly negative trend.

ms03 (point #89m): the failure of the 10 cm thermometer prevents
from the use of this profile (here again, 30, 50 and 70 cm thermometers
are close to boiling temperature).

ms04 (point #94m): failure of the 30 cm thermometer makes the
interpretation difficult. However, it is worth noticing that for the two
pairs that are not saturated (10 30 and 30 50 cm), ETH remains very
close to 0.
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