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Abstract: Quiescent volcanoes dissipate a large part of their thermal energy through hot soils and
ground degassing mainly in restricted areas called Diffuse Degassing Structures. La Solfatara crater
represents the main spot of thermal release for the Campi Flegrei volcano (Italy) despite its reduced
dimensions with regards to the whole caldera. The purpose of this study was to develop a method
to measure thermal energy release extrapolating it from the ground surface temperature. We used
imaging from thermal cameras at short distances (1 m) to obtain a mapping of areas with thermal
anomalies and a measure of their temperatures. We built a conceptual model of the energy release
from the ground to atmosphere, which well fits the experimental data taken in the La Solfatara crater.
Using our model and data, we could estimate the average heat flux in a portion of the crater as
qavg = 220± 40 W/m2, compatible with other measurements in literature.

Keywords: thermal flux measurement; IR camera; La Solfatara volcano

1. Introduction

One of the most obvious signals of activity of a volcano is the fumarolic emission and the
associated heat release [1,2]. Often, the steam is not emitted by the fumaroles but condenses in the
subsoil forming hot soils diffusely degassing the incondensable species (mainly CO2). Hot soils and
ground degassing does not occur throughout the whole volcanic or hydrothermal areas, but from
restricted areas called Diffuse Degassing Structures (DDS), commonly associated with areas of high
permeability related to faults or fractures [3,4]. It is worth noting that the thermal energy emitted by
DDSs may represent one of the largest terms of the energy balance of quiescent volcanoes [3–9] as
demonstrated, for example, at Campi Flegrei caldera (south of Italy), where the thermal emission of
La Solfatara DDS (∼1 km2, Figure 1) is of primary importance in the energetic balance of the caldera.
Geothermal fluids at La Solfatara are rich in H2O, which condensates at few cm under the soil releasing
heat that is then mainly transported to the surface in a conductive regime. We emphasize that the
thermal energy released by the hot soils of La Solfatara (∼1013 J/d [3]) is much larger than both the heat
conductively transmitted over the entire caldera (∼100 km2) and the energy dissipated by earthquakes
and ground deformation [3] in the current period of volcanic quiescence.

Currently, the heat flux from hot soils is estimated with time consuming measurement campaigns
of either shallow thermal gradients [10] or CO2 fluxes [3].
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Estimates of the heat flux based on measurements of the thermal gradient has been used on
several volcanoes, including Mount Hood [11], Mount Rainier [12], Etna [13], Campi Flegrei [4] and
Vulcano [14]. In particular, Chiodini et al. [4] estimated a soil thermal conductivity between 0.4 and
2.3 W m−1 K−1 at La Solfatara.

In this frame, the specific objective of the work was to test a methodology based on infrared (IR)
images that, thanks to recent technology advancements, potentially can be used for quick, safe and
cheap measurements of large areas and/or of inaccessible sites.

Thermal cameras have already been widely used in the case of lava flows (e.g., [15,16]),
and fumarolic zones [17–21]. Gaudin et al. [22] at La Soufrière proposed a method to estimate
ground heat flux from surface thermal anomalies in zone with medium/low flux (<500 W/m2) where
steam mainly condensates in the soil close to the surface, conditions similar to those of La Solfatara
volcano, where Chiodidni et al. [3] estimated a flux of ∼200 W/m2.

Our work regards the measurement of this important portion of energy emitted by the
hydrothermal sites of volcanoes and geothermal areas. The study of this heat flux: (i) may give
a fundamental contribution to the knowledge of the dynamics of a volcanic systems [4,23,24]; (ii) may
constitute a powerful tool for the monitoring of volcanic activity [25–28]; and (iii) could potentially
constitute a cheap way to estimate the geothermal potential of hydrothermal sites.

2. Study Area

The La Solfatara crater (4200 calibrated (cal.) year B.P. [29]) is located at 100 m above sea level, in
the central part of Campi Flegrei caldera (CFc), in the south of Italy (Figure 1).

Figure 1. Structural/geological map of La Solfatara crater after Isaia et al. [29].
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The crater is a 0.5×0.6 km sub-rectangular structure, whose geometry is mainly due to the control
exerted by N40-50W and N50E trending fault systems, which crosscut the area and have been active
many times during the main volcano-tectonic events that affected the Campi Flegrei caldera (CFc).
The fumarolic activity is mainly concentrated in the southeastern part of the crater at the intersection
between the NW and the NE trending fractures. The central part of La Solfatara crater is occupied by a
mud pool, in which the water-table emerges and a continuous rising of hydrothermal fluids generates
diffuse bubbling. Most of the crater is affected by anomalous soil diffuse degassing of CO2 [3] that also
extends outside the crater. In the period 1998–2016, the total amount of hydrothermal CO2 diffusively
emitted by La Solfatara DDS varied from ∼1000 to ∼2000 ton/day [30]. Soil temperature distribution
also shows the direct control exerted by the structures on the heat flux [31].

La Solfatara is the most active site of the CFc whose central part is characterized by a resurgent
phenomenon, causing the uplift of differentially displaced blocks, the most uplifted of which (La Starza
marine terrace) raised up about 90 m in the past 10 ky [32]. Ground uplift and subsidence events of the
caldera floor, known as bradyseism (see, e.g., [32,33]), occurred repeatedly up today with a maximum
deformation area located around the town of Pozzuoli near La Solfatara. Different approaches aimed
at reconstructing the processes governing the recent caldera dynamics, have revealed that these
unrest episodes were related to a complex interaction with the deep magmatic source and the shallow
hydrothermal system [29,34].

Geophysical and hydro-geological investigations at La Solfatara volcano [35–37] provide images
of the shallow and intermediate subsurface of the crater. These authors, using electromagnetic and
electrical data, recognized two main electrical zones: an outcropping resistive layer (A) overlying a
conductive one (B). Layer A represents a clayey, non-saturated zone, and Layer B corresponds to a
hydrothermal aquifer recharged through condensation of geothermal fluids.

At a deeper level, evidences of gas or fluid reservoir beneath La Solfatara area come from the
recent seismic attenuation imaging of Campi Flegrei by De Siena et al. [38] who recognized vertically
extending, high attenuation structures. This result is compatible with that of Battaglia et al. [39] who
observed a high Vp/Vs anomaly in the southwestern part of La Solfatara, as expected for a strongly
fractured medium permeated by fluids.

3. Materials and Methods

In this work, we tested the possibility of using thermal images of the ground as a proxy
for the conductive thermal flux from the hot soil of DDSs to the surface. We performed two sets
of measurements: (1) soil temperatures by IR camera; and (2) temperature gradients in the soil.
Then, the estimates of heat flux based on the thermal gradient were compared with the estimates based
on the soil temperatures acquired with the IR camera at the same time.

3.1. Materials

3.1.1. Measurement of the Soil Temperature by IR Camera

We performed many campaigns in the La Solfatara crater measuring the surface temperature,
the air temperature and relative humidity. These measurements were used to estimate the thermal
flux from the soil. Moreover, we measured the shallow temperature gradient in the first few tens
of cm of soil to obtain an independent estimate of the conductive thermal flux (see Section 3.1.2).
Campaigns were done over a time span of several years (2011–2017) and during different seasons
to understand any eventual dependence on weather conditions and to assess the stability of soil
conditions over time. A map of the sampled points (352 points, including the background point, “BG”)
is reported in Figure 2. We performed the measures in non-vegetated areas of the crater and neglecting
the effects of soil roughness.
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Figure 2. Map of the sampled points at La Solfatara volcano (Campi Flegrei) in the period 2011–2017.
The total number of point is 352, including the background point (green point, BG): black points are
the points with an inverted gradient (Figure 3c), red points are those with a direct one (Figure 3a,b,d),
among which we selected those only acquired during night (blue points), see also Section 3.1.2.
The northwestern part of the crater surface has not been sampled as it is highly vegetated.

The campaigns can be roughly divided into two separate phases: in the first one, we moved
randomly over the whole area of the crater trying to cover as much as possible of its surface. In the
second one, we performed systematic, grid spaced surveys.

For each point, we measured the surface temperature by means of a handheld thermal camera
FLIR SC640 kept at about 1 m over the soil using a tripod and shallow gradients using a graduated
thermocouple inserted at various depths into the ground (for details on the usage of FLIR SC640
thermal camera, see, e.g., Marotta et al. [40]; a summary of its technical characteristics is reported in
Table 1). Surface thermal images were taken just before the insertion of the thermocouple to avoid
perturbations to the shallow thermal system due to the presence of the thermocouple itself.

Table 1. Main characteristics of the thermal camera.

Model FLIR SC640

Detector Type Uncooled Microbolometer, FPA (Focal Plane Array)
Resolution 640× 480 pixel
Spectral range 7.5÷ 13µm
Precision ±2 ◦C or ±2% of reading
Thermal sensitivity <0.06 ◦C at +30 ◦C
Focal length 37.64 mm
Spatial resolution 0.66 mrad
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Figure 3. Temperature profile examples: (a) saturated profile; (b) slope changing gradient; (c) inverted
gradient; and (d) fully linear. Points of type: (a,b,d) are the red and blue ones of Figure 2; and (c) are the
black ones in the same figure. The yellow box of each sub-figure is the result of the linear fit performed
on the red points in the form T = a + bz being T the measured temperature and z the depth.
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For each campaign, we selected some points characterized by a negligible heat flux to determine
a background level for both the surface temperature and shallow gradients, assuming that the surface
temperature measured in these points was only affected by external factors. The background value for
the surface temperature was used to estimate the radiation temperature of the sky needed to correct
the radiative heat flux. Once we were confident that a particular point was stable enough over time,
we only used it as the background (green point labeled “BG” in Figure 2).

Surface temperatures, gradients and the state of the surface hydrothermal system are affected by
meteorological conditions: solar radiation, atmospheric pressure, wind and rain change the way heat is
transported to the surface and from the surface to the atmosphere (e.g., [41,42]). Two of the campaigns
were committed to study the influence of solar irradiation on shallow gradients by measuring them for
24 h at a small number of points. These campaigns took place between spring and summer to avoid
heavy rain that may have influenced temperatures and gradients [42–44].

External conditions also influence the way that the thermal camera returns the acquired data.
Atmospheric temperature and relative humidity were always measured during IR acquisitions using a
TERSID HD2101 thermo-hygrometer and input into the internal software of the camera to correct for
their influence. Following Gaudin et al. [22], we neglected the effects of the wind on thermal images
as the short shooting distances does not affect the measurement. To take into account some marginal
micro-climatic effect, for each point, we shot several thermal images taking the mean temperature and
standard deviation of the images and using their weighted average as the point surface temperature.
The same procedure was also used at the background point BG. Measures at the background point BG
were repeated several times during each campaign to obtain a trend of its values in time. Following
Flynn et al. [45] and Pinkerton et al. [46], we used the value of 0.98 for the relative emissivity, as also
reported in Table 2.

Table 2. Parameters and results.

Description Symbol Value Unit

Typical parameters (evaluated at 30 ◦C)

Atmospheric pressure (assumed constant) Pair 1.01325× 105 Pa
Diffusion coefficient of vapor in air Dva 2.58× 10−5 m2/s
Lewis number Le 0.857 —
Kinematic viscosity of the air ν 1.35× 10−5 m2/s
Molecular weight of air Ma 0.029 kg/mol
Molecular weight of water Mw 0.018 kg/mol
Relative emissivity of the surface εr 0.98 —
Specific heat of air at constant pressure cpa 1004.67 J/kg K
Stefan-Boltzmann constant σ 5.67× 10−8 W/m2 K4

Thermal conductivity of the air kair 0.026 W/mK
Thermal expansion coefficient of the air β 3.69× 10−3 1/K
Thermal diffusivity of the air α 2.21× 10−5 m2/s

Results from best fits and estimates.

Thermal conductivity of the soil ksoil 0.88± 0.07 W/(K ·m)
Total power released through the investigated surface Qtot 22± 4 MW
Average heat flux on the investigated surface qavg 220± 40 W/m2

In the present work, we avoided the use of the thermal camera in windy conditions or sun
irradiation, and we selected only measurements performed at night or in the first hours of the day just
before sunrise (from 22:00 to 7:00 local time). Since during the measurements, the soil of La Solfatara
was always wet, we considered the effect of soil evaporation in the thermal balance at the surface (see
Section 3.2).
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3.1.2. Measurement of the Temperature Gradient of the Soil

Measurements of the shallow temperature profile at La Solfatara were performed in conjunction
with the measurements of the surface temperature by the IR camera and in the same points, as reported
in Figure 2.

Temperatures were measured by using a graduated K-type thermocouple inserted into the ground
in the first few tens of cm with steps of 1 cm. The observed gradients may be classified in a few different
types [22]. High flux zones are characterized by a buffer zone few centimeter under the soil (Figure 3a)
where the temperature is quite stable due to the condensation of H2O vapor and then it has a rapid
quite-linear decrease up to the surface. Medium flux areas may show a change in the trend of the
vertical profiles where the heat transport pass from a mixed (conductive/advective) regime to a
pure conductive regime (Figure 3b). Low flux points (Figure 3c) are often characterized by gradients
quite linear on the whole profile and are the ones that are mostly influenced by external temperature
conditions, sometimes showing an inverse gradient at the shallowest part. For this reason, they were
discarded for the purposes of this work. In the other three cases, we calculated the gradients via a
linear fit of the topmost part of the profile (Figure 3a,b,d).

To double check the measured surface temperatures with the fitted gradients, for each nightly
point, we report in Figure 4 the comparison between the surface temperature measured via IR camera
and the extrapolation at zero depth of the gradient.
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Figure 4. Comparison between surface temperatures, measured with IR camera (abscissa) and
extrapolation of gradients at zero depth (ordinate) for each nightly point. The line represents the
best fit of the dataset with a linear model. Results of the fit give values of −3± 30 K for the intercept
and 1.01± 0.10 for the angular coefficient; the correlation factor is about 0.8 over 91 points. The light
blue band represents fit limit at 95% Confidence Level (CL).

Figure 5a shows the result of a 24 h campaign in one of the points picked out for background
measurement, where heat flux coming from below was basically null. As hours go by, the thermal
wave due to solar irradiation penetrated the ground and its wavelength could be evaluated. Instead,
Figure 5b shows the effect due to solar irradiation in a point where heat flux was not negligible. It can
be observed how, in the warmest hours of the day, the gradient reversed, telling us that the best time to
measure temperatures is at dawn just before sunrise. A similar effect is to be expected during the year,
but it is related to seasonal temperature changes: a continuous monitoring of external temperatures
and thermal gradient is then necessary. To avoid the effect of sun irradiation as much as possible,
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we decided to use for the purposes of this work only gradients of Types (a), (b) and (d) (Figure 3)
sampled during night hours (22:00 to 07:00 local time). These points are the ones marked in blue in
Figure 2. Results for the whole sampling set are reported in the Supplementary Materials.
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Figure 5. Results of thermal profile measurements on a 24 h campaign: in a background point (BG)
(a); and in a point with a small thermal flux (b). At the bottom of the boxes, there are the hours of
acquisition of each profile.

Since this method only gives punctual measurements of the thermal gradient, it is a very time
consuming methodology when used to estimate the heat release from a large area, because it needs the
collection of several samples and it may require weeks to be brought to a conclusion [13,14,47].

3.2. Methods

Under the steady state condition, the conductive thermal flux from the hot soil of the DDSs to
the surface (qsoil) equals the sum of the radiative flux (qrad), the convective flux from the surface to
the atmosphere (qconv) and the heat needed for the evaporation of the water from the surface of the
wet soil (qevap). These variables can be roughly estimated with IR images and measurements of the
atmospheric temperature and humidity. We write the energy balance as:

qsoil = qrad + qconv + qevap (1)

Near the surface, the conductive flux follows the Fourier’s law:

qsoil = −ksoil

(
dTsoil

dz

)∣∣∣∣
z=0

(2)

with ksoil and Tsoil , respectively, being thermal conductivity and temperature of the soil.
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The radiative heat transfer follows the Stefan–Boltzmann law, and is parameterized as:

qrad = εrσ
(

T4
s − T4

sky

)
(3)

where εr is the relative emissivity of the soil, σ is the Stefan–Boltzmann constant, Ts is the temperature
of the soil surface and Tsky is the radiation temperature of the sky.

The convective heat transfer from the surface to the atmosphere, in absence of wind,
is parameterized as:

qconv = hconv (Ts − Tair) (4)

where hconv is the convective heat transfer coefficient and Tair is the air temperature. The coefficient
hconv is typically obtained from the Nusselt number, which is considered a function of the
Rayleigh number:

NuL =
hconvL

kair
= c Ran

L (5)

where NuL and RaL are the Nusselt and Rayleigh numbers relative to a heated surface of length scale
L, and c and n are empirical constants. The Rayleigh number is defined as:

RaL =
gβ (Ts − Tair) L3

να
(6)

where g, β, ν and α are, respectively, the gravity constant, thermal expansion coefficient, kinematic
viscosity and thermal diffusivity of the air.

For square horizontal surfaces of side L, located below a fluid, the empirical coefficients c and n
of Equation (5) were determined experimentally by Al-Arabi and El-Riedy [48], as also reported by
Incropera and DeWitt [49].

For Ts > Tair:

NuL = 0.54 Ra1/4
L for 104 ≤ RaL ≤ 107 (7)

NuL = 0.15 Ra1/3
L for 107 ≤ RaL ≤ 1010 (8)

For Ts < Tair:

NuL = 0.27 Ra1/4
L for 105 ≤ RaL ≤ 1010 (9)

We observed that, when the surface is hotter than the fluid and the Rayleigh number is greater
than 107 (i.e., in most of our situations), the Nusselt number (Equation (8)) is independent of the length
scale L.

In the case of wet soil, part of the heat is needed for evaporation of the water. The corresponding
heat flux is parameterized as:

qevap = ṁwLlv (10)

where ṁw is the mass flux of the evaporating water (kg/m2s) and Llv is the latent heat of the
water–vapor transition (J/kg).

We considered that the flux of vapor near the soil is controlled by the density gradient of the vapor:

ṁw = hm(ρvs − ρva) (11)

where ρvs and ρva are, respectively, the densities of the vapor near the soil and in the air, and hm is
the mass transfer coefficient for the vapor in the atmosphere. The density of the vapor at the soil
is evaluated at temperature Ts and saturation pressure psat(Ts), whereas the density of the vapor in
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the atmosphere is evaluated at temperature Ta and saturation pressure psat(Ta) multiplied by the
(measured) relative humidity Rw. We assumed perfect gas:

ρvs =
psat(Ts)Mw

RTs
(12)

ρva = Rw
psat(Ta)Mw

RTa
(13)

where R is the universal constant of gas and Mw is the molecular weight of the water (see Table 2).
The saturation pressure of the vapor in the atmosphere was evaluated following Jacobson [50]:

psat(T) = 611.22× exp [17.67× (T − 273.16)/(T − 29.65)] (14)

with psat the saturation pressure in Pa and T the temperature in Kelvin.
The mass transfer coefficient for the vapor in the atmosphere hm is estimated according to the

mass–energy transport analogy [49], i.e.,

hm =
hconv

ρacpaLe1−nm
(15)

where ρa is the air density, cpa is the specific heat of air at constant pressure, Le is the Lewis number
and nm is a coefficient (according to Incropera and DeWitt [49], we assumed nm = 1/3). The Lewis
number Le is the ratio between the thermal diffusivity of the air α and the diffusion coefficient of the
vapor in the air Dva:

Le =
α

Dva
(16)

The air density ρa in Equation (15) was evaluated, assuming a perfect gas, at atmospheric pressure
Pair and mean temperature between soil and air: Tmean = (Ts + Ta)/2.

ρa =
Pair Ma

RTmean
(17)

with Ma the molecular weight of air (see Table 2).
Finally, we estimated the radiation temperature of the sky from the heat balance at a surface

where the conductive flux from the soil can be neglected (the background point BG). This condition
can be written as:

qb
rad + qb

conv + qb
evap = 0 (18)

where the superscript b indicates that the fluxes refer to the background point BG. By using Equations (3)
and (4), we obtained the effective radiative temperature of the sky from the soil and air temperatures:

T4
sky = T4

b −
qb

conv + qb
evap

εrσ
(19)

where Tb is the temperature of the soil in the background point BG. Fluxes qb
conv and qb

evap are functions
of Tb, Tair and air humidity Rw, and were evaluated as above with Ts replaced by Tb.

Parameters β, ν, α, cpa, Dva, kair, and Le depend on temperature and pressure. In Table 2, we report
typical values evaluated at T = 30 ◦C and P = 1.01325× 105 Pa (1 atm).

3.2.1. Summary of the Procedure

To evaluate the thermal flux from the soil based on IR and air temperature data, we used the
following procedure:

1. Measure Ts by IR camera
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2. Measure the temperature Tb at the background point BG by IR camera
3. Measure the air temperature Tair (thermometer)
4. Measure the air relative humidity Rw

5. Evaluate the Rayleigh number (Equation (6)), estimate the convective heat transfer coefficient h
from the Nusselt number (Equation (5)), and evaluate the convective flux qconv (Equation (4))

6. Estimate the mass transfer coefficient for the evaporation flux hevap (Equation (15)) and evaluate
the evaporation heat flux (Equations (10)–(13))

7. Estimate qb
conv and qb

evap at background and evaluate Tsky (Equation (19))
8. Estimate the radiative flux (Equation (3))
9. Evaluate the total flux: qsoil = qrad + qconv + qevap

In the present work, we also obtained an independent estimate of the thermal flux by measuring
the thermal gradient in the soil qsoil . A best fit was performed, on a linear model in the form:

qsoil = a + ksoil∇Ts (20)

to obtain the thermal conductivity of the soil ksoil , which resulted in agreement with the measurements
of Chiodini et al. [4]. The results of this fit are shown in Figure 6.
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Figure 6. Plot of the total heat flux from the soil (convective, radiative and due to water evaporation),
estimated from the measurement of the soil temperature, air temperature and humidity vs. the
measured temperature gradient in the soil (∇Ts). To avoid the effect of sun radiation, only
measurements performed between 22:00 and 7:00 (local time) were selected. The line represents
the best fit of qsoil with a linear model: the angular coefficient is the thermal conductivity of the soil
ksoil . Results of the fit give a value of −50± 30 W/m2 for the a parameter in Equation (20) (congruent
with 0 at 95% CL) and ksoil = 0.88± 0.07 W / (K·m). Light blue band is the fit limits at 95% CL.

4. Results

In the period 2011–2017, we acquired at La Solfatara (Figure 1) temperature profiles of the soil
in the first tens of cm, air temperature, air humidity and soil temperature by IR images. To avoid the
influence of the sun radiation, the measurements were performed during the night (between 22:00 and
7:00 local time) when we assumed a steady state condition for the heat exchange between soil and air.
This condition was also verified by the linearity of the temperature profiles.

For what concerns the radiative heat transfer, we obtained the effective radiative temperature
of the sky from the temperatures of the background points and air. The background points are
characterized by negligible thermal gradient.
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The proposed method allowed estimating the heat flux from the soil from measurements
performed above the soil. To verify the method, we plotted the sum of the convective, radiative
and evaporation fluxes measured/estimated outside the soil against the conductive flux in the soil
obtained from the measurements of the temperature gradient in the soil. For the conversion between
the temperature gradient and the thermal flux (see Equation (2)), we performed a fit for the best thermal
conductivity of the soil ksoil . A value of ksoil = 0.88± 0.07 W m−1K−1 was obtained, in accordance with
the measurements of thermal conductivity previously performed at La Solfatara by Chiodini et al. [4]
who found values between 0.4 and 2.3 W m−1 K−1.

The result is shown in Figure 6, where the sum of the radiative, convective and evaporation
thermal fluxes, estimated from measurements performed above the soil are compared with the vertical
thermal gradient of the ground.

Using the proposed procedure (Section 3.2.1), we computed the heat flux over the investigated
area during the field campaigns. For this purpose, we computed for each measurement point qrad +

qconv + qevap of Equation (1) only on points acquired between 22:00 and 07:00 local time (blue points
of Figure 2). As these points are discretely distributed on the Solfatara crater area, we elaborated
the data with the geostatistical approach proposed by Cardellini et al. [51] used there to produce
maps of the CO2 flux. This method is based on sequential Gaussian simulations (sGs) that consist
of the production of numerous equiprobable realizations of the spatial distribution of an attribute
(i.e., maps of heat flux in this study), here performed using the SGSIM algorithm of the GSLIB software
library [52]. We show the result of this calculation in Figure 7: integrating over the whole investigated
area, we estimated a power release Qtot = 22± 4 MW on the surface and an average heat flux of about
qavg = 220± 40 W/m2, in accordance with Chiodini et al. [3].
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Figure 7. Map of the calculated heat flux distribution over the investigated area using points sampled
during nights (blue dots). The green dot represents the background point (BG) site.

In the Supplementary Materials, we also show the same results calculated over the whole set of
measurement points (red and blue points together in Figure 2, which are all points of Types (a), (b)
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and (d) in Figure 3) as here we discarded points sampled during daytime to avoid the effect of sun
irradiation (see Section 3.1.2).

5. Discussion

Volcanoes release large amounts of energy through the transfer of heat from the hot soils of
hydrothermal sites to the atmosphere. Up to now, this flux of energy has been measured with time
consuming techniques that, e.g., cannot be safely applied in dangerous situations such as at volcanoes
in eruption or approaching eruptions. In addition, for this reason, detailed and systematic monitoring
data series of the heat flux from volcanic hot soils currently do not exists. Our aim was to explore the
possibility to measure this heat flux based on IR images. The experiment consisted in the repetition
of numerous combined night measurements of surface temperature by IR camera and temperature
gradients. The results are positive because we demonstrated how nighttime thermal images can be
used to estimate the total thermal release. In particular, applying soil and atmosphere heat transfer
models, we show that the superficial temperatures are those expected for wet soils characterized by
thermal gradients close to the measured values and by typical thermal conductivities.

Classical methods to estimate the energy release (CO2 flux and thermal gradients measurements)
do not provide synoptic view of heat flow as they only give punctual measurements. Using the
proposed method, it is possible to use IR camera surveys to provide fast and areal estimates of the
energy released on areas affected by thermal anomalies. Infrared cameras operate at wavelengths
with a low sensitivity to water vapor [53], which is often the main fumaroles gas. Moreover, as the
measurement distance increases, so does the pixel size and the absorbance or scattering of radiation
along the path between the fumaroles and the sensor. Large pixels include both hot fumaroles regions
and cool, surrounding rocks, thus reporting a lower temperature [54]. Scattering or absorbance of
radiation along the path depends on atmospheric conditions and is therefore affected by weather
conditions. These considerations tells us that the use of long range (kilometer to hundreds of kilometer)
thermal cameras may be affected by great errors. These also includes remote sensing through the use
of satellite thermal images, which are greatly affected by the infrequent nature of their passes and the
needing of cloud-free conditions [20].

The method suits well performing thermal surveys at short/medium distances using drone-borne
thermal cameras. A Remotely Piloted Aircraft System (RPAS) can fly from few tens to some hundreds
of meters from the soil acquiring thermal images of the surface with a nice resolution and affected
by atmospheric induced errors smaller than those, for example, of satellite images. The use of RPAS
can also address for the needs of safety of operators and the possibility to map otherwise inaccessible
areas. Single thermal shots can be glued together in order to obtain a global thermal map of the
investigated area and, once converted to energy release, can give both areal information of the global
thermal release and detailed estimates of the conductive energy in smaller structures. The size of the
possible resolved structures depends on the observed pixel sized and, therefore, on the used lens and
the shooting distance. Such areal measures represent a fast and effective way to estimate the heat
flux in volcanic areas and can be used to perform quick routine monitoring of both quiescent and
active volcanoes.

Experimental data and the results of physical-numerical modeling of the process demonstrate
that the heat released by condensation of steam at depth is almost totally transferred by conduction
in the uppermost part of the soil (see, e.g., [4]). However, in the areas where the steam does not
fully condensate in the soil, the heat transfer mainly occurs by convection of hot fluids emerging
as fumaroles. In this last case, pure conductive heat flow cannot be longer assumed because heat
is transported to the surface by advective processes [22,55], and the above method cannot be used
to estimate the heat flux. Anyway, it is possible to detect zones where heat transport changes from
convective to conductive by the change in slope of the thermal gradient [13,42,44].

The proposed method works well for any kind of thermally anomalous areas, both volcanic and
hydrothermal, in the condition of a flat emitting surface and in absence of wind, which are very good



Remote Sens. 2019, 11, 167 14 of 17

approximations for the La Solfatara crater and our measurements. These two parameters have to be
taken into account when exporting the recipe outside La Solfatara, modifying the proposed model:
this will be the object of future developments of the method.

We have also developed some small utilities, in both FORTRAN and C++, to convert the measured
required quantities (surface temperature, air temperature, humidity, background temperature etc.)
to total heat released by the soil using the current recipe and, using the CERN ROOT framework,
to perform all the required fit and plots. These utilities will be further developed once we have the
first drone shoot aerial images to calculate total heat flux over a mapped area. The current versions of
such utilities are included in the Supplementary Materials.

6. Conclusions

The estimate of heat release from a large area based on the measurements of the temperature
gradient of the ground is very time consuming. Here, we present a method to estimate the heat flux
based on the temperature of the surface obtained from an IR camera, together with the measurement of
the average air temperature and relative humidity of the area. The method accounts for the heat release
by radiation, air convection and water evaporation, and is applied in absence of wind. We applied the
method at La Solfatara (Campi Flegrei, Italy). To avoid the effect of sun radiation, measurments were
taken at night (between 22:00 and 7:00 local time). For comparison, we also independently estimated
the heat flux from measurements of the thermal gradient of the first cm of the ground. Results show
a good agreement between the two methods, showing the possibility of using this technique to estimate
heat released from large areas. Using thermal cameras carried by flying vectors (drone, helicopter,
plane and/or satellite), it is possible to sketch the temperature distribution of thermal anomalies on
the ground. Applying our model and method, it will be possible to convert such maps of temperature
to maps of heat flux and, by integration, to the total energy released by the soil.

As a future development, we want to perform heat flux measurements using drone-borne thermal
cameras and extend the proposed model to include the effects of wind and non-flat topographies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/11/2/167/s1,
Figure S1: Gradient extrapolation at zero depth vs measured surface temperature for the whole shallow dataset;
Figure S2: Plot of the total heat flux from the soil for the whole dataset; FigureS3: Map of the calculated heat flux
distribution over the whole investigated area using all points with a direct thermal profile; Figure S4: Separation
of the sampled points with ∇Ts/qsoil ratios; Figure S5: Distribution of the five families inside the La Solfatara
crater; Tarball S6 (S6_utils_c++.tar.bz2): C++ analisys utilities; Tarball S7 (S7_utils_f90.tar.bz2) Fortran 90
analisys utilities.
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