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Abstract Ground thermal anomalies in volcanic-hydrothermal systems, where the outflow of hot fluids
gives rise to fumarolic fields, soil degassing, and hot soils, have, up to now, rarely been investigated by
using satellite. Here we report a comparison between surface temperature derived by satellite data and a
large data set of measured soil temperatures and CO2 fluxes for a volcanic-hydrothermal system, the Solfa-
tara of Pozzuoli (Campi Flegrei, Italy). Surface temperatures derived from ASTER (Advanced Spaceborne
Thermal Emission and Reflection Radiometer) data are compared with soil temperatures and CO2 fluxes
from four surveys performed in 2003, 2010, and in 2014. The good match between the spatial distributions
of computed and measured temperatures suggests the adequacy of satellite data to describe the Solfatara
thermal anomaly, while the correspondence between temperatures and CO2 fluxes, evidences the link
between degassing and heating processes. The ASTER derived surface temperatures (14–378C) are coherent
with those measured in the soil (10–978C at 10 cm depth), considering the effect of the thermal gradients
which characterize the degassing area of Solfatara. This study shows that satellite data can be a very power-
ful tool with which to study surface thermal anomalies, and can provide a supplementary tool to monitor
thermal evolution of restless volcanoes.

1. Introduction

Monitoring of the surface temperature of volcanoes is one of the primary targets for the monitoring of
active volcanoes by virtue of the very nature of volcanism, which is associated with the transfer of heat to
the surface [Oppenheimer, 1998]. The remote measurements of surface temperatures by thermal infrared
(TIR), and in particular the availability of long-time series of data, may represent an important tool for vol-
canic surveillance, especially in large and/or dangerous areas and/or areas difficult to access. Infrared obser-
vations would allow the characterization of surface temperature fields, in terms of values and their spatial
distribution, providing insights into a particular volcano’s activity status, impending changes in activity, and
subsurface processes generating thermal anomalies.

In this framework, satellite-based TIR remote sensing provides a very powerful tool with which to study sur-
face temperature, providing global coverage and a suitable data frequency (i.e., about 16 day nadir repeat)
and high-spatial resolution (i.e., 90 m pixels).

Various satellite instruments have infrared observational functionality with different characteristics in terms
of temporal, spatial, and spectral resolution each of which must usually be traded off against each other
[Blackett, 2013]. Some sensors have been used to monitor active volcanoes including the Meteosat Second
Generation—Spinning Enhanced Visible and InfraRed Imager (MSG-SEVIRI), the Advanced Very High-
Resolution Radiometer (AVHRR), the Moderate Resolution Imaging Spectroradiometer (MODIS), and the
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) [Yamaguchi et al., 1998]. In par-
ticular, the ASTER, with data measured at a higher-spatial resolution, allows in principle detection of even
very small-size thermal anomalies that are missed by MODIS [Vaughan and Hook, 2006], promising a
broader application. In the last decades, satellite TIR remote sensing tools have been particularly applied to
study ‘‘erupting’’ volcanoes. Satellite observations considered lava and pyroclastic flows, lava lakes, and lava
domes [Flynn et al., 1994; Harris et al., 1998; Lombardo et al., 2004; Coppola et al., 2010; Oppenheimer and
Yirgu, 2002; Davies et al., 2008; Hirn et al., 2008; Wright and Pilger, 2008; Kaneko et al., 2002; Vaughan and
Hook, 2006; Carter and Ramsey, 2009; Oppenheimer, 1993; Trunk and Bernard, 2008]. Important studies have
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been conducted also for understanding how satellite instruments view volcanic thermal features [Harris and
Stevenson, 1997; Pieri and Abrams, 2005; Kervyn et al., 2008; Buongiorno et al., 2013] that may be a precursor
to major eruptions.

On the contrary, a lesser number of studies [e.g., Lagios et al., 2007, Vaughan et al., 2010, 2012a, 2012b] con-
sidered volcanic-hydrothermal systems that are usually affected by circulation of hot fluids, resulting at the
surface in thermal waters, fumarolic fields, and soil degassing with which hot soils are generally associated.
The heat flux released from these hydrothermal manifestations is an important, if not the main, term in the
total energy budget for the few volcanic systems where it has been measured [Chiodini et al., 2005; Hurwitz
et al., 2012; Caliro et al., 2005].

For example, the thermal energy dissipated daily by the degassing process at the Solfatara of Pozzuoli (the
most active zone of Campi Flegrei) has been estimated in the order of 100 MW [Chiodini et al., 2005]. Its
cumulative amount over the last 30 years is orders of magnitude greater than the elastic energy released
during the last large crisis of Campi Flegrei (1983–1984, more than 10,000 earthquakes). Furthermore this
advective heat flux is greater than the energy associated with ground deformation (�2 m of maximum
uplift in 1983–1984), and is about 10 times greater than the conductive heat flux over the entire Campi Fle-
grei caldera [Chiodini et al., 2001, 2005]. A large heating of the system, caused by the arrival of increasing
amounts of deep, possibly magmatic, fluids into the hydrothermal system, has been recently highlighted as
the possible cause of the ongoing 10 year-long pattern of accelerating ground deformation [Chiodini et al.,
2015].

Campi Flegrei caldera is not a unique case, as such large hydrothermal release of heat affects most, if not
all, the calderas of the world and particularly those which are restless [Chiodini et al., 2005; Vilardo et al.,
2015; Bloomberg et al., 2014]. Furthermore, Solfatara of Pozzuoli is not a unique case of hydrothermal sys-
tems where the thermal energy release is associated with the occurrence of anomalous soil CO2 degassing
[Chiodini et al. 2005; Harvey et al., 2015; Bloomberg et al., 2014].

In this work, surface temperatures derived from ASTER data are compared with a large data set including
1763 in situ direct measurements of soil temperatures and CO2 fluxes at the Solfatara of Pozzuoli. In situ
measurements refer to data from four surveys performed in June 2003, May 2010, June 2014, and Septem-
ber 2014, chosen among those already available, as they fall in periods which roughly correspond to those
for which ASTER data were available. We compared the different data sets in order both to assess the reli-
ability of ASTER satellite-derived surface temperatures and to test the possibility of their use as proxy of the
CO2 fluxes. Finally, the main aim is to investigate the possible use of long time series of satellite TIR data for
the remote monitoring of the hydrothermal features of active volcanoes.

2. The Study Area: Solfatara of Pozzuoli

The Solfatara of Pozzuoli volcano is a tuff cone formed about 4 ky BP and belongs to Campi Flegrei (Naples,
Italy), a resurgent caldera generated by two main collapses that emplaced the Campanian Ignimbrite (39 ky
BP) [Costa et al., 2014 and references therein] and the Neapolitan Yellow Tuff (NYT; 15 ky BP) [Deino et al.,
2004] eruptions (Figure 1). The last magmatic activity occurred with the formation of the Monte Nuovo vol-
cano in the 1538.

Campi Flegrei are characterized by recurrent ground deformation episodes (bradyseism) that during the
uplift phase are accompanied by seismic activity. The major recent uplift episodes occurred in 1969–1972
and in 1982–1984 (3.8 6 0.2 m total vertical displacement) [Del Gaudio et al., 2010 and references cited
therein]. Since 1985 Campi Flegrei has been subsiding, with a few minor uplift events temporally inverting
the ground movement, until 2005 when a new uplift phase started. This new uplift phase accelerated
and reached a maximum vertical displacement of about 33 cm by October 2015 [http://www.ov.ingv.it/ov/
bollettini-mensili-campania/Bollettino_Vulcani_Campani_2015_11.pdf]. This last stage has been accompa-
nied by weak seismicity, by a strong increase in fumarolic activity, and by important compositional varia-
tions in the fumarolic effluents, which were interpreted as increased contributions of fluids from a
magmatic source [Chiodini et al., 2012, 2015].

Presently, Solfatara of Pozzuoli is the main site of release of magmatic-hydrothermal fluids by diffuse degass-
ing and fumarolic emissions of the emerged portion of Campi Flegrei [e.g., Chiodini et al., 2001, 2005, 2015].
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Solfatara is characterized by a large soil diffuse degassing structure (Solfatara DDS) [Chiodini et al., 1998],
from where a CO2 flux, fed by the degassing of the hydrothermal system, is released by the soil in the order
of 1000–1500 t/d [Chiodini et al., 2001, 2010; Cardellini et al., 2003]. Solfatara DDS includes not only the area
inside the crater (Figure 2) but it extends especially east of the crater, in the Pisciarelli area (Figure 1). Recent
measurements showed that fumarolic vents emit an additional amount of 300–800 t/d of volcanic CO2

[Aiuppa et al., 2013, 2015; Pedone et al., 2014].

Figure 2. (a) View of the inside of Solfatara crater. The whitish area roughly corresponds to the area with the highest soil CO2 flux; the mail
fumaroles are concentrated along the southern and western borders of the crater plain. The locations of Bocca Grande fumarole (BG),
Bocca Nuova Fumarole (BN), and Fangaia mud pool (Fmp) are reported. (b) Infrared image of the same view of the upper plot.

Figure 1. Simplified structural map of Campi Flegrei reporting the location Solfatara of Pozzuoli.
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As pointed out in the work of Chiodini et al. [2001], Solfatara DDS is also characterized by anomalous soil
temperatures (Figure 2). The correspondence between high CO2 fluxes and soil temperature has been inter-
preted as the results of the condensation of the steam originally associated with CO2. The latent heat of
condensation heat the same soils where the CO2, which is an incondensable gas, is discharged [Chiodini
et al., 2005].

Recently, the system has given clear signs of unrest, including the increase of the fumarole temperatures
and flow rates [Chiodini et al., 2015; Aiuppa et al., 2015], and the increase of the soil CO2 fluxes concurrently
with a new ground deformation phase and weak seismic activity.

3. Data and Methods

3.1. ASTER Satellite Data
The ASTER sensor launched in December 1999 is one of five instruments on the Terra satellite, part of
NASA’s Earth Observing System (EOS). Terra follows a sun-synchronous nearly polar orbit with an equator
crossing time of �10:30 A.M./P.M. The ASTER instrument has a 60 km swath width, which allows any point
on the surface to be imaged at least once every 16 days. This sensor contains 14 spectral bands including
three in the VNIR region (0.5–1.0 mm, with 15 m spatial resolution), six in the shortwave infrared (SWIR)
region (1.0–2.5 mm, with 30 m spatial resolution; the SWIR instrument has not been usable since April 2008
because of sensor saturation and severe striping), and five within the thermal infrared (TIR) region (8–12
mm) with 90 m spatial resolution [Kahle et al., 1991] (Table 1).

ASTER is the first orbital sensor that provides publicly available high-spatial resolution data with more than
two bands in the TIR region. These data provide the ability to develop new methods for extracting the small
scale compositional and temperature structure of the surface [Ramsey, 2002; Carter et al., 2009; Ramsey and
Dehn, 2004].

Since the launch of ASTER in December 1999, 140,0001 images of volcanoes [Buongiorno et al., 2013] have
been acquired worldwide with a number of volcanoes seen frequently enough with ASTER at acceptable
cloud coverage. Thus, useful time series data analyses can be undertaken. For instance, one such analysis
[Pieri and Abrams, 2005] detected winter-time summit crater meltwater in advance of an early spring erup-
tion by the subarctic Chikurachki Volcano in the Kurile Islands. ASTER data are currently the only orbital
remote sensing data set which allow the detection of low temperature thermal anomalies smaller than the
resolution limit of the coarser spatial resolution, MODIS data.

The temperature is not solely an intrinsic property of the surface; beyond the intrinsic geothermal compo-
nent, it varies with the irradiance history and meteorological conditions. Energy reflected from the surface
and clouds adds noise which makes correct interpretation of terrain imaged in the thermal infrared band
more difficult. For this study, we have considered the ASTER’s night observations because solar heating of
the Earth’s surface contributes significantly to the total radiant energy flux during the daytime. The night
observations show well-defined episodes of increasing thermal emission of the crater contrasting with a
more uniform background temperature. Since the launch of the EOS-1 Terra Satellite, more than 35 night
cloud-free images have been acquired on the Campi Flegrei area.

Table 1. ASTER Instrument Characteristics [Yamaguchi et al., 1998]

Instrument VNIR SWIR TIR

Bands and spectral range (mm) 1 0.52–0.60 4 1.60–1.70 10 8.125–8.475
2 0.63–0.69 5 2.145–2.185 11 8.475–8.825

3N 0.78–0.86 6 2.185–2.225 12 8.925–9.275
7 2.235–2.285 13 10.25–10.95
8 2.295–2.365 14 10.95–11.65
9 2.360–2.430

Spatial resolution 15 m 30 m 90 m
Swath width 60 km 60 km 60 km
Cross track pointing 6318 km (6248) 6116 km (68.558) 6116 km (68.558)
Quantization (bits) 8 8 12
Revisit time 16 days 16 days 16 days
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3.2. ASTER Data Processing Method
to Compute Surface Temperatures
The ASTER data product Level-1B data
(i.e., radiance at the sensor) has been
used because it contains images
already resampled to the geometry of
the appropriate UTM projection with
the WGS84 Datum. In fact the ASTER
Level-1B Registered Radiance at the
Sensor product contains radiome-
trically calibrated and geometrically
coregistered data for the acquired
channels of the three different tele-
scopes of Level-1A data. The Level-1B
data set is produced by applying the
radiometric calibration and geometric
correction coefficients to the Level-1A.

The ASTER data have been processed
by means code written in the IDL/ENVI image-processing environment (Exelis Visual Information Solutions,
Inc. USA, www.exelisvis.com), implemented in three steps:

1. from the original cloud-free data format (Level-1B), the georeferenced images are obtained using ENVI
batch command and the radiance at the sensor is automatically produced;

2. on the ASTER data, the atmospheric correction has been applied in order to remove the effect of the
atmosphere. The atmospheric and topographic corrections of remote sensing images are very important
to obtain reliable values for many surface parameters (reflectance, vegetation indexes, ocean chlorophyll
maps, temperature, etc.) but represent a very difficult preelaboration step. For these data, we have con-
sidered the ‘‘CIRILLO’’ atmospheric correction tools [Musacchio et al., 2007]. Information on the atmos-
pheric profiles corresponding in time to the ASTER overflights are provided by University of Wyoming
and atmospheric temperature, pressure, and humidity are considered;

3. the TES (Temperature Emissivity Separation) [Gillespie et al., 1998] algorithm for ASTER thermal bands has
been used to obtain the surface temperature map (Figure 3). Since the radiance measured by ASTER is a
pixel-integrated radiance, that is an area-weighted sum of all the subpixel radiating components, the
temperature derived from radiance data by TES is therefore a pixel-integrated temperature considering a
homogenous pixel. The effect of inhomogeneous temperature distribution due to the presence of hot
spots inside the 90 m ASTER pixel [Vaughan et al., 2010], was not considered in this work due to the fea-
tures of the possible hot spots at Solfatara. In fact, the major hot spots here are constituted by the main
fumaroles (Bocca Grande fumarole, BG; Bocca Nuova fumarole, BN) vent opening and by the Fangaia
mud pool (Fmp) (Figure 2), that are characterized by maximum temperatures of �1608C (BG outlet T
�1608C and BN outlet T �1508C [Chiodini et al., 2010, 2015]) and 908C, respectively. Considering that the
vent openings of the fumaroles have a maximum spatial extent minor than �0.09 m2 (i.e., �0.001% of
the ASTER’s 90 m pixels) and a maximum temperature difference with respect to the surrounding soil
(DTtarget-background) of �1208C [e.g., Chiodini et al., 2007], according to the theoretical analysis of Vaughan
et al. [2010], the temperature of such hot spots cannot be reliably determined. Also the temperature of
the Fangaia mud pool area cannot be resolved considering its maximum spatial extent of �60 m2 (i.e.,
�0.7% of the ASTER’s 90 m pixels) and a DTtarget-background of �708C [Vaughan et al., 2010].

The validation of surface temperature obtained by TES was done by comparing the computed temperature
with surface temperature measurements, collected during ASTER overflight by an Everest IR thermometer
in specific validation field campaigns, performed on July 2003 and October 2009 at Mt. Etna (Italy) and on
September 2009 at Solfatara of Pozzuoli [Buongiorno et al., 2008; Agenzia Spaziale Italiana—Sistema Rischio
Vulcanico project, ASI-SRV ref ASI I/091/06/0]. In each survey, multiple measurements were performed in dif-
ferent locations over surfaces as compositionally homogeneous as possible in order to minimize spectral
heterogeneity. For the Etna survey, an average measured surface temperature of 53 6 38C (i.e., average

Figure 3. Example of surface temperature derived from ASTER data (26
September 2014 ASTER data set). The white box indicates the area including Sol-
fatara considered in this study within a full ASTER frame.
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value 6 1 standard deviation), 52 6 28C and 36 6 38C corresponds to temperatures of 548C, 508C, and 328C
derived by TES for the corresponding ASTER pixels. For the Solfatara survey, an average measured surface
temperature of 32 6 38C corresponds to a temperature of 308C derived by TES for the corresponding pixel.
By comparing these results, we can reasonably assume that the uncertainty of the surface temperatures
estimated by TES is generally within 38C.

3.3. Solfatara of Pozzuoli ASTER Data Sets
Considering the dates of the field surveys dedicated to the soil temperature and soil CO2 flux measure-
ments from 1998 till 2014, four suitable ASTER data sets were selected to ensure the closest time correspon-
dence between the ASTER pass and the field surveys (Table 2). In Figure 3, an example of a surface
temperature map derived by ASTER data is shown. ASTER-derived surface temperature (T0) extracted from
an area of about 1.4 3 1.4 km2 including the Solfatara DDS has been considered for the further analyses.
The statistical parameters of the T0 for this area, in the different periods are reported in Table 2.

Considering the spatial resolution of ASTER TIR pixels (90 m) and the selected area, about 196 pixels have
been analyzed. As reported in Table 2, surface temperature ranges from a minimum value that can be asso-
ciated with the background temperature and maximum value related to the most hot pixels including the

fumarolic field area where BG
and BN fumaroles are located
(Figure 4). An example of evi-
dence of a persistent thermal
anomaly is also showed in Fig-
ure 3, in the white box where
the Solfatara area is character-
ized by temperature higher
than the nearby area. By analyz-
ing the surface temperature in
Table 2, it is also interesting to
note that the minimum and
maximum temperatures of the
Solfatara of the June 2003 are
higher than those of June 2014.
This difference is reasonably
reflecting the anomalous tem-
peratures of the 2003 summer
that was characterized by tem-
peratures 20–30% above the
seasonal average over most
parts of Europe [Francis et al.,
2011; De Bono et al., 2004].

3.4. Soil Temperature
and CO2 Fluxes: Measurement
and Analysis Methods
Specific surveys devoted to the
measurement of soil CO2 fluxes
and soil temperature have been
carried out at Solfatara since

Table 2. Dates of ASTER Acquisition and Derived Temperatures (T0) Statistics (Field Survey Dates Are Also Reported)

ASTER Image Date Field Survey Date T0 Min-T0 Max (8C) T0 Mean (T0 std. dev.) (8C)

24 Jun 2003 01–02 Jul 2003 23.3–36.3 25.9 (1.9)
1 May 2010 17–19 May 2010 14.3–27.7 18.4 (2.1)
22 Jun 2014 6–7 Jun 2014 18.4–29.1 21.6 (1.8)
26 Sep 2014 22–23 Sep 2014 15.3–23.6 17.7 (1.1)

Figure 4. Distribution of CO2 flux and soil temperature measurements in the four surveys
considered in this study. In the figure are also reported the main volcanic and tectonic
structures, the location of Fangaia mud pool (Fmp), and the location of the main fumarolic
vents: Bocca nuova (BN), Bocca Grande (BG), and Pisciarelli (Pi). The area inside the
rectangle is that considered for the mapping of fluxes and temperatures.
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1998 in the framework of the volcanic surveillance of Campi Flegrei and/or of various research projects [e.g.,
Acocella and Chiodini, 2015]. Each survey included the measurement of both parameters in about 400 points
randomly distributed (average spacing of the measurements �50 m) inside the Solfatara crater area and in
its surroundings (Figure 4), especially extending eastward to the Pisciarelli area that is the main degassing
area outside the crater.

CO2 flux measurements were performed using the ‘‘accumulation chamber’’ method which is based on the
measurement of the CO2 concentration increase with time in an inverted chamber placed on the ground
[Chiodini et al., 1996, 1998, 2001; Cardellini et al., 2003]. The measurements were carried out using an instru-
ment equipped with a LICOR Li-820 infrared sensor to measure the CO2 concentrations, operating in the
range 0–20,000 ppm of CO2, and an accumulation chamber with a volume of �2.8 L.

Soil temperatures were measured at a depth of 10 cm (T10) using a thermocouple sensor equipped with a
rigid probe, at the same locations as the CO2 flux measurements, accordingly with a routinely used method
[e.g., Chiodini et al., 2001, 2005, 2015; Bergfeld et al., 2012; Bloomberg et al., 2014].

In this work, the values of soil CO2 flux and T10 obtained in four surveys, performed in 2003, 2010, and in
2014 are analyzed and discussed (Table 3). These data sets have been chosen, from those already available,
to have a time delay as short as possible between ASTER image acquisition and field data (Table 2). The sta-
tistical parameters of the measured CO2 fluxes and T10 are reported in Table 3.

Measured soil CO2 flux values distribute over a wide range, from a few g m22 d21 to 104 g m22 d21, due to
the occurrence of multiple gas sources such as the biological activity in the soil (i.e., the root respiration of
plants and the decomposition of organic matter, cfr. background CO2 flux) and the degassing of the hydro-
thermal system [e.g., Chiodini et al., 2001; Cardellini et al., 2003].

In order to obtain maps of CO2 flux and T10 distribution, the measured values of each survey were first ela-
borated with the approach proposed by Cardellini et al. [2003] based on sequential Gaussian simulations
(sGs). The sGs method consists of the production of numerous realizations of the spatial distribution of an
attribute (CO2 flux T10 this study) here performed using the sgsim algorithm described by Deutsch and Jour-
nel [1998]. Since the sGs assumes multigaussian distribution of the attribute, implying first a distribution of
observed values, both CO2 flux and T10 values were transformed into a normal distribution (n-scores of
data) using normal-score method (i.e., nscore algorithm by Deutsch and Journel, [1998]). The transformation
consists of substituting the original values of the attribute with those of the corresponding quantiles of a
standard normal distribution. The n-scores are then used in the simulation procedure and transformed back
into values expressed in original data unit, applying the inverse of the normal score transform, at the end of
the simulation process [Deutsch and Journel, 1998; Cardellini et al., 2003]. The attribute values are simulated
at locations defined by a regular grid. The simulation is conditional and sequential, i.e., n-scores are simu-
lated at each unsampled location by random sampling of a Gaussian conditional cumulative distribution
function defined at each location on the basis of original data and of previously simulated data within its
neighborhood. Due to the multigaussian assumption, mean and variance of the Gaussian conditional cumu-
lative distribution function is defined at each location as the simple kriging estimate and variance respec-
tively [Goovaerts, 1997; Deutsch and Journel, 1998]. Simple kriging estimate and variance are computed
according to the variogram model of n-scores which define the spatial correlation among the data. The var-
iogram model is defined fitting the experimental variogram of n-scores with a function that needs to obey
to certain numerical properties in order for the sGs equations (or other simulation/estimation algorithms) to
be solvable [Isaaks and Srivastava, 1989].

Table 3. Statistical Parameters of Measured CO2 Flux and Soil Temperature

Date Measure n.
CO2 Flux Min.

(g m22 d21)
CO2 Flux Max.

(g m22 d21)
CO2 Flux Mean

(g m22 d21) T10 Min. (8C) T10 Max. (8C) T10 Mean (8C)

Jul 2003 391 3.8 12823 647 24.3 96.5 38.5
May 2010 505 3.4 35462 875 9.8 94.9 28.8
Jun 2014 468 10.5 27066 1224 21.2 93.4 36.0
Sep 2014 399 3.1 25774 1487 16.3 95.0 32.8
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Figure 5. (left) Maps of measured soil temperature, T10, (middle) ASTER-derived surface temperature, T0, and (right) measured CO2 flux for each survey. In the maps are reported the
main volcanic-tectonic structure and the main fumaroles (see Figure 4). In (a) the box including the Solfatara crater area (see Figure 7–9) is also reported with a dashed yellow line.
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The experimental variogram, g(h), for observations zi, with i 5 1,.,k at locations x1,.,xk, is defined as:

cðhÞ5 1
jNðhÞj

X

ði;jÞ2NðhÞ
ðzi2zjÞ2 (1)

where N(h) denotes the set of pairs of observations i, j such that jxi 2 xjj5 h, and jN(h)j is the number of
pairs in the set. The variogram provides a description of how the data are related (correlated) with distance,
in particular the behavior of c(h) with the increase of h describes the spatial pattern of an attribute. The var-
iogram models are given in terms of nugget, sill, and range parameters: the nugget represents the small-
scale variation and/or the measurement error and it is estimated from the experimental variogram at h 5 0,
the sill is the plateau the variogram reaches for a distance equal to the range, which represents the distance
at which data are no longer correlated.

In this work, the simulations of CO2 flux and T10 were performed for an area of about 1.45 3 106 m2

(Figure 4) considering a simulation grid cell of 10 3 10 m2. For each data set, 100 realizations were proc-
essed obtaining the ‘‘expected’’ value at any location, through a pointwise linear average of all the realiza-
tions [Cardellini et al., 2003]. The maps of the expected value drawn for a 10 3 10 m2 are reported as
supporting information.

Successively, the soil CO2 flux and T10 simulated with sGs on a grid 10 m spaced were reprocessed to esti-
mate the two parameters according to a 90 m spaced grid (cell size 90 3 90 m2), which correspond to the
ground resolution of the ASTER. The soil CO2 flux and T10 were computed for each node as the average of
the simulated values falling in a 90 3 90 m2 squared area centered in the grid node. In this way, the com-
puted T10 and CO2 flux estimates and T0 refer to the same position and have the same footprint. For each
average T10 and CO2 flux, the corresponding standard deviations were computed also.

Figure 6. Plot of the experimental variogram for T10, T0, and CO2 flux n-scores for each survey.
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4. Results: Comparison Between Satellite and Ground-Based Measurements

The maps obtained from measured CO2 fluxes and T10 are shown in Figure 5, where the maps of the surface
temperature (T0) derived from the ASTER data for the same area are also reported.

By inspection of the maps, it is evident that CO2 fluxes and T10 values highlight the presence of a fairly well-
defined anomaly characterized by the highest flux and temperatures values, for all the periods investigated.
This anomaly includes the area inside the Solfatara crater, a NW-SE band corresponding to the Pisciarelli
degassing area, and a third area located south of Pisciarelli and SE with respect to the crater. This anomaly
corresponds to that defined Solfatara degassing structure (Solfatara DDS) by Chiodini et al. [2001] and out-
lines the strong relation between the degassing process and the heating of the soil [Chiodini et al., 2001,
2005; Vilardo et al., 2015] at Solfatara of Pozzuoli.

Comparing the maps obtained by ground-based measurement with those of T0 (Figure 5), it is worth noting
that all the maps identify the same anomalies. This correspondence suggests that ASTER data are suitable
to use for investigating the thermal anomaly.

To better characterize and compare the spatial distribution of the different parameters, the variograms (g)
of CO2 flux, T10 and T0 (Figure 6) were computed considering the data estimated for the 90 m-spaced grid
reported in the maps of Figure 5. In order to compare the different variables in the same plot, the vario-
grams of the n-scores of the variables computed by the above described nscore algorithm [Deutsch and
Journel, 1998] are compared in Figure 6. The three variables (CO2 flux, T10, and T0) in the four different peri-
ods have very similar variograms (Figure 6) all of which can be modeled with a spherical model character-
ized by similar low nugget values and ranges from 350 to 400 m. Considering that the nugget describes the
short-scale variability while the range (i.e., the value of the distance after which the variogram remains

Figure 7. Comparison between T10 and T0. (a) July 2003, (b) May 2010, (c) June 2014, (d) September 2014. The grey dots refer to the entire
data set while red dots refer to the values from the Solfatara crater area (box reported in Figure 5); the regression lines computed from the
entire data sets and the data subset of Solfatara crater area are reported as dashed lines and continuous lines, respectively. Error bars refer
to (i) the uncertainty in T0 estimate by TES and (ii) to the standard deviation of the estimate average T10 (see text for details).
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nearly constant) is an estimate of the average size of the anomaly, the similitude shown in Figure 6 demon-
strates that the ASTER-derived T0 refers to the same structure highlighted by high CO2 flux and soil temper-
ature T10. In other terms, the similarity between the variograms of CO2 flux,T10 and T0 quantitatively
supports the correspondence between soil temperatures, surface temperatures, and CO2 fluxes highlighted
by the maps of Figure 5.

The correlation between ground measurements and ASTER-derived temperatures has been further investi-
gated by a point to point comparison (Figures 7 and 9) of the cell data of Figure 5.

The results show significant correlations between ASTER-derived temperatures (T0) and soil temperature at
10 cm depth derived from ground measurement (T10) (Figure 7). The correlation is enhanced when referring
to the most anomalous areas located in the Solfatara crater (box reported in Figure 5a, red points in
Figure 7). In fact the coefficients of determination (R2) of the linear regressions of T02T10 sensibly increase,
for all the data sets, when the data subsets are considered (Figure 7). Furthermore, Figure 7 shows that T10

is systematically higher than T0. In principle, this deviation can be due (i) to the difference in the time of the
measurement (diurnal and nocturnal respectively), (ii) to the occurrence of high thermal gradients (!T) in
the hottest zones causing a significant temperature increase also at a depth of 10 cm, and (iii) to some sys-
tematic biases on the derivation of ASTER temperatures.

In order to investigate this matter, we consider for example the data of May 2010. Figure 8a shows that also
at low temperature, T10 is always higher than T0 indicating an apparent thermal gradients of �308C m21.
However, because in the low temperature zones of the surveyed area the soil temperature should be

affected only by seasonal and diurnal
effects and because in these low tem-
perature zones, where diffuse degass-
ing of volcanic gas is absent, the effect
of the geothermal gradient due to the
conductive heat transfer (i.e., in the
order of 1022210218C m21) is negligi-
ble, we assume that this T10 2 T0 differ-
ence is likely reflecting the effects of
diurnal-nocturnal acquisition of the
data (i.e., T10 is a diurnal temperature
while T0 is nocturnal). Accordingly, we
assume that this apparent thermal gra-
dient of �308C m21 on average affects
each measurement. In Figure 8b, the
T10 and T0 values are compared with
different curves of apparent thermal
gradients, !T(a) 5!T 1 30, where !T

is the effective thermal gradient. Many
data, and in particular those of the
higher temperature zones, match the
field corresponding to the average
thermal gradients (from 1078C m21 to
1708C m21, grey band in Figure 8b)
measured during several campaigns
within the hot zones of Solfatara crater
[Chiodini et al., 2005]. This finding sug-
gests that the temperature values
derived from ASTER, which show a reli-
able spatial pattern, are also a good
proxy of the real surface temperature
values.

Furthermore, this positive result and
the estimated uncertainties on T0

Figure 8. Comparison between T0 and T10 from the May 2010 surveys; in (a) the
line corresponding to a thermal gradient of 308C m21 is reported as a solid line; in
(b) the apparent thermal gradient (!T(a)) lines, computed for effective thermal
gradient (!T) from 08C m21 to 2508C m21, are reported as dashed lines (see text
for details). The grey band corresponds to average measured thermal gradients
from 1078C m21 to 1708C m21, characterizing the hot zones of Solfatara crater
[Chiodini et al., 2005]. Color of the points has the same meaning as in Figure 7.
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suggest that difference betweenT10 and T0 is only for a minor extent caused by systematic errors due to the
methodology for obtaining ASTER-derived temperature.

ASTER-estimated T0 well correlates also with estimated average CO2 fluxes for all the considered data set
(Figure 9). Considering that background CO2 fluxes are typically orders of magnitude lower than the anoma-
lous one, the intercept of the regression lines in the new plots CO2 flux versus T0 of Figure 9 (i.e., the T0

value for null CO2 flux) are a good proxy of the background temperature, i.e., the surface soil temperature
where a CO2 flux from the hydrothermal system is absent. The intercepts, in fact, correspond to surface tem-
peratures 25.1, 18.0, 23.4, and 17.58C for the surveys of July 2003, May 2005, June 2014, and September
2014, respectively, which are consistent with the ambient temperatures of the different seasons. The slopes
of the regression lines, instead, seem to be controlled mainly by the total amount of CO2 released, in fact,
the slope values generally decrease with the increase of the total CO2 flux (Figure 9).

In general the correlation of soil temperature (both T10 and T0) and CO2 flux confirms that the hot soils of
the area are heated by the subsoil condensation of the steam rising from the hydrothermal system, a pro-
cess which at the same time supplies CO2 and heat generating hot and high gas flux soils [Chiodini et al.,
2001, 2005].

5. Conclusions and Perspectives

The surface temperatures derived from ASTER data analysis are compared with a large data set of soil tem-
perature and CO2 fluxes measured in a volcanic-hydrothermal system, the Solfatara of Pozzuoli. The spatial
distribution of ASTER-derived surface temperatures are in good agreement with that derived by in situ
measurements suggesting that the remote survey of surface temperature is a suitable and powerful tool to

Figure 9. Comparison between CO2 flux and ASTER-derived surface temperature (T0). (a) July 2003, (b) May 2010, (c) June 2014, (d) Sep-
tember 2014. Error bars refers to (i) the uncertainty in T0 estimate by TES and (ii) to the standard deviation of the estimate average CO2

fluxes (see text for details). The total CO2 flux released by soil diffuse degassing, computed form for each survey by the measured CO2

fluxes [Cardellini et al., 2003], is reported in the top right corner of each diagram. Color of the points has the same meaning as in Figure 7.
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investigate hydrothermal features. The correspondence between temperatures and CO2 flux distributions
indicates that the soil thermal anomaly is due to the arrival at the surface of fumarolic-type fluids which
undergo subterranean condensation of the steam, a process which heats the soils and simultaneously feeds
CO2 soil degassing [Chiodini et al., 2001, 2005].

A ‘‘point-to-point’’ comparison between remotely sensed and measured temperatures, acquired in four dif-
ferent surveys, shows a reasonably good linear correlation between the two parameters. In general,
remotely sensed temperatures result systematically lower than measured ones, the latter being measured
at a depth of 10 cm and hence increased by high thermal gradients of the soil in the hottest zones. In fact,
the differences between remotely sensed surface temperatures and those measured in the soil, once cor-
rected for diurnal-nocturnal effects, are compatible with average thermal gradients of 107–1708C/m charac-
terizing Solfatara crater [Chiodini et al., 2005].

Due the good correlation between remotely sensed temperatures and measured CO2 fluxes, the compari-
son of these two parameters turned out to be a good tool to estimate the background temperature, i.e., the
surface temperature where a CO2 flux from the hydrothermal system is absent and therefore it absent the
heating due to the degassing process. Furthermore, for the four investigated periods, the correlation
between surface temperature seems to be linked to the total amount of CO2 released by soil degassing.

The results of this study demonstrate that satellite data can be a very powerful tool to study surface thermal
anomalies quantitatively. In principle, the thermal release of any active volcanoes can be remotely moni-
tored with proper frequency and spatial resolution. Thanks to its high-spatial resolution, ASTER offers the
capability to measure thermal characteristics also in small areas like Solfatara of Pozzuoli. A further improve-
ment in the use of satellite data could derive from increasing, in future missions with TIR instruments, the
spatial resolutions (<100 m/pixel), and the temporal sampling. Furthermore, the long data set already
acquired by satellites, represents an invaluable resource to investigate the thermal history of active volca-
noes and, in particular, of those that recently erupted. At Campi Flegrei, where an ongoing heating process
has been highlighted by classical monitoring techniques, the satellite data can provide a supplemental tool
to monitor the thermal evolution of this dangerous area.
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