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Abstract

Ground deformation is one of the most important precursors for volcanic eruptions, In this respect, the surveillance
of volcanoes has greatly benifited from the continuous recording of clinometric data, which represents an
economical and reliable way to identify significant ground deformations. In this paper we analyize the clinometric
data recorded at the Phlegracan Fields, Italy, in the period 1992-1998 through a classical time series analysis. We
show that these techniques can be advantageously used to discriminate between the signals relative to the internal
and external processes. In particular, we find that high-frequency fluctuations are mainly due to thermal and
atmospheric pressure variations, while at lower frequencies we highlight a constant subsidence, without any
evidence of volcanic reactivation.

Key words  spectral analvsis — Phlegracan fields — In the past three decades, two major defor-
clinometric data mational events occurred, in 1969-1972 and in
1982-1984, with maximum ground uplifts of
1. Introduction [70 em and 180 cm respectively, accompanied
by seismic activity (De Natale er al., 1995),
The Phlegraean Fields are a restless caldera aravity changes (Berrino, 1994) and geochemi-
resulting from the Campanian [gnimbrite erup- cal anomalies (Martini ez al., 1991).
tion, 37 ka before present, (e.g., Rosi et al, At present, a very weak seismicity and ground
1995) and the Neapolitan Yellow Tuff eruption, subsidence are detected, while a strong fumarolic
12 ka before present (e.g., Wohletz er al., 1995), emission is present. The total output of CO, due
after which volcanic activity alternated with to the deep degassing process has been estimat-
periods of quiescence (Di Vito et al., 1999), ed as about 1500 t d”', and a flux of vapour of
until the last eruption in September 1538, Inter- 3300 t d”' is measured. The associated thermal
est in this area has never ceased because of its energy has been calculated to be 1.4 x [0 erg
intense geodynamic and geothermal activity, d’, equivalent to a thermal flux of 260 W m’
with strong ground uplift and subsidence epi- (Chiodini et al., 2000). In the last three years the
sodes, earthquake swarms, and fumarolic emis- values of the flux of CO, have been nearly con-
sion. stant, thus suggesting that the system should be

in a steady state.
The behaviour in the past and the current
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erupt again in the future. Because of the high
hazard of the caldera and the urbanisation both
inside and in the surrounding area, the volcanic
risk is extremely high and the Phlegraean Fields
deserve very careful surveillance. The Osserva-
torio Vesuviano manages the continucus moni-
toring of ground deformations, seismicity, and
fumarole activity, as well as periodic cam-
paigns to measure the gravimetric and electro-
magnetic field and to sample and analyse
the thermal fluids (Osservatorio Vesuviano,
1999),

The main purpose in the surveillance of vol-
canoes is to detect signals coming from inside
the earth. Unfortunately, most of the instruments
designed for this task collect data that are also
strongly influenced by external signals, and a
filtering procedure would then be needed, with
the main goal to distinguish between external
and internal processes. Actually, we barely know
the external processes that can influence the
data, such as temperature, atmospheric pres-
sure, earth tides and so on, but their relative
importance and the law that links them to the
data observed are almost unknown. This fact
makes it very difficult to design an optimal filter
to detect internal processes, such as a magmatic
reactiviation, and, undoubtedly, the classical time
series analysis (¢f. Bath, 1974; Priestley, 1981)
is the first step that should be performed to
quantify the relevance of external parameters,
and therefore to provide a first quantitative tool
to remove them.

The power of the time series analysis in dis-
criminating between internal and external sig-
nals is due to the fact that the main rough differ-
ence between them is their characteristic time
peried. External faclors usually act on time scales
of hours, days, and months, while the time pe-
riods that mark internal processes, such as the
reactivation of a magmatic system, are signifi-
cantly longer.

As regards the ground deformation, that is
the main topic of this paper, the signals due to
external processes are related to all the period-
ical processes, such as the thermal excursions,
both diurnal and seasonal, the sea tidal loading,
the solar-lunar tides, as well as to a number of
recurrent natural phenomena, such as the rain-
fall and the atmospheric pressure variations, and
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to incidental events related to human impact
(e.g., water withdrawal). The internal causes
producing ground deformation are rather long-
lerm recurring phenomena, such as the bradis-
eisms typical of the Phlegraean area, which can
be in turn related to underground fluid (water or
magma) movements, and short-term incidental
events, as indicated by the tilt anomalies meas-
ured before an earthquake (Rikitake, 1976).

The techniques which allow a continuous
control of ground deformations are the GPS
method, which is still very expensive, and ¢lino-
metric monitoring, which is currently used for
example at the Cascade Volcano Observatory
(Dzurisin, 1992), Long Valley caldera (Hill
et al., 1991), and at the Phlegraean Fields. Very
few works, in the past, were devoted to a quan-
titative analysis of the clinometric data (e.g.,
Mortensen and Hopkins, 1987; Peters and Bau-
mont, 1985). Nevertheless, the relatively low
cost of the clinometric stations and their sensi-
tivity in detecting very small deformations of
the ground are the main advantages of this kind
of instrument.

The Phlegraean Field clinometric net, which
records the tilt variations with respect to the
equi-potential gravity field, was installed by the
Osservatorio Vesuviano in 1987, and has been
active since then.

In this paper a spectral analysis of the data
collected from 1992 to 1998 is performed, and
the tilt variations and their causes are recog-
nised. Our aim is to build a very well defined
picture of the present, almost quiescent state, in
order to be able to recognise any anomalous tilt
variation which could be ascribed to an endog-
enous process, such as a restart of the volcanic
dynamics.

2. The Phlegraean Fields clinometric net

The automatic net for clinometric monitor-
ing at the Phlegraean Fields provides a continu-
ous recording of the ground tilt variations and
the tele-transmission of the digitised signals to
the surveillance centre of the Osservatorio Ve-
suviano.

Four tiltmetric stations are working (fig. 1):
three, called DMA, DMB, and DMC, are locat-
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Fig. 1. Map of the clinometric net at the Phlegraean Fields.

ed in the via Campana underground gallery, and
are aligned along the north-south direction; the
fourth, denoted BAL is placed in a cave in the
Baia castle. The first three stations are about
2 km away from the area affected by the maxi-
mum uplift, while the BAT station is about 4 km
away.

All the stations use a two component (X-axis
and Y-axis) transducer (Applied Geomechanics,
mod . 702) equipped with temperature sensors.
The tilt transducers have a calibrated angular
range of + 800 y radians, a resolution of 0.1 u
radian, a measurement repeatability of [ g radi-
ant, and the possibility of sensitivity setting
in high gain (0.1 u radians/mV) or in low gain
(1 & radians/mV); the scale factors reported in
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brackets are determined by the linear regression
of X-axis and Y-axis outputs in mV over the
calibrated angular range. The linearity, that rep-
resents the greatest deviation (%) of tiltmeter
output from the regression line to full-range
calibration curve, is 3%. The tiltmeters are also
equipped with temperature sensors with a sensi-
tivity of at least 0.1°C/mV. The sampling fre-
quency is set at a 0.5 h rate.

Every sensor is connected to an automatic
record station which carries out the conversion
of the signal into digital mode, its storage and
enables the telematic connection with the Sur-
veillance Center of the Osservatorio Vesuviano,
in order to allow the continuous control of the
recorded tiltmetric variations.
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3. Results

The East-West and North-South components
of the tilt variations measured by the station
DMB and N in the period August-December
1995 at the Phlegraean Fields are displayed in
fig. 2a,b , and can be considered as a sample of
the typical tilt variation recorded in this area.
The collected data clearly show that the two
normal components are not independent, but
rather, in this case, an anticorrelation is evident.

The first analysis performed on the data (dec-
imating the data at a 2 h rate) aimed to ascertain
if the value of the tilt variation at time 1 is
influenced by its previous value at time 1 -1,
This task is achieved calculating the autocorre-
lation function

C(@) = JAn fe-1)dr (3.
where f(#) is the temporal series to be analysed.

The autocorrelation function was evaluated
up to a delay 7 of 30 days for both the E-W and
the N-S tilt component recorded by the four
stations. For all the data set no autocorrelation
longer than a few hours is evident, while 1 day
periodicity can be identified, particularly evi-
dent in the E-W data recorded by DMA and
DMB and in the N-8 data recorded by DMC, as
shown in fig. 3a-f,

The periodicity of the data series were then
further investigated by means of spectral anal-
ysis, performed for each tilt component and
for each station, with a sampling frequency of
1/(2 h), and using a Hamming window (Priest-
ley, 1981).

In order to reduce the noise in the measure-
ment series, we calculated for each station the
average Welch spectrum obtained for periods of
4 months each year. Figura 4 shows the Welch
spectra of each tilt component, and fig. 5 shows
the Welch spectra calculated in the same way
for the temperature data measured at DMB and
BAL In addition to the diurnal periodicity, al-
ready evidenced by the autocorrelation function
analysis, a semi-diurnal periodicity and low fre-
quency components are clearly shown.

The diurnal periodicity (K, - P,) is also
present in the temperture data spectra, and can
be ascribed to the diurnal thermal effect.

942

The two semi-diurnal periodicities have a
different origin. One is present in all the spectra
with a period of 12 h 00 min, and is likely due
to the concomitant contribution of the lunar-
solar tide S, and the atmospheric pressure. Fig-
ure 6 shows, for example, the atmospheric pres-
sure recorded in 1993 as a function of time, and
its Welch spectrum which also exhibits the
strongest periodicity at 12 h 00 min.

The other semi-diurnal periodicity of 121 25
min is related to the main lunar tide component
M,. It is interesting to note, however, that this
periodicity is not always present, but rather is
very evident at BAI station, which is the closest
to the sea, while it is lacking at DMC, which is
the furthest from the coast. This seems to sug-
gest that the measured ground deformations are
not due in a significant manner to the lunar
attraction, but mostly the sea loading, that obvi-
ously has the same periodicities.

Therefore, the simplest way to highlight pos-
sible internal signals and to remove the external
contribution is to apply a low-pass filter.

Here, we removed all the periodicities with a
period shorter than | month applying a moving
average filter. The results of this filtering for the
DMB station are reported in fig. 7. It is evident
from this figure that the main ground deforma-
tion is a subsidence recorded on the N-§ com-
ponent, while the E-W level variations are strong-
ly correlated to the long-term temperature vari-
ations.

The reliability of this result was checked
comparing the ground level variations recorded
at two altimetric benchmarks in the same area.
In figure 8, the tilt variations calculated from the
two benchmarks appear quite similar to those
measured by the tiltmetric stations.

4. Conclusions

In summary, the time series analysis of the
tiltmetric variations recorded by the Phlegracan
Fields stations in the period 1992-1998 leads to
general and more specific considerations.

In general, we have demonstrated the relia-
bility of the clinometric data for surveillance
purposes, showing that the time series analysis
1s a preliminary, but fundamental tool to dis-



1 at the Phlegracan Fields from 1992 to 1998

i

Spectral analysis of the clinometric dat

‘GG 1 J9quasal-1sndny woay porad oyl ur I UONRIS 241 1@ papIodal juauodwos 1[0 Inos-ylonN (q) pue 1sap-iseq (v ‘qey 8ig

SE6EL/LL : SE6L/OL : S661/6

S661/8

(syiuow snsyan suripes?’) WUsUCdWIoD SN - UONBIS GINQ

S661/21

SEBL/LE ; Se61L/01 S661/6

S661/8

- 02—

(sywow snsisa suelpel#) Juauodwod pp3 - UoNEIS gINg

94



wreni and Warner Marzocchi

H

Ciro Ricco, Carlo Del Gaudio, Francesca Qu

"DIACE 18 wRuodwod 1113 PINOS-YLION 3t} 10§ awes ay (
NI ISIM-ISEY 91 J0] awes ayy (p pu (5 :p ¢ = 2 ABJAP © 10] UONAUN] UONRALINI0INE )1 (Q) pu v 1 wauoduio

Jpue (2 :ga e weuodwos
2113 3sam-Isey (v cj-eg S

i @ ®
82 9% VY2 22 02 8L 9L vL g 0 8 9 ¥ z 0 .“rDT
o 4 -5 b T ¥ =} : 101
fliT I A o oYU, L IO L]0
! | i | |
St S| FEN ) (SR - --1-- -f-- ._,E
A I e s o S S S oz
, , : _ , log
SN 2INQA 104 (001 X) SlUBINYB0D LOKE|SLI0D (sAep snssen sueipesr’) Jusuodwos g - LoIES NG
® ©)
8¢ 92 ¥2 2 02 8L 9L L & 0 8 9 ¢ 2 0O f TR
s : : 4 t + Ck= .
| | M
_ m e
““““ : Lo
o N S S S - A S +4-toz
” — : —
M3 GING 4o} (001 X) SIUSIZHIacO UoNE|BI0D
B2 92 ¥Z @ 0z BL S ¥l 3 oL 8 9 v z oV
[ ' ] i i : v ] ! ]

M3 VINQ 10} (001 X) SIUSIONYE0D UOE|BLI0D)

(sAep snsian sueipeln) Jusuodwos p3 - UONEIS YN

944



1 at the Phlegracan Fields from 1992 to 1998

H

"SUONTIS unaridalyd oy oy e papiosar siwauodwod 31 (sjaued Y51 1sop-1sug pue (sjaued 12]) MNog-yuoN a1 jo wnnoads yagap p 81y

Aeprsepho Repssajpho
0e Bl 9L L2 A o'} 80 90 0 <20

ol

Aauanbauy snssan Ausuap ensads oy jo Bo - usuodwiod pyg - uoness |vg Aouanbaiy snisian Ausuap |esnoads ay) jo Bo7 - Jusuodwoo g - Uolels |vd

Aepssapio Aepsalnha
o0z @91 9L ¥IL &L 0F 80 90 ¥0 g0

rA N !

Spectral analysis of the clinometric dat

Aousnbsly snsiea Alsuap |enoads sy jo Bo7 - Jusuodiuod p3 - UoREIS NG Aousnbaly snsian Aysuap [esjoads auy jo BoT - wsuodwos g - UORE)S DN
- _
Aepysa|pfo Aep/sapha

0Oe 81 9l b A ol 80 90 ¥o 20 0¢ g1 9l e oocl oL 20 90 ¥0 20

5 SRR TS D ShCPS e | S—

Aousnbaly snistea Alsusp [enoads auy jo Bom - Juauodiion a3 - uon®Bls ana Aouanbaly snsran Asuep fenoads au) jo 6o - Juauodwos g - uonels gwa

Aepysa|oho Aepysaphio
: og &+ 9L vE gL 0L 80

Aousnbaly snsiea Ausuap fenseds sy jo Bom - Jusuodwos p3 - uonels yiNg Aouanbauy snsien Alsusep [Bioeds ey 1o 6o - Jusuodwon g - USRS YN

945



wrzocchi

{

and Warner M

1 Quareni

H

Ciro Ricco, Carlo Del Gaudio, Francesc

suones (wonoq) 1vy pue (don) giNa 2 18 papindal wep ameadua) ay jo wngoads yoopm '§ B

Aepssodo

-
(=]
(=]
>
3
©
Rousnbaly snsien Aysusp eioads ayy jo HoT - aimeiadwsay - UOHEIS |Yg
Aep/ss|oho
gL 7L Al 0t 8'0 90
=
o
(=)
>
3
B

Aousnbayy snssen Aysusp jenoeds ay) 1o B0 - aumesadws) - uonels gg

946



Spectral analysis of the clinometric data at the Phlegraean Fields from 1992 to 1998

“(wonoq) umaoads yo[ea si pue (doy) §61-ge61 poutad ayl ur aurm jo uonouny v se amssaid ouoydsomny 9 Sy

|_
fepyssofo

8l oL ¥l [ ot 8'0 90 70 Ay |

(‘dwy) Bo

Kausnbaui) snsien Ausuap [eiiseds sy jo BoT - sinssaid ousydsowyy

(sieaf snsien B{ww) sinsseid suaydsowny

947



irzocchi

ireni and Warner Ma

mncesca Qua

d

Ciro Riceo, Carlo Del Gaudio, Fr.

"powiad awes 2y ut 101004 1|13 A[1ep ayy wodal WSL oY) uo purd oy ~aimuiadiue)
2 pur sjuatiodwod My pue §N (1x9) 238) paInqy oy uodal sy ay1 uo sjaued 3y 1 866 1-1661 POLAd 31 UI TONEIS g 241 10} S1|NS3Y B

S¥ ov

sueipeIf

SE 0 G 0 SL 0L §

0 S§- 0l= §l- Og— G¢— 08— G&— Q¥—

N v

s8-

o8-

4=

1ozs-

4+ g5-

1og-

4+ 65—

t T
L o
< o
I, |
suBIpeI

+

f=]

=<f
|

n
@
|

f

=]

o
|

Gz —

-t-0z-

L gL

L Gi—

866 L66F | @66L :  geBk . vesl 0661

(sieaf snsigA 5,) sinigiedwa) - uoners gg

§661

vEEL | £66) |

c661

le61

og-
0 —

oL-

8661-L66+ pouad ayj ul 10j33A Y AlIEP - ualEIS GING

Toesl | sest

2661 166h

00k -
—

09-

or -

s

0

02

(s1eak snssen suepel) Jueuodwos g - USIEIS gWa

948



Spectral analysis of the clinometric data at the Phlegraean Fields from 1992 to 1998

Tilt angle calculated from two aitimetric benchmarks in the period 1991-1988 (uradians versus years)
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Fig. 8. Tilt angle calculated from two altimetric benchmarks close to the DMB station in the period 1991-1998.

criminate between the signals related to internal
and external processes.

As regards the more specific considerations,
we have found that at high frequency, the tem-
perature and the atmospheric pressure play a
major role in the ground deformation in com-
parison with the luni-solar tides, which are less
significant and do not act directly but rather
through the sea loading,

Al lower frequencies, we found that, in the
period 1992-1998 the Phlegraean Fields were
affected by a constant ground subsidence.
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