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Gas buffering of magma chamber contraction
during persistent explosive activity at Mt. Etna
volcano
Daniele Carbone 1✉, Flavio Cannavò 1, Chiara Paola Montagna 2 & Filippo Greco1

A sequence of more than 20 short-lasting explosive eruptions took place at Mt. Etna volcano,

during a 2-month period in 2021. Here we perform a joint analysis of the gravity decrease and

ground deflation that accompanied the sequence of eruptions. Results from this joint analysis

are cross-checked against the output of a numerical code providing independent geochemical

insight on how the density of the magmatic liquid/gas mixture in the source reservoir varies

as a function of the pressure. This cross-analysis provides a framework to explain why (i) the

bulk volume reduction sensed by the ground deformation data is much lower than the volume

of the erupted products and (ii) the observed gravity changes point to a strong mass

decrease, incompatible with a pure mechanism of magma withdrawal. We conclude that

pressure-driven gas exsolution and expansion compensated the withdrawal of magma, thus

buffering the contraction of the source reservoir and leading to the inferred mass decrease.
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2021 was an exceptional year of eruptive
activity at Mt. Etna, with nearly
60 paroxysmal explosive epi-

sodes (lava fountains1) occurring from one of the volcano’s
summit craters (SEC; see inset in Fig. 1).

Here, we perform a joint analysis of continuously recorded
gravity and ground deformation data, aimed at shedding new
light on the bulk processes that took place during the occurrence
of a series of lava fountains events closely spaced in time. The
gravity data we utilize were acquired through three continuously
recording gravimeters, installed at different sites. In particular,
time series from iGrav#16 and iGrav#20 superconducting gravi-
meters (SGs), installed at SLN and MNT stations2 (Fig. 1),
respectively, were employed. Furthermore, we consider the
gravity time series from AQG-B03 absolute quantum gravimeter,
installed at PDN station3 (Fig. 1). Gravity data are corrected for
environmental effects (Earth tide, polar motion, atmospheric
pressure, ground tilt) and, in the case of AQG-B03, possible
instrumental drifts (drift of the radio frequency reference and
drift of the laser frequency3).

Ground deformation data come from the continuously oper-
ating GNSS network of Mt. Etna, which includes permanent
stations across the whole volcano edifice4 (Fig. 1). Raw GNSS data
are recorded through Leica Geosystems instruments and pro-
cessed on a daily basis, using the GAMIT/GLOBK software5. The
processed GNSS solutions are referred to the geodetic reference
frame, specifically designed for the Etnean area4,6.

In order to ease the joint analysis of gravity and GNSS data and
reduce the higher-frequency noise, daily averages of all the
available data were calculated. Figure 2 shows 160-day of gravity
and deformation (vertical component) time series, between 16
May and 23 October 2021. One of the most striking common

features is the phase of gravity decrease and deflation which
occurred during early June to late July (marked with the yellow
band in Fig. 2). Figure 2 also reports the timing of the 38 lava
fountain events that occurred during the considered period
(orange marks in the upper part of the figure). Among these,
more than 20 episodes occurred during early June to late July1.

The horizontal and vertical components of the deformation
field during 07 June to 31 July 2021 are shown in Fig. 3a, b,
together with the amplitude of the gravity changes observed at the
three stations during the same period (Fig. 3c). The start and end
dates of this period (yellow band in Fig. 2) were chosen with a
view to (i) obtaining a deformation field as coherent as possible,
(ii) including most of the phase when the gravity signals decrease
at a higher rate, (iii) including the cluster of lava fountains that
occurred at intervals of <1 to a few days, throughout June and
July (Fig. 2). Only the 20 GNSS stations closest to the summit
craters are considered (Fig. 1), since variations that are either
negligible or unrelated to volcanic processes were observed at the
other sites. Overall, the GNSS data depict an almost radial pattern
toward the summit craters area (Fig. 3a). We consider an
uncertainty of 1 and 3 cm, associated with the horizontal and
vertical components of GNSS data, respectively7. The amplitude
of the observed 07 June–31 July 2021 gravity decrease is pro-
gressively higher as one approaches the summit craters (Fig. 3c).
The uncertainties on the time gravity changes observed at the 3
stations (error bars in Fig. 3c) are propagated from uncertainties
affecting the daily gravity averages on 07 June and 31 July. In
turn, the latter uncertainties are defined as the standard deviation
of the daily averages within a 15-day window centered at the
selected date.

The calculated uncertainties on the time gravity changes are
about 1, 4, and 8 µGal, at SLN, MNT, and PDN, respectively, and
include possible effects due to instrumental drift on the SGs at
SLN and MNT stations. In particular, the instrumental drift on
iGrav SGs is expected8 to be <5 µGal/year, implying an effect of
about 0.7 µGal over the considered 55-day period.

Results
Data inversion results. The net gravity changes and deformation
over the period indicated with the yellow band in Fig. 2 are jointly
inverted using a convergent Pattern Search Algorithm7,9,10. The
latter iteratively generates an adaptive grid of model parameters
and searches for the parameters which provide the best fit
between observed and synthetic data. The best parameters are
estimated by minimizing the objective function (see “Methods”),
defined as a weighted mean of squared residuals7. In turn, the
residuals are weighted by the inverse of the uncertainty associated
with the measurements. The radial pattern of the early-June–late-
July deformation field (Fig. 3a) led us to choose the analytical
expressions of Mogi11 as forward model of the bulk mass and
pressure changes, as already done in previous studies12,13. The
effect of topography on the observed deformation is accounted
for using the varying-depth model14. As for gravity data, they are
inverted for the total mass change taking place in the source
volume ðΔMÞ, rather than for the density of the fluid involved in
the source process. Under the far-field approximation, we con-
sider the following form of the Mogi11 formulation:

ur ¼ ΔV
ð1� υÞ

π

r
R3

uz ¼ ΔV
ð1� υÞ

π

d

R3

Δg ¼ GΔM
d

R3 þ γΔh

ð1Þ

where, ur and uz are horizontal and vertical deformation, Δg is

Fig. 1 Map of Mt. Etna showing the position of the gravity and GNSS
stations for continuous data acquisition. Blue triangles: GNSS stations;
circles: gravity stations. Different colors are used for PDN (orange) and for
SLN and MNT (yellow) to highlight the different types of gravimeters
utilized: SGs at SLN and MNT, an AQG-B at PDN. Note that, while SLN and
PDN gravity stations are colocated with GNSS stations, MNT is ~500m
away from the closest GNSS station (EINT). The inset at the top left shows
a detail of the area inside the dotted rectangle, including the summit active
craters of Mt. Etna (NEC Northeastern Crater, VOR Voragine, BN Bocca
Nuova, SEC Southeastern Crater, redrawn from Sciotto et al.19). The inset at
the bottom right is a photo taken during one of the lava fountains in
June 2021.
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Fig. 2 Gravity and vertical deformation time series. Upper block: gravity time series from PDN a, MNT b, and SLN c, during 16/05 to 22/10/2021. All
gravity data were corrected for the effect of known perturbations (see text for details) and are supposed to reflect only underground mass changes. At
PDN, gravity data were acquired through AQG-B03; 10min and 1day averages are shown in a. At MNT and SLN, gravity data were acquired through
iGrav#20 and iGrav#16 SGs, respectively; 10 s and 1-day averages are shown in b, c. Lower block (d): GNSS time series (vertical component) from the
5 stations closest to the summit craters (see Fig. 1). The orange marks in the uppermost part of the figure indicate the timing of the lava fountains that
occurred during the considered period.

Fig. 3 Observed and calculated deformation field and time gravity changes. a Horizontal component of the observed (blue vectors) and calculated (red
vectors) deformation field, during 7 June to 31 July 2021. The yellow star marks the position of the modeled source (Table 1). b Same as a, but for the
vertical component of the deformation field. c Observed (light blue dots) and calculated (red squares) gravity changes at SLN, MNT, and PDN, during the
same period as a, b, plotted against the horizontal distance between each station and the vertical projection of the modeled source. The error bars
represent uncertainties on the time gravity changes (see text for details on how the uncertainties are calculated).
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the gravity change observed at the surface, ΔV is the source
volume change, υ is the Poisson’s ratio, G is the universal gravity
constant, d is the depth to the center of the source, R is the
distance between the center of the source and the surface
observation point, γ is the free air gradient (standard value=
−0.3086 mGal/m) and Δh is the observed vertical deformation.
All model parameters are simultaneously retrieved by the inver-
sion procedure. It is important to stress that gravity data are not
corrected for elevation changes before they are fed to the inver-
sion scheme. Instead, these corrections are performed at each
iteration of the inversion process, using modeled, rather than
observed, vertical deformation. This relaxes the stringent need of
elevation control at each gravity station, which arises when the
classical procedure is employed, and allows the exploitation of
gravity data from stations that are not colocated with GNSS
stations, as in the case of MNT (see Fig. 1).

Inversion results are shown in Table 1 and Fig. 3. The modeled
source is placed beneath the summit craters of Mt. Etna (Fig. 3),
at a depth of about 2.6 km b.s.l. The observed ground
deformation is driven by a bulk volume reduction of about
2.3 × 106 m3, while the observed gravity changes reflect a bulk
mass decrease of about 1.4 × 1011 kg (Table 1).

Interpretation of the inversion results. Results of the joint
modeling (Table 1) indicate that the volume change inferred from
the deformation is only ~5% of a conservative estimate (ΔM=ρ) of
the volume change inferred from the observed gravity variations
(if ρ is assumed15 to be equal to 2800 kg/m3, ΔV ≈ 50 × 106 m3).
This indicates the activation of a mechanism allowing mass loss
to occur without the expected corresponding deformation. Likely,
the observed gravity changes were driven by a density change of
the magma already present in the reservoir that underwent the
volume reduction. Excessive mass gain/loss was observed at
several volcanoes16 and different processes were proposed to
explain it, including17 compression or decompression of the
magma in the reservoir, substitution of the resident magma with
magma of different density, filling/emptying of void space. In the
present case, a further constraint on the mechanism behind the
observed changes comes from the estimated volume of erupted
products during the study period. An average DRE volume of
erupted tephra of 0.9 × 106 m3 was reported1 for each lava
fountain. The DRE volume was calculated as 0.18% of the total
volume of erupted gas and pyroclastics18. In turn, the total
volume is retrieved as the product of (i) the duration of the lava
fountain, (ii) the mean fluid exit velocity at the vent (a linear
function of the fountain height), and (iii) the vent surface area.
While the duration and average height of each fountain was
obtained by analyzing the images from the thermal and visual
cameras installed on the volcano slopes1, the vent area was cal-
culated assuming a circular shape and a diameter of 30 m18. This
size is not entirely in keeping with more recent structure-from-
motion mapping results19. Since the erupted volume scales with
the square of the vent size, even small differences in the assumed
vent radius may lead to important changes in the estimated
tephra volume. These considerations imply that the volume of
erupted tephra should be treated as indicative, rather than a

precise estimate, also considering the uncertainty on the above
0.18% factor.

To obtain a complete estimate of the erupted products, the
volume of the lava flows that occurred during the fountaining
events must also be accounted for. Using in-situ, drone, and
satellite observations, an average of 0.8 × 106 m3 was obtained for
the volume of each lava flow during the study period20. Hence,
for the 22 eruptions during early-June to late-July, it results a total
erupted volume of slightly less than 40 × 106 m3. This value is
more than an order of magnitude larger than the source volume
reduction resulting from the joint inversion (Table 1), while it is
comparable to the volume change inferred from the observed
gravity variations, within the above uncertainties. This observa-
tion leads us to favor a mechanism behind the gravity changes
somehow related to the extraction, from the reservoir, of the
magma that fed the eruptions. We thus rule out that the
replacement of denser resident magma, sinking to deeper levels,
by rising magma with a lower density21 may be the primary cause
of the recorded gravity decrease. It also seems unrealistic that the
erupted material may have left void space under the confining
pressure at depths of 5–6 km beneath the surface.

Conversely, a viable possibility is that the observed gravity
decrease was driven by a decompression-related density change,
i.e., an increase in the proportion of exsolved gas to magma in the
source reservoir, resulting in an overall increase of bulk magma
compressibility. Indeed, it is likely that the pressure decrease,
consequent to progressive magma extraction from the reservoir
during the eruptions, caused gas exsolution and expansion of
both the pre-existing and the newly-exsolved gas phase. In turn,
the new gas buffered the reservoir contraction, thus leading to the
relatively small volume change measured through GNSS.

A constraint on the early-June to late-July pressure decrease
can be retrieved from the inversion results shown in Table 1,
through the following expression22,23:

ΔP ffi μΔV
πa3

ð2Þ

where, ΔP is the pressure change, μ is the shear modulus, ΔV the
volume change derived from the joint inversion (Table 1) and a is
the radius of the source reservoir, assumed to be spherical shaped.
It also holds that24:

ΔM ¼ ρ0 � ρr
� �

ΔV þ ΔρV ð3Þ

where, ΔM is the mass change derived from the joint inversion
(Table 1), ρ0 � ρr is the density difference between magma lost
from the reservoir and host rock, Δρ is the density change within
the source and V is the volume of the source reservoir. It is worth
stressing that ρ0 represents the original magma density, before Δρ
occurs. Even if a relatively large value is assumed for ρ0 � ρr (e.g.,
500–1000 kg/m3), the absolute value of the first term to the right
of the equal sign remains on the order of 1–2 × 109 kg, thus, about
two orders of magnitude smaller than the absolute value of ΔM
resulting from the joint inversion (1.4 × 1011 kg; Table 1). Hence,

Table 1 Results of the joint inversion.

Parameter (unit) East (km) North (km) Depth (km b.s.l.) ΔV (106 m3) ΔM (1011 kg)

Lower bound 450 4150 −10 −10 −5
Upper bound 520 4190 0 10 5
Best fit 499.61 ± 0.14 4177.94 ± 0.18 −2.64 ± 0.18 −2.27 ± 0.32 −1.42 ± 0.15

Optimal solution parameters and boundaries of the search ranges. In the bottom row (best fit parameters), the 2-σ uncertainties, calculated by jackknifing42, are also reported.
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this term can be neglected in Eq. 3:

ΔM ffi VΔρ ffi 4
3
πa3Δρ; πa3 ffi 3ΔM

4Δρ
ð4Þ

Substituting Eq. 4 in Eq. 2, we can express the density change
within the source volume as a function of the pressure change:

Δρ ffi 3ΔM
4μΔV

ΔP ð5Þ

The dashed black line in Fig. 4 shows the Δρ=ΔP relation
(Eq. 5), for the values of ΔM and ΔV constrained by the joint
inversion of deformation and gravity data (Table 1) and for a
value of μ of 30 GPa (the value most commonly used in modeling
works focused on Mt. Etna25).

An independent estimate of the relationship between Δρ and
ΔP is obtained using the SOLWCAD code26, which computes
volatile saturation as a function of pressure, temperature, and
silicate melt composition, under the assumption of thermody-
namic equilibrium between the liquid and exsolved phases.
Computations with SOLWCAD are performed assuming a
constant temperature of 1373 K27, and initial pressure within
the reservoir of 140MPa, roughly corresponding to a depth of
3 km b. s. l. (Table 1). Compositional data in Table 2, measured
from a melt inclusion in products of the 2001 eruption28,
represent a typical composition for Etnean magmas and are input
to the thermodynamical model. Slight variations in oxide
composition from different samples28, or in magma temperature,
do not affect significantly volatile saturation26 and density of the
multiphase magma.

Initial contents of H2O and CO2 of 3 to 3.6 wt% and 0.1 to
0.4 wt%, respectively, are assumed in the calculation27–29.
Measured volatile contents have been obtained from melt
inclusions, implying that they represent a lower limit for total
contents in the magma, as they only include dissolved amounts.
Indeed, since Etnean magmas are typically gas-rich29, exsolved
volatiles are expected to be present at the relatively shallow depth
of the inferred reservoir (Table 1).

The density of the two-phase mixture ðρmixÞ at each pressure
step is evaluated as:

1
ρmix

¼ n
ρg

þ 1� n
ρl

ð6Þ

where, n is the weight fraction of exsolved gas in the mixture,
while ρg and ρl are pressure-dependent densities of the gas and
liquid phases, respectively, calculated through suitable
models30,31. Results from SOLWCAD are also presented in Fig. 4
(colored lines). Overall, changes in ρmix are dominated by gas
exsolution and expansion, with respect to the relatively small (up
to 5%) contribution due to variations in ρl . Indeed, SOLWCAD
predicts that, under the assumed conditions (Table 2 and Fig. 4),
the volume fraction of gas increases from almost zero to about
30%.

From Fig. 4, it appears that the Δρ=ΔP curve, obtained from
the results of the geophysical data inversion (dashed black line),
crosses the curves predicted by the geochemical model at values
of ΔP ranging between about 25 (for the highest assumed initial
contents of H2O and CO2) and 80MPa (for the lowest assumed
initial contents of H2O and CO2). Hence, under the assumptions
described above, a pressure decrease within this range of values
should develop to induce the increase in the amount of exsolved
gas which (i) buffered the contraction of the reservoir, thus
leading to the strong difference between magma chamber volume
reduction and erupted volume and (ii) played a major role in
causing the observed gravity (hence, mass) change.

Large amounts of CO2 fluxing28 from deeper levels to the
inferred reservoir at ~2.6 km b.s.l. would likely lead to different
results, by changing the characteristics of the geochemically-
derived Δρ=ΔP curves. However, we neglect this effect due to the
lack of quantitative data on gas fluxing at Mt. Etna, over time
scales of the order of a few months.

It is important to note that the inferred depressurization can
induce mechanical instability of the reservoir walls. Some
authors32 proposed that failure initiates when the difference
between reservoir pressure and lithostatic pressure at reservoir
depth reaches the strength of rocks. For volcanic rocks, the tensile
strength does not usually exceed 20 MPa33, implying that the
scenario suggested by our results (pressure in the source volume
decreasing by ≥ 25MPa) would not be viable from the point of
view of the mechanical stability of the reservoir. However,
geometrical considerations (i.e., chamber size and depth) must be
taken into account when evaluating the mechanical stability of a
depressurizing magma chamber. The two edge values of the
inferred range of pressure decreases (25 and 80MPa; Fig. 4)
correspond to source radii of 950 and 645 m, respectively (Eq. 2),
and, considering the estimated source depth of about 5.6 km
under the surface, to a radius-to-depth ratio between 0.1 and 0.2.

Fig. 4 Comparison between geophysical inversion results and
geochemical modeling data. Dashed black line: Δρ=ΔP relation of Eq. 4, for
the values of ΔM and ΔV reported in Table 1 and for a value of μ of
30 GPa25. The gray area gives the uncertainty on the Δρ=ΔP relation,
propagated from uncertainties on ΔM and ΔV (Table 1). Colored dashed
lines: estimates of the Δρ=ΔP relation obtained using the SOLWCAD
code26. The main oxide contents reported in Table 2 and the H2O and CO2

contents reported in the figure are used as inputs to the SOLWCAD code.

Table 2 Main oxides contents (wt. %) in the silicate melt.

SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O

43.88 1.88 16.49 2.12 7.96 0.18 5.58 10.77 3.27 2.07

Main oxides contents28 used for the calculation of the multiphase magma density and volatile partitioning. Reported data are from melt inclusion analyses. The partitioning between FeO and Fe2O3 has
been calculated assuming41 Fe2O3/FeO= 0.2.
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For such underpressure and geometrical conditions, neither
tensile34, nor shear33,35 failure of the reservoir walls are expected
to occur.

Conclusions
Previous joint inversions of gravity and ground deformation data
were based on discrete gravity measurements, implying that only
variations occurring over time scales on the order of several
months to years could be taken into account13,16,36. The avail-
ability of high quality time-series from driftless (the AQG-B3) and
almost driftless (the iGrav SG8) continuously recording gravi-
meters offers the possibility to precisely detect even small gravity
changes associated with ground deformation, occurring over a
wide range of time scales. Indeed, the gravity changes in the focus
of the present study developed over a period of less than
2 months (Fig. 2) and have amplitudes that range between about
7 and 20 µGal (Fig. 3). Importantly, such changes would be hardly
detected, if at all, through continuous measurements from the
more widely utilized spring gravimeters, due to the overwhelming
effect of the instrumental drift on the signal from these devices37.

The joint inversion of the changes observed during early June
to late July 2021 provides a framework to better understand the
volcanic processes that occurred during a period when more than
20 lava fountains took place (Fig. 1). Each fountaining episode
erupted a volume of between 1 and 2 × 106 m3 of pyroclastics and
lava1,20, implying that the total erupted volume during the entire
period is more than an order of magnitude larger than the source
volume reduction defined by the GNSS data (Table 1). This dif-
ference can be explained assuming the establishment of a feed-
back loop, where the volume of material erupted through the
eruptions induces a progressive pressure decrease in the reservoir
at 2.6 km b. s. l. and, hence, exsolution and expansion of gas. In
turn, the new gas partly replaces the erupted material, buffering
the bulk volume reduction and leading to the overall mass
decrease reflected in the gravity records.

Our results provide further evidence that, without support
from gravimetry, the inversion of deformation data from active
volcanoes may lead to incomplete or misleading inferences13,16,38.
Therefore, whenever possible, gravity measurements of suitable
quality should be performed to enhance the capabilities of the
observation systems used to monitor and study active volcanoes.

Methods
Objective function for the inversion of the geophysical data.
The joint inverse modeling of deformation and gravity data is
based on the minimization of the following objective function:

O:F: ¼ 1
Ωj j ∑i2Ω

ŷi � yi
σyi

 !2

ð7Þ

where, Ω is the set of measurements, ŷi is the model prediction of
the i-th measurement, yi is the corresponding measured value and
σyi its associated uncertainty.

Checks on the data inversion procedure. We perform two
analyses, aimed at checking the soundness of the adopted pro-
cedure for the joint inversion of gravity and deformation data.

Firstly, we explore the effect of changing the weights given to the
residuals. These weights are randomly sampled from Gaussian
distributions, each having (i) mean equal to the inverse of the
uncertainty associated with the corresponding measurement and (ii)
standard deviation equal to 10% of the mean. The sets of model
parameters obtained considering the different weights are distributed
within the 2-σ uncertainty intervals reported in Table 1.

Secondly, we check whether assuming an ellipsoidal source,
rather than spherical, would lead to results significantly different
from those we obtained (Table 1). We thus perform the joint
inversion of the gravity and deformation data using a formulation
that calculates the deformation field and the gravity changes due
to the pressurization of a finite ellipsoidal cavity in a half-space
(ECM39). The retrieved source parameters (Table 3), i.e., source
position and changes in mass and volume, are very similar to
those obtained with the Mogi11 formulation. To establish which
of the two formulations is more adequate to represent the process
that generated the gravity and deformation data, we exploit the
Akaike information criterion (AIC40). AIC estimates the relative
amount of information lost by a given model and assigns higher
quality (lower AIC value) to the models losing less information.
The amount of lost information is evaluated on the grounds of a
trade-off between goodness of the fit and simplicity of the model
(i.e., number of independent variables used to build the model),
implying that AIC deals with the risk of both overfitting and
underfitting the observations. Application of AIC indicates that,
in the present case, the Mogi formulation is to be preferred over
the ECM39. Indeed, while the ellipsoidal cavity model provides a
slightly better fit, in terms of WMSE, a lower AIC value is
associated with the Mogi formulation, given the difference in the
number of independent variables (Table 4).

Data availability
Data presented in this paper are available through this publicly accessible repository:
https://zenodo.org/records/10124351.

Received: 11 March 2023; Accepted: 28 November 2023;

Table 3 Results of the joint inversion with the ECM.

Param. (unit) East (km) North (km) Depth (km) ωx (°) ωy (°) ωz (°) ax (km) ay (km) ΔV (106 m3) ΔM (1011 kg)

Lower bound 450 4150 −10 0 0 0 0 0 −10 −5
Upper Bound 520 4190 0 360 360 360 2 2 10 5
Best fit 499.62 4178.07 −2.80 0 32 144 0.82 1.40 −2.32 −1.49

Optimal solution parameters from the joint inversion of the ground deformation and gravity data, using the ECM39 as the forward model. ωx, ωy and ωz are the rotation angles of the ellipsoidal cavity,
while ɑx and ɑy are its semi-axes (the third semi-axis, ɑz, was fixed equal to 1 km in the calculations).

Table 4 Results from the application of the Akaike
information criterion.

K WMSE AIC

Mogi model 5 0.00468 4573.1
ECM 10 0.00403 5027.9

Number of involved parameters (K), Weighted Mean Squared Error (WMSE), and AIC value
associated with the two considered models.
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