






model, probably as a result of the higher rainfall in 2016 (the
highest of the 2015–2017 period).

At the end of the simulated period, the model is able to
reproduce the magnitude of observed subsidence very well,
showing a good agreement with PSI data. The comparison
between modelled and observed cumulated subsidence con-
firms the goodness of the calibration phase, with only small
differences, lower than 10%, observed in the total ground
displacement. Only in the eastern part of the plant nursery
area, the modelled total displacement exceeded the 10% error,
reaching a value of 13.5% (Fig. 6c).

The subsidence model validation was carried out, for the
2003–2010 period, by means of the available ENVISAT PS
data available all over Pistoia aquifer. Time series of observed
andmodelled ground displacement for the validation period of
both the Pistoia historical center and plant nursery area are
presented in Fig. 7.

ENVISAT PSI time series referring to the plant nursery
area show a constant and linear trend, characterized by a mean
velocity higher than –25 mm/year and a maximum cumulated
displacement of about –240 to –250 mm. Despite the monthly
or bimonthly acquisition time, ground displacement observed
by ENVISAT sensors is characterized by a clear 6-month
seasonal oscillation which overlies the general linear trend.

The subsidence model is not able to describe such a clear
trend, but it can reproduce the general pattern and magnitude
of ground displacement in quite good agreement with obser-
vations. For the Pistoia historical center, the ENVISAT data
detected a mean velocity lower than –5 mm/year and a total
displacement of –40 to –45 mm at the end of the monitored
period. There is a correspondence between the model and PSI
data for the western portion of the historic city center, whereas
the model overestimates the total displacement in the eastern
portion of the city center of about –15 mm. It is worth noting
that the time series referred to this sector of the city is noisy,
with strong variations probably not due to ground motion.

Subsidence forecasting

Calibrated RCM output for precipitation, maximum and min-
imum temperature, wind speed, solar radiation and air humid-
ity were used as input data for the calibrated MOBIDIC mod-
el, in order to extend the hydrologic simulation of the
Ombrone River network up to 2050. To certify the goodness
of hydrologic simulations performed with the RCM output,
the mean monthly discharge values of all RCM models were
compared with the original calibrated model for the 1994–

Fig. 6 a–d Time series of modelled and measured vertical ground
displacement in correspondence with the historical center and plant
nursery area for the 2015–2017 period (Sentinel-1 data). Red dots

represent observed ground displacement from satellite data, while blue
dots and lines indicate ground displacement simulated by the groundwa-
ter model
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2017 reference period at Poggio a Caiano and Pontelungo
river gauging stations (Fig. 8).

According to the bias correction method that was used to
calibrate RCM meteorological data, a good match between
mean monthly values is observed. RCM mean monthly cal-
culated discharges are in very good agreement with calibrated
MOBIDIC model output, showing similar values for each
time step. Both Poggio a Caiano and Pontelungo stations
show high coefficient of determination values of 0.98 and
0.96, respectively, certifying the reliability of RCM
simulations.

In order to identify the potential evolution of land-
subsidence patterns affecting Pistoia area in the future, a
groundwater model composed by 58 stress periods was set
up, including a 25-year model validation period (1992–
2017) and a 33-year forecast period (2019–2050).
Groundwater simulations are based on the calibrated
MODFLOWmodel of Pistoia aquifer, using, for the definition
of boundary conditions, calculated river discharge and perco-
lation variables obtained from RCM hydrologic simulations.
Three different pumping scenarios were investigated consid-
ering: (1) the current pumping rates and water dynamics, (2)

Fig. 7 a–d Time series of modelled and measured vertical ground
displacement in correspondence of historical center and plant nursery
area for the 2003–2010 period (ENVISAT data). Red dots represent

observed ground displacement from satellite data, while blue dots and
lines indicate ground displacement simulated by the groundwater model

Fig. 8 Mean monthly discharge values of regional climate models (RCMs) and the original calibrated model for the 1994–2017 reference period at a
Poggio a Caiano and b Pontelungo stations
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an average increase in pumping rate of +1%/year, starting
from 2020 (+10% at the end of 2030, +20% at the end of
2040 and +30% at the end of 2050) and (3) an average de-
crease in pumping rate of –1%/year, starting from 2020 (–10%
at the end of 2030, –20% at the end of 2040 and –30% at the
end of 2050).

To evaluate the goodness of the groundwater simulation
developed with RCM boundary conditions, a comparison be-
tween the modelled ground displacement rate and the
Sentinel-1 PSI data was carried out, considering the average
subsidence rate identified during the 2015–2017 period (Fig.
9). The RCM groundwater model reproduces the general
shape of the subsidence bowls with quite good accuracy, both
in Pistoia historical center and in the plant nursery area. Here,
the model slightly underestimates the observations value,

identifying a maximum ground displacement rate of about –
15.5 mm/year (against 20 mm/year of PS data) and a subsi-
dence bowl area with less spatial extent. Major discrepancies
are encountered east of the plant nursery area, where the RCM
model identified no subsidence occurring in the 2015–2017
period (lower than 2.5 mm/year), whereas the Sentinel-1 PSI
data detected subsidence rates up to –15 mm/year.

The receiver operating characteristic (ROC) curve of the
forecasting subsidence model follows the left side and the top
border of the chart, demonstrating the high reliability of the
predictive model. The value of the area underlying the curve
(AUC) ranges between 1 and 0.5 (represented by the dotted
line in Fig. 9b) and it provides a further indicator of the con-
sistency of the predictor. Following the performance rating
proposed by Swets (1988), the resulting model was mildly

Fig. 9 a Pistoia aquifer ground-displacement velocity comparison be-
tween Sentinel-1 PS-InSAR data (point features) and RCM groundwater
model estimations (isolines) for the 2015–2017 period, and b the receiver
operating characteristic curve of the forecasting subsidence model.
Forecasting model performances were analytically assessed by means

of a receiver operating characteristic curve, also known as a ROC curve
(b). The ROC curve represents a powerful graphical plot that illustrates
the diagnostic ability of multiclass classification problems by plotting true
positive rate against false positive rate of the prediction output
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accurate, with an AUC value of about 0.86. The analysis of
the potential ground displacement velocity that could affect
Pistoia aquifer in the future was performed in a decennial time
frame, considering the average subsidence rate of the 2020–
2030 (I), 2031–2040 (II) and 2041–2050 (III) periods
(Table 4).

Assuming extension of the current water extraction rate
from the aquifer, during the 2020–2030 period the evolution
of subsidence in Pistoia area shows different trends depending
on the location within the basin (Fig. 10a). In the Pistoia his-
torical center, the ground deformation is around –5 to –10
mm/year, exhibiting a decrease from the measured subsidence
rate at the end of 2017 (–15 to –20 mm/year). The plant nurs-
ery area keeps showing an average subsidence rate of
approximatively –15 mm/year, with peaks of –20 to –30
mm/year. Forecasts for 2030–2040 indicate a slight increase
in subsidence rate, with an extension of the involved area in
the southeastern part of the city (Fig. 10b). Finally, at the end
of the 2040–2050 period, the subsidence rate is expected to
slow down in the historical center of Pistoia, while larger
ground displacement is still affecting the plant nursery area,
in accordance with the subsidence trend observed during the
previous decade (Fig. 10c).

Considering an increase of +1%/year in pumping rate,
starting from January 2020 (for an overall +10% at the end
of 2030), the model results indicate that the current subsidence
bowls in Pistoia city and its surroundings will expand, and the
land surface of these areas will experience greater subsidence
rates, especially in the agricultural areas. According to the
forecasting model results, the ground displacement rate is ex-
pected to rise up to –25 mm/year in the plant nursery area and
up to –15 mm/year in downtown Pistoia. During the 2030–
2040 period, subsidence bowls keep expanding in all direc-
tions, involving the northwestern part of the city of Pistoia and
the southeastern part of the plant nursery area. The land sur-
face keeps subsiding rapidly, with greater velocity than in the
previous decade. At the end of 2050, all investigated areas are
subsiding rapidly, assuming very high velocities in both the

historical center and plant nursery area. Except for a small area
north-east of Pistoia, the area affected by subsidence phenom-
ena remains constant, if compared to the previous decade.
Results of subsidence forecasting analysis for the increasing
pumping rate scenario are displayed in Figure S1 of the ESM.

Model output of the decreasing pumping rate scenario for
2020–2030 shows a reduction in the spatial extent and inten-
sity of subsidence all over the study area, with velocities fixed
below –5 mm/year in most parts of the region, and only a few
areas are characterized by higher velocities (up to –10 mm/
year, Figure S2 in the ESM). At the end of the 2030–2040
period, the results indicate a total absence (lower than 2.5 mm/
year) of ground displacement related to groundwater exploi-
tation for the entire basin. Only small subsidence bowls are
still visible in the central part of plant nursery area, but they are
limited in terms of spreading and intensity. This represents a
clear indicator of the influence of groundwater-level variation
in controlling aquifer compaction in alluvial environments
characterized by the presence of fine compressible sediments;
this emphasizes the importance of correct management of the
groundwater resource. A further decrease in groundwater ex-
traction rate, as simulated in the 2040–2050 period, does not
strongly affect the residual subsidence pattern still occurring
in the plant nursery area. Here, subsidence bowls are very
limited in extent and they are characterized by velocity values
lower than 2.5 mm/year. This is probably linked to the stabi-
lization of water levels within the aquifer that started during
the previous analyzed decade, as a direct consequence of the
reduction of water extraction from the groundwater system.

Due to the absence of continuous and detailed hydraulic
head data in Pistoia aquifer in recent years, a direct compari-
son between ground displacement rate and water-level chang-
es cannot be performed in the present study. Updated hydrau-
lic head measurements would be very useful to confirm the
correlation between subsidence and groundwater withdrawal,
also providing important information for authorities and pol-
icy makers to improve understanding of such an impactful
phenomenon.

Table 4 Forecast ground displacement values of Pistoia area for all different pumping rate scenarios during periods 2020–2030 (I), 2031–2040 (II) and
2041–2050 (III)

y Current pumping rate [mm/h] Increasing pumping rate [mm/h] Decreasing pumping rate [mm/h]

I II III I II III I II III

Historical center (east) −8.0 −10.0 −3.0 −12.0 −15.0 −23.0 −5.0 <−2.5 <−2.5
Historical center (west) −10.0 −11.0 −4.5 −14.0 −14.0 −24.0 −4.5 <−2.5 <−2.5
Plant nursery (east) −15.0 −17.0 −10.0 −22.0 −22.0 −31.0 −5.0 <−2.5 <−2.5
Plant nursery (west) −20.0 −20.0 −12.0 −24.0 −25.0 −33.0 −7.0 <−2.5 <−2.5
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Conclusions

Fi-Po-Pt (Firenze-Prato-Pistoia) basin experienced a long his-
tory of subsidence phenomena, clearly identified since the
early 1990s by means of the first available InSAR data. In
the present work, a hydrogeologic model of Pistoia aquifer
was developed by means of the MOBIDIC-MODFLOW in-
tegrated procedure, in order to characterized subsidence pat-
terns induced by groundwater withdrawal and aquifer com-
paction. Model calibration and validation were carried out
thanks to high-resolution subsidence observations derived
from PSI data, focusing on hydraulic conductivity and skeletal
storage coefficients of the aquifer, demonstrating the benefits
of using detailed subsidence data in the characterization of
aquifer properties when detailed and complete hydraulic head
measurements are not available. Calibrated values of storage
coefficients may suggest that the combined effect of ground-
water extraction and the presence of compressible fine sedi-
ments may represent the driving force of subsidence detected
in Pistoia area.

An evaluation of potential anomalous subsidence patterns
that could be applicable to the study area in the near future was
performed, using forecasted meteorological data of global and
regional climate models as input for the MOBIDIC-
MODFLOWmodelling procedure. Ground displacement sim-
ulations were extended up to 2050, considering three different
pumping-rate scenarios. This led to the development of sev-
eral subsidence hazard maps of the city of Pistoia, which may
represent a valuable tool for urban planners to identify the
most susceptible areas to subsidence and to develop new strat-
egies to reduce the associated risks.

Since aquifer compaction caused by groundwater withdrawals
depends on several variables and factors, MODFLOW code must
performwith some assumptions and limitationswith respect to the
discretization of the natural system. In the MODFLOW SUB
package, the skeletal specific storage values, Sske and Sskv, are
stress dependent. As head declines and effective stress increases,
these values should become smaller. As a direct consequence,
calculated compaction and storage change are smaller for equiva-
lent changes in effective stress. Unfortunately, the SUB package
does not consider reductions in skeletal specific storage for subse-
quent stress periods and projections of future subsidence might be
overestimated. Moreover, since geostatic load variations are not
considered by the SUB package, only changes in effective stress
caused by changes in fluid pore pressure can be simulated.
Geostatic load changes may occur for the presence of new build-
ings or engineered structures and/or by changes in water levels in
overlying unconfined aquifers, but such variations are not con-
sidered in groundwater simulations. Since neither interbeds nor
model-layer thickness are adjusted to account for their compac-
tion during the simulation, the SUB package also assumes that
compaction of individual interbeds is small if comparedwith their
total original thickness. Layer thickness is fixed during the

Fig. 10 Time series of forecasted ground displacement in Pistoia area
under the current pumping-rate scenario for periods of a 2020–2030, b
2030–2040 and c 2040–2050. Sources: Esri, Airbus DS, USGS, NGA,
NASA, N. Robinson, NCEAS, NLS, OS, NMA, Geodatastyrelsen,
Rijkswaterstaat, GSA, Geoland, FEMA, Intermap and the GIS user
community
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development of the groundwater model and it does not change
even if subsidence occurs.

Climate variation effects do not seem to have a strong in-
fluence on subsidence control, as ground displacement rate
remains quite stable during the projected 2020–2050 period,
if one considers the extension of current pumping rates in the
future. Following the expectations, maximum subsidence
values are forecast using the increasing pumping rate scenario,
while lower subsidence values are obtained by decreasing the
water extraction rate. The present work confirms the role of
groundwater extraction as one of the primary driving force of
subsidence patterns in the Pistoia area, showing a higher in-
fluence than short-term climate changes on controlling ground
displacement.

In addition, forecasting analysis showed that if pumping from
the aquifer continues uncontrolled, anomalous subsidence rates
affecting the city of Pistoia are expected to persist, leading to
severe consequences for buildings, engineering structures and
human activities. As a first step, given the high compressibility
nature of the alluvial sediments in the study area, subsidence
mitigation actions should include a correct and sustainable use
of the groundwater resource. New and updated water level mea-
surements could provide useful information to assess current
groundwater states in Pistoia aquifer, allowing the development
of a finer and better-calibrated numerical model with improved
reliability. Considering the anomalous ground-surface displace-
ment velocity observed by PSI in the last 30 years in Pistoia
surroundings related to high withdrawals rate, an adapted and
forward-looking groundwater management scheme in the area
is of vital importance in order to guarantee groundwater quality
and quantity, and its renewability.
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