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Abstract: In shallow alluvial aquifers characterized by coarse sediments, the evapotranspiration
rates from groundwater are often not accounted for due to their low capillarity. Nevertheless,
this assumption can lead to errors in the hydrogeological balance estimation. To quantify such
impacts, a numerical flow model using MODFLOW was set up for the Tronto river alluvial aquifer
(Italy). Different estimates of evapotranspiration rates were retrieved from the online Moderate
Resolution Imaging Spectroradiometer (MODIS) database and used as input values. The numerical
model was calibrated against piezometric heads collected in two snapshots (mid-January 2007
and mid-June 2007) in monitoring wells distributed along the whole alluvial aquifer. The model
performance was excellent, with all the statistical parameters indicating very good agreement
between calculated and observed heads. The model validation was performed using baseflow data
of the Tronto river compared with the calculated aquifer–river exchanges in both of the simulated
periods. Then, a series of numerical scenarios indicated that, although the model performance did
not vary appreciably regardless of whether it included evapotranspiration from groundwater, the
aquifer–river exchanges were influenced significantly. This study showed that evapotranspiration
from shallow groundwater accounts for up to 21% of the hydrogeological balance at the aquifer scale
and that baseflow observations are pivotal in quantifying the evapotranspiration impact.
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1. Introduction
Evapotranspiration exerts a key role in watershed water budgets [1] and a wide range
of techniques have been developed to accurately characterize its spatial and temporal
variability at site specific locations, mainly using surface energy balance methods [2,3]
and surface water balance methods [4,5]. Evapotranspiration is generally considered in
surface water hydrological modelling [6] by spatially integrating semi-empirical formulas
based on climate variables, such as temperature, humidity, wind speed, and solar radiation,
included in the Penman–Monteith [7] or Priestley–Taylor [8] formulas and their global
assessment [9].
Despite the key importance of evapotranspiration in surface water hydrological modeling, the latter is not often directly included in groundwater flow models at the aquifer
scale [10,11]. This is due to the fact that direct evapotranspiration from groundwater is
generally considered to be negligible in aquifers, especially if they are formed by coarse
grained sediments, which are characterized by low capillary rise [12]. For this reason,
evapotranspiration is often subtracted from precipitation to gain recharge estimates used
as an input in groundwater flow models [13], especially when the water table is relatively
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deep [14]. Moreover, an accurate estimation of evapotranspiration, especially in heterogeneous landscapes, can be difficult to obtain due to many driving factors, which can make
extrapolation of data inaccurate, and thus mean evapotranspiration values are often used
for the whole modeled domain [15,16]. To overcome these simplifications, a growing legacy
of remote sensing techniques has appeared in the literature during the past decade [17–19],
with the aim to better quantify the spatial and temporal estimates of evapotranspiration
rates at the aquifer scale. Direct assimilation of remote sensing data into land surface
models is a topical research subject [20–23], but there is still not enough information on
evapotranspiration estimates via remote sensing techniques in groundwater models.
Few and sparse regional groundwater flow models have included remote sensing data
in their workflow [24,25] due to the inherent difficulties in retrieving consistent observed
data at the whole aquifer scale. Few well-documented cases have been developed to date
at the scales comparable to those of this study [26,27], but there is still a lack of detailed
groundwater flow models exploring the impact of evapotranspiration on the hydrogeological water budget in different climates. Recently, the Moderate Resolution Imaging
Spectroradiometer (MODIS) evapotranspiration products have proven to be reliable and
highly useful tools, because they are free downloadable datasets and consequently relatively easy to use by researchers and governments stakeholders [28]. They have been
successfully used for multi-calibration purposes in several surface models [29,30], providing crucial information, particularly in ungauged basins. Thus, to overcome the lack of
evapotranspiration factors in groundwater flow modeling, this study aimed (i) to quantify
the role of direct evapotranspiration from shallow groundwater incorporating remote
sensing data in an aquifer-scale groundwater model; and (ii) to assess the model sensitivity
to evapotranspiration rate estimations via remote sensing techniques.
2. Materials and Methods
2.1. Hydrogeological Setting
The drainage basin of the Tronto river, one of the major rivers of the Adriatic side
of Central Italy, extends over 1192 km2 between Abruzzo and Marche regions, and is
stretches WSW–ENE. Its alluvial aquifer covers an extension of 56.4 km2 from AscoliPiceno town (140 m asl) to the Adriatic Sea. The river is 115 km long, and has a mean
gradient of 2.1% and a 32 km long alluvial plain, oriented E–W with a mean gradient of
0.4%. The alluvial plain has been subdivided into three sectors: piedmont, mid-valley
and coastal [31]. The piedmont sector, about 6 km long, is characterized by a relatively
steep longitudinal profile and a narrow thalweg delimited by a high and vertical scarp that
creates a small gorge. In the mid-valley sector, which is 21 km long, the thalweg enlarges
progressively and is bordered by a large alluvial plain; it has a gentler longitudinal profile
and confined terraces. The coastal sector, about 4 km long, is characterized by a still smaller
gradient, a greater width of the valley, and an elongated sandy coastline [31]. The climate
in the Tronto watershed is of the “central-southern Adriatic” type in the lower valley and
“Apennine” in the mountainous part. As with most Mediterranean regions, it has mild
winters and hot dry summers [32]. The maximum peak discharge of the Tronto river is
1320 m3 /s, and the mean discharge and baseflow are 17.8 and 2.5 m3 /s, respectively [31].
The unconfined alluvial aquifer is composed of two hydrogeological units [33]: (i) the
highly permeable sandy gravel unit located in the recent unconsolidated alluvial deposits
and (ii) the partially cemented sandy gravel unit located in the older terraces outcropping
at both flacks of the Tronto valley but mainly developed in the Northern flank (Figure 1).
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isted at either location in terms of runoff and recharge contributions during the monitoring
period. Two hydrometric stations of the Tronto river with rating curves were available, the
first positioned near to the alluvial aquifer upstream boundary (Brecciarolo), and a second
(Spinetoli) in the mid-valley sector. Their flow rates were analyzed to obtain the exchange
fluxes between the alluvial aquifer and the Tronto river during baseflow recession periods.
A third hydrometric station was operating during the analyzed period along the Tronto
river, but this could not be used for the present analysis due to the strong tidal influence
that is typically observed in microtidal environments, even some kilometers far from the
river mouth [43].
Table 1. Daily precipitation (mm) at some rain-gauge stations during the investigated periods.
Ascoli
Piceno

Spinetoli

Day
14
15
16
17
18
19
20
1

Diga di
Talvacchia

Croce di
Casale

San Vito

Acquasanta

52 m asl

136 m asl

515 m asl

657 m asl

688 m asl

392 m asl

January June
-1
2.0
-

January June
3.0
0.2
-

January June
-

January June
5.4
-

January June
3.2
-

January June
5.0
-

No precipitation measured.

The average daily flow rates of the upstream and downstream sections were used
to estimate the flow rate variation along the selected Tronto river branch. The obtained
flow rates were further processed using the Base Flow Index (BFI) software [44], a simple
approach which separates surface runoff and baseflow [45], to determine the baseflow
component between the two gauging stations in mid-January and mid-June 2007. The observed baseflow rates were then compared with the calculated baseflow rates using the
WATERBUDGET subroutine of MODFLOW-2005, which allows subregions to be defined
for which a water budget is to be calculated, in this case, the portion of the model domain
between Brecciarolo and Spinetoli gauging stations (Figure 1).
2.4. Model Calibration, Validation and Scenarios
All of the simulations were run in steady-state mode, after an initial trial and error calibration procedure. An automated calibration was performed via the inverse code PEST [46],
combined with an automated sensitivity analysis. The automated calibration was done on:
(i) horizontal hydraulic conductivity of the two hydrogeological units, (ii) conductance of
riverbed, and (iii) conductance of GHB. PEST handles the employment of prior information
on parameters to stabilize the search of optimal values into physically based estimates and
to minimize computational time. The objective function on which PEST performed the
calibration consisted of all of the available head observations in each monitored period.
The Nash–Sutcliffe model efficiency coefficient (NSE), the percentage of bias (PB), and the
absolute mean error (AME) were used to evaluate model performance. The model estimates were validated comparing observed fluxes among the Tronto river and the aquifer
in the two monitored periods, as explained in the previous section. Once the model was
considered calibrated and validated, a series of scenarios were examined to quantify the
impact of evapotranspiration on the groundwater budget. First, to analyze the role of
the spatialization of the evapotranspiration versus mean values at the aquifer scale, the
average monthly evapotranspiration rates were retrieved from the MODIS database for
both January (1.62 mm/d) and June 2007 (7.68 mm/d). These values were used as mean
evapotranspiration rate values applied to the whole aquifer in two simplified scenarios,
named EVT-Mean-01/07 and EVT-Mean-06/07, respectively. In addition, two other simplified scenarios using the 8-day average evapotranspiration rates extracted from the data
shown in Figure 3 were constructed and named EVT-Mean-14–21/01/07 (2.31 mm/d) and
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EVT-Mean-14–21/06/07 (4.75 mm/d), respectively. Finally, two basic scenarios were run
by disabling the EVT package to quantify the impact of evapotranspiration from shallow
groundwater at the aquifer scale. The latter scenarios were named NO-EVT-01/07 and NOEVT-06/07, respectively. A sensitivity analysis was also performed on the calibrated model
using single perturbation tests (±10% of the employed parameter values) on both evapotranspiration rates and extinction depths, because the PEST automated sensitivity analysis
included in Processing Modflow 8.0 cannot handle the extinction depth as parameter.
3. Results and Discussion
3.1. Groundwater Flow Model Results
The initial estimates of hydraulic conductivity for the two hydrogeological units were
only slightly changed during the model calibration process (Table 2). The river conductance
decreased from January to June 2007, which could be due to changes in river morphology
or hydraulic conductivity of the riverbed. The latter cannot be considered constant over
time due to depositional and erosional patterns of flooding events, which can abruptly alter
this parameter. The GHB conductance also changed between the two simulated periods,
significantly increasing in June 2007 with respect to January 2007. This was due to the
small lateral creeks’ reactivation during the spring season that sustained the baseflow of
the Tronto river in June 2007 (see following section). The highest composite sensitivity
was found for the consolidated sandy gravel unit, followed by the sandy gravel unit and
GHB conductance, whereas the Tronto river conductance only slightly affected the model
composite sensitivity in both of the simulated periods (Table 2).
Table 2. Parameters used in the groundwater flow model and composite parameter sensitivities.
Parameter

Values

Composite Sensitivity

Sandy gravel unit hydraulic conductivity
(m/s)
Consolidated sandy gravel unit hydraulic
conductivity (m/s)
WEL pumping rate (m3 /s)
EVT rate (mm/d)
EVT extinction depth (m)
RIV conductance January 2007 (m2 /s)
RIV conductance June 2007 (m2 /s)
GHB conductance January 2007 (m2 /s)
GHB conductance June 2007 (m2 /s)

2.67 × 10−3

0.205

3.30 × 10−4

0.443

From 0.535 to 0.650
From 6.81 to 0.22
From 0.9 to 1.5
From 4.8 to 2.8 × 10−2
From 1.6 to 6.0 × 10−3
From 8.0 × 10−4 to 2.6 × 10−4
From 0.1 to 2.3 × 10−2

Not calibrated
Not calibrated
Not calibrated
4.1 × 10−3
4.3 × 10−3
0.188
0.189

Figure 4 shows the calibration results of measured versus computed hydraulic heads
in all of the monitoring wells (see Figure 1 for location). A very good model performance
was achieved for both of the simulated periods. It must be stressed that the AME in
both simulation periods was around 2 m, which is an acceptable, but non-negligible
value considering the large variation of groundwater heads throughout the model domain
(>120 m). This could be due to the steady state approach employed here, whereas the
stream–aquifer system is transient by nature [47,48].

aquifer is evident, with the equipotential head contours converging towards the Tronto
river in the piedmont sector and in the mid-valley. On the contrary, the coastal sector is
characterized by lower head gradients and by slightly diverging equipotential head contours from the Tronto river. This behavior suggests that the Tronto river is gaining water
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Figure 5. Calculated groundwater heads contour maps for the 14–21 January 2007 period (upper
panel) and for the 14–21 June 2007 period (lower panel), the Tronto RIVER package (RIV) cells are
also displayed (grey blue cells).
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sented approximately 30% of the whole hydrogeological budget. More importantly, the
evapotranspiration for the 14–21 January 2007 period was approximately 15% of the whole
hydrogeological budget. Considering that, in wintertime, the evaporation component
prevails, this is a remarkable result, meaning that the evaporation from groundwater alone
can be highly relevant for the hydrogeological balance even in temperate climates. In fact,
the evapotranspiration for the 14–21 June 2007 period, when the transpirative component
in Central Italy is near the apex [50], reached a value near to 21% of the whole hydrogeological budget. Overall, this is a clear indication that direct evapotranspiration from
groundwater cannot be neglected in groundwater flow models even in coarse grain soils
with low capillaries.
Table 3. Components of the hydrogeological balance as calculated in the flow model.
January 2007
Flow Term
CHB
inflow
CHB Sea
GHB
WEL
RIV
EVT
Sum

June 2007

In
(m3 /s)

Out
(m3 /s)

In + Out
(m3 /s)

In
(m3 /s)

Out
(m3 /s)

In + Out
(m3 /s)

+2.805

+0.000

+2.805

+2.073

+0.000

+2.073

+0.000
+1.704
+0.000
+1.562
+0.000
+6.071

−0.177
−0.003
−0.535
−4.454
−0.902
−6.071

−0.177
+1.701
−0.535
−2.892
−0.902
0.000

+0.000
+1.922
+0.000
+1.594
+0.000
+5.589

−0.180
−0.026
−0.650
−3.571
−1.161
−5.589

−0.180
+1.896
−0.650
−1.977
−1.161
0.000

3.2. Baseflow Monitoring Results
The daily average discharge and precipitation from January to July 2007 is plotted in
Figure 6 for both the Brecciarolo (in blue) and Spinetoli (in red) gauging stations. The surface runoff–baseflow separation line, obtained from the BFI-software application, is shown
with lighter colors at both river cross-sections. In addition to the hydropeaking fluctuations
induced by upstream-located hydropower plants [51], the maximum flow peak occurs
in the first half of April, promoted by a significant and intense precipitation (more than
30 mm/day), as shown by the downward-pointing gray lines. Further relevant flow peaks
are due to milder but persistent precipitations at the end of January and the beginning
of March. It is worth noting that the baseflow contribution at the downstream location
(light red) is larger than at the upstream section (light blue) most of the time, mainly in
spring and summer (April and July), probably due to the important role of the tributaries
feeding the Tronto river between the analyzed stations. Further, just after the April rainfall
and compared to the upstream section, a greater groundwater recharge and reduced surface
contribution occurred at the downstream section. Focusing on the weeks under analysis,
small flow rates were recorded at both stations, with flow rates around 2–3 m3 /s in January
(lower left panel) and 3–5 m3 /s in June (lower right panel).
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be considered reliable. To gain some insights into the effects of EVT rates on model
performance, a series of model scenarios and a single parameter sensitivity analysis are
outlined in the following section.
3.3. Scenario Modelling and Sensitivity Analysis
The model performance indicators and the difference between observed baseflow via
BFI and model-calculated baseflow for the different scenarios using distributed and mean
evapotranspiration rates are summarized in Table 4. It is clear that the statistical indicators
(NSE, PB, and AME) did not vary substantially using the distributed evapotranspiration
from MODIS at an interval of 8 days or the average evapotranspiration value for the whole
aquifer in that week or in that month. However, a non-negligible discrepancy among
the observed (via BFI) and modelled baseflow rates appears in the EVT-MODIS-Monthly
Mean. This highlights the importance of including baseflow observations during the model
calibration and validation procedures, because with sole head observations (despite being
well-distributed in the model domain) it would be impossible to determine if a monthly
mean evapotranspiration rate could be sufficient to accurately simulate the groundwater
flow and balance processes. As already pointed out by Doble and Crosbie [13], additional
calibration requirements are needed to better resolve the evapotranspiration role at the
basin scale. In particular, estimates of groundwater fluxes, such as baseflow to streams,
are fundamental.
Table 4. Model performance indicators (Nash–Sutcliffe model efficiency coefficient, (NSE), percentage of bias (PB), and absolute
mean error AME), and difference between observed and modelled baseflow for the different scenarios using distributed and mean
evapotranspiration rates.
January 2007

June 2007

Scenario

NSE
(-)

PB
(%)

AME
(m)

∆Baseflow
(m3 /s)

NSE
(-)

PB
(%)

AME
(m)

∆Baseflow
(m3 /s)

EVT-MODIS-8days
EVT-MODIS-8days Mean
EVT-MODIS-Monthly Mean

0.994
0.994
0.995

+1.25
+1.25
+0.99

1.95
1.95
1.93

+0.081
+0.090
+0.214

0.995
0.995
0.996

−0.91
−0.62
+0.48

1.97
2.00
2.17

+0.087
+0.099
−0.558

Finally, the single parameter sensitivity analysis was performed to elucidate the
uncertainties on both evapotranspiration rate and extinction depth (Figure 7). The results highlighted a very weak sensitivity of both parameters to ±10% perturbations, with
negligible differences on all the model performance indicators and with very small differences between observed and calculated baseflows; namely, the evapotranspiration rate
perturbation induced a baseflow change of ±0.04 m3 /s in January 2007 simulation and
of ±0.02 m3 /s in June 2007, and the extinction depth perturbation induced even lower
changes (±0.004 m3 /s in both simulations). This can be considered additional evidence that
the numerical flow model was not largely sensitive to uncertainties in evapotranspiration
rates and extinction depths.
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stream–aquifer interactions through model coupling [54], future studies should focus on the
transient behavior of the surface–groundwater interactions, with incorporation of weekly
MODIS evapotranspiration rates over an entire hydrological year coupled with continuous
baseflow observations. However, for such transient numerical models it is imperative to
equip a network of monitoring wells with continuous groundwater level monitoring.
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