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Abstract

:

The current study assesses the potential of two modeling approaches to simulate the daily site water budget in Mediterranean ecosystems. Both models utilize a simplified one-bucket approach but are fed with different drivers. The first model, BIOME-BGC, simulates all main biogeochemical fluxes based on conventional meteorological and ancillary data, while the second uses evapotranspiration estimates derived from the combination of meteorological data and satellite normalized difference vegetation index (NDVI) images. The two models were tested for three Italian sites which are characterized by different vegetation types and ecoclimatic conditions: (i) low mountain coniferous forest; (ii) hilly deciduous forest; (iii) urban grassland. The soil water balance simulated by the two models was evaluated through comparison with daily measurements of soil water content (SWC) taken during a growing season. Satisfactory results were obtained in all cases by both approaches; the SWC estimates are significantly correlated with the measurements (correlation coefficient, r, higher than 0.74), and the mean errors are lower than 0.079 cm3 cm−3. The second model, however, generally shows a higher accuracy, which is dependent on the quality of the NDVI data utilized (r higher than 0.79 and errors lower than 0.059 cm3 cm−3). The study therefore provides useful indications for the application of these and similar simulation methods in different environmental situations.
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1. Introduction


The availability of water affects a great number of biological and ecological processes, such as seed germination, plant growth and nutrition, and organic matter decomposition. In most terrestrial ecosystems, the amount of and seasonal variation in the available water are the most relevant factors determining the health and efficiency of living organisms, generally expressed by macroscopic elements, such as vegetation growth, biomass, fructification, and biocenosis composition. The available water is strictly related to the soil water content (SWC), whose assessment is increasingly adopted in land-use planning, especially at the watershed scale for the estimation of runoff and soil erosion [1]. In agriculture, such assessment supports irrigation scheduling and promises to be a way to rationalize conflicting water uses during the most critical periods. The assessment of SWC is particularly important in Mediterranean areas, which are characterized by marked water shortage during the warm season, leading to increasing conflicts among different economic sectors and problems related to forthcoming climatic changes [2].



Numerous methodologies have been developed to assess SWC at different spatial and temporal scales. Some of them directly measure the amount of water as a fraction of total soil weight (i.e., gravimetric method) but are destructive and time consuming. Indirect methods have therefore been developed which relate soil water content to other variables (i.e., dielectric or heat flux sensors) [3]. All these methods, however, provide point measurements of SWC, whose extension over wider areas can be complicated by the spatial heterogeneity of controlling environmental factors (meteorology, terrain morphology, soil and vegetation features, etc.).



The modeling of SWC over larger areas must therefore account for these factors using information derived from various sources. Among the meteorological variables, temperature, rainfall, and solar radiation are the most influential on SWC, determining the direct input of water to the system and loss through potential evapotranspiration (ET0) [1]. Depending on the spatial scale of the investigation, these data can be locally collected by ground meteorological stations or derived from global data sets. Soil characteristics regulate water movement within layers and directly affect water retention, depending on particle size and porosity, as well as on organic content. All these features are extremely variable in space, mostly depending on the main pedogenetic factors, such as lithology, physiography, climate, vegetation, and others. The vegetation cover affects the soil water holding capacity of the decomposing materials in the litter and regulates the water loss through transpiration. The most interesting plant characteristics are therefore plant type and density, rooting system, canopy conductance, among others. These features are also characterized by an extreme spatial variability, which complicates the assessment of actual evapotranspiration (ETA) over large areas [1].



The integration of all these information types for the simulation of site water balance and SWC can be carried out by different modeling approaches. Hydrological models focus on the behavior of water in the underground layers and require detailed information on both soil and aquifers, which is often not available at the desired spatial and temporal scales [4]. Moreover, these models are generally suboptimal to simulate the water flux through the vegetation component of the ecosystems, particularly plant transpiration. An alternative is provided by biogeochemical and ecohydrological models, which integrate information on all ecosystem components to simulate the main fluxes through vegetation and soil [5,6]. BIOME-BGC is one of the most widespread of these models, being able to work at different spatial and temporal scales, using a minimum number of drivers and input data sets [7].



Remote sensing-based methods have also been largely applied to provide information on ecosystem status and processes. Synthetic aperture radar (SAR) imagery is potentially informative on SWC, but with variable spatial resolution and accuracy depending on several environmental features (e.g., [8,9,10]). Low spatial resolution satellite images can be also used for estimating several meteorological variables [11] (http://oiswww.eumetsat.org/IPPS/html/MSG/PRODUCTS/MPE). Finally, optical images taken by several sensors can provide information on vegetation quantity and condition, which can be integrated with ancillary data to simulate site water balance and SWC at different spatial and temporal scales [12]. The simplest methods which use remote sensing data to simulate plant water loss are based on the concept of crop coefficient (Kc). The Kc of each vegetation type, defined as the ratio between measured ETA and ET0 [13], is derived from vegetation indices, which express the quantity and status of vegetation. This approach has been successfully applied in irrigated agricultural areas, but generally tends to overestimate transpiration in cases of water limitation [14]. A new operational method that combines meteorological and normalized difference vegetation index (NDVI) data has been recently proposed by [15] to address this issue. The method (called NDVI-Cws) overcomes the tendency to overestimate ETA by the consideration of a short-term water stress scalar and has been successfully tested in Mediterranean areas.



The current paper aims at assessing the effectiveness of two modeling approaches for the simulation of the site water balance and SWC under different Mediterranean conditions. The first model is BIOME-BGC, which has been widely applied in the study region and estimates SWC through a simple one-bucket approach driven by conventional meteorological data. The second model feeds the same one-bucket approach with evapotranspiration estimates obtained through the NDVI-Cws method. The performances of the two models are evaluated versus field measurements of SWC taken in three Italian sites that are representative of different Mediterranean ecosystems (broadleaved and coniferous forests and grassland).




2. Materials and Methods


2.1. Study Sites


Three experimental sites were chosen in Tuscany, Central Italy (Figure 1), which, for their geographic, environmental and edaphic characteristics, are representative of different Mediterranean ecosystem types and drought risk conditions (Table 1). The main features of these sites can be summarized as follows:



	
Barbialla (43.5917° N, 10.8486° E) is situated in a gently sloped terraced area, at 135 m. The mean annual rainfall is 810 mm and the mean annual temperature is around 15.1 °C. The coolest months are January and February (6.0 °C), while the hottest is August (25.1 °C). The vegetation cover is quite homogeneous (over 2 ha) and is dominated by hornbeam (Ostrya carpinifolia Scop.), poplar (Populus alba L.), and various oaks (Quercus cerris L., Q. pubescens L., Q. ilex L.). The soil surface is covered by native herbaceous vegetation and a few small shrub communities, among which are Cornus mas, C. sanguinea, and Crataegus monogyna. Soil is over 1 m deep, prevalently sandy, and has a field capacity of around 0.32 cm3 cm−3 (Table 2) [16,17].



	
Amiata (42.9344° N, 11.6251° E) is situated in the south of Tuscany. The area is dominated by the presence of an ancient volcano; the altitude of the test site is about 758 m. The mean annual rainfall is about 800 mm and mean temperature is 12.4 °C. Summer is characterized by water shortage which, however, is not marked due to the site elevation. The whole area is quite homogeneous (over 5 ha) and is dominated by a coniferous forest (mostly Pinus nigra Arnold), with the marginal presence of some deciduous species (Quercus pubescens, Q. cerris, Q. ilex, etc.). Soil has a depth to bedrock of 0.7 m deep, is dominated by silt, and has a field capacity around 0.39 cm3 cm−3 (Table 2) [18].



	
The third site is located within a small agricultural area close to the Urban Park of Cascine (43.7854° N, 11.2183° E) in Firenze. The area is flat, with an altitude of about 40 m. The annual rainfall is about 810 mm and the mean annual temperature 15.7 °C; rainfall is mostly distributed during autumn and spring, while summer is usually dry. The fields are small (below 0.2 ha) and mostly covered by grasslands and annual crops (mainly vegetables), surrounded by some vineyards and olive groves (Figure 2). The soil is sandy and very deep; no information is available on field capacity (Table 2).







2.2. Models Applied


2.2.1. BIOME-BGC


BIOME-BGC is a biogeochemical model able to estimate water, carbon and nitrogen storage, and fluxes of terrestrial ecosystems on a daily, monthly, or annual basis [7,20]. Among the inputs required for each simulation, there are site data (e.g., latitude, altitude, soil texture, and depth), daily meteorological data (e.g., maximum and minimum air temperature, precipitation, solar radiation), and ecophysiological parameters describing the behavior of vegetation growing over the area for which the simulation is performed.



All ecosystem processes are reproduced assuming that vegetation is represented by a unique layer, whose dimension is proportional to leaf area index (big-leaf approach). The hydrological cycle is simulated using a simple one-dimensional bucket model which does not include movements of water in deep soil layers and is constrained by the rooting depth (i.e., the depth at which plants are able to grow roots). This model considers precipitation (both rainfall and melted snow) as input to the soil, while the outputs are transpiration, soil evaporation, and outflow due to water exceeding field capacity. Thus, SWC at day i is computed as:


SWCi = SWCi−1 + Pi − ETAi − Oi



(1)




where Pi is precipitation, ETAi is evapotranspiration (i.e., soil evaporation plus transpiration), and Oi is outflow (i.e., percolation plus runoff), all referred to day i. The model version used (4.2) is the most recent one released by the Numerical Terradynamic Simulation Group (see http://www.ntsg.umt.edu/project/biome-bgc.php). Further details on the model functioning and calibration in the study region can be found in [7,21], respectively.




2.2.2. NDVI-Cws Method to Simulate SWC


NDVI-Cws is a recently proposed method which estimates the daily ETA of terrestrial ecosystems by the integration of ground and remotely sensed data [15]. This method utilizes satellite NDVI data to estimate the fractional vegetation cover (FVC), which indicates the quantity of green transpiring biomass that depends on long-term water stress. The estimation of FVC allows the separate simulation of plant transpiration and soil evaporation, which are limited by short-term water stress. The effect of this stress is accounted for by means of two meteorological factors, which are applied to vegetated and unvegetated cover fractions through the formula:


ETA = ET0i∙[FVC∙KcVeg∙Cws + (1-FVCi) ∙ KcSoil∙AW]



(2)




where KcVeg and KcSoil are maximum crop coefficient values (kc) of vegetation and soil, and Cws (coefficient of water stress) and AW (available water) are the two meteorological factors accounting for short-term water stress effect [15,22]. ETA is finally inserted into Equation (1), where all other terms are computed as in BIOME-BGC.





2.3. Data Utilized


Automatic SWC measurements were collected at each study site by means of capacitive probes (i.e., EC-5 TM for Barbialla and Amiata; Theta Probe ML2X for Cascine) situated at 0.2 m depth; hourly data were recorded and then aggregated on a daily basis. The data series covered different periods, that is, 2009–2012 for Barbialla, 2016–2017 for Amiata and 2008–2012 for Cascine.



For two of the study sites (Amiata and Cascine), daily meteorological data (minimum and maximum temperature and precipitation) were recorded at the SWC sampling area; for Barbialla, similar data were collected at the nearby ground stations of Peccioli for temperature and Fornacino for rainfall. Unfortunately, all these data sets were incomplete, which imposed the alternative use of data interpolated from nearby stations by the DAYMET algorithm [23]. This algorithm yielded a data set having a spatial resolution of 250 m for the period 1995–2016.



At each site, soil texture was determined by specific soil survey and sampling; the analytical determinations were carried out according to official methodologies [24]. The rooting depth was determined considering jointly the depth to bedrock and the ecosystem type (Table 2).



The land use map of the three study sites, which was necessary to analyze the low spatial resolution satellite images, was produced by visual interpretation of orthophotos acquired by aircraft flights in 2013; the photos were provided by the Tuscany Region Web Map Service (see http://www502.regione.toscana.it/geoscopio/servizi/wms/OFC.htm). Four land cover classes were identified (broadleaved and coniferous forests, grassland, urban areas), the first three of which were representative of the three ecosystem types considered. The influence of possible land cover changes was minimized by focusing all analyses on the year of SWC measurements closest to 2013, which was 2012 for Barbialla and Cascine and 2016 for Amiata.



MODIS NDVI images covering Central Italy were freely downloaded from the USGS database (http://lpdaac.usgs.gov; product MOD13Q1) for 2012 and 2016. These images have a 250 m spatial resolution and were composited over a 16-day period (Figure 1). For the highly fragmented urban area of Cascine, additional higher spatial resolution images were also collected in order to characterize the vegetation cover during the observed year. Three Google Earth images were fortunately available for this year, taken on 27 March 2012, 5 August 2012, and 19 October 2012; an example of these images, corresponding to the August acquisition, is shown in Figure 2.




2.4. Data Processing


The interpolated daily meteorological data were preliminarily checked against the corresponding data collected for each site during the respective test year. No significant difference between measured and interpolated data was observed (all relative errors were around 1–2%, data not shown). Daily solar radiation was therefore estimated applying the MT-CLIM algorithm to the interpolated data [25]. This data set, together with soil depth and texture available for each site, was utilized to drive BIOME-BGC and estimate SWC for the respective study years. The ecophysiological parameters for Barbialla, Amiata, and Cascine are equal to those proposed in previous literature [26,27], referring to plain/hilly conifers, deciduous oaks, and C3 grasses, respectively.



The same meteorological data were then used to predict daily ET0 by the empirical formula of [28]. The multitemporal NDVI profiles of the three vegetation classes considered (deciduous and coniferous forests and grassland) were extracted from the MODIS NDVI images of the study years by the method described in [29]. This method is capable of integrating the land cover map of each site with relevant MODIS images to identify the NDVI values of specific land cover units having an area over 1 ha. The 23 NDVI values found for the three vegetation types were then interpolated on daily basis and transformed into FVC by the linear equation proposed by [30] and calibrated by [15]. The mentioned spatial resolution was sufficient for the relatively homogeneous forest sites, while this was not the case for Cascine, which was characterized by high spatial heterogeneity (see Figure 2). Consequently, the FVC estimates of this site were recalibrated using the three higher spatial resolution Google Earth images available for 2012. The annual minimum and maximum FVC needed for this operation were determined by drawing on these images a small plot around the measurement site. The size of this plot (5 × 5 m) was defined considering the area which is actually influential on the SWC probe [31]. The plot was divided into 1 m2 quadrats, which were visually attributed to vegetated or bare soil for the three considered dates. The minimum and maximum FVC thus identified in March and August were finally used to linearly rescale the MODIS multitemporal profile, assuming that these periods coincided with the respective extremes of grassland cover.



In all cases, the FVC estimates were combined with the available meteorological data to predict daily ETA and SWC by Equations (1) and (2), respectively. The pedotransfer function proposed for Mediterranean areas by [19] was applied to the site soil textures for computing the respective field capacities. The daily SWC estimates produced by both models were finally checked against the available ground measurements. The results of the comparison were summarized using common accuracy statistics (i.e., correlation coefficient, r; root-mean-squared error, RMSE; mean bias error, MBE).





3. Results


3.1. Barbialla Site


The daily evolution of mean air temperature and precipitation at Barbialla during 2012 is shown in Figure 3a. The annual precipitation is about 900 mm and is distributed with three maxima (i.e., in April, September, and December) and a minimum during summer. Summer is also characterized by mean air temperature close to 30 °C, leading to a prolonged dry season from the beginning of June to the end of August.



This seasonal evolution affects FVC (Figure 3b), which shows two peaks (mid-May and early October) and a slight reduction in summer, attributable to the prevalence of deciduous trees and to the occurrence of summer water shortage. The transpiration estimates of BIOME-BGC are around 330 mm year−1; the seasonal evolution is only partly related to that of FVC, being characterized by a peak at the beginning of July, followed by a drop due to water scarcity. The NDVI-Cws transpiration estimates obviously follow more closely FVC, and the total amount of transpired water predicted by this method is about 480 mm.



The corresponding SWC measurements are shown in Figure 3c, together with the two simulated profiles. The measured field capacity is around 0.32 cm3 cm−3 and is not well reproduced by BIOME-BGC, which estimates a value around 0.25 cm3 cm−3 (Table 2). As a consequence, this model strongly underestimates SWC for the whole year. This problem is mostly corrected using the ETA estimates of the NDVI-Cws method and the field capacity predicted by the M4 model (0.30 cm3 cm−3). The strong SWC reduction due to summer dryness is evident in both measured and simulated profiles, but the former has an initial, abrupt decrease (from late May to the end of June) followed by a slighter reduction until the end of August, while the last two proceed more or less in parallel. The first rainy events at the end of August until early September are sufficient to increase SWC; the two simulation approaches, however, reproduce a lower soil water recharge. Globally, the accordance between measurements and estimates are good (more than 61% of variance is explained by both models), but the model which uses satellite data shows slightly lower errors both in terms of RMSE and MBE.




3.2. Amiata Site


At the Amiata site, during 2016, mean air temperature is never higher than 25 °C and summer is characterized by relatively warm days (drops below 15 °C) due to the occurrence of rainy events (Figure 4a). Rainfall is well distributed during the whole year, with maxima in winter and in autumn; the total amount of precipitation (1255 mm year−1) is higher than ET0 (872 mm year−1), indicating that water is not a major limiting factor for vegetation growth.



The seasonal weather evolution has an evident effect on the FVC profile of the pinewood (Figure 4b), which is nearly stable during the whole year due to the evergreen habitus of the trees, with only minor variations (between 0.7 and 0.9). The slightly lower values at the beginning of the year are presumably due to the deciduous component of the ecosystem (i.e., the understory or the sparse broadleaved trees). The two evolutions of simulated transpiration are quite similar during the whole year, with the exception of a difference in summer, when the NDVI-Cws method reaches higher daily values than the biogeochemical one (4.4 vs. 2.8 mm day−1) (Figure 4b).



The measured SWC data series, which is shown in Figure 4c, is atypical, being constantly lower than the measured field capacity (0.39 cm3 cm−3): the annual evolution is also rather irregular, mostly due to the occurrence of rainy events (see also Figure 4a). It mostly varies within 0.20 and 0.35 cm3 cm−3, with the exception of two peaks up to 0.45 cm3 cm−3 at the beginning of the year: these days correspond to rainfall higher than 40 mm day−1 in the second-half of February. The annual SWC variations are reproduced fairly well by both the biogeochemical model and the satellite-based simulation approach. Both approaches, however, overestimate the annual SWC evolution, with slightly lower error for the second method (MBE = 0.047 vs. 0.053 cm3 cm−3).




3.3. Cascine Site


For the Cascine site during 2012, the total annual rainfall is about 800 mm (Figure 5a); two maxima characterize its seasonal evolution, one in spring and the other in late autumn. Water shortage is therefore occurring in the hottest months, from June to September.



This pattern has important consequences on green biomass, which is notably reduced during late-spring and summer (Figure 5b). In this case, the FVC evolution is indicated by two lines. The first, which is directly derived from MODIS NDVI data, varies approximately between 0.45 and 0.70. These values do not agree with the FVC visually estimated from the Google Earth images, which ranges approximately between 0 and 0.7. As previously mentioned, these differences can be attributed to the low spatial resolution of MODIS data (250 m), which is not sufficient to characterize the small grass field containing the SWC probe, even when integrated with the available land cover map. The FVC recalibrated on the visually estimated values instead reproduces the expected pattern, showing variations which are typical of a dry Mediterranean grassland.



The difference between the transpiration profiles simulated by BIOME-BGC and the NDVI-Cws method fed with recalibrated FVC is particularly evident in this dry site. BIOME-BGC estimates reach the highest values in June and approach zero in summer, when no rainy days occur (see Figure 5a). The NDVI-Cws transpiration estimates show an earlier spring peak which is followed by a marked water stress period.



Measured and estimated SWC are shown in Figure 5c. All profiles are mostly concordant in reproducing the initial winter value, but the measurements show a reduction which is not captured well by the two modeling approaches. The dry period is concentrated around summer, followed by high water recharge at the beginning of September consequent on rainfall. BIOME-BGC is not capable of correctly reproducing the SWC reduction at the beginning of summer and the increase after fall rainfall. Concerning the satellite-based approach, the use of the original MODIS FVC produces a strong SWC overestimation (MBE = 0.189 cm3 cm−3; data not shown); this tendency is mostly corrected by using the recalibrated FVC, which yields good results both in terms of correlation and errors (r = 0.794; RMSE = 0.059 cm3 cm−3; and MBE = 0.008 cm3 cm−3).





4. Discussion


The analyses performed involved the use of several data sets and two simulation approaches, whose advantages and limitations are briefly reviewed in the following subsections.



4.1. Reference and Input Data Sets


Conventional field measurements of SWC provide observations which are intrinsically local in space, since the utilized probes are sensitive to small soil areas around them. The measurements are also affected by both systematic and random errors; the EC-5 sensors used in the current cases have an overall accuracy of ±0.03 cm3 cm−3 for most mineral soils [30,32]. Moreover, all SWC measurements were taken at 0.2 m depth and can hardly be considered representative of the soil layer corresponding to the actual plant rooting depth, which can be much higher (over 1 m). All these factors can give rise to uncertainty in the measurement of SWC, as is exemplified by the Amiata case, where the measured SWC profile seems not to fully match the field capacities determined by both laboratory analysis and the application of pedotransfer functions to soil texture observations.



The efficiency of the examined modeling approaches is obviously dependent on the quality of the input data sets used. Both approaches require daily meteorological data of the study period, but BIOME-BGC additionally needs long-term data sets to identify the quasi-equilibrium condition through the spin-up run [33]. The previously mentioned comparative analysis with the incomplete data sets taken at the site stations showed that the interpolated data currently used were quite accurate. Soil texture information is another fundamental input required to determine relevant hydraulic properties. The accuracy of this information was currently guaranteed by the collection and analysis of ground observations. The other fundamental driver, rooting depth, is functionally different from the depth to bedrock reported by usual soil maps, which prevents the direct use of the latter for the current modeling exercises. This problem was circumvented by defining the rooting depth taking into consideration both the soil depth and the ecosystem type. More sophisticated methods, however, can be envisaged, such as those proposed by [34].



The satellite images utilized for the NDVI-Cws method are freely available and can be easily processed to retrieve information on the fractional cover of green vegetation. This operation is relatively simple using MODIS imagery in spatially homogeneous areas, such as those surrounding the two study forest sites. The same operation is more problematic in cases of highly fragmented land cover, such as that of Cascine. In this situation, the use of higher resolution satellite images is essential to correctly detect the spatial variability of vegetation features. The integration of different satellite images has been currently performed using a very simple approach based on the visual analysis of very high resolution images, but more advanced techniques are available that can produce fused data sets with enhanced spatial and temporal features (e.g., [35,36]).




4.2. BIOME-BGC


Biogeochemical models are specifically suited to simulate the main fluxes through terrestrial ecosystems at a variety of spatial and temporal scales. Among these models, BIOME-BGC is very popular due to its easy applicability to different environments. This model, however, is crucially dependent on the proper setting of several ecophysiological parameters, which are difficult to define when dealing with specific biome types [20]. The settings currently used were specifically identified for Mediterranean ecosystems within previous investigations which particularly focused on the parameters related to the regulation of water losses (e.g., stomata conductance and leaf water potential, e.g., [21,26]).



The model capability to simulate ecosystem fluxes in different environments requires an oversimplification and generalization of some processes, which may be not always optimal. This is the case of the above-mentioned single-layer bucket approach, which considers outflow only when soil water exceeds field capacity and no movement of water between adjacent soil layers [37]. This approach is clearly suboptimal to estimate the SWC at the specific depth, which is measured by the ground sensors [38]. Some authors tried to modify this hydrological scheme by including flooding and the existence of a ground water flux [39], or adding a multilayer module (e.g., [38]); this exercise led to identification of a more complex modeling framework, not adopted in the current work.



Improvements in the model performance might also derive from a better estimation of field capacity on the basis of soil texture, since the pedotransfer functions used by BIOME-BGC show variable accuracy. In the case of Barbialla, for example, the measured field capacity is much lower than the estimated value, leading to a global underestimation of the SWC (Table 2). Another problem highlighted by the current investigation is the model tendency to overestimate the effect of summer water stress, almost nullifying the predicted ETA in the driest Mediterranean conditions. This is evident in the case of Barbialla and, above all, Cascine, where the ETA simulated during the driest summer period is extremely low. Such patterns are in accordance with the results obtained by other authors, who observed similar model limitations in arid and semiarid areas [40,41].



More generally, several studies have shown that BIOME-BGC is not optimal for site-specific agrometeorological applications but finds its maximum utility for the large-scale simulation of vegetation processes both in current and expected conditions [42,43]. This is confirmed by our results, which show that the model is generally capable of predicting the time variability of SWC even when the absolute values are not estimated well.




4.3. NDVI-Based SWC Simulation Approach


The NDVI-Cws method was developed to estimate ETA of both natural and agricultural vegetation, usually achieving satisfactory results. More specifically, [15] demonstrated the applicability of NDVI-Cws in different Mediterranean ecosystems, from deciduous to coniferous forests and annual crops. The results obtained—validated versus independent ETA observations derived from eddy covariance flux towers—highlighted the importance of using NDVI multitemporal profiles representative of the observed vegetation types.



The same approach was tested in an olive grove in Central Italy to estimate both transpiration and SWC [12]. In that case, the behavior of an agroecosystem characterized by two layers (i.e., herbs and olive trees) was simulated, reaching an accuracy comparable to that currently obtained for the three study sites. As previously noted, these three sites are representative of different Mediterranean ecosystem types, which provides a strong support to the general validity of the modeling approach.



Similar to BIOME-BGC, the efficiency of the approach is dependent on the correct definition of soil hydraulic properties by the use of suitable pedotransfer functions. Thus, functions calibrated for Mediterranean ecosystems outperform those used by BIOME-BGC, which are of more general validity; the estimated field capacities of Barbialla and Amiata, in fact, are quite close to the measured values (Table 2).



Overall, the current study confirms that the model based on NDVI-Cws is capable of correctly estimating daily SWC of different ecosystems with an accuracy which is generally higher than the biogeochemical model. This is mostly due to the use of the remotely sensed vegetation index, which is directly related to the amount of green transpiring biomass, an important contributor to site water balance and SWC in arid and semiarid regions [44]. The performances of the method are therefore strictly dependent on the capability of the remotely sensed NDVI data to correctly reproduce the spatiotemporal evolution of the existing vegetation.





5. Conclusions


The current study focused on the use of two modeling approaches for simulating the site water balance of three Mediterranean ecosystems which cover a gradient of aridity conditions and show different strategies in response to summer water stress. Tree species that characterize the Amiata and Barbialla sites show a greater control on water dynamics due to their higher total resistance to water loss, which allows the persistence of green leaf biomass during the dry summer period [45]. This is less the case for the grass of the Cascine site, which exhibits a water-spending strategy implying a notable reduction of green biomass during the driest summer periods [46].



The results obtained indicate that both modeling approaches are capable of reproducing the water dynamics in all these cases when fed with high-quality input data sets. In particular, BIOME-BGC can track the temporal variability of SWC but can only approximate the absolute SWC values due to the assumptions used (i.e., the one-layer bucket approach) and to its sensitivity to the parameter settings defining soil and vegetation features. Moreover, this biogeochemical model tends to overestimate the effect of summer water stress, excessively reducing the predicted ETA in the driest Mediterranean conditions.



These problems are mostly overcome by driving a similarly simplified bucket approach with ETA estimated by the integration of ground and remotely sensed data. The NDVI-Cws method, in particular, accounts for both long- and short-term effects of water stress, thus correctly simulating water loss through vegetation during the most critical periods. This property is dependent on the accurate estimation of the seasonal evolution of vegetation activity through FVC, which can require the proper integration of remote sensing data sets with different spatial and temporal properties. This requirement is particularly strict in Mediterranean areas, where vegetation types showing multiple growing cycles and water spending strategies are distributed in spatially fragmented and heterogeneous landscapes [35].
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Figure 1. MODIS normalized difference vegetation index (NDVI) image of August 2013 showing the geographical position of the three study sites (Barbialla, Amiata, and Cascine) in Central Italy. The geographical window is 42–45° N, 8–13° E. 
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Figure 2. Google Earth image taken on 5 August 2012 over the Cascine site. The black circle indicates the position of the weather station and soil water content (SWC) probe. 
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Figure 3. (a) Daily mean air temperature and precipitation interpolated for the Barbialla site; (b) daily fractional vegetation cover (FVC) derived from NDVI and transpiration estimated by BIOME-BGC and NDVI-Cws; (c) daily SWC measured and estimated by the two modeling approaches. Errors are given in cm3 cm−3. 
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Figure 4. (a) Daily mean air temperature and precipitation interpolated for the Amiata site; (b) daily FVC derived from NDVI and transpiration estimated by BIOME-BGC and NDVI-Cws; (c) daily SWC measured and estimated by the two modeling approaches. Errors are expressed in cm3 cm−3. 
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Figure 5. (a) Daily mean air temperature and precipitation interpolated for the Cascine site; (b) daily FVC (original and corrected) derived from NDVI and transpiration estimated by BIOME-BGC and NDVI-Cws; (c) daily SWC measured and estimated by the two modeling approaches. Errors are expressed in cm3 cm−3. 
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Table 1. Main ecoclimatic conditions of the three selected study sites. Climatic data are averaged over the period 1995–2016.
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	Study Site
	Altitude (m)
	Mean Temperature (°C)
	Rainfall (mm)
	Ecosystem Type
	Data Availability





	Barbialla
	135
	15.1
	810
	Mixed forest
	2012



	Amiata
	758
	12.4
	850
	Coniferous forest
	2016



	Cascine
	40
	15.7
	810
	Grassland
	2012
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Table 2. Rooting depth and soil texture (expressed in g kg−1) derived from local samples for each study area; the last columns report soil water content at field capacity determined by laboratory analysis and estimated by BIOME-BGC and the M4 model proposed by [19] (see text for details).
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Study Site

	
Rooting Depth (m)

	
Sand

	
Silt

	
Clay

	
Field Capacity (cm3 cm−3)




	
Measured

	
BIOME-BGC

	
M4 Model






	
Barbialla

	
1.20

	
6.0

	
3.0

	
1.0

	
0.320

	
0.246

	
0.300




	
Amiata

	
0.70

	
1.3

	
5.3

	
3.4

	
0.390

	
0.423

	
0.358




	
Cascine

	
0.50

	
5.2

	
2.4

	
2.4

	
-

	
0.301

	
0.328
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