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Abstract 

Greenhouse agriculture is increasingly vital for food security. Yet, its catchment-scale 

hydrological effects remain poorly understood. We develop an integrated framework combining 

greenhouse climate modelling and remote sensing of land cover with the physically based 

CATchment HYdrology (CATHY) surface–subsurface hydrological model. We apply it to the Piana 

del Sele district in southern Italy to assess trade-offs under land use and climate change scenarios. 

Our simulations show that, compared to open fields, greenhouses theoretically reduce 

evapotranspiration; however, their effects on irrigation requirements depend strongly on the 

timing of crop cycles relative to rainfall. Moreover, greenhouses increase streamflow and reduce 

groundwater storage. Climate change intensifies summer irrigation demand, although halting 

greenhouse cultivation in summer mitigates this pressure. These results demonstrate how 

greenhouse expansion reshapes regional water balances and highlight the need for integrated 

modelling to inform water management and provide a transferable basis for policies balancing 

food production and water security.  
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Introduction 

Agriculture is the economic sector that uses the largest share of freshwater, achieving values up 

to 90%, globally, with some countries in North Africa and Middle East withdrawing ten times 

more water than what is available to them1. Agriculture water use often drives the depletion of 

both surface water and groundwater resources, exposing connected ecosystems to detrimental 

impacts in dry periods2,3. Freshwater resources depletion will likely be exacerbated by the 

growing demand for food to meet the needs of an increasing human population as well as due 

to the projected increase of incoming solar longwave irradiance4, which will increase crop 

transpiration5 as long as soil water is available6. Climate change is also driving more severe and 

frequent hazardous meteorological phenomena, alternating longer-lasting droughts with shorter 

and more intense rainfalls, as well as increased seasonal variability in precipitation7. These 

weather-related factors could strongly increase crop losses. 

Greenhouse cultivation is a technological solution that allows farmers to decouple food security 

from meteorological conditions. In its simplest form, greenhouses are built by covering soil-

grown crops with plastic films supported by a metal frame, without an active climatic control and 

with a sprinkler irrigation system (here referred to as plastic greenhouses)8. The expected effects 

of protected agriculture on hydrological processes at the catchment scale are represented in Fig. 

1. 

 

It is common knowledge that the rain falling on traditional open-field crops is partitioned 

between interception on crop leaves, runoff, infiltration through the soil, and ponding on the 

ground. On the other hand, the rain falling on a greenhouse cover is either stored in tanks or 
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retention ponds for different purposes, such as irrigation9,10,11, or it is conveyed to the drainage 

system, in this case leading to faster flow generation and, therefore, higher discharge peaks. 

Greenhouse conditions ensure reduced solar radiation and wind speed, increased air 

temperature, and build-up of air moisture12. Climate data collected inside greenhouse facilities 

corroborate that these climatic conditions result in decreased evapotranspiration (ET)13. This 

evidence has prompted the development of empirical equations to estimate ET inside 

greenhouses, such as a modified version of the widely known Penman-Monteith equation14, 

proposed by Fernández et al.15. Thanks to the possibility of relying on less water, intensive 

horticulture production under plastic greenhouses flourishes where sunlight is abundant, even 

in rural, semi-arid and water-scarce areas12,16. Moreover, innovative materials can further reduce 

irrigation water use in greenhouses by absorbing air moisture at high relative humidity during 

the night and releasing water for irrigation during the day using natural sunlight17. Greenhouse 

cultivation is expanding along the Mediterranean Sea coasts, such as the Almería region in Spain, 

the Anamur district in Turkey, the surroundings of Marina di Acate in Italy, and the Ierapetra 

district in Greece18. In 2019, a total of 13,000 km² of greenhouse infrastructure was identified 

worldwide19. Most of this infrastructure is concentrated in large facilities, with 61% of 

greenhouse districts having an area greater than 15 km². While these facilities are primarily 

concentrated in China (60%), they were also observed to be increasing in the Global South, 

particularly in Mexico and Morocco20. The Piana del Sele (Fig. 2) in the Campania region, southern 

Italy, exemplifies this phenomenon, where the proliferation of plastic greenhouses has 

transformed the region into a strategic hub for food commodities exported throughout Europe. 

This, however, has led to severely increased flood risk; consequently, the Campania region has 
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legislated the building of Low Impact Development (LID) solutions next to new greenhouses as a 

measure to maintain the hydraulic invariance of the farm and to therefore reduce the risk of 

inundation of downstream agricultural lands (Regional Law 33/2012). 

 

The consequences of land use change and climate change on the catchment hydrological 

response can be assessed by means of integrated surface–subsurface hydrological models 

(ISSHMs)21,22,23,24. This makes coupling greenhouse environment models with ISSHMs an 

appropriate choice for studying the short- and long-term dynamics of surface water and 

groundwater in agricultural catchments affected by the expansion of plastic greenhouse districts. 

Here, we combine a greenhouse environment model to simulate the indoor environment given 

outdoor meteorological variables25 with the CATchment HYdrology (CATHY) model26 to simulate 

coupled surface–subsurface water flow and with remote sensing satellite data to provide land 

cover information18,27. The developed workflow is schematized in Fig. 3. This modelling 

framework is applied to a ~10 km2 agricultural catchment covered mostly by multi-tunnel plastic 

(polyethylene) greenhouses in the Piana del Sele. This area is one of the largest vegetable 

production districts in Italy and the main production area for some cut leafy vegetables, such as 

arugula, in Europe. Therefore, it is representative of the response of similar districts, especially 

in the Mediterranean area. Our study examines the impact of plastic greenhouses on various 

hydrological factors in agricultural catchments, including evapotranspiration, stream discharge, 

saturated groundwater storage, and irrigation requirements. We conduct simulations at two 

distinct time scales: a short-term 14-month period to highlight the immediate effects on 

streamflow response of intense rainfall events, and a long-term 65-year period to analyse how 
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greenhouse districts respond to projected climate changes. To better understand the greenhouse 

horticulture effects, we compare three land use scenarios for the study area at both time scales: 

no greenhouses, current land cover (partial greenhouse coverage), and complete greenhouse 

coverage (Fig. 3). This approach allows us to comprehensively assess the environmental 

consequences of greenhouse expansion in the region. To the best of our knowledge, this is the 

first study coupling a mechanistic plastic greenhouse climate model with a physics-based ISSHM 

to quantify water balance trade-offs at the catchment scale under both land use and climate 

change scenarios. 

 

Results 

Potential evapotranspiration for various land uses 

We first evaluate how various land uses affect evapotranspiration for the short-term study period 

(June 2023–January 2025). Potential crop evapotranspiration (ETC) has been computed as shown 

in Fig. 3 for the separate land uses applied in the study area, i.e., i) greenhouse cultivation (ETc
G); 

ii) open-field winter crops (ETc
OF-winter); iii) open-field summer crops (ETc

OF-summer); and for iv) the 

actual mix of open-field winter and summer crops (ETc
OF), assessed through an area-weighted 

monthly varying crop coefficient derived from Sentinel-2 satellite imagery (Supplementary Fig. 

1b) and excluding greenhouses. 

Cumulative ET0 is 1,400 mm for greenhouses and 1,800 mm for the mixed open fields 

(Supplementary Fig. 1a), confirming that reference evapotranspiration is lower under 

greenhouse conditions. In greenhouses, ETc is lower than ET0 and amounts to 900 mm due to the 

absence of crops during the summer (Kc = 0 in June and July), when most farmers apply 
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solarization—a practice that sterilizes the soil by exploiting high temperatures inside the 

greenhouses (Supplementary Fig. 1c). The typically dry summer in the Piana del Sele makes 

solarization advantageous, as irrigation needs would otherwise be excessive. This practice also 

aligns greenhouse crop cycles with periods of higher rainfall, potentially allowing for rainwater 

storage and reuse (not currently exploited). 

The remote sensing-based NDVI (Normalized Difference Vegetation Index) time-series analysis28 

indicates a predominance of winter crops over summer crops as the open-field condition in the 

study area. The analysis identified vegetated areas and prescribed KC = 1 when NDVI > 0.4. Using 

the calculated area-weighted Kc for open-field crops (Supplementary Fig. 1b) to reflect both the 

proportions of winter and summer crops by month, the average ETc is 760 mm (Supplementary 

ETc
OF in Fig. 1c). A typical winter crop (assuming KC = 1 from November to April and KC = 0 

otherwise) requires only 405 mm over its 6-month phenological cycle, closely matching the 

rainfall season. In contrast, a summer crop (assuming KC = 1 from May to October and KC = 0 

otherwise) requires up to 1,390 mm over 6 months, with peak water demand during the driest 

months, making irrigation essential to sustain yields. Overall, the predominance of winter crops 

in open fields results in ETc
OF being similar to ETC

G. 

 

Effects of greenhouses on streamflow in the short and long terms 

In the short term, the replacement of greenhouses with open-field winter crops showed a 

substantial decrease in the simulated streamflow intensity as compared to the reference land 

use (Fig. 4a). In contrast, in the case of a continuing expansion of greenhouses in the place of 

open fields, the model output results in higher streamflow peaks (Fig. 4a) and runoff volume. 
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Assuming a threshold of 10 m3 s-1, the simulations show that it was exceeded by the peak 

streamflow in the greenhouse scenario in 10 events (we excluded the extreme peak of over 40 

m3 s-1 because the other scenarios did not show any response to the same rainfall event). In these 

10 events, the streamflow in the greenhouse-only scenario is on average 80% higher than the 

streamflow in the reference scenario, while the streamflow in the open field-only scenario is on 

average 30% less than the streamflow in the reference scenario. 

The implications of removing greenhouses, maintaining the current reference scenario, and 

increasing the presence of plastic greenhouses in the context of long-term climate change are 

broadly consistent with the results obtained in the short-term simulations. Expansion of 

greenhouses increases land surface imperviousness, and because rain cannot infiltrate into the 

soil, this scenario generates the largest cumulative overland flow volume, with an increase of 

15.8% with respect to the reference scenario (Fig. 4b) over 65 years. In contrast, antecedent land 

use conditions without greenhouses generates the smallest cumulative overland flow volume, 

with a reduction of 5.6% compared to the reference scenario (Fig. 4b). 

 

Impacts of greenhouses on groundwater storage depth in the short and long terms 

Groundwater storage and its dynamics are important indicators of groundwater availability for 

drinking and irrigation purposes29. Under the short-term simulation and in the current land use 

scenario (the reference), the CATHY model simulates a seasonal variability in the groundwater 

storage depth, with a minimum depth of about 0.5 m in summer and an average depth of about 

0.7 m over the year (Fig. 5a). Summer is typically very dry and is characterized by a substantial 

loss of groundwater storage depth. The abundant rainfalls in autumn and winter are essential to 
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recover the groundwater storage depth after the summer period. The hypothetical open field-

only scenario, simulating the presence of winter crops in the place of greenhouses and with the 

mix of summer and winter crops in the remaining agricultural areas, reveals not only that the 

whole soil profile frequently saturates in the rainy seasons (Fig. 5a), but also that only 10 cm of 

groundwater storage depth are lost in summer. This is due to winter crops i) not using any water 

from May to November, whereas greenhouses only stop operating in June and July (Fig. 3 and 

4c), and ii) allowing infiltration and groundwater recharge once rain starts again in September, 

contrary to the greenhouses. The last scenario, representing the expansion of greenhouse 

horticulture over the whole available agricultural area, exhibits a much less variable saturated 

storage, due to the decoupling of most of the catchment area from natural atmospheric fluxes 

(Fig. 5a). However, the average groundwater storage remains 5 cm less than in the open field-

only scenario. It is important to note that these values represent conservative estimates, since 

the simulation scenarios do not consider the use of groundwater for irrigation. 

Climate change ultimately decreases the groundwater storage depth across the three land use 

scenarios (Fig. 5b), implying less availability of groundwater for drinking water supply, irrigation, 

and groundwater-dependent ecosystems. The reference land use shows a groundwater storage 

depth ranging between the lowest values reached in the greenhouse scenario and the highest 

values achieved in the open field-only scenario (Fig. 5b). The linear trend of groundwater storage 

depths for the three land use scenarios is always decreasing. The open field-only scenario is the 

one with the smallest decrease (0.64 mm y-1), while the negative trend of the groundwater 

storage depths for the reference and greenhouse scenarios is the same (1.14 mm y-1 in both 

scenarios) (Fig. 5b). This result highlights a notable nonlinearity in the groundwater storage depth 
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considering that an average greenhouse cover of about 40% (Table 1) in the reference scenario 

suffices to drive a storage loss rate equal to the greenhouse-only scenario, in which 30% of 

agricultural fields in the reference land use (Table 1) are converted to greenhouse horticulture. 

However, once again, the simulations do not consider the use of groundwater for irrigation, 

which is expected to be larger for the greenhouse-only scenario. 

 

Effects of greenhouses on irrigation water demand and supply in the short and long terms 

The irrigation water demand was assumed to match crop evapotranspiration (ETC), in line with 

local practices. In the reference simulation scenario, the irrigation demand is only slightly higher 

than the irrigation demand for the greenhouse-only scenario (Fig. 6a). This is because in the latter 

scenario greenhouses replace mostly winter crops, which are characterized by a shorter growing 

season and low crop evapotranspiration, comparable with the reduced ETC we can expect under 

greenhouses. However, the supplied irrigation in the reference scenario, calculated using the 

CATHY model which accounts for available soil moisture, is 55% of the demand (Fig. 6b) because 

winter crops receive rainfall, which contributes to meet the crop water demand . In contrast, in 

the greenhouse-only scenario the supplied irrigation must match the demand, resulting in a 

higher irrigation water consumption. Finally, the open field-only scenario, where all the 

greenhouses are replaced by winter crops, exhibits reduced irrigation demand (approximately 

40% less than the reference value, as shown in Fig. 6a) and an extremely low supply (1.7% of the 

demand; note the log scale of the y-axis in Fig. 6b), thanks to rainfall which is mostly synchronised 

with demand. 
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In the the long-term climate change simulations, rainfall decreases in all seasons except in winter, 

for which a clear trend was not observed (Fig. 7). For open-field crops in the reference scenario, 

the lack of rainfall in relation with the timing of the irrigation water demand calls for a six-fold 

increase in supplied irrigation volumes in autumn (from 0.01 million m3 per season on average 

for the period 2017-2026 to 0.06 million m3 per season for the period 2057-2070) and a five-fold 

increase in summer (from 0.02 million m3 per season on average for the period 2017-2026 to 0.1 

million m3 per season for the period 2057-2070). The open field-only scenario (winter crops in 

the place of greenhouses) substantially reduces the irrigation water supply both in autumn 

(average of 0.01 million m3 per season for the period 2057-2070) and in summer (average of 

0.015 million m3 per season for the period 2057-2070). This result can be explained by the higher 

groundwater storage in the open field-only scenario, which can be used by summer crops to meet 

their water demand. In spring and winter, there are no clear trends in supplied irrigation volumes 

despite the substantial decrease in rainfall in both the reference and open field-only scenarios. 

Nor are there substantial differences in irrigation volumes between the two scenarios under 

examination. A plausible reason for this is the general minimal ETC in combination with adequate 

soil moisture replenished by infiltrating rainwater.  

Greenhouses cause a decoupling between the crop water demand and atmospheric conditions; 

therefore, expanding the area of greenhouses from the reference scenario to the greenhouse-

only scenario results in a proportional increase in the irrigation water supply, which in this case 

must match the demand, in all seasons, shown as a shift toward higher irrigation volumes 

between scenarios in Fig. 7b. Interestingly, an increase in irrigation volume is evident in the 
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greenhouse scenario in the spring. This result can be attributed to the projected increasing 

temperatures in spring, driving rising ETc and the consequent water demand. 

 

Discussions 

Previous studies on the large-scale effects of plastic greenhouses focused mainly on 

meteorological aspects. For instance, Campra & Millstein30 found that greenhouses in Almeria 

(Spain) could lower air temperatures by 0.5 °C . Our study provides evidence on how plastic 

greenhouse expansion alters catchment-scale water dynamics, revealing trade-offs between 

local water savings and regional hydrological sustainability. We found that greenhouse systems 

reduce evapotranspiration compared to open-field farming. While this would theoretically 

translate to lower irrigation demand, in practice it depends on the relative timing of crop cycles 

and rainfall. Our integrated modelling shows that in Mediterranean agricultural districts, rain-fed 

winter crops require the lowest volume of additional irrigation water thanks to both low 

evapotranspiration and the contribution of rainfall to replenish soil moisture. Conversely, 

summer crops would require the highest volume of irrigation water because of high 

evapotranspiration and asynchronicity with the rainfall season. Greenhouse horticulture is 

practised when rainwater is potentially available, but this is not currently exploited. Thus, the 

source of irrigation water becomes an important consideration. In the study area, open-field 

crops are preferably irrigated with surface water diverted from the Sele River and provided by 

the local water authority through irrigation canals. In contrast, greenhouse farmers use private 

deep groundwater wells for assuring chemical and microbiological quality, which allows them to 

produce compliant ready-to-eat vegetables for European markets. This need for exceptionally 
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clean water may result in limitations to the harvesting of rainwater from greenhouse roofs or 

other reuse strategies. Greenhouse districts also come at the cost of higher surface runoff and 

decreased groundwater storage. The hydrological balance is therefore shifted: while farmers may 

benefit from reduced water needs compared to open-field summer crops, the catchment as a 

whole faces increased risks of soil moisture depletion, aquifer decline, and greater flood peaks. 

These results highlight that efficiency at the field scale does not automatically translate into 

sustainability at the landscape scale. 

Climate change further amplifies these tensions. Simulations indicate that hotter and drier 

summers substantially increase irrigation requirements, particularly under greenhouse-only 

scenarios. A simple adaptation measure—halting greenhouse cultivation during peak summer 

months—proved effective in mitigating water stress. Aligning greenhouse production cycles with 

rainfall harvesting could thus play a decisive role in maintaining long-term water security, 

provided water quality meets the expected standards. This study relied on a single climate 

change scenario; thus our results should not be interpreted as definitive projections for decision-

making, but rather as an investigation, under robust tendencies, into which types of water 

management strategies and cropping practices may be most effective in guiding future 

adaptation actions. Indeed, the adopted scenario is consistent with one of the most robust 

signals of climate change, in particular over the Mediterranean region, where warming is already 

about 20% higher than the global mean and is expected to further intensify31. In addition, 

increasing water scarcity and reduced rainfall are recognised among the main climate risks for 

Europe32. More specifically, in the Italian National Adaptation Plan for Climate Change33, this 

pattern is reported for central and southern Italy33. Within this framework, our simulations 
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indicate that lower rainfall and higher summer temperatures will disproportionately increase 

irrigation demand in open-field conditions, whereas greenhouse practices will curb the increase 

in water requirements.  

The increased flood risk in plastic greenhouse districts and in cities share the same root cause, 

which is attributable to a growing imperviousness of catchments34. Therefore, just as cities are 

turning to Low Impact Development practices to mitigate the risk of urban flooding, greenhouse 

districts should follow suit. However, structural adaptation measures, such as LID practices, may 

not adequately address groundwater decline if they are designed solely to preserve hydraulic 

invariance. We argue that such measures should be reframed not only as tools for runoff control, 

but also as opportunities for managed aquifer recharge and water reuse. This dual benefit would 

support both farmers’ resilience and downstream water users. 

 

Conclusions 

Our analysis has focused on a single district in southern Italy; nonetheless, the results are widely 

transferable. Greenhouse agriculture is rapidly expanding across the Mediterranean, Latin 

America, and Asia, often in regions already facing water scarcity. The mechanisms we describe—

reduced ET, altered groundwater storage, and increased runoff—are intrinsic to greenhouse 

cultivation and thus relevant well beyond our case study. Our modelling framework, which 

bridges hydrology, agriculture, and remote sensing, provides a replicable approach for assessing 

these impacts in other regions. Overall, our results underscore the need for integrated policy and 

management strategies that go beyond farm-scale efficiency. Effective governance of 
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greenhouse agriculture must reconcile food production with water security, anticipating the dual 

pressures of land-use intensification and climate change. 

 

Methods 

Study area 

The study area is a medium-sized agricultural catchment (9.9 km2) in the Piana del Sele (Italy) 

with a land surface coverage by plastic greenhouses of about 40% (and increasing). The region is 

characterized by a Mediterranean climate. According to ERA5 data for the climatology period 

from 1991 to 202035, yearly rainfall is 1,134 mm and is concentrated in autumn and winter, with 

temperatures ranging between an average minimum of 6 °C in January and an average maximum 

of 27.8 °C in August. The catchment elevation ranges between 5 m and 20 m, with a mean gentle 

slope of 0.02% toward the sea, as calculated from the digital elevation model (DEM) TINITALY. 

This DEM product represents the surface of Italy without vegetation and development, available 

at 10 m cell resolution36. 

The area used to be a swamp until about fifty years ago, when the land was reclaimed. The Piana 

del Sele consists of Quaternary geologic deposits, with alternating layers of sand and gravel and 

with high porosity and permeability, separated by impermeable layers of silt and clay. The first 

impermeable layer was found at 5 m depth and the water table was about 1.5 m deep (Source: 

geological survey carried out in 2010 for the renovation of the drainage channels). Upstream, the 

Piana del Sele is surrounded by calcareous-dolomitic reliefs, with karstic aquifers, through which 

water can flow and reach a multitude of irregularly stratified aquifers at different depths. 
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Land use 

Land cover at the parcel level was manually digitized using Google satellite images (May 2023), 

since detailed and up-to-date cadastral data were not available. The resulting vector file 

distinguished six land cover classes (Table 1). A representative root depth was assigned to each 

class (Table 1), assuming a linear decrease of root density with depth. 

To capture the spatial and temporal variability of land cover during the modelling period, we used 

Sentinel-2 L2A satellite imagery. The Open Agriculture and Protected Agriculture Classifier 

(OPAC18) was applied to monthly aggregated Sentinel-2 data in the Google Earth Engine 

platform26. This classification identified three categories: protected agriculture (plastic 

greenhouses), vegetated (land cover with vegetation), and bare soil (no vegetation). For each 

grid cell of the computational domain, the NDVI28 was also extracted.  

Crop coefficients were then prescribed according to land cover type. Greenhouses (class ID 1 in 

Table 1) were assigned a coefficient of 1 from August to May and 0 for June and July, reflecting 

the local practice of halting cultivation in summer due to high internal temperatures and applying 

soil solarization. Open agriculture classes (IDs 3 and 4) were assigned a coefficient of 1 for NDVI 

> 0.4, and 0 otherwise. All remaining classes (IDs 2, 5, and 6) were considered non-vegetated. 

 

Hydro-meteorological data 

Weather data at 10-minute resolution were obtained from the nearest gauging station at 

Battipaglia (hereafter BA), operated by the Agriculture Office of the Campania Region (AOCR). 

The BA station is located at 40°35′5.6602″ N, 14°58′53.26″ E, at an elevation of 46 m a.s.l., and 
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lies about 6.2 km from the catchment outlet. The dataset included rainfall (P) and all variables 

required to calculate reference evapotranspiration (ET0) for both open-field and greenhouse 

conditions: air temperature (2 m above ground), relative humidity, wind speed (2 m), and global 

solar radiation. 

Outdoor ET0 was calculated following the FAO method for hourly data14, as implemented by la 

Cecilia et al.37. Indoor hourly ET0 was estimated with a greenhouse climate model25,38, previously 

evaluated for the study area. This model simulates indoor climate conditions from outdoor 

weather and applies a modified Penman–Monteith equation15 to account for greenhouse 

environments. Possible negative values during night or early morning were set to 0 mm h⁻¹. 

Missing data were filled using measurements from a nearby station at Eboli (40°33′13.3″ N, 

14°58′49.8″ E), also maintained by AOCR and located 3.5 km away from the catchment and about 

7.5 km from the outlet. Any remaining gaps were filled with the corresponding hourly value from 

the previous day, except for rainfall, which was set to 0 mm h⁻¹. Weather data were assumed to 

be spatially homogeneous across the catchment. 

At the outlet, a high-precision Keller Series 36XiW-CTD probe (Switzerland) was used to measure 

water depth (via pressure), electrical conductivity, and temperature. The outlet cross-section 

consists of a 2.5 m wide, 0.5 m high rectangular channel, transitioning into a trapezoidal section 

with a minimum width of 7.5 m and a maximum width of 11.0 m, with a height of 2.4 m. The 

rating curve was numerically derived using the Engelund method39 in combination with the 

Gauckler–Strickler formula to compute discharge Q (m³ s⁻¹) for water depths between 0 and 2.4 

m. 
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Evapotranspiration calculation for the comparison between mixed open-field agriculture, 

greenhouse horticulture, and separate summer and winter crops 

For the reference land use with a mix of summer and winter crops in open fields, we calculated 

an area-weighted monthly crop coefficient (Kc) using Sentinel-2 imagery. In practice, the Kc for 

open-field agriculture changed spatially and monthly depending on the growth stages of summer 

and winter crops (Supplementary Fig. 1b). Using satellite data, we prescribed Kc = 1 to those cells 

falling in the aggregated land cover “open-field agriculture” (Table 1) with NDVI > 0.4, and Kc = 0 

otherwise. Thus, the number of cells with Kc = 1 for open-field conditions was divided by the total 

number of open-field cells per month in the short-term period. This area-weighted monthly Kc 

was multiplied by the corresponding hourly ET0 values to obtain the area-weighted 

evapotranspiration for the mixed land-use reference scenario. 

For crop cycles, we prescribed the following seasonal Kc values: 

• Winter crop: Kc = 1 from November to April; Kc = 0 otherwise. 

• Greenhouse crop: Kc = 1 throughout the year, except June–July, when Kc = 0 (to account 

for halted cultivation during soil solarization). 

• Summer crop: Kc = 1 from May to October; Kc = 0 otherwise. 

 

CATchment HYdrology model (CATHY) 

CATHY is a physics-based integrated surface–subsurface hydrological model that explicitly 

represents the interactions between surface water, groundwater, and vegetation. Its subsurface 

module solves the three-dimensional Richards equation for variably saturated porous media, 
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while the surface module solves the diffusion-wave approximation of the shallow water 

equations26. 

Given the agricultural setting of the catchment, we assumed that actual evapotranspiration (ET) 

is equal to root water uptake. Root water uptake in CATHY is computed using the Feddes 

approach40, which applies a water stress function α(ψ) dependent on the pressure head ψ. 

Accordingly, actual evapotranspiration is calculated as ETC × ∝(ψ), where the stress function is 

defined as: 

 

∝ (ψ)  =  

{
 
 
 
 

 
 
 
 

0 when ψ < ψ
𝑤𝑝

ψ−ψ
𝑤𝑝

ψ
𝑑
−ψ

𝑤𝑝

 when ψ
𝑤𝑝
< ψ < ψ

𝑑

1 when ψ
𝑑
< ψ < ψ

𝑎𝑛

1 −
ψ−ψ

𝑎𝑛

ψ
𝑠
−ψ

𝑎𝑛

 when ψ
𝑎𝑛
< ψ < ψ

𝑠

0 when ψ > ψ
𝑠

 
 

  

Here, ψwp is the pressure head at the wilting point, ψd is the pressure head threshold at which 

vegetation begins to experience stress, ψan is the anaerobiosis limit beyond which excess soil 

water impairs plant function, and ψs is the pressure head at saturation. The pressure head 

parameters used in the Feddes model are the same for both greenhouse and open-field 

conditions and are listed in Table 1. 

For all simulations, we prescribed a fixed Gauckler–Strickler coefficient of 40 m1/3 s−1 for stream 

channels, reflecting concrete channels partially covered by vegetation. Roughness coefficients 
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were also set to 40 m1/3 s−1 for cells with greenhouses and 1 m1/3 s−1 for open-field agriculture, 

based on manual calibration. 

CATHY quantifies storage changes and fluxes across fixed and moving boundaries (i.e., the water 

table) of the subsurface saturated zone based on the numerical resolution of the weak 

formulation of the Richards equation41. The groundwater storage depth is hereby defined as the 

water storage in the subsurface saturated zone41. The computed depth is based on water volume 

integration over the time-variable saturated zone, depending on seasonal aquifer fluctuations 

and soil stratigraphy and hydraulic properties. The groundwater storage depth is here utilized as 

a metric to assess the effects of the greenhouses on both short-term and long-term aquifer water 

availability at the catchment scale. 

 

Model set-up 

We down-sampled the DEM to an 80 m resolution, which provided a good balance between 

retaining sufficient detail for simulating the catchment with hourly boundary conditions and 

maintaining feasible computational demands. This resolution allowed the model to run efficiently 

on personal computers with up to 16 GB RAM. 

Because DEM values were not always monotonically decreasing along the main channel, manual 

adjustments were required to define a consistent drainage network from upstream to 

downstream. Specifically, the minimum DEM value was set at the outlet cell, and the values of 

DEM cells intersected by the manually digitized channel were modified to ensure a consistent 

gradient from downstream to upstream. Notably, the land reclamation authority applied similar 

slope corrections during channel restoration to prevent ponding. 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

The adjusted DEM was used to generate the computational mesh of the catchment. The final 

numerical grid included 13 vertical layers and comprised 23,688 nodes and 119,808 tetrahedral 

elements. 

 

Soil type and numerical representation 

Based on stratigraphic information, we represented a total soil thickness of 2 m, with an 

impermeable layer prescribed as the bottom boundary condition. The soil column was discretized 

into thirteen numerical layers parallel to the ground surface, with thickness gradually increasing 

with depth. The discretization intervals were: 5 cm from the surface to 10 cm (2 layers), 10 cm 

between 10–40 cm (3 layers), 20 cm from 40 cm to the bottom (8 layers). 

According to soil management practices and a previous geological survey indicating low hydraulic 

conductivity, we assumed a loamy soil at the surface and silty clay at depth. This soil classification 

is broadly consistent with data from the SOILGRIDS database42. Hydraulic parameter values for 

these two soil types were taken from Carsel & Parrish43 (Table 2) and interpolated exponentially 

across the discretized soil depths. 

To account for the influence of plastic greenhouses on rainfall partitioning between runoff and 

infiltration, we reduced the vertical hydraulic conductivity of the topsoil layer to 1 × 10⁻¹⁰ m s⁻¹, 

consistent with values for plastic membranes. Soil water retention and unsaturated hydraulic 

conductivity were calculated using the van Genuchten model44, with parameter values listed in 

Table 2. 

 

Atmospheric forcing and boundary conditions 
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Irrigation demand was set equal to the estimated daily crop evapotranspiration (ETc), separately 

calculated for greenhouse (ETc
G) and open-field (ETc

OF) conditions. 

In the open fields, the actually supplied irrigation was calculated by the CATHY model based on 

current water saturation (Sw) conditions and may be lower than the irrigation demand, because 

of rainfall contributing to increase the soil water content and partially meeting the crop 

evapotranspiration demand. This process was simulated through a new module in CATHY45 that 

regulates the irrigation rate supplied to each surface node. The routine inhibits irrigation 

whenever Sw exceeds a user-defined threshold (set at 0.35 for this study). Irrigation for open-

field crops (land cover classes 3 and 4 in Table 1) was applied as an atmospheric flux boundary 

condition in a single daily event scheduled from 9:00 to 10:00. 

For greenhouses (land cover class 1 in Table 1), supplied irrigation was assumed equal to the 

irrigation demand as crops cannot be rain-fed. In this case, irrigation fluxes were applied as 

source terms in the third soil node layer from the surface—below the low-conductivity layer 

representing the plastic cover. This was scheduled as a single event from 9:00 to 12:00. 

Net precipitation (rainfall minus ETc) was prescribed as atmospheric forcing for open-field crops 

(with ETc = ETc
OF) and for greenhouses (with ETc = ETc

G), while rainfall alone was applied to other 

land covers. At the bottom of the domain, no-flux boundary conditions were imposed to 

represent the underlying low-conductivity layer. 

 

Reference scenario 

The short-term simulations were initialized with a warm-up period of approximately 180 days (1 

June–30 November 2023), using hourly weather data avalable previous to the collection of water 
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level measurements. The initial condition was set as a spatially uniform water table at 2.0 m 

depth, consistent with antecedent geological surveys. 

A preliminary sensitivity analysis, in which the initial water table depth was varied from fully 

saturated to unsaturated conditions, confirmed that the warm-up period was sufficient to 

minimize the influence of initial conditions. 

The short-term simulation period, used also to assess the model performance, was 1 December 

2023 to 31 January 2025. This interval matched the availability of both high-frequency water level 

records at the outlet (5-minute resolution) and hourly outdoor weather data. 

 

CATHY model calibration 

The CATHY model was calibrated against observed discharge at the outlet by manually tuning the 

Gauckler-Strickler coefficients of hillslope and channel cells, to ensure that the model could 

realistically capture the catchment’s runoff response to rainfall events. The hydrometeorological 

forcings input to the CATHY model were the measured rainfall, uniform over the whole 

catchment, as well as the calculated potential crop evapotranspiration for open-field and 

greenhouse crops and the corresponding irrigation rates, variable in space depending on land 

use and the crop phenological stage. 

The model performance was evaluated through the Kling–Gupta Efficiency (KGE) index46. 

Considering the relatively short monitoring period spanning 14 months and the clear climatic 

seasonality of the study area, the entire streamflow time series was necessary to calibrate the 

model, and no split validation was possible. The calibrated CATHY model was able to reproduce 

the magnitude and duration of the streamflow during rainfall events (Fig. 8), achieving a KGE 
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index of 0.66 after correcting for the baseflow. This correction was needed as the baseflow in the 

main collector is maintained by three external sources. Two sources are continuous and come 

from an artesian well and an upstream field channel. The third source is seasonal, a dual 

drainage/irrigation canal that enters the catchment through a gate in the summer period. While 

it would have been possible to introduce directly into the model a dynamic input time series for 

the inlet streamflow, it was deemed that this implementation would not bring additional 

hydrological understanding. Therefore, we simply corrected the simulated streamflow to account 

for the measured baseflow. For the baseflow correction, we identified eight time intervals during 

which changes in measured streamflow could not be attributed to meteorological drivers. For 

each time interval, we calculated a piece-wise linear trend between the initial and final 

streamflow measured. Finally, the trends were added to the simulated streamflow. The time 

intervals and initial and final streamflow values are reported in Supplementary Table 1. 

One of the main uncertainties affecting the simulations is likely related to the spatial variability 

of rainfall measurements. In fact, the comparison of two weather stations measuring at hourly 

intervals, located upstream and downstream of the study area, 10 km away from each other, 

revealed different rain patterns and intensities. This has implications on the simulated 

streamflow, most substantially between days 270 and 280 after 1 December 2023 when the 

measured discharge reached very high values, ostensibly in response to relatively low rainfall in 

terms of intensity and duration. 

 

Land use scenarios 
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In addition to the calibrated hydrological model, we simulated two contrasting land use change 

scenarios and evaluated their impacts: 

1. Open field-only scenario 

The first scenario dated back to about 1980 when greenhouses were absent (Fig. 2b). Based 

on the traditional predominant cultivation of winter crops, confirmed by vegetation indices 

from satellite imagery, greenhouses were replaced with winter crops in open-field conditions. 

Correspondingly: 

o the top soil hydraulic properties were adjusted to represent open-field conditions; 

o irrigation was applied to winter crops as an atmospheric boundary condition; 

o the Gauckler–Strickler roughness coefficient for greenhouses (40 m1/3 s−1) was 

replaced with the value for open fields (1 m1/3 s−1). 

2. Greenhouse-only scenario 

In this scenario, all open-field crops were replaced with greenhouses to explore the potential 

effects of continued greenhouse expansion, as suggested by historical satellite images (Fig. 

2b to e). Accordingly: 

o the top soil hydraulic properties were updated to reflect greenhouse conditions; 

o irrigation was supplied to greenhouse leafy vegetables as a source term; 

o the Gauckler–Strickler coefficient for open fields (1 m1/3 s−1) was replaced with the 

greenhouse value (40 m1/3 s−1). 

 

Long-term climate change scenario 
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The three land use scenarios hypothesized for the short-term simulations with corresponding 

parametrizations – of soil, land use, crop coefficients, Gauckler-Strickler coefficients - relative to 

the year 2024 were replicated in the long-term climate change scenario. Rainfall and the 

meteorological variables for calculating ET and the corresponding irrigation for open-field and 

greenhouse conditions with an hourly time step and spanning from 2006 to 2070 were derived 

from a convection-permitting regional climate simulation at 2.2 km resolution47. This dataset was 

obtained by dynamically downscaling the CMCC-CM global climate model under the IPCC RCP8.5 

scenario using the COSMO CLM model in a specific configuration developed for Italy. The 

configuration, resolving convective processes explicitly, provides a physically consistent 

representation of precipitation extremes and local-scale atmospheric dynamics, which are 

particularly relevant for the innovative application presented in this study as well as those 

applications reported by Coppola et al.48 The dataset provided rainfall (P), air temperature (2 m 

above ground), relative humidity, wind speed (2 m), and global solar radiation. Outdoor ET0 was 

calculated following the FAO method for hourly data14, as implemented by la Cecilia et al.37 

Indoor hourly ET0 was estimated with a greenhouse climate model25. Negative values during night 

or early morning were set to 0 mm h⁻¹. Weather data were assumed to be spatially homogeneous 

across the catchment. 
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Data Availability 

All input and output data together with models are available through the University of Padova 

research data archive (https://researchdata.cab.unipd.it/) to ensure that these data are FAIR: 

Findable, Accessible, Interoperable and Reproducible. Weather data were asked by means of an 

agreement to the Agriculture Office of the Campania region. Water level data were measured 

using our own sensor installed for the purpose of the project. Satellite data were obtained using 

the Google Earth Engine Platform. Climate change data are available at 

https://dds.cmcc.it/#/dataset/climate-projections-rcp85-downscaled-over-italy/rcp85 thank to 

the “HIGHLANDER” project carried out by CINECA, CLM Assembly and CMCC. 

 

Code Availability statement 

The greenhouse climate model is written in R and available at 

10.25430/researchdata.cab.unipd.it.00001493. The CATHY model used in this study is freely 

available at 10.25430/researchdata.cab.unipd.it.00001710 
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Figure 1|Schematic of altered hydrological processes in soil-bound greenhouse agriculture 

(left) compared to open-field agriculture (right). The boxplots represent the variability of water 

fluxes, with colours that match the corresponding hydrologic variables. Crop evapotranspiration 

is larger in open-field conditions and more variable than under controlled greenhouse settings, 

reflecting changes in weather conditions. Infiltration is generally lower and less variable in 

greenhouse conditions, because it is decoupled from rainfall. Runoff becomes larger in 

greenhouses because rainfall is quickly channelled to adjacent drainage canals. 

 

Figure 2|Study area. a Overview of the Piana del Sele (Maps Data: Google Earth, SIO, NOAA, US 

Navy, NGA, GEBCO / Landsat, Copernicus) and b-e temporal evolution of the land use in the area, 

characterized by an increase in plastic greenhouses (Maps data: Landsat). 

 

Figure 3|Illustration of the modelling framework and the land use scenarios evaluated. 

Scheme of the developed workflow with the steps taken for preprocessing meteorological data 

and satellite data to generate the hydrological boundary conditions, the land cover and the 

corresponding hydraulic properties. The scheme visualizes how CATHY can limit 

evapotranspiration based on the Feddes model and irrigation supply using the developed 

routine. Finally, the maps display the land use scenarios evaluated. 

 

Figure 4|Streamflow simulation for different land use and climate scenarios. a Simulated 

streamflow for the three land use configurations under the short-term scenario: i) the 
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reference, ii) with winter crops (past scenario, before greenhouse development), and iii) with 

greenhouses over the whole agricultural area (hypothetical future scenario with greenhouses 

completely covering the catchment). b Cumulative overland flow volume for the same three 

land uses under the long-term scenario. 

 

Figure 5|Groundwater storage depth for different land use and climate scenarios. a Time 

series of calculated groundwater storage depth for the three land use configurations in the 

short-term scenario: in the reference, in the lack of greenhouses (replaced with winter crops), 

and in the presence of greenhouses over the whole agricultural area. b Time series of simulated 

groundwater storage depth over time in the same three land use configurations under the long-

term scenario. The dashed lines represent the long-term trend of the groundwater storage 

depth for the three land use scenarios. 

 

Figure 6|Irrigation water demand versus supply. Cumulative a irrigation water demand and b 

supply for the reference scenario, the open field-only scenario, and the greenhouse-only 

scenario. Note the log-scale y-axis in panel b, to better highlight the much smaller irrigation 

supply in the open field-only scenario. 

 

Figure 7|Long-term trends in irrigation water supply. Left panels: irrigation water supply as a 

function of total rainfall for open-field crops aggregated by season and averaged by decade in 

the reference scenario (circles) and in the open field-only scenario (triangles). Right panels: 
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irrigation water supply as a function of total rainfall for greenhouses aggregated by season and 

averaged by decade in the reference scenario (circles) and in greenhouse-only scenario 

(squares). The solid black lines show linear regressions for the reference scenario, while the 

black dashed lines indicate linear regression for the open field-only (a) and greenhouse-only (b) 

scenarios. 

 

Figure 8|Evaluation of streamflow model performance. Time series of measured streamflow 

and simulated streamflow with the CATHY model corrected for the baseflow. The top graph 

with reversed y-axis reports the rainfall rate (P). 
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Table 1|Aggregated land uses, corresponding areas in km2, prescribed root depths, and Feddes 

model parameters. 

Aggregated land cover ID Area 
(Km2) 

Root 
depth (m) 

Ψwp 

(m) 
Ψd 

(m) 
Ψan 

(m) 
Ψs (m) 

Plastic greenhouses 1 3.68 0.3 -150 -4 -0.5 0 

Storage facilities 2 0.01 0.001 - - - - 

Open-field agriculture (with 
insect net) 

3 0.07 2.0 -150 -4 -0.5 0 

Open-field agriculture 4 2.90 0.5 -150 -4 -0.5 0 

Residential 5 0.07 0.001 - - - - 

Residential and 
infrastructures with 
vegetation 

6 3.05 0.5 - - - - 
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Table 2|Soil properties and hydraulic parameters for the reference simulation. The specific 

storage coefficient was set to 1.0×10-3 m-1 for all simulations.  

Land cover Depth 

(cm) 

Horizontal 

Ksat
1 (m s-1) 

Vertical Ksat
1 

(m s-1) 

𝜙2  

(-) 

𝜃r
3  

(-) 

n4  

(-) 

α4 

(m-1) 

Greenhouse 0-2 2.89×10-6 1.00×10-10 0.43 0.08 1.56 3.59 

Land cover ID from 

2 to 6 in Table 1 

0-2 2.89×10-6 2.89×10-6 0.43 0.08 1.56 3.59 

Greenhouse 170-200 5.55×10-8 5.55×10-8 0.36 0.07 1.09 2.00 

Land cover ID from 

2 to 6 in Table 1 

170-200 2.89×10-6 5.55×10-8 0.36 0.07 1.09 2.00 

1 Saturated hydraulic conductivity, 2 Porosity, 3 Residual water content, 4 van Genuchten 

retention curve parameters43. 

 

Editorial summary: 

Greenhouse expansion reshapes regional water balances—reducing evapotranspiration, shifting 

irrigation needs, and altering streamflow and groundwater, as shown by an integrated climate, remote 

sensing, and hydrological modeling framework. 
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