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Runoff from Solar Panels at Lime Down 

1Professor Richard Skeffington 

Summary 

1. This paper addresses the Applicant’s claim that the construction of solar panels at Lime Down 

will not increase surface water runoff rates and hence flooding, and that no mitigation is 

required other than maintaining a grass sward under the panels. The peer-reviewed literature 

on this topic is evaluated. The Applicant bases their claim on an untested computer model 

from 2013. Since then, studies using a variety of models, including the only models tested 

against data, consistently show that the panels can increase runoff given certain conditions. 

The panels alter the distribution of rainwater, concentrating it on their lower edge, typically 

into drip points. Measured concentration factors averaged 5 to 10 times rainfall, though 

concentrations up to 23 times were measured in individual storms. To avoid enhancement of 

runoff and erosion, the soil under the drip line has to be able to adsorb this water and transmit 

it to areas where it can percolate into the groundwater or an engineered drainage system. If 

the soil infiltration capacity is exceeded, surface runoff can occur, leading to increased runoff 

volumes and higher flood peaks. Soils with a low infiltration capacity, low hydraulic 

conductivity and low storage capacity are particularly vulnerable to generating excess runoff, 

and it is suggested that solar developers should avoid these. Maintaining an adequate 

vegetation cover under the panels is essential, but may not be adequate with poor soil 

conditions.  

 

2. At Lime Down it is proposed to use outsized tracking panels of which there is little experience 

in the UK. These are likely to generate more concentrated runoff than the panels typically used 

so far. For most of the time they will be held horizontally 2.5 m above ground level, which 

available measurements show can lead to concentration factors of around 16 times rainfall. 

Water falling from this height has more erosive power than a more typical panel where the 

lower edge is about 40 cm above ground level. Panels in horizontal configuration will cover 

about 60-66% of the ground area, shading and drying the underlying vegetation and making 

it difficult to maintain an adequate vegetation cover. The Applicant’s soil survey and the 

National Soil Map show that the local soils are dominated by clays and shallow limestone soils 

with limited storage capacity. This provides an explanation for the existing flood-proneness of 

the area, and indicates a high risk that the presence of the solar farm will generate excess 
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runoff and flooding both on and off site. The Applicant addresses none of these issues in their 

Environmental Statement. They did, however, measure water infiltration rates at three 

locations in one of the commonest soil types. At all three locations, the infiltration rate was 

zero. It is hard to see how this is compatible with their assumption that the soils will absorb 

runoff from the panels without difficulty. There are no credible proposals for mitigation of 

excess runoff from the panel areas, which may not in fact be feasible. The applicant has 

therefore failed to demonstrate how these impacts could be minimised. 

1Author 

3. I am an Emeritus Professor of Geography and Environmental Science at the University of 

Reading. I have been involved in hydrological research since 1977, first as an environmental 

scientist in the electrical generation industry working on the effects of acid rain on 

freshwaters, and after I returned to academic life in 1999, working on modelling and 

monitoring freshwaters, and hydrology and climate change. I am  a co-author of the standard 

paper on climate change and the water environment in England and Wales, and co-led the 

modelling workpackages of two large EU-funded projects, EUROLIMPACS and REFRESH, which 

investigated the predicted effects of climate change on waters across Europe. My publications 

on hydrological topics have been referenced more than 1000 times. I live adjacent to the Lime 

Down area. The evidence I have produced is based upon my professional expertise, and is my 

true and professional opinion. 

Introduction 

4. To justify building the Scheme in a flood-prone area, the Applicant has to apply the Exception 

Test. This has two criteria: this report is concerned with the second one which requires the 

Applicant to demonstrate that “the project will be safe for its lifetime taking into account the 

vulnerability of its users, without increasing flood risk elsewhere, and where possible will 

reduce flood risk overall”. This paper will address the mechanisms whereby the Scheme will 

lead to an increase in flood risk both inside and outside the project limits. It will also be shown 

that the Applicant’s proposed mitigation is ineffective in reducing flood risk.    

 

 

5. The Applicant’s Flood Risk Assessment (“FRA”, Appendix 11-1 [APP-210], summarized in 

Environmental Statement Chapter 11, Hydrology, Flood Risk and Drainage [APP-063]), does 
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not consider the risk of surface water flooding arising from solar panel runoff. The only 

comment made on the risk in the FRA is at section 3.2.1 

“The Solar PV Panels have the potential to concentrate rainfall under the leeward edge 

of the panels themselves. Research in the United States by Cook and McCuen (Ref 11-

27) suggested this increase would not be significant however, there is a potential 

increase in silt-laden runoff. With the implementation of suitable planting (such as a 

wildflower or grass mix) the underlying ground cover is strengthened and is unlikely to 

generate surface water runoff rates beyond the baseline scenario. This is detailed in 

the Outline Landscape and Ecological Management Plan (LEMP); 

[EN010168/APP/7.18]”.  

 

6. While reference is made to further detail to be provided in the Outline Landscape and 

Ecological Management Plan, no further information is given. No evidence is given to support 

the statement that a grass mix sown under the panels would totally alleviate any additional 

surface runoff, apart from the reference to Cook and McCuen.  

 

7. In their response to the Relevant Representations [PDB-004] Table 2-8, the Applicant says 

“Regarding specific concerns that panels will increase flooding, the submitted assessment 

presented in ES Volume 3, Appendix 11-1 ES Volume 3, Appendix 11-1: Flood Risk Assessment 

and Drainage Strategy - Lime Down Covering Report [APP-210] reflects established 

hydrological evidence (my italics) that the addition of solar panels over a vegetated field does 

not materially increase runoff volumes, peak discharges or response times, and that changes 

in hydrologic response are primarily associated with alterations to ground cover beneath the 

panels rather than the panels themselves. Panelled areas are therefore designed so rainfall 

continues to drain to ground, with no creation of extensive impermeable surfaces and with 

controls in place to avoid any increase in discharge to watercourses”.  

 

8. However, it appears that the “established hydrological evidence” referred to is the Cook and 

McCuen model, which is outdated and has been undermined by subsequent studies, as this 

paper will show. On the contrary, there is ample evidence that in some circumstances solar 

panels can increase runoff, peak discharges and soil erosion, and shorten response times. The 

literature on this is reviewed in the next section. 
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Research on the Effects of Solar Panels on Runoff    

9. The difficulty facing all models of the effects of solar panels on runoff is how to represent the 

fact that there is an impervious surface, the panels, raised above the ground surface. UK 

regulation seems to have started from the premise that the panels are therefore irrelevant, 

since there is the same amount of ground after the panels were built as there was before. [1] 

In contrast, the initial regulatory approach in the USA was to specifically regulate solar farm 

storm drainage and treating the panels as impervious surfaces on the ground [2], and 

mandated engineering measures to prevent the consequent excess runoff and erosion.  

 

10. Both views are clearly wrong. The US view ignores the capacity of the ground under the panels 

to infiltrate water and mitigate runoff. The British view ignores the fact that the panels 

redistribute water. In particular, the panels concentrate water at the lower edge of the panel 

slope, often as discrete drip points, and that the ground under the panels is considerably drier. 

The question then arises as to whether the soil can assimilate the volume of water under the 

drip points, which is much greater than the natural rainfall rate. If the answer is “no”, then a 

surface water flow will develop. If it continues to flow over a saturated or impervious surface 

then there is the risk of soil erosion and a rill or small gully may develop. These transfer water 

much more quickly to drains and streams than percolation through the soil, leading to quicker 

runoff and higher flood peaks. If the surface water reaches the drier area under the panels, 

then it may return to the soil water or groundwater without causing flooding. On the other 

hand, drying some types of soil can cause an impervious surface crust to form, and the soil 

under the panels may no longer be able to assimilate much water. The soil under the drip line 

is likely to be saturated more frequently than it was before, and this may also increase runoff 

rates. Clearly the small-scale configuration of the panels, such as the orientation of the panels 

relative to the slope of the ground, and where any engineered mitigation is placed, will have 

a large effect on the outcomes. Modelling and measuring these effects is a considerable 

challenge as will be seen below.  

 

11. The Applicant’s FRA makes reference to the paper prepared by Cook and McCuen (2013)[3], 

an early review of the hydrological effects of solar farms. The authors identify several potential 

problems, including increases in the volume of runoff, increased height of flow peaks, and 

increased kinetic energy of runoff from the panels leading to soil erosion. They built a 
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computer model on hydrological principles to test these issues, which concluded that “the 

solar panels themselves did not have a significant effect on the runoff volumes, peaks, or times 

to peak”. This conclusion is often quoted by solar developers in the UK. In the paper itself, 

however, the conclusion was contingent on appropriate ground management, in the absence 

of which the model could show significant increases in peak discharge and potential for soil 

erosion:  

“The addition of solar panels over a grassy field does not have much of an effect on 

the volume of runoff, the peak discharge, nor the time to peak. With each analysis, the 

runoff volume increased slightly but not enough to require storm-water management 

facilities. However, when the land-cover type was changed under the panels, the 

hydrologic response changed significantly. When gravel or pavement was placed under 

the panels, with the spacer section left as patchy grass or bare ground, the volume of 

the runoff increased significantly and the peak discharge increased by approximately 

100%. This was also the result when the entire cell was assumed to be bare ground.” 

“The potential for erosion of the soil at the base of the solar panels was also studied. 

It was determined that the kinetic energy of the water draining from the solar panel 

could be as much as 10 times greater than that of rainfall. Thus, because the energy of 

the water draining from the panels is much higher, it is very possible that soil below 

the base of the solar panel could erode owing to the concentrated flow of water off 

the panel, especially if there is bare ground in the spacer section of the cell. If 

necessary, erosion control methods should be used.”  

 

12. Cook and McCuen suggested some management strategies to alleviate the risks identified:  

“Bare ground beneath the panels and in the spacer section is a realistic possibility (see 

Figs. 1 and 5). Thus, a good, well maintained grass cover beneath the panels and in the 

spacer section is highly recommended. If gravel, pavement, or bare ground is deemed 

unavoidable below the panels or in the spacer section, it may necessary to add a buffer 

section to control the excess runoff volume and ensure adequate losses. If these 

simple measures are taken, solar farms will not have an adverse hydrologic impact 

from excess runoff or contribute eroded soil particles to receiving streams and 

waterways.” 
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13. However, Cook and McCuen did not model or assess proposed mitigation measures. There is 

no evidence that the Applicant’s proposed “planting” would be effective. Additionally,  as 

many subsequent authors have commented, Cook and McCuen’s modelling was not validated 

by field measurements  from real solar farms. Work over the last 15 years has somewhat 

clarified the range of factors which need consideration, and shown that many of Cook and 

McCuen’s conclusions are flawed. These are reviewed below. The Applicant should not be 

quoting outdated work simply because it supports a pre-determined position.  

 

14. Cook and McCuen were not the only authors to attempt to model runoff from solar panels. In 

a review of solar farm hydrology, Yavari et al (2022) [2] noted that, up to that time, evaluation 

of runoff generation was confined to model-based studies. They drew attention to several 

papers, some of which come to contrasting conclusions to Cook and McCuen:  

a. Barnard et al (2017) [4] used a combination of HEC-HMS hydrological models from the 

US Corps of Engineers and the Flo-2D routing model to design a drainage system for a 

large solar farm in West Texas. The system required both hard engineering (retention 

ponds) and SuDS-like features (swales and berms), as well as regrading of the site in 

places to prevent excess runoff and soil erosion. There was no suggestion that allowing 

water to infiltrate under the panels would be adequate on its own. The area has a 

similar annual rainfall to Lime Down, but rain typically comes in large convective 

storms so requires the ability to cope with heavier short-term rainfall than in the UK. 

The paper illustrates that it was felt necessary to use a connected set of models on a 

wide spatial scale, involving modelling of over 130,000 grid elements, to produce 

estimates of not only flood depths but velocities and off-site flows. These models were 

used to design flood mitigation works. 

b. Pisinaras et al (2014) [5] used the SWAT model to predict the effect of replacement of 

agriculture with solar farms in the Vosvozis river basin in NE Greece. The model 

demonstrated increased surface water runoff and percolation, although changes were 

not significant at the watershed scale. For small river basins (c. 10km2), replacement 

of 1% or 5% of current agriculture with solar panels led to increases in surface runoff 

of up to 110 mm, according to the model. For the large river basins (c300 km2) the 

effect was much smaller, about 6 mm, though not all the basin was modified. The area 

has a Mediterranean climate, with most rain falling in winter.  
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c. A non peer-reviewed study by Edalat (2017) which showed a modelled increase in 

runoff after solar panel installation. In this case, however, the model assumed the 

panels were flat impervious surfaces on the ground, which would exaggerate the 

effects.  

 

15. A later model-only study by Gullota et al (2023) [6] used the US EPA Storm Water Management 

Model (SWMM). A variety of hydrological and soil conditions were simulated, with and 

without panels. In the short-term, the panels made little difference. However, when the model 

was parameterised to incorporate the redistribution of soil moisture by the panel structures 

over time, peak flows increased by 6-35%, and total runoff by 1-5%. These would be significant 

values for a project meant to last 60 years.  

 

16. Nair et al (2024) [6] also used the SWMM, set up somewhat differently, to model a range of 

conditions in a model solar farm. In this case both peak runoff and total runoff volume were 

increased by the solar panels. The magnitude of the results depended on how the panels were 

oriented relative to the slope. These model-only studies show that different but credible 

models, with varying model parameterisations, applied in different climates, yield a wide 

range of results, including increases in peak runoff and runoff volume. There is no basis for 

assuming that the presence of solar panels will have no effects on runoff. 

 

17. Genuine experiments where the experimenter is in control of artificial rainfall on an 

experimental solar setup are difficult to perform. Baiamonte et al (2023) [7] studied the effects 

of a pair of solar panels on runoff in a bare soil in Sicily. The panels increased runoff rates by 

a factor of about 11, and shortened the time to peak by a factor of about 4. These would be 

huge effects in the real environment. In contrast, Wang and Gao (2023) [8] worked with a 

similar plot-scale setup in a soil from the Loess Plateau in China, and found that the panels 

made little difference to runoff, but perhaps not surprisingly, reduced soil erosion. In practice 

these studies, which have bare soil, relatively steep slopes, and high rainfall rates are not very 

relevant to typical British conditions. 

 

18. Modelling predictions which are tested against real data offer the most reliable way to predict 

the effects of solar panels on runoff. Mulla et al (2024) [9] measured soil hydrological values 

at 5 contrasting solar sites across the USA, with annual rainfall rates varying from 406 mm to 
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1245 mm. They built a hydrological model based on the observed facts: that solar panels 

collect and concentrate runoff along a drip edge; that this water percolates into the soil and 

migrates both downwards and laterally; that the open area between panel rows is available 

for water infiltration; and that the dry area under the rows of panels is also available for 

infiltration. They applied an established soil hydrology model, Hydrus-3D, to this framework, 

and calibrated it to each of the five sites. Their model gave good simulations of the observed 

soil moisture parameters during subsequent storm events. They used the model to predict the 

effects on runoff of the 100-year design storm for each site.   

 

19. One of the aims of the Mulla et al (2024) paper was to demonstrate to US regulators that 

simply treating the solar panels as an impervious surface would lead to an exaggerated effect 

on runoff, and their model succeeded in this. The study yielded other insights, however, which 

are not mentioned in the paper Summary. One was that, averaged over the 5 sites, stormwater 

runoff was 14% higher in the presence of panels than it would have been in their absence. 

Another was the importance of soil type. The soil at the Minnesota site was a deep, coarse-

textured soil with a high saturated hydraulic conductivity, and produced no excess runoff even 

in the 100-year storm. The other 4 sites all produced excess runoff in the 100-year storm in 

the presence of panels. The site in Georgia also produced excess runoff in the 10-year storm, 

and the sites in Oregon and New York in the 10-year and 2-year storms. The soil at the New 

York State site was shallow with limited storage capacity, and generated about 125 mm of 

runoff in 24 hours, from a rainfall input of 150 mm. The authors note ([9] Section 3.7) that:   

“one of the primary strategies solar developers should use for mitigating runoff is to 

select sites for development that have good potential for infiltration, avoiding 

development on sites with low permeability or shallow soils.”   

20. The Lime Down soils are mostly shallow with low permeability (see Section 6 below). The 

Mulla et al (2024) paper, which is one of only two which have tested a hydrological model of 

a solar farm against real data, thus demonstrates that: (1) solar panels can increase water 

runoff in a range of soils, even in short return period storm conditions; and (2) that soil 

infiltration and storage capacity are vital attributes that need to be assessed. The authors used 

their data to generate an assessment model [10] which could be used for assessment in UK 

sites.   
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21. The other study which developed and tested a hydrological model of a solar farm against data 

is Liu et al (2023) [11]. Liu and co-workers developed a complex hydrological model (SOFAR) 

which takes into account the concentration of rainfall by the panels into driplines; soil 

moisture dynamics; vegetation growth; landform evolution; and hydrological connectivity, 

defined as “the internal physical linkages between runoff/sediment generation in the upper 

parts of a catchment and the water/sediment received through the fluvial system”. They 

calibrated the model in a solar farm in the Loess Plateau of China, with an arid continental 

climate (annual rainfall, 186 mm). They then used the model to predict runoff and soil erosion 

under a range of conditions. Runoff due to the panels was considerably increased in all 

situations (99% to 150%), as was soil erosion (25% to 76% during operation). This is in a very 

different climatic environment to the UK, but it does show that the same physical processes 

that apply in the UK can produce large increases in runoff. It is also the only model which 

attempts to model the larger scale effects, through its hydrological connectivity parameters. 

Conclusions on Research 

22. It is clear from the above that it cannot be assumed that the existing ground surface will 

absorb all the water running from the panels as the Applicant claims, such that there will be 

no effects on runoff or soil erosion. Credible models, including the only ones tested against 

data, consistently show that the panels can increase runoff given certain conditions. The Mulla 

et al (2024) paper [9] highlights soils with a low infiltration capacity, low hydraulic conductivity 

and low storage capacity as particularly vulnerable. To assess the risks at Lime Down, it is thus 

necessary to know the condition of the soils, and also the characteristics of the panels which 

are to be used. These are discussed in the following sections.  
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Characteristics of the Solar Panels at Lime Down 

23. Chapter 3 of the Environmental Statement (ES) [APP-055] states that where possible the site 

will use bifacial single-axis tracking panels which are considerably larger than those normally 

used in the UK, with a maximum height of 4.5 m. The panels will be aligned in north-south 

rows, and will rotate to the east and west daily, following the sun, and tilt up to a maximum 

inclination of 60° from horizontal. Some information about panel sizes is given in Table 3-1, ES 

Ch3, p.7 [APP-055]. Only some dimensions are given, but there is enough information to work 

out the rest. The dimensions given are shown in Figure 1. 

Figure 1: Tracking Panel Dimensions (m). The diagram shows a fully-tilted panel seen from the side. 

24. The green horizontal line is the ground surface. The panels (blue) are mounted on posts (EF), 

2.5 m high, pivoting around E. The maximum angle of tilt <BAC is 60° to the horizontal. The 

edge of the panel is then 0.4 m from the ground (AG). The maximum height above the ground 

(BD) is stated to be 4.5 m. These dimensions are not internally consistent. In these 

calculations, the assumption is made that the height of the lower edge above the ground (AG) 

and the height of the pivot post (EF) are correct. EH is thus 2.1 m, and the length of the panel 

from pivot to edge (AE) is 2.1/sin (60°) = 2.425 m. The full panel length (AB) is twice that = 

4.85 m. BC is then 4.85 * sin (60°) = 4.2 m and the maximum panel height BD is 4.2 + 0.4 = 4.6 

m rather than 4.5 m. The length of ground always covered by the panel (GD = AC) is 4.2/tan 
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(60°) = 2.425 m. When the panels are horizontal, the ground covered will be equal to AB = 

4.85 m. 

 

25. More information about panel sizes is given in the Climate Change chapter of the ES (Chapter 

7 [APP-059].  

 

26. IGP’s reply to my query of 18 November 2025 (Appendix 1) states that the panel size is 2.4 x 

1.3 m (these figures do not appear in either Chapter 3 or Chapter 7 of the ES), giving an area 

of 3.12 m2, which is confirmed in Section 7.10.15. This is consistent with the tracking panel 

structure having two of these panels, one on each side of the pivot. Chapter 7 also states that 

there will be approximately 598,260 “modules” (7.10.11) and IGP states that the term 

“module” is used interchangeably with “panel” (Appendix 1) so the total area of panel in the 

scheme is 598,260 * 3.12 = 1,866,571 m2.     

 

27. Foundations for the panels would be piles driven into the ground up to 4 m deep.  However, 

where it is necessary to protect archaeological remains, concrete blocks will be used for 

support (ES, 3.3.16). Concrete block would not be large enough to support the full-size tracker 

panels and in these cases there would only be half-size (1P) tracker panels (ES, 3.3.12) with a 

single panel spread over the tracker (ES, Appendix 3-3 [APP-184]).  

 

28. In some places, fixed panels would be used, smaller than the tracking panels but still larger 

than normal. Dimensions are also given in Table 3-1, ES Ch3, p.7 [APP-055]. The maximum 

height is 3.5 m, the angle to the horizontal between 10° and 35°, and the minimum ground 

clearance 0.4 m. The applicant has also committed to using smaller 2.5 m high fixed panels in 

Field B11 to avoid glint and glare effects to residential properties (ES 3.3.17). However, it is 

clearly intended that the majority of panels will be tracking panels, and as these will be the 

worst-case scenario, subsequent analysis will concentrate on these. 

 

29. The length of a single (2P) panel according to Fig. 1 is 4.85 m, which includes a small allowance 

for the frame. When water runs down the sloping panel, it will concentrate and drip from the 

bottom edge. The degree of concentration will in theory depend on the upright length of the 

panel divided by the width of the bottom edge. For the tracking panels at Lime Down this ratio 

is 4.85 / 1.3 = 3.73 and they will thus generate more concentrated runoff than a standard 2.3 
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x 1.1 m panel, where the ratio is 2.09. However, in practice the drips will be concentrated in 

certain locations, typically the edges of the panels, as illustrated in a presentation to the British 

Hydrological Society by Burch et al (2014) [12]. This makes the length of the lower edge less 

relevant, because a large volume of water will thus be concentrated on a small area, and in 

[12] erosive rills can be seen developing in these locations.  

 

30. Two papers have tried to quantify the concentration factors under the drip edge relative to 

incoming rainfall. Mulla et al (2024) [9] report average 24-hour concentration factors of 10.6 

times rainfall with a range of 2X to 23X at their Minnesota site. The high values were associated 

with wind directions driving rain onto the surface of the panels, while the low values were 

from wind directions behind the panels. At their New York State site, concentration factors 

were smaller with a mean of 3X and a range of 1X to 5X. They attribute the difference to the 

prevailing winds in New York running parallel to the panel arrays, whereas in Minnesota they 

are at right angles. At Lime Down, the N-S orientation of the tracking panels is roughly at right 

angles to the prevailing W to SW winds. At both sites, the arrangement used fixed 3 x 1 m 

panels in a double portrait arrangement, so concentrations probably a little greater than at 

Lime Down. 

 

31. Elamri et al (2018) [13] reported an extensive investigation of rain redistribution by solar 

panels in an agrivoltaics scheme in France. Single axis tracking panels 2m long x 1 m wide were 

used. The concentration factors were about 5X when facing the wind and 2X when back to the 

wind, both at 50° tilt (Fig. 6). The concentration factor was much higher when the panel was 

held horizontal – about 16X. This has important implications for Lime Down (see below). 

Arrangement of the Panels at Lime Down 

32. Because the tracking panels will tilt by up to 60° in either direction, the position of the drip 

points will vary, unlike with fixed panels. This spreads the concentrated runoff over a wider 

area over time: however, the position of the drip point in an individual storm is not likely to 

move, so the risk of soil erosion and runoff generation will be unaltered. To work out the area 

which will be affected by the concentrated runoff it is necessary to know how the panels will 

be arranged.  Table 3-1 of the ES [APP-055] states that the minimum separation between rows 

of panels when horizontal will be 2.5 m. The minimum width of a row of panels will thus be 
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2.5 + 4.85 = 7.35 m. Dimensions on the ground with panels at maximum density are shown in 

Fig. 2.  

  

Fig. 2. Plan view of part of three rows of panels at maximum density. Measurements in metres. 

33. Figure 2 shows part of an array of tracking panels seen from above. The panels are supported 

on the marked posts: post spacing is schematic as this is unknown. The green zones are open 

ground between the panels. The beige and blue zones together represent ground under the 

panels when they are being held horizontally. The beige zones are always under the panels; 

the blue zones mark the position of the drip edges depending on the degree of tilt. The blue 

zones represent the area of ground potentially subject to drip from the panels. This is 

(2*1.213)/7.35 or 33% of the ground area. The panel density at minimum separation with the 

panels horizontal is 4.85/7.35 = 66%. This is a high density. The panel separation in what 

appears to be a scale diagram in the Outline Ecological Protection and Mitigation Strategy 

[APP-284] is only slightly less dense at about 8.48 m separation between the rows. A 

substantial area of ground will thus be needed for absorption of concentrated runoff from the 

panels. 

 

34. Table 3-1 of the ES [APP-055] states that the panels will be returned to the horizontal position 

at night. The panels will therefore be horizontal at least half the time. It is likely to be more 
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than that. The report by Pager Power on glint and glare (ES, Appendix 20-4 [APP-261] Section 

2.2.4) is based on premise that the panels will revert to horizontal whenever the sun is not 

high enough to prevent self-shading by the panels, which at Lime Down is when the sun is less 

than 30° above the horizon. Below that, the energy loss from shading may exceed the energy 

gain from tilting the panels, and the glint and glare assessment is made on this basis. At the 

latitude of Hullavington (51.5°N), the sun never rises above 30° between 12 October and 28 

February. The panels are thus likely to be horizontal through the wettest part of the year. It is 

unlikely that it will be possible to hold the panels exactly horizontal, and water will run off at 

the same discrete points throughout this period.  Elamri et al (2018) measured a 16-fold 

concentration of water below their experimental horizontal panels, as noted above. Moreover, 

instead of dripping from the bottom edge of a panel typically about 40 cm above the ground 

surface, water from the Lime Down tracking panels will be falling from 2.5 m above the 

ground. This water will have more than 6 times the kinetic energy of water falling from 40 cm. 

The potential for erosion and runoff generation due to large volumes of water falling from a 

height is obvious, yet there is no assessment of this by the Applicant. Even when the panels 

are tilted and the lower edge is closer to the ground, the kinetic energy of water falling down 

a 60° slope is considerable. The Applicant has suggested that there will be small holes in the 

panels to reduce the volume of water that drips from the edge. These will be difficult to 

engineer given that surface tension and accumulated debris is likely to inhibit water from 

running down a small gap, and that the flows can go in either direction down the panel. 

 

35. The Applicant’s ES contains no analysis whatever of the hydrological issues relating to the 

outsize tracking panels. As shown above, the panels are likely to concentrate water in drip 

zones, and the height of the drip origins above the surface will give this water considerable 

erosive and runoff-generating potential. 

Soils and Infiltration 

36. The final issue that needs to be assessed is whether the soils in the Lime Down area are 

capable of absorbing the enhanced runoff from the solar panels. As with other issues, the 

Applicant has failed to evaluate this, but there is some evidence in the ES and in public 

information.  An ideal soil to resist runoff would have a good capacity to absorb water 

(infiltration); a good capacity to transmit water elsewhere (hydraulic conductivity) and enough 

depth to temporarily store water. These properties can to some extent be inferred from the 
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soil texture – clay soils are poor at absorbing and transmitting water but have good storage 

capacity; sandy soils are good at infiltration but poor at storage; loamy soils have good all-

round properties.  

 

37. Appendix 17-1 of the ES: Agricultural Land Classification and Soil Survey Report [APP-243], 

though principally concerned with agricultural land classification, has some useful data. Of the 

23 soil profiles with measurements of soil texture (Annex A), only one was not a clay or a soil 

with properties influenced by clay. There were 12 clays; 4 heavy clay loams; 4 medium clay 

loams; one silty clay; one medium silty clay loam and one silty loam. The presence of clay 

suggests low infiltration rates. The written descriptions of the sites [APP-243], Section 1.3.8 to 

1.3.32) reinforce this picture. Lime Down A, C and E are said to be dominated by the slowly 

permeable clay soil type. Lime Down B has a mixture of clays and more permeable shallow 

limestone soils, and Lime Down D has limestone in the west and slowly permeable clays in the 

east.   

 

38. This picture is borne out by the National Soil Map [14]. There are four soil associations in the 

area. On the west side, comprising most of areas A and C, is the Evesham 1 association, 

described as “slowly permeable calcareous clayey soils.” In a band running through Areas B 

and D there is the somewhat better drained Sherbourne Association described as “shallow 

well drained brashy calcareous clayey soils over limestone.” Area E and parts of Areas B and D 

are underlain by the Wickham 3 association described as “Slowly permeable seasonally 

waterlogged fine loamy over clayey and coarse loamy over clayey soils and similar more 

permeable soils with slight waterlogging.”  And the area subject to flooding upstream of 

Corston is the Fladbury 1 association, described as “stoneless clayey soils, in places calcareous 

variably affected by groundwater.” Soil associations are not uniform, but the preponderance 

of clay soils with impeded drainage is clear. The clay soils and the shallow limestone soils with 

little water holding capacity are what give the area its propensity to flooding. 

 

39. Finally, the Applicant has measured soil infiltration rates at 3 sites in Field D1 of Lime Down D 

as described in Appendix 11-6, Section 3.2.5 [APP-215]. The soils in Field D1 are on the 

boundary between the Evesham 1 and Sherbourne series as described above. In all 3 cases 

there was no infiltration in the 3-hour observation time. It is hard to see how the Applicant 
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can claim that the soil under the panels can absorb excess runoff water when the only 

available measurements show that infiltration is in fact zero.  

  

40. Soil compaction is another issue recognised to increase flood risk (e.g. [15]), especially where 

soil compaction coincides with soils characterized by a fine texture and a low infiltration 

capacity. This applies to some of the soils at Lime Down, and the National Soil Map [14] has 

ratings for susceptibility to compaction and potential for natural recovery from compaction. 

The soils of Area E and most of Area D are rated as highly susceptible to compaction with little 

potential for recovery, those of Areas A and C moderately susceptible but with potential for 

recovery and even the limestone soils of Area B are slightly susceptible to compaction. 

Construction of solar farms inevitably produces soil compaction. A survey of 32 solar farms by 

Carvalho et al (2025) [16] showed that even after years of operation, the soil under solar 

panels was consistently about 14% compacted compared to outside. The Applicant recognises 

compaction as an issue in the Outline Soil Resources Management Plan [APP-280], but has not 

assessed the location of sensitive soils or provided a detailed plan for avoidance or mitigation.      

  

Mitigation 

41. The Applicant does recognise that some of the additional hard surfaces introduced into the 

catchment will increase flood risk and proposes some minimal mitigation to address this, such 

as gravel-filled trenches round conversion units (ES, Chapter 11, 11.9). The remaining 

mitigation measures are concerned solely with protecting their own assets. The only 

mitigation proposed for panel runoff is to maintain a vegetation cover under the panels. The 

high density of panels proposed, and the proposal to keep them level most of the time and 

thus shading the ground, will make maintaining a vegetation cover difficult, as it will be under 

considerable stress because of reduced light intensity and shortage of water.  Even under 

conventional panels, plant growth is reduced, as demonstrated by Carvalho et al (2025) [16] 

who found significant reductions in plant cover and above-ground biomass under panels 

relative to the outside in their study of 32 UK solar farms.  

 

42. As this paper has demonstrated, the large panels, their height above the ground surface and 

the soils at Lime Down which have typically low infiltration rates are likely to generate 

considerable excess runoff and flooding both on and off site, contrary to the requirements of 

planning legislation, specifically Overarching National Policy on Energy EN-1. The application 
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must be refused unless the Applicant can demonstrate enough mitigation for these effects. 

Mitigation will not however be easy, as it would involve surface water management on a 

very large scale. This would require a considerable land take, and the obvious places for 

SuDS schemes or hard engineering structures like retention ponds would be in the fluvial or 

surface water flood zones where they would largely be ineffective. The Applicant should 

demonstrate that they have a credible and detailed plan to mitigate flooding before the 

Scheme is consented, as there is considerable doubt that such a thing is possible. 

 

Conclusion 

43. The Applicant’s assertion that that the construction of solar panels at Lime Down will not 

increase surface water runoff rates and hence flooding is shown to be very questionable. The 

scientific literature shows that merely preserving vegetation cover under the panels will not 

automatically allow water to percolate into the soil. Consideration of the characteristics of the 

soils on site, the oversized solar panels, the way they concentrate water and their height above 

the ground shows that an increase in runoff rates and hence flooding is very likely. The 

Applicant provides no credible plan to mitigate this excess runoff. 
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 Appendix 1 Query and Response to IGP about solar panel sizes 

[Query to IGP, 18.11.2025] 

To: , Senior Project Manager, Lime Down Solar Park 

Dear  

In order to submit Relevant Representations to the Planning Inspectorate, it would be useful to 

know the size of the solar panels used, and how many of them are on the site. 

 

There is not enough information in Chapter 3 [APP-055] to specify the size of the panels. There is 

more information in Chapter 7  [APP-059] which states (7.10.11) "A Solar PV Panel is composed of 

multiple modules. It is estimated the total number of modules for Lime Down will be 598,260". 

 

A "module" is not defined anywhere, but in 7.10.13 it states that a module is composed of 156 

individual solar cells. In 7.10.14 it is stated that a solar cell contains 11g of silicon, and a panel 

contains  

1.584 kg of silicon. A panel therefore consists of 1584/11 = 144 solar cells, which is credible. 

 

But this means that contrary to the first sentence which says that a panel consists of multiple 

modules, a panel (144 cells) is actually smaller than a module (156 cells).   A panel also has a surface 

area of 3.10m2 (7.10.15). 

Could you please clarify this and explain: 

1. What are the typical dimensions of the panels you intend to use? 

2. What is a module and what is its relationship to a panel? 

3. How many panels or modules will there be on site? 

4. Do any of the values in Chapter 7 need correction? 

5. If the dimensions of the panels are not quite finalised, what values should we assume for 

Rochdale Envelope purposes? 

Thank you 

Richard Skeffington 

[Reply 4.12.2025] 

Dear Richard Skeffington,   
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Thank you for getting in touch and for your patience while we prepared this reply. In terms of panel 

dimensions, the figures used in the climate chapter carbon calculations (2.4m x 1.3m) are 

assumptions applied for the purposes of undertaking the climate assessment. The actual 

dimensions of the panels to be used have not yet been confirmed. These will require flexibility and 

will vary depending on the type of panel arrangement (fixed or tracker) selected, and well as the 

technology available at the time. Further detail on this is provided in ES Chapter 3: Scheme 

Description [APP-055] paragraph 3.2.21, with feasibility and optionality explained in Section 3.3 to 

S.6. 

 To clarify terminology, the solar PV panel is also referred to as a module, and each module is 

composed of multiple cells. For the purposes of assessment, it is estimated that Lime Down would 

require approximately 598,260.    

There are no changes required to Chapter 7: Climate Change [APP-059] based on the above in terms 

of the dimensions and the assumptions used for the purposes of assessment. Two configurations 

were assessed, 144 cells per panel and 156 cells per panel. In line with the Rochdale Envelope 

approach, the 156-cell option represents the worse-case scenario, and as such is the one taken 

forward for assessment. The total embodied silicon from the solar PV panels is estimated at 6,160 

tCO₂e under this worst-case scenario. 

Kind regards,   

  

Community Relations Team 

Lime Down Solar Park 
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be beneficial in terms of potentially supporting the reclamation of degraded land, economic opportunities,
and rural electricity access. (Ravi et al 2016). It also avoids the greenhouse gas impacts, air quality concerns,
and other sources of pollution caused by fossil fuels (Aman et al 2015, Hernandez et al 2014, Grigorescu et al
2019, Lambert et al 2021, Shorabeh et al 2019, Taha 2013, Vrînceanu et al 2019).

PV technology is deployed in various ways. One popular approach leverages the rooftops of residen-
tial or commercial buildings for solar panel installation, where solar panels are impervious panels of PV
cells. Solar panel arrays mounted on the ground are another way of harvesting solar energy, particularly at
a larger scale compared to residential rooftop solar. Utility-scale ground solar panel installations used for
electricity generation of 1 MW or greater are commonly referred to as ‘solar farms’ (US Energy Informa-
tion Administration (EIA) 2020). On solar farms, solar panels are mounted on metal supports, with panels
arranged in long rows. The area under and between the panels could be paved, covered with gravel, bare
soil, or vegetated. The interspace between the rows, as well as access paths or roads between clusters of rows,
allows for maintenance as well as possible infiltration of water (Barnard et al 2017a, Gunerhan et al 2008,
Zhu et al 2019).

Utility-scale solar energy development needs a lot of space, and its large-scale installation could potentially
have some negative impacts on the environment, but this depends on the way that the solar farm is built and
maintained (Hernandez et al 2019, 2014, Moore-O’Leary et al 2017). The area covered by solar farms can vary
between 1 acre (0.40 ha) to several hundred acres, depending on the power generation capacity. The construc-
tion process of solar farms can require extensive landscape modification that could result in the modification of
soil properties and vegetation (Aman et al 2015, Jacobson and Delucchi 2011). The addition of an impervious
surface, as solar panels, could alter the site’s hydrology and impact erosion. Changes in vegetation and ongoing
maintenance of the site can also impact soil carbon dynamics and habitat provision (Barnard et al 2017a, Choi
et al 2020a, Gunerhan et al 2008, Moore-O’Leary et al 2017, Walston et al 2021). There is increasing interest
in leveraging solar farms for the provision of additional ecosystem services or benefits beyond solar power
generation. This could include planting of certain vegetation to create pollinator habitats (Blaydes et al 2021,
Graham et al 2021, Walston et al 2021, 2018). The concept of ‘agrivoltaics’ involves leveraging the solar farm
for agriculture, such as sheep grazing or crop cultivation (Weselek et al 2019).

As solar energy becomes an increasingly cheap source of renewable energy, the number of solar farms is
rapidly growing. As of 2022, there are approximately 5500 major solar projects across the US, with existing
installations generating 55 GW, and projects under construction or in development generating 110 GW (Solar
Energy Industries Association 2020). Thus, it is critical to ensure that these projects are implemented in the
most sustainable way.

There is a small but growing body of scientific research seeking to understand the impacts of solar farms,
specifically on landscape ecohydrology in a range of environmental and land conditions. Similarly, there
are rapidly evolving guidance and/or regulations on best land development practices related to solar farm
implementation. Thus, we seek to synthesize the current state of scientific knowledge and management rec-
ommendations, as well as to identify gaps. We review the current science on how solar farms impact land-
scape hydrology and related soil and vegetation characteristics, as well as review the current state of land and
stormwater management guidance in US states with respect to solar farms.

2. Methods

In order to review the current science on solar farm hydrology, in mid-2022 we sought relevant scientific liter-
ature using Google Scholar and Web of Science to perform searches with the following key words: (solar farm,
PV, or agrivoltaic) and (hydrology, stormwater management, soil moisture, runoff, or evapotranspiration).
We have also followed references cited in these articles to identify additional relevant articles. This yielded 18
usable articles which are reviewed.

In addition, we reviewed available information on land and stormwater management recommendations
from US states. In the US, most states have authority delegated from the US Environmental Protection Agency
to oversee permitting processes related to land development under the National Pollutant Discharge Elimina-
tion System (NPDES). States may also choose to enact their own regulations relating to solar farm development
and/or stormwater management. We searched the websites of US state agencies with jurisdiction over stormwa-
ter management regulations, in order to summarize the available rules and guidelines specific to stormwater
management on solar farms. If we could not find stormwater management information specific to solar farms
for a given state, we also attempted to contact the agency directly for information.
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Table 1. Summary of the reviewed field-based studies on solar farm hydrologic phenomena, highlighting the basic study location and types of measurements made on hydrologic and related variables. An ‘x’ indicates that
measurements were made for variables in the given category.

Source
Site characteristics Types of measurements

Location Climate zone Solar farm info
Micro-

meteorology
Soil Phys/Chem/

Bio properties
Veg-

etation
Soil

moisture Runoff

AL-agele Corvallis, Mediterranean warm, 0.8 ha agrivoltaic vegetable farm with x — x x —
et al 2021 Oregon USA cool summer climates 18 degree panel tilt. Silty clay loam soil

Armstrong Swindon, United Oceanic Land cover prior to construction: the field site was
x x xet al 2016 Kingdom climate arable cropland and was sown with a species-rich

After construction: the control and interspace of the solar farm
were re-seeded with species-rich meadow mixture
meadow mixture

Barron-Gafford Tucson, Arid climate, Agrivoltaic site with crops (tomatoes, jalapenos,
x — x x —et al 2019 Arizona, USA hot desert and chiltepin plants). Native soil was replaced with

an organic garden blend (organic compost and
an organic garden blend (organic compost and
sandy soil)
Age of the solar site: less than one year

Choi Northern Jefferson Cold semi The treatment site is revegetated with native grasses x x — x —
et al 2020a County, Colorado, USA arid similar to the undisturbed condition (control point)

Surficial soils at the solar site are paleosols with clay-enriched subsoil
Age of the solar site: 8 years

Elamri Montpellier, Mediterranean Agrivoltaic system (lettuce) with varying panel x — — x —
et al 2018a, 2018b France hot summer density and tilt. oil type is loamy clay deep

alluvial soil (same site as Marrou et al. with
updated ability for variable panel tilt)

Hassanpour Adeh Corvallis, Mediterranean warm, Agrivoltaic site with pasture. The soil x — x x —
et al 2018 Oregon USA Oregon USA classification for both the control and agrivoltaic

systems is Woodburn silt clay
Age of the solar site: 2 years

Lambert Southern France Mediterranean hot Soil type of solar farms are
— x x x —et al 2021 summer climates carbonatic pedofeatures

Different control points with a land cover of pinewood, shrubland and
abandoned vineyards were selected

(continued on next page)
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Table 1. Continued Summary of the reviewed field-based studies on solar farm hydrologic phenomena, highlighting the basic study location and types of measurements made on hydrologic and related variables. An ‘x’ indicates
that measurements were made for variables in the given category.

Source
Site characteristics Types of measurements

Location Climate zone Solar farm info
Micro-

meteorology
Soil Phys/Chem/

Bio properties
Veg-

etation
Soil

moisture Runoff

Marrou 2013b Montpellier, Mediterranean hot Agrivoltaic system (lettuce and cucumber) with x — x x —
et al 2013a, France summer climates varying panel density and a fixed 25 degree tilt. The soil

type is loamy clay deep alluvial soil (same site as
Elamri et al 2018a)

Uldrijan South Moravian Region, Oceanic climate The soil has textures of loamy-sand to clay-loam,
— — x — —et al 2021 Czech Republic vegetated with perennial grass mixture

Age of the solar site: 7 years

Wu et al 2022 Northwestern Arid climate, Solar farm with a panel tilt of 37.5 degrees, where a — — — x —
China cold desert panel row is comprised of two adjoining sub

panels with a 3 cm gap. Mixed gravel and sand soil
substrate

Yue Western China Arid climate, The soil material is loess or gravel, soil texture is mainly sandy

x — — x —
et al 2021 cold desert loam and light silt loam

The main plant species are shallow-rooted plants
Some of panels are fixed and some are rotating

5
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Table 2. Summary of reviewed studies performing hydrological modeling of solar farms.

Source Solar farm info Modeling approach Target variable(s)

Barnard et al 2017a Three solar farm sites in west Texas and Flo-2D/HEC-HMS The final products are
one solar site in Georgia USA (humid maps of maximum flow
subtropical climate) depth and velocity

Cook and McCuen 2013 No specific geographic location Custom model in Runoff depth, peak flow,
Different scenarios: MATLAB (Water erosion potential
• Slope 1%–5% balance, Manning’s Eqn)
• Soil type B and C
• Panel angle 30, 45 and 70
• Vegetation type: bare ground

Edalat 2017 Two solar farms in Nevada USA (arid climate) HEC-HMS Runoff depth/peak flow
• Urban
• Outside urban area

Elamri et al 2018b Agrivoltaic solar farm in Montpellier, Hydrus 2D with custom Solar panel rain redistribution
France (mediterranean hot summer AVrain module to /runoff, soil moisture

simulate rain
redistribution of panels

Pisinaras et al 2014 Low, medium, and high intensity solar the SWAT Surface runoff, infiltration,
farm scenarios for sub-basins in 1%–5% of evapotranspiration
Vosvozis River watershed in northern
Greece (Mediterranean hot summer climate)
Solar farm scenarios replaced existing
agricultural land use

Walston et al 2021 Midwest United States (hot summer, InVEST ecosystem Sediment retention,
continental climate) land use scenarios: services model water retention
• Agriculture scenario
• Solar-turfgrass scenario
• Solar-native grassland scenario

Wu et al 2022 Solar farm in northwestern China Custom model using Soil moisture
(arid, cold desert climate) energy balance, AVrain and temperature

and single bucket water
balance

below the panels in comparison to full sun reference sites during the spring and summer (AL-agele et al 2021,
Armstrong et al 2016, Hassanpour Adeh et al 2018, Marrou et al 2013b, Yue et al 2021). Remote sensing of
land surface temperature at a solar farm has also indicated overall reductions in soil temperature across the
site as compared to pre-development data, though this approach could not explicitly evaluate changes below
the panels (Edalat 2017). Wind and humidity changes were not as consistent. Wind speed and vapor pressure
deficit did not change relative to solar panels at a solar farm in France (Marrou et al 2013b). However, wind
speed, direction, and relative humidity were all altered around solar panels, as compared to the reference site at
a solar farm in Oregon (Hassanpour Adeh et al 2018), and vapor pressure deficit decreased under solar panels
on solar farms located in the United Kingdom and Arizona USA (Armstrong et al 2016, Barron-Gafford et al
2019).

There can be temporal variability in how solar farms affect meteorological properties and resulting soil
dynamics. For example, solar panels decreased the soil temperature beneath the panels compared to reference
sites, but these differences were more substantial in spring versus summer (Lambert et al 2021). Increases in
soil temperature beneath solar panels relative to reference sites have also been observed during autumn and
winter periods at solar farms located in the United Kingdom and western China, when solar panels may help
prevent loss of longwave radiation (Armstrong et al 2016, Yue et al 2021). Remote sensing observations of the
land surface temperature in Nevada found temperature differences to be greatest in winter when the Sun was
lower and the shadows from solar panels were larger (Edalat 2017).

Reductions in solar radiation generally translate into reduced potential evapotranspiration (PET) under
solar panels (Elamri et al 2018a, Hassanpour Adeh et al 2018). Solar farm impacts on evapotranspiration
dynamics have been investigated in depth on prototypes of agrivoltaic systems in France, testing two crops
(cucumber and lettuce) and two solar panel configurations (full panel density vs half density (Marrou et al
2013a). Results show that PET and AET were higher in the full Sun reference locations compared to the solar
farm agrivoltaic sites. The reduction in AET was slightly more at the full density solar farm as opposed to the
half density site, and differences also varied by crop type. For the lettuce agrivoltaics site, AET over the measured
growing period was 103 mm at the full Sun reference, but reduced to 81 and 79 mm for the half density and full
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density solar farm sites, respectively. Similarly, at the cucumber agrivoltaics site, AET was 178 mm at the full
Sun reference, but reduced to 153 and 145 mm at the half density and full density solar farm sites, respectively.
In general, ET fluxes were more affected in spring than in summer, indicating temporal variability in the solar
panel influence (Marrou et al 2013a). The ratio of transpiration to evaporation also changed, increasing 3 – 4
times in the shaded area of the solar farm sites.

Additional research at this same agrivoltaic site explored the impact of variable panel tilting/tracking on
solar radiation and ET (Elamri et al 2018a). While there was still a net reduction in solar radiation and ET under
panels with panel tracking, it led to much less heterogeneity than at the sites with a fixed panel orientation.

3.3. Solar farms and vegetation
As with soil properties, vegetation on solar farms is a function of both initial human management decisions
regarding the initial solar farm development, and ongoing operations and maintenance decisions on the solar
farm. It is also affected by interactions with site soil properties and hydrology. Vegetation is explicitly leveraged
as a stormwater management practice, as described later in this review, and is a critical managed element of
agrivoltaics operations where solar farms are leveraged for the additional co-benefits of crop production. Thus
we feel it is important to review what is known about changes in vegetation on solar farms.

Existing field research has focused on the assessment of vegetation coverage, biomass, and diversity, as well
as on interactions with hydrologic processes via water use efficiency or water productivity. Findings are quite
variable in these limited studies. Surveys of a solar farm (non-agrivoltaic site) in France largely found no major
differences in plant community composition and coverage, relative to nearby reference shrubland and pineland
sites. There was a slight increase in the relative abundance of shadow-tolerant plant types under solar panels
(Lambert et al 2021). At a reclaimed brownfield site in the Czech Republic, where the land was sown with a
meadow grass mixture during solar farm development, differences in plant composition within the solar farm
were observed in a survey eight years after the initial development (Uldrijan et al 2021). A greater abundance
of taller native perennial grasses was documented in the interspace between panel rows, where more shade-
tolerant species and sometimes invasive grasses were observed beneath panels. At a solar farm in the United
Kingdom, reduced plant species diversity was observed under solar panels, with reference and panel interspace
areas dominated by forbs and legumes (Armstrong et al 2016).

Both increases and decreases in vegetation biomass have been documented under solar panels, depending
on the climatic zone. In the areas with lower solar radiation (solar farms in the United Kingdom and the Czech
Republic), reduced vegetation coverage and reduced biomass (up to four times lower) have been documented
beneath solar panels, relative to panel interspace or reference areas (Armstrong et al 2016, Uldrijan et al 2021).
However, the results of research in the solar farm located in Oregon show 126% more dry biomass beneath
solar panels relative to the interspace zone and 90% more dry biomass relative to the reference site (Hassanpour
Adeh et al 2018). This site is less energy-limited. Thus, the shading of solar panels helps to reduce ET losses
and in turn to maximize the water use efficiency of plants, as well as to increase biomass. At crop agrivoltaic
sites in Oregon and France, some reduction in crop yield and biomass has been observed under panels relative
to nearby reference sites (AL-agele et al 2021, Elamri et al 2018a). At sites with solar panel tracking, biomass
was only 16% less than the reference, compared to 30% or greater reductions at fixed panel sites (Elamri et al
2018a).

More efficient water use has been observed under solar panels in multiple cases, mainly because of the shad-
ing and reduced solar radiation and PET under the panels. This is particularly evident in locations abundant
in solar radiation. In an agrivoltaics solar farm in Arizona, USA, the shade of the solar panels reduced plant
drought stress and led to greater crop and food production (Barron-Gafford et al 2019). More efficient water
use was also observed for lettuce crops in an agrivoltaics solar farm in France. Coverage of soil by crops was
found to be important in reducing soil evaporation and maximizing the availability of water for transpiration
and biomass production (Marrou et al 2013a). Water productivity also improved in the shade of panels at a
tomato agrivoltaic site located in Oregon (AL-agele et al 2021). Modeling of water and vegetation dynamics at
agrivoltaic sites in France successfully reproduced field data on rain and soil water redistribution, and allowed
for the additional scenario exploration of plant-water interactions and optimization. The modeled scenarios
indicated that the tilting of solar panels could help to minimize water interception and the associated redis-
tribution of water. The scenarios also indicated that agrivoltaics could improve water productivity relative to
more traditional agriculture, with only small reductions in crop yield (Elamri et al 2018a, 2018b).

3.4. Impact of solar panels on soil moisture distribution
On solar farms, the impervious surface of solar panels intercepts precipitation and drains the water into the
interspace between panels. Previously discussed changes in evapotranspiration and soil physical and chemical
properties can interact with this altered surface hydrology to cause some heterogeneity in the soil moisture
content on solar farms.

7 029



Environ. Res.: Infrastruct. Sustain. 2 (2022) 032002 Topical Review

Field measurements of the soil moisture on solar farms have often been focused on key locations relative
to the solar panels. These have included the interspace area fully open to the sun between panels, under the
lower front edge of the panel or ‘dripline’, underneath the center of the panels, and at the back (higher) edge
of the panels where there is partial Sun (figure 1). Sometimes measurements may also be made at a control or
reference area outside the main array of panels. At a solar farm in western Oregon, USA on silt clay soils, the
soil beneath the center of solar panels was consistently wettest, followed by soil under the back edge of solar
panels, and nearby reference soils, with the interspace soils being driest. At a 0.6 m depth, soil under the center
of the panels remained near saturation (∼30% volumetric water content (VWC)), whereas the interspace area
depleted from ∼30% to ∼20% VWC by the end of the growing season (Hassanpour Adeh et al 2018). Similar
patterns have been observed at solar farms in China (Wu et al 2022, Yue et al 2021). Soil moisture at a northwest
China site was wettest (10%–20% VWC) at the main dripline at the front of panels as well as under the center of
the panel row where a small gap in panels was located; soils at the back edge of panels and nearby reference soils
were driest (5%–10% VWC; Wu et al 2022). At an arid western China solar farm, soil moisture was consistently
higher under panels—14.7% higher under fixed tilt panels compared to 11% higher under variable tilt panels
(Yue et al 2021). Soil moisture was also consistently higher under solar panels at an agrivoltaics site located
at Arizona, USA, as compared to an agricultural control site (Barron-Gafford et al 2019). At a solar farm in
Colorado, USA (cold semi-arid climate) with paleosols and clay subsoil, some soil moisture variability was
observed. Dripline soils were consistently higher (up to 20% – 30% VWC), especially following rain events
(Choi et al 2020a). However, substantial variability in soil moisture at all locations relative to solar panels led
to a lack of statistically significant differences. The reference site at nearby native grassland was consistently
lower in moisture (∼5%). At an agrivoltaic site in France, higher soil moisture was observed at panel driplines,
while soil moisture was lower under the panels and in the interspace (Elamri et al 2018b). Another solar farm
in France did not demonstrate differences in soil moisture under solar panels compared to the interspace,
but did observe overall reduced soil moisture at the solar farm sites as compared to a shrubland reference
(Lambert et al 2021). Overall, the main panel dripline at the front of solar panel rows is consistently wetter,
and interspace zones tend to be drier. However, under panel soil moisture may vary depending on the balance
of evapotranspiration and runoff contributions, due to the climate and panel design.

There have also been some efforts to model soil moisture dynamics on solar farms. These studies have
created or leveraged models of rain redistribution from solar panels, and then combined this with various
approaches of water and energy balance representation to simulate soil moisture (Elamri et al 2018b, Wu et al
2022). In both cases, there was reasonable agreement between observed and simulated soil moisture. Suspected
causes of inaccuracy included challenges in representing the complex energy dynamics under solar panels that
influence evapotranspiration (Wu et al 2022) as well as challenges in the accurate representation of water
redistribution (Elamri et al 2018b).

3.5. Solar farms and runoff
To our knowledge, at the time of the writing of this review, the evaluation of runoff generation has occurred
only in published modeling-based studies. Many of these studies leverage existing modeling programs, with
certain modifications used to represent the unique land cover type of the solar panels. None of these published
studies, to our knowledge, have validated their models with field data specific to solar farms.

HEC-HMS (US Army Corps of Engineers 2021) has been leveraged in multiple studies. In one study, the
runoff on a solar farm was simulated using a linked model which used a combination of Flo-2D and HEC-HMS
(which uses a one-dimensional approach). To simulate the flow from upgradient catchments to the solar farm
catchment, HEC-HMS was used. USDA Natural Resource Conservation Service Curve Number methods and
shallow water equations were used to predict and route stormwater runoff across FLO-2D grids. The results
were reported as maps of maximum flow depths and velocities (Barnard et al 2017a). HEC-HMS has also been
used to study hydrologic dynamics in a Nevada, USA (arid climate) solar farm (Edalat 2017). It is shown that
regardless of the orientation and tilt angles, runoff volume increases after solar panel installation. Impacts on
peak flow are more variable, with the orientation of panels either increasing or decreasing peak flow rates. The
results indicate that the panels also noticeably change the rain distribution onto the land surface. Therefore,
panel orientation and tilt angles are important factors that need to be considered in stormwater channel design
to carry runoff peak flow. One major limitation of this study was that solar panels were represented as an
impervious surface on the ground, and infiltration could not be permitted under the panels, as would occur
at an actual site; thus this approach likely overestimates runoff (Edalat 2017).

SWAT has also been leveraged for assessing the impact of solar farms on watershed hydrology (Pisinaras et al
2014). For a watershed in northern Greece, scenarios were implemented that induced land use change from
agriculture to solar farms in 1 or 5% of the watershed area. Solar farm implementation was represented using
soil physical property changes, curve number increase associated with imperviousness, ground cover change
from cultivated to bare soil, and reduced solar radiation. The model demonstrated increased surface runoff
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and percolation, and decreased ET due to solar panel implementation, but these changes were not significant at
the watershed scale. However, there is the potential for local-scale impacts. For example, there were increases of
∼100 mm in surface runoff for a given sub-basin, even for a low impact scenario of solar farm implementation
(Pisinaras et al 2014).

Other research has relied on custom-built models for representing solar farms (Cook and McCuen 2013).
A model written in MATLAB was based on the creation of NRCS type II storms for precipitation (hyetograph)
inputs. A simple water balance for each land surface cell was used to allocate precipitation to storage or loss
(runoff). Manning’s equation was used to estimate runoff velocity and the associated kinetic energy relating
to splash erosion. Model scenarios were constructed for a 30 cell grid solar farm, where each cell could have a
portion allocated as wet, dry, or interspace. A variety of characteristics were manipulated to simulate changes in
soil types, solar panel spacing, vegetation roughness, etc. The results indicated that the addition of solar panels
over a grassy field does not change the volume of runoff, the peak discharge, nor time to peak. In general, it was
not anticipated that structural stormwater management would be required to prevent adverse impacts (Cook
and McCuen 2013).

Some US states, such as Minnesota, have recommended a simple modification to the calculation of imper-
vious surface used in typical runoff modeling approaches for stormwater management planning. Minnesota’s
recommendation for the modification of runoff calculations leverages the ratio of impervious to pervious sur-
face, where the pervious surface considers both the interspace area as well as the area directly below the panels.
Runoff depth associated with this impervious to pervious ratio, as well as soil type, is determined using an Excel
tool that leverages the output of an extensive series of models generated in XP-SWMM (Minnesota Pollution
Control Agency 2019).

3.6. Solar farms and erosion
Research on the impacts of solar farms on erosion is quite limited. Some modeling results suggest solar panels
can increase erosion. The energy and velocity of water draining from the panels is higher, which could cause
erosion in soil below the base of the panels, especially if the interspace is bare. Increases (up to 10 times) of
kinetic energy were simulated, which could lead to erosion and the need for erosion control measures, but this
modeling effort was not validated by field measurements (Cook and McCuen and 2013).

A larger-scale modeling assessment has quantified changes in erosion and associated sediment loss, along
with multiple other ecosystem services for hypothetical solar farms in the Midwestern US. These solar farm
scenarios focused on vegetation, comparing hypothetical solar farms with native grassland or turfgrass with
baseline agricultural land use. Modeling with InVEST, which leverages the revised universal soil loss equation,
estimated sediment export under the solar-native grassland scenario to be 0.007 tons/ha/year, which was a
reduction of over 95% and 77% compared to the agriculture and solar-turfgrass scenarios, respectively (Wal-
ston et al 2021). However, erosion estimates were based largely on landscape characteristics such as vegetated
cover or slope and did not explicitly represent the fact that solar panels are elevated off the ground.

This existing work largely focuses on the potential for erosion on solar farms after initial construction.
However, construction of solar farms can require substantial land manipulation. Thus, it is also important
to consider this in erosion estimates, and manage this impact appropriately (see discussion in section 4). In
addition to erosion associated with runoff, aeolian erosion is a concern in more arid environments, particularly
when presence of vegetation is limited (Ravi et al 2016).

4. Review of guidance from US states on solar farm development and stormwater
management

In our review of the guidelines and rules of different US states regarding stormwater management on solar
farms, a major finding was that most states (close to 30) do not have any guidance for stormwater manage-
ment specific to solar farms. For ten states, no definitive information was found online and no answer was
received to email inquiries, and it is assumed that there is no solar farm specific guidance. In general, these
states without specific guidelines defer to their standard rules regarding construction and stormwater man-
agement. This typically means that for construction that disturbs a certain area of land (often specified as 1
acre), the solar farm developer would need to follow requirements under the construction general permit for
stormwater management. There also may be post-construction stormwater management requirements. The
management of construction-related stormwater impacts is required to be managed by states or the US Envi-
ronmental Protection Agency (US EPA) under the EPA’s National Pollution Discharge Elimination System
(NPDES) (US EPA 2015).

Twelve US states currently have solar farm-specific guidance relating to managing stormwater (table 3).
These states are largely located in the north-central, eastern, and northwestern US. Guidelines from these states
rely heavily on ‘low impact development’ practices (Davis 2005). This involves minimizing initial impacts on
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the site during the construction process, as well as strategically planned development and site operations that
maintain the natural characteristics of the land to mitigate stormwater. The stormwater management func-
tions desired involve runoff volume reduction via infiltration and, to a lesser degree, evapotranspiration; these
processes are in turn dependent on soil properties and vegetation. The reduction of erosion and/or retention
of sediment relies on reducing the velocity of runoff through infiltration and enhanced surface roughness,
particularly from vegetation (Davis et al 2012).

Some guidance relates to the initial site selection process for the solar farm. It is recommended to avoid
soils with a slip potential, and well-draining soil types are ideal. Lesser sloped sites are ideal, though there is
substantial variability in the recommended slope thresholds (e.g. Maryland recommends 5% or less, while
other states recommend less than 10%). With considerations such as the slope or soil hydrologic class, certain
categories (e.g. poorly draining soils or higher slopes) are generally permissible for solar farms, but would
require additional structural stormwater management to be added (discussed further below).

During the construction process, it is recommended that soil compaction and disturbance be minimized,
in order to maintain the soil’s natural ability to infiltrate runoff. It is also critical to implement temporary ero-
sion and sediment controls to prevent any impacts during the construction process. This may include erosion
control socks, temporary sedimentation basins, or mulching the bare soil surface.

Another group of recommendations relates to how the solar farm site is designed. A key stormwater man-
agement practice mentioned by most states with specific guidance is to maintain a certain interspace distance
between rows of solar panels. This leverages the ‘low impact development’ principle of disconnecting imper-
vious surfaces. The pervious interspace between solar panel rows serves to promote infiltration of any runoff
and the retention of eroded sediment. In this interspace, as well as under the panels, it is often recommended
to maintain a certain proportion of vegetation cover on the site, at least 85% – 90%. A deep-rooted peren-
nial vegetation cover, typically grasses, forbs, or legumes is recommended to facilitate infiltration and assist
with erosion control. This may be satisfied by minimizing the impact to existing vegetation, or may be facili-
tated by seeding. Crop production may also occur, but additional considerations may be needed to ensure that
harvesting does not facilitate increased runoff or erosion. It is also important to promote the establishment
of more shade-tolerant vegetation under the panels. Minimal mowing, pesticide, or herbicide application is
recommended.

The additional practice recommended in some cases is structural stormwater management. As noted above,
these sorts of structural practices may be required for specific cases where a site has a high slope or poorly
draining soils. Some structural practices are focused on runoff volume reduction via enhanced infiltration,
and include features like infiltration basins or infiltration trenches. Other structural practices may be focused
on erosion prevention and sediment control and involve stone drip or splash pads near the dripline area under
solar panel rows.

5. Discussion and conclusions

5.1. Insights from ecohydrologic research on solar farms
There is a small but growing body of work characterizing how solar farm development changes soil properties,
vegetation, and hydrologic processes. Most existing work focuses on soil properties, vegetation, soil water, and
micrometeorological characteristics or evapotranspiration; there is no published work yet in the academic
literature, to our knowledge, documenting the direct measurement of runoff on solar farms.

The results of scientific research vary from findings of no net impact of solar farms on these ecohydrological
properties to detection of some impacts. Field soil moisture measurements often demonstrated variability with
respect to the solar panels. These changes in soil moisture relative to panels demonstrate the impact of panels
on solar radiation, runoff redistribution, and the corresponding evapotranspiration. Particularly in regions
where evapotranspiration is not energy-limited (e.g. warm arid regions), there is a climatic sweet spot where
the shading of solar panels can help reduce evapotranspiration and maximize water efficiency and facilitate
enhanced crop production in association with solar farms (Barron-Gafford et al 2019, Hassanpour Adeh et al
2018). Results from agrivoltaic systems indicate that crops can still achieve high yield under the fluctuating
shade of these systems (Marrou et al 2013a). However, more extensive research is merited in agrivoltaic systems
across a range of climate settings and crop types.

In wetter climates, there is an interest in keeping soils from reaching sustained levels of saturation and
the associated runoff generation. Solar panels introduce heterogeneity in the soil moisture distribution, with
precipitation accumulating along the dripline at the lower edge of the panels. It is essential that appropriate
management practices are implemented to prevent this heterogeneity from manifesting in increased runoff
and erosion generation. Variable panel tilting may also be considered to reduce the redistribution of water.
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Table 3. Example guidelines from US states regarding stormwater management on solar farms. The table is not comprehensive of every
guideline for all listed states, but provides examples of the range of guidelines currently available.

Category Recommendation Source of example

Site conditions

Site slope Ideally <5%; >5% requires various additional management considerations. Maryland (MA DOE 2021)
For slopes >8%, additional management needed to maintain sheet flow and
prevent erosion.

North Carolina (NC DEQ 2018),
Rhode Island (RI DEM 2021)

<10% is favorable; additional management considerations if >10%. Pennsylvania (PA DEP, 2019)

Soils For soils with a depth to bedrock of 12′′ or less, plans must show that soil will
be enhanced by the addition of at least 4′′ of top soil.

New Hampshire (NH DES 2020)

Sites with soils having a slip potential should be more closely evaluated for any
geotechnical issues—especially in areas with moderate to steep slopes. 2. Soil
compaction should be avoided.

Pennsylvania

Considerations during construction

Considerations
during
construction

To minimize disturbance and compaction, construction vehicles and
equipment should avoid interspace areas during installation of the solar panels
to effectively use interspace later for impervious disconnection/infiltration.

Maryland

Erosion and sediment control practices are needed. Temporary erosion
control, such as mulch, must be put on exposed soil at the site to prevent
erosion during rain events until vegetation is established.

Massachusetts (Mass DEP 2017),
Minnesota (MN PCA, 2021), New
Hampshire

Avoid soil compaction and/or topsoil removal. Ifthe soil is compacted or
removed, it should be amended to return to its pre-development condition.

Massachusetts, New Hampshire,
North Carolina

Post-construction stormwater management

Modeling runoff
from impervious
area

The calculation of water quality volume depends on the slope (if >15%, then
panels are an effective impervious area, if not then the evaluation of vegetated
areas is emphasized).

Connecticut (CT DEEP 2020)

For water quality and water quantity calculations, solar panels are considered
disconnected impervious surfaces.

Minnesota, Virginia (VA DEQ 2022)

Curve number adjustment is permitted to account for infiltration under
impervious panels. With certain steeper slope + soil drainage classes, there
cannot be the assumption that infiltration will occur under panels.

New Hampshire

Solar panels are not considered impervious surfaces, so they do not need to be
considered in the calculation of impervious cover at a site.

New Jersey (New Jersey Legislature
2021)

Panel
orientation

Parallel orientation of the solar panels is recommended with respect to slope,
in order to prevent flow concentration. If not, runoff should be directed to
infiltration practices.

Rhode Island

The orientation of panels should be considered with respect to drainage
pattern, flow concentration, drainage area, and velocity.

Connecticut

Vertical
clearance of
panels

< 10 feet in order to minimize erosion at the dripline. Connecticut, Massachusetts, North
Carolina, Ohio (OH EPA 2019),
Pennsylvania

Impervious
disconnection

In general, all states with solar-specific stormwater guidance leverage the
disconnection of the impervious surface (i.e., solar panel rows) with
well-established vegetation as a key stormwater management strategy, under
certain site conditions. More details are noted in the examples below.
The vegetated interspace area receiving runoff must be equal to or greater in
length than the disconnected surface (e.g., the width of the row of solar
panels). Runoff must sheet flow onto and across vegetated areas to maintain
the disconnection.

Maryland, North Carolina,
Pennsylvania, Rhode Island

Solar panel rows are spaced in a manner to allow sunlight penetration
sufficient to support vegetation between the solar panel rows.

Massachusetts, Rhode Island

Pervious space is required between rows of panels. This allows for the use of
the ‘disconnected impervious credit method’, which often results in a
reduction in the water treatment volume required.

Minnesota

Under some conditions such as the existence of an uncompacted soil profile,
dense and healthy vegetation maintenance, it is possible to easily manage the
runoff from panels by disconnection. The disconnection length depends on
the soil type, where well-draining soils require a shorter interspace (e.g. 1:1
solar panel to interspace distance along the slope) compared to more poorly
draining soils.

Ohio

(continued on next page)
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Table 3. Continued Example guidelines from US states regarding stormwater management on solar farms. The table is not
comprehensive of every guideline for all listed states, but provides examples of the range of guidelines currently available.

Category Recommendation Source of example

Site conditions

Vegetation In areas receiving disconnected runoff, groundcover vegetation must be
maintained in good condition and should be protected from future
compaction (e.g., by planting shrubs or trees along the perimeter).

Maryland

Include cool-season, warm-season, shade-resistant, and legumes as necessary
to develop a dense, year-round groundcover that accounts for differences in
the temperature and shading from panels.

North Carolina, Ohio, Rhode Island

Utilize low- and slow-growing grass varieties to reduce compaction and
damage from frequent mowing. Low maintenance grass mixture
recommended. The use of fertilizers, pesticides, and herbicides should be
minimized.

North Carolina, Ohio, Rhode Island

>90% deep-rooted perennial vegetative cover with a density capable of
resisting accelerated erosion and sedimentation is required. If mowed, do not
cut to < 4 in. In agrivoltaic applications, this may include hand-harvested or
small machine-harvested crops.

Pennsylvania

There should be at least 85% coverage. Maintain the vegetation height that
maximizes sheet flow - no shorter than 4′′ and not taller than 12′′ (grass) or
18′′ (meadow).

Rhode Island

Post-construction
structural
stormwater
management

When the slope >5%, spreaders, terraces, or berms may be used to prevent
concentrated flow and promote infiltration. When the slope >10%, more
extensive stormwater management is required.

Maryland

If the disconnected interspace is not adequate for the volume reduction of
runoff or other site conditions merit it, other types of permanent stormwater
management for non-erosive conveyance of runoff must be constructed, such
as infiltration trenches or berms, wet sedimentation basins, or sand filters.

Connecticut, Massachusetts,
Minnesota, Pennsylvania

A stone drip pad to prevent erosion at the dripline, if panels have a fixed
inclination.

Ohio

Where panels are not oriented generally parallel with the slope and/or where
slopes are >8%, runoff needs to be either intercepted by stone trenches for
infiltration and/or directed non-erosively to an infiltration practice. Add scour
control if instances of erosion/scour develop. Regular inspection and
maintenance of infiltration practices is required, and to look for erosion

Rhode Island

For a solar array in an open field, it is expected that the designer will show
compliance with flow control related requirements by using infiltration and/or
dispersion type management practices

Washington (Washington State
Department of Ecology 2021)

At the time of this review, we were unable to find any study that directly evaluated runoff generation on solar
farms through field measurement. Thus, we are still lacking critical insight into whether solar farms change
runoff generation, and whether existing site and stormwater management practices are adequate to prevent
adverse impacts. As a result, existing hydrologic models of solar farms are largely uncalibrated. There is also a
bias in the sort of sites being evaluated. In general, existing environmental research on solar farms has focused
on more ideal sites, i.e. those on sites with lower slopes and well-draining soils. Thus, we are neglecting sites
that could be more vulnerable to changes in hydrologic processes with solar farm development.

In general, there is still also a need for simultaneous evaluation of multiple environmental co-benefits from
solar farm land management, considering how certain vegetation or crop choices could help manage runoff,
but also provide habitat or food.

5.2. Connecting observed phenomena to management decisions
While there are some environmental conditions that are linked to the inherent characteristics of ground-
mounted solar panels (e.g. that there will be at least some level of shading and interception of water from
an inclined panel above the ground), many phenomena can be influenced strongly by specific decisions in
how the solar farm is constructed and managed.

Changes in certain soil properties (e.g. the reduction in soil organic matter) between solar farms and refer-
ence sites indicate the impacts of initial solar farm development, such as some removal of soil and/or vegetation
and regrading of soil. This is something that can be changed by a more careful development process. Other soil
property changes in different parts of the solar farm (under panel versus interspace) indicate the impacts of
continued maintenance between the panels, such as mowing, that may induce some compaction. Thus, these
observed detrimental impacts should be addressed as solar farm development guidance is developed. There are
opportunities to select management practices that minimize adverse impacts (e.g. soil compaction) and maxi-
mize additional benefits- for example, leveraging sheep grazing for vegetation management in lieu of frequent
mowing.
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Hydrologic Response of Solar Farms
Lauren M. Cook, S.M.ASCE1; and Richard H. McCuen, M.ASCE2

Abstract: Because of the benefits of solar energy, the number of solar farms is increasing; however, their hydrologic impacts have not been
studied. The goal of this study was to determine the hydrologic effects of solar farms and examine whether or not storm-water management is
needed to control runoff volumes and rates. A model of a solar farm was used to simulate runoff for two conditions: the pre- and postpaneled
conditions. Using sensitivity analyses, modeling showed that the solar panels themselves did not have a significant effect on the runoff
volumes, peaks, or times to peak. However, if the ground cover under the panels is gravel or bare ground, owing to design decisions
or lack of maintenance, the peak discharge may increase significantly with storm-water management needed. In addition, the kinetic energy
of the flow that drains from the panels was found to be greater than that of the rainfall, which could cause erosion at the base of the panels.
Thus, it is recommended that the grass beneath the panels be well maintained or that a buffer strip be placed after the most downgradient row
of panels. This study, along with design recommendations, can be used as a guide for the future design of solar farms. DOI: 10.1061/(ASCE)
HE.1943-5584.0000530. © 2013 American Society of Civil Engineers.

CE Database subject headings: Hydrology; Land use; Solar power; Floods; Surface water; Runoff; Stormwater management.

Author keywords: Hydrology; Land use change; Solar energy; Flooding; Surface water runoff; Storm-water management.

Introduction

Storm-water management practices are generally implemented to
reverse the effects of land-cover changes that cause increases in
volumes and rates of runoff. This is a concern posed for new types
of land-cover change such as the solar farm. Solar energy is a re-
newable energy source that is expected to increase in importance in
the near future. Because solar farms require considerable land, it is
necessary to understand the design of solar farms and their potential
effect on erosion rates and storm runoff, especially the impact on
offsite properties and receiving streams. These farms can vary in
size from 8 ha (20 acres) in residential areas to 250 ha (600 acres)
in areas where land is abundant.

The solar panels are impervious to rain water; however, they are
mounted on metal rods and placed over pervious land. In some
cases, the area below the panel is paved or covered with gravel.
Service roads are generally located between rows of panels. Altl-
hough some panels are stationary, others are designed to move so
that the angle of the panel varies with the angle of the sun. The
angle can range, depending on the latitude, from 22° during the
summer months to 74° during the winter months. In addition,
the angle and direction can also change throughout the day. The
issue posed is whether or not these rows of impervious panels will
change the runoff characteristics of the site, specifically increase
runoff volumes or peak discharge rates. If the increases are hydro-
logically significant, storm-water management facilities may be
needed. Additionally, it is possible that the velocity of water

draining from the edge of the panels is sufficient to cause erosion
of the soil below the panels, especially where the maintenance
roadways are bare ground.

The outcome of this study provides guidance for assessing the
hydrologic effects of solar farms, which is important to those who
plan, design, and install arrays of solar panels. Those who design
solar farms may need to provide for storm-water management. This
study investigated the hydrologic effects of solar farms, assessed
whether or not storm-water management might be needed, and
if the velocity of the runoff from the panels could be sufficient
to cause erosion of the soil below the panels.

Model Development

Solar farms are generally designed to maximize the amount of en-
ergy produced per unit of land area, while still allowing space for
maintenance. The hydrologic response of solar farms is not usually
considered in design. Typically, the panels will be arrayed in long
rows with separations between the rows to allow for maintenance
vehicles. To model a typical layout, a unit width of one panel was
assumed, with the length of the downgradient strip depending on
the size of the farm. For example, a solar farm with 30 rows of 200
panels each could be modeled as a strip of 30 panels with space
between the panels for maintenance vehicles. Rainwater that drains
from the upper panel onto the ground will flow over the land under
the 29 panels on the downgradient strip. Depending on the land
cover, infiltration losses would be expected as the runoff flows
to the bottom of the slope.

To determine the effects that the solar panels have on runoff
characteristics, a model of a solar farm was developed. Runoff
in the form of sheet flow without the addition of the solar panels
served as the prepaneled condition. The paneled condition assumed
a downgradient series of cells with one solar panel per ground cell.
Each cell was separated into three sections: wet, dry, and spacer.

The dry section is that portion directly underneath the solar
panel, unexposed directly to the rainfall. As the angle of the panel
from the horizontal increases, more of the rain will fall directly onto
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the ground; this section of the cell is referred to as the wet section.
The spacer section is the area between the rows of panels used by
maintenance vehicles. Fig. 1 is an image of two solar panels and the
spacer section allotted for maintenance vehicles. Fig. 2 is a sche-
matic of the wet, dry, and spacer sections with their respective di-
mensions. In Fig. 1, tracks from the vehicles are visible on what is
modeled within as the spacer section. When the solar panel is hori-
zontal, then the length longitudinal to the direction that runoff will
occur is the length of the dry and wet sections combined. Runoff
from a dry section drains onto the downgradient spacer section.
Runoff from the spacer section flows to the wet section of the next
downgradient cell. Water that drains from a solar panel falls directly
onto the spacer section of that cell.

The length of the spacer section is constant. During a storm
event, the loss rate was assumed constant for the 24-h storm be-
cause a wet antecedent condition was assumed. The lengths of
the wet and dry sections changed depending on the angle of the
solar panel. The total length of the wet and dry sections was set

equal to the length of one horizontal solar panel, which was as-
sumed to be 3.5 m. When a solar panel is horizontal, the dry section
length would equal 3.5 m and the wet section length would be zero.
In the paneled condition, the dry section does not receive direct
rainfall because the rain first falls onto the solar panel then drains
onto the spacer section. However, the dry section does infiltrate
some of the runoff that comes from the upgradient wet section.
The wet section was modeled similar to the spacer section with rain
falling directly onto the section and assuming a constant loss rate.

For the presolar panel condition, the spacer and wet sections are
modeled the same as in the paneled condition; however, the cell
does not include a dry section. In the prepaneled condition, rain
falls directly onto the entire cell. When modeling the prepaneled
condition, all cells receive rainfall at the same rate and are subject
to losses. All other conditions were assumed to remain the same
such that the prepaneled and paneled conditions can be compared.

Rainfall was modeled after an natural resources conservation
service (NRCS) Type II Storm (McCuen 2005) because it is an ac-
curate representation of actual storms of varying characteristics that
are imbedded in intensity-duration-frequency (IDF) curves. For
each duration of interest, a dimensionless hyetograph was devel-
oped using a time increment of 12 s over the duration of the storm
(see Fig. 3). The depth of rainfall that corresponds to each storm
magnitude was then multiplied by the dimensionless hyetograph.
For a 2-h storm duration, depths of 40.6, 76.2, and 101.6 mm were
used for the 2-, 25-, and 100-year events. The 2- and 6-h duration
hyetographs were developed using the center portion of the 24-h
storm, with the rainfall depths established with the Baltimore
IDF curve. The corresponding depths for a 6-h duration were 53.3,
106.7, and 132.1 mm, respectively. These magnitudes were chosen
to give a range of storm conditions.

During each time increment, the depth of rain is multiplied by
the cell area to determine the volume of rain added to each section
of each cell. This volume becomes the storage in each cell. Depend-
ing on the soil group, a constant volume of losses was subtracted
from the storage. The runoff velocity from a solar panel was calcu-
lated using Manning’s equation, with the hydraulic radius for sheet
flow assumed to equal the depth of the storage on the panel
(Bedient and Huber 2002). Similar assumptions were made to com-
pute the velocities in each section of the surface sections.

Fig. 1. Maintenance or “spacer” section between two rows of solar
panels (photo by John E. Showler, reprinted with permission)

Fig. 2. Wet, dry, and spacer sections of a single cell with lengths Lw,
Ls, and Ld with the solar panel covering the dry section Fig. 3. Dimensionless hyetograph of 2-h Type II storm
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Runoff from one section to the next and then to the next
downgradient cell was routed using the continuity of mass. The
routing coefficient depended on the depth of flow in storage and
the velocity of runoff. Flow was routed from the wet section to the
dry section to the spacer section, with flow from the spacer section
draining to the wet section of the next cell. Flow from the most
downgradient cell was assumed to be the outflow. Discharge rates
and volumes from the most downgradient cell were used for com-
parisons between the prepaneled and paneled conditions.

Alternative Model Scenarios

To assess the effects of the different variables, a section of 30 cells,
each with a solar panel, was assumed for the base model. Each cell
was separated individually into wet, dry, and spacer sections. The
area had a total ground length of 225 m with a ground slope of 1%
and width of 5 m, which was the width of an average solar panel.
The roughness coefficient (Engman 1986) for the silicon solar
panel was assumed to be that of glass, 0.01. Roughness coefficients
of 0.15 for grass and 0.02 for bare ground were also assumed. Loss
rates of 0.5715 cm=h (0.225 in:=h) and 0.254 cm=h (0.1 in:=h) for
B and C soils, respectively, were assumed.

The prepaneled condition using the 2-h, 25-year rainfall was
assumed for the base condition, with each cell assumed to have
a good grass cover condition. All other analyses were made assum-
ing a paneled condition. For most scenarios, the runoff volumes and
peak discharge rates from the paneled model were not significantly
greater than those for the prepaneled condition. Over a total length
of 225 m with 30 solar panels, the runoff increased by 0.26 m3,
which was a difference of only 0.35%. The slight increase in runoff
volume reflects the slightly higher velocities for the paneled con-
dition. The peak discharge increased by 0.0013 m3, a change of
only 0.31%. The time to peak was delayed by one time increment,
i.e., 12 s. Inclusion of the panels did not have a significant hydro-
logic impact.

Storm Magnitude

The effect of storm magnitude was investigated by changing the
magnitude from a 25-year storm to a 2-year storm. For the 2-year
storm, the rainfall and runoff volumes decreased by approximately
50%. However, the runoff from the paneled watershed condition
increased compared to the prepaneled condition by approximately
the same volume as for the 25-year analysis, 0.26 m3. This increase
represents only a 0.78% increase in volume. The peak discharge
and the time to peak did not change significantly. These results re-
flect runoff from a good grass cover condition and indicated that the
general conclusion of very minimal impacts was the same for dif-
ferent storm magnitudes.

Ground Slope

The effect of the downgradient ground slope of the solar farm was
also examined. The angle of the solar panels would influence the
velocity of flows from the panels. As the ground slope was in-
creased, the velocity of flow over the ground surface would be
closer to that on the panels. This could cause an overall increase
in discharge rates. The ground slope was changed from 1 to 5%,
with all other conditions remaining the same as the base conditions.

With the steeper incline, the volume of losses decreased from
that for the 1% slope, which is to be expected because the faster
velocity of the runoff would provide less opportunity for infiltra-
tion. However, between the prepaneled and paneled conditions, the
increase in runoff volume was less than 1%. The peak discharge

and the time to peak did not change. Therefore, the greater ground
slope did not significantly influence the response of the solar farm.

Soil Type

The effect of soil type on the runoff was also examined. The soil
group was changed from B soil to C soil by varying the loss rate. As
expected, owing to the higher loss rate for the C soil, the depths of
runoff increased by approximately 7.5% with the C soil when com-
pared with the volume for B soils. However, the runoff volume for
the C soil condition only increased by 0.17% from the prepaneled
condition to the paneled condition. In comparison with the B soil, a
difference of 0.35% in volume resulted between the two conditions.
Therefore, the soil group influenced the actual volumes and rates,
but not the relative effect of the paneled condition when compared
to the prepaneled condition.

Panel Angle

Because runoff velocities increase with slope, the effect of the angle
of the solar panel on the hydrologic response was examined. Analy-
ses were made for angles of 30° and 70° to test an average range
from winter to summer. The hydrologic response for these angles
was compared to that of the base condition angle of 45°. The other
site conditions remained the same. The analyses showed that the
angle of the panel had only a slight effect on runoff volumes and
discharge rates. The lower angle of 30° was associated with an in-
creased runoff volume, whereas the runoff volume decreased for
the steeper angle of 70° when compared with the base condition of
45°. However, the differences (~0.5%) were very slight. Never-
theless, these results indicate that, when the solar panel was closer
to horizontal, i.e., at a lower angle, a larger difference in runoff
volume occurred between the prepaneled and paneled conditions.
These differences in the response result are from differences in
loss rates.

The peak discharge was also lower at the lower angle. At an
angle of 30°, the peak discharge was slightly lower than at the
higher angle of 70°. For the 2-h storm duration, the time to peak
of the 30° angle was 2 min delayed from the time to peak of when
the panel was positioned at a 70° angle, which reflects the longer
travel times across the solar panels.

Storm Duration

To assess the effect of storm duration, analyses were made for 6-h
storms, testing magnitudes for 2-, 25-, and 100-year return periods,
with the results compared with those for the 2-h rainfall events. The
longer storm duration was tested to determine whether a longer du-
ration storm would produce a different ratio of increase in runoff
between the prepaneled and paneled conditions. When compared to
runoff volumes from the 2-h storm, those for the 6-h storm were
34% greater in both the paneled and prepaneled cases. However,
when comparing the prepaneled to the paneled condition, the in-
crease in the runoff volume with the 6-h storm was less than
1% regardless of the return period. The peak discharge and the
time-to-peak did not differ significantly between the two condi-
tions. The trends in the hydrologic response of the solar farm
did not vary with storm duration.

Ground Cover

The ground cover under the panels was assumed to be a native grass
that received little maintenance. For some solar farms, the area be-
neath the panel is covered in gravel or partially paved because the
panels prevent the grass from receiving sunlight. Depending on the
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volume of traffic, the spacer cell could be grass, patches of grass, or
bare ground. Thus, it was necessary to determine whether or not
these alternative ground-cover conditions would affect the runoff
characteristics. This was accomplished by changing the Manning’s
n for the ground beneath the panels. The value of n under the pan-
els, i.e., the dry section, was set to 0.015 for gravel, with the value
for the spacer or maintenance section set to 0.02, i.e., bare ground.
These can be compared to the base condition of a native grass
(n ¼ 0.15). A good cover should promote losses and delay the
runoff.

For the smoother surfaces, the velocity of the runoff increased
and the losses decreased, which resulted in increasing runoff vol-
umes. This occurred both when the ground cover under the panels
was changed to gravel and when the cover in the spacer section was
changed to bare ground. Owing to the higher velocities of the flow,
runoff rates from the cells increased significantly such that it was
necessary to reduce the computational time increment. Fig. 4(a)
shows the hydrograph from a 30-panel area with a time incre-
ment of 12 s. With a time increment of 12 s, the water in each cell
is discharged at the end of every time increment, which results in no
attenuation of the flow; thus, the undulations shown in Fig. 4(a)
result. The time increment was reduced to 3 s for the 2-h storm,
which resulted in watershed smoothing and a rational hydrograph
shape [Fig. 4(b)]. The results showed that the storm runoff

increased by 7% from the grass-covered scenario to the scenario
with gravel under the panel. The peak discharge increased by
73% for the gravel ground cover when compared with the grass
cover without the panels. The time to peak was 10 min less with
the gravel than with the grass, which reflects the effect of differ-
ences in surface roughness and the resulting velocities.

If maintenance vehicles used the spacer section regularly and the
grass cover was not adequately maintained, the soil in the spacer
section would be compacted and potentially the runoff volumes and
rates would increase. Grass that is not maintained has the potential
to become patchy and turn to bare ground. The grass under the
panel may not get enough sunlight and die. Fig. 1 shows the result
of the maintenance trucks frequently driving in the spacer section,
which diminished the grass cover.

The effect of the lack of solar farm maintenance on runoff char-
acteristics was modeled by changing the Manning’s n to a value of
0.02 for bare ground. In this scenario, the roughness coefficient
for the ground under the panels, i.e., the dry section, as well as in
the spacer cell was changed from grass covered to bare ground
(n ¼ 0.02).The effects were nearly identical to that of the gravel.
The runoff volume increased by 7% from the grass-covered to the
bare-ground condition. The peak discharge increased by 72% when
compared with the grass-covered condition. The runoff for the bare-
ground condition also resulted in an earlier time to peak by approx-
imately 10 min. Two other conditions were also modeled, showing
similar results. In the first scenario, gravel was placed directly
under the panel, and healthy grass was placed in the spacer section,
which mimics a possible design decision. Under these conditions,
the peak discharge increased by 42%, and the volume of runoff
increased by 4%, which suggests that storm-water management
would be necessary if gravel is placed anywhere.

Fig. 5 shows two solar panels from a solar farm in New Jersey.
The bare ground between the panels can cause increased runoff
rates and reductions in time of concentration, both of which could
necessitate storm-water management. The final condition modeled
involved the assumption of healthy grass beneath the panels and
bare ground in the spacer section, which would simulate the con-
dition of unmaintained grass resulting from vehicles that drive over
the spacer section. Because the spacer section is 53% of the cell, the
change in land cover to bare ground would reduce losses and de-
crease runoff travel times, which would cause runoff to amass as it

Fig. 4. Hydrograph with time increment of (a) 12 s; (b) 3 s with
Manning’s n for bare ground

Fig. 5. Site showing the initiation of bare ground below the panels,
which increases the potential for erosion (photo by John Showler,
reprinted with permission)
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moves downgradient. With the spacer section as bare ground, the
peak discharge increased by 100%, which reflected the increases in
volume and decrease in timing. These results illustrate the need for
maintenance of the grass below and between the panels.

Design Suggestions

With well-maintained grass underneath the panels, the solar panels
themselves do not have much effect on total volumes of the runoff
or peak discharge rates. Although the panels are impervious, the
rainwater that drains from the panels appears as runoff over the
downgradient cells. Some of the runoff infiltrates. If the grass cover
of a solar farm is not maintained, it can deteriorate either because of
a lack of sunlight or maintenance vehicle traffic. In this case, the
runoff characteristics can change significantly with both runoff
rates and volumes increasing by significant amounts. In addition,
if gravel or pavement is placed underneath the panels, this can also
contribute to a significant increase in the hydrologic response.

If bare ground is foreseen to be a problem or gravel is to be
placed under the panels to prevent erosion, it is necessary to
counteract the excess runoff using some form of storm-water man-
agement. A simple practice that can be implemented is a buffer strip
(Dabney et al. 2006) at the downgradient end of the solar farm. The
buffer strip length must be sufficient to return the runoff character-
istics with the panels to those of runoff experienced before the
gravel and panels were installed. Alternatively, a detention basin
can be installed.

A buffer strip was modeled along with the panels. For approxi-
mately every 200 m of panels, or 29 cells, the buffer must be 5 cells
long (or 35 m) to reduce the runoff volume to that which occurred
before the panels were added. Even if a gravel base is not placed
under the panels, the inclusion of a buffer strip may be a good prac-
tice when grass maintenance is not a top funding priority. Fig. 6
shows the peak discharge from the graveled surface versus the length
of the buffer needed to keep the discharge to prepaneled peak rate.

Water draining from a solar panel can increase the potential for
erosion of the spacer section. If the spacer section is bare ground,
the high kinetic energy of water draining from the panel can cause
soil detachment and transport (Garde and Raju 1977; Beuselinck
et al. 2002). The amount and risk of erosion was modeled using
the velocity of water coming off a solar panel compared with
the velocity and intensity of the rainwater. The velocity of panel

runoff was calculated using Manning’s equation, and the velocity
of falling rainwater was calculated using the following:

Vt ¼ 120 d0.35
r ð1Þ

where dr = diameter of a raindrop, assumed to be 1 mm. The re-
lationship between kinetic energy and rainfall intensity is

Ke ¼ 916þ 330 log10i ð2Þ

where i = rainfall intensity (in:=h) and Ke = kinetic energy (ft-tons
per ac-in. of rain) of rain falling onto the wet section and the panel,
as well as the water flowing off of the end of the panel (Wischmeier
and Smith 1978). The kinetic energy (Salles et al. 2002) of the rain-
fall was greater than that coming off the panel, but the area under
the panel (i.e., the product of the length, width, and cosine of the
panel angle) is greater than the area under the edge of the panel
where the water drains from the panel onto the ground. Thus,
dividing the kinetic energy by the respective areas gives a more
accurate representation of the kinetic energy experienced by the
soil. The energy of the water draining from the panel onto the
ground can be nearly 10 times greater than the rain itself falling
onto the ground area. If the solar panel runoff falls onto an un-
sealed soil, considerable detachment can result (Motha et al.
2004). Thus, because of the increased kinetic energy, it is pos-
sible that the soil is much more prone to erosion with the panels
than without. Where panels are installed, methods of erosion
control should be included in the design.

Conclusions

Solar farms are the energy generators of the future; thus, it is im-
portant to determine the environmental and hydrologic effects of
these farms, both existing and proposed. A model was created
to simulate storm-water runoff over a land surface without panels
and then with solar panels added. Various sensitivity analyses were
conducted including changing the storm duration and volume, soil
type, ground slope, panel angle, and ground cover to determine the
effect that each of these factors would have on the volumes and
peak discharge rates of the runoff.

The addition of solar panels over a grassy field does not have
much of an effect on the volume of runoff, the peak discharge, nor
the time to peak. With each analysis, the runoff volume increased
slightly but not enough to require storm-water management facili-
ties. However, when the land-cover type was changed under the
panels, the hydrologic response changed significantly. When gravel
or pavement was placed under the panels, with the spacer section
left as patchy grass or bare ground, the volume of the runoff in-
creased significantly and the peak discharge increased by approx-
imately 100%. This was also the result when the entire cell was
assumed to be bare ground.

The potential for erosion of the soil at the base of the solar pan-
els was also studied. It was determined that the kinetic energy of the
water draining from the solar panel could be as much as 10 times
greater than that of rainfall. Thus, because the energy of the water
draining from the panels is much higher, it is very possible that soil
below the base of the solar panel could erode owing to the concen-
trated flow of water off the panel, especially if there is bare ground
in the spacer section of the cell. If necessary, erosion control meth-
ods should be used.

Bare ground beneath the panels and in the spacer section is
a realistic possibility (see Figs. 1 and 5). Thus, a good, well-
maintained grass cover beneath the panels and in the spacer section
is highly recommended. If gravel, pavement, or bare ground isFig. 6. Peak discharge over gravel compared with buffer length
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deemed unavoidable below the panels or in the spacer section, it
may necessary to add a buffer section to control the excess runoff
volume and ensure adequate losses. If these simple measures are
taken, solar farms will not have an adverse hydrologic impact from
excess runoff or contribute eroded soil particles to receiving
streams and waterways.
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Abstract

Solar farms (sometimes known as solar parks or solar fields) are the large scale use of photovoltaic (PV) solar panels to generate 

green, clean electricity at scale, usually to feed into the grid. Solar farms can cover anything between 1 acre (0.40 ha) and several 

hundred acres (120+ ha), and are usually developed in rural areas. Solar farms consist of arrays of ground mounted rectangular 

panels that are sloped toward the sun at either fixed or adjustable angles. Amec Foster Wheeler assessed several candidate solar 

farm sites in Texas for stormwater flooding hazard and designed the stormwater management system for a site in Georgia using 

two-dimensional (2D) hydrologic and hydraulic (H&H) models to simulate the infiltration and overland flow. The FLO-2D software 

package was used to develop a rectangular grid for runoff calculation. The Soil Conservation Service (SCS) method and the shallow 

water equations were used to route stormwater runoff across FLO-2D grids. Results were exported to ArcGIS for the creation of 

maps that displayed maximum velocities and flow depths for different storm events. Input data required for the development of 

the models was obtained from publicly available sources including U.S. Geological Survey (USGS) 1/3 arc-second digital elevation 

models (DEM), National Land Cover Database (NLCD), U.S. Department of Agriculture (USDA) soil data and National Hydrography 

Dataset (NHD) data. These data inputs were supplemented with site field survey data. ESRI ArcGIS software and other tools were 

used to process the data for the assignment of curve numbers (CN) and ground roughness coefficients (Manning’s n value) to 

the model grid cells. HEC–HMS modeling software was used to develop runoff hydrographs from offsite drainage areas which 

were then added to the FLO-2D model as an inflow boundary condition. Models were created to identify the flooding risks on a 

conceptual level, to evaluate the final grading design, and to develop a stormwater permitting plan. Model results were also used 

to estimate the scour potential at the piles that supported the panels. This work demonstrates the use of spatially varied 2D H&H 

models in assessing potential sites and in designing stormwater control measures for solar farms.

1 Background
This paper describes the use of two-dimensional (2D) numerical 
hydrologic and hydraulic models to assess the impact of storm-
water on proposed solar farm sites and to assess the design of a 
stormwater management system at a recently constructed solar 
farm. Where appropriate, 2D models are linked to an upstream 
watershed hydrologic and one dimensional (1D) hydraulic model.

1.1 Solar Farms
Solar farms (sometimes known as solar parks or solar fields) are 
the large scale application of solar photovoltaic (PV) panels to 
generate green, clean electricity at scale, usually to feed into 
the supply and distribution grid. Solar farms can cover between 
1 acre and several hundred acres (from 0.4 ha to a few hundred 
hectares), and are usually developed in rural areas. Some may be 
located on completed landfills. Solar farms consist of arrays of 
ground mounted rectangular solar panels that are sloped to face 

the sun at either fixed or adjustable angles. Ancillary equipment 
includes access roads and electronic switching equipment. 

1.2 Stormwater Management Issues
Solar panels are impervious. They are generally installed in a 
manner that allows stormwater to fall directly to the ground. In 
order to encourage infiltration and discourage erosion, the site is 
graded to encourage sheet flow of runoff across the site, includ-
ing areas under the panels. Slopes are generally <5% but may be 
as high as 10%.

After panel installation, the ground is seeded with grass or 
other native cover. The grass is mowed once or twice a year.

Cook and McCuen (2013) analysed runoff from solar panel 
sites under pre- and post-development conditions with numer-
ical models. They concluded that the panels themselves did not 
have a significant effect on runoff volumes, peak flows, or time to 
peak flow. However, these findings have not been verified by field 
measurements. 
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The approach generally taken in the design of stormwater 
management at solar farms is to consider the runoff characteris-
tics of the soil to be identical to those of the soil in the absence of 
the panels. There may be an adjustment in the impervious area 
calculation to account for the presence of foundations, access 
roads and supporting structures. This impervious area is typically 
<5% of the total site area.

1.3 Regulatory Considerations 
A few states have developed guidance or specific requirements 
for stormwater management at solar farm sites. For example 
guidance from the Maryland Department of the Environment re-
fers to the gas strip between panels as disconnections (see Figure 
1). The disconnections should be located on gradual slopes (≤5%) 
to maintain sheet flow. Level spreaders, terraces or berms may 
be used to maintain sheet flow conditions if the average slope is 
>5% (MDE 2013).

Figure 1  Typical installation for slope ≤5% (MDE 2013).

The Pennsylvania Department of Environmental Protection 
guidance includes (PA DEP 2011):

1.	 Vegetal cover has 90% or better uniform coverage 
since in a previous cover scenario, the vegetation will 
typically be the primary (and sometimes the sole) 
BMP:
·· a meadow condition is preferable, particularly for 

slopes between 5% and 10%;
·· mowed areas, where approvable, should be kept 

to 4 in., 10.6 cm (min); and
·· vegetated areas will not be subject to chemical 

fertilization or herbicides or pesticides.
2.	 Individual PV panels within an array are arranged in 

a fashion that:
·· allows the passage of runoff between each mod-

ule thereby minimizing the creation of concen-
trated runoff; and

·· allows the growth of vegetation beneath and 
between arrays.

3.	 Ground mounted solar panels are supported with 
structures or foundations occupying minimal space 
(maximum 5% of the total project area).

4.	 Solar panels are situated on mild slopes (10% max-
imum).

5.	 The lowest vertical clearance of the solar array is at 
an elevation of 10 ft (3.05 m) or less from the ground, 
but is also at an adequate height to promote vegeta-
tive growth below the array.

Under New Jersey law S-921 solar panels are now exempt 
from zoning limitations on impervious cover—a planning term 
for hard surfaces such as buildings and driveways that prevent 
water from absorbing into the ground (DeGrezia 2010). In regards 
to solar panels, municipalities had been inconsistent in their im-
pervious cover requirements, with some treating solar panels as 
impervious. S-921 addresses this inconsistency—solar panels can-
not be restricted through impervious coverage limitations. Other 
agencies have similar exemptions.

2 Stormwater Modeling for Solar Farms

2.1 1D and 2D Modeling Approaches
There two approaches to modeling stormwater flows at solar 
farm sites. The traditional approach (subcatchment 1D) is based 
on a network of subcatchments linked with 1D conveyance and 
flow control structures. In the 2D approach, a model domain is ex-
tended beyond the site boundary to include local runoff flowing 
onto the site. It is delineated into rectangular grid cells or triangu-
lar mesh nodes. The shallow water equations (Vreugdenhil 1994) 
are used to quantify flow between cells at each model time step. 
The two methods are compared in Table 1. 

Table 1 Comparison of subcatchment 1D and 2D runoff 
methods.

Component Subcatchment 1D Approach 2D Approach
Precipitation Time series Time series

Runoff Various hydrologic methods Mass balance

Flow Paths Predefined by user Model determines, may vary over 
simulation

Hydraulic Routing Sub catchment → 1D conveyance 
structure

Cell → Cell

Input Geometery, travel time, n-value, 
infiltration rates

Elevation, n-value, infiltration rates, 
boundary flows and water elevations

Output Hydrograph, velocity and depth in 
conveyance structures 

Hydrograph, velocity and depth time 
series across entire site

Both approaches begin with a time series of precipitation. 
The rainfall event may vary or be constant with respect to space. 
The precipitation may represent a hypothetical design storm or 
an actual recorded event.

In the subcatchment 1D approach, the runoff rate from 
each subcatchment is calculated at each time step using any 
appropriate hydrologic method. For the 2D approach, the volume 
of runoff at each cell is calculated from a mass balance analysis 
of precipitation, net inflow, infiltration and the change in volume 
(depth × cell area). 

The flow paths in the subcatchment 1D approach are 
pre-defined by the modeler. The discharge from any subcatch-
ment is directed to another subcatchment, a 1D conveyance, or 
a flow control structure. 1D hydraulics are used to model flow 
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through conveyance structures. The flow paths are constant 
throughout the simulation period. In the 2D approach water 
may flow between any two neighbouring cells in either direction 
over every time step. The rate of flow is determined from con-
siderations of the hydraulic gradient, energy and momentum. 
This scheme allows flow to change direction, altering overall flow 
patterns during the simulation. At locations where the flow is 
one-dimensional in nature (flow paths are parallel), a 1D channel 
may be included within a 2D model.

The data required for subcatchment 1D models includes 
the delineation of subcatchments, travel time along each sub-
catchment’s longest flow path and infiltration properties. For the 
2D approach, the models require the elevation, ground surface 
roughness coefficients (Manning’s n values) and soil infiltration 
properties of each cell. Inflow hydrographs and initial surface 
water elevations at the boundaries may also be included.

The output from a subcatchment 1D model provides an 
outflow hydrograph from each subcatchment. The discharge, 
depth and velocity along the 1D conveyance segments are also 
generated. The 2D model will produce time series results for 
depth and velocity at all cells. Discharge hydrographs can be gen-
erated for any user defined cross section in the 2D model.

In general, 2D models are recommended for sites where 
the flow paths are unknown, two dimensional in nature or change 
during the storm event, or where information regarding the flow 
depths and velocities throughout the PV site are required.

2.2 Linked Models
Solar farm sites may be subject to runoff from upgradient sources. 
In such instances there are two options:

1.	 A single 2D model extended to the top of all catch-
ments; and

2.	 Linked models that utilize a subcatchment 1D model 
for regional offsite runoff and a 2D model for the 
stormwater flows onsite and any local offsite runoff.

A single 2D model is simple in structure. When a site is 
near the top of a catchment, it is an appropriate option. However, 
if there is a large area contributing runoff to a site and the 2D 
regime is extended over the complete drainage area, the compu-
tation may require excessive time and computer power. Since the 
information of interest concerns the flows and velocities in the 
vicinity of the panels and the discharges from the site, it is not ne-
cessary to compute flows and velocities throughout the complete 
drainage area. 

Figure 2 shows the configuration a site where the linked 
model option is appropriate. Subcatchments 1, 2 and 3 discharge 
to the stream that flows near the edge of the panel array. High 
flows from this stream may encroach on the site. Subcatchment 4 
flows directly on to the site. 

Figure 2  Schematic layout of linked model to simulate 
stormwater flow at solar site.

A subcatchment 1D model is constructed to simulate 
upgradient stormwater flows. Outflow hydrographs for subcatch-
ments 1 through 4 are calculated using hydrologic methods. The 
subcatchment 1 hydrograph is routed from point A to point B 
using an appropriate routing procedure. At location B the hydro-
graphs for subcatchments 2 and 3 are added to discharge from 
stream A–B.

The 2D model domain is extended over the solar panels 
and includes the portion of the stream the flows near the site. 
Note that it includes the stream between locations B and C. 
The subcatchment 4 outflow is defined as an inflow boundary 
along the intersection of subcatchment 4 and the 2D regime. At 
location B, the combined flows from subcatchments 2 and 3 and 
stream A–B are defined as an inflow boundary. On the downslope 
edge of the 2D regime, an outflow boundary is defined. 

3 Case Studies

3.1 Preliminary Site Assessment
Amec Foster Wheeler was tasked to evaluate potential flooding 
at three proposed solar farm sites in west Texas. The project sizes 
and flooding issues are shown in Table 2. All three sites had sig-
nificant upstream catchments that were the sources of flows near 
the boundary and potentially onto the sites. The details of the 
analysis varied from site to site. This section describes the general 
modeling approach.

Table 2  Proposed sites in west Texas.

Site Size (ha) Flooding Issues

1 1 055 142 km2 upstream catchment, a draw along the site boundary 

2 502 Major river, controlled dam upstream, 1 479 km2 additional catchment

3 1 147 1 786 km2 upstream catchment, private dam, diversions to irrigation canals 

For each site a linked model set was developed. HEC–
HMS software was used to produce hydrographs from regional 
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upstream sources and to route the flow to the upstream bound-
ary of the 2D domain. The FLO-2D software package was used 
to develop a 2D model extending over each site. A rectangular 
grid (typically 50 ft × 50 ft, 15.24 m × 15.24 m) was defined. The 
domain of the model was expanded beyond the site boundary in 
order to include local upgradient flows that might impact the site. 
The HEC–HMS hydrographs were assigned as offsite inflows at 
appropriate locations along the boundary.

Figure 3 shows a typical configuration of the linked model 
set. The proposed site is indicated with the diagonal hatching. 
The 2D model regime is extended to the top of the local catch-
ment. Flow from the regional catchment enters the 2D regime 
at two locations. DA-15 discharges into a branch of Leon Creek. 
The main stem of Leon Creek carries flow for DA-14 and other 
upstream subcatchments. Boundary cells located where the slope 
is away from the 2D regime are designated as outflow cells. The 
input parameters for the linked model are shown in Table 3.

Figure 3  Layout of subcatchment 1D and 2D components for 
analysis of runoff.

Table 3  Input parameters for models.
Subcatchment 1D Routing 2D

Software HEC–HMS HEC–HMS FLO-2D 

Input Parameters Precipitation 
Time of Concentration 
Curve Number

Channel Length 
Channel Slope 
Cross Section 

Preciptiation 
Elevation 
n-value 
Curve Number

The sources of data are given in Table 4. The 24 h precipita-
tion values were obtained from Asquith and Roussel (2004). The 
24 h precipitation depths for the west Texas sites are shown in 
Table 5. These total rain amounts were used with the SCS Type II 
curve to generate hyetographs for the model runs.

Table 4  Data sources for west Texas sites.

Data Source Comments
Precipitation Asquith and Roussel (2004) Varied by site 

Site elevation Lidar High quality

Vicinity elevation USGS 1/3 arc second

Land use/land cover National Land Cover Database 2006 data, 30 m × 30 m pixel size

Soils USDA Web soil survey 
ESRI online

Infiltration rates, particle size, depth to 
water table

Base maps

Table 5  Typical 24 h rainfall depths for west Texas sites.

Return Interval, y Total Depth, mm

5 76

10 89

25 102

50 114

100 152

The topographic data that was used in the hydrologic 
analysis model, was developed by blending the following data 
sources using ESRI Spatial Analyst and 3D Analyst extensions:

·· publicly available lidar data;
·· USGS 1/3 arc second data for areas that are not cov-

ered by the lidar data; and
·· supplemental field survey data for specific ground 

features (ditches, levees, …) that are not captured by 
USGS DEM or lidar data.

The multiple topographic sources were blended together 
to achieve a surface that provides the appropriate level of hydro-
logic and hydraulic detail for a suitable grid spacing in the FLO-2D 
model. Ground surface elevations within the blended surface 
were in the NAVD88 vertical datum.

The USDA Web Soil Survey tool was used to query the 
Soil Survey Geographic Database (SSURGO), and to develop soil 
maps and reports for each project site. The tables were queried 
to obtain information on particle size, hydrologic soil group and 
infiltration rates.

Land cover data for each site was developed from the Na-
tional Land Cover Database (Fry et al. 2011). This dataset is based 
on 16 land cover classifications and has a 30 m × 30 m resolution.

The FLO-2D model for each site was developed according 
to the following procedure:

1.	 Elevations of the grid elements were assigned by 
building a point file from a DEM;

2.	 The curve numbers (CNs) used to calculate runoff 
were developed by combining the soil and the land 
cover data. The values were adjusted to Antecedent 
Runoff Condition I (ARC I) in consideration of the 
normally dry weather in the region; and

3.	 Manning’s n values were assigned according to the 
land cover following guidance in the FLO-2D refer-
ence manual as shown in Table 6.
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Figure 6  Maximum flow velocities.

3.2 Design of Stormwater Controls
Amec Foster Wheeler was tasked to develop a stormwater 
management plan for a proposed 1 000 MW PV project at a 1 060 
acre (429 ha) site in Georgia (see Figure 7). The site straddles the 
topographic divide of three drainages. There is no flow of storm-
water on to the site from offsite sources. 

Figure 7  Site layout; hatching indicates the locations of solar 
panels.

Stormwater management was subject to the eleven min-
imum standards in the Georgia Stormwater Management Manual 
(Atlanta Regional Commission 2001). The focus of this analysis 
is to demonstrate that post development flows did not exceed 
pre-development flows for 24 h storms with 1 y, 25 y and 100 y 
return intervals.

The site was graded by removing higher areas and con-
structing swales and detention ponds. Design criteria included:

·· maximum depth for 100 y storm: 1 ft (30.5 cm);
·· maximum slopes: south to north 2%, east to west 

and north to south 5%;
·· material balance of cut and fill; and
·· general maintenance of predevelopment flow paths.
The 2D model approach was selected for the project. FLO-

2D software was used to develop 133 881 grid elements each 
25 ft × 25 ft (7.62 m × 7.62 m). The model domain included the 
site and was extended ~300 ft (91.4 m) beyond the property 
boundaries (Figure 8 below). Additional model features included 
a levee to represent the berming action of a highway located at 
the northern site boundary and seven culverts were included to 
simulate 1D flow within the 2D domain.

Elevations of the grid elements were developed from three 
data sources: field survey, photogrammetric survey and USGS 1/3 
arc second DEM data. The 24 h rainfall depth was obtained from 
the Georgia Stormwater Management Manual (CSMM) (Atlanta 
Regional Commission 2001). The SCS Type II rainfall distribution 
was used to derive the hyetographs. Soil data was obtained from 
the U.S. Department of Agriculture web based soil survey and 
land use data were obtained from the 2011 U.S. Land Cover data-
set. The curve numbers and Manning’s n values were assigned to 
grid cells based on land use using the ESRI ArcGIS Spatial Analyst 
tool. Initial abstraction was set to 0.05. 

In order to account for runoff leaving the site it was de-
lineated into 13 subcatchment areas. Each area represents the 
catchment contributing to a discharge at the site boundary. 
The drainage area boundaries and the longest flow paths were 
determined using the ESRI ArcHydro tool. In the FLO-2D model, a 
cross section was defined where each subcatchment crossed the 
site boundary. This enabled FLO-2D to calculate a hydrograph for 
each subcatchment.

The final grading of the site was obtained by using an itera-
tive process. Preliminary grading plans were produced and used 
to define the grid element elevations for the post development 
2D model. The model was run and locations that did not meet 
the maximum depth and subcatchments that exceeded the no 
increase in runoff were identified. The grading was revised and 
in some cases berms and detention ponds were added. The peak 
runoff rate and total volume for each drainage area for pre and 
post-development conditions were compared. The process was 
repeated until the design criteria were met. 

When the final grading was completed, results from the 
FLO-2D model were used to produce maps of maximum depth 
and velocity for each model run. Figures 8 and 9 present maps of 
maximum flood depth and velocity for the 100 y storm. The dark 
red areas of Figure 8 indicate the locations of detention ponds.
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Figure 8  Maximum flood depths from 100 y storm.

Figure 9  Maximum velocities for 100 y storm.

The Georgia Stormwater Management Manual (Atlanta 
Regional Commission 2001) requires that all stormwater runoff 
generated from a site should be adequately treated before dis-
charge. Site features are to be developed to capture and treat the 
water quality volume resulting from the first 1.2 in. (30.5 mm) rain-
fall from the site. The water quality volume is calculated by the fol-
lowing equation and Table 8 shows the calculated quantities for 
the project site.

WQv =
1.2RvA
12

	 (3)

where:

	 WQv	 =	 water quality volume (acre-ft),
	 A	 =	 drainage area (acre), and

Rv = 0.05 + 0.009 (I)	 (4)

where:

	 I 	 =	 percent impervious cover (%).

Table 8  Partial list water quality capture volume by drainage 
basin.

Basin
Drainage Area 

(ha)
Impervious Area 

(ha)
Percent Impervious WQv (ha-m)

DA-01 27.3 0.80 2.97% 0.064

DA-02 72.8 0.36 0.49% 0.12

DA-03 93.2 1.06 1.14% 0.17

DA-04 65.4 0.00 0.00% 0.10

DA-05 52.5 0.00 0.00% 0.08

The potential for scour at the supporting driven piles was 
analysed using the methods described in Hydraulic Engineering 
Circular 18 (Arneson et al. 2012). The maximum depth and veloci-
ties occurring during the 100 y storm event were considered. The 
foundation piles at the site consisted of standard structural steel 
wide flange shapes. In the HEC-18 calculation the parameters for 
a square nose section were used. The angle of attack was varied 
from 0° to 90°. The angle of attack used was 45° as it resulted in 
the greatest scour depth. The calculated scour depth ranged from 
0.6 ft to 0.7 ft (18.3 cm to 21.3 cm). This value represents the worst 
case for the site. The scour depth will be lower over the majority 
of the site. Figure 10 shows how scour depth varies over the 
range of depths and velocities predicted to occur at the site for 
the 100 y storm.

Figure 10  Scour analysis at solar farm site.

4 Conclusions
This paper presents procedures modeling the runoff from PV sites 
under pre- and post-development conditions. The traditional 
subcatchment 1D approach is compared with the 2D approach. 
In general, 2D models are recommended for sites where the flow 
paths are unknown, are two-dimensional in nature or change 
during the storm event, or where information regarding the flow 
depths and velocities throughout the PV site is required. 2D mod-
els produce information regarding flow depths and velocities that 
is not available from subcatchment runoff models.

For sites that are subject to runoff originating from large 
upgradient areas a linked model set is recommended. Such a 
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configuration is computationally efficient and produces the re-
sults required for the design of the facility.
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• Photovoltaic power plants effects on
major hydrologic budget constituents
are identified, conceptualized and sim-
ulated with SWAT model.

• Spatially, the effects are analyzed in ba-
sin and local (sub-basin) scale.

• The long-term effects of land use
change from agricultural to photovolta-
ic power plants were investigated by
applying downscaled climate projection
data from a Regional Climate Model
driven by 5 different General Circula-
tion Models.
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This study addresses the effects of land use change from agricultural to photovoltaic parks (PVPs) on the hydrol-
ogy of an area. Althoughmany environmental effects havebeen identified and analyzed, onlyminor attention has
been given to the hydrologic effects of the installation and operation of PVPs. The effects of current PVP installa-
tion and operation practices on major hydrologic budget constituents (surface runoff, evapotranspiration and
percolation) were identified, conceptualized, quantified and simulated using SWAT model. Vosvozis river basin
located in north Greece was selected as a test site. Additionally, long-term effects were simulated using dynam-
ically downscaled climate projections by a Regional Climate Model (RCM) driven by 5 different General Circula-
tion Models (GCMs) for the period 2011–2100. Results indicate that surface runoff and percolation potential are
significantly increased at the local scale and have to be considered during PVP siting, especially when sensitive
and protected ecosystems are involved.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

As global greenhouse gas emissions cause an increasing concern on
human community regarding climate change, alternative energy
sources are substituting for the use of fossil fuel. Solar power plants
are among those energy sources which are considered to be environ-
mentally friendly, in terms of emission reduction of greenhouse gases
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(Pehnt, 2006) and other hazardous substances, such asmercury, cadmi-
um or even particulates. However, there are other environmental im-
pacts which have not yet been investigated. Turney and Fthenakis
(2011) conducted a thorough review on the environmental effects re-
lated to the large scale solar power plants and pointed out that hydrol-
ogy is one of the fields in which impact study is needed. Photovoltaic
parks (PVPs) require large land portions to be coveredwith solar panels,
ranging between 20 and 40m2/kWpeak, which absorb a high amount of
the incoming solar radiation; therefore, they reduce the earth's albedo.
Nemet (2009) conducted a study on the radiative forcing due to the in-
stallation of widespread PVPs. He concluded that the overall radiative
forcing from substitution of PV for fossil fuels is much larger than the
one caused by the local reduction of earth's albedo.Moreover, the instal-
lation of a PVP causes changes to the physical nature of soil, by changing
the preexisting vegetation and by converting to impervious a significant
portion of the land occupied for this purpose in order to construct con-
crete footings for the solar panels to be mounted onto. Turney and
Fthenakis (2011) list many interventions related to the installation
and operation of PVPs that alter the hydrology of an area, such as: alter-
ation of ground slopes if necessary to less than 5%, periodical mowing of
vegetation, installation of inverters, transformers and collector boxes,
trenching for electrical and communications cables, construction of ac-
cess roads, maintenance vehicles moving in the area, and water con-
sumption for washing the panels. Nevertheless, their effects on the

hydrology of an area occupied by photovoltaic installations have not
yet been investigated.

Climate change is expected to significantly affect hydrological pro-
cesses, especially in semi-arid and arid regions (IPCC, 2007) and Medi-
terranean region (Erol and Randhir, 2012). De Paola et al. (2014)
analyzed the Intensity–Duration–Frequency rainfall curves for three cit-
ies in Africa and concluded that a rise of frequency of extreme events is
expected and therefore flood risk is increasing. Luo et al. (2013) simu-
lated climate change impacts on hydrology and water quality in north-
ern Coastal Ranges and western Sierra Nevada, USA using SWAT model
and concluded that the sensitivity of both hydrologic cycle and water
quality to the projected climate change is high.

Within the present work, it is attempted to identify and analyze the
effects of installation and operation of PVPs in the major hydrologic
components. Furthermore, a generalized conceptualization of those ef-
fects is proposed with a view to a wider application in other climate
and land uses change studies. Finally, the hydrologic effects are quanti-
fied and simulated in a medium sized basin in northern Greece, i.e.,
Vosvozis river basin (Fig. 1). For this purpose the widely applied hydro-
logic model SWAT (Neitsch et al., 2011) was calibrated and verified for
the period 2008–2012 and various scenarios of impacts extent and land
occupation by PVPs were tested. Moreover, dynamically downscaled
projected climate data driven by 5 GCMs under SRES-A1B scenario
were used as input to the developed model in order to assess the

Fig. 1. Location and land use map of the study area.
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long-term effects of PVPs on the hydrology of the test site for the period
2011–2100.

2. Materials and methods

2.1. Study area description

Vosvozis river basin in Thrace (Northern Greece) (Fig. 1) constitutes
a typical Mediterranean watershed, especially suitable for the installa-
tion of PV systems due to the abundance of sunlight, its rural character
and the presence of a large proportion of plain land. The catchment size
is 340 km2, extending from the Greek–Bulgarian borders down to the
Thracian sea. Vosvozis river discharges into Ismarida Lake, which is an
important ecosystem, protected by the Ramsar Treaty, it is designated
as Natura 2000 area and it is part of the National Park of Eastern
Macedonia and Thrace. Ismarida Lake is an ecosystem where complex
interactions among surface waters, groundwaters and sea waters are
takingplace. Previous research in the area has proved the hydraulic con-
nection of Ismarida Lake and Vosvozis river with the groundwater sys-
tem. Gemitzi and Stefanopoulos (2011) and Gemitzi et al. (2013) have
shown that Ismarida Lake recharges the groundwater system and
therefore it should be considered as a groundwater dependent
ecosystem. Therefore, any changes on land uses in Vosvozis catchment
area are expected to affect Ismarida Lake and the associated aquifer
system.

The climate of the area is characterized as Mediterranean with dry
hot summers and mild winters. The average annual precipitation is
628 mm and the average annual temperature is 15 °C. The area is char-
acterized by intense agriculture, cattle breeding and urban land uses.
The main cultivations are corn, cotton and wheat, as illustrated in
Fig. 1. Water is used mainly for irrigation and urban supply. During
the last years, several legislative frameworks have been established in
Greece which aims to promote the development of renewable energy
sources, including photovoltaic power systems. One of the most recent
legislative regulations with regard to renewable energy sources is the
Law 3851/10 (Official Government Gazette of Greece, 2010),whichmo-
tivates farmers to install small scale PVPs in agricultural areas, thus pro-
moting land use change and activity modification from agricultural to
energy production.

2.2. Model development

2.2.1. Data set and model parameterization
The SWAT model (SWAT2009 version) (Neitsch et al., 2011) was

used for the purposes of this study. SWAT model has been widely
used for the assessment of climate and land use change effects at the
catchment hydrologic regime (Wu et al., 2012; Kim et al., 2013; Luo
et al., 2013). SWAT model basic data requirements include topography,
land use, soil and weather data. It is calibrated and validated using sim-
ulated against observed river discharge data. Thus, five monitoring sta-
tions were established in Vosvozis river basin (Fig. 1), in which river
flow measurements were performed on a weekly or biweekly basis for
the period October 2008 to April 2012. River flow was determined by
in-stream wading measurements using a Hydrological Services Pty
OSS-B1 current meter. The monitoring process resulted in 580 river
flow measurements in total for the five monitoring stations.

Land use distribution for the study basin was defined using a hybrid
approach of CORINE data and general crop pattern data derived from
Apostolakis (2009). The appropriate SWAT land cover/plant codes
were assigned to each land use and a reclassified land usemapwas pro-
duced (Fig. 1), which was used as input to SWAT model. Soil data were
obtained by the local authorities and were enriched with recent soil
data from Misopolinos (2009), which were incorporated into SWAT
soil database.

Digital ElevationModel (DEM) quality can strongly influence the hy-
drologic simulation results (Defourny et al., 1999). For themountainous

area, DEM was constructed by digitization of the 1:50,000 scale topo-
graphic map of the Hellenic Military Geographical Service. For the low-
land area, where low slopes are observed, that were not sufficiently
represented by the 1:50,000 scale topographicmap, 1:5000 topographic
maps of the Hellenic Military Geographical Service were digitized. The
resolution of the final DEMwas 50 × 50m. Due to the fact that some pa-
rameters included in land use change scenarios, such as solar radiation,
are assigned at the sub-basin level and not at the Hydrologic Response
Unit (HRU) level, the agricultural part of Vosvozis river basin was
densely subdivided into small sub-basins in order to be able to develop
low PVP coverage scenarios. This does not affect the validity of model
performance, as indicated by the results provided by Cho et al. (2010),
showing that watershed subdivision did not affect streamflow predic-
tion stability. Vosvozis river basin was subdivided into 211 sub-basins
and 265 Hydrologic Response Units (HRUs).Weather data were collect-
ed from two meteorological stations shown in Fig. 1, including daily
values of precipitation, maximum/minimum temperature, wind speed,
solar radiation and relative humidity for the period October 2008 to
April 2012.

Two methods are available within SWAT model for surface runoff
simulation: the SCS runoff method (USDA-SCS, 1972) and the Green &
Ampt infiltration method (Green and Ampt, 1911). Despite the fact
that infiltration is directly simulated in Green & Ampt method, it re-
quires sub-daily meteorological data. Hydrologic simulation in a sub-
daily time step is not the case for the current study and therefore the
widely applied SCS method was used for the purposes of this study.
The parameter that controls surface runoff potential in SCS method is
the curve number (CN) which ranges between 30 and 100. Lower CN
values indicate low runoff potential, while higher values correspond to
increasing runoff potential.

SWAT model interface offers several methods for the calculation of
potential evapotranspiration. As solar radiation changes are crucial for
the purposes of this study, a method which incorporates solar radiation
in evapotranspiration calculations should be used. Between Penman–
Monteith (Monteith, 1965) and Priestley and Taylor (1972) methods,
the former was chosen, as the latter tends to underestimate potential
evapotranspiration in semi-arid and arid areas (Neitsch et al., 2011).

2.2.2. Model calibration/verification
Calibration and validation processes are critical for model reliability,

as there are parameters, which are difficult to be measured or estimat-
ed, thus increasing the degree of uncertainty in simulation. Model cali-
bration could be either manual or automatic. As there are no
continuous streamflow time series available, manual calibration was
used for the purposes of this study.

Model calibrationwas based on daily streamflow data for the period
October 2008 to October 2010. Several statistical methods and indices
have been proposed and assessed for hydrological model evaluation.
Legates and McCabe (1999) indicate that, not only correlation-based
criteria, but also summary statistics and absolute error criteria have to
be used in order to maintain a sufficient hydrological model evaluation.
Krause et al. (2005) investigated the performance of several criteria
used for the assessment of hydrological models and concluded that, un-
like R2, weighted R2 (wR2) is capable to reveal systematic model errors.
They also found that the most sensitive criteria to low flow conditions
area the logarithmic Nash–Sutcliffe Efficiency (Nash and Sutcliffe,
1970) (lnNSE) and the modified NSE. Moriasi et al. (2007) reviewed
several model performance evaluation criteria used in a wide range of
watershed models applications. They concluded that NSE, percent bias
(PBIAS) and the ratio of the root mean square error to the standard de-
viation ofmeasured data (RSR), in combinationwith graphicalmethods,
should be used for model performance evaluation.

According to the above, the SWAT model application within this
study was initially evaluated through a visual inspection of calibration
results in the form of scattergrams, in which simulated streamflows
are plotted versus observed ones and a linear regression line is fitted
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to (regression line gradient b and coefficient of determination R2 are
also calculated). Then wR2, NSE, lnNSE, PBIAS, RSR and mean absolute
error (MAE) were calculated. The same evaluation criteria were used
for model validation assessment with streamflow data for the period
November 2010 to April 2012.

2.3. PVP installation and operation effect identification and
conceptualization

Based on the current practices applied in PVP siting, installation and
operation, three interventions performed in a PVP terrain, which can
potentially affect the local hydrology, were recognized. Hydrologic
cycle components within a watershed are interacting in a complex
way. Therefore,within thepresentwork it is attempted to conceptualize
the assessment process by identifying and assigning the PVP installation
and operation effects that directly affect the fundamental hydrologic
budget components. Indirectly, almost every hydrological component
will be affected, as they are in constant interaction. Moreover, SWAT
model parameters that describe the specific impact of the affected hy-
drological process were identified and properly adjusted in order to de-
velop short-term and long-term impact scenarios. The three
interventions identified and the subsequent conceptualization of their
effects in the major hydrologic budget components are presented in
Fig. 2 and described in detail below, while the corresponding equation
relating the affected hydrologic budget components to SWATmodel pa-
rameters is presented in Section A1 of Supplementary Material.

2.3.1. Earthworks for terrain preparation and PV mounting
The first intervention includes the earthworks for field flattening

and related equipment installation (PV mounting systems, cables,

inverters etc.). In general, low slope areas (b5%) are preferable for the
construction of PVPs due to the fact that they are easier approached
and the optimum orientation of photovoltaic panels is easier to be ob-
tained, while less earthworks are required. Nevertheless, PVPs can be
constructed in relatively high slope terrains. Any changes made in the
slope of the PVP terrain will directly affect surface runoff potential.
When applying SCS method for surface runoff simulation within
SWATmodel, CN is properly adjusted according to the slope of the cor-
responding HRU. Therefore, any changes in the slope of the HRU in
which PVP is constructedwill affect CN and subsequently surface runoff.

Depending on the case, earthworks may be required in order to
eliminate the geomorphological anomalies of the installation terrain.
Due to the fact that earthworks and related equipment installation are
conducted using heavy machinery, soil compaction is likely to be ob-
served, which refers to the packing effect of mechanical forces on soils
(Ozgoz et al., 2006). Alaoui et al. (2011), in their review article, indicated
that in most studies investigating the effects of soil compaction, bulk
density (BD) was found to be increased in the upper soil layer, while
the decrement in pore volumes of compacted upper soil layer, resulted
in significantly lower saturated hydraulic conductivity (KSAT) values.
The degree to which those soil hydraulic properties are affected by
soil compaction depends on several factors, including soil type, mois-
ture content and mechanical force amount load. Despite the fact that
during the cultivation process, tractors and harvesting machines con-
tribute to soil compaction, soil compaction effects are relieved by pro-
cesses such as freezing/thawing, wetting/drying and tillage
(Hakansson, 2005). Thus, the extent of recovering for PVP compacted
soils is expected to be lower, since these soils are not tilled. Any change
in BD affects wilting point and subsequently field capacity of the soil
layer. Field capacity is related to retention parameter used in daily CN

Fig. 2. Conceptualization scheme of PVP installation and operation impacts on major hydrologic components. (E = evaporation, ET= evapotranspiration, PER= percolation, SR= sur-
face runoff, HRU= hydrologic response unit, CN = curve number).
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calculation, when the daily CN is calculated as a function of water con-
tent and therefore surface runoff is affected. Moreover, soil water evap-
oration is affected, as field capacity constitutes the threshold water
content value below which the evaporative demand of a soil layer de-
creases. Finally, percolation is affected by soil compaction, as field ca-
pacity and KSAT are related to travel time for percolation.

When concrete footings are constructed for PV panel mounting pur-
poses and little prefab buildings are installed, a part of the PVP terrain is
substituted by impervious areas. This will directly increase the potential
of surface runoff, which is reflected in themodeling process by CN incre-
ment in SWAT model.

2.3.2. Land cover and management operations change from agricultural to
PVP

The second significant intervention expecting to affect the hydrolog-
ic regime of an area is the land use change from agricultural to energy
production. Cultivation includes several processes that directly affect
the hydrologic regime of the agricultural field, such as plant growth
and irrigation,which are eliminatedwhen agricultural land is converted
to PVP. Surface runoff is directly related to land cover. Peng and Wang
(2012)measured surface runoff for six different land use covers, includ-
ing forestland, cropland and pastureland using the large runoff field
method. Their results indicated that the annual surface runoff can vary
significantly with regard to land use type. The effects of land cover
change from agricultural to energy production in surface runoff are
reflected by changes in CN values, which are higher for bare soil when
compared to CN values for the dominant crops of the study area (cotton,
wheat and corn). These variations of CN values indicate a significant po-
tential of land use change to affect surface runoff.

Depending on climate conditions and crop type, irrigation could con-
stitute a significant component of the hydrologic budget. When agricul-
tural irrigated land is substituted by PVPs, changes are expected for all
the components of the hydrologic budget as irrigation ceases. The
most significant change however, is expected to be observed in evapo-
transpiration due to changes in both transpiration and evaporation
processes.

2.3.3. PVP operation
One of the fundamental principles concerning PVP construction is

the orientation of photovoltaic panels in the way that they provide the
maximum absorption of solar radiation. Within a PVP, several factors
have to be taken into account for the definition of energy budget, as
there are shaded surfaces of PVP terrain located under the PV panels
and unshaded surfaces existing between the PV arrays, which serve to
avoid PV panels shading from each other. Concerning the shaded sur-
faces of a PVP, from the total short-wave radiation, only short-wave dif-
fuse radiation received from the ground should be taken into account.
Therefore, significant changes are expected to be observed in ground's
energy budget, which will affect evapotranspiration, as according to
Penman–Monteith equation, evapotranspiration is directly related to
solar radiation.

Studies investigating the energy budget and heatfluxeswithin a PVP
are absent. Therefore, the ground energy balance was simulated with
Autodesk Ecotect Analysis software for a typical PVP in order to estimate
the shading effects of fixed mounting systems in solar radiation
amounts reaching the ground. Despite the fact that Autodesk Ecotect
software is mainly used for building energy analysis, for the purposes
of this study, it was used in order to identify the extent of decrease in in-
cident (direct and diffuse) solar radiation approaching the ground sur-
face of a PVP. The incident solar radiation was simulated for a
hypothetical PVP of 100 kWp, which is constructed in a zero slope ter-
rain. Fixed mounting systems were assumed, whose characteristics are
similar to those used in the study of Bakos (2009). South orientation
of PV arrayswas assumedwith an inclination of 25° in order tomaintain
maximum electricity production during the year, while the appropriate
row-to-row PV panel spacing was estimated to 6 m according to

Macomber et al. (1981), in order to avoid shading effects of adjacent
rows. More details can be found in Section A2 of Supplementary
Material.

2.4. PVP installation and operation impact scenarios development

The conceptualization of PVP installation and operation impacts on
the hydrologic regime revealed a large amount of parameters influ-
enced, while the degree of influence for some parameters, such as BD,
KSAT and solar radiation (SLR) is highly uncertain. For this reason,
three scenarios were developed based on intensity and extent of inter-
ventions. The first scenario, referred as low impact scenario, incorpo-
rates mild interventions, both during PVP construction and operation.
According to low impact scenario, earthworks are limited as there is
no need for field flattening andmounting systems are installed through
pile driving and consequently, there is no need for concrete footing.
Therefore, no changes in field slope are anticipated, while soil compac-
tion is expected to be recovered because of drying/wetting and freezing/
thawing processes; thus, bulk density and saturated hydraulic conduc-
tivity do not change. Agricultural land is substituted with bare soil,
while the mounting system type and installation height are expected
to cause a low decrease (20%) in solar radiation amount reaching the
ground.

The second scenario, referred as medium impact scenario, involves
medium interventions during the construction and operation of a PVP.
Despite the fact that there is no need for concrete footing for PVmount-
ing, earthworks are more intensive for field flattening, resulting in soil
compaction that cannot be recovered by the drying/wetting and freezing/
thawing processes. So, bulk density increases by 15%, while saturated hy-
draulic conductivity decreases by 50%. Similar to the previous scenario, ag-
ricultural land is substituted with bare soil, but mounting system setting
and installation height cause higher reduction in solar radiation (40%).

The last scenario, referred as high impact scenario, incorporates seri-
ous interventions during PVP installation, as well as, during operation.
Extensive earthworks are required for field flattening and mounting
systems are installed in concrete footing. The extensive earthworks re-
sulted in substitution of agricultural land with bare soil, significant in-
crease in bulk density (30%) and decrease in saturated hydraulic
conductivity (the original values were multiplied by 0.1). Moreover,
PV mounting systems are closely installed to each other and the instal-
lation height is low, resulting in significant decrease in solar radiation
reaching the ground (60%). Those three scenarios were tested for 1%
and 5% coverage of the study basin. Each coverage, either 1% or 5%,
was spatially distributed in five different ways in the catchment site, with
PVP replacing different parts of the agricultural area, as illustrated in Fig. 3.

In order to predict the long-term impacts of the above mentioned
land-use change scenarios, climate scenarios for the future have to be
used as climate input to the SWATmodel. For the purposes of the present
study, data from the Rossby Centre regional climate model, RCA3
(Samuelsson et al., 2011) were used, whichwere driven by the following
5 Global CirculationModels (GCMs): a) CCSM3, b) CNRM, c) ECHAM5-r3,
d) HADCM3-Q0 and e) IPSL. Nikulin et al. (2011) provided technical de-
tails and an evaluation of these regional scenarios and the driving
GCMs. Despite the fact that the application of Regional Climate Models
(RCMs) offers a much higher spatial resolution in meteorological vari-
ables simulation when compared to GCMs, a systematic bias is typically
noticed in the hydro-meteorological variables produced by the RCM.
This bias originates from either the driving GCM or parameterizations in
RCMs (Kotlarski et al., 2005; Kay et al., 2006; Graham et al., 2007). There-
fore, the primary hydrological variables such as precipitation and temper-
ature need to be adjusted to get realistic time series for use in local impact
studies (Graham et al., 2007; Yang et al., 2010).

In this work, Distribution-Based Scaling (DBS) approachwas used in
order to further correct RCMprecipitation andminimumandmaximum
temperature for impact model applications. Details about DBS can be
found in Yang et al. (2010). The DBS approach aims to maximize
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3.2. SWAT model calibration and validation

The statistical assessment results of SWAT model calibration and
validation in Vosvozis river watershed are presented in Table 1, while
the corresponding scattergrams of observed versus simulated
streamflow are presented in Section A3 of Supplementary Material.
Moriasi et al. (2007) indicate that SWAT model calibration for
streamflow is satisfactory when NSE N 0.50, RSR b 0.70 and −25%
b PBIAS b 25%. Based on this, both calibration and validation results
were satisfactory, as indicated in Table 1, according to which NSE
ranged from 0.86 to 0.97 for calibration and from 0.82 to 0.90 for valida-
tion, while the corresponding ranges for RSR was 0.19–0.38 for calibra-
tion and 0.04–0.387 for validation and for PBIAS is −6.12%–3.14% for
calibration and −2.68%–9.13% for validation. The most widely used
model performance assessment index (R2) ranged between 0.87 and
0.98, thus indicating satisfactory model performance. lnNSE variation
range was much lower than NSE variation range. Due to the fact that
lnNSE is sensitive to low flow conditions, it is indicated that model re-
sponse in low river flows observed during summer (less than 0.1 m3/s)
was worse than the overall model response. This does not significantly
affect model performance, as those low river flows are not contributing
significantly to the water budget. Except from MS1, the regression line
gradient b in all monitoring stations is higher than 1, indicating that
themodel overestimated river flows. This overestimation (or underesti-
mation for MS1) does not significantly affect model performance as wR2

values inwhich b is incorporated, were satisfactory. As expected, calibra-
tion results are better than validation results, but validation results were
also satisfactory.

3.3. Short-term land use change scenarios results

The short-term (2008–2012) effects of land use change fromagricul-
tural to PVP as described in the scenarios presented above were investi-
gated at the basin scale, in order to assess the effects of 1% and 5%
coverage of agricultural areas with PVP, and also at the sub-basin
scale, in order to assess the local effects of land use change. The results
for basin scale are presented in Fig. 5, while the corresponding results
for sub-basin scale are presented in Fig. 6. The general trend observed
both in basin and sub-basin scale is that surface runoff and percolation
increase, while evapotranspiration decreases. These trends became
more intense, as land use change impact increases from low to medium
and high impact scenarios. Also, as impact intensity increased, a small
increment in surface runoff was observed, while further decrement of
evapotranspiration mostly contributed to increment of percolation.
This fact indicates that after the allocation of precipitation water in sur-
face runoff, more water is available to enter and remain in the soil pro-
file, as evaporation decreases because of the shadowing effects.

The highest impact of land use change at the basin scale was pre-
sented for evapotranspiration, while the lowest impact was presented
for percolation, both for 1% and 5% coverage. The decrement of soil per-
meability, as well as transpiration elimination, is a key process affecting

the major hydrologic budget constituents, as illustrated by the signifi-
cant increase in surface runoff and the significant decrease in evapo-
transpiration, even from the low impact scenario.

The coverage of 1% basin area with PVPs does not significantly affect
the hydrologic budget of the basin, as surface runoff changes ranged be-
tween0.9 and1.27mm,while the corresponding ranges for evapotrans-
piration and percolation were−2.3 to−5.2 mm and 0.17 to 0.52 mm,
respectively (Fig. 5). Significantly higher, but not important at the basin
scale was the impact for 5% basin coverage with PVPs (Fig. 5). The wide
range of variation of themajor hydrologic constituents change illustrat-
ed both at the basin and sub-basin scale indicates that the spatial distri-
bution of PVP coverage and the corresponding spatial variability in soil
profile composition and properties are key parameters for the assess-
ment of land use change from agricultural to PVPs. This is more obvious
in the box-plots presenting the variation of change at the sub-basin
scale for 5% coverage (Fig. 6). Especially for evapotranspiration and per-
colation, the variation range exceeded 100 mm and 300 mm,
respectively.

At the sub-basin scale, the results illustrated a significant potential
for surface runoff to be locally increased, even in low impact scenario,
by more than 100 mm on the median, which subsequently increases
the local flood risk. One could expect that surface runoff should not be
increased due to the fact that themajor part of the study area is cultivat-
ed with summer crops (cotton and corn), which are not active during
winter, while during summer, their water needs are satisfied by irriga-
tion. However, the fact that crop water requirements during the sum-
mer cultivation period are satisfied not only from irrigation but also
from soilwater implies thatwater in the soil profile at the endof the cul-
tivation period is significantly decreased and has to be replenished be-
fore surface runoff is generated. For the same reason, an increasing
trend was presented for percolation and subsequently for groundwater
recharge (Fig. 6). Especially for theMediterranean region, this is a favor-
able impact, as groundwater constitutes the most significant resource
for the satisfaction of water needs and its role is important for the re-
gional and local economies (Aureli et al., 2008). Furthermore, due to
the fact that agrochemicals used for crop cultivation purposes will no
longer be applied when land use changes from agricultural to PVPs,
lower groundwater pollution risk is expected.

When irrigation of an agricultural field is made from groundwater,
the groundwater availability in the aquifer is expected to be increased
due to irrigation elimination. However, some amounts of water are re-
quired during PVP operation for PV panels washing. The water con-
sumption for PV panel washing is highly uncertain, as it varies by site
and developer and washing rates are not well documented. Based on
Aspen Environmental Group studies (2011a, 2011b) and industry
knowledge an estimate of 0–18.93 × 10−3 m3/MWh is reported by
US-DOE (2012). Even when considering the highest consumption rate
of 18.93 × 10−3 m3/MWh, it is negligible when compared to water con-
sumption for irrigation in semi-arid areas. For a PVP like the one
presented by Bakos (2009) of 60 kWp, which is estimated to produce
74 MWh/y and covers an area ranging between 1200 and 2400 m2, the

Table 1
Statistical assessment results of SWAT model calibration and validation using river discharge data from the 5 monitoring stations located in Vosvozis river basin. (NSE = Nash–Sutcliffe
efficiency, lnNSE = logarithmic NSE, b = regression line gradient, R2 = coefficient of determination, wR2 = weighted R2, PBIAS = percent bias, RMSE = root mean squared error,
RSR = RMSE–observations standard deviation ratio).

Calibration Validation

MS1 MS2 MS3 MS4 MS5 MS1 MS2 MS3 MS4 MS5

NSE 0.86 0.90 0.94 0.96 0.97 0.86 0.90 0.83 0.88 0.82
lnNSE 0.70 0.66 0.57 0.81 0.74 0.62 0.67 0.64 0.63 0.78
b 0.96 1.03 1.00 1.05 1.06 0.94 0.99 1.00 0.99 1.03
R2 0.87 0.91 0.95 0.97 0.98 0.88 0.91 0.86 0.90 0.86
wR2 0.83 0.89 0.95 0.93 0.92 0.83 0.90 0.86 0.89 0.83
PBIAS (%) 3.14 6.15 0.97 0.53 3.88 9.31 0.40 2.45 1.23 2.68
RMSE (m3/s) 0.13 0.14 0.22 0.17 0.18 0.07 0.07 0.20 0.17 0.19
RSR 0.38 0.32 0.24 0.19 0.19 0.33 0.29 0.04 0.04 0.39
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Evapotranspiration was found to be further decreased from low to high
impact scenarios, both for 1% and 5% coverage and all climate projec-
tions. For 5% coverage the decrement of evapotranspiration between
the impact scenarios was found to be higher, demonstrating once
again the effects of local conditions.

The clear increasing trendobserved for percolation in the short-term
assessment results for both 1% and 5% coverage presented in Fig. 6 was
not observed in long-term assessment of land use change from agricul-
tural to PVP, especially under low impact scenario. Median percolation
change for ECHAM and HADCM climate projections under low impact
scenario and both 1% and 5% coverage was negative, while inter-
quartile range for all projections included both negative and positive
percolation change values. The variation trend of percolation became
clearer for medium and high impact scenarios, as interquartile range
of percolation change included almost only positive values, but median
percolation change increase was significantly smaller when compared
to the corresponding results from short-term assessment. It is indicated
that local soil water balance, part of which is percolation, may vary sig-
nificantly according to local soil profile composition and properties and
therefore resulted in high variation of percolation. Higher percolation
increasewas observed for IPSL climate projection, while lowest percola-
tion increase was observed for ECHAM climate projection results.

Runoff potential presented a significant increasing trend at the sub-
basin scale, as indicated by the significant increase in surface runoff for
all climate projections (Figs. 9, 10). Higher runoff increasewas indicated
for IPSL projection, reflecting the higher projected precipitation
amounts compared to the other four projections. Also, a wider inter-
quartile range was presented for surface runoff change under this cli-
mate projection, indicating higher precipitation variability and
extremes. Overall, surface runoff increase at the sub-basin level was sig-
nificantly higher for the long-term assessment compared to the results
of short-term assessment presented in Fig. 6.When comparingmedium
and high impact scenarios to low impact scenario, surface runoff was
not significantly increased, indicating that further decrease of soil per-
meability by further increasing the corresponding CN did not signifi-
cantly affect surface runoff.

4. Conclusions

Taking into account the anticipated climate change effects, the pres-
ent work demonstrated that the effects of land use change from agricul-
tural to PVPs do not significantly affect surface runoff, evapotranspiration
and percolation at the basin scale, even for large coverage of the basin
with PVPs. However, the effects of land use change from agricultural to
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Fig. 9. Sub-basin scale effects of land use change from agricultural to PVP in annual surface runoff, evapotranspiration and percolation for 1% PVP coverage during the period 2011–2100.
LIS, MIS and HIS correspond to low, medium and high impact scenarios, respectively.
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PVPswere presented to be potentially significant at the local (sub-basin)
scale, depending on the local hydrological conditions, which have to be
addressed by the decision makers when allocating land for such uses.
PVPs installation and operation may have both favorable and unfavor-
able impacts on the local hydrology of an area. A significant potential
for surface runoff to be increased was indicated which has to be taken
into account when siting PVPs. Therefore, special attention should be
paid when allocating land for PVPs in flood prone areas and policy
makers should be aware of the fact that increasing PVPs coverage in
such areas may result in increased flood risk. On the other hand, the in-
creasing trend of percolation and subsequently of groundwater recharge
may be favorable for areas such asMediterranean region. Moreover, tak-
ing into account the fact that PVP installation and operation minimize
the use of fertilizers and pesticides involved in agricultural land uses, it
may be assessed that a positive effect is to be anticipated both for surface
water and groundwater quality.
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A. Gullotta et al.

1  Introduction

The continuous growth of global population causes increasing concerns on food, water, 
and energy sectors (Sarkodie and Owusu 2020; Makaronidou 2020). The energy generation 
processes are facing major challenges such as sustainability, cost, security, and market price 
fluctuations (Almomani 2020; Ebhota and Jen 2020). In addition, the increase in environ-
mental awareness and the application of more stringent discharge regulations has directed 
the scientific community to work on developing alternative, sustainable, and renewable 
energy sources (Ahmad et al. 2020; Tawalbeh et al. 2021; Yavari et al. 2022; Bertsiou and 
Baltas 2022; Loucks 2023).

Among all the renewable energy sources, solar photovoltaic (PV) is one of the most 
widespread in the word (Ravi et al. 2014; Armstrong et al. 2016; Barron-Gafford et al. 
2016; Hassanpour Adeh et al. 2018). Although solar energy is universally recognised as 
environmentally friendly energy source, impacts on surface hydrology of large parks have 
not been comprehensively addressed in literature (Turney and Fthenakis 2011; Pisinaras et 
al. 2014; Yavari et al. 2022). With growing concern over the impact of land use changes on 
stormwater runoff, the construction of large-scale solar power plants may face obstacles in 
the future unless appropriate quantification of this impact is addressed and proper measures 
are taken to mitigate potential increment of flow peak and volume discharge (Turney and 
Fthenakis 2011).

Assessment of runoff generation in PV solar parks can be carried out by modelling-based 
approaches, that have the advantage, with respect to purely experimental studies, to allow 
the investigation of the influence of different hydrological conditions (Yavari et al. 2022). 
For instance, among the studies based on such approach, Barnard et al. (2017) set up a 
1D/2D model by coupling Flo-2D and HEC-HMS to simulate stormwater runoff at three 
selected solar PV installations in west Texas. However, no comparison with the pre-instal-
lation scenario has been carried out thus preventing the possibility to evaluate the impacts 
on stormwater runoff induced by the presence of solar panels. HEC-HMS was also used to 
study hydrologic dynamics in a Nevada solar farm (Edalat 2017). The simulations showed 
that runoff volume always increases after solar panels installation. However, one major limi-
tation of this study was that solar panels were represented as an impervious surface on the 
ground, and simulation of the infiltration process could not be permitted under the panels, as 
it would indeed occur at an actual site. Thus, this approach likely overestimates runoff vol-
ume. The Soil & Water Assessment Tool (SWAT) was used for assessing the impact of PV 
solar parks on watershed hydrology by Pisinaras et al. (2014). Solar parks installation was 
represented by implementing in the model soil physical properties/ground cover changes, 
curve number increases associated with imperviousness, and reduced solar radiation. In this 
case, model limitations consist in the fact that the dynamics of the runoff formation in the 
solar park are not explicitly taken into account. Other researchers developed a custom-built 
model for representing runoff in solar parks (Cook and McCuen 2013). The results indicated 
that the addition of solar panels over a grassy field does not change the volume of runoff, the 
peak discharge, nor time to peak. More recently, Wang and Gao (2023) conducted experi-
ments at the plot-scale to investigate impacts of PV panels on rainfall-runoff and soil erosion 
processes. Results showed that runoff volume, peak flow discharge rate and overland flow 
velocity are not remarkably impacted by the presence of PV panels. However, further inves-
tigations are needed to transfer the obtained results at the plot scale to a real scale solar park.
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Modelling Stormwater Runoff Changes Induced by Ground-Mounted…

Analysis of the literature on the topic highlights a research gap consisting in the lack of a 
comprehensive tool for the assessment of the impacts of real-scale solar parks on stormwa-
ter runoff, by taking into account the hydrological processes occurring within the park and 
all the variables affecting the park response to precipitation events. In this paper, with the 
aim of overcoming many of the mentioned limitations within previous studies, we propose a 
novel conceptualization of PV power parks response to precipitation events capitalizing on 
the use of the free and open-source Storm Water Management Model (SWMM) (Rossman 
2015). The conceptualization allows to take into account the complex hydrological process 
occurring in the solar parks during precipitation events and to assess how the process of 
runoff in the park is affected by the extension of the PV installation, soil properties and the 
characteristics of the rainfall events. Moreover, effects of long term changes in roughness 
surface induced by the presence of the panels can be taken into account in the analysis. 
We demonstrate the potentialities of the proposed approach considering a layout of the PV 
installation (panels size and inclination) as well as characteristics of the precipitation events 
that are encountered in Sicily (south Italy).

2  Conceptual Model

2.1  Water Paths in Ground-Mounted PV Solar Parks

Panels in ground-mounted PV solar parks are usually placed on a metal frame that is 
mounted on the ground to hold the panels at a fixed angle. The frame usually can hold more 
than one panel rows (usually from 2 to 4) in the vertical direction (Fig. 1a). Panels on the 
metal frame are then arranged in rows of different length (Fig. 1b). Panels rows are sepa-
rated by corridors to allow for maintenance operations as well as the movement of vehicles.

The presence of the panels rows in the solar park induces a redistribution of the rainfall 
approaching the ground as compared to the pre-installation scenario. Based on the input/
output during precipitation events, three different parts of the PV installation can be distin-
guished: the panel area, the under-panel area and the corridor (Fig. 2a). The water fallen on 
the impervious panels surface is rapidly drained towards the corridor immediately down-
stream the panels row. In this way, each corridor receives both the direct rainfall and the run-
off from the impervious surface of the panel. The under-panel area, instead, is not directly 
reached by the rainfall but it can receive the runoff from the upstream corridor and let the 

Fig. 1  (a) metal frame to hold panels and (b) panels arranged in rows in typical ground-mounted solar 
PV parks
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water infiltrate. Runoff from the under-panel area is collected by the corridor immediately 
downstream the panels row.

Water infiltration occurs both in the under-panel area and in the corridor. However, the 
corridor is likely to reach saturated conditions earlier as compared to the under-panel area 
because of the concentration of three different contributions (rainfall, runoff from panel 
area, runoff from the upstream under-panel area).

It is worth noting that in the adopted scheme for water paths showed in Fig. 2a, the same 
flow direction is assumed for the ground and for the panels rows. Actually, direction of the 
PV panels is generally set with the aim to maximize the exposure of the panels to solar 
radiation, regardless of the ground slope direction. In case of different flow directions for 
the ground and for the panels rows, water paths within the PV installation are not the same 
of those described in this section and have to be investigated case by case. As an example, if 

Fig. 2  (a) water paths in typical ground-mounted solar PV parks, (b) subcatchment conceptualization and 
(c) scheme of the nonlinear reservoir model in EPA-SWMM.
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panels rows and are placed along the main ground flow direction, runoff from the corridors 
would not be routed to the under-panel areas, thus, practically, reducing the available areas 
for infiltration within the park.

2.2  Modelling Ground Mounted PV Solar Parks with EPA-SWMM

The Storm Water Management Model (SWMM) is a free and open-source software devel-
oped by the United States Environmental Protection Agency (US-EPA). The release n. 5.1 
of the software was used in this study (Rossman 2015).

SWMM is a dynamic rainfall-runoff model used for single event or continuous simula-
tion. The software is widely used in literature and was recently applied for estimation of 
runoff from urban areas also in presence of low impact development (Ferrans and Tem-
prano 2022; Hashemi and Mahjouri 2022; Nazari et al. 2023; Zhuang and Lu, 2023) and for 
optimization problems in water distribution systems (Gullotta et al. 2021a, b). The runoff 
component of SWMM operates on a collection of subcatchment areas that receive precipi-
tation and generate runoff, after computation of water losses. The software conceptualizes 
subcatchments as rectangular surfaces with uniform slope S and width W [m] (Fig. 2b). 
Overland flow is generated by modelling the subcatchment as a nonlinear reservoir (Chen 
and Shubinski 1971), as sketched in Fig. 2c.

In particular, the subcatchment experiences inflow from precipitation and losses from 
evaporation and infiltration. The net difference ponds on the subcatchment surface with a 
depth d [m] (Fig. 2c). A part of the ponded depth, ds [m], can fill the depression storage, 
while the remaining part (d-ds) become runoff outflow q. From conservation of mass, the net 
change in depth d per unit of time t can be expressed as (Rossman 2016):

	
∂d

∂t
= i − e − f − q � (1)

where i, e, f and q are the flow rates per unit of area [m3/s/m2] for precipitation, evaporation, 
infiltration and runoff, respectively.

Flow rate is calculated by using the Manning equation for an open rectangular channel 
of width W, slope S and a given roughness coefficient n [s/m1/3]. Infiltration losses can be 
computed within the software by using different infiltration models. For the conceptualiza-
tion proposed in this paper, Green Ampt method is used to model infiltration in pervious 
subcatchments (Green and Ampt 1911). Water losses for evaporation are not taken into 
account in this work since only simulations of single events have been carried out so that 
evaporation process can be neglected.

In order to reproduce water paths described at Sect. 2.1, panel areas, under-panel areas 
and corridors are modelled in EPA-SWMM as rectangular subcatchments (placed in series) 
with different input/output settings. In particular, precipitation input is set up for subcatch-
ments representing panel areas and corridors but not for those representing under-panel 
areas. Moreover, runoff from each subcatchment is discharged to downstream subcatch-
ments according to the flow paths showed in Fig. 2 (i.e., panel area to corridor, corridor to 
under-panel area and under-panel area to corridor). Runoff from the most downstream sub-
catchment is assumed to be the outflow from the solar park. Finally, infiltration is allowed 
for all the subcatchments except for those representing panel areas.
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3  Modelling Scheme

3.1  PV Power Plant Hydrological Characteristics

For the demonstration carried out in this study, we have considered the following character-
istics of the subcatchments. Panel areas in the PV park are modelled as totally impervious 
subcatchments with inclination β = 30° to the horizontal (Fig. 2a). This inclination is com-
mon for PV installations at the latitude of south Italy. A metal frame holding 2 panels in the 
vertical direction is supposed, with single panel having a length of 2.38 m and a width of 
1.3 m, which are within typical dimensions for industrial panels used in solar parks. Panels’ 
surface is usually made of very smooth glass; therefore, n = 0.007 is associated to subcatch-
ments representing panel areas. Corridors and under-panel areas are modelled as totally 
pervious subcatchments. Length of corridors is usually optimized to minimize shadows 
effects between two panels rows. However, a minimum distance (range 2.5-3 m) between 
two panels rows has to be guaranteed to allow for the safe moving of maintenance vehicles. 
In the model, a length of 2.7 m is associated to the corridors, while the length of the under-
panel areas can be derived projecting the length of 2 panels to the horizontal (i.e., 4.12 m). 
Ground slope in the solar park is set equal to 1% (Palmer et al. 2019).

Besides, a reference catchment with the same extension of the park is modelled. In order 
to maintain the same modelling scale and enable comparison, the reference catchment is 
divided in subcatchments equivalent to the corridors and the under-panel areas (same area 
and ground slope). In this case, all the subcatchments in the reference have the precipitation 
input and allow for infiltration. Moreover, each of these subcatchments discharges its runoff 
to the subcatchment immediately downstream. Runoff from the most downstream subcatch-
ment is assumed to be the outflow from the reference catchment and used for comparison 
with runoff from the solar park. Ground cover for the reference catchment is assumed to be 
grass, by setting a roughness Manning coefficient n = 0.15 (McCuen et al. 1996).

Since, as already stated, we are assuming that direction of flow coincides with the slope 
of the panels, all terms in Eq.  (1) are linear functions of the subcatchment width W and 
therefore all simulations are carried out by setting W = 1 m for all the subcatchments in the 
PV solar park and in the reference catchment. Results obtained (in terms of runoff per unit of 
width) can then be scaled for any size of the solar park by simply multiplying for the actual 
width of the installation.

Single events simulations are run in EPA-SWMM setting a time step of 1 s. In the fol-
lowing sections, variables and parameters potentially affecting the runoff from the PV solar 
park are discussed.

3.1.1  PV configurations

Simulations have been carried out considering three different configurations of the solar 
park. In particular, sequences of 10, 20 and 40 panels rows are modelled to represent small, 
medium and large PV installations, respectively. The three selected extensions (extension 
1, 2 and 3 in the following of the paper) correspond to total areas per unit of width of the 
installation of about 70, 135 and 270 square meters.
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3.1.2  Soil type

To test the impacts of soil texture on runoff from solar parks, simulations have been per-
formed for three different soil types. In particular, Green Ampt infiltration parameters for 
loamy sand, clay loam and silty clay soil type (soil type A, B and C in the following of 
the paper) have been associated to subcatchments in the software, thus going from more 
pervious to less pervious soil (Rawls et al. 1983). In each simulation, the same soil type is 
assumed for the solar park and the reference catchment.

Fraction of soil porosity that is initially dry (i.e., initial deficit) has to be specified in the 
software. Initial deficit equal to zero is representative of saturated conditions. An initial 
deficit equal to the difference between the soil porosity (saturated soil) and the field capacity 
has been set up. The chosen initial condition for soil moisture is typical of soils in the winter 
season at the beginning of a precipitation event with a sufficient antecedent dry weather 
period.

3.1.3  Storm characteristics

Precipitation events given as input for the simulations are derived from the Depth-Duration-
Frequency (DDF) curves of the rain gage of Agira in Sicily (south Italy). Values of parame-
ters of the DDF curves, in the power law form h = atn,of the selected rain gage correspond 
to the median of 139 stations in Sicily (Failla 2022). Events of 5, 20 and 50-years return 
period (RP) are simulated. Parameters a of the DDF curves are equal to 34.72, 49.02 and 
58.09 for RP of 5, 20 and 50 years, respectively, while corresponding exponents n are equal 
to 0.339, 0.354 and 0.360.

Besides magnitude, influence of duration and temporal distribution of the precipitation 
event is investigated. First, constant intensity rainfall events with duration of 10  min, 1 
and 3 h and rainfall intensity derived from the DDF curves are given as input to the model. 
Then, hyetographs of 1 and 3 h durations derived from the Chicago method (Keifer and 
Chu, 1957) are considered. For the construction of the Chicago hyetographs, a time step of 
10 min is adopted and the highest peak of precipitation height is placed almost in the middle 
(3rd time step for the 1-hour hyetograph and 9th time step for the 3-hour hyetograph). 
When deriving precipitation heights for sub-hourly durations, exponent of the DDF curve is 
changed in 0.5 (Engman and Hershfield 1981).

3.1.4  Ground Cover

Different ground covers have been assumed, related to short and long term conditions after 
PV installation. In the short term after installation of the PV park, no significant changes in 
ground cover are expected with the respect to the pre-installation scenario. In the long term, 
operation of the PV solar parks involves the use of maintenance vehicles that could affect 
the soil properties in the area between panel rows - in terms of compaction and reduced 
hydraulic conductivity (Pisinaras et al. 2014; Choi et al. 2020). Moreover, the area under 
the panel rows may experience, in time, a lower vegetation growth rate as compared to 
the space between rows because of the reduced amount of photosynthetic active radiation 
(Armstrong et al. 2016; Jahanfar et al. 2019). Hence, changes in surface roughness are taken 
into account here. In particular, the presence of the panels rows together with the mainte-
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nance activities of the park usually lead to a reduction of the surface roughness. Therefore, 
simulations have been run by assuming the same roughness coefficient of the reference 
catchment for corridors and under-panel areas, thus allowing evaluation of the runoff from 
the park in the short term after installation (short-term condition). Secondly, progressive 
reduction (by 10% and 20%) of the original roughness coefficient is supposed for corridors 
and under-panel areas in order to evaluate the impacts on runoff of long term changes in 
surface roughness induced by the presence of the solar park (long-term condition).

4  Results and Discussion

A total of 135 simulations have been run for the short-term condition by combining all the 
model parameters and precipitation inputs described in the methodological section.

Figures from 3 to 5 compares the outflows from the PV solar park and from the reference 
catchment as resulting from 9 simulations.

In order to assess the impact on runoff of the park extension, Figs. 3a, 3b and 3c show 
outflows from parks of extension 1, 2 and 3, respectively, and soil type C. In the 3 simula-
tions, the precipitation input is a Chicago hyetograph of 1 hour duration and 20-years RP.

For fixed soil type and precipitation input, increments of the park extension result in 
increments of the peak flow and of the total runoff volume (Fig. 3a, b and c). In particular, 
peak flow per unit of width increases by 33% each time the area of the solar park is doubled 
(from extension 1 to 2 and from extension 2 to 3), due to the non-linearity of the processes 
involved in the runoff formation. The outflow curve from the solar park follows the cor-
responding curve from the reference catchment both in the rising and in the recession limb 
of the hydrograph, regardless of the park extension. Minimal differences between the two 
outflow curves can be observed at the beginning of the precipitation event (first 20 min), 
with values of the outflow from the solar park slightly higher than those from the reference 
catchment. Analysis of the simulations output allows to ascribe this behaviour to the most 
downstream part of the solar park. Indeed, the generic corridor in the solar park receives in 
input the direct rainfall and the runoff from the panel area. The two contributions are practi-
cally simultaneous as the time of concentration of the panel area is in the order of a few sec-
onds. Therefore, for a given soil infiltration capacity, the corridor generates excess of runoff 
with the respect to the portion of the reference catchment placed at an equal distance from 
the outlet. This excess of runoff can be later infiltrated in downstream under-panel areas and 

Fig. 3  Outflows from the PV solar park and from the reference catchment for different park extensions 
(short-term condition)
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corridors. However, the most downstream corridor delivers the runoff directly to the outlet 
thus anticipating the time for the beginning of the runoff as observed in Fig. 3a, b and c.

Influence of the soil type on the runoff from the solar park is shown in Figs. 4a, 4b and 
4c, referring to simulations run for solar park of same extension (3) and precipitation input 
(Chicago hyetograph 3-hours duration, 50-years RP) but different soil type (A, B and C, 
respectively).

For fixed solar park extension and precipitation input, changing from sandy to clay soils 
results in increased peaks flow and total runoff volumes, due to the reduction in infiltration 
capacity (Fig. 4a, b and c). In particular, peaks flow from solar park results equal to 0.2, 
2.5 and 2.8 L/s per unit of width for soil type A, B and C, respectively. Peak flow and total 
runoff volume from the solar park are greater than the corresponding values from the refer-
ence catchment only for soil type A (Fig. 4a). Indeed, in soil with high infiltration capacity, 
almost all the precipitation is infiltrated. In this case, excess of runoff from the corridor 
immediately upstream the outlet (with no other downstream under-panel areas and corridors 
available for infiltration) assumes a greater relative weight. However, the increment of peak 
flow and total runoff showed in Fig. 4a is not significant in absolute terms (peak flow for unit 
of width less than 0.25 L/s). The same conclusion can be drawn for other simulations with 
soil type A in which differences in the outflows from the solar park and from the reference 
catchment are observed.

Finally, Figs. 5a, 5b and 5c show outflows from solar parks of extension 2 and soil 
type C for constant precipitation input of durations 10 minutes, 1 hour and 3 hours, 
respectively, and 20-years RP.

For fixed solar park extension and soil type, outflow from the solar park is equal to that from 
the reference catchment (in terms of peak flow and total runoff volume) regardless of the 
duration of the precipitation event as shown in Fig. 5a, b and c.

Temporal distribution of the rainfall does not influence the aggravation of outflow from 
the solar park as compared to the reference catchment. Indeed, Figs. 3b and 7b report results 
of simulations carried out for parks of same extension and soil type, in which the 1-hour, 
20-years RP precipitation event is given as input in the form of a Chicago hyetograph 
(Fig. 3b) or constant rainfall (Fig. 5b). In both cases, outflow curves from the solar park 
follow the corresponding curves from the reference catchment during the whole simulation.

Fig. 4  Outflows from the PV solar park and from the reference catchment for different soil types (short-
term condition)
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Finally, simulations that differ only for the RP of the precipitation event also led to out-
flow curves from the solar park practically equal to those from the reference catchment, 
regardless of the magnitude of the event.

Globally, no significant increments of the peak flow and of the total runoff volume from 
the solar park as compared to the reference catchment were observed in all the 135 simula-
tions for short-term condition. This result is in line with modelling and experimental find-
ings of previous studies (Cook and McCuen 2013; Wang and Gao 2023).

To evaluate the effects of possible long-term changes in land cover induced by the pres-
ence of the PV installation, a reduction of the roughness surface is supposed for subcatch-
ments representing corridors and under-panel areas in the model. In particular, the original 
Manning coefficient for those subcatchments is progressively reduced by 10% and 20% 
(i.e., n = 0.135 and n = 0.12, respectively). Figure  6 shows comparison between outflows 
from the PV solar park and from the reference catchment for 3 long-term condition simula-
tions. Model parameters and precipitation inputs of the simulations related to Fig. 6a, b and 
c are the same of those discussed for Figs. 3b, 4b and 5a, respectively.

In all the simulations, the reduction of the surface roughness surface in corridors and 
under-panel areas leads to increased peaks flow as compared to the short-term analysis. 
For the events analysed in Fig. 6, a 10% reduction of the Manning coefficient results in 
peak flow increases of about 6% (Fig. 6a), 8% (Fig. 6b) and 21% (Fig. 6c). The percentage 
of peak flow increase is even greater if the Manning coefficient is reduced by 20% (15% 
increase for events in Figs. 6a and b and 35% for event in Fig. 6c).

Fig. 6  Outflows from the PV solar park and from the reference catchment for different combinations of 
model parameters and precipitation inputs (long-term analysis)

 

Fig. 5  Outflows from the PV solar park and from the reference catchment for different duration of the 
precipitation event (short-term condition)
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The reduced roughness surface allows for a faster surface runoff from the upstream part 
of the solar park towards the outlet. Indeed, both the rising and the recession limb of the 
hydrograph from the solar park are anticipated with respect to those of the hydrograph from 
the reference catchment. Runoff velocity increases passing from a 10% to a 20% reduction 
of the Manning coefficient for all the events showed in Fig. 6. Also this result is in agree-
ment with simulation studies carried out by Cook and McCuen 2013).

As a consequence of the increased runoff velocity, total runoff volumes from the solar 
park are greater than those from the reference catchment for all analysed events. Indeed, 
the potential of water infiltration is related to the ponding time above the subcatchment sur-
face, which decreases as runoff velocity increases. For the events showed in Fig. 6, runoff 
volumes from the solar park increase with respect to the reference catchment in the order 
of 1–3% for a 10% Manning coefficient reduction and in the order of 2–5% if the Manning 
coefficient is reduced by 20%.

5  Conclusion

In this paper a modelling framework for the simulation of stormwater runoff in ground-
mounted photovoltaic solar parks is proposed. EPA-SWMM software is used in a novel way 
to model all the elements in the solar park and their mutual interactions during precipitation 
events.

The modelling exercise showed the potentialities of the proposed conceptualization. Spe-
cifically, by comparing outflow discharges from the park and from a reference catchment 
(pre-installation condition), the proposed approach was successful in simulating some of 
the main impacts of PV power plant realization on peak flow and total runoff volume. In 
particular, simulations were run considering 3 different sizes of the PV installation (small, 
medium, large), 3 different soil types and input hyetographs of different return periods, 
shapes and durations. A first set of simulations have been run by assuming the same rough-
ness surface for the solar park and the reference catchment (short-term condition). Then, 
the impacts of the presence of the panels rows (as well as of the maintenance activities) on 
the roughness surface have been considered. The proposed conceptualization allows to suc-
cessfully simulate the spatial redistribution of the rainfall and infiltration fluxes due to the 
presence of the panel rows. The modelling exercise shows that when the surface roughness 
of the solar park is decreased, peak flow increases in the order of 6–35% as compared to the 
pre-installation scenario. Increased values (1–5%) of the total runoff volume are obtained 
as well.

The proposed modelling framework may be useful for operators in the field of photovol-
taic for the evaluations of the outflow discharge from the solar park for different configu-
rations of the installation, soil type and ground cover. The use of a free and open-source 
software adds value to the research and could represent a boost for the development and 
the improvement of the modelling framework as well as for a simple and wide diffusion of 
the results. Future availability of experimental data on runoff from solar park would help 
increasing the reliability of the obtained results; further investigations will also attempt to 
extend model applications at the watershed scale.

Future steps of the work may include the evaluation of other impacts on the ground cover 
induced by presence of the PV installation as well as the investigation of the solar park 

1 3

4517

074



A. Gullotta et al.

behaviour in long period simulations. Finally, other layouts of the PV installation should be 
considered in future works, especially those implying a reduction of the available area for 
infiltration within the park.
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which mostly located in the Loess Plateau was estimated at 134.6 km2 by 
the year of 2019, nearly tripled compared to 2013, from remote sensing 
data (Xia et al., 2022). Most of these power plants are over 10 km2 and 
located in sparse grasslands and aridlands (Kruitwagen et al., 2021; Xia 
et al., 2022). 

However, PV power plants require large areas due to the low density 
of solar energy (Wang et al., 2021a). Hillslope areas contain a large 
portion of land which is suitable for large-scale PV installations (Fig. 1) 
(Kim and Park, 2021; Yang et al., 2019), and there is a wide range of 
acceptable slopes for PV power plant installation (from 5 to 11.3◦) 
(Anwarzai and Nagasaka, 2017; Charabi and Gastli, 2011; IRENA, 2013; 
Yushchenko et al., 2018). Furthermore, Yang et al. (2019) estimated the 
large-scale PV power generation potential in China using a GIS-based 
model, and indicated that the large-scale PV power plants should be 
planned in areas with slope lower than 20◦. 

Due to the structure of PV arrays, solar radiation and rainfall can be 
intercepted to a great extent by PV panels (Elamri et al., 2018; Yue et al., 
2021). Many studies focused on the solar radiation reduction of PV 
panels which has direct impacts on evaporation, wind speed, air tem
perature, and soil temperature (Armstrong et al., 2016; Barron-Gafford 
et al., 2019; Lambert et al., 2021; Liu et al., 2019). On the other hand, 
rainfall interception due to PV panels, which can be vital to rainfall- 
runoff and soil erosion processes in hillslopes, is not comprehensively 
investigated by now. The raindrops intercepted by PV panels during 
rainfall will concentrate along the lower edges of PV panels and fall onto 
ground surface, causing heterogeneous spatial distribution of rainfall 
(Barron-Gafford et al., 2019; Jahanfar et al., 2019). Some researches 
indicated that runoff in slopes or hillslopes can be increased by PV 
panels. Jahanfar et al. (2019) conducted a long-term study comparing 
the discharge between the green roofs with or without PV panels, and 
the results indicated that the PV panels increased the cumulative 
discharge about 30% and the peak discharge over 50% in rainfall events. 

Pisinaras et al. (2014) quantified the hydrological budget constituents of 
PV power plants using SWAT model. They found that annual surface 
runoff was increased at the catchment scale as the land use changed 
from agriculture to PV power plants. However, from another perspec
tive, the interception of raindrops by the PV panels could dramatically 
reduce the areas where rain splash erosion occurs (Elamri et al., 2018). 
The reduction of splash erosion may not only decrease hillslope soil 
erosion (Darvishan et al., 2014), but also reduce soil surface sealing 
which may lead to higher surface hydraulic conductivity (infiltration) 
and less runoff (Armenise et al., 2018; Assouline, 2004). Besides, Cook 
and McCuen (2013) adapted numerical models to analyze runoff from 
solar panel sites under pre- and post-development conditions. They 
found that the PV panels did not have a significant effect on runoff 
volumes, peak discharges, or time to peak discharge. The influence of PV 
panels on hillslope runoff is complicated and unclear, as some re
searchers think PV panels increase hillslope runoff while others believe 
PV panels have negative or negligible effect on hillslope runoff. Also, it 
can be inferred that the impact of PV panels on hillslope soil erosion 
process, which may cause large environmental and economic conse
quences such as soil loss and land degradation (Alewell et al., 2019; 
Prosdocimi et al., 2016), is complicated because it is susceptible to 
hillslope runoff process. Generally, there is a lack of comprehensive 
researches focusing on the mechanisms of PV panel impacts on hydro
logical and sediment processes, especially on hillslope soil erosion pro
cess which have not been studied yet (to the authors’ knowledge) by 
field experiments. As PV power plants have been widely installed in 
hillslopes in arid and semi-arid regions, there is a concern that hillslope 
erosion might be enhanced due to the rainfall redistribution of PV 
panels. 

Rainfall simulation is extensively used as a research tool in studies on 
overland flow and soil erosion (e.g., Di Prima et al., 2018; Shi et al., 
2012), as well as studies on their responses to the changes of land use 

Fig. 1. Photovoltaic power plants in hillslopes in the Loess Plateau of China. (The top two figures were from sohu.com; the bottom two figures were from Shanxi 
Economic Daily.). 
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and soil property (e.g., Fang et al., 2015; Keesstra et al., 2019). By 
controlling variables or conditions strictly, rainfall simulation is able to 
produce detailed experiment data of runoff and soil erosion focusing on 
the effect of a specific factor (Cuomo et al., 2016). Plot scale rainfall 
simulation experiments allow the accurate measurements of overland 
flow rate, soil sediment flux, microtopography change, etc., which 
usually help to find principal mechanisms in rainfall-runoff and soil 
erosion processes (e.g., runoff generation, dynamics of erosion and 
deposition) (Han et al., 2021; Martínez-Murillo et al., 2013; Ran et al., 
2018; Zhang et al., 2018). 

With the fast growth of PV power industry, the knowledge of the 
hydrological effects of PV panels in hillslopes is essential for the plans of 
PV power plant construction especially in arid and semi-arid regions. In 
this study, rainfall simulation experiments on slopes were conducted to 
investigate how a PV panel impacts rainfall-runoff and soil erosion 
processes in a slope, which may provide guidance for siting PV plants 
and evaluating the hydrological effects of PV power plants. 

2. Methodology 

2.1. Slope experiment set-up 

This experimental study was conducted at a study plot located near 
the Hancheng city, Shannxi, China (35.31◦N, 110.39◦E), and the plot 
had a natural land surface which had very sparse grass on it. Two 4 m ×
1 m slopes (i.e., a test slope with a PV panel coving the middle of the 

slope and a control slope with no covering) in the plot were set up, and 
the two slopes were divided by 0.7 m-high plastic plates (Fig. 2). The 
plastic plates which were to delimit the experimental slopes were 
vertically and carefully inserted into the soil with minimized distur
bance to the soil. The slope gradient of the experiment slopes is about 
8.7%, which is within the range of normal slope for PV power plants 
(Anwarzai and Nagasaka, 2017; IRENA, 2013; Yushchenko et al., 2018). 
The soil of the experimental plot was silt loam (with 14% clay, 67% silt, 
and 19% sand), and the porosity and bulk density of the soil were 0.48 
and 1.24 g cm 3, respectively. The sparse grass cover of the two slopes 
was carefully pulled out and removed one week before the rainfall 
experiment in order to minimize the ground surface difference between 
the test slope and control slope. The study plot was surrounded by 0.2 m- 
high plastic plates to prevent possible water loss due to splashing-out. 
Two runoff collectors were set at the outlets of the test and control 
slopes, which directed overland flow into containers for measurement. 

A downslope-facing PV panel was placed in the middle of the test 
slope (Fig. 2c). It has a size of 1650 mm (length) × 950 mm (width) × 40 
mm (thickness), which is commonly adopted in PV power plants. The 
fixed mounting PV system was chosen, and the lower edge of the PV 
panel was 0.5 m above the ground with the panel having a 30◦ angle 
with the ground surface. These setups of the PV panel were according to 
typical PV power plants in the north of China (please note that these PV 
panel settings are not representative of many modern PV arrays which 
tilt dynamically to track the sun).. 

The rainfall simulator consisted of a water tank, a pressure- 

Fig. 2. The instrument set-up: (a) the schematic representation of the study plots, (b) the rainfall simulator set-up, and (c) the PV panel placed on the test slope.  
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regulating pump, two spray nozzles, a flow meter, a steel bracket, and 
pipelines (Fig. 2b). The spray nozzles that generated raindrops in 
experiment were 1/4 HH Fulljet model from Spraying Systems Co., 
which had a spray angle of 60◦. The nozzles of the Fulljet model have 
been applied for rainfall simulation in many experimental studies (e.g., 
Abrantes et al., 2018; Loiola et al., 2019) and it well simulated natural 
rainfall in these studies. The position and direction of the spray nozzles 
are shown in Fig. 2b. The height of the nozzle was 3.5 m above the slope, 
allowing the water drops to reach their settling velocity before hitting 
the panel and ground. The mean size of the simulated raindrops was 1.7 
mm diameter (having a range of 0.5–3.5 mm) which was measured in 
rainfall experiment with the filter paper method (Best, 1950). This 
indicated that the simulated rainfall was similar to the natural one in 
mean raindrop size (Best, 1950). 

The rainfall intensity was precisely controlled by the pressure regu
lating pump, and the rainfall intensity and spatial uniformity was cali
brated and tested before the experiment. After using a large plastic sheet 
to cover the two slopes, the rainfall intensity was determined with 10 
rain gauges (each with 15 cm inner diameter and 20 cm height), which 
were distributed uniformly above the two slopes. The rainfall spatial 
uniformity is calculated using the coefficient of uniformity (CuC) 
defined by Christiansen (1941): 

CuC = 1
∑N

1 |xi x|
Nx

(1)  

in which xi is the rainfall amount in each rain gauge, x is the average 
amount of rainfall and N is the total number of the rain gauges placed 
over the plot to collect rainfall. After the test, the simulated rainfall had 
the CuCs higher than 0.8 for all the rainfall intensities used in the 
experiment, indicating that the simulated rainfall can be considered 
spatially uniform (Aksoy et al., 2012). 

2.2. Experiment design 

In this study, four rainfall scenarios were considered in the rainfall 
experiment, which fell into two rainfall intensity ranges (Table 1). Ac
cording to the rainfall frequencies in the south of the Chinese Loess 
Plateau (Ran et al., 2020), the scenarios with 30 mm hr-1 and 50 mm hr-1 

rainfall intensities represented moderate rainfall, and the scenarios with 
80 mm hr-1 and 100 mm hr-1 rainfall intensities represented typical 
storms (Table 1). Under all these rainfall intensities, infiltration-excess 
overland flow dominated during the rainfall experiments. The rainfall 
duration of each scenario run is 1 h. There was an around-10-day in
terval between each two successive rainfall scenarios, achieving similar 
initial soil water content from 25 % to 27 % (in the 0–5 cm top soil layer) 
before each rainfall simulation run. The daily rainfall and air tempera
ture of the study site was shown in Fig. 3. 

Four days before the first experiment, a rainfall run with 20 mm hr-1 

intensity and 10 min duration were conducted on the study plot. The 
reasons of this pretreatment rainfall were: firstly, make the surface soil 
reach a high moisture level which is close to that during rainy season at 
the Loess Plateau, as most rainfall and soil erosion occurs in rainy season 
in this semi-arid region; secondly, as the soil surface was a little bit 
disturbed due to the removal of the very sparse grass, the water pene
tration during the short and light artificial rainfall can help smooth the 
soil surface and diminish the small impact of the grass removal. 

In this study, no extra replication of each rainfall scenario was 

conducted. This was because this experimental study was conducted in a 
field study site with natural land surface. The microtopography of the 
slopes was changed after each rainfall experiment due to soil erosion (e. 
g., the development of rill and gully) which may considerably influence 
surface flow process. Due to these alterations, replication under iden
tical rainfall intensity is not possible because there is no way to restore 
the pre-existing surface microtopography. At the same time, the runoff 
and soil-erosion differences between the PV panel slope and the control 
one was the key observable in this study. Hence, the comparisons of the 
runoff and soil erosion results of the two slopes and whether these 
comparison results were consistent under varying rainfall intensities 
were important in this study. 

In each scenario run, overland flow and sediment samples were taken 
in every minute at the two outlets of the slopes during the first 15 min 
after runoff generated, then the sampling interval was extended to 3–5 
min as overland flow became stable. The sediment samples from the 
collector were dried at 110 ◦C for more than 24 hr and then weighed and 
recorded. Each slope was divided into 4 sections with equal spacing, 
with each section measuring 1 m × 1 m (Fig. 2a). The mean overland 
flow velocity in each section was determined by using the KMnO4 dye 
tracer method (Abrahams et al., 1986; Zhang et al., 2010). 

3. Results 

3.1. Runoff 

In the rainfall experiments, the runoff started 16.6 % and 4.0 % 
earlier in PV panel slope than that in the control slope under the 30 mm 
hr-1 and 50 mm hr-1 rainfall intensities, respectively. But, the start times 
were delayed 88.7 % and 178.8 % by the PV panel under the 80 mm hr-1 

and 100 mm hr-1 rainfall intensities (Fig. 4 and Table 2), respectively. 
Under different rainfall intensities, the total runoff of the PV panel 

slope was 0.7–4.0 % lower than that of the control slope (Table 2). The 
hydrographs of the two slopes were also quite close (see Fig. 5). The 
differences in peak discharge rates between the two slopes were lower 
than 3.5% (Table 2). For the runs under the 30 mm hr-1 and 50 mm hr-1 

rainfall intensities, the runoff rate kept increasing until the rainfall 
stopped; while for the runs under the 80 mm hr-1 and 100 mm hr-1 

rainfall intensities, the runoff rate quickly increased with time, 
approaching steady state about 5–8 min after rainfall started. 

3.2. Soil erosion 

Contrary to the runoff results, there were large differences between 
the soil erosion results of the two slopes. The soil erosion mass and 
average sediment concentration of the PV panel slope were 27 %–63 % 
lower than those of the control slope (Table 2). For instance, under the 
80 mm hr-1 rainfall, the PV panel slope only produced 37 % soil erosion 
mass and 38 % average sediment concentration of the control slope. 

For an individual event, the soil erosion rate increased quickly in the 
first 10–15 min, and then fluctuated in a range between 65 % and 100 % 
of the peak erosion rate (Fig. 5). As rainfall continued, the differences 
between the soil erosion rates of the PV panel slope and the control slope 
became greater. For example, under the 50 mm h 1 rainfall, differences 
between the soil erosion rates of the PV panel slope and the control slope 
increased from 23 % on average in the first 15 min to 45 % on average in 
the last 20 min. 

3.3. Slope micro relief and overland flow velocity 

The PV panel on the slope resisted a part of the raindrops and created 
concentrated water drops at its lower edge, which had an influence on 
the slope micro relief. A depression had been created under the lower 
edge of the PV panel by water drops since the first rainfall experiment 
run (Fig. 6b). 

Compared with the relative smooth soil surface of the control slope 

Table 1 
Rainfall simulation runs.  

No. Intensity (mm hr-1) Date 

1 30 10/24/2021 
2 50 11/04/2021 
3 100 11/15/2021 
4 80 11/25/2021  
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(Fig. 6a), the soil surface under the PV panel was rougher. For example, 
under the 80 mm hr-1 rainfall, a big part of the ground surface under the 
PV panel did not have soil surface seal (see the red square in Fig. 6b). 
Although there was obvious difference in micro relief between the two 
slopes, the mean overland flow velocities of the two slopes only have 
1.5–4.0% difference (Fig. 7). 

4. Discussion 

4.1. The effect of PV panel on overland flow 

The rainfall experiment results showed that the PV panel did not 
have remarkable influence on runoff volume and peak discharge rate at 
the slope outlet, although the PV panel on the slope blocked part of the 
raindrops during rainfall and created concentrated water drops at the 
lower edge of the panel. Previously, a modelling study conducted by 
Cook and McCuen (2013) also indicated that the installation of PV 
panels over a grassy field did not have considerable effect on the volume 
of runoff, the peak discharge, and the time to peak. In this study, the 
probable reasons were: on one hand, the interception of raindrops by the 
PV panel reduced the land surface area of infiltration, leading to the 
increase of runoff; on the other hand, the interception of raindrops also 
greatly reduced the soil surface sealing under the PV panel (Fig. 6b) so 
that more surface water infiltrate into area under the panel compared 
with the control slope due to the higher hydraulic conductivity of 

Fig. 3. The daily rainfall and the highest and lowest air temperature of the site between 16/10/2021 and 25/11/2021 (the dotted lines marking the date of 
each experiment). 

Fig. 4. The runoff start time under different rainfall intensities.  

Table 2 
The runoff and sediment flux at the outlet in the rainfall experiments.  

No. Intensity 
(mm hr-1) 

Slope 
condition 

Runoff start time 
(min) 

Total runoff 
(m3) 

Peak discharge rate (ml 
s 1) 

Total sediment flux 
(kg) 

Average sediment concentration (kg 
m 3) 

1 30 With panel  2.5  0.078  24.8  0.48  6.15 
Control  3.00  0.080  25.2  0.67  8.38 

2 50 With panel  1.92  0.142  47.2  0.94  6.62 
Control  2.00  0.144  47.8  1.23  8.54 

3 80 With panel  1.0  0.252  84.0  1.93  7.66 
Control  0.53  0.254  81.2  3.15  12.40 

4 100 With panel  0.92  0.324  102.2  1.54  4.75 
Control  0.33  0.338  103.0  2.46  7.28  
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Fig. 5. Runoff rates (a, c, e, and f) and soil erosion rates (b, d, f, and h) during rainfall experiments.  
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unsealed top soil layer. In consequence, the combined effect of the PV 
panel on infiltration may result in no large difference in runoff between 
the two slopes. 

This finding was inconsistent with some previous studies, which 
indicated that the runoff volume and peak discharge rate of the PV panel 
hillslope may largely increase (Jahanfar et al., 2019). The experimental 
plots (with around 3% slope gradient) used in Jahanfar et al. (2019) 
were quite permeable on green roofs, in which saturation-excess over
land flow seemed to be the dominate runoff generation mechanism and 
soil sealing should be highly limited. For their one-year experiment, the 
shading effect of PV panels can reduce evapotranspiration rate and 
largely increase the soil moisture content of the plots compared with the 
control plot, probably resulting in increase of runoff volume and peak 
discharge rate. Thus, unlike our study plot which dominated by 
infiltration-excess overland flow, changing in infiltration process did not 
affect runoff volume and peak too much in their study. This comparison 
implied that different runoff generation mechanisms may lead to 
different impacts of PV panels on rainfall-runoff process, which may 
need further investigation. Using SWAT model, Pisinaras et al. (2014) 
found that the land use change from agriculture to PV power plants can 
lead to increase in annual surface runoff and percolation potential, 
which seemed to be not parallel with the result of this study. This may be 
because that their modelling study area was over 100 km2 and the time 
scale was many years (5 to 90 years) so their research scales were very 
different from those of this study which focused on plot-scale rainfall- 
runoff events. Under their much larger time and spatial scales, the 
impact of land use change from agriculture to PV power plants on land 
surface hydrology was the decrease of annual evaporation and the 

increase of soil water content of their study catchment. However, in this 
plot-scale study, the result above indicated that there was no large 
impact of the PV panel on infiltration in the short-time rainfall experi
ments, in which the evaporation difference of the two slopes can be 
ignored. 

Under the moderate rainfall with the 30 mm hr-1 or 50 mm hr-1 in
tensity, the runoff start time of the PV panel slope was shorter than the 
control one. Because the PV panel quickly concentrated rain water at 
downslope area, the runoff started faster on the PV panel slope; while 
the runoff generated slowly on the control slope due to the moderate 
rainfall intensity. On the contrary, under heavy rainfall with 80 mm hr-1 

or 100 mm hr-1 intensity, the runoff start time of the PV panel slope was 
later than the control slope. The rain water quickly filled the depressions 
and converged into overland flow on the control slope. However, in the 
PV panel slope, the small depression beneath the lower edge of the panel 
partly intercepted rain water at the beginning of rainfall, so it took 
longer to generate overland flow at the outlet than the control slope. 

In general, the mean overland flow velocity was not affected by the 
PV panel (Fig. 7). It seemed that the rough soil surface beneath the PV 
panel did not considerably influence the mean overland flow velocity. 
This may be because, even though the soil surface under the PV panel 
was rougher than the control slope (Fig. 6), the most surface water from 
upslope flowed in the rills so the mean flow velocity was close to that on 
the control slope. 

4.2. The effect of PV panel on slope soil erosion process 

The PV panel slope produced much less soil erosion than the control 

Fig. 6. The slope micro relief after the 80 mm hr-1 rainfall run on 25th Nov. 2021: (a) the control slope and (b) the PV panel slope. (The red arrow pointed to the 
depression created by the water drops at the lower edge of the PV panel, and the red square pointed out the rough soil surface under the PV panel.). (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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slope, especially under heavy rainfall. As there were restricted differ
ences in the mean overland flow velocities on the two slopes and the 
discharge rates at the two outlets, it could be inferred that, for the two 
slopes, the sediment transport capacities of the slope section downslope 
from the position under the PV panel are close to the sediment transport 
capacities of the corresponding slope section of the control slope. Thus, 
the main reason for the decrease in soil erosion beneath the PV panel 
was most likely attributed to the fact that PV protected the soil surface 
from direct exposure to rainfall. 

For the PV panel slope, the splash erosion on the slope section under 
the PV panel was effectively prevented due to the rainfall interception of 
the PV panel. Raindrop splash is important in the detachment and 
transport of soil particles during soil erosion process on slope (Chaplot 
and Poesen, 2012). Many previous studies focusing on hillslope erosion 
pointed out that attenuating raindrop impact can decrease soil erosion 
on slopes. By adapting metal or nylon meshes above the test slopes to 
minimize splash erosion, researchers found that soil erosion on slope 
decreased 10.0 %–86.8 % (Lu et al., 2016; Vaezi et al., 2017; Zhang 
et al., 2020). Thus, the interception of raindrops by the PV panel largely 
reduced the splash erosion in the slope. 

On the other hand, although the PV panel also limited the formation 
of soil surface seal, which normally reduces soil surface erodibility and 
controls soil erosion (e.g., Lu et al., 2017; Luk et al., 1993), under the PV 
panel because of the absence of raindrops (Armenise et al., 2018; 
Assouline, 2004), the lack of this soil surface seal did not increase soil 
erosion in the experiments. This is because the soil erosion process in the 
slope section under the PV panel was mainly rill erosion and the interrill 
erosion was restricted (see Fig. 6) as sheet flow was mitigated due to 
raindrops blocking. Note that the surface area which rill erosion can 
directly impact is much smaller than that of interrill erosion which is 
driven by sheet flow. Hence, the lack of soil surface seal resulted in 
limited impact on soil erosion in the PV panel slope during the rainfall 
experiments. At the same time, overland flow from upslope area (which 
was the upstream area of the depression) in the PV panel slope was much 
less than that of the control slope because of the PV panel’s rainfall 
interception. Less overland flow of the PV panel slope can only transport 

less sediment from the upslope area than the control slope, although the 
overland flow velocities were similar for both the slopes (see Fig. 7). 
Besides, the erosivity of water drops from the lower edge of the PV panel 
was greatly attenuated, during the most time of each rainfall, by the 
water pond which was created by the water drops from the PV panel in 
the early stage of each rainfall event. Even with their terminal velocities, 
the waterdrops normally lose their impact on the soil surface when they 
drop into depressions that deeper than 3 times of their diameters (Engel, 
1967; Hartley and Alonso, 1991; Kinnell, 2012). In this experiment, the 
diameters of water drops running off PV panels were shorter than 10 mm 
and their terminal velocities would not be arrived with 0.5 m height to 
the ground. The water pond which reached a depth over 15 mm less than 
3 min after rainfall started and absorbed most of the kinetic energy of the 
water drops. 

Therefore, the PV panel reduced the splash erosion under it, and the 
absence of structural soil seal under the panel did not considerably affect 
the erosion process. The energy of the concentrated water drops (or 
falls) from the panel during rainfall did not did not have a meaningful 
impact on erosion and sediment transportation. 

It should be noted that the 80 mm hr-1 scenario had much larger soil 
erosion rate than the 100 mm hr-1 one. This may be because that the 80 
mm hr-1 scenario was conducted on 25th Nov. 2021 (Table 1and Fig. 3), 
when the air temperature was below 0 ℃ at night and above 0 ℃ during 
the daytime, so the freeze–thaw action may make the top-layer soil 
easier to be eroded (Sun et al., 2021a; Wang et al., 2017). 

4.3. Limitations of the experiment 

As a preliminary experimental study at the plot scale, the spatial 
scale of the result has not yet matched the larger scales of PV applica
tions (e.g., big PV panel arrays or solar farms). With multiple PV panels 
(or arrays) above larger land surface, the impact of them on the runoff 
and soil erosion processes would be more complicated at these larger 
scales. Taking a hillslope with a PV panel array in the Chinese Loess 
Plateau as an example here, the experiment result above indicated that a 
single PV panel reduced soil erosion and did not meaningfully change 

Fig. 7. The mean overland flow velocities at different slope sections after 30 min rainfall.  
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the total runoff amount during rainfalls, but there are many land surface 
patches without the cover of PV panels among covered patches in the 
hillslope. Hence, there would be concerns that whether these uncovered 
patches would be vulnerable to soil erosion and, on the other side, 
whether the covered patches lacking soil surface seal would be vulner
able to soil erosion, given that our study shows that PV panels do not 
inhibit runoff generation. If these are true, the positive effect of single PV 
panels on soil erosion reduction, which was found in this study, would 
be offset. However, in our opinion, these two offset effects would not be 
large. First, for the uncovered patches, given the topography and soil 
erosion features of hillslopes in arid and semi-arid regions such as the 
Chinese Loess Plateau, the development of widespread and complex rill 
and gully system in hillslope is fast and effective during rainfall-runoff 
processes (Hofer et al., 2012; Poesen et al., 2003) and thus the path 
length of sheet flow is usually not very long. This normally induces that 
sheet flow concentration may not large enough to transport much 
sediment in these uncovered patches. In fact, over 60% total erosion are 
derived to rill and gully erosion in the Loess Plateau (Shen et al., 2016; 
Sun et al., 2021b). Then for the covered patches, precipitation is inter
cepted by the PV panels during rainfall, which further mitigates sheet 
flow and its erodibility in the hillslope. Thus, the concerns of soil erosion 
reduction offset would not be fully realized. Definitely, this issue de
pends on the topography of the hillslope with the PV panel array and 
needs further field experiments to be dealt with. 

However, the results of this pilot study may have a potential of being 
upscaled to help these investigations at larger scales. Based on the re
sults, experiments with a PV panel block (consists of 2 or more panels) 
and further with large PV panel arrays can be purposefully designed and 
conducted in the next steps (e.g., to deal with the example raised above). 
The findings of these next-step works and this study would then improve 
the modelling of solar farm impact on runoff and erosion at the catch
ment scale, which will help to build new modules representing the 
mechanisms of PV panel impacts (found in the experiments) in catch
ment hydrological models. Meanwhile, the observations of runoff and 
sediment variations before and after a solar farm construction can be 
analyzed from the perspective provided by this experimental study to 
support the development and management of the solar farm. 

The settings of the PV panel in the experiment, including the specific 
height and angle of panel, was according to the typical PV panel in
stallations in Northern China (also similar to some installations in other 
arid and semi-arid regions), but this may be not representative of some 
modern PV panel setups which allow the panels to dynamically track the 
sun. At the same time, a water pond (15 mm depth) under the lower edge 
of the PV panel was created after the rainfall experiments in this study. It 
is worried about that, if a PV panel is higher and steeper than the one in 
this study, this type of ‘plunge pool’ would be much larger and bring 
additional risk of severe soil erosion. Although, in some real cases, 
higher or steeper PV panels can enlarge the dropping velocity of the 
water running off the panels (which may lead to deeper and larger de
pressions on the ground), this will cause larger water depth in the de
pressions which can effectively attenuate the erodibility of the dropping 
water. Normally, waterdrops with their terminal velocities can have 
meaningful impact within the range of 3 times of their diameters when 
they drop into water surface (Engel, 1967; Hartley and Alonso, 1991; 
Kinnell, 2012). The diameters of water drops running off PV panels have 
little chance to be longer than 10 mm and their terminal velocities 
would not be reached with small heights from ground (the heights of 
most PV panels in application are less than 3 m), which means that the 
depressions may not be deeper than 30 mm. Thus, this depression for
mation is a self-limited process and would not bring large additional soil 
erosion. 

Finally, it should be noted that, in this study, the land surface of the 
pair slopes was bare and the PV panel was not set to be very high and 
steep, which may be favorable to the soil erosion difference between the 
two slopes. This mitigation effect of real-case application of a single PV 
panel may be changed depending on the conditions of it. 

4.4. The potential benefits of PV panels for vegetation restoration and 
flood delay 

The experiment results indicated that the PV panel can greatly 
reduce soil erosion in the slope (especially under heavy rainfall), which 
implied that, in natural hillslope in arid or semi-arid regions, PV panels 
may lead to retain organic matter (from plant litter) in the top soil layer 
under the PV panels. This organic matter retaining may be favorable to 
vegetation restoration under the PV panels in arid and semi-arid regions. 
As PV panels nowadays normally have long lifespans over 25 years (Xu 
et al., 2018), their long-term positive effect on soil conservation and 
vegetation restoration may be considerable and worthy further studies. 
For instance, in the Chinese Loess Plateau which suffered from the se
vere loss of soil and organic matter (Xin et al., 2011; Zhao et al., 2015) 
and the lack of precipitation (Gao et al., 2018a), PV panels, which have 
been generally considered to reduce evapotranspiration rate and in
crease soil moisture in hillslopes due to sunlight blocking (Jahanfar 
et al., 2020; Jiang et al., 2022), may help the vegetation restoration on 
the land surface under the panels in hillslopes due to this organic matter 
retaining effect. Meanwhile, as soil structure is important for soil func
tions (Rabot et al., 2018), rain drop interception of PV panels, which can 
lead to prevention of soil surface sealing and preservation of surface soil 
aggregates under PV panels, may attenuate soil function deterioration 
under the PV panels and promoted vegetation restoration. Certainly, all 
these benefits to vegetation restoration are contingent on PV panels 
aiding, or at least not reducing, the health of vegetation under PV panels, 
which needs more investigations to be fully verified. 

Furthermore, as the overland flow generated more slowly on the PV 
panel slope under heavy rainfall than the control slope, it may be 
inferred that PV power plants, which can cover large area of a catch
ment, may delay the catchment flood start time or even the time to flood 
peak. This might bring potential benefit of flood delay in arid and semi- 
arid regions. Hence, the impacts of PV power plants on hydrological 
processes need to be explored at larger scales in the future. 

5. Conclusions 

In this study, a series of rainfall simulation experiments were con
ducted at a bare loess soil plot to investigate the impact of a PV panel on 
runoff and soil erosion processes in a plot-scale slope. The rainfall-runoff 
and soil erosion processes of a slope with a PV panel above the middle of 
it and a control slope with no cover were observed and compared. 

The result indicated that the PV panel did not have considerable 
effect on runoff volume, peak flow discharge, and overland flow veloc
ity. It may be due to the absence of structural soil seal under the PV panel 
causing more infiltration there, which offset the reduction of infiltration 
due to the interception of raindrops by the PV panel. However, the PV 
panel largely reduced slope soil erosion by 27 %–63 %. This is because of 
the weakened splash erosion on the slope section under the PV panel due 
to the rainfall interception by the panel. This finding indicated that the 
key impact of the PV panel is preventing soil detachment by raindrop 
impacts. Under heavy rainfall, a delay of overland flow generation was 
observed, which plausibly suggested that PV panels in hillslopes may 
have the potential to delay flood start time. 

In this experimental study, it should be noted that the PV panel was 
set not very high and steep and the study slopes were bare, which may be 
favorable to the soil erosion difference between the two slopes. In real- 
case application of a single PV panel, the soil-erosion mitigation effect of 
the panel may be changed under varying conditions. 

In arid and semi-arid regions, hillslopes with sparse vegetation, 
which suffer severe soil erosion, are quite common. Our findings implied 
that PV power plants in these hillslopes may lead to retaining of soil 
organic matter and improving of soil structure, which may benefit to 
hillslope soil conservation and vegetation restoration in long term. In the 
future studies, the advantage of PV panels on water and soil conserva
tion and catchment ecology will be worthy of investigations. 
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2  Introduction

Solar energy has recently become the most economical form of electricity generation in the US [1]. Due to a push for 
increased reliance on renewable energy sources combined with the cost-efficiency of solar energy, photovoltaic (PV) 
electricity generating installations have had an increasing role in the US electrical grid and are expected to expand dras-
tically in the years to come [2]. Empirical data regarding the impact of PV installations on stormwater runoff is limited 
[3], and approaches for estimating their hydrologic impact vary widely across the country. In the worst case, ground 
mounted solar facilities are often mis-represented as completely impervious surfaces, which implies runoff responses 
like those from rooftops or paved surfaces. This ignores the disconnected impervious nature of these facilities, in which 
runoff from solar arrays enters pervious areas between arrays where infiltration can occur.

Low impact development (LID) strategies attempt to utilize natural and engineered infiltration techniques to control 
stormwater [4]. LID approaches in relation to PV systems are often associated with rooftop solar installations, such as 
reduction of impervious surfaces and implementation of native or site-appropriate vegetation [4]. Studies on green roofs, 
where vegetation is introduced to impervious building rooftops, show both modeled [5] and measured [6] reductions in 
stormwater generation. Several recent studies shift focus from rooftop solar and explore the impact of ground-mounted 
PV installations on local hydrology and stormwater [7–10]. Walston et al. (2021) looked specifically at native vegetation 
management practices at ground-mounted PV installations and their impact on ecosystem services. They found that 
native vegetation at solar installations increase pollinator supply, carbon storage potential, and sediment and water 
retention [11].

The Photovoltaic Stormwater Management Research and Testing (PV-SMaRT) project provided funding to the Univer-
sity of Minnesota by DOE-SETO to develop research-based, PV-specific tools to estimate how low impact management 
practices at ground-mounted PV sites impact stormwater runoff. A previously published PV-SMaRT funded paper [12] 
described how a numerical hydrologic model (Hydrus-2D/3D) was field-calibrated and validated against soil moisture 
measurements at five commercial PV solar farms with perennial vegetation located in Colorado, Georgia, Minnesota, New 
York and Oregon. These sites were chosen to represent a wide variety of soil factors and climatic regimes to determine 
their impacts on stormwater runoff. Complex factors unique to PV installations were considered in this hydrologic mod-
eling such as rainfall interception by solar panels, generation of concentrated runoff at a drip-edge, and the subsequent 
infiltration of drip-edge runoff downslope in a pervious area having a wide range of surface conditions, as well as in a 
pervious area beneath the adjacent downslope row of solar arrays that are themselves impervious to rainfall. These fac-
tors are currently ignored by other stormwater models commonly applied at solar farms, which either assume that the 
entire facility is either pervious or impervious, or that it has a level of imperviousness that is calculated by averaging the 
area of arrays and the area of pervious surfaces between arrays [13, 14].

The objective of the current paper was to extend the previously developed PV-SMaRT Hydrus-2D/3D stormwater 
runoff model [12] for ground-mounted PV installations by developing a user-friendly spreadsheet-based calculator that 
can rapidly evaluate pre- and post-construction site conditions at ground-mounted PV installations and their impacts 
on stormwater runoff. This objective is achieved by using results from nearly 1,000 simulations of the numerical Hydrus-
2D/3D model to develop exponential regression equations relating soil texture, soil bulk density, and soil depth to a 
runoff CN. This regression is further supplemented with results from field test sites in the PV-SMaRT project to account 
for panel width and spacing (ground-to-cover ratio) as well as orientation along the slope of the landscape. Finally, slope 
and ground cover (bare soil, row crop, perennial vegetation, etc.) are incorporated into the calculator using extensively 
studied relationships from the literature [15–17].

3 � Methods

A numerical hydrologic model was developed from the PV-SMaRT study [12] simulating stormwater runoff at ground 
mounted solar PV facilities using Hydrus-2D/3D software [18]. This model simulates water flow in variably saturated soils 
based on the van Genuchten hydraulic conductivity equation [19] and can calculate infiltration through a soil profile as 
well as expected overland runoff. The Hydrus-2D/3D model was chosen to simulate soil moisture and stormwater runoff at 
PV facilities because of its ability to accurately represent soil hydrologic processes and account for multiple upper bound-
ary conditions. These boundary conditions include incident precipitation that occurs in the area between solar panels, an 
area with potentially zero precipitation that impacts the ground underneath a panel in the absence of wind, and an area of 
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concentrated precipitation that represents panel runoff accumulating and falling on the ground at the downslope panel 
edge. The model can also route overland runoff underneath subsequent downslope arrays and account for infiltration under 
the panel (Fig. 1). Nodal spacing of model domains was approximately 5 cm vertically and between 5 and 50 cm for horizontal 
nodes. Higher nodal densities were used where the upper boundary condition transitioned from no precipitation (under 
panel) to concentrated precipitation (drip edge runoff) to incident precipitation between panels in attempt to accurately 
quantify this transition. A three-panel domain created originally for the five PV-SMaRT field-test sites produced satisfactory 
results (RMSE values for soil moisture content ranging from 0.023 to 0.038), while preserving the likelihood of convergence 
for the Hydrus model [12].

Initial analysis of the PV-SMaRT study modeling results determined that design storm size, soil bulk density, and soil pro-
file depth had the largest impact on resultant runoff amounts [12]; therefore, these were the initial variables that received 
focus in model simulations used to develop the user-friendly spreadsheet-based PV runoff calculator. Twelve soil textures 
were simulated with associated default van Genuchten soil hydraulic properties. For each of the twelve major soil textures, 
simulations included 5 design storms, variable soil profile depths of 50, 100, and 150 cm, and bulk density values of 1.0, 1.2, 
1.35, 1.5, and 1.7 g/cm3. 24-h design storms were initially chosen based on common hydrologic design considerations and 
consisted of 2-year (8.9 cm), 10-year (10.2 cm), and 100-year (15.2 cm) return frequencies obtained from the NOAA Precipita-
tion Data Server [20]. These specific values represented the most common intensities among the five PV-SMaRT sites, and 
24-h storms were simulated based on NOAA Atlas 14 synthetic rainfall distributions [21]. Some soils with high infiltration 
rates (coarse textures, low bulk densities, deep profiles, etc.) occasionally yielded zero runoff for these design storms, thus 
storms of 20 and 25 cm were added to ensure runoff would be initiated for most simulations in order to inform subsequent 
curve number regressions.

Runoff values were recorded for each of the combinations of twelve soil textures, five bulk densities, three profile depths, 
and five design storms yielding a database of nearly 1,000 combinations of rainfall and runoff. Elhakeem and Papanicolaou 
(2009) used exponential regression to translate rainfall and runoff measurements from small rainfall simulator plots in six 
Iowa counties into a runoff CN [22]. A similar approach was used here; rainfall and runoff combinations for simulated solar 
farms were translated into curve numbers for every combination of texture, bulk density and profile depth based on the 
NRCS curve number method standard equation [23]:

Q = Runoff (mm)P = Precipitation (mm)S = Soil moisture retention after runoff begins (mm)Ia = Initial abstraction (mm) 
where Ia = 0.2 SCurve Number ( CN ) is then determined as:

Q =

(

P − Ia

)2

(

P − Ia + S
) for P > Ia

Fig. 1   Hydrus-2D/3D representation of a drip edge runoff, b incident precipitation, c surface and lateral soil moisture migration under 
downslope panel, and d overland runoff
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3.1 � Soil texture and bulk density

The resultant database included a CN value for every soil texture, bulk density, and profile depth combination. For a given 
soil texture, variations in bulk density produced the largest changes in predicted runoff, relative to variations in other 
site-specific factors. A relationship between CN and bulk density was determined for each soil texture using exponential 
regression:

CN = Curve Numberx = Bulk Density (g/cm3)
An excel spreadsheet was utilized to store the resultant database of regression coefficients, which was then used as 

a lookup table to calculate a baseline CN for any user-defined soil texture and bulk density combination. The allowable 
range of bulk density values within the calculator is between 1 and 1.8 g/cm3.

3.2 � Soil profile depth

Depth to an impermeable layer, or soil profile depth, was the next most important variable identified in driving expected 
runoff rates and CN values in the original PV-SMaRT publication [12]. As depth to an impermeable layer increased in 
simulations, CN values and runoff decreased in Hydrus simulations. For most soil textures, changes in runoff became 
negligible at depths greater than approximately 100 to 150 cm. Soil profile depth had a larger impact on runoff CN for 
coarser-textured soils with higher infiltration rates; heavier-textured soils were limited more by surface infiltration rates, 
and depths greater than 100 cm yielded little change in runoff CN. The CN regression relationship with bulk density 
described in the previous section was thus developed for each soil texture at two different depths: 50 cm and either 100 
or 150 cm (depending on which depth limited CN). CN value for a user-specified profile depth is then determined by lin-
ear interpolation between the shallower and deeper bulk density regression. CN interpolations were constrained by the 
deeper profile curve for each soil texture, so CN values would not change when profile depth exceeded the CN-limited 
depth. The allowable range of profile depth values within the calculator ranges between 30 and 150 cm.

3.3 � Ground cover

Soil texture, soil bulk density, and soil depth create a baseline CN value in the calculator for any user-defined combination 
within the allowable input range. Other data input parameters are then accounted for by modifying this baseline CN. 
Abundant research has been completed on the impact of ground cover on runoff CN [15]. NRCS lookup tables, commonly 
known as TR-55 tables, were utilized to account for ground cover effects other than the perennial vegetation studied at 
PV-SMaRT solar farm sites. Pasture/grassland in fair condition (50–75% ground cover, not heavily grazed) was chosen 
from the TR-55 tables as the baseline ground cover to approximate these plantings. Deviation of TR-55 CN values from 
this condition were then used to calculate a CN modifier for different ground cover conditions. TR-55 lookup tables also 
rely on hydrologic soil group to provide accurate CN estimates. Each soil texture was simulated within the calculator for 
low, medium, and high bulk density values as determined from chapter 3 of the NRCS Soil Survey Manual relating tex-
ture and bulk density classes [24]. This yielded a relation for each texture and bulk density combination to an expected 
value of saturated hydraulic conductivity. Resultant values of saturated hydraulic conductivity were then used to infer 
soil hydrologic group from chapter 7 of the National Engineering Handbook [25], so a relationship between CN and soil 
hydrologic group could be estimated (Table 1). Baseline CN is then used within the calculator to approximate hydrologic 
soil group and provide a modifier unique to a given hydrologic soil group and ground cover combination.

3.4 � Panel presence, width and spacing

As determined in the first PV-SMaRT publication [12], changes in panel size and spacing had a smaller impact on runoff 
than changes in bulk density and soil depth; to explore this factor in detail would compound the number of simulations 
already approaching 1,000 and would require far more data processing than the scope of this research requires. These 

CN =
25,400

S + 254

CN = a ∗ bx
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factors are instead accounted for by modifying the baseline CN based on existing PV-SMaRT Hydrus-2D/3D simulation 
results. All Hydrus simulations in the calculator were run with 3 m (10 foot) panels spaced at 7.6 m (25 feet) on center. 
This was used as the baseline condition within the calculator, and CN modifiers change baseline CNs according to their 
deviation from these conditions. Panels were assumed to be at a 45-degree angle in simulations, a common condition 
observed in the original PV-SMaRT study sites, to simulate high precipitation interception and subsequent panel runoff. 
Multiple angles are not directly accommodated within the calculator, but panel width and panel spacing were accom-
modated by converting to a ground-to-cover ratio. This ratio is calculated by dividing the horizontal ground distance 
with no panel covering by the horizontal distance covered by a panel at a 45-degree tilt. It is analogous to a permeable-
to-impermeable ratio as viewed from above. Ground-to-cover ratios for the PV-SMaRT sites ranged from as low as 1:1 
(equal amounts of permeable to impermeable area) to 4.5:1. Panel spacings with a ground-to-cover ratio less than 1:1 
would cause shading on adjacent panel rows and would theoretically be avoided except for extreme slope conditions; 
spacings with very high ratios would also be theoretically avoided since they would start to diminish potential electric-
ity generation at a PV site. Ground to cover ratios were simulated at PV-SMaRT solar farm sites ranging from 1:1 to 7:1 to 
obtain a relationship between runoff and panel spacing.

Additional Hydrus simulations were run for each soil texture with all panels removed from the model domain and the 
upper boundary condition set to incident precipitation. Resultant runoff CN values from these simulations were then 
compared to simulations in the presence of solar panels to create a CN modifier to account for panel presence within 
the calculator.

3.5 � Panel orientation

Baseline Hydrus simulations were run for solar arrays installed either along the contours of the landscape or parallel to 
the local slope. This allowed for panel runoff to be routed and infiltrated both between solar panels and beneath the 
subsequent downslope panels. It is possible to have panel installations that are perpendicular to local slope, or positioned 
up and down slope, where runoff accumulates in a concentrated area at the drip edge and flows downslope between 
panels (no infiltration underneath panels). Additional Hydrus simulations were conducted to capture this condition for 
each soil texture. Simulations were created using drip edge runoff amounts that accumulate in a concentrated area as 
opposed to infiltrating beneath downslope panels. Data from measurements of drip edge runoff relative to incident pre-
cipitation at the PV-SMaRT solar study sites determined that runoff from a 3 m (10 foot) fixed panel was approximately 10 
times the incident precipitation rate on average [12], so this value was used in Hydrus simulations with panels oriented 
up and down slope.

3.6 � Slope

Slope at PV-SMaRT solar farm study sites varied between 1.5 and 5%. A recent publication [26] outlines two common 
methods of slope adjustment on CN, namely the Sharpley-Williams method and the Huang method, both allowing for 
consideration of a greater range in slopes than those occurring at the relatively flat PV-SMaRT study sites. Both methods 
are used within the spreadsheet runoff calculator tool, and the greater slope-adjusted CN of the two is used when slopes 
are more than 10% to provide the most conservative slope-modified runoff estimate.

3.7 � Final calculator considerations

Certain combinations of the baseline variables for soil texture, bulk density, and depth can combine with other CN modi-
fiers to produce CN values slightly outside the theoretical range of possible CN values. In these uncommon instances, 

Table 1   Baseline Curve 
Number (CN) translation to 
a Hydrologic soil group for 
determining ground cover CN 
modifier

Baseline CN Range Hydrologic 
Soil Group

0–40 A
41–60 B
61–80 C
81–100 D
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the calculator restricts the final CN value to be within the theoretical bounds of the curve number method, namely 30 
for the lower threshold and 100 for the upper threshold.

The steps used in the present paper for the Hydrus-2D/3D pre-processing simulations that were used to generate 
nomographs, and the subsequent steps used in the easily used solar farm Excel-based runoff calculator are depicted in 
Fig. 2. Baseline CN nomographs are generated using Hydrus-2D/3D simulations based on a wide range in values for soil 
characteristics such as soil texture, soil depth and bulk density. The baseline Hydrus-2D/3D generated CN value nomo-
graphs are then modified by taking into account adjustments for ground cover, slope, and solar array characteristics to 
generate a set of final runoff CN nomographs. These nomographs are then incorporated into an easy to use Excel-based 
solar farm runoff calculator. The user then inputs site-specific data (soil texture, soil depth, soil bulk density, ground 
cover condition, slope, solar array characteristics and desired 24-h storm depth for a desired return frequency storm) for 
the solar farm of interest into the solar farm calculator. Nomographs within the solar farm calculator use these inputs to 
generate a site-specific runoff CN value and stormwater depth runoff estimate.

4 � Results

4.1 � Soil texture and bulk density

Soil texture and bulk density have a very large influence on CN and expected runoff (Fig. 3). When soil profile depth 
and bulk density is held at a constant (50 cm and 1.4 g/cm3), CNs range from a low of 43 (Loamy Sands) to a high of 85 
(Clay Loam). For a 25.4 cm (10 in) 24-h precipitation event, these CNs translate into expected runoff values of 6.76 cm 
for Loamy Sands (2.66 in) to 20.60 cm for Clay Loams (8.11 in), an increase of 13.84 cm (5.45 in) in runoff. Bulk density 
was found to be a significant driver of CN and runoff amongst the variables analyzed in the first PV-SMaRT publication 
[12]. For a medium textured soil (Sandy Clay) held at a constant 50 cm profile depth, bulk density yields a CN of 58 at its 
lowest (1.0 g/cm3) and 89 at its highest end of the bulk density range (1.8 g/cm3). These CN values would yield a range 
of expected runoff from the above storm of 11.61 cm (4.57 in) for an uncompacted loose soil to 22.12 cm (8.71 in) for a 

Fig. 2   Workflow diagram describing the Hydrus-2D/3D pre-processing steps to generate runoff curve number nomographs that are incor-
porated into an easy-to-use solar farm Excel-based stormwater calculator (shaded portion of diagram) with all inputs and the allowable data 
input ranges for numerical factors as well as variable options if they are categorical factors
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compacted dense soil, an increase in 10.52 cm (4.14 in). Preventing or mitigating soil compaction during and after solar 
facility construction through traffic/vegetation management practices as well as decompacting soil after construction 
could be highly effective practices to reduce runoff. Native bulk densities should also be considered during the siting 
phase of potential PV projects to determine runoff implications of different site selections.

4.2 � Soil profile depth

Depth to an impermeable layer was found to be the next most sensitive parameter affecting solar farm runoff. When 
soil texture and bulk density are held constant (Clay Loam and 1.4 g/cm3), soil depth differences yield CN values ranging 
from 62 for depths greater than 100 cm, and as high as 94 for depths shallower than 30 cm. For a 25.4 cm (10 in) 24-h 
precipitation event, these CN values translate into expected runoff values of 13.2 cm (5.2 in) for the deeper profile and 23.6 
cm (9.3 in) for the shallower profile, an increase of 10.4 cm (4.1 in). When evaluating a very coarse textured soil such as a 
Sand, these CN values range from 30 (soil depth > 150 cm) to 74 (soil depth < 30 cm). For the above precipitation event, 
this translates to a range of 2.5 cm (1.0 in) of runoff for the deep profile to 17.3 cm (6.8 in) of runoff for the shallow profile, 
an increase of 14.8 cm (5.8 in). Figure 4 illustrates the relationship between profile depth and bulk density changes for 
selected soil textures. Cut and fill construction techniques that remove topsoil would typically increase expected runoff 
and should be minimized. Soil profile depth should also be considered during the site selection phase of a project to 
identify sites with deeper soils that could reduce potential runoff.

4.3 � Baseline curve number values

The runoff calculator computes a baseline CN with user-input of soil texture, bulk density, and soil depth. This allows for 
a wide range of site-specific soil characteristics to be represented within the calculator which were directly informed by 
HYDRUS-2D/3D model results. Figure 5 displays good agreement between actual HYDRUS-2D/3D model results and the 
exponential regression nomographs in the solar farm runoff calculator for a silt loam soil across a range of bulk densities 
and multiple soil profile depths. Once the baseline CN is established with soil characteristics, the calculator then allows 
for further adjustment to baseline CN values by accommodating specific choices for ground cover, ground surface slope, 
and panel size, spacing and orientation.

Fig. 3   Relationship of bulk density and Curve Number (CN) for selected soil textures held at a constant 50 cm profile depth
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4.4 � Ground cover

Ground covers considered in the calculator include bare soil, gravel, row crops (with multiple management consid-
erations), turf grass, newly established pollinator, forest, and mature prairie. Table 2 provides the percent change in 
CN for each ground cover condition and soil hydrologic group with respect to the baseline ground cover of newly 
established perennials. CN values increase from baseline values by as much as 57% if low impact practices such 
as perennial cover are converted to bare soil for hydrologic group A soils, implying a much larger expected runoff 
amount without low impact cover. Ground cover should be an important consideration of PV installations both 
during site selection and post-construction management of a site. Conversion of low impact ground cover (forest/
mature prairie) to high impact ground cover (gravel/bare soil) should be avoided. Establishment of moderately low 

Fig. 4   Relationship between bulk density, soil profile depth, and Curve Number (CN) value for selected soil textures and depths in parenthe-
ses

Fig. 5   Comparison of runoff Curve Number (CN) values generated by HYDRUS-2D/3D modeling results and the PV-SMaRT solar farm runoff 
calculator CN values and resulting regression curves for a silt soil texture as affected by soil bulk density at multiple soil profile depths
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impact ground covers, such as newly established perennial cover, could reduce stormwater runoff in comparison 
with a higher impact ground cover (row crop/turf grass).

4.5 � Panel presence, width and spacing

The addition of panels and their respective size and spacing had less of an impact on resultant curve numbers (Fig. 6) 
than the baseline CN inputs of soil texture, bulk density, and soil depth. When adding solar panels to a landscape with 
typical bulk density and profile depth values (1.4 g/cm3 and 50 cm), average CN values for all soil textures increase. This 
increase ranges from an average across all soil textures of 3.7 points for widely set panels (ground-to-cover ratio of 4:1) 
to 7.7 points for narrowly spaced panels (ground-to-cover ratio of 1:1). For example, simulating a 25.4 cm (10 in) 24-h 
storm over a medium textured Sandy Clay with no panels present yields an expected runoff value of 13.9 cm (5.5 in). 
When adding solar panels for a Sandy Clay soil with a range in ground-to-cover ratios, predicted runoff increases from 
15.7 cm (6.2 in) with wide panel spacing to 17.0 cm (6.7 in) with narrow panel spacing. This translates to a 14% increase 
in runoff for widely spaced panels and a 23% increase in runoff for narrowly spaced panels. Wider panel spacings allow 
for a larger area between arrays where low impact vegetative plantings can mitigate runoff. The runoff calculator can 
quickly be used to indicate how runoff from a baseline condition having no solar panels compares with runoff from a 
post-construction condition with solar panels installed with various panel widths and array spacings.

4.6 � Panel orientation

The orientation of panel arrays with respect to the local slope of the landscape had a moderate impact on CNs. When 
converting panel arrays that follow the landscape contours (parallel to slope) to panel arrays that are installed up and 

Table 2   Percent change in 
Curve Number (CN) values 
for multiple ground cover 
types relative to the baseline 
ground cover of “Newly 
Established Perennial Cover”

Soil Hydrologic Group

Ground Cover Type A (%) B (%) C (%) D (%)

Bare Soil 57 25 15 12
Gravel 55 23 13 8
Row Crop (Straight Row, Poor Management) 47 17 11 8
Row Crop (Straight Row, Good Management) 37 13 8 6
Turf Grass 39 14 9 6
Row Crop (Contoured, Good Management) 31 7 3 1
Newly Established Perennial Cover 0 0 0 0
Forest − 27 − 13 − 8 − 6
Mature Prairie − 39 − 16 − 10 − 7

Fig. 6   Relationship of panel 
presence and absence as well 
as multiple panel spacings 
with resultant Curve Number 
(CN) values
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down the slope (perpendicular to slope), resultant CN values increase for every soil texture. The average increase in CN 
value from a baseline condition of a 50 cm soil depth and a bulk density of 1.4 g/cm3 is 8.2 points. For example, a Clay 
soil with the above baseline soil conditions and panels parallel to slope has a CN of 72.1 with expected runoff from a 
25.4 cm (10 in) 24-h storm of 16.5 cm (6.5 in). When panel arrays are oriented up and down the landscape slope, CN 
increases to 78.9 and expected runoff increases to 18.7 cm (7.4 in), an increase of 2.2 cm (0.9 in). Orienting panel arrays 
along topographic contours results in lower runoff than arrays installed perpendicular to slope, because concentrated 
flow is reduced and vegetation between arrays is able to more efficiently infiltrate runoff.

4.7 � Slope

Slope did not make a significant difference in CN and runoff values for the relatively flat PV-SMaRT study sites; however, 
research suggests CN modification for steeper slopes. When comparing relatively flat slopes of 5% (baseline condition in 
the calculator) to a steeper landscape of 20%, CN value increases for every soil texture in the calculator. When comparing 
all soil textures with the baseline condition of 50 cm profile depth and 1.4 g/cm3 bulk density, the average CN increase 
is 3.6 points when slope increases from 5 to 20%. For example, a Clay soil with the above baseline soil conditions and 
a 5% slope has a CN of 72.1 with expected runoff from a 25.4 cm (10 in) 24-h storm of 16.51 cm (6.5 in). When slope is 
increased to 20%, CN increases to 76.0 and expected runoff increases to 18.0 cm (7.0 in) an increase of 1.5 cm (0.5 in).

4.8 � Discussion

The runoff calculator is intended to accurately reflect the impacts of varying several site characteristics by providing nearly 
instantaneous estimates of associated runoff given the disconnected impervious nature of solar facilities. It summarizes 
a multitude of research findings on complex design considerations into a very straightforward tool that can be used by 
even novice users. The runoff calculator can be used for both assessing site suitability in the pre-construction stage of 
a proposed project and for evaluating potential runoff impacts in the post-construction period with and without low 
impact development practices. By providing rapid estimates of expected runoff change for numerous site characteristic 
combinations, users can evaluate different management considerations to select site design and management practices 
that minimize runoff using green design principles. This approach can help avoid elevated costs to mitigate stormwater 
runoff associated with installation of expensive water retention structures. For sites with heterogenous characteristics 
(multiple slope classes, two unique soil types, etc.), runoff CN values can be generated for each sub-region of a solar 
farm and area-weighted to provide better runoff estimates. CN values generated in the PV-SMaRT runoff calculator can 
also be used as inputs for conventional stormwater modeling approaches with models such as the US EPA’s Stormwater 
Management Model (SWMM) or HydroCAD.

4.9 � Case study

The PV-SMaRT solar farm runoff calculator described above is a spreadsheet-based approach for estimating the impact 
of soil texture, soil depth, soil bulk density, slope, ground cover characteristics, and solar array design characteristics on 
stormwater curve number values and stormwater runoff for a specified 24-h design storm depth. A case study based 
on comparing a coarse soil (Sandy Loam) and a fine soil (Clay) illustrates how each variable within the runoff calculator 
can affect resultant CN values for both soil textures. Figures 7 and 8 display a set of typical baseline site condition input 
variables (blue fields) for these two soil textures. For baseline conditions, CN for the coarse soil is 42.0; while CN increases 
to 71.2 when changing only soil texture to a fine-textured Clay soil. For a 25.4 cm (10 in) 24-h storm, these CN values 
generate runoff depths of 6.3 cm (2.5 in) and 16.2 cm (6.4 in), respectively, on the Sandy Loam and Clay soils.

Table 3 represents the above baseline conditions shown in Figs. 7 and 8 for both soil textures in the “Mid CN Condition” 
columns. The impact of changes in each individual variable are also evaluated for their effect on CN values in the columns 
labeled lower and higher CN condition. For example, when the Sandy Loam is changed from a typical bulk density of 
1.4 g/cm3 to a compacted bulk density of 1.8 g/cm3, CN value increases drastically by 39.2 points from the baseline CN 
value to 81.2. Preventing and mitigating soil compaction is key to reducing runoff from solar farms. When soil depth 
decreases to 30 cm for the Sandy Loam, CN value increases dramatically by 37.8 points to 79.8. When baseline vegetation 
condition of “Newly Established Pollinator” is changed to a “Bare Soil” condition, the Sandy Loam CN value increases by 
24.1 points to 66.1, showing the benefits of perennial vegetation between arrays on runoff mitigation. When panel spac-
ing is decreased from 7.6 m to 4.6 m, CN shows a smaller increase of only 1.2 points to 43.2. The magnitude of CN value 
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changes from baseline (mid CN condition) for the lower and higher CN condition scenarios are smaller with the Clay soil 
texture than the Sandy Loam texture (Table 3). This is particularly true for changes in soil depth and vegetative cover.

The case study with two soil textures illustrates how widely runoff CN values can vary depending on specific combina-
tions of site-characteristics. Runoff is affected most by soil texture, soil bulk density, and soil profile depth. Soil compac-
tion can be avoided by controlling vehicle traffic on wet soils and by minimizing landscape grading during construction 
activities. Runoff mitigation is enhanced if site selection focuses on avoiding locations with fine-textured, shallow soils. 
Ground cover has a moderate impact on runoff, and low impact perennial vegetation plantings are particularly beneficial 

Fig. 7   Case study example of baseline runoff calculator inputs (blue fields) and runoff curve number and runoff outputs (maroon fields) for 
a coarse-textured soil

Fig. 8   Case study example of baseline runoff calculator inputs (blue fields) and runoff curve number and runoff outputs (maroon fields) for 
a fine-textured soil
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for runoff mitigation and reductions in soil bulk density. Panel presence, spacing, width and orientation have an impact 
on runoff, but play a smaller role than soil bulk density and vegetation characteristics.

5 � Conclusions

A user-friendly spreadsheet-based runoff CN calculator for ground mounted solar PV facilities was developed based on 
regression curves representing nearly 1,000 Hydrus 2D/3D simulations run for different soil textures, soil depths, soil bulk 
densities and design storms. User inputs include soil texture, soil depth, soil bulk density, vegetative cover, presence or 
absence of solar arrays, panel spacing, panel width and orientation, and slope. The runoff calculator quickly estimates 
CN values for pre- and post-construction scenarios, including low impact development practices such as avoidance of 
compacted soils, perennial vegetation plantings, and wider array spacings. Users can input a 24-h design storm depth of 
interest and the calculator will estimate expected depth of runoff. Solar farm stormwater depths can range from values 
typical of completely impervious surfaces to no runoff, depending on the specific combination of soil texture, soil depth, 
bulk density, vegetation type, array spacing and orientation.

This runoff calculator can provide accurate and nearly instantaneous runoff estimates to novice users to inform both 
site-suitability decisions as well as construction management and installation choices. This tool can provide financial 
savings by promoting low impact development practices that reduce the need for costly runoff mitigation structures. 
If applied with thoughtful consideration, it also has the potential to encourage low impact development principles on 
the ever-increasing area of utility scale ground-mounted PV installations that will be installed in the years to come; this 
will minimize the impact of this landuse change on overland runoff and associated surface water quantity and quality 
issues. If low impact design considerations are prioritized during installation of ground-mounted PV operations, this tool 
could significantly reduce runoff volume from commercial solar PV sites and provide a net benefit in water quality when 
converting from certain high impact pre-existing landuse conditions.
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Given the rare in situ and long-term field observations available at most USFs around the world, modeling is 
currently the only practical option for achieving this end (Baartman et al., 2018; Cabal et al., 2021). PV-affected 
hydrological behaviors in USFs have been investigated in a few previous studies (Chiabrando et al., 2009). For 
example, Walston et al. (2021) reported significantly increased sediment and water retention at USFs across the 
midwestern USA; L. M. Cook and McCuen (2013) concluded that whether the addition of photovoltaic panels 
(PVs) affects hydrological processes depends largely on whether there are changes in the land-cover type under 
the PVs; Edalat (2017) reported that an increase in the tilt angle of PVs results in decreases in peak flow, peak 
flow time, and runoff. These works, however, were limited in the sense that they did not consider the co-evolution 
of landscape and vegetation under the impact of PVs over the life span of a USF. Indeed, besides the significant 
changes in land use and ground cover during installation, PVs may also significantly change microclimates (i.e., 
solar radiation and rainfall), so that soil and vegetation in USFs could more intensely evolve to adapt to the altered 
environments, over the course of their long operational periods (Hernandez et al., 2014; Makaronidou, 2020). 
Overlooking the long-term co-evolution effects might lead to unexpected bias in the predictions of hydrological 
responses to the shift in land uses, especially when USFs are installed in hilly environments. However, how to 
evaluate hydrological behaviors in response to the installation of USFs during their long operational periods 
remains a challenge (Hernandez et al., 2015; Murphy-Mariscal et al., 2018).

Addressing the above-noted issues requires solutions that can intelligibly and quantitatively describe the inter-
face between ecohydrological processes and landscape development: for example, the extent and distribution of 
the expected effects of PVs on the processes of rainfall runoff and erosion deposition as they occur over the life 
span of USFs in hilly environments (Wacha et al., 2018). The concept of hydrological connectivity (HC) depicts 
“water-mediated transport of matter, energy and/or organisms within or between elements of the hydrologic 
cycle” (Pringle, 2001), and thus appears to be a likely candidate (Souza & Hooke, 2021). Using this concept, 
previous works have evaluated the potential ecological and hydrological impacts of altered ground surface condi-
tions from the aspects of vegetation dynamics (Foerster et al., 2014; Souza & Hooke, 2021), biological conserva-
tion (Pringle, 2001), land use changes (Boix-Fayos et al., 2007), and so on (Freeman et al., 2007; Kompanizare 
et al., 2018). Indeed, HC is the dynamic representation of internal linkages between runoff and sediment gener-
ation in upper parts of catchments and in receiving waters, and thus it is both a cause and a consequence of 
landscape evolution (Bracken & Croke, 2007). Given the potential of HC for increasing the understanding of the 
interface between ecohydrology and landscape evolution, combining the index of HC with a model that could 
coordinate biotic and abiotic effects caused by PVs on vegetation dynamics may allow us to better evaluate the 
long-term hydrological behaviors in USFs in hilly environments. We present herein a novel model with this 
property (the Solar-Farm model, SOFAR), and the long-term effects of PVs on hydrologic response in USFs are 
estimated and analyzed from the perspective of HC through this model, with the help of an additional tool for 
HC calculation.

The SOFAR model is based on but considerably extended from our earlier model, which was developed for a 
single PV (Wu et al., 2022). Besides keeping the basic modules of the earlier design for soil moisture dynamics 
and roof effects of PVs, SOFAR is also made spatially explicit and dynamic by coupling a module for vegeta-
tion growth [modified from Nouvellon et al. (2000)] and a module for landform evolution [modified from Saco 
et al. (2007)]. The SedInConnect tool developed by Cavalli et al. (2013) is adopted in this work as the means to 
calculate the value of HC, with the iterated DEM (digital elevation model) from the SOFAR model as the input. 
As previous researches reported that PVs could variably increase soil erosion rates, depending on the sitings of 
the USFs (e.g., Barnard et al., 2017; L. M. Cook & McCuen, 2013), and that there is a known positive relationship 
between HC and soil erosion (Cavalli et al., 2013), we hypothesize that HC could be a critical indicator for sedi-
ment yield in a USF, and thus the long-term responses of soil erosion to USF installation and development could 
be explained and understood in terms of HC: that is, USFs enhance soil erosion and sediment yield by increasing 
HC. This work tests the hypothesis through modeling efforts, with the aims of analyzing the potential erosion 
that can come from the long-term deployment of USFs, and revealing how a solar farm affects soil erosion, by 
highlighting the co-evolving nature of ecohydrology and landscape (Jahanfar et al., 2019). Based on the results, 
this work also discusses storm-water management strategies that can prevent potential erosion in USFs deployed 
in hilly environments, from the perspective of HC (Souza & Hooke, 2021).

The modeling scheme reported in this work provides a possible method of predicting soil erosion affected by 
USFs in hilly regions, and a potential tool to identify the erosion-risk areas in such USFs as well. The find-
ings from this work will also contribute to an improved understanding of the hydrological responses to USF 
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installation and development in hilly regions, and ultimately facilitate decisions on USF siting and management 
both in the Chinese Loess Plateau and elsewhere.

2.  Materials and Methods
2.1.  Model Structures and Simulation Method

2.1.1.  The SOFAR Model

The Solar-Farm model (SOFAR) describes the fundamental physical and ecohydrological processes occurring 
in a solar farm at a daily time step, and includes four major modules: (1) soil moisture dynamics, (2) roof effects 
of PVs, (3) vegetation growth, and (4) landform evolution (Figure 1). Model parameter definitions are listed 
in Table 1. The model is driven by daily meteorological variables including precipitation, maximum tempera-
ture, minimum temperature, sunshine duration, and initial DEM. The SOFAR model combines these individual 
modules to describe the ecological, hydrological, and geomorphic processes in USFs. However, it is challenging 
to simulate the roof effects of PVs at the mesoscale (i.e., solar-farm scale), because of the huge number of indi-
vidual data points that would need to be considered. For example, as shown in Figure 1c, when rainfall reaches 
a PV, it flows along the downslope direction (as indicated by yellow arrows), and then out of the narrow gap 
between the sub-panels (orange arrows) or off the downslope edge (red arrows). In other words, the PVs concen-
trate rainfall as downpour, resulting in an increase in runoff along the driplines (about 0.4-m width, including the 
0.1-m width dripline itself, and the 0.15-m width areas on each side affected by splashing downpour) onto  the 
underlying ground surface. Thus, a coarse-spatial resolution (e.g., 3 m × 3 m) is not capable of capturing the 
information about water receiving and discharging processes that occur at such a fine scale. On the other hand, 
if a uniform high spatial-resolution scheme were to be adopted, the calculations required would be prohibitively 
time-consuming.

Hence, in order to obtain a trade-off between accuracy and efficiency, two spatial resolutions are considered in the 
model: farm-level (3 m × 3 m) and panel-level (0.1 m × 0.1 m) (Figure 1c). Nested rectangular grids are applied 
to the ground surface for running the simulation: coarse-grid meshes (or farm-level grids) are first produced for 
the whole computational domain (i.e., the whole USF), and then the grids installed with PVs are identified and 
locally refined as panel-level grids. The grids of these differing resolutions are interactively connected through 
water transfer and storage processes: topography-driven runoff and infiltration are calculated in the coarse grids, 
while at the same time the PV-enhanced runoff and infiltration are estimated in the fine grids. However, in 
each calculation iteration, topography-driven runoff into a coarse grid with PV installation is set to be evenly 
distributed over the corresponding fine grids, and as additional water input, to calculate the routing infiltration. 

Figure 1.  Schematic diagrams of the SOFAR model and the locally refined grid structure, and the runoff flow path on an individual photovoltaic panel (PV). Structure 
and feedbacks among the sub-models of the SOFAR model (a). Locally refined grids used in the SOFAR model, where the blue coarse grid indicates a photovoltaic 
array (which in turn consists of 20 single PVs) (b). Schematic diagram of fine-grid structure applied to the underlying ground surface, the narrow gap between two 
adjacent PVs, and simplified schematic drawing of runoff path on a PV (c).
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Definition Parameter Grass Shrub

Soil parameters (units)

  Soil porosity (v v −1) n 0.55 0.55

  Active soil depth (mm) Zr 600 600

  Time step (d) t 1 1

  Saturated hydraulic conductivity (cm d −1) KS 50.8 50.8

  Empirical constant N 2 2

  Empirical constant b 1.62 1.62

  Field capacity (v v −1) Sfc 0.4 0.3

  Bare soil infiltration capacity (mm d −1) Ib 8 a 5 a

  Vegetation infiltration capacity (mm d −1) IV 15 a 10 a

  Incipient stomatal closure (v v −1) S* 0.14 b 0.10 b

  Wilting point (v v −1) Sw 0.06 0.042

  Hygroscopic point (v v −1) Sh 0.03 c 0.03 c

  Critical soil evaporation (mm d −1) Emin 0.1 0.1

Photovoltaic panel parameters (units)

  Inclination angle (°) β 37.2

  PVs' re-radiation coefficient (%) η 0.6 d

  Rainfall interception coefficient (m 2 m −2) Kp 0.3

Vegetation parameters (units)

  Empirical constant (−) k1 0.384 e 0.384 e

  Specific leaf area index for living biomass (m 2 g −1) Cg 0.06 e 0.09 e

  Specific leaf area index for dead biomass (m 2 g −1) Cd 0.062 a 0.094 a

  Minimum temperature for photosynthesis (°C) Tmin 7 e 5 e

  Optimum temperature for photosynthesis (°C) Topt 25 e 25 e

  Minimum root-to-shoot ratio (−) rx 0.15 1.05 e

  Maintenance respiration coefficient for aboveground parts (g DM g DM −1) ma 0.08 e 0.008 e

  Growth respiration coefficient for aboveground parts (g DM g DM −1) ga 0.15 e 0.18 e

  Maintenance respiration coefficient for belowground parts (g DM g DM −1) mr 0.03 e 0.02 e

  Growth respiration coefficient for belowground parts (g DM g DM −1) gr 0.11 e 0.08 e

Erosive parameters (units)

  Density of the sediment (kg m −3) ρs 1,200

  Porosity of the sediment (v v −1) np 0.2 f

  Empirical coefficient (−) m1 0.6 f

  Empirical coefficient (−) n1 0.8 f

  Maximum diffusion coefficient (m 2 s −1) Dmax 0.002 g

  Minimum diffusion coefficient (m 2 s −1) Dmin 0.001 g

  Maximum erodibility for bare soil (−) βb 0.04 f

  Erodibility for covered soil (−) βv 0.02 f

  Minimum erodibility for soil (−) βmin 0 f

Note. The values labeled “a” through “f” are estimated through a genetic algorithm (GE) based on the initial values or ranges reported in the literature.
 aYetemen et al. (2015).  bIstanbulluoglu et al. (2012).  cLaio et al. (2001).  dHu et al. (2016).  eNouvellon et al. (2000).  fSaco and Mariano (2013).  gSun et al. (2016).

Table 1 
Model Parameter Definitions and Values Estimated for the Hongsibu Site
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Based on the updated soil moisture resulting from the routing infiltration, the PV-enhanced runoff and the local 
infiltration in the fine grids are determined, then averaged and assigned back to the corresponding coarse grid.

Besides runoff and infiltration, we also adopt a similar strategy to upscale the PV-induced changes—e.g., soil 
moisture content, leaf area index, vegetation coverage, etc.—from panel level to farm level (Figure  1). The 
method can be generally described as:

Val𝐹𝐹𝑖𝑖 =

(

𝑁𝑁
∑

𝑗𝑗=1

val𝑃𝑃𝑗𝑗

)

𝑁𝑁
for 𝑖𝑖th grid installed PVs

� (1)

where Val
𝐹𝐹
𝑖𝑖  is the value of the ith grid of the farm-level installed PVs; val

𝑃𝑃
𝑗𝑗  represents the value of the jth grid of 

the panel-level; and N is the total number of grids divided at the panel-level.

To the best of our knowledge, this study is the first attempt to explicitly describe these processes across the life 
span of a USF within the framework of a PV-effect model at the mesoscale (i.e., solar-farm scale). Compared to 
the modeling studies at the PV-unit level—for example, Elamri et al. (2018) focused only on the rainfall inter-
ception of PVs, Jahanfar et al. (2020) only on radiation reduction—the salient aspect of SOFAR is the explicit 
treatment of both rainfall concentration and radiation harvesting in USFs. Compared to other modeling works at 
utility or larger scales—for example, Barnard et al. (2017) and Edalat and Stephen (2017) simply treated PVs as 
an impervious surface on the ground (infiltration could not be permitted under the panels, as would occur under 
real-world conditions); Walston et al. (2021) plainly represented erosion as a function of landscape characteristics 
(e.g., vegetation cover or slope), without considering the enhanced splash erosion along the driplines caused by 
PVs' being elevated above the ground—SOFAR not only overcomes the shortcomings of these previous models, 
but also benefits from elaborating the importance of landscape ecohydrologic and geomorphic feedbacks, to 
improve the environmental impact assessment of USFs by incorporating the modules of vegetation growth and 
landform evolution into the model.

�(1)	� Soil Moisture Dynamics
�In the SOFAR model, the soil moisture dynamics were simulated using a bucket concept, following the general 
scheme described in Rodriguez-Iturbe (2000). The root-zone average soil water balance equation is described 
as Equation 2, which is solved using the finite difference method.

𝑛𝑛𝑛𝑛𝑟𝑟

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 𝑃𝑃in − 𝐼𝐼 −𝑅𝑅 − ET(𝑆𝑆𝑆LAI𝑡𝑡,LAI𝑔𝑔,Rain) +

𝜕𝜕𝜕𝜕(𝑆𝑆)

𝜕𝜕𝜕𝜕
� (2)

�where n represents the soil porosity; Zr (mm) is the effective root depth; S is the average relative volumetric 
water content of the soil profile; t (d) is the time step; Pin (mm) is the daily precipitation amount (its value is 
equal to the intercepted rainfall (IPVs) if a PV is present); I (mm) is the canopy interception loss; R (mm d −1) 
represents the runoff; ET (mm d −1) is the evapotranspiration, which is a function of soil moisture content (S), 
leaf area index (i.e., the total leaf area index LAIt, and the index of the green leaf area LAIg; both of them will 
be defined later in Equations 20–22), and available radiation (Rain), including actual evaporation from soil E 
(mm d −1) and actual daily transpiration T (mm d −1); and K (cm h −1) is the hydraulic conductivity. Available 
radiation includes two types: the natural net radiation (estimated in Appendix  A) and available radiation 
beneath the PVs.
�The amount of infiltration (Ia)—the effective precipitation—is restricted by three factors: available water, 
infiltration capacity, and available pore space in the root zone (Yetemen et al., 2015).

𝐼𝐼𝑎𝑎 = min{𝑃𝑃in − 𝐼𝐼 +𝑅𝑅in, 𝐼𝐼𝑐𝑐 , 𝑛𝑛𝑛𝑛𝑟𝑟(1 − 𝑆𝑆)}� (3)

�where Rin (mm) is the runoff from upstream sources.
�Vegetation enhances soil infiltration capacity through increasing pore structures, as has been verified by field 
experiments and modeling studies (Dunne et al., 1991). Therefore, infiltration capacity (IC), accounting for the 
effects of both soil characteristics and plant dynamics, is expressed as the weighted average of the IC of bare 
soil (Ib) and of a fully averaged surface (IV). In Equation 5, the vegetation cover rate (Vt) is derived from total 
leaf area index (LAIt) (Yetemen et al., 2015), which is affected by the PVs through altering rainfall distribution 
and available radiation.

𝐼𝐼𝑐𝑐 = 𝐼𝐼𝑏𝑏(1 − 𝑉𝑉𝑡𝑡) + 𝐼𝐼𝑉𝑉 𝑉𝑉𝑡𝑡� (4)
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𝑉𝑉𝑡𝑡 = 1 − exp (−0.75LAI𝑡𝑡)� (5)

�Surface runoff depth (mm) is expressed as a mass balance among precipitation, canopy interception, infiltra-
tion, and runoff from upstream sources.

𝑅𝑅out = 𝑃𝑃in − 𝐼𝐼 − 𝐼𝐼𝑎𝑎 + 𝑅𝑅in� (6)

�The total evapotranspiration from a fragmented landscape is calculated as the sum of the soil evaporation and 
canopy transpiration. The potential transpiration (Tmax, mm d −1) and evaporation (Emax, mm d −1) are calculated 
through the Penman-Monteith equation, modified with the canopy coverage of green leaves (fg) and percent-
age cover of bare soil (fs) referring to the separation method described in Nouvellon et al. (2000), respectively.

𝑇𝑇max = 𝑓𝑓𝑔𝑔

Δ(𝑅𝑅𝑎𝑎 − 𝐺𝐺) + 𝜌𝜌𝑎𝑎𝑐𝑐𝑝𝑝(𝑒𝑒𝑠𝑠 − 𝑒𝑒𝑎𝑎)∕𝑟𝑟𝑎𝑎𝑎𝑎

𝜆𝜆
[

Δ + 𝛾𝛾(1 + 𝑟𝑟𝑠𝑠𝑠𝑠∕𝑟𝑟𝑎𝑎𝑎𝑎)
]� (7)

𝐸𝐸max = 𝑓𝑓𝑠𝑠

Δ(𝑅𝑅𝑎𝑎 − 𝐺𝐺) + 𝜌𝜌𝑎𝑎𝑐𝑐𝑝𝑝(𝑒𝑒𝑠𝑠 − 𝑒𝑒𝑎𝑎)∕𝑟𝑟𝑎𝑎𝑎𝑎

𝜆𝜆
[

Δ + 𝛾𝛾(1 + 𝑟𝑟𝑠𝑠𝑠𝑠∕𝑟𝑟𝑎𝑎𝑎𝑎)
]� (8)

�where Ra (MJ m −2 d −1) is the net radiation, which is replaced by Is for a grid with PVs; G (MJ m −2 d −1) repre-
sents the daily soil heat flux; (es − ea) represents the vapor pressure deficit of the air; ρa (kg m −3) is the average 
air density measured at constant pressure; cp (MJ kg −1°C −1) is the specific heat of air at a constant pressure; 
Δ is the slope of the saturated vapor pressure curve at air temperature Ta; rsc and rss are the surface resistances 
for a full canopy and bare soil, respectively; and rac and ras are the corresponding aerodynamic resistances for 
canopy and bare soil, respectively.
�The dependence of daily transpiration loss (Ta, mm d −1) on soil moisture is expressed as a piecewise function 
(Laio et al., 2001), wherein transpiration is equal to zero, because stomata are fully closed when the soil mois-
ture content drops below the wilting point (Sw).

�� =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

�max, �∗ < � < 1

�max
� −��
�∗ −��

, �� < � < �∗

0, 0 < � < ��

� (9)

�where S* represents the soil moisture threshold level for a plant when it starts to reduce transpiration under 
water stress (Srivastava et al., 2021). Just as for transpiration loss, evaporation loss from the soil is given by:

�� =

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

�max, �∗ < � ≤ 1

�min + (�max − �min) � −��
�∗ −��

, �� < � ≤ �∗

�min
� −�ℎ
�� −�ℎ

, �ℎ < � ≤ ��

0, 0 < � ≤ �ℎ

� (10)

�where Emin (mm d −1) is the soil evaporation when soil moisture content is equal to the wilting point, and Sh is 
the hygroscopic point.
�Hydraulic conductivity K (cm h −1) is a function of soil moisture content and saturated hydraulic conductivity 
(KS, cm d −1).

𝐾𝐾(𝑆𝑆) = 𝐾𝐾𝑠𝑠

(

𝑆𝑆

𝑆𝑆𝑓𝑓𝑓𝑓

)𝑁𝑁+𝑏𝑏+3

� (11)

�where Sfc (v v −1) is the field water content, and the constants N and b are empirical coefficients.

�(2)	� Roof Effects of PVs
�The roof effects of PVs are several. The PVs concentrate rainfall along their downslope edges, resulting in a 
downpour at those locations; the panels harvest radiation, causing a radiation reduction of about 67%–90% 
(Armstrong et al., 2016; Liu et al., 2019; Tanner et al., 2020); and the panels shade the subsurface soil. To 
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capture the roof effects of PVs, the AVrain model [Agrivoltaic Plot Rain Redistribution Model, proposed 
by Elamri et  al.  (2018)] was coupled into the SOFAR model to estimate the rainfall intercepted by the 
PVs and the related concentration of the rainfall process. The details of the method adopted in the SOFAR 
model to estimate the radiation harvested by the PVs are described in Wu et al. (2022), and are illustrated in 
Appendix A.
�Rainfall concentration. In the model, the irregular flow of water above the PVs is simplified to a homogeneous 
downward flow, which is injected into the driplines. The incidence angle (αrain) and the interception of rainfall 
are given by

tan (𝛼𝛼rain) = 𝑉𝑉𝑊𝑊 ∕𝑉𝑉𝐷𝐷� (12)

𝐼𝐼PVs = 𝑃𝑃in[cos(𝛽𝛽) − tan (𝛼𝛼rain) sin (𝛽𝛽)]𝐾𝐾𝑝𝑝� (13)

�where αrain is the incidence angle of the rainfall with respect to the vertical direction; VW (m s −1) is the average 
velocity of the wind at the site; VD (m s −1) is the velocity of the raindrops; IPVs (mm) is the amount of rainfall 
intercepted by the PVs; β represents the inclination angle of the PV; and parameter KP is the area coefficient 
(the ratio of the area of the PV to the area of the narrow drip zone), which represents the process of the PVs' 
concentrating rainfall into a narrow area.
�Radiation harvest. Different from natural surfaces, a part of the radiation absorbed by PVs is transformed into 
electricity. According to the energy balance equation, the available radiation of the area beneath a PV (Is) is 
given by

𝐼𝐼𝑠𝑠 = 𝐼𝐼PV(1 − 𝜀𝜀 − 𝛼𝛼PV)𝜂𝜂 + 𝐼𝐼𝑑𝑑𝑑𝑑� (14)

�where IPV represents direct radiation incident on the surface of the PV; ε is the energy transformation effi-
ciency of the PV, which is 0.18; αPV is the albedo of the PV's surface, equal to 0.1; η is the PV's re-radiation 
coefficient; and Ids is the available diffuse radiation of the sheltered area.

�(3)	� Vegetation Growth
�For the sake of simplicity of the model, the biomass of the whole plant is divided into three biomass pools: 
living aboveground biomass (Bag), standing dead biomass (Bad) (e.g., withered leaves and dead branches), and 
living root biomass (Br) (Nouvellon et al., 2000). The dynamics of the three biomass pools are described as 
the following differential equations with respect to daily time step:

𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎

𝑑𝑑𝑑𝑑
= (1 − 𝑎𝑎𝑟𝑟)𝑃𝑃𝑔𝑔 + 𝑇𝑇𝑟𝑟𝑟𝑟 −𝑅𝑅𝑎𝑎𝑎𝑎 − 𝑆𝑆𝑎𝑎� (15)

𝑑𝑑𝑑𝑑𝑟𝑟

𝑑𝑑𝑑𝑑
= 𝑎𝑎𝑟𝑟𝑃𝑃𝑔𝑔 − 𝑇𝑇𝑟𝑟𝑟𝑟 −𝑅𝑅𝑟𝑟𝑟𝑟 − 𝑆𝑆𝑟𝑟� (16)

𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎

𝑑𝑑𝑑𝑑
= 𝑆𝑆𝑎𝑎 − 𝐿𝐿� (17)

�where Pg (g DM d −1) is the daily gross dry matter fixed through photosynthesis; ar represents the dry matter 
allocation coefficient from aboveground parts to root tissues; Tra (g DM d −1) represents the carbohydrates 
transported from the roots to the living aboveground tissues; Rat (g DM d −1) and Rrt (g DM d −1) are total 
respiration from aboveground and root tissues, respectively; Sa (g DM d −1) and Sr (g DM d −1) represent the 
senescence rates of the living shoots and the roots, respectively; and L (g DM d −1) is the litter fall, which is 
affected by the amount of precipitation.
�Photosynthesis. Photosynthesis, the source of carbohydrates for the whole plant, is expressed as

𝑃𝑃𝑔𝑔 =

⎧

⎪

⎨

⎪

⎩

𝑅𝑅𝑎𝑎𝜀𝜀𝑐𝑐𝜀𝜀𝑙𝑙𝜀𝜀𝑒𝑒𝑓𝑓1(𝑆𝑆)𝑓𝑓2(𝑇𝑇air) for fully sky − exposed areas

𝐼𝐼𝑠𝑠𝜀𝜀𝑐𝑐𝜀𝜀𝑙𝑙𝜀𝜀𝑒𝑒𝑓𝑓1(𝑆𝑆)𝑓𝑓2(𝑇𝑇air) for the areas under the PVs
� (18)

�where the radiation term is equal to natural net radiation (Ra) for the natural case and the fully sky-exposed 
area (i.e., the gap area between two photovoltaic arrays; its value is equal to Is) for the area beneath the PVs; 
εc is the ratio of photosynthetically active radiation to extraterrestrial radiation; εI represents the efficiency of 

 19447973, 2023, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023W

R
035067 by T

est, W
iley O

nline L
ibrary on [28/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense137



Water Resources Research

LIU ET AL.

10.1029/2023WR035067

8 of 30

radiation absorption by green leaves; and εe is the energy efficiency. Functions f1 and f2 account for the stress 
incurred by soil moisture deficit and temperature, respectively.

𝜀𝜀𝑙𝑙 =

[

1 − 𝑒𝑒(−𝑘𝑘𝑙𝑙LAI𝑡𝑡)
LAI𝑔𝑔

LAI𝑡𝑡

]

� (19)

�where k1 is an empiric constant; LAIt is the index of the total leaf area, consisting of green and dead leaves; 
and LAIg represents the index of the green leaf area.

LAI𝑔𝑔 = 𝐶𝐶𝑔𝑔𝐵𝐵𝑔𝑔� (20)

LAI𝑑𝑑 = 𝐶𝐶𝑑𝑑𝐵𝐵𝑑𝑑� (21)

LAI𝑡𝑡 = LAI𝑔𝑔 + LAI𝑑𝑑� (22)

�where LAId is the index of the dead leaf area, and cg and cd are empirical coefficients for living and dead 
biomass, respectively.
�The effect of water stress on photosynthesis is estimated using the “static” water stress equation (Porporato 
et al., 2001) as a function of soil moisture condition and time.

�1(�) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1, �∗ < � < 1

1 −
[

�∗ −�
�∗ −�

]��
, �� < � ≤ �∗

0, 0 < � ≤ ��

� (23)

�where Ps is an empiric parameter referring to Yetemen et al. (2015).
�Air temperature (Tair, °C) affects photosynthesis through the moderating activity of enzymes, and those effects 
are expressed as a piecewise function.

�2(�air) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1, �opt < �air

1 − �opt − ��
�opt − �min

, �min ≤ �air ≤ �opt

0, �air < �min

� (24)

�where Tmin and Topt are the minimum and optimum temperatures, respectively, for photosynthesis.
�Allocation. Dry matter allocation patterns are imperative for simulating the spatial patterns and temporal 
dynamics of plant biomass in terrestrial ecosystems. Herein, optimal partitioning theory (i.e., to maintain the 
homeostasis of the different nutrients or materials necessary for vegetation growth, biomass is allocated in 
priority to the construction of the organs responsible for capturing the most limiting resource) is adopted in 
the model. The allocation coefficient (ar) is used to regulate the fractions of available carbohydrates allocated 
to aboveground and belowground parts. It is hypothesized that a balance must be maintained between shoots 
and roots such that the amount of aboveground phytomass does not exceed what the present root biomass can 
support (Nouvellon et al., 2000). This balance is described as:

𝐵𝐵𝑎𝑎𝑎𝑎 = 𝑟𝑟𝑥𝑥𝐵𝐵𝑎𝑎𝑎𝑎 − 𝐵𝐵𝑟𝑟� (25)

�where rx is the root-to-shoot ratio below which translocation occurs. If Bax > 0, biomass is transported from 
the shoots to the roots. Otherwise, there is no biomass allocation. Tar is calculated so that the root-to-shoot 
ratio is fixed to rx at a daily time step:

𝑟𝑟𝑥𝑥 =
𝐵𝐵𝑟𝑟 + 𝑇𝑇𝑎𝑎𝑎𝑎

𝐵𝐵𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑎𝑎𝑎𝑎
� (26)

𝑇𝑇𝑎𝑎𝑎𝑎 =
𝐵𝐵𝑎𝑎𝑎𝑎

1 + 𝑟𝑟𝑥𝑥
� (27)
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𝑎𝑎𝑟𝑟 =

⎧

⎪

⎨

⎪

⎩

1, 𝑇𝑇𝑎𝑎𝑎𝑎 > 𝑃𝑃𝑔𝑔

𝑇𝑇𝑎𝑎𝑎𝑎

𝑃𝑃𝑔𝑔
, 𝑇𝑇𝑎𝑎𝑎𝑎 ≤ 𝑃𝑃𝑔𝑔

� (28)

�However, ar is given a value of 0.71 when the shoot senescence rate exceeds 0.012 (Nouvellon et al., 2000).
�Root-to-shoot translocation. During early season regrowth, or later in the season under some circumstances 
(e.g., grazing has removed a critical amount of green biomass), carbohydrates will be transported from roots 
to shoots (Tra). It is assumed that this translocation has occurred when (a) the 10-day average soil temperature 
is higher than 12.5°C; (b) the average 5-day soil water potential is higher than −1.2 MPa; and (c) Br > rx Bag. 
If all three conditions are met, then:

𝑇𝑇𝑟𝑟𝑟𝑟 = 𝑡𝑡𝑟𝑟𝐵𝐵𝑟𝑟� (29)

�where tr is the proportion of dry matter of the roots translocated to the shoots (=0.005 at 25°C). It is assumed 
that translocation is a function of temperature, with a Q10 = 3 (herein, Q10 describes the change in respiration 
with a temperature rise of 10°C: e.g., a Q10 modeled to be 3 means the respiration triples per 10°C rise in 
temperature (Hans Lambers, 2019)).
�Respiration. For both aboveground and root tissues, the rate of respiration is divided into two components: 
maintenance respiration and growth respiration. For the whole plant, total respiration (Rt) is the sum of 
aboveground respiration (Rat) and root respiration (Rrt).

𝑅𝑅𝑎𝑎𝑎𝑎 = 𝑚𝑚𝑎𝑎𝑓𝑓3(𝑇𝑇air)𝐵𝐵𝑎𝑎𝑎𝑎 + 𝑔𝑔𝑎𝑎
[

(1 − 𝑎𝑎𝑟𝑟)𝑃𝑃𝑔𝑔 + 𝑇𝑇𝑟𝑟𝑟𝑟

]

� (30)

𝑅𝑅𝑟𝑟𝑟𝑟 = 𝑚𝑚𝑟𝑟𝑓𝑓3(𝑇𝑇air)𝐵𝐵𝑟𝑟 + 𝑔𝑔𝑟𝑟(𝑎𝑎𝑟𝑟𝑃𝑃𝑔𝑔)� (31)

�where ma and mr represent the maintenance respiration rates for aboveground and root tissues, respectively; 
and ga and gr are the growth respiration rates for aboveground and root components, respectively. Function 
f3(Tair) accounts for the effect of temperature on maintenance respiration rate with Q10 = 2.

�(4)	� Landform Evolution
�The topographic changes induced by the fluvial erosion and diffusive processes are simulated through the 
mass-transport continuity equation (Saco et al., 2007).

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 𝑈𝑈 −

∇ ⋅ 𝑞𝑞𝑠𝑠

𝜌𝜌𝑠𝑠(1 − 𝜂𝜂𝑝𝑝)
− ∇ ⋅ 𝑞𝑞𝑑𝑑� (32)

𝑞𝑞𝑠𝑠 = 𝛽𝛽1𝑞𝑞
𝑚𝑚1𝑆𝑆

𝑛𝑛1
𝑝𝑝� (33)

𝑞𝑞𝑑𝑑 = 𝐷𝐷𝐷𝐷𝑝𝑝� (34)

where z (m) is the topographic elevation; U (m d −1) is the rate of tectonic uplift, which is ignored over a short 
time period; ∇· is the divergence operator; qs (kg d −1 m −1) is the fluvial sediment transport per unit width; qd 
(m 3 d −1 m −1) is the diffusive mass transport per unit width; ρs (kg m −3) is the density of the sediment; ηp is the 
porosity of the sediment; β1 represents the rate of sediment delivery (m 2 g −1); SP is the topographic slope; and D 
(m 3 d −1 m −1) is the diffusion coefficient, to simulate diffusive transport processes (e.g., rainfall splash, soil creep).

Because vegetation could interfere with the erosion response of the landscape by affecting the rate of sediment 
delivery, vegetation coverage was introduced into the parameter β1 based on the work of Saco and Mariano (2013).

𝛽𝛽1 =

⎧

⎪

⎨

⎪

⎩

𝛽𝛽𝑏𝑏(1 − 𝑉𝑉𝑡𝑡)(1 − 𝛽𝛽𝑣𝑣𝐵𝐵𝐵𝐵𝑡𝑡), 𝛽𝛽𝑣𝑣𝐵𝐵 𝐵 1 − 𝛽𝛽min∕𝛽𝛽𝑏𝑏

𝛽𝛽min, 𝛽𝛽𝑣𝑣𝐵𝐵 ≥ 1 − 𝛽𝛽min∕𝛽𝛽𝑏𝑏

� (35)

where βb is the maximum erodibility for bare soil, which is assumed to decrease linearly with increasing biomass 
density at a rate given by βv to a minimum value given by βmin; and Vt (m 2 m −2) is the vegetation coverage 
(Equation 5).
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Field observations and modeling studies of rainfall splash erosion or rill erosion in arable land have reported a 
strong nexus between rainfall erosivity and rainfall intensity (Carollo et al., 2018; Mermut et al., 1997); however, 
this impact of rainfall intensity on rainfall splash erosion was not included in the work of Saco et al. (2007). In 
USFs, as PVs harvest rainfall and cause a concentrated downpour, the kinetic energy of the flow that drains from 
the panels was found to be greater than that of the rainfall alone (L. M. Cook & McCuen, 2013), resulting in an 
enhancement of rain splash erosion along the drip lines. Therefore, it could be problematic to assess the impact of 
USFs on landscape erosion without considering changes of rainfall intensity (or the kinetic energy of water flow-
ing out from the edges of the PVs). Consequently, two modified diffusion coefficients, Db and DPV, for natural 
conditions and the land below the PVs, respectively, are introduced into the SOFAR model, and calculated as an 
exponential function of rainfall according to the results in Carollo et al. (2018):

�� =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

��,min, �in < �min

�� max ⋅
[

1 − exp
(

�max −�in
�max −�min

− 1
)]

, �min ≤ �in ≤ �max

�max, �in > �max

� (36)

�PV =

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

�� min, �PVs < �min

[�� max�PV�� +�� max(1 − ��)]⋅
[

1 − exp
(

�max − �PVs
�max −�min

− 1
)]

, �min ≤ �PVs ≤ �max

�� max�PV�� +�� max(1 − ��), �PVs > �max

� (37)

where Pmax, 52.7 mm d −1 is the observed daily maximum precipitation from 1980 to 2017 at the Hongsibu site; 
and Pmin (mm d −1) is a threshold, and rainfall splash erosion does not occur when the daily precipitation falls 
below this threshold, because of canopy interception (Laio et al., 2001). However, the minimum diffusion coeffi-
cient, Dbmin, is not equal to zero when precipitation is lower than Pmin, because other diffusive erosion processes 
still occur. Dbmax is the maximum diffusive erosion rate. The most widely used method for estimating the kinetic 
energy of rainfall (Ke, in/h) described in L. M. Cook and McCuen (2013) and Wischmeier and Smith (1978), is 
given by Equation 38. According to Equations 12 and 13, the amount of rainfall harvested by PVs is about five 
times that of natural rainfall, while the area of the drip line (Ar) is only one-six of the shaded area below the PVs 
(i.e., the projection area of PVs on the ground) (Figure 1c). Accordingly, the value of the kinetic energy parameter 
(KPV), which was adopted to represent the changes of kinetic energy, was calculated from these three equations 
and is equal to 5.9.

𝐾𝐾𝑒𝑒 = 916 + 330 log
10
𝑃𝑃in� (38)

2.1.2.  The Hydrological Connectivity Index

Hydrological connectivity (HC) describes the internal physical linkages between runoff/sediment generation 
in the upper parts of a catchment and the water/sediment received through the fluvial system (Hooke,  2003; 
Van Nieuwenhuyse, 2012). Although the term HC is also used for subsurface flow (Buttle et al., 2004), we only 
consider Hortonian overland flow in this work, as it is the main runoff-generating mechanism in arid and semi-
arid environments (Bryan & Yair, 1982). Since this study is concerned more with erosion behaviors than with 
other hydrological processes following the installation of USFs, we use a topography-based index of connectivity 
(HC) to understand hydrologic relationships among different parts of the catchment, and quantify the potential 
connections between hillslopes and features that act as targets or storage areas (sinks) for transported sediment. 
The index is defined as the ratio of the upslope component of connectivity (Dup) to the downslope component of 
connectivity (Ddn) (Borselli et al., 2008; Cavalli et al., 2013), which reflects the probability of sediment delivery 
from source to sink as described in Appendix B with details:

HC𝑘𝑘 = log
10

(

𝐷𝐷up,𝑘𝑘

𝐷𝐷dn,𝑘𝑘

)

= log
10

⎛

⎜

⎜

⎜

⎜

⎝

𝑊𝑊𝑘𝑘 ⋅ 𝑆𝑆𝑘𝑘

√

𝐴𝐴𝑘𝑘

𝑘𝑘
∑

𝑖𝑖=𝑘𝑘

𝑑𝑑𝑖𝑖∕(𝑊𝑊𝑖𝑖 ⋅ 𝑆𝑆𝑖𝑖)

⎞

⎟

⎟

⎟

⎟

⎠

� (39)

 19447973, 2023, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023W

R
035067 by T

est, W
iley O

nline L
ibrary on [28/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense140



Water Resources Research

LIU ET AL.

10.1029/2023WR035067

11 of 30

where HCk is the HC of the kth grid; 𝑊𝑊  is the average weighting factor of the upslope contributing area (dimen-
sionless); 𝑆𝑆 is the average slope gradient of the upslope contributing area (m · m −1), which is the mean of all 
slopes in the upstream contributing area; A is the upslope contributing area (m 2); di is the length of the ith cell 
of the kth grid along the downslope path (m); Wk is the weight of the kth cell (dimensionless, Wi ranges from 0 
to 1); and Si is the slope gradient of the ith cell of the kth downslope grid (m · m −1). More details of the methods 
used to calculate the upslope and downslope components of HC can be found in Appendix B. The DEM from 
the landscape evolution module in the SOFAR model, and raster maps of weighting factors with resolutions of 
3 × 3 m based on the DEM (Appendix B), were applied as the main input data for calculating HC values. Accord-
ing to the definition in Appendix B, a higher value of HC means a higher hydrologic connectivity—in other 
words, a higher probability of sediment being transported from source to sink.

2.1.3.  Pipeline of the Simulation Approach

In this work, the SOFAR model is combined with the HC Index to achieve a simulation of USF effects on soil 
erosion in hilly environments (Figure 2). SOFAR is the key to the simulation approach, in which the four modules 
were tightly bound to simulate both the above- (e.g., radiation harvest, rainfall redistribution, vegetation biomass 
yield, LAI dynamics, flood generation, soil erosion, et  al.) and below-ground (e.g., soil moisture redistribu-
tion, soil biomass accumulation, et al.) dynamics of water, sediments, and vegetation, through ecohydrological 
processes such as infiltration, runon/runoff, and evapotranspiration. The module of soil moisture dynamics calcu-
lates the moisture balance of root-zone soil, with consideration of the processes of infiltration, run-off, drainage 
and evapotranspiration, and with the requirements of, as daily inputs, rainfall and radiation. The PV roof-effects 
module provides the estimation of PV-changed rainfall and radiation for the modules of soil moisture dynamics 
and vegetation growth. The vegetation growth module simulates the changes in vegetation and soil biomass, with 
consideration of both water- and energy-related changes caused by the roof effects of PVs in a USF. The landform 
evolution module is employed to determine the long-term erosion, and the model iteratively updates DEM at a 
daily timestep, with the inputs of calculated runoff and sediment from the upper slopes. The iterated DEM from 
the SOFAR model is then input into the SedInconnect tool to calculate the HC indexes, which in turn are used 
to analyze their relationship with the soil erosion occurring in the USF. A detailed flowchart of the simulation 
approach is illustrated in Figure 2.

Figure 2.  Pipeline of simulation of soil erosion and hydrologic connectivity in this study.
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2.2.  Site Description

Instead of using a virtual environment, this study used a real-world USF site (Hongsibu solar farm) for conduct-
ing the model simulations. Data sets from this site—e.g., climate, soils, USF design and DEM—were adopted to 
parameterize the model, to validate the model performance, and to provide a basis for scenario design. The site 
(37°61′N, 106°12′E; 1,350 m a.s.l.) is located in a hilly landscape (part of the Yellow River Basin, administra-
tively belonging to Wuzhong, China) at an elevation of 1,240–1,450 m, in the Loess Plateau of China (Figure 3a) 
(Zhang et al., 2021). This area has a typical temperate continental arid climate with an annual average tempera-
ture of 9.2°C (maximum daily temperature of 29.7°C and minimum daily temperature of −14.2°C). The average 
annual precipitation is approximately 186 mm, average annual potential evapotranspiration is about 2,387 mm, 
and average annual wind speed is about 2.9–3.7 m s −1 based on the last 38 years of available meteorological 
records (1980–2017 inclusive). The annual sunshine duration is up to 2,900–3,550 hr with total solar radiation 
of 4,936–6,119 MJ m −2 yr −1. The rainfall scarcity combined with abundant sunlight implies that this region has 
extensive potential for solar energy production (Guan et al., 2020). A large number of USFs have been built in 
this region, and the cumulative installed capacity of solar power had reached 7.81 GW by the end of 2020 (Sun 
et al., 2021; Tang & Low, 2020). The terrain in this region is hilly but not mountainous, and the predominant 
vegetation is mixed-shrub communities including Populus L., Zygophyllaceae, Ulmusglaucescens, Leguminosae, 
Elaeagnaceae, and so on (Zhang et al., 2022). After 6 years of operation, Artemisia annua (an annual herb) has 
become the dominant plant in the USF. However, Reaumuria soongorica (a perennial shrub) remains the domi-
nant plant in natural conditions outside the USF (Figure S2 in Supporting Information S1). The soil in this region 
exhibits a sandy loam texture (50% clay, 30% silt, and 20% sand). The main land use of the region is rural and 
consists predominantly of grazing—i.e., dry farm land.

The USF where we conducted the study was built in 2016 with an installation capacity of 200 MW. Native shrub-
lands were cleared and slightly leveled to the local terrain slope in order to build the solar farm. Solar modules 
were installed above the ground, and the disturbed ground was naturally recolonized by native grasses during 
the years following the installation. The PVs are arranged in east–west-orientated rows and inclined southward 
at a tilt angle of 36.2°, and the length and width of a single photovoltaic array (which consists of two sub-panels 
with a 3-cm gap between them) are 4 and 1 m, respectively (Figure 1c). Given the large area and rugged terrain, 
we selected only the northwest area of the solar farm (about 27 MW of generating capacity) with relatively 
uniform soil texture and significant topographical variation, for detailed study (Figure 3b). This section (hereinaf-
ter referred to as the “Hongsibu site”) covers an area of 232 ha of land, and 33.87% of the total site area is covered 
by the impervious PVs (the land footprint is about 2.8 ha MW −1). To comparatively analyze the effects of back-
ground HC on the hydrological responses in a USF, we further delineated three adjacent sub-catchments (T1–T3) 
within the Hongsibu site from the DEM (Figure 3b and Table 2). Onsite vegetation is maintained through sheep 
grazing or irregular mowing (less than once a year) as with many other solar farms in arid northwestern China 
(Wu et al., 2022).

Figure 3.  Map of Hongsibu site, and aerial view of the solar farm in the study site. Location of the experiment site, and 
meteorological variables and soil moisture monitoring instruments at the site (a); aerial view of the solar farm (shaded areas 
depict photovoltaic arrays) and the three sub-catchments selected within the solar farm (b).
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2.3.  Data Acquisition

The meteorological data from 1980 to 2016 (daily maximum and minimum 
air temperature, sunshine duration, and total precipitation, used to run the 
SOFAR model) (Ren et al., 2012), observed at the Wuzhong weather station—
which is about 40 km away from the solar farm (Figure 3a)—were obtained 
from the National Meteorological Science Data Center, China. The Wuzhong 
weather station and the Hongsibu site are close enough to each other—
especially when considering the open and uniform landscapes (topography, 
vegetation, etc.) in this region—that they experience very similar weather 
conditions and share almost the same surface conditions. Accordingly, histor-
ical records from the Wuzhong weather station represent reasonably well the 

weather conditions of the Hongsibu site. The 38 years of observations were input to a weather generation model 
(WeaGETS) (Chen et al., 2012), to stochastically generate a 50-year climate time series. Further, increased rain-
fall variability scenarios were produced by replacing local precipitation frequency (i.e., dry and wet periods in the 
WeaGETs) with the precipitation frequencies at other weather stations often experiencing torrential precipitation 
events and unpredictable droughts. Micrometeorological and soil-moisture data (from 04/27/2021 to 09/17/2022) 
at the site were collected using automatic weather stations and moisture sensors, and used to calibrate the SOFAR 
model. Three miniature weather stations were installed 50 cm above the ground at different positions beneath 
the PVs (i.e., Front, Middle, and Gap, according to water and light conditions, Figure 1c), and in the natural bare 
zone (set as Control) to measure the near-surface microclimates, including air temperature, relative humidity, 
precipitation, and wind velocity and direction. The volumetric soil moisture profiles (eight in total) were meas-
ured with a Time-Domain Transmissometer (TDT) (Acclima SDI-12, USA) at each zone (including the Control) 
and in-between positions (except for the Control); the probes were installed at four depths below the soil surface 
(10, 20, 40, and 60 cm) in each profile, and data were collected at 10-min scan intervals. The reference monitoring 
site (Control, with shrubs of short height, i.e., 0.2–0.5 m) was located in an open space approximately 100 m away 
from the PVs, so that it was assumed to not be affected by the PVs (Figure 3b). The VWC and meteorological 
observations were used to validate the model parameters. Furthermore, the fine landscape characteristics of the 
Hongsibu site (i.e., DEM) were obtained from unmanned aerial vehicle photogrammetry and ground surveys. The 
obtained DEM was then input into the SOFAR model for running the soil erosion processes.

2.4.  Parameterization and Scenario Setting

Before calibrating the parameters of the model, the most common parameter ranges were determined based on 
lab results, field survey results, and the related literature (Laio et al., 2001; Nouvellon et al., 2000). Eight months 
of field observations were divided into calibration period and validation period: that is, observed volumetric 
water content (VWC) from 04/27/2021 to 09/07/2021 and collected vegetation samples in July 2021 were used to 
estimate parameters through the genetic algorithm (GE) by varying local soil and vegetation parameters within 
physically plausible ranges at the site, and field VWC from 09/10/2021 to 11/19/2021 were used to validate 
the simulation results of the SOFAR model. Furthermore, the MODIS products of LAI (MOD15A2) (an 8-day 
composite data set at 500 m resolution) from 04/27/2021 to 09/16/2021 was collected, to calibrate the parameters 
of vegetation growth module. The estimated set of parameter values that could lead to a best fit of the modeled 
soil moisture behavior with the measured data was used to run the scenario analysis. GE is a randomized search 
algorithm based on natural selection and genetic mechanisms in biology, and was employed to estimate the values 
of parameters based on observation results, with the Nash–Sutcliffe efficiency coefficient (NSE) as the fitness 
function (Appendix C). GE searches among a population of offered parameters, and works with a coding of the 
parameter set using probabilistic transition rules (Cheng et al., 2006). In this study, six settings (the initial values 
of input parameters of the GE procedure) were defined before running GE, including number of variables, popu-
lation size, parent number, mutation rate, maximal generation, and minimal fitness value. Because the installation 
of runoff and sediment plots was not allowed at the Hongsibu site for safety reasons, the values of erosive param-
eters were set to empirical constants [for example, density (ρs) and porosity (np) of the sediment] as referred to in 
Saco et al. (2007), or to reported values (i.e., the diffusion coefficient, D) that were experimentally determined at 
a site with the same soil type and textural class on the Chinese Loess Plateau (Sun et al., 2016) (Table 1).

To estimate the effects of climate and terrain in controlling the effects of USFs on hydrological connectivity 
and soil erosion, nine scenarios were designed by altering the mean annual precipitation amount, the frequency 

Sub-catchment Length (m) Width (m)
Relief amplitude 

(m)
Mean 

slope (°)

T1 800 548 51.4 17.61

T2 547 305 49.8 19.74

T3 700 476 53 13.81

Table 2 
Characteristics of the Three Sub-Catchments Delineated in the Hongsibu 
Site
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of precipitation events, and the ground slope (Table  3). Scenario 1 (S1) adopted the local climatic variables 
and landscape of the Hongsibu site to assess soil erosion following the installation of the solar farm. Because 
USFs are widely distributed across the climate gradient (150–800 mm year −1) of the Chinese Loess Plateau (van 
Hateren et al., 2023), Scenarios S2 and S3 were designed to represent the cases where USFs were built at other 
sites with similar thick loess soil on the plateau (Zhu et al., 2018), but where annual precipitation is two-fold and 
three-fold that of the Hongsibu site, respectively. Additional numerical scenarios (S4–S6) with increased rainfall 
variability (or decreased rainfall frequency, but where the amounts of annual precipitation were set to be the same 
as scenarios S1–S3, Figures S3 and S4 in Supporting Information S1), were investigated, to highlight the impacts 
of varied rainfall patterns on hydrological behaviors in USFs in the context of climate change (Quijano-Baron 
et al., 2022).

Since terrain features (including slope, aspect, elevation, etc.) have been confirmed as among the major poten-
tial factors in controlling the hydrological behavior of any region (Baartman et al., 2013; Cavalli et al., 2013), 
we also included terrain variables in our scenario analyses. However, because PV arrangements are dominantly 
determined by aspect, for siting USFs in hilly environments (i.e., if the terrain aspect changed, PV arrangements 
would be changed considerably), we did not consider the aspect of terrain in these analyses. The influence 
of terrain in this study was evaluated via the scenarios S7–S9, in which a steeper terrain produced by 20% 
stretching of the DEM (DEMs) of the Hongsibu site, described as Equation 40, was added to the scenarios 1–3 
(S1–S3). Through this setting, about 1% of the PVs were distributed within areas where the slopes are steeper 
than 20°, which is the recommended slope limit for solar farm siting (Yang et al., 2019). To analyze the impact 
of catchment morphology, simulation results from the scenarios were also compared among the three delineated 
sub-catchments (T1–T3, Figure 3b, Table 2) at the Hongsibu site.

DEM𝑠𝑠 = 1.2 ⋅ (DEM𝑖𝑖 − DEMmin) + DEMmin� (40)

where DEMi represents the original value of the DEM of the ith grid, and DEMmin is the minimum value of DEM 
at the Hongsibu site.

Scenarios Description
Relief 

amplitude (m)
Mean slope (slope 

range)
Precipitation 
(mm year −1)

Rainfall 
variability 

(%)

With/
Without 

PVs

Increased annual precipitation

  Scenario 1 (S1) Baseline scenario with data from the Hongsibu site 88.43 12.96° (0.02°–55.56°) 186 465.87 S1pv/S1no

  Scenario 2 (S2) Same geomorphology as S1, but wetter meteorological 
conditions

377 355.46 S2pv/S2no

  Scenario 3 (S3) Same geomorphology as S1, but wettest meteorological 
conditions

506 381.60 S3pv/S3no

Increased rainfall variability

  Scenario 4 (S4) Same annual precipitation amounts and geomorphology as 
S1, but longer duration of precipitation intermittency

88.43 12.96° (0.02°–55.56°) 188 593.39 S4pv/S4no

  Scenario 5 (S5) Same annual precipitation amounts and geomorphology as 
S2, but longer duration of precipitation intermittency

390 560.57 S5pv/S5no

  Scenario 6 (S6) Same annual precipitation amounts and geomorphology as 
S3, but longer duration of precipitation intermittency

588 533.57 S6pv/S6no

Increased relief amplitude

  Scenario 7 (S7) Steeper hilly topography, but with meteorological 
conditions the same as S1

106.79 16.83° (0.04°–67.35°) 186 465.87 S7pv/S7no

  Scenario 8 (S8) Steeper hilly topography, but with meteorological 
conditions the same as S2

377 355.46 S8pv/S8no

  Scenario 9 (S9) Steeper hilly topography, but with meteorological 
conditions the same as S3

506 381.60 S9pv/S9no

Note. Annual rainfall variability (CV) was calculated as the ratio of the standard deviation (Std) of annual precipitation to annual average precipitation (Mean): 
CV = Std/Mean.

Table 3 
Summaries of the Simulation Scenarios
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In order to quantify the effects of the USF on soil erosion compared with the natural case, each scenario simu-
lation included two numerical experiments (Figure 2): (a) the natural case (e.g., S1no) and (b) the case with 
the PVs (e.g., S1pv) (as shown in Table 3). The case without the PVs is the baseline for comparison in each of 
the scenarios. To comprehensively reflect the effects of the USF on soil erosion, the length of the simulation 
period was taken to be 50 years, which is longer than the usual life span of a USF (20–30 years) (Oudes & 
Stremke, 2021). The 50-year simulation period was further divided into three stages: pre-construction period 
(i.e., natural conditions, 8 years), construction period (i.e., site preparation, 2 years), and operational period 
(i.e., the PVs successfully produce electricity, 40 years). As a result, through testing the differences in the simu-
lation results between different stages, the influences of PVs on hydrological behaviors in USFs can be further 
highlighted.

The pre-construction period was characterized by the natural land cover; vegetation in the areas with PVs 
installed was removed throughout the construction period, then native grasses filled in and grew there during 
the operational period of the USF. The scheme of removing vegetation throughout the construction period of the 
USF is parameterized by simply zeroing out the LAI. For the operation period, the SOFAR model uses functional 
plant types to represent the difference of vegetation type between solar farm and natural surface throughout the 
whole USF life span. Specifically, the vegetation parameters were divided into two groups: grass and shrubs 
(Table 1), and the parameters associated with grass were used for the grids when the case with the PVs installed 
was performed. Although slight land leveling was also applied at the Hongsibu site during its construction period, 
we did not consider this treatment in designing the scenarios, because we lacked details of this procedure and 
thus excessive uncertainties could have been introduced if incorrect information were included in the modeling.

3.  Results
3.1.  Model Performance and Parameter Calibration

Figure  4 shows the VWC response of the SOFAR model driven by the meteorological data observed at the 
Hongsibu site, with the parameter values presented in Table 1. The simulated soil moisture dynamics respond-
ing to rainfall and the intermittent droughts at the four different positions beneath the PVs were in overall good 
agreement with the field observations from 04/27/2021 to 11/18/2021 (NSE = 0.53–0.78). However, the SOFAR 
model slightly overestimated the soil moisture content of Gap and Front at the beginning of the growing season, 
and underestimated the soil moisture content of Front at the end of growing season (Figures  4a–4d). Slight 
underestimation also occurred in Middle at the beginning of the growing season. These inaccuracies may be 
attributed to the bias of input precipitation records, as evidenced by the differences in rainfall records from the 
miniature weather stations deployed in the USF even though they were located close to each other. To lower the 
uncertainties associated with the inputs (e.g., rainfall), we used the average time-series data from the weather 
stations as inputs to run the SOFAR model for later scenario analyses. Furthermore, the heterogeneity in soil 
compaction induced by different anthropogenic activity intensities is another likely reason for the modeling bias 
(Nawaz et al., 2013). For example, more frequent human disturbances (e.g., equipment maintenance and regular 
inspections) might lead to more soil compaction at the Gap and Front than at the Middle.

With respect to vegetation growth, the model captures well the dynamics of LAI in the whole USF (Figure 4e) as 
compared with the MODIS products of LAI (MOD15A2) (NSE = 0.91). However, there remains a slight diver-
gence in the simulated results, which might be attributed to the rough spatial resolution (i.e., 500 m) and possible 
over-simplicity of the model. Moreover, the LAI for different areas beneath and beside a PV module during the 
2022 growing season is plotted in Figure S5a in Supporting Information S1, and we found that the model-projected 
spatial gradient of LAI was in line with the observed vegetation pattern under the PVs (Figure S5b in Supporting 
Information S1). To validate the runoff projected by the SOFAR model, the reported runoff coefficients (defined 
as the surface runoff depth divided by rainfall) around the Hongsibu site (Zhang et al., 2004) were collected 
and compared with the model-predicted ones. Our results showed that the model-predicted runoff coefficients 
for the natural cases in Scenarios S1–S3 are well within the observed range. For example, the modeled runoff 
coefficients are between 0.001 and 0.03, and the reported runoff coefficients are between 0 and 0.08 (Figure 
S6a in Supporting Information S1). Furthermore, we also compared the modeled long-term mean values of soil 
erosion rate under natural conditions at the Hongsibu site (i.e., 0.07–0.33 mm yr −1) against the reported values 
from nearby areas. Our results indicate that the parameterization of the land evolution module reproduces well 
the range of soil erosion rates in this region (Table S1 in Supporting Information S1).
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Given that erosion and all the rest of the results are largely driven by runoff, a quick evaluation of before and after 
runoff with the USF installation is also needed. Although we did not have runoff or sediment measurements for 
the USF, nor were any such measurements available in any other similar sites in this region, we used some field 
observations to achieve a qualitative validation of before and after runoff (and erosion as well) associated with 
the USF installation. For example, regarding the model-predicated runoff enhancement by the USF, we collected 
a remotely sensed image (Gaofen-2, with the resolution of 0.8 m) taken on 10 October 2015 (before installation 
of the USF), and a UVA-image taken on 18 September 2022 (after installation of the USF) (Figures S6b and S6c 
in Supporting Information S1). An intermittent water pond formed by runoff from part of the USF was detected 
in both the images. We found that although very similar precipitation (i.e., 57.6 and 58 mm, respectively; Figures 
S6d and S6e in Supporting Information S1) was received during the 30 days before each of the image dates, a 
considerably larger area of the pond was recorded in the later one (134 m 2 vs. 3,075 m 2) (Figures S6b and S6c in 
Supporting Information S1). Based on the above efforts, we believe the simulations of the SOFAR model gener-
ally perform well, and provide a reasonably decent description of the dynamics of both the hydrological regimes 
and the vegetation cover in the USF.

3.2.  Effects of a Solar Farm on Soil Erosion

Figure 5a plots the annual erosion rate during the construction period of the USF and the natural (undisturbed) 
case, under the nine simulation scenarios. The human activities involved in the USF construction (i.e., remov-
ing vegetation) incurred 21.4%–74.84% increases in the soil erosion rate compared to that of the natural case, 
at the Hongsibu site. Meanwhile, the accumulative soil erosion depth increased by 0.15–0.77  mm when the 
USF construction was begun (Table S2 in Supporting Information S1). Specifically, compared to the natural 
case, the PVs incurred average increases of 74.83% (0.2 mm year −1), 43.47% (0.35 mm year −1), and 39.44% 
(0.38 mm year −1) in soil erosion rate for scenarios with different annual precipitation amounts (S1–S3, respec-

Figure 4.  Parameter calibration and validation of the SOFAR model at the Hongsibu site. Blue solid line and dashed line represent simulated and observed daily 
soil volumetric water content (VWC), respectively. The leaf area index (LAI) was validated by the MODIS products of LAI (MOD15A2) with an 8-day composite, 
throughout the growing season of 2021.
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tively) (Figure 5a; Figure S7a in Supporting Information S1). Under the scenarios with higher rainfall variability 
(S4–S6), the soil erosion rate in the USF increased by up to 30.08% (0.08 mm year −1), 27.98% (0.28 mm year −1), 
and 21.4% (0.26  mm  year −1), respectively, compared with the natural cases in these scenarios (Figure  5b; 
Figure S7b in Supporting Information  S1). Soil erosion rate in the USF increased only slightly, by 74.84% 
(0.2 mm year −1), 42.29% (0.37 mm year −1), and 38.18% (0.39 mm year −1), respectively, when relief amplitude 
increased by 20% (Scenarios S7–S9, Figure 5c; Figures S7c in Supporting Information S1).

As shown in Figure 5b; Figure S7 in Supporting Information S1, during the 40-year operating period of the 
USF, the soil erosion rate in the USF was significantly higher than that of the natural case for each of the nine 
simulation scenarios. Specifically, compared to the natural case, the soil erosion rates increased by 76.18% 
(0.17  mm  year −1), 60.34% (0.35  mm  year −1), and 44.29% (0.43  mm  year −1), respectively, for the scenarios 
with different annual precipitation amounts (S1–S3) (Table S3 in Supporting Information S1). When rainfall 
variability was enhanced, the differences in annual soil erosion rate (compared to the natural case) decreased, 
but the accumulative erosion depth increased: that is, the differences in annual soil erosion rates were 59.35% 
(0.19 mm year −1), 34.46% (0.33 mm year −1), and 25.35% (0.42 mm year −1), respectively, for Scenarios S4–
S6. Similar trends in the annual soil erosion rates were also found in the results of increasing relief-amplitude 
scenarios S7–S9: that is, 76.17% (0.17 mm year −1), 59.96% (0.38 mm year −1), and 43.42% (0.46 mm year −1), 

Figure 5.  Effects of the USF on soil erosion rate. Soil erosion rate throughout the construction period of the USF (i.e., with 
PVs), and soil erosion rate of the natural case (i.e., without PVs) (a); soil erosion rate throughout the operational period of 
the USF (i.e., with PVs), and soil erosion rate of the natural case (i.e., without PVs) (b); mean annual soil erosion rates of the 
pre-construction period, construction period, and operational period, respectively (c). The upper and lower edges of the boxes 
(in Panel b) indicate the 75th and 25th percentiles, respectively; the upper and lower short lines extending from the box edges 
indicate 1.5-fold the interquartile range, and the notches within the boxes indicate median values.
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respectively. Overall, our results showed that construction activities for the USF incurred more intensive soil 
erosion than did the natural case, and this increase in soil erosion was continuous throughout the whole study 
period (Figure 5c). Figure 6 plots the mean soil erosion rate of the natural case and the cases with PVs under 
the nine simulation scenarios, and the results showed that: (a) the soil erosion rate considerably increases along 
with the mean annual amount of precipitation in both the natural case and the simulation scenarios with the PVs; 
(b) the soil erosion rate has higher sensitivity to rainfall variability than to either annual precipitation amount or 
terrain relief amplitude. Furthermore, as shown in the map of soil erosion occurring over the whole site (Figures 
S8 and S9 in Supporting Information S1), a more serious erosion was clearly observed in the installation zones 
of the PVs, followed by the areas close to the river channel which are characterized by higher HC (Figure S10 in 
Supporting Information S1).

3.3.  Linking Hydrologic Connectivity to Soil Erosion in a Solar Farm

Figures 7a–7c plots the changes in runoff incurred by the USF compared with the natural case; the USF notice-
ably increased surface runoff. Specifically, during the installation period, construction activity for the USF 
incurred a 10.03%–72.87% increase of mean annual runoff, compared with the natural case; and during the 
long-term deployment of the USF, mean annual runoff was 99.18%–154.26% higher than that of the natural 
case (Table S4 in Supporting Information S1). Further, the hydrologic connectivity (HC) values throughout the 
construction period and the operational period were calculated. Figures 7d–7f shows that the USF incurred a 
0.08%–0.26% increase (p < 0.05) in HC during the construction period, and a 0.47%–0.91% increase (p < 0.05) 
in HC during the operational period. The construction activity of the USF increased the HC by averages of 
0.003, 0.004, and 0.002, respectively, for the scenarios with increased annual precipitation (S1–S3), increased 
rainfall variability (S4–S6), and increased relief amplitude (S7–S9), respectively, while after 40 years of oper-
ation of the USF, HC increased by up to 0.015, 0.014, and 0.013, respectively, for each group of scenarios 
(Figures 7d–7f).

We further compared the HC patterns of the delineated sub-catchments in the Hongsibu site (T1–T3). Over-
all, the areas close to the fluvial or basin outlets were usually associated with higher hydrologic connectivity 
(Figure  8a). The spatial-temporal patterns of background HC differed among the three sub-catchments, and 
the background HC values for the sub-catchments T1, T2, and T3 were −1.26, −1.99, and −2.18, respectively. 
Figures 8b and 8c plots the average HC values and the average erosion rates of three subbasins under the natural 
case. Our results show that the landscapes with higher hydrologic connectivity (i.e., higher HC value) were more 
likely to be exposed to the risks of soil erosion (Figures 8c and 8b; Table S5 in Supporting Information S1). 
Clearly the hypothesis “HC could be a critical indicator for sediment yield in a USF, and thus the long-term 
responses of soil erosion to USF installation and operation could be explained and understood in terms of HC” 
is true.

Figure 6.  Changes in the mean soil erosion rate (ER) for the nine simulation scenarios. Changes in the mean soil erosion rate 
in the natural case (a); changes in the mean soil erosion rate in the utility-scale solar farm (b).
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4.  Discussion
4.1.  Does a Solar Farm Increase Soil Erosion by Increasing HC?

In recent years, USFs with the potential to incur an increase in runoff or flood peak time have been reported (Nair 
et al., 2022). For example, L. M. Cook and McCuen (2013) reported that when compared to areas without a USF, 
PVs incurred 7% and 73% increases in storm runoff and peak discharge, respectively. Our predicted results also 
confirm that the USF incurred a 99.18%–154.26% increase in annual runoff (Figure 7a). As for soil erosion in the 
USF, previous researches have reported that PVs might be favorable for co-located vegetation (Adeh et al., 2018; 
Barron-Gafford et al., 2019; P. Cook, 2011; Marrou et al., 2013), which in turn might offset the erosion caused 

Figure 7.  USF-enhanced annual runoff, and mean hydrological connectivity (HC) for the entire USF. Compared to the natural case, changes in annual runoff of the 
USF for the increased annual precipitation scenarios (a), the increased rainfall variability scenarios (b), and the increased relief amplitude scenarios (c); compared to the 
natural case, changes in hydrological connectivity of the USF for the increased annual precipitation scenarios (d), the increased rainfall variability scenarios (e), and the 
increased relief amplitude scenarios (f). The blue and pink backgrounds represent the construction period and operational period of the solar farm, respectively.
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by concentrated flows caused by PVs. This effect, however, was not supported by our results. As shown in 
Figure 5b, our results showed that the soil erosion rate increased by 25.35%–76.18% after the installation of the 
USF. However, the vegetation recovery during the operational period could mitigate the erosion rate (Figure S11 
in Supporting Information S1). For example, the erosion rate of the construction period averaged 0.15 mm year −1 
higher than that of the operation period for Scenarios S1, S2, S7, and S8. Obviously, the positive effects from 
vegetation recovery are not sufficient to fully offset (although they still can mitigate) the negative effects of 
the PVs, especially when solar farms are built in areas characterized by high HC, where annual precipitation 
is higher, or where extreme precipitation events are frequent (as in the results of Scenarios S3, S4–S6, and S9, 
shown in Figure S11 of the Supporting Information S1). Furthermore, the variations in erosion rate between the 
construction period and the operation period also highlight the importance of considering dynamic vegetation in 
the study of the hydrologic response of USFs.

Soil erosion rate is a function of rain splash and runoff (Battany & Grismer, 2000). For a USF, rain splash is the 
dominant factor causing erosion because PVs redistribute rainfall and amplify its intensity along the driplines 
(∼ five times higher than natural rainfall intensity, at the Hongsibu site). However, rain splash erosion does 
not redistribute large amounts of soil; rather, it serves to detach soil particles for transport by runoff (Battany 
& Grismer, 2000). Our results indicate that runoff explains most of the changes of soil erosion in a solar farm 
(Figures 9a and 9b). However, we argue that runoff is not the only dominative factor for soil erosion when up to 
40 years of deployment of a USF are considered. Figure 7 shows that the USF enhanced HC throughout its whole 
life-span under different simulation scenarios, and Figure 9 further indicates that erosion rate is directly propor-
tional to HC. Accordingly, both the results prove that a USF could change both HC and the feedback between 
erosion and HC. In other words, while the USF changed HC at the site, the changes in HC could also have affected 
soil erosion by changing the capacity of the transporting sediment, which also further consolidates our hypothesis 
that HC could be a critical indicator for sediment yield in a USF, and the long-term responses of soil erosion 
to USF installation and development could be explained and understood in terms of HC. It also means that the 
spatiotemporal patterns of HC could help us identify the potential erosion risk in a USF.

Figure 8.  Map of hydrologic connectivity (HC), average HC values, and annual erosion rates of the three sub-basins. 
Hydrologic connectivity values for the three sub-basins under Scenario 1 (a); HC values of the three sub-basins (b); annual 
erosion rates of the three sub-basins. Different lowercase letters indicate significant differences among different sub-basins at 
a 0.05 threshold (c).
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Based on results predicted in this study, we conceptualized the mechanism of a USF's effect on soil erosion as 
a runoff-erosion-HC positive feedback: that is, an increase in runoff incurs serious soil erosion and necessitates 
more developed river networks, and such development represents higher HC and stronger sediment transport 
capacity, as well as more concentrated runoff. As a result, higher HC can further increase soil erosion due 
to changes in junction paths. For example, PVs act as an imperious cover, and thus rainfall is concentrated 
along the downslope edge of the panels, incurring increased runoff, as well as rain splash erosion risks (Holland 
et al., 2021; Smith et al., 2011). Raindrop impacts are responsible for particle detachment and the creation of 
micro topography (Josserand & Zaleski,  2003), and this local erosion in turn might potentially create addi-
tional pathways for runoff and increase HC, thus furthering soil degradation processes at larger scales (Elamri 
et al., 2018). Furthermore, vegetation may reshape this positive feedback, because a change in HC could precipi-
tate a feedback to vegetation dynamics by allowing more vegetation to grow along the flow paths, where water is 
more abundant and the sediment is rich in organic matter.

4.2.  Does Higher Background HC Aggravate the Effects of USFs?

Besides causing local erosion along the edge of the panel via enhanced kinetic energy (L. M. Cook & 
McCuen, 2013), the significantly concentrated rainwater on the ground surface near PVs seems more likely to 

Figure 9.  Relationships among soil erosion rate, annual runoff, and hydrologic connectivity. Relationship between soil erosion rate and annual runoff under scenarios 
with the installation of photovoltaic panels (PVs) (a) and the natural case (b); relationship between soil erosion rate and hydrological value (HC value) under scenarios 
with the installation of PVs (c) and the natural case (d). In panels (c and d), the blue and pink assembles represent the results of scenarios S1–S7, and scenarios S8 and 
S9, respectively. All data shown here are 5-year moving averages of the 50-year simulation results.
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generate Hortonian overland flow and floods on the slopes of hilly ground, and eroded soil under PVs is also more 
likely to reach a transport system in hilly environments, and subsequently result in considerable off-site sediment 
movement in USFs (Hernandez et al., 2014). For example, under the same precipitation conditions, we found that 
landscapes with higher HC were more likely to be exposed to the danger of soil erosion (Figure 8). Further, the 
more severe soil erosion in solar farms with higher relief amplitudes could be explained at least partly by the rela-
tively higher HC in steeper terrain (Figure 7), and the separated patterns of HC in Figures 7 and 9 indicate that the 
precipitation amount has a more intensive influence on erosion rate than does terrain relief amplitude. Because the 
relief amplitudes of Scenarios S7 to S9 were all enhanced, however, Scenarios S8 and S9 had higher precipitation, 
which would significantly affect the production of runoff and erosion, as well as the landscape evolution process. 
From the modeling results of this work, it is also interesting to find that even USFs with similar relief amplitudes 
could result in very different effects on the soil erosion processes, as more dramatic changes and higher HC were 
usually detected in areas where a solar farm was sited (Figures S8 and S10 in Supporting Information S1). This 
phenomenon might be related to the fact that higher HC often leads to shorter runoff time and larger runoff kinetic 
energy (Poesen et al., 2003), and thus is more likely to build connections between PV-caused erosion at local 
scales and sediment transfers at larger scales, in USFs with higher background HC (Holland et al., 2021; Smith 
et al., 2011). Similarly, increasing vegetation cover could lower the HC in USFs (Crompton et al., 2023), and thus 
significantly reduce the risk of erosion (Figure 5). The basic logic behind these measures is that they protect the 
surface by restricting the movement of sediment and increase the hydraulic conductivity of the soil, resulting in 
greater throughflow and less overland flow, thereby reducing HC and erosion (Phalane, 2021).

4.3.  Implications for Risk Control of USFs in Hilly Environments

USFs offer an opportunity to deliver ecosystem co-benefits, but their development and operation may also incur 
detrimental consequences to ecosystems (Randle-Boggis et al., 2020). Regarding the negative impact of USFs, 
some of the top concerns from governments and local communities are the risks of stormwater runoff and erosion 
(Brick, 2019; Chiabrando et al., 2009). Our results also confirmed that these risks are due to a 99.18%–154.26% 
increase in runoff after the installation of a USF (Figure 7). Further, our results showed that PVs could bring 
higher risks during the installation period than during the operational period, highlighting that vegetation protec-
tion is imperative for preventing erosion risk throughout the whole life span of a USF. Combining a USF planting 
process with allowing the naturally occurring vegetation to replenish itself with time can accomplish this goal  
(L. M. Cook & McCuen, 2013). Accordingly, where possible, herbaceous vegetation recruitment or re-establishment 
under the PVs is highly recommended, to protect soil stability and minimize soil erosion in a USF. When evalu-
ating the potential to co-locate vegetation with solar-farm infrastructure, the redistribution of rainfall by PVs—
which could potentially be used in concert with planting strategies to maximize plant growth or minimize soil 
erosion—should also be considered (Choi et al., 2020). It is noticeable that this research only focused on water 
erosion, but PVs could also significantly affect the wind field and thereby the wind erosion processes in a USF 
(Yadav et al., 2019). Although it is beyond the scope of this study, future works should consider accounting the 
contribution of wind erosion of soil in USFs, especially where wind hazards are a problem.

Based on our findings, from the perspective of hydrological connectivity, controlling the risks of stormwater 
erosion in USFs can also be achieved through measures that reduce the HC: for example, a gutter system can be 
installed to capture all the stormwater falling on the PVs and redirect it into a stormwater attenuation tank or infil-
tration soak-away (Phalane, 2021); on-site flood control structures (e.g., earthen berms, diversion ditches, and 
stormwater conveyance channels) can be constructed along the contour lines and across slopes for the purpose of 
intercepting surface runoff and diverting it to suitable outlets (Brick, 2019; Doorga et al., 2022; Murphy-Mariscal 
et al., 2018); buffer strips, detention basins or swales can even be built at the downgradient end of the application 
site to reduce the peak run-off rate or intercept extreme flows that may already be running offsite (Phalane, 2021). 
It is also recommended that erosion and silt management be considered carefully and monitored regularly in these 
hilly environments (Dhar et al., 2020; Phalane, 2021). This study provides a synthetic framework (i.e., SOFAR 
model) for the environmental impact (i.e., erosion risks) assessment of USFs, with the consideration of landscape 
ecohydrologic and geomorphic feedbacks over their life spans. The proposed method (i.e., combining the SOFAR 
model with an index of HC) also can serve as a decision support approach for the site selection and permitting 
process of a USF, based on the predicted spatial-temporal patterns of landform erosion and HC. Nevertheless, 
more studies should be carried out in order to further improve the assessment of the environmental impacts of 
USFs in a wide range of practical situations and PV-installation configurations.

 19447973, 2023, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023W

R
035067 by T

est, W
iley O

nline L
ibrary on [28/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense152



Water Resources Research

LIU ET AL.

10.1029/2023WR035067

23 of 30

5.  Conclusions
The potential effects of USFs on soil erosion in hilly environments were investigated through modeling efforts 
in this work from the perspective of hydrological connectivity. Specifically, our results show that the selected 
USF considerably increased runoff (99.18%–154.26%), and incurred about 21.4%–74.84% and 25.35%–76.18% 
increases in soil erosion rate throughout the construction period and the operational period, respectively. Both 
the precipitation features (i.e., amount and variability) and the relief amplitude of the terrain were confirmed 
as important controlling factors for soil erosion; however, soil erosion processes are most sensitive to rainfall 
variability. Similarly, the USF incurred 0.08%–0.26% (p < 0.05) and 0.47%–0.91% increases (p < 0.05) in HC 
during the construction period and the operational period, respectively. In the USF, more serious erosion was 
also detected in the installation zones of the PVs, followed by the areas close to the river channel. The hypothesis 
that HC could be a critical indicator for sediment yield in a USF, and thus the long-term responses of soil erosion 
to USF installation and development could be explained and understood in terms of HC, was proved to be true. 
Our findings reveal the fundamental role of a USF in controlling the water and sediment yield of catchments and 
topography organization. We confirmed that USFs can increase soil erosion, mainly by increasing local HC and 
runoff, and higher background HC can in turn further aggravate the effects of USFs on soil erosion. Accordingly, 
through suitable USF designs and storm-water management that can potentially reduce the HC or at least prevent 
any increases in it, erosion-related risks caused by PVs within and around USFs can be considerably lowered. The 
outcomes from this study provide useful guidance for assessing the potential hydrologic effects of USF instal-
lation and operation in hilly environments—important information for those who plan, design, and deploy USF 
projects, especially in the context of climate change and increasing land scarcity.

Appendix A
The components of the solar irradiance incident on an inclined photovoltaic panel (PV) are: beam radiation 
coming directly from the sun, diffuse radiation from the entire illuminated hemisphere, and ground-reflected radi-
ation. As reported in the literature, each of these components of solar irradiance incident on a PV is determined 
by calculating solar incidence angle (i), solar elevation angle (hc) (Diez et al., 2021; Passias & Källbäck, 1984), 
solar declination (δ), and hour angle (ω). Aspect-controlled radiation has been recognized as a vital driver respon-
sible for the co-evolution of vegetation, soil, and landscapes (Kumari et al., 2020; Yetemen et al., 2015; Zhou 
et al., 2013), which is also considered in this study, in order to avoid additional biases.

The daily extraterrestrial radiation (I0, w m −2) is estimated using the following equation:

𝐼𝐼0 = 1353

[

1 + 0.034 cos

(

2𝜋𝜋𝜋𝜋

365

)]

sin(ℎ𝑐𝑐)

sin(ℎ𝑐𝑐) + C
� (A1)

where parameter C, relating to atmospheric transparency, is an empirical coefficient, and solar elevation angle 
and solar incidence angle are estimated by Equations A2 and A3, respectively.

sin(ℎ𝑐𝑐) = sin(𝜑𝜑) sin(𝛿𝛿) + cos(𝜑𝜑) cos(𝛿𝛿) cos(𝜔𝜔)� (A2)

cos(�) = sin(�)[sin(�) cos(�) − cos(�) sin(�) cos(�)] + cos(�) cos(�)[cos(�) cos(�)
+ sin(�) sin(�) cos(�)] + cos(�) sin(�) sin(�) sin(�)

� (A3)

where parameters φ, β, and γ represent the latitude of the site, the inclination angle of the PV, and the azimuth 
angle of the PV (or aspect of each grid), respectively. The solar declination (δ) and the hour angle (ω) are given by

𝛿𝛿 = 23.45 sin

(

360
284 +𝑁𝑁

365

)

� (A4)

𝜔𝜔 = (𝜏𝜏 − 12)15
◦� (A5)

where N is the day of the year, and the solar time τ is given by

𝜏𝜏 = 𝑇𝑇 +

𝐸𝐸 − 4

(

12 − 𝐿𝐿log

)

60

� (A6)
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where T (h) is Beijing time, Llog is the local longitude, and E (min)—the corrected time difference attributable to 
the change in the speed of the earth's motion around the sun (Gualla, 2015)—is given by

𝐸𝐸 = 9.87 sin(2𝐵𝐵) − 7.53 cos(𝐵𝐵) − 1.5 sin(𝐵𝐵)� (A7)

𝐵𝐵 =
360(𝑛𝑛 − 81)

365
� (A8)

The total available solar radiation on an inclined PV is the sum of beam radiation, diffuse radiation, and 
ground-reflected radiation (Diez et al., 2021).

𝐼𝐼PV = 𝐼𝐼𝑏𝑏𝑏𝑏 + 𝐼𝐼𝑑𝑑𝑑𝑑 + 𝐼𝐼𝑟𝑟� (A9)

Beam radiation (MJ m −2) can be estimated based on extraterrestrial radiation (I0, W m −2). Beam radiation inci-
dent on a horizontal surface and on an inclined PV are given by Equations A10 and A11, respectively.

𝐼𝐼𝑏𝑏𝑏𝑏 = 𝐼𝐼0𝑃𝑃
𝑚𝑚

1
sin(ℎ𝑐𝑐)� (A10)

𝐼𝐼𝑏𝑏𝑏𝑏 = 𝐼𝐼0𝑃𝑃
𝑚𝑚 cos(𝑖𝑖)� (A11)

where P1—atmospheric transparency—is a constant. The constant m—atmospheric quality—is a function of 
solar elevation angle (m = 1/sin(hc)).

Diffuse radiation from the entire illuminated hemisphere incident on a horizontal surface is estimated as

𝐼𝐼𝑑𝑑𝑑𝑑 =
1

2
𝐼𝐼𝑏𝑏𝑏𝑏

1 − 𝑃𝑃𝑚𝑚

1 − 1.4ln(𝑃𝑃 )
� (A12)

Diffuse radiation from the sky incident on an inclined PV (Idβ), estimated from IdH, is given by the Klucher model 
of anisotropic distribution for all sky types (Klucher, 1979).

𝐼𝐼𝑑𝑑𝑑𝑑 = 𝐼𝐼𝑑𝑑𝑑𝑑 (1 + cos(𝛽𝛽))

[

1 + 𝐹𝐹 sin
3

(

𝛽𝛽

2

)]

[

1 + 𝐹𝐹 cos2(𝑖𝑖)cos3(ℎ𝑐𝑐)
]

� (A13)

𝐹𝐹 = 1 −

(

𝐼𝐼𝑑𝑑𝑑𝑑

𝐼𝐼0

)2

� (A14)

The radiation reflected by the ground surface, incident on an inclined PV under the anisotropic reflection assump-
tion (Diez et al., 2021), is presented thus:

𝐼𝐼𝑟𝑟 =
1

2
𝛼𝛼(𝐼𝐼𝑏𝑏𝑏𝑏 + 𝐼𝐼𝑑𝑑𝑑𝑑 )[1 − cos(𝛽𝛽)]

[

1 + sin
2

(

𝜋𝜋

4
−

ℎ𝑐𝑐

2

)]

� (A15)

where α is the ground albedo (i.e., the ratio of irradiation reflected from the ground to the irradiation incident on 
the ground).

Daily solar radiation values from 1980 to 2017 were not available; only daily sunshine duration (SSD) could be 
found. An alternative algorithm was therefore adopted to calculate the daily solar radiation. Daily solar radiation 
is equal to SSD multiplied by the daily average solar radiation, which is the average of all the per-hour solar radi-
ation values projected by Equations A1–A8. The model assumes that every growing season has the same average 
solar radiation at the daily scale, and this is produced on the basis of 12 hr of SSD, so that daily solar radiation 
can be calculated from SSD records. The total available solar radiation on the horizontal ground surface and on 
a PV can be calculated by

𝐼𝐼𝐺𝐺 =

12
∑

𝑗𝑗

(𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑)

12

� (A16)

𝐼𝐼PV =

12
∑

𝑗𝑗

(𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝐼𝐼𝑟𝑟𝑟𝑟𝑟)

12

� (A17)
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In a large-scale solar farm where the PVs are mounted in rows, there is a masking effect: that is, the PVs in all the 
rows except the first one experience a partial blocking of the hemispheric radiation, and thus there is a reduction 
in the amount of diffuse radiation they receive (Passias & Källbäck, 1984). Therefore, the total available radiation 
for the sheltered area is estimated as

𝐼𝐼𝑠𝑠 = 𝐼𝐼PV(1 − 𝜀𝜀 − 𝛼𝛼PV)𝜂𝜂 + 𝐼𝐼𝑑𝑑𝑑𝑑� (A18)

where ε is the efficiency with which a PV transfers the solar radiation to electricity, αPV is the albedo of the PV's 
surface, and η is the PV's re-radiation coefficient. IdS is the available diffuse radiation of the sheltered area.

𝐼𝐼𝑑𝑑𝑑𝑑 = 𝐼𝐼𝑑𝑑𝑑𝑑
𝜉𝜉

𝜋𝜋
� (A19)

where ξ is shading angle of the PV, which is given by

𝜉𝜉 = 𝜋𝜋 − arctan

(

ℎ

𝑊𝑊

)

− arctan

(

𝐻𝐻

𝐿𝐿 cos(𝛽𝛽) −𝑊𝑊

)

� (A20)

where h (m) and H (m) are the height of the front and rear edges of the PV, respectively; L (m) is the length of the 
PV; and W (m) is the distance from a point in the sheltered zone to the front edge of the PV.

Appendix B
As introduced in Borselli et  al.  (2008), the sediment delivery ratio, one of the core contents of hydrologic 
connectivity, was determined by two aspects: (a) Upslope characteristics. For example, large basins have a lower 
sediment delivery ratio, because larger basins are characterized by lower average slope and tend to have more 
sediment storage capacity; (b) Downslope characteristics. For example, the path between source and sink of sedi-
ment is affected by topographic roughness and slope. Accordingly, a reasonable hydrological connectivity (HC) 
index should reflect both the above effects, and that fact is exactly the content of the HC index used in this study.

As described above, HC could be explained with the probability of sediment's reaching the source (defined as 
Pu), and the probability of the sediment's arriving at the sink from the source (defined as Pd). Accordingly, the 
probability of sediment in the source reaching the sink (P) can be expressed as:

𝑃𝑃 = 𝑃𝑃𝑢𝑢𝑃𝑃𝑑𝑑� (B1)

Downslope components. First, it is assumed that there is a negative relationship between Pd and segment length d, 
because a longer flow path creates higher resistance and more loss of kinetic energy. However, other factors (e.g., 
vegetation cover, roughness, characteristics of the underlying surface, and slope) also influence Pd. For example, 
a rougher surface creates higher resistance for the transfer of sediment, but steeper topography generates a higher 
transfer capacity for sediment. Therefore, a weight factor (W), based on roughness, was introduced, to consider 
the effects of the underlying surface on sediment delivery, and the downslope component of HC can therefore be 
written as:

𝐷𝐷dn =

∑

𝑖𝑖

𝑑𝑑𝑖𝑖

𝑊𝑊𝑖𝑖𝑆𝑆𝑖𝑖
� (B2)

where di (m) represents the length of the ith grid along the downslope path; Wi is the weight of the ith grid; and 
Si is the slope gradient of the ith grid. In this study, the topographic method was used to calculate the weighting 
factor (Cavalli et al., 2013), that is,:

𝑊𝑊 = 1 −

(

RI

RImax

)

� (B3)

RI =

√

√

√

√

√

√

25
∑

𝑖𝑖=1

(𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑚𝑚)

25

� (B4)
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where RI is residual topography; xi is the value of one specific grid of the residual topography within the moving 
window; xm is the mean elevation of 25 grids, and RImax is the maximum value of RI in the 25 grids. Based on 
Equations B2–B4, we can find the negative relationship between roughness and weighting factor, and a rougher 
surface is associated with a lower weighting factor but higher Ddn. However, a rougher surface means a higher 
resistance of sediment delivery. Finally, the probability Pd is inversely proportional to Ddn, that is,:

𝑃𝑃𝑑𝑑 ∝ 𝐷𝐷−1

dn
� (B5)

Upslope component. The upslope component (Dup) is the potential sediment quantity for the downslope sink, 
which is dependent on the area of upslope catchment and other factors such as Ddn. Based on Equation B3, a 
rougher surface means a lower weight factor, a lower slope is related to a lower probability of sediment reaching 
the source, and the potential sediment quantity is dependent on the area of the upslope catchment. Thus, Dup can 
be estimated as:

𝐷𝐷up = 𝑊𝑊 ⋅ 𝑆𝑆
√

𝐴𝐴� (B6)

where 𝑊𝑊  is the average weighting factor of the upslope contributing area; 𝑆𝑆 is the average slope of the upslope 
contributing area; and A is the upslope contributing area. Here, the square root of A is used, to retain the same unit 
of Ddn. Accordingly, based on Equation B6, Pu is directly proportional to Dup:

𝑃𝑃𝑑𝑑 ∝ 𝐷𝐷up� (B7)

Thus, Equation B1 could be written as:

𝑃𝑃 = 𝑃𝑃𝑢𝑢𝑃𝑃𝑑𝑑 ∝
𝐷𝐷up

𝐷𝐷dn

=
𝑊𝑊 ⋅ 𝑆𝑆

√

𝐴𝐴
∑

𝑖𝑖

𝑑𝑑𝑖𝑖

𝑊𝑊𝑖𝑖𝑆𝑆𝑖𝑖

� (B8)

However, the rightmost term can easily vary over orders of magnitudes (making it especially sensitive to changes 
in denominator), and thus it was more convenient to adopt the logarithm of Equation B8, that is,:

HC𝑘𝑘 = log
10

(

𝐷𝐷up,𝑘𝑘

𝐷𝐷dn,𝑘𝑘

)

= log
10

⎛

⎜

⎜

⎜

⎜

⎝

𝑊𝑊𝑘𝑘 ⋅ 𝑆𝑆𝑘𝑘

√

𝐴𝐴𝑘𝑘

𝑘𝑘
∑

𝑖𝑖=𝑘𝑘

𝑑𝑑𝑖𝑖∕(𝑊𝑊𝑖𝑖 ⋅ 𝑆𝑆𝑖𝑖)

⎞

⎟

⎟

⎟

⎟

⎠

� (B9)

Here, the value of term 𝑊𝑊 ⋅𝑆𝑆
√

𝐴𝐴
∑

𝑖𝑖

𝑑𝑑𝑖𝑖
𝑊𝑊𝑖𝑖𝑆𝑆𝑖𝑖

 is in the range of (0,+∞). Zero occurs when the terrain is absolutely flat, and +∞ 

occurs when upslope catchment is sufficiently large. Thus, the HCk is in the range of (−∞,+∞). Meanwhile, due 
to logarithmic function was a monotone increasing function, the larger value of 𝑊𝑊 ⋅𝑆𝑆

√

𝐴𝐴
∑

𝑖𝑖

𝑑𝑑𝑖𝑖
𝑊𝑊𝑖𝑖𝑆𝑆𝑖𝑖

 meant a higher HCk, and 

thus higher connectivity (or higher probability of sediment transported from source to sink).

Appendix C

The statistical index, Nash–Sutcliffe efficiency coefficient (NSE), was used for assessing the accuracy of the 
SOFAR model.

NSE = 1 −

∑𝑛𝑛

𝑖𝑖

(

𝑄𝑄𝑖𝑖

0
−𝑄𝑄𝑖𝑖

𝑆𝑆

)2

∑𝑛𝑛

𝑖𝑖

(

𝑄𝑄𝑖𝑖

0
−𝑄𝑄0

)2� (C1)

where 𝐴𝐴𝑖𝑖

0
 and 𝐴𝐴𝑖𝑖

𝑆𝑆
 are observation and simulation results of daily VWC (v/v), respectively; i is the number of days 

in the calibration period; and 𝑄𝑄0 is the average of the field observations of soil moisture content.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

 19447973, 2023, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023W

R
035067 by T

est, W
iley O

nline L
ibrary on [28/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense156



Water Resources Research

LIU ET AL.

10.1029/2023WR035067

27 of 30

Data Availability Statement
Daily meteorological observations (1980–2016) are available from Ren et  al.  (2012), although these are not 
publicly available due to the copyright protection of the China Meteorological Data Service Center. However, 
they are available when registration is completed and the data request is approved. The MODIS products of 
LAI (MOD15A2, an 8-day composite data set at 500m resolution) used in this study are available in Myneni 
et al. (2021). The field observations of biomass, soil moisture contents and other microclimates are available in 
Liu et al. (2023a), and the code for the SOFAR model (solar farm model, SOFAR) used in this study is available 
in Liu et al. (2023b). Code for the SedInconnect model used in this study is available in Stefano et al. (2021).
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management on flood generation 
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preservation purposes in the general case and also because
they are very likely to constrain the optimal irrigation and
local site management strategies on the cultivated plots. For
example, Diermanse (1999) showed that a correct simulation
of runoff could often be achieved on the watershed scale from
spatially averaged rainfall values, although clearly better re-
sults may be expected when explicitly accounting for the sub-
scale spatial patterns of rain distribution (Faurès et al., 1995;
Tang et al., 2007; Emmanuel et al., 2015). On the plot scale,
rain interception and redistribution by the crops (Levia and
Germer, 2015; Yuan et al., 2017) is already known to cause
strong spatial heterogeneities (through stemflow, throughfall
or improved water storage capabilities), thus raising multiple
questions on soil microbiology, non-point source pollution
and irrigation piloting (Lamm and Manges, 2000; Martello
et al., 2015). The presence of solar panels will provide sim-
ilar, additional issues close to those experienced in agro-
forestry when the vegetative cover is of various heights and
nature, with a direct impact on the spatiotemporal patterns of
rain redistribution (Jackson, 2000). In more detail and more
specifically, the interception of rain by the impervious sur-
face of the solar panels produces an “umbrella effect” that
delineates a sheltered area. By contrast, its contour receives
the collected fluxes, whose intensity or amounts may locally
exceed those of the control conditions, depending on the di-
mensions, height and tilting angle of the panels as well as
on wind velocity and direction. Cook and McCuen (2013)
stated that one benefit of grass growing was to damp or
even suppress any specific effect of solar panels on runoff on
the plot scale. This also constitutes valuable preventive mea-
sures against erosion issues arising from concentrated flows
in micro-gullies (Knapen et al., 2007; Gumiere et al., 2009)
or attributable to the direct mechanical effects of droplet im-
pacts, known as splash erosion (Nearing and Bradford, 1985;
Josserand and Zaleski, 2003).

Agricultural soils should preferentially not be left bare
under solar panel structures, because of increased risks of
runoff and erosion but, these are only the most severe par-
ticular cases among the diverse rain redistribution effects in-
vestigated in the present paper. These are possibly described
from geometrical arguments for an intuitive overview, sug-
gesting three categories of zones on the ground in the agri-
voltaic plots (AVs): (i) the non-impacted zones between pan-
els that receive the same rain amounts as the control site,
(ii) the sheltered zones located right under the panels that
receive far less rainfall than in the control conditions and
(iii) the border zones located where panels discharge the col-
lected rain amounts.

In most cultivated plots, the spatial heterogeneity of rain-
fall is limited before that of the other determinants of the
water budget and crop yield, typically the lateral and vertical
variations of soil properties and the non-uniformity of irri-
gation. Conversely, the presence of solar panels may cause
strong spatial heterogeneities possibly compared to that of
the water abduction systems used for irrigation, whose effi-

ciency is estimated from the values of a coefficient of uni-
formity (Burt et al., 1997; Playán and Mateos, 2006; Pereira
et al., 2002). This paper therefore aims at characterizing the
effective rain distribution in agrivoltaic plots from the calcu-
lation of discharge volumes at the outlet of the panels, de-
pending on their tilting angle. Moreover, the procedure ap-
plies to mobile panels endowed with 1 degree of freedom,
i.e. able to rotate around their support tube according to pre-
defined strategies, which defines and introduces “dynamic
agrivoltaism”. Water redistribution in soils is also affected
as briefly described here for coherence checks; it is not the
main scope of the paper though it is crucial for crop growth
and irrigation optimization.

Section 2 describes the experiments conducted on the
agrivoltaic plot (Sect. 2.1) and in controlled conditions
(Sect. 2.2), also presenting the AVrain model that predicts
rain redistribution by the solar panels (Sect. 2.3). Section 3
shows the experimental and modelling results, discussed in
Sect. 4. Section 5 gathers the conclusions and openings of
this work.

2 Material and methods

2.1 Field experiments

2.1.1 Agrivoltaic plot

The agrivoltaic plot (AV) located on the experimental domain
of Lavalette (Irstea Montpellier: 43.6466◦ N, 3.8715◦ E) cov-
ers an area of 490 m2 equipped with four rows of quasi-
joined agrivoltaic panels (PV) oriented north–south. The
rectangular panels are 2 m long and 1 m wide for a total sur-
face coverage of 152 m2. They are elevated at 5 m and part
of a metallic structure supported by pillars is separated by
6.4 m, forming square arrays, so as to allow agricultural ma-
chinery in the agrivoltaic plot. This coverage corresponds to
a “half-density” in comparison with a classical free-standing
plant. The tilting angle of the PV may vary between−50 and
+50◦ with reference to the flat, horizontal case. This 1 degree
of freedom rotation around the horizontal, transverse axis of
the panels is ensured by jacks. These may be controlled for
solar tracking during daytime or to obey other user-defined
time-variable controls. The measurement campaign spreads
from 18 October 2015 to 24 October 2016 and thus covers
a full year. It encompasses 41 monitored rain events, 12 of
which were recorded with a 1 min time step, among which
11 exhibit complete and reliable sets of data linked to the in-
coming and redistributed rain amount, as well as to the tilting
angle of the panels.

2.1.2 Effective rain and soil water content
measurements

The monitoring of rain amounts in the AV plot is ensured
by a series of 21 collectors of 0.3 m diameter, aligned and

Hydrol. Earth Syst. Sci., 22, 1285–1298, 2018 www.hydrol-earth-syst-sci.net/22/1285/2018/
205



Y. Elamri et al.: Rain concentration and sheltering effect 1287

Figure 1. Effective rain and soil water content measurement under
solar panels. Red arrows indicate the position of neutron probes, on
a line parallel to that of the collectors, 1 m before it. Some of the
P01 to P21 collectors have been identified on the picture for clarity.

joined so as to form a continuous line, centred under a PV
row and transverse to it (Fig. 1). In the following, the collec-
tors are termed P01 to P21 from west to east. In addition, P0
indicates the rain amount collected in control conditions, just
beside the AV plot. All rain amounts collected are expressed
as water depths (with 1 mm= 1 Lm−2). The recordings were
made for various angular positions of the PV, either held flat
or inclined (± 50◦) or during time-variable avoidance strate-
gies that mainly consist in minimizing rain interception by
the panels by deciding their titling angle based on wind direc-
tion. Rain amounts in the nearby control zone are measured
with a tipping bucket rain gauge (Young 52203, Campbell
Sci.). A wind-vane anemometer (Young 05103-L, Campbell
Sci.) allows the recording of the wind direction and velocity.

Soil water content is measured with neutron probes
(503DR Hydroprobe, CPN International) until 1 m depth.
The soil is predominantly silty and deep. Seven neutron
probes were installed at 0.0, 0.5, 1.0 and 3.2 m on both sides
of the axis of rotation of the PV row (Fig. 1). Measurements
are made once or twice a week on a regular basis but system-
atically before and after the events.

2.1.3 Experiments in controlled conditions

A reduced-size agrivoltaic device was built to characterize
the influence of the tilting angle of the panels in indoor con-
ditions, monitoring the collected rain amounts in the absence
of wind with a focus on the lateral redistribution on the width
of the panels (Fig. 2). The experimental device consisted of
a 2m×1m panel on a supporting structure of reduced height,
allowing tilting angles between 0 and 70◦. A rainfall simula-
tor composed of numerous fogging sprays was placed 1.8 m
above the flat position of the panel, ensuring quasi-uniform
rain conditions on the whole area of the panel, with tested
intensities of 20, 35, 60 and 70 mm h−1 selected to be repre-
sentative of the local rain intensities (corresponding to 1-, 3-,
16- and 32-year return periods, respectively). Water flowing

Figure 2. Experimental device used for indoor tests, focusing on
lateral rain redistribution on the width of the panel, for various com-
binations of rain intensities and tilting angles of the panel.

out of the panel was collected on a tilted plane on which 10
half-cylinders were fixed, pouring water in the corresponding
10 joined collectors of 0.1 m diameter, covering the width of
the panel. The collected amounts were weighted at the end of
each test and converted into water depths.

2.2 Rain redistribution model (AVrain)

2.2.1 Model rationale

The modelling of rain redistribution by solar panels is a geo-
metrical problem describing rain interception by an impervi-
ous surface of length L, tilting angle αPV and height h above
the ground, in which αR is the angle of incidence of rainfall
with respect to the vertical axis and θR denotes the plane in
which the rain falls, with respect to the north in the present
case (Fig. 3). The solution is studied in the vertical (x, z)
plane so that the effects in the y direction will be discussed
and evaluated but not explicitly described here. Finally, E is
the spacing between the supporting pillars, allowing the es-
timation of an equivalent 1D surface coverage and thus the
extension of local calculations to the whole agrivoltaic plot.

The angle of incidence (αR in degree) of rainfall with re-
spect to z may be estimated from the ratio between wind ve-
locity (vw in m s−1) and the velocity of the falling rain drops
(vd in ms−1), according to Van Hamme (1992).

tan(αR)=
vw

vd
(1)

In the above equation, vd is drawn from the equation pro-
posed by Gunn and Kinzer (1949) for the free-fall limit ve-
locity of a rain drop in stagnant air, from measurements ob-
tained with the electrical method, which is relevant for drop
diameters between 0.1 and 5.7 mm:

v2
d =

4
3
gD(ρs − ρ)

ρc
, (2)
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The input parameters are the geometrical descriptors of the
structure: the height of (the axis of rotation) of the panel (h),
its length (L), tilting angle (αPV) and orientation (θPV), plus
the spacing between (pillars supporting the) solar panels (E).
Only the tilting angle can be a function of time as it denotes
the control exerted on the system. AVrain allows calculating
rain redistribution (in x) in the form of effective cumulative
rainfall amounts as a function of time. A known limitation
of this simplified model is that the effects of the secondary
slopes of the panels are not explicitly accounted for, although
they are properly identified by the experiments in controlled
conditions. These have shown that the combination of low
tilting angles (i.e. primary slopes αPV< 5◦) and low rain in-
tensities lead to lateral dispersion on the edge of the panels.
In these cases, this leads to concentrated water fluxes on the
lower corner of the panel. However, the impact on the water
balance (and its heterogeneity) is limited due to the low mag-
nitude of the corresponding rainfall amounts, as discussed in
Sect. 4.1.

2.2.2 Sensitivity analysis

The implementation of solar panels is very likely to affect
crop management and irrigation strategies in the equipped
plots, especially because of rain redistribution by the panels.
The associated patterns of spatial heterogeneity may be de-
scribed by the coefficient of variation (Cv) closely related to
the coefficient that describes the uniformity of water distri-
bution by the irrigation systems (ASAE, 1996; Burt et al.,
1997), thus allowing easy comparisons. The choice of Cv as
the target variable for sensitivity analysis acknowledges spa-
tial heterogeneity is the key descriptor of the effects of solar
panels on rain redistribution on the cultivated plots. In the
following, Cv is calculated from the effective rain amounts
(i.e. the cumulative water depths) simulated in the 21 joined
collectors along the x axis. High Cv values indicate strong
heterogeneities while values below 0.2 will be considered
as acceptable, according to the standards of ASAE (1996)
for irrigation uniformity. This threshold of 0.2 is also con-
sistent with the reference values reported in Van der Gulik
et al. (2014).

Using Cv as an indicator allows accounting for two
sources of spatial heterogeneity: rain redistribution by the so-
lar panels (with eventual local effective rain amounts that ex-
ceed the natural rain amounts measured in the control zone)
and the sheltering effect of solar panels (with effective rain
amounts far lower right under the panels than in the control
zone). In more detail, Cv encompasses in a single indica-
tor the spatial heterogeneity observed within the region lo-
cated right under a solar panel, i.e. centred on the transverse
y axis that connects two supporting pillars, as clearly seen
in Fig. 1 where the P11 is the central collector. The width
of the equipped region is E, selected as the parameter that
describes the spacing between panels and further used to es-

timate the 1D spatial coverage of the plot by the panels, also
taking place in the sensitivity analysis of the model.

The Morris (1991) method is used with Cv as the target
variable to estimate the sensitivity of the AVrain model to
assess the effect of its seven main parameters (see Table 1)
on the spatial heterogeneity of rain redistribution by the so-
lar panels. The combined one-at-a-time screenings of the pa-
rameter space introduced by Campolongo et al. (2007) have
been used to cover a wide set of possible agrivoltaic instal-
lations, keeping all parameters within acceptable, realistic
ranges of values. The “sensitivity” package of R (Pujol et al.,
2017) was used to generate the associated 4000 parameter
sets, obtained from p = 7 parameters with d = 500 draws
each, dispatched within r = 8 levels. The control parame-
ter (tilting angle θPV of the panels) was taken between −70
and +70◦ but held fixed for the tested event (P = 3.6 mm,
vw = 0.78 m s−1, θw = 285◦, described later).

2.3 Control simulations of soil moisture field by
Hydrus-2D

Hydrus-2D (Simunek et al., 1999) may be used to simulate
water redistribution in soils for different fixed tilting angles
of the solar panel or strategies for operating the panels. The
simulation domain finds itself in a vertical (x, z) plane; it is
centred on the supporting pillar of a panel and covers a to-
tal width of 6.4 m, corresponding to the distance between
two consecutive pillars. Hydrus-2D is instead used here for
coherence checks and to gain an overview of water redis-
tribution in soil than for detailed numerical simulations of
the wetting front movements in space and time, thus allow-
ing simplifying hypotheses on soil structure. The investigated
soil depth is 1 m deep, well known from numerous local ex-
periments, and predominantly silty. It is assumed homoge-
neous in the absence of significant contrast with depth and
presented in Table 2.

The AVrain model provides the time-variable forcing data
at the soil–atmosphere interface for Hydrus-2D, divided into
five categories and accounting for time-variable tilting angles
of the solar panel (Fig. 5):

– atmospheric conditions for zones not impacted by the
presence of the solar panel,

– flux 1 (F1) conditions for zones impacted by the panel
and located right under it,

– flux 2 (F2) conditions for zones impacted by the panel
but not located under it,

– flux 3 (F3) conditions for zones located under the edge
of the panel thus exposed to the largest effective rain
amounts and

– flux 4 (F4) conditions for zones adjacent to those of the
F3 conditions but on the sheltered side.
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Table 1. Parameters and ranges of values used in the sensitivity analysis of the AVrain model.

Parameter Description Reference Range Unit

D Size of the drops falling from the solar panels 1.5 0.1–7 mm
E Spacing between solar panels 6.40 4–10 m
FactorP Multiplying factor for precipitations 1 0.1–10 –
FactorV Multiplying factor for wind velocity 1 0.1–10 –
H Height of the solar panels 5.00 3–7 m
L Length of the solar panels 2.00 1–3 m
θPV Tilting angle of the solar panels 0 −70–70 ◦

Table 2. Soil parameters at the Lavalette experimental station used in Hydrus-2D. θr and θs denote, respectively, the residual and saturated
volumetric soil water contents, α and n are empirical shape parameters of the Van Genuchten–Mualem model, Ks is the soil hydraulic
conductivity at saturation and l is a pore connectivity parameter.

Depth Clay Silt Sand θr θs α n Ks l

(cm) (%) (%) (%) (cm3 cm−3) (cm3 cm−3) (cm−1) (–) (cmhr−1) (–)

0–100 18 42 40 0.01 0.36 0.013 1.2 2.30 0.5

Figure 5. Time-variable upper boundary conditions used in Hydrus-
2D for the tested rain event, during which the tilting angle of the
panels was varied to minimize rain interception (avoidance strat-
egy).

Hydrus-2D currently allows five types of time-variable up-
per boundary conditions, which suggests using F2 on both
sides of the panel, as indicated in Fig. 5 where only the left-
most position of F2 corresponds to the choices listed above.
However, the rightmost position of F2 seems the most suit-
able default choice given the known soil filling dynamics and
the expected effective rain amounts. Zero-flux boundary con-
ditions apply on the vertical limits of the domain and free
drainage is relevant for a bottom boundary condition because
the water table is several metres under the limit of the do-
main. For simplicity, the initial soil water content will be as-
sumed homogeneous, selecting a value close to the available
observations (θ = 0.15).

3 Results

3.1 Rain redistribution measurements on the dynamic
agrivoltaic plot

The influence of variable-tilting-angle solar panels on rain
redistribution was measured thanks to a wide series of rain
events covering a full year. For each event, we put a focus
on the spatial heterogeneity, which is assumed to be a crucial
issue for the hydrological balance of solar panels on crops.
This heterogeneity is characterized with the coefficient of
variation Cv of rain depths. Table 3 gathers Cv values ob-
tained for the most documented rain events in the available
records. It enables comparisons between Cv and the tilting
angle (or operating strategy) of the solar panels for various
rain intensities. The least heterogeneous rain redistributions
were observed for panels in abutment (Fig. 6a and b) mainly
due to decreased surface coverage, from 30 % for flat panels
to 20 % for panels in abutment, resulting in a lesser rain in-
terception. However, the relevancy of this strategy depends
on the angle of the wind with respect to the panels (αR vs.
θR) identifying these as second-order but non-negligible fac-
tors, according to which Cv may become twice as large for
panels “facing the wind” or “back to the wind”. By contrast,
the most heterogeneous rain redistribution was observed for
a flat panel (αPV = 0) maximizing rain interception and con-
centration by the panel (Fig. 6c), collecting 11 times more
rain than in the control zone, in the F4 domain of Fig. 5, with
Cv= 2.13.

Strategies involving time-variable tilting angles αPV of-
fer multiple possibilities, among which the previously men-
tioned avoidance strategy is relevant to decreasing the spatial
heterogeneity (Fig. 6d) and results in Cv= 0.22, which is
a fairly good homogeneity. For all the events listed in Table 3,
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only the avoidance strategy was able to provide an acceptable
level of uniformity in the agrivoltaic plot, i.e. a spatial hetero-
geneity then would not need to be corrected on purpose, with
a dedicated precision irrigation device to ensure equivalent
water availability conditions during crop growth. In all cases,
the effective rain depth was more important on the sides of
the panel (collectors 9 and 13 in Figs. 1 and 6). There are
non-impacted zones in the free space between panels, where
the effective rain is the same as in the control zone. On the
contrary, the sheltering effect is strong right under the pan-
els and the effective rain is always far lower than in natural
conditions.

3.2 Evaluation and sensitivity analysis of the AVrain
model

The rain redistribution model AVrain was tested for 11 rain
events involving flat panels, panels in abutment (either back
to the wind or facing the wind) and avoidance strategies,
as presented in Table 4. AVrain describes rain redistribu-
tion with a satisfying mean determination coefficient ofR2

=

0.88. The values of MAPE (mean absolute percentage error)
mostly were between 0.1 and 0.3, and regression coefficients
greater than 1 indicate that the model tends to overestimate
the real effective rain amounts. However, Fig. 7 shows that
the overestimations occur near the drip line (i.e. the aplomb,
which is used in its technical sense to designate the point on
the ground located exactly under the edge of the panel) of the
panels, totalizing about 25 % of the committed errors.

The sensitivity analysis of AVrain was conducted with the
Morris (1991) method modified and improved by Campo-
long et al. (2007), selecting Cv as the target variable. Figure 8
shows its results, where µ∗ on the x axis is the mean of the
individual elementary effects (thus the sensitivity of the pa-
rameter tested alone) and σ on the y axis represents the SD
of the elementary effects (thus the sensitivity of the param-
eter tested in interaction with other parameters). The Morris
plot allows identifying the parameters that have (i) a negligi-
ble overall effect, denoted by low values of both µ∗ and σ ;
(ii) a linear effect, denoted by high values of µ∗; or (iii) non-
linear or interactive effects, denoted by high values of σ . The
sensitivity measures (µ∗, σ ) reported in Fig. 8 for each pa-
rameter have been normalized by the value of the highest
sensitivity measure (σ ) for the most sensitive parameter (Fac-
torV).

The position of the parameters above the 1 : 1 line in Fig. 8
signals that AVrain is more sensitive to the interactions be-
tween parameters than to individual variations in the pa-
rameter values, which reinforces the fact that strong hetero-
geneities in effective rain amounts most likely occur when
several conditions are met at once in the forcings (wind direc-
tion, drop size), the controls (tilting angle) and the structure
(fixed characteristics of the panels). In particular, the high
sensitivity score of FactorV compared to the low score of
FactorP indicates that wind velocity tends to influence rain

redistribution patterns far more than rain amounts, likely be-
cause wind velocity intervenes in the calculation of the angle
of incidence of rainfall and in that of the trajectory of the
drops falling from the panels. The drop size itself was found
to have a non-negligible but rather weak influence, although
a wide range (0.1 to 7.0 mm) of values was tested. The fact
that AVrain is more sensitive to the tilting angle (control ex-
erted on the system) than to the structure parameters (fixed
once selected during the installation) is a crucial result of
the analysis, indicating there is room for optimization. Con-
versely, the higher sensitivity of AVrain to wind velocity than
to the tilting angle confirms that the optimization strategies
should be decided from wind characteristics that dictate the
angle of incidence of rainfall.

In an overview of Fig. 8, the Morris method unveils the
hierarchy of effects. This proves especially useful when in-
vestigating the interactions between the structure parame-
ters. For example, the combinations between panel length
and spacing (defining surface coverage) are expected to have
more effect on the target variable than the combinations in-
volving panel height, making height a second-order parame-
ter, at least for the tested (realistic) ranges of values and the
chosen target variable. This conclusion would have been im-
possible to reach when separately testing the effects of vari-
ations in length, spacing and height of the panels, as proven
by Fig. 9, which only acknowledges adverse effects (on Cv)
of length and spacing on one side and of height on the other
side.

From Fig. 8, the influence of the tilting angle may be ex-
pected to be larger than that of the structure parameters, an-
ticipating thus that the avoidance strategy (i.e. operating the
panels so as to minimize rain interception) will be likely to
significantly reduce Cv whatever the structure parameters.
This point is further investigated by Fig. 10, comparing a flat
panel with a piloting of the panel according to the avoidance
strategy, for various combinations of panels length and spac-
ing (previously proven to have more influence on Cv than the
height of the panels). Small-sized panels with a low spacing
between them is advocated as the best configuration to re-
duce Cv in avoidance strategies, which is simulated to be far
more efficient than panel held flat. However, this analysis in-
dicates the direction to follow when only rain redistribution
issues are tackled but external constraints will surely exist
when deciding the in situ implementation of such agrivoltaic
installations, for example in the form of limit values for the
spacing between panels (to allow agricultural activities).

3.3 Rain redistribution in soils

Water content profiles were measured in the agrivoltaic plot
immediately before one of the rain events, and then 6 to 12 h
after it, to identify the dynamics and magnitude of rain redis-
tribution in soils, as a consequence of rain redistribution on
the soil surface. As expected, the spatial heterogeneity ob-
served on the soil surface is transferred but becomes a bit

www.hydrol-earth-syst-sci.net/22/1285/2018/ Hydrol. Earth Syst. Sci., 22, 1285–1298, 2018
210



1292 Y. Elamri et al.: Rain concentration and sheltering effect

Table 3. Rain events with their identification (ID), date, rain amounts on the control zone (P0), tilting angle of the solar panels (αPV) and
the associated measured coefficient of variation (Cv) whose highest values indicate the strongest spatial heterogeneities in rain redistribution
by the solar panels. In the “Comments” column, avoidance strategy indicates a time-variable αPV angle to minimize rain interception by the
panels in real time.

ID Date P0 (mm) αPV Cv (–) Comments

#01 18 October 2015 4.8 −50 to 0◦ 1.14 Solar tracking
#02 07 December 2015 5.1 −50 to −30◦ 0.98 Solar tracking
#03 12 February 2016 14.6 −50◦ 0.97 Transverse wind (south)
#04 09 March 2016 5.1 −50◦ 0.96 Facing the wind
#05 17 March 2016 4.1 +50◦ 0.40 Back to the wind
#06 21 April 2016 3.6 0◦ 2.13 Flat panel
#07 30 April 2016 3.0 0◦ 1.15 Flat panel
#08 22 May 2016 8.4 0◦ 0.72 Flat panel
#09 28 May 2016 13.5 0◦ 1.28 Flat panel
#10 31 May 2016 4.5 0◦ 1.63 Flat panel
#11 14 September 2016 14.8 −50 to +50◦ 0.22 Avoidance strategy
#12 12 October 2016 203.6 0◦ 0.51 Flat panel

Figure 6. Examples of rain redistribution for various rain events, tilting angle and operating strategies of the solar panels, measured in
the collectors displayed in Fig. 1. Relative rain depths are given with respect to the control zone where rain amounts are collected in the
pluviometer.

fuzzy in the first 30 cm of soil, due to lateral homogenization
(ponding with significant surface runoff, lateral diffusion as-
sociated with soil dispersivity). Nevertheless, the spatial pat-
terns are clearly visible within soils, especially for the flat
panels case (Fig. 11a) for which three distinct zones may be
identified: (i) between panels, with similar behaviour as in
the control zone; (ii) under panels, with a noticeable shel-

tering effect and thus drier soils; and (iii) under the edge
of the panels, where the increased soil water content is at-
tributable to the large effective amounts poured on the soil
surface. In Fig. 11a, the maximal soil water storage varia-
tion was observed under the edge of the panels, estimated at
6.7 mm in accordance with the location of the effective rain
amount poured on the soil surface (24.0 mm). Between pan-
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Figure 7. Examples of rain redistribution by the solar panels simulated by the AVrain model and compared to field measurements for three
very different events and managements of the solar panels (see Tables 3 and 4 for details).

Table 4. Performances of the AVrain model that describes rain re-
distribution by the solar panels, identifying each event (ID), indicat-
ing the mean absolute percentage error (MAPE), normalized root
mean square error (NRMSE), linear correlation coefficient and co-
efficient of determination (R2) next to the simulated coefficients of
variation (Cv). The highest Cv values signal the strongest spatial
heterogeneities in rain redistribution by the solar panels.

ID MAPE NRMSE Slope of R2 Cv
regression line

#01 0.29 0.22 1.21 0.89 1.15
#02 0.25 0.22 1.45 0.86 1.21
#03 0.41 0.10 0.82 0.83 0.75
#05 0.07 0.13 1.10 0.86 0.46
#06 0.14 0.13 1.06 1.00 2.28
#07 0.21 0.20 0.89 0.98 1.25
#08 0.13 0.11 0.88 0.99 0.72
#09 0.23 0.12 1.38 0.97 1.50
#10 0.22 0.17 1.04 0.96 2.34
#11 0.11 0.08 1.00 0.75 0.19
#12 0.17 0.03 1.13 0.56 0.78

els, the storage variation was 2.0 mm for 3.0 mm of effective
rain. Under panels, the storage variation was 4.7 mm for only
1.3 mm of effective rain, which reinforces the hypothesis of
lateral redistribution, either within the soil or at its surface,
from the nearby zones. In Fig. 11b, the avoidance strategy
tested for a rain event of 60 mm in the control zone resulted
in a maximal storage variation of 91 mm between panels due
to a drier initial soil water content, 76 mm under panels and

Figure 8. Sensitivity analysis of the AVrain model by the Morris
(1991) method improved by Campolongo et al. (2007), where µ∗

indicates the linear part of the total sensitivity score for each pa-
rameter while σ indicates the non-linear or interactive part. In the
Morris plot, D is the drop diameter, E the spacing between solar
panels, FactorP is the multiplying factor for precipitations with re-
spect to the reference case, FactorV is the multiplying factor for
wind velocity with respect to the reference case, h is the height of
the solar panels, L is their length and θPV is their tilting angle (see
Table 1 for the reference values and ranges of the parameters). The
target variable of the analysis was the coefficient of variation that
measures the spatial heterogeneity of rain redistribution by the so-
lar panels. The tested rain event was #06 in Tables 3 and 4.

43 mm near the aplomb of the edge of the panels, while sig-
nificant ponding was observed.

The simulation of rain redistribution in soils was made by
Hydrus-2D for a single rain event (#11) to compare the soil
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4.2 Rain redistribution in soils

Hydrus-2D was used to simulate rain redistribution in soils,
using the spatially distributed output variables of the AVrain
model to provide the required time-variable atmospheric con-
ditions. Five such conditions at most can be used as climatic
forcings for Hydrus-2D, which seemed to be a limitation
for the present purpose but could be handled, thus, with the
a posteriori indication that the chosen trick has the value of
a good practice. In coherence with the field observations, the
simulated fields of soil water content emphasized the interest
in using the avoidance strategy to decrease the spatial hetero-
geneities of soil water content in the agrivoltaic plots, thus
confirming that the tilting angle of the panels is a strong con-
trol parameter.

Even if the spatial heterogeneity of rain redistribution is
less drastic in soils than on the soil surface, due to lateral
diffusion, it remains strong enough to necessitate a dedi-
cated remediation in the form of precision irrigation, unless
the avoidance strategy is used. In other words the avoidance
strategy (that consists in minimizing rain interception and
redistribution by commanding the appropriate time-variable
tilting angle of the panels) has implications in the relevant
irrigation strategy, making it less complex. This is an open-
ing to a more global optimization problem in dealing with
the various sources of heterogeneity, which will certainly be
compared with the observed heterogeneities in crop yield on
the agrivoltaic plots. In addition to the heterogeneities in the
forcings (irrigation and rain redistribution) the modeller will
surely have to also address these in soils, for example by
means of geophysical methods that offer the possibility of
similar spatial resolutions (e.g. electrical resistivity tomogra-
phy, refraction seismology)

4.3 Rain and crop-induced operation of solar panels

Some aspects specific to cultivated plots need to be men-
tioned here, although the primary scope of this paper is to
focus on the hydrological side. The panels left with a low
tilting angle (high surface coverage and rain interception) are
likely to have unwanted direct effects on the soil and plants
underneath. For example, leafy vegetables might be damaged
by the repeated drop impacts or even more so by the occa-
sional curtains of water falling from the panels a few metres
above, even if their storage capacity is limited. Such prob-
lems will typically occur in the morning, when panels are
first operated, given that they are generally left flat during
nighttime. They could also occur during heavy rains, even
when using the avoidance strategy, which results in a damped
but non-zero flux concentration near the aplomb of the edges
of the solar panels. In the bare soil periods, it is rather the ero-
sion risk that should be handled, especially the splash erosion
(Nearing and Bradford, 1985; Josserand and Zaleski, 2003;
Planchon and Mouche, 2010) where drop impacts are respon-
sible for particle detachment and for the creation of micro-

topography. This, in turn, creates pathways for runoff and
further soil degradation processes. Nevertheless, avoidance
strategies fed by real-time wind and precipitation data (col-
lected at a 30 s time step) are powerful means to handle these
issues, which will certainly be included in the more general
optimization strategies suitable for the cultivated agrivoltaic
plots. In some contexts, randomized positions of the solar
could be another option to reduce the consequence on soil
of rain concentration and maximize homogeneity in the long
term.

5 Conclusions

Agrivoltaism represents a modern, relevant solution to the
growing food and energy demands associated with a global
population increase, especially in the current climate change
context. Nevertheless, there are unresolved issues specific to
the implementation of solar panels on the cultivated plots, for
example regarding the adaptation of the plants to the forced
intermittent shading conditions or the impact of the panels on
the hydrological budget and behaviour of the plot. This pa-
per has tackled the pending question of rain redistribution by
dynamic solar panels, i.e. panels endowed with 1 degree of
freedom in rotating around their supporting axis, so that their
tilting angle may vary in time and be controlled on purpose
for a very short term of a few minutes.

A dramatic difference was observed and simulated, in
terms of spatial patterns of rain redistribution on the ground,
between the case of panels held flat and panels moved ac-
cording to so-called avoidance strategies that consist in min-
imizing rain interception by the panels during the course of
rain events (and eventually adapting the command of the pan-
els to short-term changes in wind and rain conditions within
a single event). The avoidance strategies resulted in far lower
coefficients of variation (i.e. heterogeneity measures) used to
describe the spatial variations in the effective rain amounts
falling on the ground, under the panels, between panels or
near the aplomb of the edges of the panels. The measures
of heterogeneity obtained for avoidance strategies had low
enough values to be compared with the fairly good unifor-
mity scores used to quantify the ability of irrigation systems
to deliver similar water amounts in the different zones of
a given plot. Hence, it is likely that the most relevant irri-
gation strategies will suppress or attenuate the need for pre-
cision irrigation within the equipped plots. On the contrary,
basic strategies that consist in holding the panels flat induce
very strong spatial heterogeneities, with local effective rain
amounts that exceed those of the control zone and may be
responsible for increased runoff and erosion risks on bare
soils, not to mention the risks associated with direct, repeated
impacts on the soil aggregates (possibly leading to soil com-
paction and crust formation) and on the plants that find them-
selves near the aplomb of the edge of the panels. The flat
panel case has one additional disadvantage: the panels are
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never strictly flat, so any transverse slope of comparable or-
der will have the consequence of redirecting all the collected
water towards a narrow outlet on the width of the panels.

However, the mechanistic AVrain model derived in this pa-
per shows that the control exerted on the tilting angle of the
panels is strong enough for the user to cope with most mete-
orological conditions (rain intensity, wind direction and ve-
locity) and realistic structure characteristics (height, length
and spacing of the panels) to achieve the targeted short-term
event-based optimization of rain redistribution. It is very
likely that more general and complex methods should be used
when considering at the same time the hydrological budget,
crop growth and energy production, as well as seasonal ob-
jectives. To prepare ground, the soil part of the problem has
also been investigated here, showing with Hydrus-2D sim-
ulations that rain redistribution patterns in soils resembled
those observed on the soil surface, though less contrasted due
to lateral diffusion processes on the soil surface (ponding)
or within soils (at least where significant lateral dispersion
coexists with gravity). Future research leads include a finer
parameterization of Hydrus-2D for a stronger coupling with
the results of the AVrain model, as a verification tool for the
adaptation of simpler 1D approaches to model water budget,
irrigation strategies and crop growth in agrivoltaic conditions
(Khaledian et al., 2009; Mailhol et al., 2011; Cheviron et al.,
2016) within global optimization strategies.
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1. Introduction

Europe has experienced a series of major floods in the past
years which may suggest that flooding is becoming more frequent
and severe (e.g., Hall et al., 2014). Destructive floods occurred in
several European countries like Germany and Poland in August
2002, in western Austria in 2005, in Italy in November 1994,
October 2000, and autumn 2011; the UK in October 2000, sum-
mer 2007, and the winters of 2013/14 and 2015/16; in Central
Europe in July 1997, summer 2010, and June 2013; the Balkan
region in May 2014; and, most recently, in Germany, France
and Belgium in June 2016 (Kundzewicz et al., 2017). In order to
project any changes into the future it is important to understand
the drivers that have triggered flood changes in the past. There
are three potential drivers, climate change, hydraulic structures
and land use change (Viglione et al., 2016; Hall et al., 2014;
Blöschl et al., 2017). Among these, land use change effects are
probably the least well understood (e.g., Peña et al., 2016;
Rogger et al., 2017).

Humans have interfered with landscapes over millennia, at an
ever increasing rate. In the last centuries, global rain-fed cropland
and pastureland have increased by 460% and 560%, respectively
(Scanlon et al., 2007). Land use change tends to follow a set pat-
tern: from the restoration of natural vegetation to boundary clear-
ing, then to subsistence agriculture and small-scale farms and, as a
final point, to intensive agriculture, urban areas and protected
recreational lands (Foley et al., 2005). These land use changes are
often associated with soil degradation, particularly if heavy
machinery is used, but grazing intensification may also lead to
major modifications of the soils (Carroll et al., 2004; O’Connell
et al., 2004). Some 33 million hectares are affected by soil com-
paction in Europe (Oldeman et al., 1991, cited by Birkas, 2008).
Of these, 20 million hectares are in Eastern Europe, which amounts
to 37.5% of the agricultural land (Birkas, 2008; Batey, 2009).

Soil compaction can cause a number of environmental and
agronomic problems, including increased leaching of agrochemi-
cals to the recipient waters, emission of greenhouse gases, crop
yield losses, erosion and flooding (Holman et al., 2003; Doerner
and Horn, 2006; Singh and Hadda, 2014). While soil compaction
effects on surface runoff are relatively well understood at the
local scale (Rogger et al., 2017), the larger-scale effects are rather
elusive and the literature is rather fragmented. To the best of the
authors’ knowledge, no literature review has been published on
the impacts of soil compaction on flood processes at the catch-
ment scale. The main aim of this review is to summarise current
knowledge on the subject in an organised way, identify gaps and
propose new avenues to better understanding soil compaction
effects on floods. While the focus is on soil compaction effects
on floods, we refer to land use instead of soil compaction in cases
where the degree of compaction is not specifically quantified in
the literature.

2. Soil compaction processes

2.1. Types and causes of soil compaction

Compaction is defined as an increase in soil bulk density and
reduction in soil porosity (Boone, 1988; da Silva et al., 1994). In
contrast, soil shearing does not necessarily reduce soil porosity,
but does destroy the continuity of macropores (e.g., Horn et al.,
1995; Alaoui et al., 2011a). Together they are referred to as soil
deformation (e.g., Alaoui et al., 2011a).

The ability of a soil to resist non-recoverable deformation dur-
ing loading (the soil strength) is influenced by several factors such
as texture, structure, organic matter content and in particular the
soil water content (Gill and Vanden Berg, 1967; Horn, 1988). The
behaviour of a soil during loading is therefore usually examined
as a function of soil water content (Young and Warkentin, 1966).
Soil strength can be estimated from stress-strain relationships
obtained from laboratory experiments (Casagrande, 1936) or from
pedo-transfer functions (Van den Akker, 2004; Horn and Fleige,
2003). The vulnerability to compaction may be assessed by com-
paring soil strength with the vertical loading. Soil compaction
may affect the surface and the subsurface.

Surface (topsoil) compaction: Compaction at the soil surface
(down to the depth reached by tillage) may result from stock graz-
ing (trampling) and traffic loading (Table 1). Trampling effects
depend on stock density, animal weight, hoof size, soil moisture,
soil type, plant type and field slope (e.g., Zhao et al., 2010;
Krümmelbein et al., 2006). It mainly affects the pore geometry at
the soil surface (Nie et al., 2001; Vzzotto et al., 2000) and the top-
soil matrix (Alaoui and Helbling, 2006). It may reduce the number
of earthworms, resulting in an additional reduction in infiltration
(e.g., Hills, 1971). The compaction depth does not usually exceed
10 cm (Greenwood and McKenzie 2001). Surface compaction may
result from traffic loading, especially from tractors with mounted
or trailed implements. Below the contact surface between soil
and tire, the soil deforms under normal and shear stresses (e.g.
Horn and Rostek, 2000). The shear stress rises sharply with an
increase in traction force and wheel slip, which may lead to the
detachment of a weak topsoil layer vulnerable to erosion and sur-
face runoff (Battiato et al., 2013). Tractor passes can form an aniso-
tropic soil pore system due to the simultaneous movement of
particles forward and downwards and to wheel slippage (Pagliai
et al., 2003; Peng and Horn, 2008). The changes can form a platy
structure in the upper few centimetres with elongated pores that
are oriented parallel to the soil surface. These pores are not verti-
cally continuous and induce mainly horizontal water fluxes
(Horn et al., 2003; Pagliai et al., 2003).

Subsurface (subsoil) compaction: The mechanical strength of
structured (characterized by the matrix and macropore domains)
soils mainly depends on aggregation, actual and maximum pre-
drying, and the composition and arrangement of the pore system
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(Horn and Rostek, 2000). The more negative the pore water pres-
sure, the more pronounced is the strength increase. Thus, under
humid climatic conditions soils usually get weaker with depth.
Subsoil compaction risks increase with farm size, machine weight
(e.g., harvester) and the drive for greater productivity. Once subsoil
damage occurs, it can be extremely difficult and expensive to alle-
viate (Jones et al., 2003). Usually, the first pass of a wheel causes a
major portion of the total topsoil compaction (Bakker and Davis,
1995; Botta et al., 2006; Silva et al., 2008), whereas repeated traffic
with low axle loads can affect the subsoil (Balbuena et al., 2000;
Hamza and Anderson, 2005).

2.2. Soil properties

2.2.1. Soil structure
Laboratory experiments have shown that the inter-aggregate

structure of soils is more susceptible to compaction than the soil
aggregates themselves (Li and Zhang, 2009). Macroporosity is
therefore more sensitive to compaction than total porosity
(Alakukku, 1996). Jégou et al. (2002) showed that soil compaction
decreases the continuity of burrow systems. Soils with mainly hor-
izontal pores are more susceptible to compaction than those with
vertical pores (Hartge and Bohne, 1983; Schäffer et al., 2008).

2.2.2. Soil texture
The degree of compaction (actual bulk density expressed as a

percentage of the reference-compaction state of a given soil,
Håkansson and Lipiec, 2000) also depends on soil texture. For
example, silt loam soils with low colloid contents are more suscep-
tible than medium or fine textured loamy and clayey soils at low
water contents, while sandy soils are only slightly susceptible to
soil compaction (Horn et al., 1995). Smith et al. (1997) showed that
a loamy soil subjected to varied pressures and moisture contents
was resistant to compaction when dried and susceptible to com-
paction when wet, while a loamy sand soil showed smaller
increases in compaction with increasing load and moisture
content.

2.2.3. Organic matter
Increases in soil organic matter may reduce compactibility by

increasing resistance to deformation and/or by increasing elasticity
(rebound effects; Soane, 1990). High organic carbon contents can
even reduce soil compaction at high moisture levels in clay and
silty clay soils (Smith et al.,1997; Nawaz et al., 2013; Hamza and
Anderson, 2005; Smith et al., 1997).

2.2.4. Water content
Soil water content is usually the most important factor influ-

encing soil compaction (Soane and Van Ouwerkerk, 1994; Hamza

and Anderson, 2005). Traffic experiments on arable land with
heavy excavators (weighing up to 47 tons) showed a decrease in
the frequency and volume of macropores down to depths of 0.65
m and 1.0 m for dry and wet soils, respectively (Dumbeck, 1984).
Wet conditions in autumn, winter and spring exacerbate the effect
of heavy machinery on compaction. Arvidsson et al. (2001) showed
that the risk of soil compaction with commonly used machinery in
southern Sweden is 100% for spring slurry application and more
than 60% after October in sugar beet harvesting. Yung et al.
(2010) found that high compaction was due to the footslope stay-
ing wetter for a longer period during the spring and early summer
because of cover crop residues.

2.3. Time scales of soil compaction

Environmental and management related factors tend to interact
on different time scales in driving the temporal dynamics of the
structure related soil hydraulic properties (Mapa et al., 1986;
Kay, 1990; Bodner et al., 2013). For example, Kohl and Markart
(2002) showed that compaction effects are usually largest in
autumn after the grazing period, but soils may recover during win-
ter and spring due to freezing/thawing processes, plant root activ-
ity and microbial activity. Soils which are wet during critical times
of land management operations, such as ploughing and harvesting,
can be prone to compaction and structural damage (Earl, 1997;
Holman et al., 2003) and can result in long term effects that are
mainly observed where a plough pan (a compacted layer that tends
to form just below the ploughing depth) develops. A stable, natural
soil structure may only be achieved after several years when
changing practices from regular soil loosening to no-tillage
(Wright et al., 1999). Soils under long term no-tillage with low
‘‘self-mulching potential” (low clay and organic matter content)
may tend towards high bulk density and low water permeability
(Munkholm et al., 2003).

Persistent compaction effects are often observed for the subsoil
of agriculturally used fields. Even after their abandonment, soil
compaction may be persistent over decades (Kellner and
Hubbart, 2016), indicating a long memory effect. Potential factors
controlling this memory are land-use, soil type, topography and
climate (Cambi et al., 2015; Rogger et al., 2017). For some soils,
the compaction may be measurable even after 14 years (Berisso
et al., 2012; Etana et al., 2013), and may persist over 30 years if
underground pipelines have been installed or the landscape
remodelled using heavy machinery (Batey, 2009). The impact of
13 years of cattle grazing was still measurable in a secondary teak
forest after 10 years of growth (Zimmermann et al., 2006), and for-
mer agricultural plots showed increased runoff 30 years after
afforestation (Hümann et al., 2011). While some forest soils tend
to recover in a few years (Mace, 1971; Shoulders and Terry,

Table 1
Types and causes of soil compaction.

Type of compaction Description/causes Example references

Traffic loads The principal causes of compaction are compressive forces applied to compressible soil
from wheels under tractors, trailers and harvesters, during the passage of tillage
implements on the soil (particularly powered rotary equipment)

Hamza and Anderson (2005), Arvidsson
et al. (2002), Milne and Haynes (2004)

Cattle grazing/stock trampling Trampling-induced soil compaction in a pasture characterized by its spatially
heterogeneous distribution. It mainly affects pore geometry (or structure) at the soil
surface (surface compaction)

Alaoui et al. (2011a), Krümmelbein et al.
(2006), Vzzotto et al. (2000)

Puddling Tillage induced compaction of the subsoil in paddy rice fields leading to hardpans during
cultivation in water saturated conditions

Samson et al. (2002)

Urbanization Caused by the use of heavy machinery, the relocation of building materials, and
trampling by humans, especially near sidewalks or driveways, at construction sites, and
in public green spaces

Edmonson et al. (2011), Jim (1998),
Pouyat et al. (2007)

Industrial activities Caused during extraction of minerals, installation of underground pipelines or
remodelled landscapes using heavy machinery

Batey (2009), Batey and McKenzie
(2006)
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1978), others take 10–20 years to recover from shallow com-
paction (Dickerson, 1976; Froehlich, 1979; Jakobsen, 1983). Com-
paction of deep layers can persist over 100 years (Greacen and
Sands, 1980).

2.4. Macropore flow – surface runoff relationship

Macropores (i.e., biopores) represent only 0.23–2.00% of the
total soil volume, but may account for about 74–100% of the total
water flux (Alaoui and Helbling, 2006). They are the most sensitive
pores to compaction. Their volume reduction may significantly
reduce vertical infiltration and thus increase surface runoff (e.g.,
Gerke, 2006; Hendrickx and Flury, 2001; Alaoui, 2015). Severing
their connectivity between the top-few centimetres and the under-
lying macropores additionally reduces infiltration (Alaoui et al.,
2011b; Jégou et al., 2002; Alaoui, 2015).

The flow through macropores depends on the initial and bound-
ary conditions and the exchange between the matrix and macrop-
ore domains which in turn depends on soil moisture, texture,
degree of compaction and organic matter (Kluitenberg and
Horton, 1990; Zehe and Blöschl, 2004; McGrath et al., 2009;
Larsbo, 2011). Since these variables are rarely known at the field
scale (Jarvis et al., 2012), one usually resorts to quantifying their
spatially integrated effects as effective hydraulic properties
(Blöschl and Sivapalan, 1995). One possibility is to classify these
properties into pedons or spatial units (Addiscott and Mirza,
1998; Seyfried and Wilcox, 1995). An interesting observation is
that of structural hierarchy (Brewer, 1964; Hadas, 1987; Dexter,
1988; Dexter et al., 2008). The mean sizes of the pores separating
the soil aggregates at progressively higher levels are themselves
progressively bigger (e.g., Dexter et al., 2008). This structural hier-
archy can be extended to the hillslope scale. In humid climates, lat-
eral preferential flow can dominate stream response in catchments
with steep slopes and permeable soils on low permeability rocks
(Weiler and McDonnell, 2007; Anderson et al., 2009; Cammeraat
and Kooijman, 2009). Compaction can affect this hierarchy, possi-
bly resulting in a more heterogeneous spatial distribution of flow
processes.

2.5. Mapping soil compaction

When assessing the effects of soil compaction on floods one
would ideally like to know the spatial distribution and extent of
soil compaction, or at least the soil compaction risk. A number of
approaches have been developed for assessing the soil compaction
risk although, invariably, they have focused on agricultural appli-
cations rather than floods. Van den Akker, (1988, 1994) computed
soil stresses due to tractor wheels based on the relationships of
Söhne (1958) by dividing the contact area into small units and
aggregating the stresses from point loads of all units. Lebert
(2010) estimated the soil compaction risk for the arable land in
Germany using results of Houšková (2008), while Troldborg et al.
(2013) used Bayesian belief networks by combining data from
standard soil surveys, land use and expert judgement. D’Or and
Destain (2014) computed the preconsolidation stress (determined
based on the stress-strain relationship of soil obtained during lab-
oratory compression according to Casagrande (1936)) from pedo-
transfer functions (Horn and Fleige, 2003), based on pedological,
mechanical and hydraulic characteristics within a geostatistical
framework. Recently, geophysical techniques for investigating sub-
surface compaction in agricultural soils have been advanced, such
as ground penetrating radar (Lane et al., 2016, Wang et al., 2016,
André et al., 2012), although these are usually limited to rather
small scales. Mapping methods can be assisted by GPS based mod-
elling of spatial patterns of field traffic intensity (Duttmann et al.,
2013).

3. Experimental evidence of soil compaction effects on floods

3.1. Plot scale

Compaction of the topsoil due to tillage practices results in a
reduced infiltration capacity and increases the probability of sur-
face runoff formation during heavy precipitation (e.g., Byrd et al.,
2002). Furthermore, the spatial variability of compaction due to
the trafficked rows and non-trafficked interrows tends to enhance
the spatial variability of surface and subsurface flow paths (Liebig
et al., 1993; Mohanty et al., 1996). Kim et al. (2010) conducted field
experiments on Mexico silt loam with field treatments of uni-
formly compacted and non-compacted plots. They found an
increase in the bulk density of the compacted plot of 8%, and a
decrease in saturated hydraulic conductivity of 69%, respectively,
which would translate into increased surface runoff. Battiato
et al. (2015) studied the effect of slipping driving wheels of agricul-
tural equipment on surface runoff generation during sprinkling
experiments. They found that the runoff coefficient increased from
0.79 with a minimum slip of 1% to 1.00 with a maximum slip of
27%, indicating that all the rainwater would be transformed into
surface runoff at high slip.

The formation of a plough pan in the subsoil changes the direc-
tion of water percolation by impeding vertical infiltration and
enhancing interflow. Bertolino et al. (2010), for instance, found
that soils in South-eastern Brasilia with a plough pan at about
20 cm depth stay longer saturated after rainfall events and favour
surface runoff during intense rainy periods. Singh and Hadda
(2014) reported a decrease in the infiltration rate with increasing
subsoil compaction. They observed a decrease in infiltration rate
by a factor of 2.0–2.3 under two different treatments of their sandy
loam soil. The decrease in infiltration rate and cumulative infiltra-
tion was due to a decrease in total porosity under higher subsoil
compaction.

Using infiltration and dye tracer experiments, supplemented by
soil textural and structural data, Alaoui et al. (2012) investigated
flow pathways on grassland and forest hillslopes in order to iden-
tify the controls of surface runoff generation. They showed that the
two types of land use lead to different flow processes, mainly ver-
tical infiltration for the forest soil and mainly surface runoff for the
grassland soil (Fig. 1). This is due to the larger root water uptake by
trees, and thus lower soil moisture, and the larger unsaturated
hydraulic conductivity of forest soils as compared to compacted
grassland soils. The low efficiency of grassland soil macropores in
transporting water vertically downward can be explained by (i)
the fine and dense topsoil layers caused by the land use that limits
water fluxes into the underlying macropores and (ii) their
restricted number, their tortuosity, and the restricted interaction
between macropores and the matrix below the topsoil layer. The
larger root water uptake of forest soil as compared to grassland soil
can be viewed as an additional factor enhancing its storage capac-
ity (difference between total porosity and maximal soil moisture
measured during infiltration) and, consequently, may reduce the
generation of surface runoff. Storage capacity may provide key
information on the strength of macropore flow and the interaction
between macropores and the soil matrix that are highly sensitive
to the degree of soil compaction (e.g., Alaoui, 2015).

3.2. Hillslope scale

At the hillslope scale, changes in the soil structure due to
mechanical stresses resulting from tillage practices or cattle tram-
pling can increase lateral fluxes in the topsoil (interflow) and sur-
face runoff (Doerner and Horn, 2006). At the soil surface, structure-
degraded or crusty soils caused by a lack of soil cover or by heavy
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7% of the rainfall was converted to runoff in ungrazed fields, while
this increased to 53% in grazed fields.

Although urban soils are often thought to be of poor quality and
highly compacted (Lorenz and Lal, 2009; Pickett and Cadenasso,
2009), little attention has been paid to its impact on floods
(Edmondson et al., 2011). Arnold and Gibbons (1996) and White
and Greer (2006) concluded that storm runoff and peak flow
increase with urban development as the proportion of impervious
land increases. For example, Mercer Creek, an urban stream in
western Washington, had an earlier and higher peak discharge,
and a larger volume, during a one-day storm on February 1, 2000
than Newaukum Creek, a nearly rural stream (Konrad, 2016). In
general, runoff increases with the fraction of built-up area in a
catchment, but the relationship is not necessarily linear (Chen
et al., 2015). Importantly, the location of built-up area within the

catchment matters because of spatial flow connectivity
(Warburton et al., 2012; Sanyal et al., 2014).

4. Modelling evidence of soil compaction on floods

Numerous studies have attempted to relate land use changes
and flood changes based on hydrological modelling (Table 2). In
this review we have included studies that are not strictly on soil
compaction but more generally on land use to put soil compaction
into a broader context. The studies fall into three groups: (i)
increasing areas of compacted soils (Grayson et al., 2010;
Schilling et al., 2014a,b; Peña et al., 2016; Fohrer et al. 2001); (ii)
changes in rainfall exacerbated by highly degraded and compacted
soils (e.g., Viglione et al., 2016; Holman et al., 2003), and (iii) soil

Table 2
Modelling evidence of land use change and soil compaction effects on peak discharge at the catchment scale.

References Model/
Approach

Catchment/area Land use distribution Data used and analysis Main outcomes

Grayson
et al.
(2010)

Storm
hydrograph
data

Trou Beck (UK)
(11.4 km2)

Blanket peat: 75% Weather station
Gauging stations
Hourly measurements of surface
runoff at plot scale
Soil properties obtained from a
combination of data collected from
previous study and visual soil
examination

Peak flows are significantly higher
and lag times shorter when blanket
peat cover is reduced.

Schilling
et al.
(2014a,
b)

SWAT model Raccoon River
watershed (USA)
(9400 km2)

Agricultural area with row crop of
corn and soybean: 76%; agricultural
grassland: 17%; forest: 4%; urban
areas; water: 1%.

No direct measurements of soil
properties were performed
Soil layer data obtained from the
Soil Survey Geographic database to
characterize soil properties

Converting all cropland to perennial
vegetation drastically reduced peak
discharge.
Converting half of the land to
perennial vegetation or extended
rotations reduced flooding potential.

Peña et al.
(2016)

TETICS,
conceptual
distributed
hydrological
model

Combeima River
catchment
(Columbia) (217
km2)

1) Grassland (increase by 37.5%):
forest (decrease by 32.1%); crops
decrease by 6.2%) from 1991 to
20002) Forest
(increase by 7.0%); crops (increase
by 55.9%); grassland (decrease by
30.5%)

No direct measurements of soil
properties were performed
(obtained using pedo-transfer
function)
Existing land use historical
evolution
Hydrometric station
Weather stations

1) First changes in land use
produced an increase of 2.1% of
mean annual maximum flow.
2) secondary changes produced a
7.0% decrease in the maximum
annual flows.

Fohrer
et al.
(2001)

SWAT model Dietzhölze
watershed
(Germany) (82
km2)

Forest: 55.4%; fallow area: 27.6%;
grassland: 10.1%; field crop: 0.5%.

No direct measurements of soil
properties were performed (crop,
soil and tillage parameters were
obtained from regional data sets and
literature)
Daily weather data
Calibration and validation were
performed using streamflow
measurements

The decrease of forest due to an
increase of grassland amplifies the
peak flows and thus risk of flooding.

Viglione
et al.
(2016)

Finger
printing
attribution

97 catchments
(Austria) (areas
ranging from 10 to
79,500 km2)

Intensification of agriculture with
heavy machines (area not specified)

Hourly and daily precipitation data
of 900 rainfall stations

Precipitation change is the main
driver of increasing flood trends in
Upper Austria.
For small catchments, land use
change plays an important role.

Holman
et al.
(2003)

SCS Runoff
Curve
Number
(CN) method

4 catchments (UK):
Ouse (4829 km2);
Severn (9753 km2);
Bourne 853 km2);
Uck (103 km2)

Agricultural area (%): Ouse (71);
Severn (73); Bourne (47); Uck (53).
Related structural degradation
mainly due to compaction may have
occurred over 45% of the Severn, 30–
35% of the Ouse and Uck, and 20% of
the Bourne.

No direct measurements of soil
properties were performed (detailed
observations of soil horizon
properties at the pedon scale)
Soil structural degradation was
qualitatively linked to the type of
management system to illustrate
the potential magnitude of the
hydrological impact of the
extrapolated soil structural
degradation

Excess rapid response runoff during
autumn floods of 2000 was related
to the highly degraded and
compacted soils in fodder maize
fields (due to harvesting under wet
soil conditions).

Roy and
Mistri
(2013)

Kinematic
wave, SCS
Curve
Number
Method

Kunur River Basin
(India) (922.40
km2)

Low infiltration rate with fine sandy
loam, dense forest, and degraded
wood: 55%; Fine clay to silt soil with
agricultural land (35%); moderate
infiltration rate with coarse texture
land, pasture, and open scrap area
(7%); urban area (3%)

No direct measurements of soil
properties were performed
Curve number of the watershed was
obtained from Soil Conservation
Service to link land use, soil
characteristics and peak discharge

Peak flood discharge was mainly
due to the low infiltration capacity
of the fine material covering 55% of
the basin (e.g., degraded wood land)
and agricultural land (35%).
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reliably map soil compaction in the landscape. These may be based
on a combination of field surveys, spatial soil data and, possibly,
remote sensing.

5.2. Patchiness/Connectivity

The spatial arrangement of compacted soils may be equally
important as their area per se. This is because of the role of spatial
connectivity and patchiness on runoff generation and routing from
the hillslope to the catchment scales (Western et al., 1998). A bet-
ter understanding of the effects of connectivity and location would
be useful for deriving scaling relationships for upscaling land-use
change effects to the catchment scale.

5.3. Temporal variability

The seasonal variability in topsoil compaction due to regular
agricultural practices such as harvesting and subsequent field traf-
fic is important for flood generation, if maximum rainfall coincides
with maximum compaction during the year. Current models do not
account for this variability. More research is needed on under-
standing these links across scales.

5.4. Feedbacks

Many of the processes involved in compaction effects on floods
are interlinked (Rogger et al., 2017). For example, the mechanical
and hydraulic processes during soil deformation are coupled,
which exacerbates soil compaction since more compact soils gen-
erally remain wet for a longer time of the year. Identifying the
most important feedbacks related to soil compaction processes is
therefore of key interest for upscaling their impacts to the catch-
ments scale.

5.5. Masking

In most instances, changes in floods at the catchment scale are
related to more than one control, including climate and river train-
ing. Quantitative knowledge of these components is necessary to
isolate the impact of soil compaction on floods. Blöschl et al.
(2007) and Viglione et al. (2016), among others, suggested that
the impact of land use on floods decreases with catchment scale,
but more quantitative analyses in different climates are needed
to attribute flood changes to their drivers including soil
compaction.

5.6. Model parameterization

Studies on land-use change impacts at the catchment scale cur-
rently are mostly modelling studies that are based on assumptions
of how model parameters change with changing land-use (e.g.
Salazar et al., 2012). An important task is to improve soil com-
paction parameterization at the hillslope and catchment scales.
The parameterizations should account for flow connectivity and
patchiness.

6. Ways forward

We believe that the research gaps summarised above can be
addressed by focusing on four research strands: (i) synthesizing
past research related to soil compaction and runoff by meta anal-
yses, (ii) complementing this knowledge by additional field exper-
iments, (iii) developing novel methods for mapping soil
compaction, and (iv) learning from disciplines such as agricultural

sciences and soil physics where extensive knowledge on soil com-
paction exists.

6.1. Meta analyses

As suggested by Rogger et al. (2017) comparative meta analyses
of existing studies related to soil compaction and runoff processes
would be a first step towards generalising the findings from indi-
vidual case studies (see, e.g., Koricheva and Gurevitch, 2014;
Mutema et al., 2015). Soil compaction studies have often been per-
formed in agricultural contexts, but do address very relevant infor-
mation related to flood processes such as changes in pore
structure, hydraulic conductivity and bulk density. To facilitate
future meta-analyses it would be important for publications to
fully report the relevant information, ideally in a consistent way
(Koutsoyiannis et al., 2016). Data on soil physical properties mea-
sured in the field, compaction assessments and maps of com-
paction susceptibility of soils should be made publically available
in a similar way as the European Hydropedological Data Inventory
(EU-HYDI, Tóth et al., 2013) and the HYPRES-database (Wösten
et al., 1999).

6.2. Additional field experiments

Existing long-term experimental sites should be upgraded to
better address the question of soil compaction effects on floods.
Specifically, the evolution of hydraulic soil characteristics and its
dynamics during the year, including changes in the macropore vol-
ume, connectivity and functionality, should be monitored over
long periods of time in addition to runoff. Of particular interest is
the memory effect of soils, i.e. how fast a change in soil conditions
translates into a corresponding change in flood characteristics. In
order to obtain a mechanistic description of the coupled mechani-
cal and hydraulic processes, tailored field experiments should be
conducted. These would consist of treatment and wheeling exper-
iments on plots under different crop management practices and
soils, where soil deformation and stress-strain processes are mea-
sured as well as the stress induced changes in hydraulic conductiv-
ity and their time dependency during loading and soil deformation.
This research should build on the findings of the meta-analyses
mentioned above.

6.3. Mapping soil compaction

There is a lot of potential in developing new mapping methods
that may assist in understanding the spatial compaction patterns
and thus upscaling compaction effects to the catchment scale
(Blöschl, 2006). Data from geophysical techniques such as ground
penetrating radar (Lane et al., 2016), GPS based modelling of field
traffic (Duttmann et al., 2013) and perhaps remote sensing data
(e.g., Ryan et al., 2014; Joshi et al., 2016) could be combined. Since
soil compaction may persist over decades, knowledge of the land
use history would be a benefit.

6.4. Bridging gap between different disciplines

Collaborations between hydrology and sister disciplines has
dramatically increased in the recent decade, but there is room for
improvement in particular regarding soils. Bringing soil science,
pedology, agricultural sciences and hydrology closer together
through joint projects, conferences and publications would assist
in a more permanent contribution to advancing science. Batey
(2009) noted that ‘‘several authors recommend that monitoring of
soil physical conditions, including compaction should be part of rou-
tine soil management”. We suggest that monitoring compaction
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processes would also be of enormous benefit for water
management.

7. Conclusions

Based on the literature review, we can distinguish three ways in
which soil compaction impacts peak discharge at the catchment
scale: (i) by an increase in the area affected by soil compaction;
(ii) by changes in rainfall events, exacerbated by highly degraded
soils; and (iii) by coincidence of soil compaction with fine topsoils
in degraded lands. More specifically, the following conclusions can
be drawn on the effects of soil compaction on floods:

1. Experimental studies at the plot and hillslope scales suggest
consistent evidence of the impact of soil compaction on increas-
ing surface runoff. Locally, compaction tends to reduce infiltra-
tion and increase surface runoff. With increasing scale, the
tendency of reduced infiltration and increased surface runoff
persists, but is modulated by numerous other factors such as
surface sealing, permanently hydrophobic humus, and poor
macropore development. At the catchment scale, studies tend
to be more speculative as most of the evidence comes from
non quantitative reasoning. Increasing floods in some regions
were attributed to increased stocking densities, as suggested
by marked differences of surface runoff between grazed and
ungrazed fields. The literature suggests that storm runoff
increases with urban development as the proportion of imper-
vious land increases, but this relationship is not necessarily lin-
ear. The location of built-up area within the mosaic of land uses
may affect the spatial flow connectivity and consequently sur-
face runoff in many ways.

2. Modelling studies suggest that soil compaction may affect peak
discharges at the catchment scale, but the magnitude of this
effect varies between studies. In small catchments with short
response times, floods are mostly generated by the infiltration
excess mechanism from high intensity, short duration storms.
In this case, the reduction of infiltration capacity by soil com-
paction can have a major effect on flood peaks. In large catch-
ments, where floods are often produced by the saturation
excess mechanism from lower intensity, longer duration
storms, the effect of soil compaction of flood peaks is less obvi-
ous. Overall, soil compaction effects on floods tend to increase
with the size of the compacted area, but its spatial arrangement
in the landscape does matter.

3. Research gaps include the reliable mapping of soil compaction
in the landscape, understanding the patchiness of compacted
soils and the spatial connectivity of flow paths. They also
include a better understanding of the temporal variability of
compacted soil characteristics, feedbacks between floods and
soil compaction at different time scales, and unravelling the
multitude of factors that may mask the relationship between
soil compaction and floods. Future research and funding should
give high priority to understanding the links between soil com-
paction and floods at the catchment scale, as it will provide key
information on one of the important drivers of floods.
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Horn, R., Domzał, H., Slowińska-jurkiewicz, A., van Ouwerkerk, C., 1995. Soil

compaction processes and their effects on the structure of arable soils and the
environment. Soil Tillage Res. 35, 23–36.

Horn, R., Fleige, H., 2003. A method for assessing the impact of load on mechanical
stability and on physical properties of soils. Soil Tillage Res. 73, 89–99.

Horn, R., Rostek, J., 2000. Subsoil compaction processes-state of knowledge. Adv.
Geoecol. 32, 4–54.

Horn, R., Way, T., Rostek, J., 2003. Effect of repeated tractor wheeling on stress/strain
properties and consequences on physical properties in structured arable soils.
Soil Till. Res. 73, 101–106.

Houšková, B., 2008. The Natural Susceptibility of Soils to Compaction. Office for the
Official Publications of the European Communities, Luxembourg.

Hümann, M., Schüler, G., Müller, C., Schneider, R., Johst, M., Caspari, T., 2011.
Identification of runoff processes – The impact of different forest types and soil
properties on runoff formation and floods. J. Hydrol. 409, 637–649. https://doi.
org/10.1016/j.jhydrol.2011.08.067.

Jakobsen, B.F., 1983. Persistence of compaction effects in a forest Kraznozem. Aust.
For. Res. 13, 305–308.

Jarvis, N.J., Moeys, J., Koestel, J., Hollis, J.M., 2012. Preferential flow in a pedological
perspective. In: Lin, H. (Ed.), Hydropedology: Synergistic integration of soil
science and hydrology. Academic Press, Waltham, MA, pp. 75–120. https://doi.
org/10.1016/B978-0-12-386941-8.00003-4.

Jégou, D., Brunotte, J., Rogasik, H., Capowiez, Y., Diestel, H., Schrader, S., Cluzeau, D.,
2002. Impact of soil compaction on earthworm burrow systems using X-ray
computed tomography: preliminary study. Eur. J. Soil Biol. 38, 329–336.

Jim, C.Y., 1998. Urban soil characteristics and limitations for landscape planting in
Hong Kong. Landsc Urban Plan 40 (4), 235–249.

Jones, R.J.A., Spoor, G., Thomasson, A.J., 2003. Vulnerability of subsoils in Europe to
compaction: a preliminary analysis. Special Issue of Soil & Tillage Res. on
Subsoil Compaction. Soil Till. Res. 73, 131–143.

Joshi, N., Baumann, M., Ehammer, A., Fensholt, R., Grogan, K., Hostert, P., Jepsen, M.,
Kuemmerle, T., Meyfroidt, P., Mitchard, E., Reiche, J., Ryan, C., Waske, B., 2016. A
review of the application of optical and radar remote sensing data fusion to land
use mapping and monitoring. Remote Sens. 8, 70. https://doi.org/10.3390/
rs8010070.

Kay, B.D., 1990. Rates of change of soil structure under different cropping systems.
Adv. Soil Sci. 12, 1–52.

640 A. Alaoui et al. / Journal of Hydrology 557 (2018) 631–642

227



Kellner, E., Hubbart, J., 2016. Agricultural and forested land use impacts on
floodplain shallow groundwater temperature regime. Hydrol. Process. 30, 625–
636. https://doi.org/10.1002/hyp.10645.

Kim, H., Anderson, S.H., Motavalli, P.P., Gantzer, C.J., 2010. Compaction effects on
soil macropore geometry and related parameters for an arable field. Geoderma
160, 244–251.

Kluitenberg, G.J., Horton, R., 1990. Effect of solute application method on
preferential transport of solutes in soils. Geoderma 46, 283–297.

Kohl, B., Markart G., 2002. Dependence of surface runoff on rain intensity. In:
Proceedings of the International Conference on Flood Estimation, March 6-8,
Berne, Switzerland, 139–146

Kohl, B., Markart, G., Stary, U., Proske, H., Trinkaus, P., 1997. Abfluss-und
Infiltrationsverhalten von Böden unter Fichtenalbeständen in der Gleinalm
(Stmk.) [Drainage and infiltration characteristics of spruce forest soils in the
‘Gleinalm’ alp (Steiermark)]. Berichte der Forstlichen Bundesversuchsanstalt
Wien 96, 27–32.

Konrad, C.P., 2016. Effects of Urban Development on Floods. U.S. Geological Survey
(USGS) Fact Sheet 076-03. https://pubs.usgs.gov/fs/fs07603/

Koricheva, J., Gurevitch, J., 2014. Uses and misuses of meta-analysis in plant
ecology. J. Ecol. 102 (4), 828–844.

Koutsoyiannis, D., Blöschl, G., Bárdossy, A., Cudennec, C., Hughes, D., Montanari, A.,
Neuweiler, I., Savenije, H., 2016. Joint editorial: Fostering innovation and
improving impact assessment for journal publications in hydrology. J. Hydrol.
537, A1–A4.

Krümmelbein, J., Wang, Z., Zhao, Y., Peth, S., Horn, R., 2006. Influence of various
grazing intensities on soil stability, soil structure and water balance of grassland
soils in Inner Mongolia, P.R. China. In: Horn, R., Fleige, H., Peth, S., Peng, X. (Eds.),
Soil management for sustainability, Advances in GeoEcology, vol. 38. Catena
Verlag, Reiskirchen, pp. 93–101.

Kundzewicz, Z., Pinskwar, I., Brakenridge, G.R., 2017. Changes in river flood hazard
in Europe: a review. Hydrol. Res. https://doi.org/10.2166/nh.2017.016.

Lane, A.L., Peterson, P.G., Hedley, C.B., McColl, S.T., Fuller, I.C., 2016. Using ground
penetrating radar to map soil drainage patterns to improve irrigation efficiency.
In: Currie, L.D., Singh, R. (Eds.), Integrated nutrient and water management for
sustainable farming. http://flrc.massey.ac.nz/publications.html. Occasional
Report No. 29. Fertilizer and Lime Research Centre, Massey University,
Palmerston North, New Zealand. 10p.

Larsbo, M., 2011. An episodic transit time model for quantification of preferential
solute transport. Vadose Zone J. 10, 378–385.

Lebert, M., 2010. Entwicklung eines Prüfkonzeptes zur Erfassung der tatsächlichen
Verdichtungsgefährdung landwirtschaftlich genutzter Böden. Report,
Umweltbundesamt, Germany, http://www.uba.de/uba-info-medien/4027.html.

Li, X., Zhang, L.M., 2009. Characterization of dual-structure pore-size distribution of
soil. Can. Geotech. J. 46, 129–141.

Liebig, M.A. et al., 1993. Controlled wheel traffic effects on soil properties in ridge
tillage. Soil Sci. Soc. Am. J. 57 (4), 1061–1066.

Lorenz, K., Lal, R., 2009. Biochemical C and N cycles in urban soils. Environ. Int. 35,
1–8. https://doi.org/10.1016/j.envint.2008.05.006.

Mace Jr., A.C., 1971. Recovery of forest soils from compaction by rubber-tired
skidders. Minnesota Forestry Research Notes No. 266. University of Minnesota,
St. Paul.

Mapa, R.B., Green, R.E., Santo, L., 1986. Temporal variability of soil hydraulic
properties with wetting and drying subsequent to tillage. Soil Sci. Soc. Am. J. 50,
1133–1138.

Markart, G., Kohl, B., Sotier, B., Schauer, T., Bunza, G. Stern, R., 2004. Provisorische
Geländeanleitung zur Abschätzung des Oberflächenabflussbeiwertes auf
alpinen Boden-/ Vegetationseinheiten bei konvektiven Starkregen [A simple
Code of Practice for Assessment of Surface Runoff Coefficients for Alpine Soil-/
Vegetation Units in Torrential Rain] (Version 1.0). BFW Dokumentationen.
Bundesamt und Forschungszentrum für Wald, Wien.

McGrath, G.S., Hinz, C., Sivapalan, M., 2009. A preferential flow leaching index.
Water Resour. Res. 45, W11405. https://doi.org/10.1029/2008WR007265.

McIntyre, N., Marshall, M., 2010. Identification of rural land management signals in
runoff response. Hydrol. Proc. 24, 3521–3534.

Milne, R.M., Haynes, R.J., 2004. Comparative effects of annual and permanent dairy
pastures on soil physical properties in the Tsitsikamma region of South Africa.
Soil Use Manage. 20, 81–88.

Mohanty, B.P., Horton, R., Ankeny, M.D., 1996. Infiltration and macroporosity under
a row crop agricultural field in a glacial till soil 1. Soil science 161 (4), 205–213.

Munkholm, L.J., Schjønning, P., Rasmussen, K.J., Tanderup, K., 2003. Spatial and
temporal effects of direct drilling on soil structure in the seedling environment.
Soil Tillage Res. 71, 163–173.

Mutema, M., Chaplot, V., Jewitt, G., Chivenge, P., Blöschl, G., 2015. Annual water,
sediment, nutrient, and organic carbon fluxes in river basins: A global meta-
analysis as a function of scale. Water Resour. Res. 51, 8949–8972. https://doi.
org/10.1002/2014WR016668.

Nawaz, M.F., Bourrié, G., Trolard, F., 2013. Soil compaction impact and modelling. A
review. Agron. Sustain. Dev. 33, 291–309.

Naef, F., Scherrer, S., Weiler, M., 2002. A process based assessment of the potential
to reduce flood runoff by land use change. J. Hydrol. 267, 74–79.

Nie, Z.N., Ward, G.N., Michael, A.T., 2001. Impact of pugging by dairy cows on
pastures and indicators of pugging damage to pasture soil in south-western
Victoria. Aust. J. Agricul. Res. 52 (1), 37–43.

O’Connell, P.E.O., Beven, K., Carney, J.N., Clements, R.O., Ewen, J., Fowler, H., Harris,
G., Hollis, J., Morris, J., O’Donnell, G.M.O., Packman, J.C., Parkin, A., Quinn, P.F.,
Rose, S.C., Shepher, M., Tellier., S. 2004. Review of Impacts of Rural Land Use and

Management on Flood Generation. Report A: Impact Study Report. R&D
Technical Report FD2114/TR, Defra, London, UK 152 pp

O’Connell, E., Ewen, J., O’Donnell, G., Quinn, P., 2007. Is there a link between
agricultural land-use management and flooding? Hydrol. Earth Syst. Sci. 11, 96–
107.

Oldeman, R., Hakkeling, R.T.A., Sombroek, W., 1991. World Map on the Status of
Human-Induced Soil Degradation. An Explanatory Note. Global Assessment of
Soil Degradation. GLASOD. ISRIC - Winand Centre - ISSS - FAO - ITC,
Wageningen.

Orr, H.G., Carling, P.A., 2006. Hydro-climatic and land use changes in the River Lune
catchment, NW England: Implications for catchment amangement. River Res.
and Appl. 22, 239–325.

Owens, L.B., Edwards, W.M., Van Keuren, R.W., 1997. Runoff and sediment losses
resulting from winter feeding on pastures. J. Soil Water Conserv. 52, 194–197.

Pagliai, M., Marsili, A., Servadio, P., Vignzzi, N., Pellegrini, S., 2003. Changes in some
physical properties of a clay soil in Central Italy following the passage of rubber
tracked and wheeled tractors of medium power. Soil Till. Res. 73, 119–129.

Pattison, I., Lane, S.N., 2011. The link between land-use management and fluvial
flood risk: a chaotic conception. Prog. Phys. Geogr. 36 (1), 72–92.

Peña, L.E., Barrios, M., Francés, F., 2016. Flood quantiles scaling with upper soil
hydraulic properties for different land uses at catchment scale. J. Hydrol. 541,
1258–1272.

Peng, X.H., Horn, R., 2008. Time-dependent, anisotropic pore structure and soil
strength in a 10-year period after intensive tractor wheeling under conservation
and conventional tillage. J. Plant Nutr. Soil Sci. 171, 936–944.

Pickett, S.T.A., Cadenasso, M.L., 2009. Altered resources, disturbance, and
heterogeneity: a framework for comparing urban and non-urban soils. Urban
Ecosyst. 12, 23–44. https://doi.org/10.1007/s11252-008-0047-x.

Pouyat, R.V., Yesilonis, I.D., Russell-Anelli, J., Neerchal, N.K., 2007. Soil chemical and
physical properties that differentiate urban land-use type and cover types. Soil
Sci. Soc. Am. J. 71 (3), 1010–1019.

Prosdocimi, M., Calligaro, S., Sofia, G., Dalla Fontana, G., Tarolli, P., 2015. Bank rosion
in agricultural drainage networks: new challenges from structure-from-motion
photogrammetry for post-event analysis. Earth Surf. Processes Landform 40
(14), 1891–1906. https://doi.org/10.1002/esp.3767.

Rogger, M., Alaoui, A., Bloeschl, G., et al., 2017. Land-use change impacts on floods –
Challenges and opportunities for future research. Water Resour. Res. 53. https://
doi.org/10.1002/ 2017WR020723.

Roy, S., Mistri, B., 2013. Estimation of peak flood discharge for an ungauged river: a
case study of the Kunur River, West Bengal. Geography J., 11 https://doi.org/
10.1155/2013/214140.

Ryan, C.M., Berry, N.J., Joshi, N., 2014. Quantifying the causes of deforestation and
degradation and creating transparent REDD+ baselines: A method and case
study from central Mozambique. Appl. Geogr. 53, 45–54.

Salazar, S., Francés, F., Komma, J., Blume, T., Francke, T., Bronstert, A., Blöschl, G.,
2012. A comparative analysis of the effectiveness of flood management
measures based on the concept of ‘‘retaining water in the landscape” in
different European hydro-climatic regions. Nat. Hazards Earth Syst. Sci. 12,
3287–3306. https://doi.org/10.5194/nhess-12-3287-2012.

Samson, B.K., Hasan, M., Wade, L.J., 2002. Penetration of hardpans by rice lines in
the rainfed lowlands. Field Crops Res 76, 175–188.

Sanyal, J., Densmore, A.L., Carbonneau, P., 2014. Analysing the effect of land-
use/cover changes a sub-catchment levels on downstream flood peaks: a semi-
distributed modelling approach with sparse data. Catena 118, 28–40.

Scanlon, Bridget R. et al., 2007. Global impacts of conversions from natural to
agricultural ecosystems on water resources: Quantity versus quality. Water
Resour. Res. 43, 3.

Scherrer, S., Naef, F., Fach, A.O., Cordery, I., 2007. Formation of runoff at
the hillslope scale during intense precipitation. Hydrol. Earth Syst. Sci. 11,
907–922.

Schilling, K.E., Gassman, P.W., Kling, C.L., Campbell, T., Jha, M.K., Wolter, C.F., Arnold,
J.G., 2014a. The potential for agricultural land use change to reduce flood risk in
a large watershed. Hydrol. Process. 28, 3314–3325. https://doi.org/10.1002/
hyp.9865.

Schwarz, O., 1986. Zum Abflussverhalten von Waldböden bei künstlicher
Beregnung [Runoff characteristics of forest soils as affected by artificial
irrigation]. In: Einsele, G. (Ed.), DFG–Research Report on the landscape
ecological project ‘Schönuch’. VCH Publisher, Weinheim, pp. 161–179.

Schäffer, B., Schulin, R., Boivin, P., 2008. Changes in shrinkage of restored soil caused
by compaction beneath heavy agricultural machinery. Eur J Soil Sci 59, 771–
783.

Schilling, O.S., Doherty, J., Kinzelbach, W., Wang, H., Yang, P.N., Brunner, P., 2014b. .
Using tree ring data as a proxy for transpiration to reduce predictive
uncertainty of a model simulating groundwater–surface water–vegetation
interactions,. J. Hydrol. 519 (Part B), 2258–2271. https://doi.org/10.1016/j.
jhydrol.2014.08.063.

Shoulders, E., Terry, T.A., 1978. Dealing with site disturbances from harvesting and
site preparation in the lower coastal plain. In: Proceedings of the Symposium on
Principles of Maintaining Productivity on Prepared Sites. Mississippi State
University, USA, pp. 85–97.

Seyfried, M.S., Wilcox, B.P., 1995. Scale and the nature of spatial variability: field
examples having implications for hydrologic modeling. Water Resour. Res. 31
(1), 173–184. https://doi.org/10.1029/94WR02025.

Silva, S., Barros, N., Costa, L., Leite, F., 2008. Soil compaction and eucalyptus growth
in response to forwarder traffic intensity and load. Rev Bras Cienc Solo 32, 921–
932.

A. Alaoui et al. / Journal of Hydrology 557 (2018) 631–642 641

228



Singh, J., Hadda, M.S., 2014. Soil and plant response to subsoil compaction and slope
steepness under semi-arid irrigated condition. Int. J. Food, Agric. Veter. Sci. 4 (3),
95–104. ISSN 2277-209X.

Smith, C., Johnston, M., Lorentz, S., 1997. Assessing the compaction susceptibility of
South African forestry soils. I. The effect of soil type, water content and applied
pressure on uni-axial compaction. Soil Till Res 41, 53–73.

Soane, B.D., 1990. The role of organic matter in soil compactibility: A review of some
practical aspects. Soil Tillage Res. 16, 179–201.

Soane, B.D., Van Ouwerkerk, C., 1994. Soil compaciton problems in world
agriculture. In: Soane, B.D., Van Ouwerkerk, C. (Eds.), Soil compaction in crop
production. Elsevier Science & Technology, Amsterdam, pp. 1–21.

Söhne, W., 1958. Fundamentals of pressure distribution and soil compaction under
tractor tires. Agricultural engineering, May.

Tóth, B., Makó, A., Tóth, G., Farkas, C., Rajkai, K., 2013. Comparison of pedotransfer
functions to estimate the van Genuchten parameters from soil survey
information. Agrokémia és Talajtan 62, 5–22.

Troldborg, M., Aalders, I., Towers, W., Hallett, P.D., McKenzie, B.M., Bengough, A.G.,
Lilly, A., Ball, B.C., Hough, R.L., 2013. Application of Bayesian Belief Networks to
quantify and map areas at risk to soil threats: Using soil compaction as an
example. Soil Tillage Res. 132, 56–68.

Van den Akker, J.J.H., 2004. SOCOMO: a soil compaction model to calculate soil
stresses and the subsoil carrying capacity. Soil Tillage Res. 79, 113–1227.

Van den Akker, J.J.H., 1988. Model computations of subsoil stress distribution and
compaction due to field traffic. In: Proceedings of the 11th International
Conference of ISTRO, Edinburth, UK, pp. 403–408.

Van den Akker, J.J.H., 1994. Prevention of subsoil compaction by tuning the wheel
load tot he bearing capacity of the subsoil. In: Proceedings of the 13th
International Conference of ISTRO, Aalborg, Denmark, pp. 537–542.

Villarini, G., Strong, A., 2014. Roles of climate and agricultural practices in discharge
changes in an agricultural watershed in Iowa. Agric. Ecosyst. Environ. 188, 204–
211. https://doi.org/10.1016/j.agee.2014.02.036.

Viglione, A., Merz, B., Viet Dung, N., Parajka, J., Nester, T., Blöschl, G., 2016.
Attribution of regional flood changes based on scaling fingerprints. Water
Resour. Res. 52, 5322–5340. https://doi.org/10.1002/2016WR019036.

Vzzotto, V.R., Marchezan, E., Segabinazzi, T., 2000. Effects of cattle trampling on
lowland soil physical properties. Ciencia Rural. 30, 965–969.

Warburton, M.L., Schulze, R.E., Jewitt, G.P.W., 2012. Hydrological impacts of land
use change in three diverse South African catchments. J. Hydrol. 414–415, 118–
135.

Wang, P., Hu, Z., Zhao, Y., Li, X., 2016. Experimental study of soil compaction effects
on GPR signals. J. Appl. Geophys. 126, 128–137.

Weiler, M., McDonnell, J.J., 2007. Conceptualizing lateral preferential flow and flow
networks and simulating the effects on gauged and ungauged hillslopes. Water
Resour. Res. 43, W03403. https://doi.org/10.1029/2006WR004867.

Western, A.W., Blöschl, G., Grayson, R.B., 1998. How well do indicator variograms
capture the spatial connectivity of soil moisture? Hydrol. Process. 12, 1851–
1868.

White, M.D., Greer, K.A., 2006. The effects of watershed urbanization on the stream
hydrology and riparian vegetation of Los Penasquitos Creek. California Landsc.
Urban Plann. 74, 125–138.

Wösten, J.H.M., Lilly, A., Nemes, A., Le Bas, C., 1999. Development and use of a
database of hydraulic properties of European soils. Geoderma 90, 169–185.

Wright, S.F., Starr, J.L., Paltineanu, I.C., 1999. Changes in aggregate stability and
concentration of glomalin during tillage management transition. Soil Sci. Soc.
Am. J. 63, 1825–1829.

Yan, D., Schneider, U.A., Schmid, E., Huang, H., Pan, L., Dilly, O., 2013. Interactions
between land use change, regional development, and climate change in the
Poyang Lake district from 1985 to 2035. Agric. Syst. 119, 10–21.

Young, R.N., Warkentin, B.P., 1966. Introduction to Soil Behavior. The Macmillan Co.,
New York, p. 451.

Yung, K.Y., Kitchen, N.R., Sudduth, K.A., Lee, K.S., Chung, S.O., 2010. Soil compaction
varies by crop management system over a claypan soil landscape. Soil Tillage
Res. 107, 1–10.

Zehe, E., Blöschl, G., 2004. Predictability of hydrologic response at the plot and
catchment scales: role of initial conditions. Water Resour. Res. 40, W10202.
10�1029/2003WR002869.

Zhao, Y., Peth, S., Horn, R., Krümmelbein, J., Ketzer, B., Gao, Y., Doerner, J., Bernhofer,
C., Peng, X., 2010. Modeling grazing effects on coupled water and heat fluxes in
Inner Mongolia grassland. Soil Till. Res. 109, 75–86.

Zimmermann, B., Elsenbeer, H., De Moraes, J.M., 2006. The influence of land-use
changes on soil hydraulic properties: Implications for runoff generation. Forest
Ecol. Manage. 222 (1–3), 29–38. https://doi.org/10.1016/j.foreco.2005.10.070.

642 A. Alaoui et al. / Journal of Hydrology 557 (2018) 631–642

229







Environ. Res. Lett. 20 (2025) 024003 F Carvalho et al

solar farm development is expected to continue in
the coming decades (Nijsse et al 2023) and is likely
to intensify competition for land to produce food,
generate energy, and conserve nature (Capellán-Pérez
et al 2017). It is thus becoming increasingly important
to quantify and understand solar farm impact on eco-
systems, especially considering the potential to man-
age solar farms for positive environmental outcomes
(Randle-Boggis et al 2020).

Solar farms are commonly built on agricultural
land (Tinsley et al 2024) and managed as grasslands
in temperate regions (Carvalho et al 2023, 2024a),
offering both risks and opportunities for ecosystem
health (Randle-Boggis et al 2020). Existing data indic-
ate effects on microclimate and ecosystem processes
(Armstrong et al 2016) and on plant and soil prop-
erties (Lambert et al 2021). For instance, the installa-
tion of PV arrays may have negative environmental
impacts by disrupting soil aggregate stability and
the native vegetation, resulting in topsoil erosion
(Hernandez et al 2014). The removal of topsoil dur-
ing construction can also reduce soil carbon (Choi
et al 2020), nitrogen, and phosphorus (Geissen et al
2013), as well as increase soil bulk density and affect
the soil’s structural and hydraulic properties (Geissen
et al 2013, Udom et al 2018). However, solar farms
can also have positive environmental impacts, and
have the potential to deliver several co-benefits bey-
ond low-carbon electricity when compared to con-
ventional fossil fuel sources (Turney and Fthenakis
2011). For instance, construction and land manage-
ment techniques conducive to providing local biod-
iversity benefits (e.g. allocating space for semi-natural
habitats) can help restore degraded habitats (Gazdag
and Parker 2019, Semeraro et al 2020) and result
in enhanced ecosystem services (Randle-Boggis et al
2020). Despite this recent evidence, relatively little is
known of the effects of solar farms on plant and soil
properties in temperate agricultural systems. This is
an important knowledge gap since solar farms are
expected to become increasingly common features of
agricultural landscapes in coming decades as part of
the low-carbon energy transition (IEA 2023).

The aim of this study was to investigate the effects
of ground-mounted solar panels on plant and soil
properties across solar farms in England and Wales.
We compared plant (cover and aboveground bio-
mass) and soil (organic carbon, mineral-associated
organic matter (MAOM), particulate organic matter
(POM), total nitrogen, C/N ratio, mineral nitrogen,
nitrate, plant-available phosphorus, bulk density, and
pH) properties from areas underneath solar panels
to areas between rows of solar arrays and to control
land adjacent to solar farms (permanent pasture) rep-
resenting the previous land use. These properties are
thought to broadly capture complex plant-soil inter-
actions that drive the functioning of terrestrial ecosys-
tems and the delivery of numerous ecosystem services

(Bardgett and Wardle 2010) and are commonly used
as primary indicators of soil quality in national mon-
itoring programmes (e.g. Emmett et al 2010).

2. Methods

2.1. Plant, soil, and climate data
We sampled 32 operational solar farms in England
and Wales (figure 1) between June and September
2021 following standard protocols (Carvalho et al
2023). At each site, four replicate plots were randomly
placed on land underneath solar panels (‘under’)
and in between the rows of solar arrays (‘gaps’;
figure 1). In three sites (where permission was gran-
ted by landowners; figure 1), four additional plots
were sampled in permanent pastures adjacent to these
solar farms (‘control’). Total plant cover (visual per-
centage estimation of vegetation cover within a quad-
rat as seen from above) and plant aboveground bio-
mass (AGB) harvested at the soil surface with a pair
of shears were sampled within 30 × 30 cm quad-
rats at each plot. Soils were sampled within the same
quadrats to 10 cm depth and 5 cm diameter with
a cylindrical metal corer. Four replicate soil samples
were collected from each quadrat; three samples were
homogenised in the laboratory for soil analyses and
one sample was kept separate for bulk density meas-
urements. Plant and soil properties directly linked to
the delivery of multiple ecosystem services (e.g. bio-
mass production, soil carbon storage, nutrient cyc-
ling) were estimated following standard published
methods (table 1).

We adopted the soil classification system derived
by Feeney et al (2023), based on the NATMAP vec-
tor dataset by Cranfield University (National Soil
Resources Institute 2001), to characterise our sites by
soil class. This soil classification captures key struc-
tural properties of soils, including texture, drainage,
organic carbon/matter content, depth, flood risk, and
the degree of modification from human activity (see
supplementary material in Feeney et al 2023). Site-
specific air temperature and rainfall data (annual
averages for the 1991–2020 period provided on a
12 km British National Grid) were sourced from
the UK’s Met Office Climate Data Portal (https://
climatedataportal.metoffice.gov.uk/).

2.2. Data analyses
All numerical analyses were performed in R 4.4.1
(R Core Team 2024). Plant and soil properties were
either arcsine- (percentage variables converted to
proportions; table 1) or log10- (continuous variables;
table 1) transformed to reduce skewness and the effect
of outliers prior to analyses, which largely followed
the ten-step protocol outlined in Zuur et al (2009) to
implementmodel selection in linearmixedmodelling
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Figure 1. Location of the 32 solar farms sampled in England and Wales in summer 2021 (a) alongside visual representations of the
treatments where plant and soil data were collected (b) and (c). Sites coloured in green denote the three solar farms where the
adjacent pasture was sampled as a control treatment.

Table 1. Plant and soil properties measured on 32 solar farms in England and Wales in summer 2021. AGB= plant aboveground
biomass, SOC= soil organic carbon, MAOM=mineral-associated organic matter, POM= particulate organic matter, N= nitrogen,
P= phosphorus, BD= bulk density.

Property Unit Method References

Plant cover % cover Visual plot-level estimation Damgaard (2014)
AGB Tonnes ha−1 Destructive harvesting & oven-drying (60˚C to

constant mass)
Sala and Austin (2000)

SOC % dry soil Dry combustion (Vario EL Cube Elemental
Analyser, Elementary, Stockport, UK) after acid
(HCl) treatment

Harris et al (2001)
Nayak et al (2019)

MAOM % dry soil Organic matter fractionation by size Cotrufo et al (2019)
POM % dry soil Organic matter fractionation by size Cotrufo et al (2019)
Total soil N % dry soil Dry combustion (Vario EL Cube Elemental

Analyser, Elementary, Stockport, UK)
Emmett et al (2008)

Soil C/N ratio NA Soil organic carbon divided by total soil nitrogen Emmett et al (2008)
Soil mineral N mg N kg−1 dry soil 2 M KCl-extraction (NH4 + NO3 estimation in

an Auto Analyser, Seal-Analytics©, Southampton,
UK)

Emmett et al (2008)

Soil nitrate Proportion of mineral N 2 M KCl-extraction (NO3 estimation in an Auto
Analyser, Seal-Analytics©, Southampton, UK)

Emmett et al (2008)

Soil Olsen P mg P kg−1 dry soil NaHCO3-extraction (Auto Analyser,
Seal-Analytics©, Southampton, UK)

Emmett et al (2008)

Soil BD g dry soil cm−3 Dried sample mass (110 ◦C for 24 h) over volume Emmett et al (2008)
Soil pH NA Fresh soil pH in water (soil-water suspension) Emmett et al (2008)

and address heterogeneity of variance and spatial cor-
relation by testing different combinations of variance
and auto-correlation structures.

We determined the effects of solar panels on plant
and soil properties by testing the differences between
the under and gap treatments (n = 256 per prop-
erty; 32 sites × 4 replicates × 2 treatments) with lin-
ear mixed effects models fitted with the nlme pack-
age (Pinheiro and Bates 2023). Furthermore, we com-
pared the two solar farm treatments (under and gap)

to a control treatment (pasture outside the boundar-
ies of the solar farm) for three sites where data were
available (n = 36 per property; 3 sites × 4 replic-
ates× 3 treatments).

In addition to treatment, the fixed effects included
variables to account for local conditions (soil class),
differences in climate between sites (mean annual air
temperature and rainfall), and time since land use
conversion (age of solar farms). The variable site was
fitted as a random effect. The models that used data
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from the three sites with adjacent pasture (control)
only included treatment, mean annual rainfall and the
age of solar farms, since site and soil class were colin-
ear and air temperature showed low variability (coeffi-
cient of variation= 2.1%). Marginal means and pair-
wise differences between treatments were then estim-
ated with the emmeans package (Lenth 2023) after
back-transforming plant and soil properties to their
original units.

Finally, for the three sites with data available for
the adjacent pasture, weweighted themarginalmeans
of the under and gap treatments to provide a solar
farm weighted mean of plant and soil properties by
accounting for the proportion of land within the
under and gap treatments. Weighted means were cal-
culated by summing the product of the weights (i.e.
the proportions of the under and gap areas to the total
solar farm area) times the marginal mean value of
each variable and divided by the sum of the weights.
The under and gap treatments accounted, on average,
for 33%± 0.06% (±1 SD) and 37%± 0.09% (±1 SD)
of the land between the three sites, respectively.

3. Results

3.1. Effects of solar panels on plant and soil
properties
Areas under solar panels showed lower plant cover
and AGB, lower soil carbon—when measured as soil
organic carbon (SOC) and POM—and lower soil
C/N ratio than areas in the gaps between solar arrays
(figure 2). Soils under solar panels were more com-
pacted and lower in total nitrogen than in gap areas,
while (plant-available) mineral nitrogen and nitrate
were higher under solar panels than in the gaps
(figure 2). There were no statistical differences in
MAOM, soil (plant-available) phosphorus (Olsen P),
and soil pH between the two treatments (figure 2).

Older solar farms (ages ranged between 0.3 and
10.1 years old) tended to show higher plant cover,
MAOM, POM, and soil nitrate than younger sites,
though most differences were only marginally signi-
ficant (table A1). Wetter sites showed higher plant
AGB and higher soil carbon and nitrogen (measured
in their different forms) than drier sites, while wetter
soils were less compacted and lower in pH than drier
soils (table A1). Measures of soil carbon and nitrogen
varied among soil classes, but differences in air tem-
perature between the sampled sites had no influence
on the measured plant and soil properties (table A1).

3.2. Solar farms vs pasture
In the three sites where data for the adjacent pas-
ture were available (figure 1), there were few statist-
ical differences in plant and soil properties between
gap areas and pastures (figure 3(b)), but areas under
solar panels revealed higher soil compaction and
lower plant cover, AGB, and POM than pastures

(figure 3(a)). Solar farms generally showed higher soil
(plant-available) nutrients than pastures, particularly
Olsen P (figures 3(a) and (b)), though differences in
mineral nitrogen and nitrate were only marginally
significant (table A2). Rainfall had no influence on
the results, but older sites showed marginally higher
soil carbon and nitrogen (and marginally lower soil
compaction) than younger sites (table A2).

When comparing solar farm weighted means
(i.e. by accounting for the proportion of land under
solar panels and in gap areas) to pasture means
(table 2), SOC was slightly higher in solar farms than
in pastures. In addition, the differences between the
solar farm weighted means and the pastures were
lower for plant cover, AGB, POM, and soil bulk dens-
ity compared to the differences between the under
areas and pasture (figure 3(a) and table 2).

4. Discussion

Our analyses are the first to demonstrate solar farm
impacts on a suite of plant and soil properties across
a range of sites and offer important insights into
the effects of ground-mounted solar panels on plants
and soils. Below, we discuss our results by grouping
them into measures of plant (plant cover and AGB)
and soil properties, including soil carbon and nitro-
gen (SOC, MAOM, POM, total nitrogen, and C/N
ratio), soil (plant-available) nutrients (mineral nitro-
gen, nitrate, and Olsen P), and soil physiochemical
properties (bulk density and pH).

4.1. Plant properties
Our findings, covering a range of solar farms with
different design and site characteristics, indicate that
plant cover and AGB are lower underneath solar pan-
els than in gaps and pasture. However, effects may
be context-dependent as plant cover has also been
found to be unaltered by solar panels in some cases
(Lambert et al 2021). Solar panels have been found
to reduce plant photosynthetic rates and biomass
by altering soil temperature and lowering receipts
of photosynthetically active radiation (Vervloesem
et al 2022) in temperate (Armstrong et al 2016) and
Mediterranean (Lambert et al 2021, 2023) systems.
Lambert et al (2023) found reduced plant biomass
under solar panels to be due to higher allocation of
resources to chlorophyll production to offset shad-
ing conditions, which in turn compromised resource
allocation for biomass production of aboveground
parts. However, the relationship between chlorophyll
and biomass production is likely complex and highly
variable between species (Paliwal et al 1986).

Management practices adopted by some operat-
ors may also have an impact on plant cover and bio-
mass, including herbicide spraying to control weeds
(often prominent under solar panels in summer; per-
sonal observation) and the sowing of low-statured
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matter and also result in reduced SOC (Quinton et al
2010, Gregory et al 2015) and nitrogen (Lambert et al
2021, Moscatelli et al 2022) content.

The lower POM observed underneath solar pan-
els compared to gaps and pasture could be a direct
result of lower plant biomass, since POM is mostly
plant-derived, fast-cycling, and relatively vulnerable
to disturbance (Cotrufo et al 2019). Reductions in
POMmay have important implications for long-term
changes in SOC considering temperate grasslands
can store significant fractions of organic carbon in
POM pools (Denef et al 2013), making construction
and management practices that reduce soil disturb-
ance and maximise carbon input to soils particularly
important. Lower POM can also have consequences
for soil aggregate stability (Zech et al 2022) and neg-
atively impact soil infiltration and erosion rates (Abu-
Hamdeh et al 2006). In addition, despite being pre-
dominantly of microbial origin and relatively slow-
cycling, MAOM can receive substantial carbon con-
tributions from plant-derived organic matter and be
closely related to short-term SOC cycling (Yu et al
2022). Therefore, despite no differences in MAOM
between treatments found here, MAOM could be
negatively affected over time under solar panels if
plant-derived carbon inputs remain low. Moreover,
MAOM tends to rapidly saturate under organic fer-
tilisation (Stewart et al 2007, Just et al 2023), after
which the continuous sequestration and storage of
soil carbon is only possible through additional POM
accrual (Cotrufo et al 2019). This could have con-
sequences for long-term soil carbon storage under
solar panels, sinceMAOMis amore persistent formof
carbon than POM. Reductions in POM and MAOM
could also have consequences for microbial growth
and the soil food web by affecting supply of labile car-
bon and nutrients to plants and microbiota (Lavallee
et al 2020), as evidenced elsewhere by lower micro-
biological activity and nutrient cycling under solar
panels due to low soil organic matter (Lambert et al
2021, 2023, Moscatelli et al 2022). Given the poten-
tial for temperate grasslands to uptake carbon (Ostle
et al 2009), there is ample evidence of the import-
ance of land management on soil carbon (Carvalho
and Armstrong 2021), and these should be carefully
considered in relation to local conditions.

4.3. Soil (plant-available) nutrients
Given solar farms are rarely fertilised, the persist-
ence of plant-available nutrients (nitrogen and phos-
phorus) in solar farm soils after construction, par-
ticularly underneath solar panels, may be a legacy
of previous land fertilisation regimes under agricul-
tural production since declines in inorganic nutri-
ents may take several years to occur after cessa-
tion of agricultural activities (Parkhurst et al 2022a,
2022b), especially if they are not continually removed
through harvesting (McLauchlan 2006). Vervloesem
et al (2022) attributed higher nutrient content in

soils underneath solar panels to their relatively low
exposure to sun and rain compared to gap areas that
could result in nutrient accumulation over time due
to reduced leaching. In addition, the microbial car-
bon deficiency commonly found under solar pan-
els (Lambert et al 2021, 2023) triggered by relatively
low plant carbon inputs (rhizodeposition) may be
driving microbial targeting of MAOM carbon pools
with relatively low C/N ratio to result in excess nitro-
gen release into the soil via nitrogen mineralisation
(Mooshammer et al 2014). These effects could lead
to negative outcomes for biodiversity and ecosystem
functioning long after land use change given the well-
documented relationships between soil nutrients and
plant species richness and abundance (Isbell et al
2019).

Despite the differences in soil nutrients among
treatments described above, comparisons between
sites under varying conditions and of different ages
are difficult since the legacy of agricultural effects on
soil properties can be highly variable and depend-
ent on several factors, including time since land use
change, post-agricultural management, climate, and
mineralogy (McLauchlan 2006).

4.4. Soil physiochemical properties
Compaction of agricultural soils is typically asso-
ciated with regular trafficking of agricultural
machinery or the presence of grazing livestock, and
its effects have been well documented (Gregory
et al 2015), including increased risk of flooding and
soil erosion (Batey 2009) and reduced biodiversity
(Roovers et al 2004). The higher soil compaction
under solar panels compared to gap areas and pas-
tures is likely the result of a mixed legacy of previous
(and current) agricultural practices (notably livestock
grazing) and the use of heavy machinery during con-
struction. Soils in the gaps showed similar levels of
compaction to pasture, possibly due to largely suc-
cessful revegetation efforts after solar farm construc-
tion and relatively low levels of disturbance during
solar farm operation. In contrast, low levels of veget-
ation establishment and growth under solar panels
may be directly related to high soil compaction due
to reduced plant root penetration and water cycling
that would help increase soil porosity and aeration,
and reduce compaction (Correa et al 2019).

There were no statistical differences in soil pH
between treatments, but soils under solar panels were
slightly more acidic than in gap areas and pastures.
Previous research found lower soil pH under solar
panels compared to other land use types (Vervloesem
et al 2022), which was attributed to low soil car-
bon and nitrogen (Aciego Pietri and Brookes, 2008,
Chen et al 2016) and high (plant-available) nutrient
concentrations (Chen et al 2015) under solar pan-
els affecting soil fauna and the concentration of min-
eral cations. Soil pH will vary considerably from site
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to site though depending on several factors, includ-
ing soil type and texture, climate, topography, min-
eralogy, and water availability (Slessarev et al 2016).

5. Implications

The results presented here showed that, across a range
of solar farms within temperate agricultural systems,
the most marked impact of ground-mounted solar
panels is on vegetation, with cascading effects on soil
properties. This indicates that solar farms in tem-
perate systems with a past agricultural legacy should
be actively managed (e.g. by seeding diverse native
species mixtures and maintaining structured habit-
ats) to maximise delivery of plant- and soil-related
ecosystem services. This is particularly true for bio-
mass production and long-term soil carbon storage
and sequestration, given the observed effects of solar
panels on vegetation and their consequences for soil
properties (e.g. soils being deprived of plant car-
bon inputs due to relatively low plant biomass under
solar panels). However, our results suggest that past
biotic and abiotic agricultural legacies can be over-
come to allow solar farms to deliver environmental
benefits other than low carbon electricity, given plant
and soil properties in the gaps between solar arrays
were generally similar to control conditions, sug-
gesting no deterioration of ecosystem functioning in
solar farms if converted from agricultural land. In
fact, plant cover and soil carbon showed signs of
improvement as solar farms aged (tables A1 and A2),
meaning plant- and soil-related ecosystem services
could improve over time if solar farms were managed
accordingly (Randle-Boggis et al 2020) and offered
the right policy incentives (Carvalho et al 2024b).

Solar farms can be designed and managed to
deliver positive plant and soil outcomes. Regarding
design, increasing the height of solar panels over
the ground to offset the negative effects of shad-
ing and changes to microclimate on plant productiv-
ity, or increasing the proportion of gap areas (and
other areas within solar farms such as margins) to
favour plant development and consequently benefit
soils through enhanced carbon inputs would be bene-
ficial. Areas under solar panels account for approx-
imately 39% of land in an average solar farm in the
UK (but it could be as high as 70% in some cases;
Blaydes, unpublished digitised solar farm data), offer-
ing scope tomanage the remainder to deliver net pos-
itive outcomes for nature. In fact, differences in plant
and soil properties between solar farms and pastures
were lower than differences between under and pas-
ture when accounting for the proportion of land in
the different treatments (under and gap), while soil
carbon was slightly higher in solar farms than in pas-
tures on average (table 2), even if margins were not
considered in this study. These results suggest solar
farms can deliver net environmental gains across the
site if enough area is set-aside for conservation away

from solar arrays. However, increasing the propor-
tion of land not over sailed by solar panels may result
in higher land take for solar farms, meaning overall
outcomes will depend on the type of land use being
converted.

Finding management solutions to enhance veget-
ative cover under solar panels in temperate systems
will be challenging, given the relative novelty of this
type of land use and the fact plant and soil responses
to active land management are highly dependent on
local conditions. Management options may include
the use of low impact machinery during construc-
tion to reduce soil compaction, the reduction in
soil (plant-available) nutrients to promote species
diversity (Isbell et al 2013,Midolo et al 2019), the reg-
ular monitoring of soil pH to formulate soil remedi-
ation measures if needed (Neina 2019), the sowing
of generic all-purpose seed mixes that can establish
on a range of soils and contain shade-tolerate spe-
cies, and the use of conservation cutting and graz-
ing to promote structured and diverse habitats to
benefit wildlife. Frequentmonitoring using standard-
ised approaches (Carvalho et al 2023) will ensure the
delivery of land management objectives and the col-
lection of data that are comparable across sites. This
will be key in guaranteeing the long-term provision of
ecosystem services and in offering a broad picture of
the ecosystem effects of this rapidly expanding novel
land use.

6. Conclusions

Solar energy, especially in the form of ground-
mounted solar farms, is set to play an important role
in decarbonising electricity supplies worldwide. To
address both the climate and biodiversity crises, the
effects of ground-mounted solar panels on plants and
soils must be considered before, during, and after
solar farm development and contextualised to local
conditions. In addition, the overall impact of a solar
farm must be appropriately scaled to account for net
environmental change across the site after land devel-
opment given contrasting effects experienced by areas
under solar panels to those in the gaps between solar
arrays.

Given the relative youth of solar farms and
their anticipated growth, it is critical that ecosystem
responses to solar farm development and manage-
ment are continually monitored to maximise posit-
ive biodiversity outcomes. The development of solar
farms on agricultural land may lead to benefits for
some ecosystem services over time (considering time
lags in soil response to land use change), but develop-
ing ways to address the legacy of previous agricultural
land use and enhancing plant cover under solar pan-
els should be the focus of future research.

Other explanatory variables not included here
(e.g. previous land use, landmanagement, gap width,
solar panel height and angle) should be considered
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in upcoming studies as they may also drive plant and
soil responses to solar farm development and can be
altered to maximise positive biodiversity outcomes.
In addition, the expected growth in solar farms may
be accompanied by integrated battery storage facilit-
ies, introducing other environmental impacts (Simpa
et al 2024). Consequently, the effects of battery stor-
age facilities on soils should be considered in future
research as they become increasingly more common.

Plant and soil properties may offer foundational
indicators to investigate the impacts of solar farms on
ecosystem services, but better understanding of the
potential effects of solar farms on wider biodiversity
(e.g. invertebrates, birds, mammals) is also needed to
develop ways to manage solar farms that can benefit
nature recovery in the fullest sense.
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